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Abstract

Proteoglycomics is a systematic study of structure, expression, and function of proteoglycans, a post-
translationally modified subset of a proteome. Although relying on the established technologies of proteomics
and glycomics, proteoglycomics research requires unique approaches for elucidating structure-function rela-
tionships of both proteoglycan components, glycosaminoglycan chain, and core protein. This review discusses
our current understanding of structure and function of proteoglycans, major players in the development, normal
physiology, and disease. A brief outline of the proteoglycomic sample preparation and analysis is provided
along with examples of several recent proteoglycomic studies. Unique challenges in the characterization of
glycosaminoglycan component of proteoglycans are discussed, with emphasis on the many analytical tools used

and the types of information they provide.

Introduction

PROTEOGLYCANS (PGs) ARE A diverse group of glyco-
conjugates constituted by various core proteins post-
translationally modified with linear, anionic polysaccharide,
glycosaminoglycans (GAGs) consisting of repeating disac-
charides. Ubiquitously found throughout the extracellular
matrix (ECM), PGs are also found on virtually all cell surfaces
and in basement membranes of different tissues. Through
their interactions with proteins, PGs mediate many biological
processes including cell-cell and cell-matrix interactions,
growth factor sequestration, chemokine and cytokine activa-
tion, microbial recognition, tissue morphogenesis during
embryonic development, and cell migration and proliferation
(Capila and Linhardt, 2002; Cattaruzza and Perris, 2006; Esko
and Selleck, 2002; Garner et al., 2008; Kreuger et al., 2006).

Proteoglycomics combines the proteomics of the protein
core and the glycomics of the GAG chains and can serve to
identify new PGs, catalog subsets of the proteome that show
the level, type, and structure of GAG substitution, quantify
PGs, investigate structure-function relationships, and study
the impact of PGs in development or disease (Raman et al.,
2005, 2006; Timmer et al., 2007; Tissot et al., 2009). Char-
acterization of PGs is a challenging task because of the tre-
mendous structural diversity of these bioconjugates arising
from multiple isoforms of their core proteins and variations in
glycoforms of their GAG components. Decoding the fine
structures of GAGs from PGs is important because GAGs play
numerous biological roles in cancer, the coagulation cascade,
and microbial pathogenesis.

Most linear GAG chains are formed from repeating disac-
charide units of hexosamine and hexuronic acid with keratan
sulfate, comprised of hexosamine and galactose, being the
exception. Even without their protein core, GAGs are highly
complex and diverse structures due to the large number of
possible combinations of chain lengths, saccharide sequences
and compositions, sulfo group substitution, and domain
arrangements and distributions. The different types of GAG
chains, defined by their repeating disaccharide units, includ-
ing heparin/heparan sulfate (Hp/HS), chondroitin/dermatan
sulfate (CS/DS), and keratan sulfate (KS) (Figs. 1 and 2), lead
to the organization of PGs. Main classifications for PGs in-
clude HSPGs, CSPGs, KSPGs, hyalectins, and SLRPs (Table 1).

Adding to complexity, PG protein core expression levels
and GAGylation vary by cell type, as do other posttransla-
tional modifications (PTMs) of the protein core, such as
phosphorylation, N-terminal methylation, sulfation, and
N-linked or O-linked glycosylation. Lipid attachment,
including N-myristoylation, prenylation, and palmitoylation,
as well as glycolipid addition, is also possible. PTM of the
protein core can affect the function of PGs. For example,
modifications in the versican and decorin core proteins are
linked to colon adenocarcinoma (Theocharis, 2002), and ac-
ylation of an HSPG with myristate and palmitate occurs in
carcinoma cells (Iozzo et al., 1990). The PTM of a lumican core
protein interacting with melanoma cells has been shown to
affect integrin distribution in cell membranes (Brezillon et al.,
2009). PTMs and selective metabolic modifications (Fux et al.,
2009; Nawroth et al., 2007) can clearly alter or fine tune PG
function. Glypican-1, for example, is S-nitrosylated on its

Departments of 'Chemistry and Chemical Biology, *Biology, and *Chemical and Biological Engineering, Rensselaer Polytechnic Institute,

Troy, New York.

389



390

LY ET AL.

