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Advancement in mass spectrometry has revolutionized the field of proteomics. However, there remains
a gap in the analysis of protein post-translational modifications (PTMs), particularly for glycosylation.
Glycosylation, the most common form of PTM, is involved in most biological processes; thus, analysis
of glycans along with proteins is crucial to answering important biologically relevant questions.
Of particular interest is the brain extracellular matrix (ECM), which has been called the “final Frontier” in
neuroscience, which consists of highly glycosylated proteins. Among these, proteoglycans (PGs) contain
large glycan structures called glycosaminoglycans (GAGs) that form crucial ECM components, including
perineuronal nets (PNNs), shown to be altered in neuropsychiatric diseases. Thus, there is a growing
need for high-throughput methods that combine GAG (glycomics) and PGs (proteomics) analysis to
unravel the complete biological picture. The protocol presented here integrates glycomics and
proteomics to analyze multiple classes of biomolecules. We use a filter-aided sample preparation (FASP)
type serial in-solution digestion of GAG classes, including hyaluronan (HA), chondroitin sulfate (CS), and
heparan sulfate (HS), followed by peptides. The GAGs and peptides are then cleaned and analyzed using
liquid chromatography-tandem mass spectrometry (LC-MS/MS). This protocol is an efficient and
economical way of processing tissue or cell lysates to isolate various GAG classes and peptides from the
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same sample. The method is more efficient (single-pot) than available parallel (multi-pot) release
methods, and removal of GAGs facilitates the identification of the proteins with higher peptide-coverage
DOI: 10.1039/d0mo00019a than using conventional-proteomics. Overall, we demonstrate a high-throughput & efficient protocol for
mass spectrometry-based glycomic and proteomic analysis (data are available via ProteomeXchange

rsc.li/molomics with identifier PXD017513).

coverage, and significant sulfate losses in tandem-MS.® Thus, PG
profiling remains immature relative to other ‘omics (genomics/

1. Introduction

Over the years, a number of methods for integrated mass
spectrometry-based glycomics and proteomics have been
introduced.” With the advent of new experimental techniques,
methods, technologies, and instrumentation, the integrated
effort to analyze glycans (glycomics), and glycoproteins (glyco-
proteomics) along with proteins (proteomics) has gained
momentum.>” Still, insufficient attention has been paid to
glycosaminoglycans (GAGs) and proteoglycans (PGs), which
are multi-anionic and highly sulfated and, thus, immensely
challenging to study by liquid chromatography-tandem-mass
spectrometry (LC-MS/MS). Examples of analytical limitations
include low-PG-sensitivity on LC-systems, low PG-peptide-sequence

Boston University School of Medicine, Boston University, Department of Biochemistry,
Boston, 02118, USA. E-mail: jzaia@bu.edu

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dOomo00019a

364 | Mol Omics, 2020, 16, 364-376

proteomics/N-or O-glycomics) approaches,’ impeding advances in
our understanding of the structural and biological roles of GAGs
and PGs in various biosystems. We developed a mass spectrometry-
compatible method for the extraction of GAGs from wet
tissue.'® In order to combine glycomics and proteomics, we
next demonstrated serial extraction and analysis of multiple
classes of GAGs and peptides from tissue slides,’*** a method
that allows precise targeting of regions in tissue slides. We now
describe a new streamlined, filter aided sample preparation-
based method optimized for the recovery of GAG saccharides
and peptides from biological samples that must be analyzed as
a wet tissue.

Proteoglycans (PGs) are glycoproteins containing GAG struc-
tures that are linear polysaccharides constituting of sulfated
disaccharide repeating units. Because the biosynthetic reactions
do not go to completion, the GAG chains are heterogeneous
concerning chain length and modifications. GAGs can be either

This journal is © The Royal Society of Chemistry 2020
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protein-bound or present in the free form." Thus, they may
play essential roles in all areas of physiology through their
biophysical properties and capacities to bind growth factors
and growth factor receptors. There is a growing interest in
documenting the roles of GAGs and PGs and their binding
partners in neurological disease mechanisms.'* Based on
differences in the type of monosaccharide units and their
modification, GAGs can be divided into categories based on
the repeated disaccharide unit, ie., heparan sulfate (HS),
chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate
(KS) and hyaluronic acid (or hyaluronan) (HA). HS consists of
repeating disaccharide units of uronic acid (glucuronic or
iduronic acid) with N-acetylglucosamine; CS/DS consists of
N-acetylgalactosamine with glucuronic or iduronic acid; HA
is unsulfated and present in free form without any core
protein; KS consists of repeating units of N-acetylglucosamine
with galactose.">™ Fig. 1 shows structures for HA, CS/DS,
HS, and KS.

The extracellular matrix (ECM) consists of a network of
glycoproteins, PGs, collagens, and HA. These molecules form
an organized network that acts as a scaffold, mediates cell-to-cell
communication, binds secreted proteins such as growth factors,
and regulates the activity of protein complexes. Many matrix
proteins have lectin domains that recognize glycan epitopes,
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forming robust molecular networks. The ECM also contains
enzymes that modify glycosylation patterns on proteins,'® but
the exact glycan makeup of mature matrix glycoproteins and PGs,
and their spatial and temporal variations, remain ill-defined.
Antibody-based and staining studies have shown spatial and
temporal regulation of glycosylation in various organs'”'® that
indicate the presence or absence of a particular glycan epitope
but do not define explicitly the underlying structure. Established
mass spectrometry-based proteomics methods suffice for quali-
tative assignment of glycosites but do not provide complete
glycosylation coverage."®

