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Abstract

Chondroitin sulfate proteoglycans (CSPGs) are extracellular matrix components composed of linear glycosaminoglycan
(GAG) side chains attached to a core protein. CSPGs play a vital role in neurodevelopment, signal transduction, cellular
proliferation and differentiation and tumor metastasis through interaction with growth factors and signaling proteins. These
pleiotropic functions of proteoglycans are regulated spatiotemporally by the GAG chains attached to the core protein. There
are over 70 chondroitin sulfate-linked proteoglycans reported in cells, cerebrospinal fluid and urine. A core glycan linker of
3—6 monosaccharides attached to specific serine residues can be extended by 20-200 disaccharide repeating units making
intact CSPGs very large and impractical to analyze. The current paradigm of CSPG analysis involves digesting the GAG
chains by chondroitinase enzymes and analyzing either the protein part, the disaccharide repeats, or both by mass spectrom-
etry. This method, however, provides no information about the site of attachment or the composition of linker oligosaccharides
and the degree of sulfation and/or phosphorylation. Further, the analysis by mass spectrometry and subsequent identification
of novel CSPGs is hampered by technical challenges in their isolation, less optimal ionization and data analysis. Unknown
identity of the linker oligosaccharide also makes it more difficult to identify the glycan composition using database searching
approaches. Following chondroitinase digestion of long GAG chains linked to tryptic peptides, we identified intact GAG-
linked peptides in clinically relevant samples including plasma, urine and dermal fibroblasts. These intact glycopeptides
including their core linker glycans were identified by mass spectrometry using optimized stepped higher energy collision
dissociation and electron-transfer/higher energy collision dissociation combined with hybrid database search/de novo glycan
composition search. We identified 25 CSPGs including three novel CSPGs that have not been described earlier. Our find-
ings demonstrate the utility of combining enrichment strategies and optimized high-resolution mass spectrometry analysis
including alternative fragmentation methods for the characterization of CSPGs.
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Introduction

Proteoglycans consist of a core protein with one or more
glycosaminoglycan chains covalently attached to it. Gly-
cosaminoglycans (GAGs) are heteropolymers of repeating
disaccharides—consisting of an amino sugar and a uronic
acid—Ilinked to serine residues on a core protein via a
linker oligosaccharide (Merry et al. 2022). The most com-
mon GAGs are chondroitin sulfate (CS), dermatan sulfate
(DS), keratan sulfate, hyaluronan, heparan sulfate (HS)
and heparin (Lebrilla et al. 2022). Chondroitin sulfate pro-
teoglycans (CSPGs), dermatan sulfate proteoglycans and
heparan sulfate proteoglycans are linked to serine residues
through a common core tetrasaccharide linkage (Bella and
Danishefsky 1968; Stern et al. 1971; Seno and Sekizuka
1978; Akiyama and Seno 1981; Prydz and Dalen 2000;
Mizumoto et al. 2013; Lindahl et al. 2017). Proteoglycans
are an integral part of skin and connective tissues and are
involved in various physiological processes including cell
adhesion, growth and differentiation, signaling, angiogen-
esis and anti-coagulation and have also been implicated
in tumor progression and metastases (lida et al. 1996;
Kastana et al. 2019; Perrimon and Bernfield 2001; Stringer
2006; Wei et al. 2020).

Chondroitin sulfate proteoglycans (CSPGs) are princi-
pal components of pericellular and extracellular matrices
of connective tissues. CSPGs are composed of anionic
GAGs linked to the hydroxyl group of a serine residue on
the core protein through a variable oligosaccharide linker,
the commonest of which is made up of one glucuronic
acid (GlcA), two galactose (Gal) units and a xylose (Xyl)
(PAGIcAp3Galp3GalpaXylpl1-O-Ser), which may be modi-
fied by sulfation (Lindahl et al. 2017). The oligosaccharide
moiety in chondroitin sulfate is composed of repeating
disaccharide units of N-acetylgalactosamine (GalNAc)
and D-glucuronic acid. The nascent core protein synthe-
sized in the cytosol by translation is translocated to the
lumen of endoplasmic reticulum, where synthesis of the
linkage region occurs followed by assembly of chondroi-
tin sulfate chains in the Golgi compartment (Mikami and
Kitagawa 2013). Sulfation and/or phosphorylation are the
most common modifications found in both linkage regions
and chondroitin sulfate chains of CSPGs, though sialyla-
tion and fucosylation have been reported (Gomez Toledo
et al. 2015). The variable sulfation pattern as well as the
length of CS chains determines the biological activities
and specific molecular interactions of CSPGs. CSPGs are
involved in a wide range of cellular processes, growth
factor signaling and inflammation (Kliippel et al. 2005;
Mizumoto et al. 2015; Stephenson et al. 2018). In addi-
tion, they play a role in the organization of extracellular
matrix of the brain and in controlling neuronal growth and
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plasticity (Maeda et al. 2010; Siebert et al. 2014). Mono-
sulfated moieties on GAGs facilitate binding to cytokines,
cell surface receptors and growth factors such as vascu-
lar endothelial growth factor (VEGF) (Hirose et al. 2002;
Kwok et al. 2012; Mikami and Kitagawa 2013; Zhou et al.
2014; Koike et al. 2015; Shintani et al. 2006).

