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Abstract
Proteoglycans (PGs) are among the most structurally complex biomacromolecules in nature. They
are present in all animal cells and frequently exert their critical biological functions through
interactions with protein ligands and receptors. PGs are comprised of a core protein to which one
or multiple, heterogeneous, and polydisperse glycosaminoglycan (GAG) chains are attached.
Proteins, including the protein core of PGs, are now routinely sequenced either directly using
proteomics or indirectly using molecular biology through their encoding DNA. The sequencing of
the GAG component of PGs poses a considerably more difficult challenge because of the
relatively underdeveloped state of glycomics and because the control of their biosynthesis in the
endoplasmic reticulum and the Golgi is poorly understood and not believed to be template driven.
Recently, the GAG chain of the simplest PG has been suggested to have a defined sequence based
on its top-down Fourier transform mass spectral sequencing. This review examines the advances
made over the past decade in the sequencing of GAG chains and the challenges the field face in
sequencing complex PGs having critical biological functions in developmental biology and
pathogenesis.

Introduction
Proteoglycans (PGs) are complex glycan–protein conjugates, typically containing various
core proteins that are post-translationally modified with one or more glycosaminoglycan
(GAG) chains. GAGs are linear, anionic polysaccharides comprised of repeating
disaccharide building blocks. The disaccharides can be an amino sugar (N-acetyl-D-
glucosamine (GlcNAc) or N-acetyl-D-galactosamine (GalNAc)) and an uronic acid (D-
glucuronic acid (GlcA) or L-iduronic acid (IdoA)) or D-galactose (Gal) that is often
modified at different positions with sulfo group (S) substitution. There are four groups of
GAGs (Fig. 1A): (1) hyaluronan (HA) is a long polysaccharide with a single non-sulfated
disaccharide-repeating unit and no core protein; (2) keratan sulfate (KS) uniquely has a Gal
instead of an uronic acid residue and KS is both O- and N-glycosidically linked to core
proteins; (3) chondroitin sulfate (CS, including dermatan sulfate (DS), in which GlcA has
been epimerized to IdoA) is O-glycosidically linked to various core proteins; and (4)
heparan sulfate (HS, including heparin, which has a higher sulfation/disaccharide ratio and a
higher IdoA content than HS), the most structurally complex GAG, is O-glycosidically
linked to various core proteins. The three types of GAGs found in PGs (KS, CS and HS) are
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synthesized on a linkage region attached to a core protein through the action of
glycosyltransferases and subsequent modification by epimerases and sulfotransferases.1–3

PGs are thought to be the most structurally complex biopolymers having GAG chains of
different types with variable sequence, length, and occupancy as well as other
posttranslational modifications (i.e. phosphorylation, N-terminal methylation, sulfation and
N-myristoylation, etc.). The diverse structures of PGs make these the most information
dense molecules found in nature.

PGs are found on the surface of all animal cells, in intracellular granules of selected cell
types, in the basement membranes of various tissues, and in the extracellular matrix (ECM).
The GAG chains of PGs are involved in many biological processes including cell–cell and
cell–matrix interactions,2,4 cell migration and proliferation,4,5 growth factor sequestration,2

chemokine and cytokine activation, microbial recognition6 and tissue morphogenesis during
embryonic development.2,5 It has been increasingly recognized that specific sequences or
motifs with GAGs might be responsible for the regulation of biological activity, however, in
only very few cases is there a well-defined structure–activity relationship (SAR). The
prototypical example is the heparin antithrombin III (AT) binding pentasaccharide sequence
(Fig. 1B), which is critical for heparin’s anticoagulant activity.7 The discovery of this five
sugar sequence responsible for the binding and functional modulation of AT has led
researchers to make substantial efforts focused on identifying and specifying the sequences
for other GAG–protein interactions.