We seek to establish a streamlined protocol to analyze PG
GAG chains, N-glycans, and core proteins in the brain or any
other mammalian tissue. Exhaustive digestion of tissue using
GAG lyase enzymes releases disaccharides that can be quanti-
fied using LC-MS. The abundances of the disaccharides
released by specific lyase enzymes can be used to estimate
the domain structure of the GAG chains.?**' Compared to our
on-slide digestion protocol that provides a selection of target
area on a tissue slides'"'*?*?* and MALDI-imaging method
for glycans that provides higher spatial resolution,>*™® this
method can be applied to free-floating or frozen tissues and
provides a higher recovery of glycans and proteins than the
on-slide method. Moreover, widely used MALDI-imaging
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Fig. 1 Structure of key GAGs. (A) Hyaluronic acid (HA) disaccharide units, HA chains. (B) Heparan sulfate (HS) disaccharide unit, HS chains, and linker
tetrasaccharide structure. (C) Chondroitin, and dermatan sulfate (CS/DS) disaccharide unit, CS/DS chains, and linker tetrasaccharide structure. (D) Keratan
sulfate (KS) disaccharide units, KS chains. Abbreviations: Fuc, fucose; GIcA, glucuronic acid; IdoA, iduronic acid; GalNAc, N-acetylgalactosamine; GlcNAc
N-acetylglucosamine; Sia, sialic acid; Xyl, xylose; Ser, serine; Ac, acetyl; S, sulfate (SOzH).
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dissociates fragile glycan substituent’s including sulfates,
and is not recommended for analysis of GAGs.”” The serial
in-solution digestion platform suggested here is more rapid
(less sample-processing time), and efficient (single-pot)*®>°
than the currently used parallel approach, ie., a multi-pot
simultaneous enzymes application methods.'®**3° The
removal of GAGs facilitates protein identification of the
remaining deglycosylated PGs with higher peptide-coverage,**
compared to current studies achieving only low PG-coverage.*>**
In addition, the removal of GAGs creates a linker-glycosite that
leaves a linker tetrasaccharide plus one disaccharide to the
protein/peptide, assisting with the identification of site-specific
glycosylation of PGs.*"** Table 1 provides a comparison of our
method, including starting material, sample processing time,
derivatisation/enrichment steps, loading amounts, and detec-
tion range for proteins, GAGs, and N-glycans, with other tissue
digestion protocols available for integrated (or individual) gly-
comics and proteomics.

Our protocol follows a filter-aided sample preparation
(FASP) type serial in-solution digestion of glycosaminoglycan
(GAG) classes, including hyaluronan (HA), chondroitin sulfate
(CS), and heparan sulfate (HS) followed by peptides from tissue
or cell lysates (Fig. 2). Filter-aided sample preparation (FASP)
first described by the Mann group in 2009*° that used mole-
cular weight cut-off (MWCO) membrane as a ‘reactor’ on which
complex protein mixtures were chemically modified and
digested. They utilized urea to remove SDS completely, and

Table 1 A comparison of our presented in solution method with other
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then generated tryptic peptides from complex protein mixtures
for mass spectral analysis. This method has been modified
since and has also been applied for the enrichment of
N-glycoproteins prior to enzymatic deglycosylation and pro-
teomics analysis.*®*® We seek to exploit the concept of using
MWCO membrane filters as a reactor to digest each GAG
classes and collect it as flowthrough, and finally collect
proteins and perform trypsin digestion. The abundances
of the extracted GAG disaccharides and peptides are deter-
mined using liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) quantifying 1 HA disaccharide, the 6 most
abundant CS unsaturated disaccharides (Fig. 3; representative
EICs for 6 CS disaccharide standards) and 3 saturated CS
disaccharides (see Fig. S1A, ESIt for EIC s of CS saturated
disaccharide structures), the 8 most abundant HS unsaturated
disaccharides (Fig. 4; representative EICs for 8 HS disaccharide
standards) and 3 saturated HS disaccharides (see Fig. S1B,
ESIt for EICs of HS saturated disaccharide structures, and
approximately 1000-1500 proteins (Fig. 5; TIC for mouse brain
tissue lysate peptides). In the protocol presented here, mouse
brain lysate, and various standard proteoglycans and proteins,
for example, syndecan, aggrecan, neurocan, and AGP are used
at different steps of the protocol to target different bio-
molecules (Table 2). Each enzymatic digestion was incubated
overnight with enzymes applied directly on the MWCO filters,
and each biomolecule takes one day of sample preparation/
processing time.

available brain tissue digestion glycomics and proteomics methods

Sample Total number of
processing  samples processed
Method Starting material time at a given time

Derivatisation/

fractionation/

enrichment Detection range

prior to (proteins, GAGs,
LC-MS/MS Injection volume N-glycans) Ref.

In solution
digestion of

20-100 pg of Total time = 24
standard protein or 5 days, 1 day

No 100 ng of protein,
30% of purified

1000-1500 proteins, Presented
all unsaturated and manuscript

GAGS and mouse brain lysate per biomole- resuspended GAGs  saturated GAG
protein cule class disaccharides
On-slide tissue 1.8 mm area on Total time = 36 No 10% of resuspended 1000-1200 proteins, 12 and 46
digestion slide corresponding 5 days, 1 day peptide, and all unsaturated GAG

to 10 nL tissue per bio- N-glycans, and 30% disaccharide, satu-

volume molecule resuspended GAGs  rated GAGs are

class rarely observed

In-solution 100 pg of mouse 2-3 days Not stated Yes 5 pg of peptides 1264, 2957 proteins 47
tissue digestion brain tissue lysate only for from FASP and MED
of protein peptide/ FASP, respectively,
using FASP protein of brain tissue lysate
Tissue glyco Whole mouse 2 days Not stated Yes Aliquot representing 200 N-glycans, 90 48
capture for brain tissue 40 ug brain tissue distinct N-glycan
N-glycans compositions
MALDI-IMS FFPE tissue micro- 1-2 days per Using a 0.6 mm core Yes Not stated 100 proteins, 25-50 49

array (TMA) sections bio-molecule allows arraying at N-glycan

(15 x 15 mm, class higher density more

4-8 um thick), than 500 tissue core

100 pm resolution can be arranged on

a standard micro-
scopic slide

Filter Aided 25-250 pg protein  2-3 days for Not stated Yes 400 ng of protein 200-300 proteins, 50
N-glycan derivatized for proteomics, 100-150 glycopro-
separation N-glycans 5 pL of resuspended teins, 25 N-glycans.
(FANGS) (100%) of N-glycan
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Fig. 2 Workflow for serial in-solution digestion protocol to extract (i) hyaluronic acid (HA) disaccharides, (ii) chondroitin sulfate (CS disaccharides),
(iii) heparan sulfate (HS disaccharides), and (iv) peptides that are desalted and subjected to LC-MS/MS.
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Fig. 3 Extracted ion chromatograms (EICs) for chondroitin sulfate (CS) disaccharide standards using GlycanPac AXH-1 (ThermoScientific) column
mounted on an Agilent 1200 LC attached to an Agilent 6520 Q-TOF. @; A-uronic acid, [J; N-acetyl galactosamine.