Several clinical disorders are known to be associated with
CSPG synthesis, structure and degradation. In CSPGs, sul-
fation can occur at C-2 and C-3 positions of GlcA, and the
C-4’ and C-6’ positions of GalNAc, thus accounting for 16
possible disaccharide modifications (Wei Poh et al. 2015).
Based on the sulfation pattern, the CS chains are classified
as monosulfated and disulfated CS. The monosulfated CS
chains are CS-A (-GlcAB1-3GalNAc-4-sulfate-) and CS-C
(-GlcAp1-3GalNAc-6-sulfate-). The disulfated CS chains
are CS-B (-GlcA-2-sulfatepf1-3GalNAc-4-sulfate-), CS-D
(-GlIcA-2-sulfatep1-3GalNAc-6-sulfate-), CS-E (-GIcAp1-
3GalNAc-4-sulfate-6-sulfate-) and CS-K (-GlcA-3-
sulfatef1-3GalNAc-4-sulfate-) (Nandini and Sugahara 2006;
Afratis et al. 2012; Wei Poh et al. 2015; Kastana et al. 2019;
Wang et al. 2020). Imbalance in the sulfation pattern of
CSPGs has been shown to have a role in autoimmune disor-
ders such as systemic lupus erythematosus and dermatomy-
ositis (du Souich et al. 2009; Kim and Werth 2011). The type
of sulfation pattern in CSPGs has been suggested to be a
critical factor in the progression of cancer (Theocharis et al.
2006). CSPGs with CS-A sulfation pattern are implicated
in metastatic cascade through activation of MMP2 (Iida
et al. 2007). CSPGs with 6-O-sulfation are associated with
tumor progression, growth and metastasis in hepatocellular
carcinoma (Jia et al. 2012) melanoma, osteosarcoma (Cat-
taruzza et al. 2008; Nikitovic et al. 2008) and other cancers
(Asimakopoulou et al. 2008). CSPGs with overexpression
of CS-E chains mediate VEGF binding in ovarian adenocar-
cinomas (Ten Dam et al. 2007). The chondroitin-6-sulfate
present in CSPGs binds to lipoproteins, causing accumula-
tion, oxidation and hydrolysis of low-density lipoproteins in
the arterial wall leading to development of atherosclerosis
(Scuruchi et al. 2020). Mutations in the chondroitin sulfate
synthetic machinery/enzymes can lead to connective tissue
disorders like Ehlers-Danlos syndrome and skeletal dyspla-
sia and ocular disorders such as congenital corneal stromal
dystrophy and Meester—Loeys syndrome (Mizumoto et al.
2013; Meester et al. 2017; Paganini et al. 2019). Mutations
in the lysosomal enzymes required to break down the long
chains of GAGs lead to a group of metabolic disorders called
mucopolysaccharidoses characterized by accumulation of
chondroitin sulfate, dermatan sulfate and/or heparan sulfate
in connective tissues (Muenzer 2011). These accumulated
CSPGs bind to protein tyrosine phosphatase receptors and
to Nogo receptors thus inhibiting neuronal growth and axon
regeneration in glial scar tissues (Brown et al. 2012; Tran
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et al. 2018). Several pathogenic microorganisms including
viruses (herpes simplex virus, dengue virus, respiratory syn-
cytial virus), bacteria (Borrelia burgdorferi) and parasites
(Plasmodium falciparum) can express proteins that bind
to the CS chains of CSPG present on the cell surface and
invade the host cells (Jinno and Park 2015).

Analysis of proteoglycans is challenging and involves
isolation, enrichment and depolymerization. Proteoglycans
from homogenized tissues or cells have been tradition-
ally analyzed by extraction with guanidium hydrochlo-
ride followed by anion exchange chromatography or size-
exclusion chromatography (Ly et al. 2010). These crude
proteoglycans are then processed by treating them with
non-specific proteases to generate GAG chains. The gly-
cosaminoglycan attached to the specific serine residues
of core protein may also be released by p-elimination fol-
lowed by Michael addition of dithiothreitol (BEMAD)
(Wells et al. 2002). The released GAGs are depolymer-
ized by highly specific lyases to disaccharides or partially
depolymerized oligosaccharides whose compositions are
analyzed by chromatography, nuclear magnetic resonance
spectroscopy or by mass spectrometry (Barroso et al.
2005; Chi et al. 2008; Sisu et al. 2011). Deducing the
structural components of disaccharides and location of
sulfation groups can provide information about the type of
glycosaminoglycan chain isolated. Structural characteriza-
tion of proteoglycans is a challenging task mainly due to
the astounding structural diversity in terms of size, charge
and degree of sulfation. Multiple glycan chains can be
attached to the same core protein at different sites with dif-
fering glycan compositions. Analytical limitations further
include low coverage of proteoglycan peptide sequence
and significant sulfate losses.

Glycoproteomics strategies involve specific enrich-
ment of glycopeptides followed by liquid chromatogra-
phy—tandem mass spectrometry (LC-MS/MS) (Saraswat
et al. 2021). Based on the chemical nature of proteogly-
cans, strong anion exchange (SAX) chromatography has
been used to optimize their enrichment and analysis to
identify CS-linked glycopeptides (Nilsson et al. 2009;
Noborn et al. 2015). Our goal was to characterize CSPGs
by combining different enrichment strategies in addition
to the utility of optimized stepped higher energy colli-
sion dissociation (stepped HCD) and electron-transfer/
higher energy collision dissociation (EtHCD). Based on
this strategy, we analyzed CSPGs in plasma, urine and
dermal fibroblasts. We identified 25 CSPGs including
3 novel CSPGs—membrane-associated progesterone
receptor component 1, tenascin and collagen alpha-3
(V) chain.

Results and discussion

We carried out high-throughput analysis of chondroitin
sulfate-linked intact glycopeptides from clinically relevant
samples including body fluids such as plasma and urine and
dermal fibroblasts. In the following sections, we describe our
approach in a detailed stepwise manner (Fig. 1).

Sample preparation

Blood collected in lithium heparin tubes was centrifuged
twice to obtain platelet-poor plasma, which was used for
subsequent experiments. Urine was centrifuged to eliminate
cells and debris and supernatant was processed for further
experiments. Cultured dermal fibroblasts were thoroughly
washed with PBS to get rid of residual FBS. All samples
were used for measuring protein concertation by BCA assay.

Enrichment of chondroitin-sulfate-linked
glycopeptides

We sought to characterize chondroitin sulfate-linked pro-
teoglycans present in the plasma. After trypsin digestion,
we enriched the glycosaminoglycan linked peptides using
two different enrichment strategies based on their molecular
weight and charge status: filtration using 10 kDa molecular
weight cutoff filter MWCO) and SAX using spin columns.
The molecular weight of chondroitin sulfate-linked tryptic
glycopeptides is expected to be 20-55 kDa, depending upon
the length of the CS chains. Thus, we used a 10 kDa MWCO
filter membranes to enrich these glycopeptides. As a comple-
mentary enrichment method, we used SAX chromatography
to enrich CSPGs as they contain multiple negative charges
mainly due to the high degree of sulfation. In this method,
glycopeptides were eluted with increasing salt concentra-
tions for sequential enrichment of sulfated proteoglycans.
The enriched glycopeptides obtained from the two enrich-
ment strategies were treated with chondroitinase ABC to
depolymerize the CS chains. The resulting oligosaccharide-
linked chondroitin sulfate glycopeptides were analyzed by
mass spectrometry as described below.