Although significant advances in the analytical methodology have made the sequencing of
DNA and protein a routine task, the sequencing of PG-derived GAG chains still remains
very challenging. The tremendous structural heterogeneity of GAGs and the absence of
methods for their purification and/or amplification have been major impediments to GAG
chain sequencing. Current technology is still unavailable to determine the GAG chain
sequence of most types of PGs. The majority of the publications on GAG sequencing
describe the structural determination of small GAG-derived oligosaccharides, typically not
much larger than decasaccharides.8–12 Successful sequencing of such GAG-derived
oligosaccharides has generally been accomplished using techniques ranging from enzymatic
degradation followed by polyacrylamide gel electrophoresis (PAGE) or high performance
liquid chromatography (HPLC), to mass spectrometry (MS) and multi-dimensional nuclear
magnetic resonance (NMR) spectroscopy.13–17 A recent break-through study, using a top-
down glycomics approach combining PAGE and high-resolution MS, has allowed the
sequencing of the structurally simple, short (27–39 saccharide residues) CS-GAG chains of
the bikunin PG.18 The results demonstrate, for the first time, that a heterogeneous PG,
bikunin, has a defined sequence, which suggests that even more structurally complex PGs
may also have defined sequences.

Over the past decade researchers have developed many approaches for sequencing GAGs,
particularly HS and CS, from a variety of different cell and tissue sources. This review
briefly introduces the classes of PGs, their preparation, SAR, and biosynthesis before
detailed discussion of whether their GAG chains have unique and definable sequences and
the different strategies employed for their sequencing. Finally, the future technological and
scientific challenges in the area of PG and GAG sequencing are discussed.

PG classification
The PG superfamily is subdivided into three major groups based on the type of the
disaccharide building blocks, HS-PGs, CS-PGs and KS-PGs (Fig. 1, 2 and Table 1).19 Due
to their high content of sulfo groups and uronic acids in HS-PGs and CS-PGs, all three
groups of PG are strongly negatively charged. HS-PGs, the most structurally diverse type of
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PGs found in animal cells, are O-sulfo group-substituted, linear chains with 10 to 200
disaccharide units of (GlcAβ or IdoAα) 1–4 (GlcNAc/GlcNSα) 1–4, attached through a
tetrasaccharide linkage region, GlcAβ 1–3 Galβ 1–3 Galβ 1–4 D-xylose (Xyl) β1-, to
different core proteins. Syndecans 1–4, glypicans 1–6, β-glycan, perlecan, agrin, serglycin,
and collagen type XVIII are all HS-PGs and contain 1 to 15 O-linked HS chains and have a
molecular weight ranging from 10 to 400 kDa.2,20 CS-PGs are characterized by O-sulfo
group-substituted, linear chains with 20 to 100 repeating disaccharide units of (GlcAβ or
IdoAα) 1–3 GalNAcβ 1–4, attached through a tetrasaccharide linkage region to various core
proteins. The most abundant CS-PGs include aggrecan, versican, neurocan, brevican,
decorin and biglycan.21 The largest CS-PG, aggrecan, the principal component of cartilage,
has an average of 100 CS chains and a protein core of 208–220 kD.1 KS-PGs GAG chains
are characterized O-sulfo group-substituted chains formed by repeating disaccharide units of
Galβ 1–4 GlcNAcβ 1–3 to various core proteins.22 KS-PGs can be classified as either
corneal type (KS I, GAG chain N-glycosidically linked to an asparagine residue) or skeletal
type (KS II, GAG chain O-glycosidically linked to serine of a threonine residue). In KS I,
the linkage to Asn is a typical biantennary branched, L-fucose (Fuc)-bisected,
pentasaccharide with one antenna carrying a KS chain in which most GlcNAc residues and
half of the Gal residues are substituted 6-O-sulfo groups. The non-reducing end of the KS I
is typically capped by a variety of carbohydrate structures, such as neuraminic acid
(Neu5Ac), Gal, and GalNAc6S. KS II is characterized by monosaccharide linkage to
GalNAc O-linked to Ser or Thr residues in the core protein. The chains are shorter and
sulfated to a higher extent than in KS I.6