GPI anchor

perlecan

KS 1l

GAG Schematic Representation Symbol
Hp/HS| GlcNAca(1[>4)GleA(IdoAa)B(1>4)GlcNAca(1-],4)GleA(ldoAa)R(1-4)GlcNAca(154)LR-O-Ser
CS/DS| GalNACR(1[->4)GIcA(ldoAa)B(1-33)GalNACB(1-],4)GleA(ldoAa)B(1->3)GalNAC (1> 4)LR-O-Ser
NeuSAca(2->3)Galp(1->4)GlcNAcB(1>2)Mana(1-> Fuea(1->
3) 6)
KS | Manp(1-=2>4)GlcNAcB(1->4)GlcNACB1-N-Asn

6
Galﬂ(1[—)4)GIcNAcB(‘I—)3)Galﬂ{1—)}n4)GIcNAcB(1—)2)Manu(1—))

NeuSAca(2->3)Galp(1->

6)
GalB(1[>4)GIcNACR(1->3)Galp(1->],.4)GIcNACR(1->

3)
GalNAcf1-0-Ser/Thr

FIG. 1. A diagram of various proteoglycans in a cell and the ECM is shown. The detailed structure of the LR is defined in

the text.

protein core to allow processing for polyamine uptake
(Fransson, 2003). However, when large GAG chains are
attached, they often dominate the physical, chemical, and
biological properties of PGs.

PG core proteins vary in size from 10 to 400kDa. Core
protein isoforms exist for glypicans and syndecans (Table 1).
For example, glypican 1 is an HSPG and a member of the
glypican family, each member of which contains a conserved
14-cysteine residue region. Syndecans 14 form a family of
HS/CS PGs each containing a single-pass, highly conserved
transmembrane domain and two conserved cytoplasmic do-
mains (Bass et al., 2009; Bulow and Hobert, 2006).

A tetrasacharide linkage sequence, GlcA f1-3Galf1-3Galf1-
4Xylp1-O-Ser, is conserved in the HS, CS, and DS GAG
chains of PGs. HS/Hp GAG and CS/DS GAG biosynthesis of
the linkage region requires the sequential action of Xyl
transferase, Gal transferase f4GalT7, Gal transferase 3GalT6,
GlcA transferase I, as well as still undefined sulfotrans-
ferases and kinases. Although CS/DS relies on GalNAcT],
HS/Hp instead relies on the enzymes EXTL3 and «4 GIcNAc
transferase I for addition of the first hexosamine residue. Once
this residue is in place, chain elongation of CS/DS proceeds
through the consecutive action of f3GlcA transferase, f4Gal-
NAc transferase, GlcA C5-epimerase, 4-O-sulfotransferases,
6-O-sulfotransferases, and 2-O-sulfotransferase. HS/Hp bio-

synthesis instead requires EXT1/EXT2, 4 GlcA transferase/o4
GIcNAc transferase, followed by GIcNAc N-deacetylase/N-
sulfotransferases, then GlcA C5-epimerase, 2-O-sulfotransfer-
ase, 6-O-sulfotransferase, and 3-O-sulfotransferases (Carlsson
et al., 2008; Esko and Selleck, 2002; Sugahara and Kitagawa,
2002).

Part-time PGs can be found with or without attached GAG
chain or where GAG is replaced by a truncated oligosaccha-
ride. A well-known part-time PG, neuroglycan C (NGC), is a
unique transmembrane CSPG found only in the central ner-
vous system (CNS). NGC is thought to play a role in retina
and cerebellum development and is present in its non-PG
form in undeveloped brain, but its mature form is decorated
with CS (Aono et al., 2004; Oohira et al., 2004). In addition to
six possible CS attachment sites, among which only one is
occupied, NGC core protein contains other PTMs such as
phosphorylation, O- and N-glycosylation (Sims and Reinberg,
2008).

HSPGs, the most prevalent PGs in animal cells, mediate
embryonic development through binding to fibroblast
growth factors and their receptors, controling homeostasis,
DNA replication, cell growth, lipid metabolism, and mem-
brane permeability (Dreyfuss et al., 2009; Lin, 2004; Nybakken
and Perrimon, 2002; Perrimon and Bernfield, 2000; Schles-
singer et al., 2000; Schwartz and Domowicz, 2004; Yamada
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FIG. 2. Possible disaccharide structures of the various glycosaminoglycans.

et al.,, 2009; Zhang et al., 2007). The major disaccharide-re-
peating unit of HS is formed by N-acetylglucosamine and
glucuronic acid. Syndecans 1-4, glypicans 1-6, betaglycan,
perlecan, agrin, serglycin, and collagen type XVIII are all
members of HSPG family, with core protein sizes ranging
from 10-400kDa, and with 1-15HS chains. Syndecan, beta-
glycan, and serglycin can be glycosylated with both HS and
CS chains. Syndecan 1 has five GAG attachment sites, which
can be differentially occupied by both HS and CS chains.
There are six different glypicans bound to cell surfaces by
glycosylphosphatidylinositol (GPI) anchors. Glypicans are
expressed during development and linked specifically to fi-
broblast morphogenesis (Fransson, 2003).