Mass spectrometric analysis

The glycopeptides were reconstituted and samples were ana-
lyzed by LC-MS/MS in positive ion mode. Intact glycopep-
tides were first separated on a reversed-phase Cg column
by 150-min gradient and fragmented using complementary
techniques of stepped high-energy collision dissociation
(stepped HCD) and electron-transfer/higher energy collision
dissociation (EtHCD).
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«Fig. 1 A schematic showing the workflow for enrichment and analy-
sis of intact GAG-linked glycopeptides. The schematic depicts step-
wise processing of indicated samples by trypsin digestion, intact gly-
copeptide enrichment, chondroitinase ABC digestion and LC-MS/
MS analysis. Two different enrichment strategies were employed for
plasma and urine samples as shown—ultrafiltration (10 kDa MWCO)
and strong anion exchange (SAX) for enriching intact chondroitin
sulfate (CS) chains attached to tryptic peptides. For fibroblast sam-
ples, SAX was employed for enriching the CS-linked peptides. The
CS chains obtained from all sample types were digested by chondroi-
tinase ABC enzyme mixture to yield glycopeptides with linker oligo-
saccharide attached to peptide backbones as indicated

Data analysis

Peptide identification is often hindered by the presence of
glycosylation sites reducing the overall sequence coverage
achievable by mass spectrometric methods. To improve the
peptide sequence coverage of complex proteoglycan, we
employed two different enrichment strategies coupled with
bioinformatics tools such as GlycReSoft (Klein et al. 2018a,
b) and Mascot with specified modifications to allow for gly-
copeptide identification.

The MS/MS spectra were filtered to look for m/z 362.11
oxonium ion which corresponds to the terminal dehydro-
disaccharide [AHexAGalNAc] + . Further, we observed
other fragment ions corresponding to tetrasaccharide ([A
HexAGIcNAcGIcAGal] +; m/z 699.18) and pentasaccharide
([A HexAGIcNAcGIcAGalGal] +; m/z 861.24).

Profile of proteoglycans from plasma

By enriching the GAG-linked glycopeptides and utilizing
both enrichment strategies and dissociation methods, we
identified 17 intact glycopeptides from 2 major proteogly-
cans found in plasma (Table 1).

Bikunin is the major CSPG in plasma

Bikunin is a chondroitin sulfate-linked proteoglycan pre-
sent in circulation as inter-alpha-trypsin inhibitor light
chain of the protein alpha-1-microglobulin/bikunin precur-
sor (AMBP) (Zhuo et al. 2002). Overall, we identified 10
glycopeptides belonging to bikunin from plasma. The gly-
cosite was observed to be on serine preceded by an acidic
amino acid and followed by glycine (Seno et al. 1978). The
glycopeptide sequence, “’AVLPQEEEGSGGGQLVTE
VTK??®, was predominantly observed with attachment of
a linker hexasaccharide on serine residue at position 215,
with a monoisotopic mass of m/z 1094.43; 3 +. This bikunin
glycopeptide precursor ion was found in both 800 mM NaCl
and 1.6 M NaCl eluates of SAX chromatography. The HCD
spectrum revealed intense saccharide oxonium ions in the
m/z interval of 100 to 500. The prominent oxonium ions
were observed at m/z 362.11 and m/z 380.12 which are

specific to the presence of chondroitin sulfate glycopep-
tides. Chondroitinase ABC extracts a water molecule from
the C4-C5 of the terminal glucuronic acid leading to loss of
stereoisomerism at C4 and C5, forming [AHexAGalNAc]+,
which is observed as a prominent ion at m/z 362.11 (Noborn
et al. 2015). Due to fragmentation of HexNAc B-ion m/z
214.09, saccharide oxonium ions at m/z 204.09, m/z 186.08,
m/z 138.05 and m/z 126.05 were also observed. Further, the
presence of peptide + xylose (m/z 1130.56; 2 +) followed by
peptide + xylose + galactose (m/z 1211.59; 2+) and others
were observed (Fig. 2A). This permitted us to deduce the
sequential loss of sugar moieties from the hexasaccharide
linker attached to Ser residue on the peptide. We were able to
identify a glycoform carrying a phosphate moiety on xylose
residue, detected in plasma samples in both dissociation
modes (Gomez Toledo et al. 2015). The various saccharide
linkers attached to serine are provided in the supplementary
Table S1. One of the linker molecules is fucosylated and
bisulfated hexasaccharide chain. In human chondroitin sul-
fate proteoglycans, the fucose modification is notably seen
on the xylose residue close to the site of attachment to ser-
ine residue of the protein. This is similar to core fucosyla-
tion found on the innermost GlcNAc residues of N-glycans
(Vainauskas et al. 2016).

Bone marrow proteoglycan

Bone marrow proteoglycan (PRG2), a major constituent
of eosinophil granules, is a proinflammatory protein with
potent cytotoxic and anti-helminthic activity (Shikata et al.
1993). Bone marrow proteoglycan is also known as major
basic protein (MBP) and is synthesized in the cells as a pre-
pro form. The pre-pro form is converted to pro-MBP by pro-
teases and further digested to form MBP. Four mucin type
O-glycan sites, one N-glycan site and one O-linked glycosa-
minoglycan site have been reported on this protein (Shikata
et al. 1993), with the presence of chondroitin sulfate-linked
glycan at Ser-62 (Oxvig et al. 1994). We detected two gly-
copeptides with two different hexasaccharide linkers on the
peptide sequence— >ELEEEEEWGSGSEDASKK’. This
particular glycopeptide sequence has been reported in urine
(Noborn et al. 2015), but here we report these glycopeptides
in the plasma for the first time using high-resolution mass
spectrometry. The spectrum showed saccharide oxonium
ions, peptide backbone fragmentation (3 consecutive b- and
y-ions) and peptide + saccharide ions (peptide + xylose, pep-
tide + xylose + galactose, etc.) (Fig. 2B).