2. Materials

2.1 Reagents

e Tris-HCl, pH 7.5 (BP1757-100, Fisher BioReagents)
e Tris-HCI, pH 8.0 (BP1758-100, Fisher BioReagents)
e Triton X-100 (AC21568-2500, Acros Organics)
e Sodium dodecyl sulfate (L3771, Sigma Aldrich)

This journal is © The Royal Society of Chemistry 2020

e EDTA (V4231, Promega)

e Sodium chloride

e Pierce proteinase inhibitor mini-tablets (PIA32955,
Thermo-Fisher Scientific)

e Pierce micro BCA protein assay kit (PI123235, Thermo-
Fisher Scientific)

e Ammonium acetate (631-61-8, Fisher Chemicals),

Mol. Omics, 2020, 16, 364-376 | 367


https://doi.org/10.1039/d0mo00019a

Published on 06 April 2020. Downloaded on 12/24/2025 6:29:55 PM.

Molecular Omics

x102 -ESI EIC(378.1000-378.1200) Scan Frag=100.0V HS-std2.d Smooth
24

View Article Online

Research Article

HoOC

@%

46
DOAO
4 Dlsacchande V- A
J mpzazs O usva
x10% -ES| EIC(458.0500-458.0700) Scan Frag=1000V HS-std2d Smooth ~ DOAG D2A0 Hesy
o5 5 = U/m
24 S | 28 Ho. Lo oM Ho. SOH
.
m/z 45 HS-11A HS-11IA DISCE.i(j(?::r;de I-A Dlscati‘c:znsde IIl A
0 oS Exact Mass: 459,07
x103 -ESI EIC(416.0400-416.0600) Scan Frag=100.0V HS-std2.d Smocth D2A6 Hoog ol 5
6410 65 <
14 H HO. Som Yo - OH
m/z 416 2|'S|S-|A Dlsacchande (& A
0 Exi :lM 53003
X108 -ESI EIC(496.0010-496.1000) Sean Frag=100.0V HS-sté2.d Smooth D0S6 D250 @/’f"% @ %
14;4 S 65
A em oW
/ \"‘K Ns 25 NS HSOH SOH NHSOH
i m/z4% S-S HS-IIIS Disgegharie 1S Disocharide Il-5
Crac s 2701 Biagr=
X103 -ESI EIC(538.0000) Sean Frag=100.0V HS-std2d Smooth D0SO HOOG HO
1 5 = 0, 0,
H NS HO. OH
m/z 538 Ho: H S
o & / P 2 HS-IVS Dlsaccharlde IV-S JheoH
Exaeans 41706
%102 |-ESI EIC(575.9500-575.9800) Scan Frag=100.0V HS-std2d Smocth D286 . HS-IS
1 H 15329 HOOC HO;S0
254 25 NS @/ %
q OH
0 m/z 575.9 HO. S0 HO Thso
i Disaccharide I-S

i 2 3 4 5 6 7 & § 1 11 12 13 14 15 1

Counts vs. Acquisition Time (min)

Fig. 4 Extracted ion chromatograms (EICs) for heparan sulfate (HS) disacchar|
on an Agilent 1200 LC attached to an Agilent 6520 Q-TOF. &

RT: 3.88 - 56.20
i 2333
95
904 2827
85~
eod 2628
75-
70-
65-
60~
55~
50-

2293
25.06

2017 2195 26.40

30.04

f [ 2718
!
|
’ 31
il GG )
25

45-
40~
35
30-

Relative Abundance

10 14.89

14.71

59
E! 4.03 6.86 13.05 P
5

10 15 20

T T T
17 18 19 CiaHisNO1sS3
Exact Mass: §76.97

ide standards using GlycanPac AXH-1 (ThermoScientific) column mounted

. A-uronic acid, l; N-acetyl glucosamine.

NL:
9.17€9
TC MS
Lysate_bat
ch02_1
28
3523
3478
3676
3843
h ML 3938 4410 4860 5109 5383
BT ] 7 i
45 50 55

Tlme (mln)

Fig. 5 Total ion chromatogram (TIC) for mouse brain tissue lysate after serial in-solution digestion protocol.

e Ammonium bicarbonate (A6141, Sigma Aldrich)

e Calcium chloride (C5080, Sigma Aldrich),

e Dithiothreitol (D0632, Sigma),

e Iodoacetamide (163-2109, Biorad),

e Trifluoro-acetic acid (A116-10X AMP, Fisher Scientific)

e Acetonitrile (A955-1, LC-MS grade, Fisher Scientific),

e Water (W6-1, LC-MS grade, Fisher Scientific),

e Formic acid (A117-10x-1AMP, LC-MS grade,
Scientific)

e Hyaluronidase (H1136-1AMP, Sigma)

e Chondroitinase ABC (Sigma)

Fisher
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e Heparan lyases 1,2,3 (P0735L, P0736L, P0737L New
England Biolabs)

e Trypsin (PRV5280, Promega)/trypsin-LysC (PRV5072,
Promega)/Glu-C (PRV1651, Promega)

e High molecular weight hyaluronan (GLR002. R&D systems)

e Mouse brain tissue lysate (89-014-501, Abnova)

e Human neurocan recombinant protein (6508NC050, R&D
systems)

e Aggrecan from bovine articular cartilage (A1960-1MG,
SigmaAldrich)

e Human Syndecan-1 Protein (#7879, BioVision Incorporated)

This journal is © The Royal Society of Chemistry 2020
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Table 2 Sample setup, including various standard proteoglycans and proteins, and mouse brain tissue lysate used for testing the protocol for each step
i—iv (see Fig. 2). HSBK; heparan sulfate from bovine kidney, HSPIM; heparan sulfate from porcine intestinal mucosa, AGP; a-acid glycoprotein

Batch 1 Batch 2

Targeted biomolecules Steps

Lysate (100 pg x 1)
Hyaluronan (100 pg x 1)
Syndecan-1 (20 pg x 1) Syndecan-2 (20 pg x 1)
Aggrecan (20 pug x 1) Syndecan-1 (20 pg x 1)
Neurocan (20 pg x 1) —