The most abundant CSPGs include aggrecan, versican,
neurocan, and brevican. CS chains are formed from repeating
N-acetylgalactosamine and glucuronic acid disaccharides,
while the DS chains contain some (1-100% of total uronic acid)

iduronic acid (Sugahara et al., 2003). Aggrecan, the principal
cartilage PG is the largest CSPG with an average of 100
CS chains and a protein core of 208-220kD (Gargiulo et al.,
2009). Aggrecan belongs to the family of small leucine rich
proteoglycans (SLRPs), which also includes versican, decorin,
biglycan, leprecan, phosphacan, thrombomodulin, CD44,
NG2, and serglycin (Kinsella et al., 2004; Ruhland et al,,
2007; Schaefer and Iozzo, 2008; Wadhwa et al., 2004). DSPGs
have been linked to cardiovascular disease, tumorigenesis,
wound repair, fibrosis, and infections (Trowbridge and Gallo,
2002).

KSPGs are classified as either corneal type (KSI, N-
glycosidic linkage to asparagine residue) or skeletal type
(KSII, O-glycosidic linkage to serine of threonine) depending
on the GAG attachment to the core protein. Numerous KSI
PGs are also SLRPs that regulate collagen fibril assembly.
KSPG is absent in the cornea of patients with macular corneal

TaBLE 1. PROPERTIES OF COMMON PROTEOGLYCANS (Esko ET AL., 2008)

PG class Proteoglycan Number/type of GAG chains Core protein size (kDa)
HSPG Serglycin 10-15Hp/CS 10-19
Glypicans 1-6 1-3HS ~60
Betaglycan 1HS, 1CS 110
Syndecans 1-6 1-3CS, 1-2HS 31-45
KSPG/SLRP Lumican KSI 37
Keratocan KS1 37
SLRP Decorin 1DS/CS 36
Biglycan 1-2DS/CS 38
Hyalectin Aggrecan ~100CS, KS I 208-220
Neurocan 1-2CS 145
Brevican 0-4Cs 96
Versican 12-15CS 265
CSPG Bikunin 1CS 18
Neuroglycan C 0-1CS, part-time PG ~60
Leprecan 1-2CS 82
Phosphacan 2-5CS 175
Thrombomodulin 1CS 58
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dystrophy leading to blindness (Akama et al., 2000; Bulow
and Hobert, 2006).

The application of proteoglycomics for the systematic
characterization of PG expression and structure holds a great
potential for learning physiological roles of these glyco-
conjugates and determining their impact on disease pathol-
ogy and developmental biology. The aim of this review is to
survey current strategies employed in proteoglycomics and
discuss future technological and scientific challenges pre-
sented by this area of “omics” studies. Recent developments
in the isolation and characterization of PGs and their struc-
tural components from cultured cells and tissue samples and
the types of information gained are discussed (Fig. 3).

PG Isolation for Analysis

The GAG component imparts unique physicochemical
properties to PGs setting them apart from the rest of the
posttranslationally glycosylated proteome. The large hydro-
dynamic radius and high net negative charge of linear GAG
chains make the isolation of PGs a fairly straightforward task.
PGs from defatted, minced, powdered, or homogenized tis-
sues or cells can be extracted with a buffered solution of
guanidinium chloride containing a detergent and/or protease
inhibitors. Large, heavily glycosylated PGs, such as perlecan
or aggrecan with molecular densities comparable to those of
nucleic acids, can be further purified from the extracts by ce-
sium chloride density gradient centrifugation (Iozzo, 2001).
Anijon-exchange chromatography (AEC) separates PGs based
on the high negative charge of their GAG component and is
usually performed using a buffered solution of urea contain-
ing a detergent, and/or sodium chloride, which disrupt in-
teractions between PGs and other species in the sample and
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improve selectivity and efficiency of the PG binding to ion-
exchanger. PGs that are present in biological fluids or secreted
into the fermentation media can be enriched by directly ap-
plying a PG-containing sample diluted with an appropriate
buffer to an AEC column (Iozzo, 2001).