Preparation and limited availability of PGs
PGs are ubiquitous biomacromolecules found throughout the body of all animals and located
intracellularly, on the cell surface and in the ECM. The molecular weight of PGs ranges
from tens to millions of kDa. PGs can have one or many highly negatively charged GAG
chains attached to their core protein (Table 1). PGs need to be properly and efficiently
isolated and purified from cultured cells or tissues to study their structure and biological
function. The purification of PGs is often complicated by their large molecular size and
charge and necessitates the use of chaotropes or detergents required for their efficient
extraction. Several detailed protocols for the preparation of GAGs and PGs for structure
analysis have been recently published.15,24,25 Slicing, grinding or pulverization of tissue
samples is generally necessary for efficient PG extraction. After extraction, GuHCl and
other salts present in the extraction buffer are generally removed by buffer exchange, prior
to PG or GAG recovery from the extraction buffer using weak (W) anion-exchange (AX) or
strong anion-exchange (SAX) chromatography on a column for large volume samples or a
spin cartridge for small volume samples. PGs present in biological fluids or secreted into
cell culture media can be easily enriched by buffer exchange with CHAPS–urea binding to
an SAX spin cartridge, washing with water and elution with 2 M NaCl.26 PGs are often
further purified by other standard methods including: size exclusion chromatography (SEC)
or ultracentrifugation or membrane filtration; hydrophilic interaction chromatography
(HILIC); reversed-phase chromatography (RPC); and antibody affinity chromatography.27

Pure PGs, rarely available in greater than microgram quantities, are often purified in
research laboratories at considerable effort for biological studies. Purification from tissues,
with few exceptions, is difficult and unsustainable for commercial production. While
heparin and CS GAGs are under metric ton-scale production from animal tissues, bikunin is
the only PG commercially produced in kilogram quantities from human urine and is used as
a pharmaceutical in Japan for the treatment of acute pancreatitis.28 Routine bacterial, yeast
and insect cell expression systems cannot be used for producing recombinant PGs because
they require complex post-translational modification. Expression in eukaryotic cells is more
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complicated, yields considerably smaller amounts of recombinant PGs, and cannot yet
permit control of GAG chain modification. Very few recombinant PGs are currently
commercially prepared in gram quantities in cell culture, one example is the decorin PG for
use in regenerative medicine.29 Thus, the sequencing of PGs has been severely limited by
the lack of targets in sufficient amounts and purity.

Structure and activities of PGs
GAG chains can contain 10–200 disaccharide units, which are incredibly, structurally
diversified through their biosynthetic pathway. Studies clearly show that GAG structural
diversity is strictly controlled and regulated in biological systems, enabling PGs to
selectively interact with proteins in a spatially and temporally controlled manner. The
activities of PGs cover a wide range of biological processes, including cell proliferation and
differentiation,2,3,5,6 cell adhesion, transport regulation,2,3 blood coagulation,2,3,30

angiogenesis,32,33 tumor metastasis32 and pathogen invasion.19,20,33 Hundreds of PG-
binding protein ligands have been identified and the list of GAG-binding proteins, the PG–
GAG interactome,4,20,32,34 continues to grow. Generally, binding is dominated by ionic
interactions between the GAG’s negatively charged sulfo/carboxyl groups and basic amino
acid residues on the surface of the GAG-binding protein. Non-ionic interactions such as
hydrogen bonding and van der Waals interactions can contribute and even dominate GAG–
protein binding.35 There are also common linear and topological motifs of basic and
hydropathic amino acid residues present on the surface of proteins that can be predicted to
bind GAGs.4

The earliest evidence for specificity in GAG-binding to a protein was the establishment of a
unique AT-binding sequence (Fig. 1B).36 On binding to heparin AT undergoes a
conformational change that accelerates its rate of inhibition of blood serine proteases
resulting in much of heparin’s anticoagulant activity.30 Extensive SAR studies suggest that
while AT–heparin binding is highly specific, there is some allowable variability in chirality
and sulfo group substitution in this site.31 More active study regarding specificity of GAG
structure binding to protein has been conducted under the inspiration of the pentasaccharide
specific binding to antithrombin. Many additional binding studies have been undertaken on
other GAG-binding proteins.32,37 These have generally shown somewhat more limited
specificity than observed for the AT–heparin interaction. Often a particular type of sulfo
group (e.g. 6-O-sulfo, or 2-O-sulfo, or N-sulfo, etc.) or a domain structure (e.g. highly
substituted with sulfo groups in a high sulfo domain) seems to critically contribute to an
interaction. To date, there has been no clear evidence that the distinctive sequence
specificity observed in the AT–heparin interaction can be generalized to other GAG–protein
interactions.38,39