HSBK (100 g x 1) HSBK (100 g x 1)
HSPIM (100 pg x 1) HSPIM (100 pg x 1)
AGP (30 pug x 1) AGP (30 pug x 1)

Lysate (100 pg x 1)
Hyaluronan (100 pug x 1)

e al-Acid glycoprotein from human plasma (#G9885,
SigmaAldrich)

e Pierce retention time calibration mixture (#88321,
ThermoScientific)

e Pierce™ HeLa Protein Digest Standard
ThermoScientific)

e Heparan sulfate from porcine intestinal mucosa (HSPIM)
(Celsus Laboratories, Inc.

e Heparan sulfate from bovine kidney (HSBK) (SigmaAldrich)

(88328,

2.2 Equipment

e Sonic dismembrator Model 100, FisherScientific

e Vortex Bouxter S1P vortex MIXER, #S8223-1

e Benchtop Centrifuge, VWR Galaxy mini

e Pierce C18 spin columns (89870, Thermo-Fisher Scientific)

e Microcon™ Centrifugal Filters for Protein and DNA Concen-
tration: Ultracel-10 Membrane (MRCPRT010, MilliporeSigma)

e Pierce Detergent Removal Spin Columns (Thermo-Fisher
Scientific, 87777)

e Incubator control for 37 °C

¢ 22 R microfuge centrifuge, Beckmann Coulter

e Centrifuge, Thermo IEC Micromax

e Eppendorf thermomixer (1.5 mL, 37 °C, 60 °C)

e Vacuum centrifugation (SPD1010 Speedvac system,
Thermo Savant)

e LC Systems - Agilent 1200 LC (Agilent Technologies),
nanoAcquity UPLC (Waters Technology)

e Mass Spectrometry systems - Agilent 6520 Q-TOF (Agilent
Technologies), Q-Exactive HF mass spectrometer (Thermo-
Fisher Scientific).

e Columns

e Superdex peptide (3.2/300 column, GE Healthcare Life
Sciences)

e Reversed phased C-18 analytical (BEH C18, 150 pm X
100 mm) and trapping (180 pm x 20 mm), Waters technology

e GlycanPac AXH-1 (ThermoScientific) column (1.9 pm,
0.3 x 150 mm)

2.3 Software

e GlycReSoft software (www.bumc.bu.edu/msr/glycresoft)

e Peaks Studio 8.5 or other proteomics database searching
software

e Qualitative analysis software (version B.06; Agilent
Technologies).

This journal is © The Royal Society of Chemistry 2020

HA, CS, HS, peptides i, ii, iii, iv

HA i

CS, HS (only for batch1), peptides ii, iii, iv
CS, peptides ii, iv
CS, peptides ii, iv
HS iii

HS iii
Peptides iv

3. Experimental design
3.1 Tissue lysis

Any free-floating or fresh frozen mammalian tissues can be used
to perform the protocol. Once the tissue lysis is performed, the
protein estimation of the lysis is required to use an equal amount
of protein for different samples for further digestion steps.

3.2 Serial in-solution digestion

GAGs are released in-solution sequentially from equal amounts
of tissue lysates using specific enzymes that cleave each GAG
disaccharide, including hyaluronidase for HA disaccharides,
chondroitinase ABC enzyme for CS disaccharides, and heparin
lyase I, II, and III for HS disaccharides. After GAG removal, the
peptides are released from the same sample using trypsin or
trypsin + LysC. The removal of GAGs facilitates the identifi-
cation of the proteins with higher peptide-coverage using
conventional proteomics.'® A FASP-type protocol is utilized to
apply tissue lysate to MWCO (10 kDa, 0.5 mL), followed by
serial application of specific enzymes to the sample on the
filter, followed by overnight incubation (37 °C) and release of
each GAG class (HA, CS, and HS) as a flow-through, followed by
digestion of retained protein to release peptides.

3.3 Desalting for GAGs

There exist several orthogonal techniques for desalting of
glycans including, size exclusion chromatography, strong anion
exchange chromatography, and porous graphite carbon cleanup.
We find size exclusion chromatography (SEC) as the most
unbiased, efficient, and reproducible approach toward glycan
desalting. The GAGs are cleaned using the SEC chromatography
column (Superdex™ peptide PC 3.2/30, GE Healthcare), and they
elute between 35-45 min at a UV absorbance of 232 nm.

3.4 C-18 cleanup peptides

The peptides are cleaned using ThermoScientific C-18 spin
columns.

3.5 Data acquisition

A robust data acquisition workflow is equally important as
a streamlined sample processing workflow. We analyze our
GAG disaccharides on a negative ionization mode electrospray
liquid chromatography (LC)-mass spectrometry (MS) system.
The LC-MS conditions are optimized for higher recovery of

Mol. Omics, 2020, 16, 364-376 | 369
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GAGs from LC, and appropriate tuning of MS source conditions
to minimize in-source sulfate losses to identify highly sulfated
disaccharide. Disaccharides are separated using a 1.9 um, 0.3 x
150 mm GlycanPac AXH-1 (ThermoScientific) column mounted
on an Agilent 1200 LC (Agilent Technologies, Santa Clara, CA).
A 20 min isocratic method is used and a flow rate of 7 pL min ™"
(HS) and 5 puL min~"' (HA and CS). Mass spectrometry analyses
for GAGs is performed using an Agilent 6520 Q-TOF (Agilent
Technologies, Santa Clara, CA) using electrospray ionization.
A synthetic internal standard (800 fmol quantity of AHexA2S-
GIcNCoEt(6S) (Hd009, Iduron)) is added to all the samples before
LC-MS analyses (Fig. S2, ESIT). We run a mixture of commercially
available CS (Fig. 3) and HS (Fig. 4) standards disaccharides
(Iduron) every day to ensure stable instrument performance. The
criteria used in our laboratory for a satisfactory MS analysis of
GAG disaccharides include a <20% coefficient of variation (CV),
and <30% CV for CS and HS disaccharides, respectively. This is
based on the observed CV values +5% that are observed in
practice in our laboratory over different GAG experiments.
A <10% variation in retention time is acceptable.