Chondroitin sulfate-linked proteoglycans detected
in urine

Our methods detected other chondroitin sulfate-linked pro-
teoglycans: decorin, dermicidin, plexin domain-containing
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Table 1 All identified
chondroitin sulfate
proteoglycans

@ Springer

Gene Proteoglycan Peptide sequence® Linker Monoisotopic | Charge
symbol hexasaccharide mass

1. | ACAN Aggrecan core | ASEVGTDLSGLPSGR y » | 1260.4878 2+
protein OO o0oR

2. | AMBP Bikunin AVLPQEEEGSGGGQLV & Oe oo 1083.8244 3+

TEVTKK

3. | CCBEI Collagen and | DLGSGDDHPR 1071.8600 2+
calcium-
binding EGF & DS s 004
domain-
containing
protein 1

4. | CD44 CD44 TNPEDIYPSNPTDDDVS |~ 1215.4469 3+

SGSSSER NaSavacace o

5. | CD74 HLA class II | LELEDPSSGLGVTK 1260.0033 2+
histocompatib N
ility ~ antigen So-o0on
gamma chain

6. | COLI5A1 | Collagen TPEELCDPEESSASGET . 1323.1531 3+
alpha-1(XV) | SGLQEADGVAE {1800
chain

7. | COL543 | Collagen EDEEGDDSTMGPDFR . 1387.9430 2+
alpha-3 (V) SO0
chain*

8. | CSPG4 Chondroitin QGESSGDMAWEEVR 1327.4595 2+
sulfate PN
proteoglycan -S-0-o%

4
9. | DCD Dermcidin YDPEAASAPGSGNPCH » | 1130.7533 2+
EASAAQK S04-0-0%*
10. | DCN Decorin DEASGIGPEVPDDR P 1265.4524 2+
S{18-0-0#-

11. | HSPG2 Basement CQQGSGHGIAESDWH 1091.4172 3+
membrane LEGSGGN
specific S S-0-0%

HSPG  core
protein

12. | LAMA4 Laminin DDNAFPFDIEGSSAVG 930.7024 3+
subunit alpha- | R S18-0-0%
4

13. | MXRAS Matrix- EDIVEDEGGSGMGDEE 1640.0247 2+
remodeling- | NTSR < s o s
associated
protein 5

14. | NPW Neuropeptide | APEPALEPESLDFSGAG & Ds 2 A 1522.5993 2+
A QR

15. | NRPI Neuropilin-1* | IDETGSTPGYEGEGEG & DS & 004 972.0122 3+

DK

16. | PGRMCI | Membrane- DQPAASGDSDDDEPPP 1018.0398 3+
associated LPR .
progesterone S 1S-0-0O%
receptor
component 1*

17. | PLXDCI | Plexin GAGHDEGPGSGWAAK 1235.9375; 2+; 3+
domain- A S 823.9599
containing oTooon
protein 1

18. | PRG2 Bone marrow | ELEEEEEWGSGSEDAS | , » | 1038.0450 3+

OHe-0-0#-
proteoglycan | KK

19. | RARRES! | Retinoic acid 969.3496 3+
receptor AGSGDPDDPGQPQDA | . =
responder GVPR o r&-0-0#
protein 1

20. | SDCI Syndecan-1 AAEDGASSQLPAAEGS | ,. = s 1252.4423 3+

GEQDFTFETS o000k

21. | SDC4 Syndecan-4 AGSGSQVPTEPK M 1194.8673 2+

22. | SPPI Osteopontin ISHELDSASSEVN S 0-0O- | 1189.9546 2+

23. | SRPX Sushi repeat- | FPGSGDSPLEDDEVGY s » | 1106.0563 3+
containing SHPR {1800
protein

24. | INC Tenascin* LPVGSQCSVDLESASG | . = s 1006.0383 3+

S14-0-0#
EK
25. | VCAN Versican core | ALDDMFESSTLSDGQ & |:|s 2 1304.9851 2+

protein
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Table 1 (continued)

Chondroitin sulfate proteoglycans are depicted with gene symbols, protein name, peptide sequence, linker hexasac-

charide with order of attachment, plausible glycosylation sites, monoisotopic mass and charge of the precursor ion

*Novel chondroitin-sulfate-linked glycopeptides identified, where the previously unreported site is depicted

#Underlined serine residues indicate glycan attachment sites

protein-1, osteopontin and collagen alpha-1(XV). Overall,
we detected 75 glycopeptides on 36 glycosites from 15 pro-
teoglycans (Table 1).

Decorin is a small leucine-rich proteoglycan whose core
protein is linked to either chondroitin sulfate or dermatan
sulfate chains depending on the tissue. The CS chain is
attached to Ser-34 on the N-terminus of the protein. Charac-
terization of this proteoglycan is further difficult because of
isobaric nature of GIcA in CS chains and iduronic acid in DS
chains. Decorin CS is composed of repeating disaccharide
units of D-N-Acetylgalactosamine and p-glucuronic acid
residues which are further modified. The p-glucuronic acid
residues are epimerized to L-iduronic acid by the enzyme
C5-epimerase in collagen fibers. On the other hand, the
dermatan sulfate-linked decorin can be sulfated at C-4 and
C-6 of D-GalNAc adjacent to the L-iduronic acid or at C-2
of L-iduronic acid. In our study, we found 3 CS-linked gly-
copeptides at a single glycosite (Ser-34) on decorin. The
glycan composition of the three glycopeptides is provided
in supplementary Table S1. The peptide *'DEASGIGPE-
VPDDR* (Fig. 2C) follows the general rule for chondroitin
sulfate linker attachment, i.e., the presence of acidic residues
(D, E) on the N-terminal and followed by Ser-Gly sequence,
which is a consensus site for GAG attachment. One of them
is composed of phosphorylated xylose, which is a stoichio-
metric feature seen in mature proteoglycans, indicating that
proteoglycan biosynthesis may be at a balance between
kinases and phosphorylases (Wen et al. 2014).