A well-studied example of a GAG–protein interaction with critical biological ramifications
involves signaling by the 23-member fibroblast growth factor (FGF) family through their 7
receptor-subtypes (FGFRs). FGFs modulate cellular proliferation and differentiation through
a signaling pathway linked to cancer progression and spreading. This signaling modulation
requires the formation of a FGF·FGFR·HS-PG complex on the cell surface.40 Crystal
structure and biochemical experiments suggest a FGF2·FGFR2·(HS-PG)2 complex,41 with
each of the many possible FGF2FGFR2 protein complexes forming an unique, basic, binding
site canyon, complementary to HS-PGs having different sequences
(http://www.rcsb.org/pdb/explore.do?structureId=1fq9). The identification of the HS GAG
sequences fitting these binding site canyons is just beginning42,43 but offers a rich area of
investigation profound in developing a molecular understanding of signal transduction.
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In vitro studies on binding thermodynamics (Kd), kinetics (kon, koff) and specificity give an
initial assessment of a GAG–protein interaction. Ultimately, in vivo assessment of biological
activity is critical for developing a complete understanding of protein–GAG interactions.
Despite an intensive study of GAG–protein interactions much more research is needed to
establish the full SAR of PGs. There still remains a debate about whether specific sequences
or overall sulfation density is the primary requirement for PGs binding to ligand proteins to
exhibit their biological activities.

Biosynthesis of proteoglycans
If a specific oligosaccharide sequence has a selective biological response, then how does a
cell create such a sequence? Multiple enzymes, located in the endoplasmic reticulum (ER)
and Golgi, catalyze the assembly of a PG (Fig. 2 and 3). The protein core of PGs is
constructed in ribosomes and then translocated to the rough ER to start the GAG chain
biosynthesis including initiation, polymerization and modification. In ER, xylosyl
transferase initiates the synthesis of the linker tetrasaccharides through adding a Xyl to a
specific serine residue of the protein core. Two Gal residues and one GlcA are added in
sequence to the Xyl, through the action of galactosyltransferase I, galactosyltransferase II,
and glucuronyltransferase I, in Golgi to form the tetrasaccharide linker (GlcAβ1–3Galβ1–
3Galβ1–4Xylβ1-O-Ser) (Fig. 3). The fifth saccharide addition determines whether the GAG
chain becomes CS/DS or HS/heparin. Adding a GalNAc results in subsequent CS/DS chain
elongation while adding a GlcNAc results in HS/heparin chain elongation. In HS/heparin
biosynthesis, following the attachment of the first GlcNAc residue, the polymer elongation
proceeds through the sequential addition of GlcA and GlcNAc by copolymerases (EXT-1
and EXT-2) to form the heparosan backbone. During this polymerization, chain
modifications take place, including N-deacetylation/N-sulfation, C5-epimerization and O-
sulfation, involving N-deacetylase/N-sulfotransferase (NDST 1 and 2), epimerase and
several O-sulfotransferases (2-OST, 3-OST 1–7, and 6-OST 1 and 2). There are similar
parallel pathways for CS/DS and KS biosynthesis.

PG biosynthesis is very complex involving multiple enzymatic reactions. While most of
these biosynthetic enzymes have been cloned and expressed, little is understood about their
coordinated action and colocalization. Therefore, the speculation about whether there is a
glycan code, i.e., a predetermined sequence of GAG chains, remains difficult to determine
because our limited understanding of the control mechanisms in biosynthesis. PG
biosynthesis is spatially (tissue) and temporally (developmentally) restricted and is also
responsive to environmental signals.

Do PGs have unique and definable sequences
The diverse sulfation pattern of a PG is introduced through extensive modification of the
carbohydrate backbone during the biosynthesis. Two major sulfation motifs are found in
HS-PGs and CS-PGs, corresponding to high sulfation or low sulfation domains. Evidence
suggests that the fine structure within these domains as well as their size and placement of
the GAG of PGs is critical for their functions in vivo.5 There is an open debate over whether
PG glycans have a predictable or deterministic sequence.18,19,44 While the biosynthetic
mechanism, resulting in the introduction of sequence into nucleic acids and proteins, is well
understood and involves template driven biosynthesis, there is no comparable understanding
of how sequence might be introduced into glycans within the ER and Golgi. Although
enzymes can recognize remote sequence, imparting domains, the organized biosynthesis of
the multiple domains within a full GAG chain may be beyond enzyme specificity. Despite
all that is known about glycan biosynthesis, our understanding is still insufficient to infer a
sequence or even to suggest that glycan possesses a sequence.18,19,32 Indeed, it is valid to
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even question why a glycan would need a definable sequence. GAGs, however, play a
complex and even a dominant role in biology. A molecular-level understanding of
glycosaminoglycans has begun to emerge, which suggests the importance of fine structure in
controlling the biological properties of glycosaminoglycans.