For proteomics, the instrument is calibrated every week in
positive ion mode using positive mode calibration mixture
(ThermoScientific), producing an intensity signal of 4-5 x 10°,
and >15% of MS/MS to MS signal for m/z 524.3 under high-
performance instrument conditions. A loading amount of
100 fmol of Pierce retention time calibration mixture (Thermo-
Scientific) (Fig. S3, ESIt) and 50 ng of Pierce HeLa cell lysate
(ThermoScientific) (Fig. S4, ESIt) are run day-to-day for instru-
ment performance generating a detection signal of 1.5-2 x 10,
and a 2.5-3.5 x 10° under high-performance instrument condi-
tions. A retention time variation of <10% is acceptable among
various LC-MS/MS runs. The peptide samples are also spiked
with a 50 fmol retention time calibration mixture as an internal
standard prior to LC-MS analysis. Fig. S5 (ESIT) shows peptide
spiked internal standard peptide (m/z 493.7) to be consistent
concerning signal intensity and retention time for various sam-
ples used in this protocol. The nano-LC-MS/MS separation of
peptides is performed using a nanoAcquity UPLC (Waters Tech-
nology Corp.) and Q-Exactive HF mass spectrometer (Thermo-
Fisher Scientific). Reversed phased C-18 analytical (BEH C18,
150 pm x 100 mm) and trapping (180 pm x 20 mm) columns
from Waters technology are used with a 75 or 120 min method at
a flow rate of 0.5 L, min~". In a typical label-free proteomics
experiment, we have a loading amount of ~100 ng having a
detection range of 3-4 x 10°. We ensure that the total ion
chromatograms (TICs) are within 2 fold for all the samples,
and blanks or peptide retention time mixtures are run every 5-6
samples to identify any carry-over and run-to-run variability.

3.6 Data analysis

For glycomics, data are interpreted manually using the area
under the curve for extracted ion chromatograms (EICs) from
the raw LC-MS/MS data. The relative and absolute abundance
of disaccharides are determined using standard -curves.
Student’s ¢-tests are performed with two-tailed distribution
using Microsoft Excel spreadsheets. For differentiating the
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isoforms, EIC (MS/MS), the diagnostic ions as indicated in*’
for each CS and HS disaccharide isoform are extracted, and
abundances are obtained from manual area calculation.

For proteomics, The raw LC-MS/MS data is run against a
database using available commercial software, including PEAKS
(Bioinformatics Solutions, Inc., Waterloo, ON, Canada) and/or
proteome discoverer. For site-specific glycosylation analysis
for enriched proteoglycans (and other glycoproteins), we use
our in-house publically available GlycReSoft program.*"*°

4. Procedure

Samples: We used various proteoglycan and protein standards
and a commercially available mouse brain lysate (Table 2) to
test the protocol and individual steps. All samples (except
neurocan which was acquired for batch 1 only due to unavail-
ability of sample for batch 2, and HS for syndecan-1 was
acquired for only batch 1 as the sample was lost due to
autosampler failure) were performed in two batches processed
a week apart. Each sample was performed as two technical
replicates for LC-MS/MS analysis. We used commercially avail-
able mouse brain lysate as a complex sample to test our
protocol, but this protocol applies to any tissue. Fig. 2 outlines
the protocol in a stepwise manner.

4.1 Tissue lysis

1. For tissue lysis, fresh or free-floating tissues (~25 mg) are
lysed with a buffer (500 ul) (for each mg of tissue use about
15-20 times buffer volume) containing 50 mM Tris-HCI
(pH = 7.5), 150 mM NaCl, 2 mM EDTA, protease inhibitor
cocktail tablet, 1% SDS and 0.5% Triton X-100.

2. To homogenize tissue, perform ultra-sonication (sonic
Dismembrator Model 100, Fisher Scientific) for 2 minutes with
20 s pulse and incubate for 30 min on ice followed by centri-
fugation at 12 000 rpm, 4 °C for 30 min.

3. The supernatant is transferred to separate tubes, and the
protein concentration of each sample is determined using the
Pierce BCA microassay (Thermo-Fisher Scientific).

Pause point: At this point, samples can be stored at —20 °C
before the next step or —80 °C for extended storage.

Caution: Proteinase inhibitor cocktail tablets are only valid
for one year from date of opening; it is essential to check the
validity of the tablets, as an old tablet will not be effective and
may cause protein degradation over time.

Caution: Make fresh lysis buffer and add proteinase tablets
right before using the buffer.

4.2 In-solution digestion

4. Take an equal amount of lysis buffer, add at least 5 times
acetone by volume, and leave overnight, —20 °C. Next day,
centrifuge the tube at 20000 x g, 4 °C for 30 min. Discard the
supernatant. Wash the protein pellet with 80% ACN/20% water,
sonicate briefly, and centrifuge the tubes at 20000 x g, 4 °C for
30 min. Discard the supernatant, and air dry the pellet, keeping
the tubes upside down.

This journal is © The Royal Society of Chemistry 2020
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Caution: To ensure complete digestion of biomolecules on
applying enzymes, effective removal of detergent is required. If
the lysis buffer to be used contain a high concentration of
detergent or is in bulk volumes, we recommend using Pierce
Detergent Removal Spin Columns (Thermo-Fisher Scientific,
87777) for complete detergent removal before going to next step.

5. Take the protein pellet, add 5 mM Ammonium acetate,
vortex, spin, and add 20 milliunits of hyaluronidase enzyme,
vortex, spin, and incubate at 37 °C overnight on an Eppendorf
mixer at 450 rpm.

6. Next day apply the solution to MWCO filters (Microcon™
Centrifugal Filters: Ultracel-10 Membrane, MRCPRTO010,
MilliporeSigma), centrifuge at 14000 x g, 4 °C for 20 minutes.
Wash the filter with 200 pl of water, and centrifuge at
14000 x g, 4 °C for 20 min. Repeat the step twice. Collect the
flow-through; these are HA disaccharides.

Caution: Use of correct MWCO filters is essential to have an
effective protein recovery. We recommend using 10 kDa filter
and Microcon™ filter units with a horizontal membrane rather
than Amicon filter units with vertical membrane design.

7. Put the filter from step 6 in a new Eppendorf tube and add
Tris-HCI (pH = 8.0), making a final concentration of 20 mM,
ammonium acetate (5 mM), chondroitinase ABC enzyme
(20 millliunit), and vortex briefly, and incubate 37 °C overnight.