Guanidinium chloride extraction followed by AEC in a
urea buffer is a classical protocol; however, it is suboptimal for
the extraction of small tissue samples in high throughput.
Turnbull and coworkers developed a more rapid and efficient
method for the PG extraction from cells and tissues with a
phenol/guanidine reagent, TRIzol®, and demonstrated its
utility for the isolation of HSPGs for the HS disaccharide
analysis (Guimond et al., 2009). PGs partition exclusively into
the aqueous phase of TRIzol®/chloroform and can be ex-
tracted in <1h. The extract can be applied directly to the
anion-exchange medium, which eliminates the buffer ex-
change step to urea, thus minimizing sample loss. These
workers reported quantitative recovery of HSPGs from sub-
milligram amounts of tissues and from several thousand cells
in sufficient amounts for the HS structural profiling and bio-
assay.

Characterization of PG Structural Components

Crude PGs can be further fractionated into their main
structural components, core protein and GAG with the link-
age region (LR) oligosaccharide, to reduce sample complexity.
An established procedure for the GAG release from the core
protein is base-catalyzed f-elimination under reducing con-
ditions, which generates a xylitol residue at the GAG reducing
end. Prior to the f-elimination, protein can be degraded using
a nonspecific protease such as pronase, or actinase to generate
peptidoglycans (pGs) and peptides. Proteins, peptides, and
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FIG. 3. Solving the proteoglycomic puzzle: An example of proteoglycomic workflow. The outer circle shows possible
analytical tools and is linked to the types of information obtained at each step (boxes).
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neutral glycans can be separated from GAGs and pGs by re-
verse-phase (RP) chromatography, AEC, or polyacrylamide
gel electrophoresis (PAGE). Nucleic acids can be removed
from the crude pG or GAG fraction by degradation with en-
donuclease followed by size-exclusion chromatography (SEC)
or dialysis.

Isolated GAGs can be further purified and /or characterized
using highly specific lyases (Gu et al., 1993; Jandik et al., 1994).
Enzymatic depolymerization is arguably the most important
tool in the process of GAG structural characterization. Several
CS/DS and HS/Hp lyases, well characterized in terms of their
substrate specificity and kinetic parameters, are routinely
used for complete depolymerization of GAGs into the build-
ing block disaccharides or partial depolymerization to oligo-
saccharides. Current bioengineering efforts are directed
toward expanding the enzymology toolbox to express GAG
degrading enzymes with tailored specificities (Hyun et al.,
2009a, 2009b; Prabhakar et al., 2005, 2009; Reitinger et al.,
2009). In systematic studies such as proteoglycomics, disac-
charide analysis is the first step in assessing changes in the
GAG compositional profile. Disaccharide composition can be
determined using a combination of on-line separation meth-
ods such as capillary electrophoresis (Amon et al., 2008; Volpi
etal., 2008; Zaia, 2009), ion-pairing RP liquid chromatography
(LC) (Doneanu et al., 2009; Korir et al., 2008; Zhang et al.,
2009b), hydrophilic interaction LC (HILIC) (Zaia, 2009) in
conjunction with MS or UV absorbance detection. Introducing
a fluorophore by chemical derivatization of disaccharides
greatly enhances their detection sensitivity (Deakin and Lyon,
2008; Hitchcock et al., 2008a; Skidmore et al., 2009) and is a
basis for such detection methods as laser-induced fluores-
cence (Hitchcock et al., 2008b; Korir and Larive, 2009; Skid-
more et al., 2009) and fluorophore-assisted carbohydrate
electrophoresis (Volpi and Maccari, 2006). Oligosaccharides
obtained by partial enzymatic or chemical depolymerization
under controlled conditions represent larger pieces of GAG
structural information, and their characterization is part of the
domain sequencing process. The sample amount require-
ments for oligosaccharide sequence determination are usually
higher than those for disaccharide analysis due to the multi-
dimensional character of their purification. Nuclear magnetic
resonance (NMR) spectroscopy is an invaluable method of
GAG characterization providing unambiguous structural in-
formation for fractionated or purified oligosaccharides (Korir
and Larive, 2007, 2009). However, its limited utility in com-
plex mixture analysis precludes NMR spectroscopy from be-
coming a routine technique for GAG sequencing. (For
detailed discussion of current methods for GAG structural
characterization, see review by Joseph Zaia in this issue.)