Chemical and enzymatic degradation to determine GAG structure
PG characterization generally utilizes a bottom-up approach due to the high degree of GAG
structural complexity, heterogeneity and polydispersity. Intact polysaccharide chains are
chemically or enzymatically depolymerized into smaller oligosaccharides that are then
structurally characterized. Chemical degradation typically relies on oxidative deamination
by nitrous acid at different pH values.45 At pH ≤ 1.5 cleavage occurs at GlcNS residues,
whereas if the pH ≈ 4.0, cleavage occurs at N-unsubstituted GlcN. To cleave at GlcNAc (or
GalNAc), samples first need to be de-N-acetylated with base or hydrazine treatment
followed by iodine oxidation before treatment with pH 4.0 nitrous acid. Deamination
cleavage alters the structure of the GlcN, thereby producing a 2,5-anhydro-D-mannose
residue at the reducing end of the cleaved oligosaccharide, which is then reduced, often with
sodium borotritide, to 2,5-anhydro-D-mannitol.46 An advantage of deaminative cleavage is
that the process preserves the epimerization state of the uronic acid residue. Disadvantages
of nitrous acid degradation are that it is difficult to control and it often requires the use of
radioisotopes for detectable products.

PG-GAG chains degraded by specific enzymes afford GAG-derived oligosaccharides for
structure analysis. Enzymes for degrading all types of GAGs are commercially available.
There are two classes of GAG depolymerizing enzymes: prokaryotic lyases and eukaryotic
glycosidases.47 The cleavage of GAGs affords oligosaccharides with a new free reducing
end, which enables the attachment of fluorescent tag for sensitive detection after separation.
Among the most commonly used lyases are the HA lyases, CS lyases and HS lyases.48

These enzymes β-eliminatively cleave the hexoamine (1 → 4) uronic acid bond affording
disaccharides and higher oligosaccharides with a C4-5 double bond in uronic acid, which
absorbs strongly at 232 nm. Lyases are particularly useful as they are primarily endolytic
enzymes, however, information about epimerization state of the uronic acid is lost during
enzymatic degradation. Hydrolases, including heparanase, hyaluronidase, keratanase, break
GAGs by adding water across their glycosidic linkages. Lysosomal enzymes are primarily
exolytic hydrolases (i.e. iduronidase, glucuronidase, hexosaminidase, etc.) with low pH
optima that sequentially catabolize GAGs releasing one saccharide residue at a time from
the non-reducing terminus.58 Other lysosomal enzymes remove the sulfo groups from GAGs
including sulfamidase, glucosamine-3- or 6-sulfatases, galactosamine-4- or 6-sulftases and
glucuonate-2- or iduronate-2-sulfatases. The most common enzymes employed for GAG
degradation and their specificities are shown in Table 2.

Combined with high-resolution PAGE, capillary electrophoresis (CE) or HPLC, these
endoenzymes and exoenzymes can be used to sequence GAGs and GAG-oligosaccharides.
Unfortunately, not all the required enzymes are currently available to determine the full
GAG sequence,59 many of the available enzymes do not have strict and well-characterized
specificity, many enzymes are endolytic and are difficult to use in direct sequencing,60 many
of the exolytic lyases are not strictly exolytic and can jump over resistant sites, and many of
the endolytic enzymes are not purely endolytic, acting preferentially at select sites. Those
shortcomings limit the application of an enzymatic approach for direct sequencing of large
oligosaccharides.
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Gel-based sequencing
Determining GAG structure is a formidable analytical challenge because of their structural
complexity, high negative charge, polydispersity and microheterogeneity. Attempts have
been made to directly sequence mixtures of intact GAG chains, released from a core protein,
using their fluorescently labeled reducing ends as a reading frame. In a top-down approach,
partial digestion of an intact, fluorescently end-labeled GAG chain with an endolytic
enzyme, similar to the method originally used by Maxam and Gilbert to first sequence
DNA,61 affords a banding pattern on PAGE analysis, from which a short sequence of a
GAGs reducing terminal domain can be determined based on known enzyme specificity.62