8. Next day, cool down samples and centrifuge the solution
at 14000 x g, 4 °C for 20 min. Wash the filter with 200 pl of
water, and centrifuge at 14 000 x g, 4 °C for 20 min. Repeat the
step twice. Collect the flow-through; these are CS disaccharides.

9. Put the filter from step 8 in a new Eppendorf tube,
and add Tris-HCI (pH = 7.5) making a final concentration of
20 mM, ammonium acetate (5 mM), calcium chloride (5 mM),
20 milliunit each of heparin lyase I, II, and III, vortex briefly,
and incubate 37 °C overnight.

10. Next day, cool down samples and centrifuge the solution
at 14000 x g, 4 °C for 20 min. Wash the filter with 200 pl of
water, and centrifuge at 14 000 x g, 4 °C for 20 min. Collect the
flow-through; these are HS disaccharides.

11. Put the filter on new Eppendorf, and add 200 pl 50 mM
ammonium bicarbonate to buffer exchange, and centrifuge at
14 000 x g for 20 min at 4 °C. Repeat the step twice and discard
the flow through.

12. Invert the filter in a new tube, centrifuge at 1000 g for 3 min at
4 °C to collect the protein. Wash the filter with 50 mM ammonium
bicarbonate, and pool it with the collected protein solution.

13. To the protein sample, add DTT (5 mM), and incubate
60 °C for 30 min on an Eppendorf thermomixer at 450 rpm.
Cooldown the solution, and add IAA (10 mM), and incubate in
the dark for 30 min at room temperature (RT).

14. Dilute the solution with 50 mM ammonium bicarbonate
and add 1:30 trypsin-LysC (or trypsin), incubate at 37 °C, over-
night on an Eppendorf mixer at 450 rpm. Next day stop the
trypsinisation by adding 1% formic acid; these are the peptides.

15. All extracted disaccharides and peptides are dried under
vacuum centrifugation (SPD1010 Speedvac system, Thermo Savant).

Pause point: Disaccharides and peptides can be stored at
—20 °C before further desalting and cleanup.

This journal is © The Royal Society of Chemistry 2020
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4.3 Desalting/cleanup

16. Resuspend the dried disaccharides in 10 pL of water and
inject onto the Superdex Peptide (3.2/300) size exclusion col-
umn, using the mobile phase (25 mM ammonium acetate, 5%
acetonitrile) at a flow rate of 0.04 mL min~'. HA, CS, and HS
disaccharides are collected between 35-45 min. The clean HA,
CS, and HS disaccharides are dried by vacuum centrifugation.

17. For peptides:

e Wash the C-18 spin columns with 200 pl of 50% ACN/50%
H,O0, centrifuge at 1500 x g for 1 minute.

e Equilibrate columns with 200 pl of 2% ACN/98% H,0/0.1%
TFA, centrifuge at 1500 x g for 1 minute. Repeat twice.

e Reconstitute sample in 100 pl of 2% ACN/98% H,0/0.1%
TFA, apply to the C-18 column, centrifuge at 1500 x g for 1 min.

Note: the flow-through should be reapplied to the spin
column and centrifuged, repeating a total of two times to
ensure complete peptide binding to C-18. Do not discard the
flowthrough, dry, and store at —20 °C.

e Wash the filter with 200 pl of 2% ACN/98% H,0/0.1% TFA,
centrifuge at 1500 x g for 1 min. Repeat thrice.

e Elute the peptides using 30 pl of 60% ACN/40% H,0/0.1%
TFA, centrifuge at 1500 x g for 1 min. Repeat twice.

e Dry the clean peptides under vacuum centrifugation.

4.4 Data acquisition

18. LC-MS/MS analysis for HA, CS, and HS disaccharides GAG
disaccharides are analyzed using negative mode electrospray
ionization on a 6520 Q-TOF (Agilent technologies). They are
separated using a 1.9 um, 0.3 x 150 mm GlycanPac AXH-1
(ThermoScientific) column mounted on an Agilent 1200 LC
(Agilent Technologies, Santa Clara, CA). A 20 min isocratic
method is used (85% B) and a flow rate of 5 pL. min~" (HA,
and CS) and 7 pL min~" (HS). Solvent A is 50 mM ammonium
formate pH 4.4 in 10% ACN, and solvent B is 95% ACN/5%
water. Samples are constituted in 85% B, and an 800 fmol
quantity of AHexA2S-GlcNCoEt(6S) (Iduron) is added to all the
samples as an internal standard before LC-MS analyses. The
targeted tandem-MS analysis is performed to differentiate
between HS and CS disaccharide isoforms (Fig. 2 and 3) with
a collisional induced dissociation (CID). Fixed collision energy
of 20 is used. The targeted list for CS is CS was m/z 458 (z = 1)
and HS is m/z 458 (charge; z = 1), and m/z 496 (z = 1).
The relative and absolute abundance were determined using
standard curves as previously described.”?*>®

19. Nano-LC-MS/MS analysis peptides

Nano-LC-MS/MS analysis is conducted by a Q-Exactive HF
mass spectrometer (Thermo-Fisher Scientific) equipped with a
nano ultra-performance liquid chromatography (UPLC) (Waters
Corporation) peptides are trapped on a trapping (180 pm X
20 mm) column and separated on a reversed phased C-18
analytical (BEH C18, 150 pm x 100 mm) column (Waters
Corporation). We load 1 pL onto the column, and separation
is achieved using a 75 min (alternatively 120 min gradient can
be used) gradient of 2 to 98% acetonitrile in 0.1% FA at a flow
rate of ~500 nL min~'. Data-dependent acquisition tandem
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MS is acquired in the positive ionization mode for the top 20
most abundant precursor ions. The scan sequence begins with
an MS1 spectrum (Orbitrap; resolution 60 000; mass range 300-
2000 m/z; automatic gain control (AGC) target 1 x 10°% max-
imum injection time 100 ms). MS2 analysis consists of higher
energy collisional dissociation (Orbitrap; resolution 15000;
AGC 1 x 10% normalized collision energy (NCE) 30; maximum
injection time 100 ms, dynamic exclusion time of 8 s).