Dermcidin is an antimicrobial protein secreted by eccrine
sweat glands in humans (Na et al. 2019). The antimicrobial
peptide (AMP) domain containing 48 amino acids are pro-
teolytically processed, secreted into sweat and have antimi-
crobial properties (Schittek 2012). However, there is another
putative product of this protein, which forms the peptide
core of proteolysis inducing factor (PIF). PIF is a glyco-
sylated cachectic factor with a molecular weight of 24 kDa.
It has been shown that the chondroitin sulfate hexasaccharide
is linked to Ser-30 on the peptide 2°YDPEAASAPGSGN-
PCHEASAAQK* (Fig. 2D). We detected seven glycopep-
tides with two possible glycosites. In addition to the reported
Ser-30 glycosite, we found another site at Ser-38.

2-0-Phosphorylation of xylose residue
Phosphorylation of the xylose residue at C2 is one of the key

modifications observed in the linkage hexasaccharides in
both CS and HS GAG chains (Oegema et al. 1984; Fransson

et al. 1985; Moses et al. 1999). This modification is car-
ried out by a Golgi-resident kinase, FAM20B (family with
sequence similarity 20 B) (Koike et al. 2009). The 2-O-phos-
phorylation of xylose is essential for efficient transfer of
glucuronic acid residue to the phosphorylated trisaccharide
linker. A previous study (Moses et al. 1999), focused on
deciphering the biosynthetic mechanisms of the linker tri-
saccharide on decorin, revealed rapid dephosphorylation of
xylose following addition of the first glucuronic acid residue.
Although, this transient phosphorylation of xylose residue is
a known prerequisite for elongation of the repeating disac-
charides in CS and HS chains, some mature forms retain
the phosphate on xylose (Tone et al. 2008). We found hexa-
saccharide linkers with intact 2-O-phosphorylated xylose in
bikunin, bone marrow proteoglycan, collagen and calcium-
binding EGF domain-containing protein 1, plexin domain-
containing protein 1, decorin, HLA class II histocompat-
ibility antigen gamma chain, osteopontin, laminin subunit
alpha-4, membrane-associated progesterone receptor com-
ponent 1, collagen alpha-1(XV) chain and CD44 antigen.

Cellular CSPG profile

To obtain an overview of CSPGs at the cellular level, we
also examined GAG-linked peptides using SAX enrich-
ment of fibroblast lysates. We identified 184 glycopeptides
from 16 CSPGs including versican, CD44 antigen, decorin,
chondroitin sulfate proteoglycan 4 and novel proteoglycans
like tenascin-C and collagen alpha-3 (V) chain (Table 1).
In addition, we were able to identify novel glycosites and
glycan compositions on previously reported CSPGs. We
have identified two glycopeptides from CSPG4 proteogly-
can with peptide sequence being QGESSGDMAWEEVR.
This peptide contains two serine residues which can be
potential attachment site for chondroitin sulfate chains.
We compared the fragmentation pattern of one of these
glycopeptides (m/z 885.3, z=3) by HCD and EtHCD frag-
mentation (Fig. 3A,B respectively). In HCD spectrum, 7
y- and 3 b-ions were matched (Fig. 3A) and in EtHCD
2 b-,9y-,2c-, and 9 z-ions were matched (Fig. 3B). In
HCD fragmentation, the site was ambiguous as confirma-
tory fragments (b4/5 + Xyl or b4/5 + linker oligosaccha-
ride) were not found. While in EtHCD fragmentation, the
site could be inferred because c4 ion attached with intact
linker oligosaccharide was found, while z10 was found
without intact linker oligosaccharide. The bond between
serine and chain initiating xylose is an O-glycosidic bond,
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«Fig.2 Mass spectrometric identification of chondroitin sulfate-
linked proteoglycans. MS/MS spectra of chondroitin sulfate-linked
glycopeptides from bikunin (A) and bone marrow proteoglycan (B)
from plasma are shown. The peptides were obtained after enrich-
ment with strong anion exchange chromatography. In bikunin (A),
the oligosaccharide is composed of [AGlcAGalNAcGlcAGalGalXyl]
with fucose attached to xylose residue and sulfation of galactose and
GalNAc, where A denotes dehydroGlcUronic acid. This disulfated
fucosylated oligosaccharide linker is attached to Ser-215 on the pep-
tide sequence “*°’AVLPQEEEGSGGGQLVTEVTK??. The site of
attachment of the oligosaccharide linker to Ser residue on the pep-
tide is colored in red. The b-ions (red) and y-ions (blue) are labeled
including the chondroitin sulfate specific oxonium ions—m/z 362.11
and m/z 214.07. MS/MS spectra of glycopeptide from bone marrow
proteoglycan obtained from plasma (B) depicted has the hexasaccha-
ride [AGIcAGalNAcGlcAGalGalXyl] linked to Ser-62 on the peptide
SELEEEEEWGSGSEDASKK". Representative MS/MS  spectra
of glycopeptides from decorin (C) and dermcidin (D) obtained from
urine are depicted with the peptide sequence, site of attachment of the
oligosaccharide linker (red S), the b-ions (red) and y-ions (blue). The
monosaccharide symbols depicted are according to the consortium
for functional glycomics (http://www.functionalglycomics.org/static/
consortium/Nomenclature.shtml), and the charge states of all frag-
ment ions with charge higher than 1+ are shown

which can undergo elimination in HCD (Riley et al. 2020;
Mao et al. 2021) and peptides which contain two proximal
serine residues, EtHCD can be beneficial for localizing
the site unambiguously. However, in many cases, we did
find evidence of site localization from HCD data, which
is likely due to the fact that we employed a stepped col-
lision energy strategy that has also proven useful previ-
ously (Noborn et al. 2015; Nikpour et al. 2021). When
stepped collision energy is employed, every precursor is
fragmented with three different specified collision energies
and a composite MS/MS spectrum is reported. At very low
energy (NCE = 15) only part of glycan is fragmented and
some relatively lower intensity site confirming fragments
(Y-type ions) are observed (Riley et al. 2020), while higher
energy provides peptide backbone b and y ions.