In studies involving PG core protein sequencing or identi-
fication, GAGs can be released from their Ser attachment site
using f-elimination followed by Michael addition (BEMAD)
of DTT or biotin pentylamine (BPA) (Wells et al., 2002). The
covalent attachment of DTT or BPA to the dehydroserine
residue, formed upon the elimination of GAG, stabilizes the
peptide toward degradation, introduces a mass tag that could
be isotopically labeled for comparative proteomics, and pro-
vides a thiol (DTT) or avidin (BPA) affinity handle at the GAG
attachment site. The BEMAD procedure is applicable to both
types of O-glycosylation and has been used for mapping O-
GlecNAc modifications in the rat brain proteins enriched by
anti-O-GleNAc immunoaffinity chromatography (Wells et al.,
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2002) and recently, O-GlcNAc PTMs in contractile proteins of
rat skeletal muscle (Hedou et al., 2009). Esko and coworkers
(2008) used the BEMAD of DTT tagging approach to identify 9
novel CSPGs in Caenorhabditis elegans (Olson et al., 2006).

GAG-protein LR tetrasaccharide (GlcAf1-3Galf1-3Galp1-
4Xylp1-O-Ser) is a subject of many studies owing to the role it
is believed to play in the initiation of GAG chain biosynthesis.
Modifications of the LR tetrasaccharide, for example, 2-
O-phosphorylation of Xyl and 4-O-sulfonation and 6-O-
sulfonation of Gal residues have been correlated with changes
in number and type of GAG chains present in PGs (De Waard
etal., 1992; Izumikawa et al., 2008; Koike et al., 2009; Matsuno
et al,, 2007; Nadanaka et al.,, 1999; Sakaguchi et al., 2001;
Ueno et al.,, 2001; Yamada et al., 2002). The LR oligosaccha-
rides can be purified from crude PG fractions by nonspecific
proteolysis, followed by isolation of pGs and their treat-
ment with GAG lysases. SEC can separate the peptide-
oligosaccharide conjugate from disaccharides, and the
oligosaccharide can be released by f-elimination. Kakehi
and coworkers have developed an apparatus for rapid
release of O-glycans, AutoGlycoCutter, which decreases the
f-elimination reaction time from several hours to several
minutes and generates reducing oligosaccharides that can be
derivatized with fluorescent tags for downstream sensitive
analysis (Matsuno et al., 2007).

MS Analysis and Bioinformatics

Because of the significant differences in ionization charac-
teristics between GAG and protein, these components of PGs
are characterized by mass spectrometry (MS) individually
and the resulting data are handled separately. MS analysis of
intact PGs is a virtually impossible task because of their
GAG’s low ionization efficiency, size heterogeneity, thermal
lability, and propensity to undergo extensive H/Na exchange
(Chi et al., 2008; Enghild et al., 1999). When the protein is an
object of study, GAGs are exhaustively digested and sepa-
rated from the protein fraction. The proteins are then sepa-
rated by PAGE, and the resulting bands are subjected to the
in-gel digestion followed by MS and/or MS? analysis. The LR
stub can be removed by f-elimination prior to the MS analysis
with or without the tagging and enrichment of GAG attach-
ment sites. In a so-called shotgun approach, intact PGs can be
subjected to electrophoresis on a short SDS-PAGE gel fol-
lowed by in-gel digestion (Talusan et al., 2005). Alternatively,
a PG mixture can be proteolyzed and the resulting pGs sep-
arated from unmodified peptides by anion-exchange chro-
matography and/or size-exclusion chromatography for the
shotgun LC-MS? proteomics analysis (Olson et al., 2006).
Using bioinformatics tools, the peptides can be identified by
matching their MS? spectra against a database of theoretical
MS? spectra for every possible peptide in the protein database
(Armengaud, 2009; Olson et al., 2006).

MS analysis of intact GAGs released from PGs remains
incredibly difficult; however, domain sequencing of HS and
CS/DS GAGs is a widely applied strategy for GAG charac-
terization (Zaia, 2009). Currently, there are no bioinformatics
tools designed specifically for depositing and retrieving GAG
structural information, but the glycobioinformatics commu-
nity is active, and with a constant influx of GAG structural
information, the development of bioinformatics tool for
managing this information is inevitable (Lutteke et al., 2006;
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Tissot et al., 2008, 2009; Von Der Lieth et al., 2006). Protein
databases such as for example Swiss-Prot contain information
on putative GAGylation sites as well as known GAG modi-
fications of proteins as annotations to protein sequence.

MS analysis of GAG oligosaccharides generates complex
mass spectra in which single species may appear as a series of
peaks due to the H/cation exchange and sulfo group loss.
Manual interpretation of MS and MS? data sets generated in
the process of GAG oligosaccharide analysis is a daunting
task that may take many hours or even days. Recently, a
publicly available glycomics software tool, GlycoWorkbench
has been developed by the EUROCarbDB initiative to assist
the manual interpretation of MS and MS” data in high-
throughput projects (Ceroni et al., 2008; Tissot et al., 2008).
GlycoWorkbench expedites MS and MS? peak annotation,
enables rapid structure assembly using several symbolic no-
tations, and uses sequence-encoding formats compatible with
the existing structure databases.