4.5 Data analysis

20. Glycomics data analysis
Glycomics data analysis is performed manually by extracting
extracted ion chromatograms (EICs) for HA, CS, and HS dis-

Table 3 Tips for troubleshooting
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cleavage at one end. Trypsin + LysC is specified as the
enzyme and carbamidomethylation as a fixed modification.
A peaksPTM search is performed using advanced settings of a
larger set of variable modifications, including hydroxylation
P, oxidation M, hydroxylation K, hydroxylation-Hex K,
hydroxylation-Hex-Hex K, HexNAc ST, HexHexNAc ST, phos-
phorylation STY, ubiquitination K, deamidation N, methoxy
K, and nitrotyrosine Y. Our in house software GlycreSoft can
be further used to identify glycopeptides and linker peptides
(formed after removal of GAG chains) in the proteomics
data.*"*’

4.6 Tips for troubleshooting are provided in Table 3

Step Problem Possible reason

Solution

Step Absence of GAG disaccharides e The enzyme was not active or present in & Check for enzyme activity

18 sufficient quantity

e Detergent is still present in the samples & Check for enzyme validity by the supplier

that interfered with enzyme activity

Step Absence of triply sulfated
18 forms

Step Low peptide/protein

19  identification

and in-source sulfate loss
e Peptide loss

e Protein loss

Step Observe high TIC but a low
19 number of proteins identified tissue
e Loss in MS2 sensitivity

accharides for each sample from the raw LC-MS/MS data using
qualitative analysis software (version B.06; Agilent Technolo-
gies). The obtained abundances for each disaccharide are first
normalized to a spiked internal control and then further
normalized to a standard curve to obtain an absolute and
relative abundance of HS or CS disaccharides (fmol) in a
Microsoft Excel spreadsheet. For differentiating the isoforms,
EIC (MS/MS) for diagnostic ions as indicated in ref. 23 for each
CS and HS disaccharide isoform are extracted, and abundances
are obtained from manual area calculation.

21. Proteomics data analysis

The raw LC-MS/MS data are converted into mzXML format
using ProteoWizard msConvert.’® The data are searched
using PeaksDB and PeaksPTM using Peaks Studio version
8.5 (Bioinformatics Solutions, Inc., Waterloo, ON, Canada)
against the Uniprot/Swissprot database for appropriate spe-
cies with a 1% false discovery rate and at least two unique
peptides. A 10 ppm error tolerance for the precursor (MS1)
and 0.02 Da mass error tolerance for fragment ions (MS2) are
specified. A maximum of 3 missed cleavages per peptide is
allowed for the database search, permitting non-tryptic

372 | Mol. Omics, 2020, 16, 364-376

e Presence of lipids contaminant from

v To ensure complete detergent removal, we recommend using
detergent removal spin columns (ThermoScientific)

e MS Source conditions are not optimal 2 Tune source for fragile tuning and sulfate loss

v Check flow-through from step 17, possible loss of peptides

»* Make sure to use correct MWCO filters with horizontal
membranes with at least 10 kDa cut off

v Ensure the proteinase inhibitor used for lysis buffer was
valid and active to avoid overtime degradation of the protein

1 Check the number of tandem spectra acquired and the
proportion of PSM matched. The expected ration should be 30%
»* For MS? sensitivity: Check the quality of ms2 spectra in peptide,
retention time calibration mixture

v Check for m/z 524.3 in the positive-mode calibration

mixture; the intensity of MS2 peaks should be 15% higher

than MS1

5. Results & discussion

We describe herein a robust and streamlined protocol (Fig. 2)
that utilizes the FASP type approach of digesting biomolecules
on a MWCO filter and extracting the released biomolecules as a
flowthrough. We used a commercial mouse brain lysate as
a complex sample and several standard proteoglycan and
proteins for testing each and/or several steps of the protocol,
as shown in Table 2. We performed experiments in two
different batches one week apart from each other to test the
reproducibility of the protocol, except for neurocan and HS of
syndecan-1, which were acquired only for batch 1. We were able
to identify 1 HA, 6 CS, and 8 HS unsaturated disaccharides
from the standard proteoglycans and complex sample. In the
complex sample, HS D2S6 was absent or present below the
detectable limit. In addition, we observed 3 CS saturated
disaccharides (U0a0, U0a4/U0a6) for standard proteins, while
only 2 (U0a4/U0a6) were observed for the complex sample. For
HS, 3 saturated disaccharides were observed (U0AO, UOA6/
U2A0) for standards, while only 1 (U0AO) was observed for
the complex sample. The ion abundance counts (normalized

This journal is © The Royal Society of Chemistry 2020
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Table 4 The % coefficient of variation (% CV) of each disaccharide (HA, CS, and HS) observed for standards and lysate samples for batch 01 vs. 02

% coefficient of variation (% CV)

Samples

DO0a0
HA disaccharides
Hyaluronic acid-batch 01 vs. 02 7
Lysate-batch 01 vs. 02 14

% coefficient of variation (% CV)

Samples
DO0a0 D0a4/D0a6 D0a10/D2a4/D2a6 U0a0o U0a4/U0a6/U2a0

CS disaccharides
Aggrecan-batch 01 vs. 02 1 9 19 16 0.3
Syndecan-batch 01 vs. 02 2 16 13 2 16
Lysate-batch 01 vs. 02 11 20 6 Not observed 6

% coefficient of variation (% CV)
Samples

DOAO DOA6/D2A0 D2A6 DO0SO0 D0S6/D2S0 D2S6 UOAO UOA6/U2A0
HS disaccharides
HSBK-batch 01 vs. 02 4 29 23 30 29 20 26 3
HSPIM-batch 01 vs. 02 7 27 15 19 14 15 3 7
Lysate-batch 01 vs. 02 22 16 4 14 16 Not observed 4 Not observed

(to internal standard m/z 552) area under the curve (AUC) +
standard deviation (SD))) are shown in Table S1 (ESIt), and
coefficient of variation (% CV) for each disaccharide for all
samples are shown in Table 4. The CVs for the two batches were
within our specified criteria of <20% for CS, and <30% CV for
HS disaccharides, illustrating a similar recovery of GAGs in the
two batches.