Novel proteoglycans/glycopeptides

Membrane-associated progesterone receptor component 1
(PGRMC1)

Membrane-associated progesterone receptor component 1
is a non-classical progesterone receptor belonging to the
b5-like heme/steroid-binding protein family which includes
Membrane-associated progesterone receptor component 2,
Neudesin and Neuferricin (Ryu et al. 2017; Peterson et al.
2018). This protein acts as a chaperone to transfer heme,
cholesterol and steroids, in addition to mediating progester-
one signaling and steroid synthesis (Cahill et al. 2017). This
protein is not annotated to be glycosylated in UniProt and
we report it for the first time to have a CS chain attachment

site. We describe a novel CS-linked glycopeptide with CS
being linked to Ser-54 on the peptide “’ DQPAASGDSD-
DDEPPPLPRY’ (Fig. 4A). CSPG specific oxonium ions at
m/z362.11 and m/z 214.09 were detected. In addition, frag-
mentation of HexNAc B-ion m/z 214.09, the saccharide oxo-
nium ions generated at m/z 204.09, m/z 186.08, m/z 138.05
and m/z 126.05, were manually confirmed for the glycopep-
tides. In addition, the peptides +xylose (m/z 1055.95) and
peptide + XylGal (m/z 1136.98) was also found.

Tenascin-C

Tenascin-C is a glycoprotein expressed in dense connec-
tive tissues (tendons, ligaments), smooth muscle, stem
cells of brain and bone marrow. It is transiently expressed
during organ morphogenesis (Chiquet-Ehrismann and
Tucker 2011). Tenascin-C regulates adhesion of cells, cel-
lular migration and growth. Tenascin-C binds to fibronec-
tin, thereby regulating cell adhesion. Tenascin-C and
fibronectin are similar in size and are often coexpressed
(Chiquet-Ehrismann et al. 1988; Orend and Chiquet-Ehris-
mann 2000; Chiquet-Ehrismann and Chiquet 2003). Tenas-
cin-C expression is increased in inflammatory conditions
like psoriasis, lung fibrosis, asthma, inflammatory bowel
disease, autoimmune myocarditis, atherosclerosis, IgA
nephropathy and primary sclerosing cholangitis. Here, we
identified a novel chondroitin sulfate-linked glycopeptide
from tenascin-C, (64SVDLESASGEK75), which contains
two plausible glycosites and three hexasaccharide linkers
(Fig. 4B). Tenascin-C was detected in fibroblasts in both
800 mM and 1.6 M NaCl eluates.

Neuropilin-1 (NRP1)

Neuropilins bind to semaphorin-3A, PIGF-2 (an isoform of
placental growth factor), VEGF 165 (isoform of VEGFA)
and VEGF-B186 (He and Tessier-Lavigne 1997; Teesalu
et al. 2009; Gagnon et al. 2000). Neuropilin-1 (NRP1)
interacts with ATP-binding cassette B8 and regulates mito-
chondrial iron transport (Issitt et al. 2019) NRP1 affects
cell survival, migration and angiogenesis. NRP1 binds to a
ligand vascular endothelial growth factor (VEGF) thereby
regulating VEGF-induced angiogenesis. Neuropilin-1 is also
known to act as a host factor for human coronavirus (SARS-
CoV-2) infection (Cantuti-Castelvetri et al. 2020). NRP1 has
previously been reported to have chondroitin sulfate/ hep-
aran sulfate chains linked to Ser-612 (Shintani et al. 2006).
Here, we report an additional novel CS-linked glycopep-
tide, ¥*IDETGSTPGYEGEGEGDK?®*!, with glycosylation
at Ser-829 (Fig. 4C). The presence of saccharide oxonium
ions at m/z 362.11 ([AHexAGalNAc]*") and characteristic
HexNAc oxonium ions confirm this sequence to be a glyco-
peptide. The presence of peptide + XylGalGalAHexA (m/z

@ Springer
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Fig.3 MS/MS fragmentation of a CS-linked glycopeptide using
HCD and EtHCD. The complete HCD spectrum (A) and EtHCD
spectrum (B) of the [M +3H]** precursor ion at m/z 885.3063 of
chondroitin sulfate proteoglycan 4 (CSPG4) is depicted with gly-
copeptide fragments, saccharide oxonium ions as well as b- and
y-ions. The b- and y-ions are depicted in the HCD spectrum (A)
along with chondroitin sulfate specific ions at m/z 362.11 and m/z

1236.97; 2 +) followed by sequential loss of dehydrated hex-
uronic acid, two galactose and xylose moieties confirm the
presence of linker-saccharide chain on this peptide sequence.

Collagen type V alpha-3 chain

Collagen type V alpha-3 chain (COL5A3), a low abundance
fibrillar collagen regulates the assembly of type I and type V
collagen heterotypic fibers. COL5A3 is a trimer composed
of two al (V) and one a2 (V) chains. N-glycosylation at
site Asn-102 and Asn-141 has been previously reported
on COL5A3 (Chen et al. 2009). COL5A3 binds to heparin
and is a structural component of the extracellular matrix.
COLS5A3 interacts through glypican-1, a cell surface heparan
sulfate proteoglycan attached to the extracellular surface
by a glycophosphatidylinositol anchor (Fico et al. 2011).
Glypican-1 is a mitogen required for cell cycle progres-
sion (Qiao et al. 2016). We detected a chondroitin sulfate
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214.07. The EtHCD spectrum (B) shows c- and z-ions in addition to
the c-ion+xylose which indicates the attachment of Xylose to Ser-
995 on the peptide *'QGESSGDMAWEEVR '™, The presence of
¢y + [AGIcAGaINAcGIcAGalGalXyl] at m/z 747.31 (z=2+4), con-
firms the site of attachment of the glycan to the Ser residue on the
peptide. A denotes dehydroGlcUronic acid. The charge states of all
fragment ions with a charge higher than 14 are shown

hexasaccharide linker attached to Ser-349 on the peptide
sequence **EDEEGDDSTMGPDFR>* (Fig. 4D).