Spatiotemporal profiling
Discovery proteoglycomics

Discovery proteoglycomics explores an ensemble of PGs
present in an organism, tissue, or cell type, develops analytical
strategies, and provides initial data for further, in-depth
studies. Recent examples of exploratory studies from our
laboratory include profiling zebrafish HS and CS at different
stages of development (Zhang et al., 2009a), characterization
of mosquito HS and CS (Sinnis et al., 2007) and HS from
various murine tissues (Warda et al., 2006) including murine
embryonic stem cells (Nairn et al., 2007), and characterization
of human liver HS (Vongchan et al., 2005). The focus of these
experiments was the GAG component of PGs. Isolated and
purified GAGs were enzymatically depolymerized into con-
stituent disaccharides, and the disaccharide compositional
analyses were carried out using RP ion-pair (IP) LC-MS
(Zhang et al., 2009b) and HPLC with postcolumn fluorescence
detection (Sinnis et al., 2007, Vongchan et al., 2005; Zhang
et al., 2009b).

Compatrative proteoglycomics

Perhaps, the most important question addressed by
“omics” studies in general, and proteoglycomics in particular,
is how the PG structure and expression levels vary as a
function of environmental or physiological conditions. The
goals of comparative proteoglycomic experiments are to
identify diagnostic markers, therapeutic targets, and improve
our understanding of biological pathways mediated by PGs.
Due to the limited space, only five recent examples of com-
parative studies are discussed here, each employing a differ-
ent analytical strategy for quantifying the expression of PGs
or their GAG components in biological systems under dif-
ferent conditions.

Zaia and coworkers profiled structural changes in CS re-
leased from healthy and osteoarthritic cartilage and connec-
tive tissues from subjects of different age (Hitchcock et al.,
2008b). The study required microgram amounts of CSPGs and
afforded compositional analysis of LR tetrasaccharides, non-
reducing end oligosaccharides, and internal disaccharides
using isotopically labeled anthranilic acid (d;-AA and ds-AA)
derivatization and capillary hydrophilic interaction chroma-
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tography (HILIC)-MS and MS® analysis. Quantification of
various glycoforms was based on comparing MS signal
intensities of dy-AA-derivatized internal standards and
d~AA-derivatized tissue-derived disaccharides. The CS chain
lengths were estimated from the ratio of total ion abundances
(TIA) of saturated reducing-end oligosaccharides to TIA of
unsaturated internal oligosaccharides. Adult human cartilage
CS was found to have shorter chains than CS in juvenile bo-
vine cartilage; also, the ratio of N-acetylgalactosamine 6-O-
sulfo groups to 4-O-sulfo groups increased with age. The
highlights of this study include the streamlined MS-compat-
ible isolation of CS, high sensitivity of detection, and simul-
taneous MS characterization of the LR, internal chain, and
NRE oligosaccharide composition enabled by the HILIC
chromatographic microseparation (Hitchcock et al., 2008a).

Diagnostic value of cell-surface HSPG, glypican-3 (GPC3)
as a marker for hepatocellular carcinoma (HCC) was assessed
using immunohistochemistry by Wang and coworkers (2008).
A total of 221 liver specimens were immunostained using
anti-GPC3 mADb, and GPC3 was detected in 84 of the 111 HCC
specimens, whereas none of the non-HCC lesions showed
detectable GPC3. Immunofluorescence microscopy imaging
permits visualization of PG expression and spatial distribu-
tion in cells and tissues, and currently a number of well-
characterized monoclonal antibodies (mAbs) are available
commercially that react specifically with PG-related epitopes.
Two IgM type mAbs, 10E4 and 3GI10, first characterized by
David et al. (1992) have been used in several studies for the
HSPG immunodetection (David et al., 1992; Thompson et al.,
2007; Van Den Born et al., 2005; Yokoyama et al., 1999). An
epitope recognized by mAb 10E4 is present in native HS and
contains at least one N-sulfo group, whereas mAb 3G10 does
not react with intact HS but recognizes HS or HSPGs treated
with heparinase III (E.C.4.2.2.8), which generates an unsatu-
rated uronic acid residue attached to an N-acetylglucosamine
through a f# 14 linkage (David et al., 1992). The saccharide
structures recognized by anti-HS mAbs HepSS1, JM13,
JM403, and 10E4 are described by Van Den Born et al. (Van
Den Born et al., 2005).