For proteomics, syndecan and neurocan were observed with
67%, and 64% coverage, respectively, while Aggrecan was
observed with 27% coverage (Table 5A and Supplemental file
S1, ESIT). Aggrecan contains approximately 90 CS chains based
on the total masses of core protein, CS, and the average mass of
CS chains.”® With no CHABC treatment and proteolysis with

Table 5

trypsin + LysC, we observed 17% sequence coverage of aggrecan
(Supplemental file S1, ESIt). Thus, the removal of CS chains
assists in better identification of aggrecan. To increase peptide
coverage for aggrecan, Glu-C digestion could be performed,
followed by trypsin + Lys-C digestion as trypsin as the only
protease produces extended region glycopeptides that are too
large for analysis using HCD LC-tandem MS."® A number of
post-translational modifications (PTMs) for aggrecan, neuro-
can, and syndecan were observed including, O-glycosylation
(HexNAc & HexNAcHex) on serine and threonine as identified
by peaks PTM analysis (Table 5A and Fig. S6, ESIT).

For mouse brain tissue lysate, we observed 1449 and 1496
proteins with 1 unique peptide, and 747 and 773 proteins with

(A) Coverage, total, and unique peptides for standard proteins and proteoglycans as observed by LC-MS/MS analysis after serial in-solution

digestion. (B) Total proteins for both unique peptides 1 and 2, and coverage of proteoglycan and other ECM related proteins as observed for complex

mixtures- mouse brain tissue lysate)

(A) Standard protein/ Coverage (total,

Coverage (total, unique

proteoglycans unique peptides)-batch 1 peptides)-batch 2 PTMs

Aggrecan 27% (162, 158) 28% (188, 184) Carbamidomethylation; hydroxyproline; ubiquita-
tion deamidation; K-methoxy; HLys; HexNAcHex;
HexNAc

Syndecan 67% (139, 139) — HexNAc, HexNAcHex hydroxyproline; deamidation;
phosphorylation, K-methoxy; ubiquitation

Neurocan 64% (383, 371) — Carbamidomethylation; hydroxyproline, phos-
phorylation, HexNAcHex; HexNAc deamidation N;
ubiquitation, Hlys-Hex; HLys-Hex-Hex

AGP 65% (53, 41) 60% (53, 39) Carbamidomethylation; hydroxyproline, deamida-

tion; K-methoxy, HLys; ubiquitation, HexNAc
Y-NO2, K-methoxy

(B) Complex mixture

Total proteins with
unique peptide 1

Total proteins with
unique peptide 2

PG and ECM related proteins observed coverage
(total, unique peptide)

Mouse brain lysate

1449-batch 1
1496-batch 2

This journal is © The Royal Society of Chemistry 2020

747-batch 1
773-batch 2

Versican 0% (1, 1)

Neurocan 1% (1, 1)

Brevican 4% (3, 3)

Tenascin-R 5% (6, 6)

Disintegrin and metalloproteinase domain-
containing protein 22 2% (1, 1)
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Table 6 Average normalized area (normalized to total ion chromatogram (TIC)) for batch 01 and 02 + standard deviation and % relative standard

deviation (% RSD) for the standard proteins

Normalized area Normalized area

Relative standard

Protein batch 01 batch 02 Average normalized area + standard deviation deviation (%)
Syndecan-1 4.10 x 10° 4.00 x 10° 4.05 x 10° + 6.85x 107 2
AGP 2.09 x 10° 2.37 x 10° 2.23 x 10° £ 1.96x 10° 9
Aggrecan 1.37 x 10*° 1.35 x 10*° 1.26 x 10" + 1.74 x 10® 1
Neurocan® 5.61 x 10'°¢ 5.02 x 10'°¢ 5.32 x 10" £ 4.16 x 10°¢ 8“

% For the two replicates in batch 01.

2 unique peptides for batch 1 and 2, respectively. The average
normalized area (normalized to total ion chromatogram (TICs))
with relative standard deviations (RSDs) between the two batches
for standard proteins are shown in Table 6 (For the complete list
of average normalized area and RSDs for lysate and standard
proteins see Supplemental file S2, ESIT). A number of PGs and
ECM related proteins were observed but with low coverage
(Table 5B and Supplemental file S1, ESIf). Thus, to achieve a
complete picture of ECM and proteoglycans in complex samples,
an enrichment step needs to be incorporated such as using anion-
exchange (SAX) chromatography followed by serial in-solution
digestion as presented here and sequential proteolysis using a
combination of trypsin-LysC/GluC/chymotrypsin prior to LC-MS/
MS to attain more in-depth PG sequence coverage. To study
proteins displaying specific PTMs enrichment is usually necessary
to increase the relative analyte abundance, such as enrichment of
PGs using SAX,***' and enrichment of glyco-peptides/-proteins
using lectin affinity chromatography, hydrazide chemistry,*> and
hydrophilic interaction liquid chromatography (HILIC)***** have
been extensively used by experts in the field of glycoscience. We
plan to incorporate the enrichment step in the presented protocol
for more targeted workup and in-depth PG analysis in the future.
When we performed the serial in-solution protocol on a human
brain tissue lysed in-house rather than a commercial mouse
brain, we observed 1297 proteins with 1 unique peptide, and
782 proteins with 2 unique peptides and a number of ECM related
proteins and proteoglycans were observed with high coverage
(Supplemental file S3, ESIt). This implies that the low coverage
of PG or ECM proteins in the commercial mouse brain lysate
could be sample-related.

In conclusion, we present a streamlined protocol to perform
integrated glycomics and proteomics on tissue samples. This
protocol could be utilized for simultaneous processing of 24
samples at a given time, making it efficient and high-throughput
despite a 5 day workup procedure. The end goal is to establish a
robust platform for identification and characterization of GAG
compositions and PG and other ECM related molecules specifi-
cally in the brain that play crucial roles in various neurological
processes and understand their role in underlying molecular
mechanisms in neuropsychiatric disorder.

Abbreviations

FASP
GAGs

Filter-aided sample preparation
Glycosaminoglycans

374 | Mol. Omics, 2020, 16, 364-376

PGs Proteoglycans

ECM Extracellular matrix

HS Heparan sulfate

HA Hyaluronic acid/hyaluronan

CS Chondroitin sulfate

MWCO Molecular weight cut off

TIC Total ion chromatogram

EIC Extracted ion chromatogram

LC-MS/MS  Liquid chromatography-tandem mass spectrometry
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