The major limitations of this top down approach are: (1) the precise specificity and action
patterns of the lyases are not well established and many of these enzymes cleave at multiple
glycosidic linkages; (2) there are insufficient GAG lyases currently available for specific
cleavage at all the different glycosidic linkages present in a GAG chain; and (3) the
resolution of the PAGE separation is often insufficient the entire size range of the GAG
being sequenced.

Middle-down approaches of GAG sequencing commonly involve multiple steps, including
partial chemical or enzymatic depolymerization of GAG chains, followed by separation and
purification (SEC, SAX-HPLC, PAGE, CE, etc.) to obtain a pure oligosaccharide for
sequence analysis. Sequential digestion with exoglycosidases, in conjunction with
radioactive or fluorescent labeling is then combined with a high-resolution separation10,11,63

to sequence the GAG-derived oligosaccharide. Discontinuous PAGE has provided a rapid,
high-resolution parallel separation for oligosaccharides since the 1990s.10 The availability of
recombinant, exolytic, lysosomal enzymes that degrade a reducing-end labeled GAG-
derived oligosaccharide through the sequential removal of saccharide residues and sulfo
groups from its non-reducing end has facilitated sequence analysis. Integral glycan
sequencing (IGS),9,13 capable of sequencing small amounts (picomoles) of pure HS-derived
oligosaccharides, works by fluorescently labeling a pure oligosaccharide at its reducing end,
partially cleaving with nitrous acid at low pH, and sequentially processing with various
exoenzymes. Based on the enzyme’s specificity, researchers can directly read out the
oligosaccharide sequence based on the fluorescent banding patterns (Fig. 4A–D). IGS has
been successfully applied to sequencing HS polysaccharides that act as specified regulators
of FGF signaling.8,9

A similar approach demonstrated on a purified dermatan sulfated-derived oligosaccharide
introduces label into the released monosaccharide after exoenzyme treatment and analyzing
it using fluorophore assisted carbohydrate electrophoresis (FACE) (Fig. 4D).64 The
limitations of these middle-down approaches include: (1) no information is provided on the
context of placement within the intact GAG chain of the oligosaccharide being sequenced;
(2) the maximum size of GAG-derived oligosaccharide that can be purified is usually
<octadecasaccharide; and (3) the quality of the sequencing data are dependent on the high
specificity of the exoenzymes utilized and the resolution of the PAGE separation through the
entire size range of the sequencing experiment.

Nuclear magnetic resonance (NMR) spectroscopy for sequence
determination

NMR spectroscopy is sensitive to structural changes making it an important technique for
GAG sequence analysis. NMR is typically used for characterization of a single GAG-
derived oligosaccharide with >80–90% purity. Because of the low signal dispersion of GAG
samples, a high-field strength instrument (>500 MHz) is generally required for structural
determination. A 1H-NMR spectrum is often initially obtained to reveal the number of
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monosaccharide residues present and provide a tentative compositional analysis.65 1H-NMR
spectroscopy currently remains one of the best ways of distinguishing IdoA and GlcA
residues and assigning anomeric configurations. 13C-NMR spectroscopy is particularly
important in unambiguously determining which sites are substituted with N-sulfo and O-
sulfo groups along a GAG chain. While less sensitive that 1H-NMR, 13C-NMR offers more
dispersion of chemical shift resulting in less signal overlap. In samples in which 13C
incorporation is possible 13C-NMR can also offer a sensitive alternative to 1H-NMR.

The complete structure characterization of oligosaccharides usually requires multi-
dimensional NMR spectroscopy.66,67 This is accomplished by a combination of two-
dimensional NMR techniques such as correlation spectroscopy (COSY) and total correlation
spectroscopy (TOCSY) for 1H, which allows assignment of the 1H signals of individual
monosaccharide residues. After this, the heteronuclear single-quantum coherence (HSQC)
experiment is often used to extend the proton assignment to the 13C spectrum or to the 15N
spectrum.68,69 Another key experiment for sequencing is the two-dimensional heteronuclear
multiple-bond correlation (HMBC) experiment, which detects a coupling between the
anomeric proton and the carbon atom on the opposite side of the glycosidic linkage.