A number of anti-HS, domain-specific mAbs generated
using phage display and biopanning technology have been
characterized followed the pioneering work of Van Kuppevelt
(Van Kuppevelt et al., 1998). Phage display mAbs bind GAG
epitopes with higher affinity and specificity than the IgM type
mAbs generated by immunization and have been used in
spatial profiling of HS structural domains in kidney (Den-
nissen et al., 2002; Van Kuppevelt et al., 1998), uterine myo-
metrium (Van Kuppevelt et al., 1998), developing mouse
intercostal muscle (Jenniskens et al., 2002), developing rat
lung (Thompson et al., 2007), as well as in characterization of
eight anticoagulant heparinoids (Wijnhoven et al., 2008).

Antibodies against epitopes specific to other GAG types
have been generated, characterized, and used for immuno-
fluorescent detection of PGs in rat brain (Suzuki et al., 2008),
mosquito midgut (Dinglasan et al., 2007), ovarian adenocar-
cinomas (Ten Dam et al., 2007), and human skin (Sorrell et al.,
1999) to name just a few. In addition, mAbs raised against
neo-epitopes generated by PG proteolysis have been exten-
sively used for studying the distribution and catabolism of
connective tissue PGs in normal and arthritic cartilage (Ca-
terson et al., 2000; Fosang et al., 1995; Karsdal et al., 2008;
Smith et al., 2009; Sumer et al., 2007).
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Lauer et al. (2007) employed fluorophore-assisted carbo-
hydrate electrophoresis (FACE) to examine the changes in the
kidney HS disaccharide composition at different time points
from the onset of streptozotocin-induced diabetes in rats.
Structural analysis of the glomerular and glomerular base-
ment membrane (GBM) HS in healthy and diabetic rat kid-
neys demonstrated that insulin-dependent diabetes mellitus
is marked by a significant decrease in the HS N-sulfo groups.
As control animals aged from 3 days to 8 weeks, the amount of
N-acetylated disaccharides from the GBM HSPGs decreased
while the amount of N-sulfo group containing disaccharides
increased. Within the same age group, the diabetic rat GBM
contained HS with a lower amount of N-sulfo groups com-
pared to control animals. Thus, both the time of sacrifice and
the selection of the specific cell type for HS compositional
profiling were important experimental parameters in identi-
fying the disease marker (Lauer et al., 2007).

Stone and coworkers used MS-based proteomics approach
to assess the extracellular PG composition in preathero-
sclerotic lesions from the internal carotid artery and internal
thoracic artery, two sites in human vasculature with different
propensities for developing atherosclerosis (Talusan et al.,
2005). Proteoglycans extracted from the carefully dissected
tissues were purified using AEC and subjected to electro-
phoresis in short SDS-PAGE gel. The portion of the gel con-
taining PGs was subjected to in-gel trypsinolysis, and the
resulting peptides were separated by nanoscale RP-HPLC
with ESI MS and MS? detection. Identification and relative
quantification of the PG core proteins was achieved using MS
signal of their tryptic peptides. The preatherosclerotic intimal
extracts were complex mixtures of PGs containing versican,
perlecan, biglycan, lumican, decorin, aggrecan, and the two
SLRPs fibromodulin and prolargin/PRELP (proline arginine-
rich end leucine-rich repeat protein). There was a statistically
significant enhancement in the MS signal intensities of lumi-
can-derived peptides in the atherosclerosis-prone internal
carotid artery compared to atherosclerosis-resistant internal
thoracic artery. The proteomics data was consistent with the
results of immunohistochemical staining using mAbs against
fibromodulin, biglycan, and lumican, which showed no sig-
nificant difference in chemiluminescence signals for biglycan
and fibromodulin, but a marked increase in the signal for the
carotid artery lumican (Talusan et al., 2005).