Conclusions

Analysis of CSPGs is technically challenging owing to sev-
eral factors including inefficient isolation, non-standardized
mass spectrometric parameters and less optimal database
search tools enabling true high throughput. CSPGs are bio-
logically important molecules with lesser-known functions
mainly due to challenging analysis. Here, we employed a
multipronged approach—enrichment by complementary
methods, analysis of intact glycopeptides by efficient frag-
mentation methods and an integrative approach for data anal-
ysis. We report 25 intact CSPGs including 3 reported for the
first time achieving deeper coverage and throughput. After
testing the two enrichment strategies, we found that SAX
performs better than 10 kDa cutoff filters as significantly
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Fig.4 Identification of novel proteoglycans. MS/MS spectra of novel
CS-linked proteoglycans along with corresponding hexasaccharide
linkers including glycosite on the indicated peptide are shown for
membrane-associated progesterone receptor component 1 (PGRMCI)

(A) detected in urine and for tenascin (TNC) C (B) and neuropilin-1
(NRP1) (C) detected in fibroblasts. The charge states of all fragment
ions with a charge higher than 1 +are shown

@ Springer



Journal of Proteins and Proteomics

more CSPGs were identified using SAX enrichment (Sup-
plementary table S2). We show that stepped collision energy
is helpful in sequencing intact GAG-linked glycopeptides
as has previously been shown for N-glycopeptides. Sev-
eral novel proteoglycans such as tenascin-C, membrane-
associated progesterone receptor component 1 and collagen
type V alpha-3 chain were identified and EtHCD improved
localization of some of the sites in glycopeptides, reiterating
the importance of alternative fragmentation methods. These
methods can be employed to gain insights into human pro-
teoglycome to uncover new biology in diverse sample types.

Methods

Lithium-heparin anticoagulated control blood samples were
used to obtain plasma by double centrifugation and a pool
was made by combining equal volumes. About 10 ml of
urine was collected from apparently healthy individuals.
We procured fibroblasts of apparently healthy individuals
(GM05381, GM05399, GM00038, GM08680) from Coriell
Institute for Medical Research, New Jersey, USA. This study
was approved by the Institutional Review Board at Mayo
Clinic (approval number IRB19-004,317).

Cell culture

Fibroblasts were cultured in MEM alpha medium with 15%
fetal bovine serum and 1% non-essential amino acids. Cells
were maintained in CO, incubator with 5% CO, level. Once
the cells reached 85-90% confluency, the cells were grown
in serum free MEM alpha, no phenol red medium for 12 h.
After 12 h, the cells were harvested with 1 X modified RIPA
buffer (50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate and
1 mM sodium orthovanadate) without SDS, after washing
with phosphate buffered saline. The cells were stored at
-80 °C till further analysis.

Sample processing and trypsin digestion

The cells were lysed using probe sonication (Branson Soni-
fier SFX150) at 40% amplitude for 10 s, three cycles, at
intervals of 5 min on ice. The lysates were centrifuged at
10,000%g for 10 min and the supernatant was used for pro-
tein estimation. Protein concentration in plasma, urine and
fibroblast lysates was estimated by BCA assay. Aliquots of
4 mg protein from plasma, urine and fibroblast lysates were
taken for the experiments. The plasma and urine aliquots
were taken in a microcentrifuge tube and were dried in a
speed-vacuum concentrator (Savant, Thermo Scientific).
The dried pellets were dissolved in 50 pl of 8 M urea in
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50 mM triethylammonium bicarbonate buffer (TEAB), pH
8.5. Fibroblast lysates containing 4 mg protein was aliquoted
into a 50 ml falcon tube and diluted 10 times with ice-cold
acetone. After vortexing vigorously for 10 s, the sample was
incubated at -20 °C for 2 h and centrifuged at 14,000xg for
20 min. The supernatant was discarded and the pellet was
dissolved in 100 pl of 8 M urea in 50 mM TEAB buffer, pH
8.5. Dithiothreitol (Sigma) was added to the sample at a final
concentration of 10 mM and incubated at 37 °C for 45 min
with mild shaking. The sample was cooled to room tempera-
ture (RT) and iodoacetamide (Sigma) was added at a final
concentration of 40 mM and incubated for 15 min in the dark
at RT. The sample was subsequently diluted 10 times with
50 mM TEAB buffer, pH 8.5 and sequencing-grade trypsin
was added to a final amount of 1:50 (trypsin:total protein,
w:w) for plasma and urine; and 1:20 (trypsin:total protein,
w:w) for fibroblast lysates. The mixture was incubated
overnight at 37 °C with mild shaking. Next day, the peptide
mixture was enriched for glycosaminoglycan (GAG)-linked
peptides.

Enrichment of GAG-substituted peptides

The trypsin-digested samples were divided equally to be
enriched with two different strategies, namely filtration with
10 kDa molecular weight cutoff filters (MWCO) and strong
anion exchange chromatography (SAX).

Enrichment using filtration with 10 kDa MWCO

The trypsin-digested samples were acidified with 1% tri-
fluoroacetic acid to inactivate the trypsin. The samples
were applied to 10 kDa MWCO filters (Amicon Ultra—0.5,
Millipore Sigma) and centrifuged at 14,000 X g for 15 min
at RT. The filters were washed with 500 ul of wash buffer
(100 mM Tris, 50 mM NaCl, 10 mM MgCl,, 60 mM sodium
acetate, pH 8.0) for three times. The retentate containing
GAG-linked peptides present in the filter was inverted into a
fresh collection tube and centrifuged at 1,000 x g for 2 min.
The retentate was processed for depolymerization with chon-
droitinase ABC.