Although NMR experiments provide unique molecular-level information required for
structure analysis, such measurements are often limited by the experiments’ relatively low
sensitivity. This is of particular concern for biological samples with limited quantity. Several
approaches have been used to improve NMR sensitivity to address this limitation, such as
increasing the strength of the static magnetic field to 800 MHz or even 940 MHz.
Cryogenically cooled NMR probes and receivers can significantly improve the signal-to-
noise ratio (S/N) by 2–4 fold.70,71 For compounds with highly soluble samples, such as
GAGs, microcoil NMR probes can provide additional sensitivity enhancement. Microcoil
NMR also allows easy coupling to separation methods such as HPLC, CE and capillary
isotachophoresis (cITP), which has been useful for obtaining 1H NMR spectra of 1–2 μg of
heparin-derived disaccharides and tetrasaccharides.72 NMR spectroscopy is still a powerful
tool for de novo structural characterization of unknown GAG-derived oligosaccharides up to
octadecasaccharides, it can make use of stable NMR-sensitive isotopes (i.e. 13C, 15N, 33S)
and is nondestructive allowing the same sample can later be used for other destructive
analytical methods. Moreover, NMR can also provide information on the conformation and
secondary structure of GAGs and their complexes with proteins.73 There are a number of
limitations on the use of NMR spectroscopy, such as spectrometer cost, the high-level
expertise and time required for interpreting data, resulting in low sample throughput.

X-Ray crystallography for sequence determination
Even though the essential role of protein–GAG interactions in regulation of various
physiological processes has been recognized for decades, there are still very limited data
available for elucidating the three-dimensional features of GAGs as they interact with their
protein ligands. It has not yet been possible to crystallize and solve the X-ray structure of an
unbound GAG or GAG-derived oligosaccharides. The limitation is due to the specially
challenging GAG heterogeneity and conformational flexibility, the result of which is that
GAGs or GAG-derived oligosaccharides do not have a single, well-defined three-
dimensional structure in solution. It is, however, possible to lock a GAG-derived
oligosaccharide into a single conformation by binding it to its protein ligand.

The first crystal structures published were FGF2–heparin tetrasaccharide and hexasaccharide
structures.74,75 Currently, more than 60 crystal structures of complexes between protein and
glycosaminoglycans are available in the Protein Data bank.76 Solutions to 1 Å resolution are
possible. Some of these solved structures are quite complex, like the six-component
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FGF2·FGFR2· (heparin octasaccharide)2 complex.77 Despite the early discovery of the
binary AT–pentasaccharide complex, it took many years of refining crystal growth and the
use of a synchrotron to obtain the high-resolution 3-D structure of this complex.30 X-Ray
crystallography remains limited as a sequencing tool for a number of reasons: (1) GAGs and
GAG-derived oligosaccharides have not been crystallized on their own; (2) protein GAG-
derived oligosaccharide complexes are difficult to obtain and require multi-milligram
amounts of pure GAG-derived oligosaccharide; and (3) crystallography of GAG–protein
complexes is a low throughput method, requires a synchrotron, expert experimentalists and
structures take a long time to solve and refine.

Mass spectroscopy for sequence determination
MS can provide structural information on elemental composition of intact GAG from
molecular ions as well as linkage and sequence information from fragment ions. With
advances in spectrometers and techniques for glycan analysis, MS analysis is rapidly
becoming the most important tool for GAG characterization and sequence
analysis.18,19,59,78–83 Combinations of online or offline separations (PAGE, CE, and HPLC)
with high-resolution, high-sensitivity MS and tandem MS (MS/MS), small amounts of
GAGs present in complex biological samples can now be analyzed to obtain important
structural information.84,85 Two types of MS soft ionization techniques, matrix-assisted
laser desorption ionization (MALDI) and electrospray ionization (ESI), are widely used in
PG and GAG sequence analysis. Fast atom bombardment (FAB)-MS, the first soft
ionization method to play an important role in GAG analysis,86 has fallen into disuse
because of its complexity and has been largely supplanted by ESI-MS and MALDI-MS.
Both MALDI and ESI technologies permit the direct ionization of nonvolatile biomolecules
and the transfer of ions into different types of MS and MS/MS analyzers. MS analysis
represents an efficient approach for the analysis of many of the structural features present in
GAGs and PGs including: high molecular weight and chain length, polydispersity, structural
heterogeneity, different types of glycosylation, different glycosidic linkages,87 patterns of
sulfo group substitution and the presence of epimers within the GAG chain.88 It has recently
been possible to even obtain complete sequences of individual intact GAG chains.18