An interdisciplinary approach combined the GAG disac-
charide analysis with the assessment of the levels of tran-
scripts encoding for proteins involved in GAG biosynthesis to
examine the role of GAGs in murine embryonic stem cell
(ESC) differentiation (Nairn et al., 2007). The GAG disaccha-
ride analysis, performed using RP-IP-HPLC with postcolumn
fluorescence detection showed that as ESC differentiated to
embryoid bodies (EB) and extraembryonic endodermal cells
(EXE), their overall GAG content increased and the sulfation
patterns changed. The relative levels of gene expression for
the PG core proteins, transporter proteins, and biosynthetic
enzymes involved in GAG precursor biosynthesis and
catabolism, GAG LR synthesis, and chain extension and
modification were determined by quantitative real-time
polymerase chain reaction (qQRT-PCR) for ESC, EB, and ExE.
The CS/DSPG and HSPG core protein mRNA levels increased
>10-fold in 39% cases, remained unchanged (<10-fold
change) in 56% cases, and decreased >10-fold in 3% cases.
Consistent with the increased amounts of 2-O- and 4,6-
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O-sulfo disaccharides determined by GAG disaccharide
analysis, mRNA levels were increased for CS/DS GlcA 2-O-
sulfotransferase and GIcNAc 4,6-O-sulfotransferase in EB and
EXE cells compared to ESC, demonstrating the utility of this
approach in predicting glycome composition and structure
from the transcript levels of biosynthetic enzymes.

Future Directions

The “omics” approach to the PG characterization and elu-
cidation of their structure-function relationships is a tech-
nology driven, high-throughput analysis of dynamic changes
in this subset of the posttranslationally glycosylated pro-
teome. Advances in analytical technology leading to a more
sensitive detection and automated data handling make it
possible to study such complex and chemically unique class of
bioconjugates as PGs.

The emerging field of proteoglycomics has many un-
charted territories. Perhaps, the major breakthrough in pro-
teoglycomics will be the development of an amplification
mechanism for GAG analysis. Such a development would
improve both analytical sensitivity and selectivity. Single-cell
PG analysis today may seem like science fiction, but not long
ago, the same could be said about the structural analysis of an
intact GAG chain by MS™

A general trend toward miniaturization (Comelli et al.,
2006; De Paz and Seeberger, 2008; Liu et al., 2009; Miller and
Wheeler, 2009) will also influence proteoglycomics research.
Our laboratory is developing a microfluidic device that
mimics Golgi organelle where GAG biosynthesis takes place
(Martin et al., 2009). Application of this approach in pro-
teoglycomics would allow studying how different enzyme
combinations affect the fine structure of GAG—protein inter-
actions between the resulting PG with defined structure and
other participants of a biological pathway. As our under-
standing of protein glycosylation grows, the bioinformatics
applications in the field of glycobiology will improve, and
with that, patterns of dynamic changes in this PTM will
emerge.

Imaging the glycome in vivo is an emerging strategy, which
permits visualizing the dynamics of the cell-surface glycan
expression, internalization, and trafficking in real time (Ba-
skin et al., 2007; Laughlin et al., 2008; Laughlin and Bertozzi,
2009). In one approach, azido-functionalized sugars (per-
acetylated N-azidoacetylgalactosamine, N-azidogalactosa-
mine, or N-azidomannose) serve as a covalent attachment site
for imaging probes and are installed into glycans using the
cell’s metabolic machinery (Baskin et al., 2007). Fluorescent
probes conjugated to a difluorinated cyclooctyne, which re-
acts rapidly with azides under physiological conditions, can
be introduced at various time points of the organism devel-
opment using the so-called copper-free click chemistry (Ba-
skin et al., 2007). The click chemistry-based in vivo imaging
has been used solely for visualizing cell-surface glycans, due
to the impermeability of cell membrane to the fluorescent
probe. In principle, azido-sugar-nucleotides can be metabol-
ically introduced into GAGs; thus, it would be interesting to
see this strategy implemented in the proteoglycomics studies.

Advances in technology offer additional promise in the
field of proteoglycomics. Recombinant technology and met-
abolic engineering might be used to prepare large quantities
of pure PGs. Novel bioinformatics for the statistical treatment
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of data and improved computational analysis might allow an
improved understanding of domain and sequence patterns in
nontemplate driven GAG biosynthesis. Advances in synthetic
technologies should lead to stable isotopic labeling by meta-
bolic incorporation facilitating structural studies by MS and
NMR or the metabolic incorporation of reporter groups. Se-
paration technology such as polyacrylamide gel and capillary
electrophoresis with improved methods of detection such as
laser-induced fluorescence might afford single homoge-
neous GAG or PG species for sequence analysis. MS and
MS/MS of a single GAG chain and new sugar-specific frag-
mentation methods offer the potential of automated high
throughput sequencing. Miniaturization using microfluidics,
microarray technology offers signal amplification, and im-
proved sensitivity potentially leading to single cell analysis.
Improvements in atomic force microscopy and X-ray crys-
tallography might one day afford primary structure and
higher order structural information on PGs.
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