Enrichment using strong anion exchange chromatography

We followed previously described protocol, for enrichment
of GAG-substituted peptides using SAX (Noborn et al.
2015). The trypsin-digested samples were acidified with
binding buffer (50 mM sodium acetate, 200 mM NaCl, pH
4.0). The GAG-linked peptides were enriched using SAX
TopTips (POROS strong anion exchanger TopTip TT2PSA,
Glygen). The SAX tips were conditioned with 50 ul bind-
ing buffer (50 mM sodium acetate, 200 mM NaCl, pH 4.0),
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centrifuged at 700xg for 1 min. Sample was added on to the
tips and washed with binding buffer. The enriched glycopep-
tides were eluted sequentially with three buffers of increas-
ing NaCl concentrations and pH—1) 50 mM sodium acetate,
400 mM NaCl, pH 4.0; 2) 50 mM Tris—HCl, 800 mM NaCl,
pH 8.0; and 3) 50 mM Tris—HCI, 1.6 M NaCl, pH 8.0. For
the wash and elution steps, the tips were spun at 1000xg
for 2 min. The eluates from 800 mM NaCl and 1.6 M NaCl
elution were desalted using a PD Miditrap G25 columns
(Cytiva). The desalted fractions were digested with chon-
droitinase ABC.

Digestion with chondroitinase ABC

Chondroitinase ABC (EC 4.2.2.20) (C3667, Sigma Aldrich)
was reconstituted with digestion buffer (100 mM Tris—HCl,
50 mM NacCl, 10 mM MgCl,, 60 mM sodium acetate, pH
8.0). Two units of Chondroitinase ABC were added to
the enriched GAG-substituted peptides. The mixture was
incubated overnight at 37 °C with shaking at 750 rpm on a
thermomixer. The following day, the peptides were acidi-
fied with 1% trifluoroacetic acid and cleaned up with C g
tips (TopTip, Glygen) according to manufacturer’s instruc-
tions. The eluate from C,g tips (50% acetonitrile) was dried
at 35 °C in a speed-vacuum concentrator (Savant, Thermo
Scientific).

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

LC-MS/MS parameters used have been published previ-
ously and were used with the following modifications for
the current study (Mun et al. 2020; Saraswat et al. 2021).
The dried peptides were reconstituted in 0.1% formic acid
and were analyzed on an Orbitrap Eclipse Tribrid mass spec-
trometer connected online to Dionex RSLC3000 liquid chro-
matography system (Thermo Fisher Scientific). An EASY-
Spray column (75 um X 50 cm, PepMap RSCL C ¢, Thermo
Fisher Scientific) packed with 2 pm C, ¢ particles was used as
a separating device and the column temperature was main-
tained at 50 °C. Solvent A was 0.1% formic acid in water and
solvent B 0.1% formic acid in acetonitrile. Injected peptides
were trapped on a trap column (100 mm X2 cm, Acclaim
PepMap100 Nano-Trap, Thermo Fisher Scientific) at a flow
rate of 20 pl/min. All samples were analyzed by LC-MS/MS
in HCD fragmentation mode as well as EtHCD mode with
runs being 150 or 155 min at a flow rate of 300 nl/min. The
gradient used for separation was as follows: equilibration at
3% solvent B from O to 4 min, 3% to 25% solvent B from 4
to 100 min, 25% to 40% solvent B from 100 to 115 min, 40%
to 95% solvent B from 115 to 124 min followed by equili-
bration for next run at 3% solvent B for 5 min. Ionization
of eluting peptides was performed using an EASY-Spray

source kept at an electric potential of 2.2 kV. All experi-
ments were done in DDA mode with top 15 ions isolated at
a window of 1.2 m/z and default charge state of +2. Only
precursors with charge states ranging from+2 to+ 7 were
considered for MS/MS events. Stepped collision energy
was applied to fragment precursors at normalized collision
energies of 15, 25, and 40. MS precursor mass range was
set to 400-2000 m/z and 100-2000 for MS/MS. Automatic
gain control for MS and MS/MS were 8 x 10° and 2 x 10°
and injection time to reach AGC were 50 ms and 200 ms,
respectively. Exclude isotopes feature was set to “ON” and
30 s dynamic exclusion was applied. Data acquisition was
performed with option of lock mass (m/z 441.12002) for
all data. For EtHCD runs, all parameters were same except
ETD was used as the fragmentation method along with sup-
plemental activation and calibrated charge-dependent ETD
parameters.

Data analysis

Raw files were processed using Proteome Discoverer
2.5 software suite and Mascot. The searches were con-
ducted against UniProt human reviewed protein sequences
(20,432 entries). Trypsin specificity was set to semi-
tryptic with 3 missed cleavages allowed. Precursor toler-
ance was set to 5 ppm and fragment tolerance to 10 ppm.
Cysteine carbamidomethylation was set as a fixed modi-
fication and oxidation of methionine, protein N-terminal
acetylation, were set as variable modifications. In addi-
tion, variable modifications corresponding to chondroitin
sulfate hexasaccharide [AGlcAGalNAcGlcAGalGalXyl]
on Ser residues were defined as follows: without sulfate
(C37;H;55NO5(, 993.2809 Da), with one sulfate (C3;HssNO3;S,
1073.2377 Da) and two sulfate residues (C;;H;55NO5(S,,
1153.1945 Da). The results were filtered at 1% FDR at pep-
tide, glycan and glycopeptide levels. Glycopeptide PSM lists
were reduced to unique glycopeptides per search for further
manual analysis. Individual spectra were manually verified
for quality and oxonium ions.

Glycopeptide analysis using GlycReSoft

GlycReSoft is an open-source software for analysis of gly-
comics and glycoproteomics LC-MS/MS data (Klein et al.
2018a, b). The raw files were de-isotoped and charge states
deconvoluted from MS1 and MS2 scans. The glycomics
search space was constructed using the 20 linker-saccha-
ride compositions described previously (Klein et al. 2018a,
b). We manually compiled a list of 288 proteoglycans from
UniProt and list of previously published chondroitin sulfate
proteoglycans (Toledo et al. 2020). The glycopeptide search
space for each sample was constructed using the mzML file.
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The preprocessed mass spectra were searched against the
associated database for glycopeptide identifications using an
error tolerance of 10 ppm for the precursor ions and 20 ppm
for product ions. The identified glycopeptides with g-value
0.05 at spectrum-level were compiled.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42485-022-00092-3.
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