In MALDI-MS experiments, the sample is dried on a metal plate in the presence of a
chromophoric matrix until matrix crystals containing trapped sample molecules are formed.
Ionization of the sample is effected by energy transfer from matrix molecules that have
absorbed energy from laser pulses. Typically, an UV laser is used in most MALDI-MS
instruments. MALDI sources are usually attached to time of flight (TOF) mass analyzers
that can handle biomolecules having a very wide mass range (from tens of Da to hundreds of
kDa) with high throughput. MALDI-TOF-MS has been used for sequencing small heparin-
derived oligosaccharides providing fast and accurate mass determination.14 MALDI-MS
based sequencing has several advantages over gel based sequencing (Fig. 4), it does not
require tagging, oligosaccharide repurification after the exoenzymes treatment, and while it
can be used in conjunction with enzymes, it does not require an analyst to rely on enzyme
specificity to deduce a sequence. Direct analysis of large GAG-derived oligosaccharides by
MALDI, however, is challenging due to their highly negative charge, low ionization
efficiency, and the loss of labile sulfo groups during ionization. Combination of basic
peptides such as (Arg-Gly)n can efficiently improve the ionization and reduce the sulfate
loss.89 Today, various MALDI matrices were tested to improve the quality of MALDI
spectra for GAG analysis. Ionic liquid matrices (ILMs) have a number of advantages over
conventional crystalline matrices. It improves the homogeneity of the GAGs–matrix
mixture, stability of matrix under high vacuum, and reproducibility from shot-to-shot.90

GAG-oligosaccharides have been successfully using 1-methylimidazolium-R-cyano-4-
hydroxycinnamate and butyl-ammonium 2,5-dihydroxybenzoate although significant sulfate
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loss takes place during the ionization process.91 The ILM, bis-1,1,3,3-
tetramethylguanidinium-R-cyano-4-hydroxycinnamate, was useful for positive-mode
MALDI-TOF-MS analysis of CS-disaccharides at reasonable sensitivities with efficient
suppression of sulfate loss.92

ESI is a soft ionization process that generates multiply-charged ions directly from a stream
of liquid allowing its convenient interface with online separation methods.93 ESI-MS
experiments are often performed using instruments with quadruple, ion trap and TOF
analyzers. Fourier transform (FT)-MS with electron capture dissociation (ECD) in the
positive-ion mode or electron detachment dissociation (EDD) in the negative-ion mode and
low-cost ion traps with electron transfer dissociation (ETD) represent cutting-edge
technologies that can considerably improve the MS analyses of GAGs. In contrast to
MALDI, ESI offers the advantages for coupling to microbore or nanobore liquid
chromatography (LC) permitting on-line LC/ESI-MS analysis which have been well
reviewed by Zaia et al. recently.84,85 This methodology is particularly useful when a very
limited amount of biological mixtures of oligosaccharides needs to be analyzed.

MS direct analysis of intact PGs is an incredibly challenging task because GAGs possess
low ionization efficiency, much size heterogeneity and thermal lability.79,94 The significant
differences in ionization characteristics between GAG and protein need to be carefully
considered when attempting to sequence PGs. GAGs are highly negatively charged with
tremendous heterogeneity. The preferred method for analysis, after a high-resolution
separation, is in the negative-ionization mode. While core proteins are generally sequenced
in the positive-ionization mode using traditional, well-established proteomics approaches.
When the protein component of a PG is the object of study, GAGs are enzymatically (by
GAG lyases or hydrolases (Table 2) or PNGase F for N-linked KS I) or chemically (i.e. β-
elimination or hydrazinolysis) removed. The core protein is then separated by PAGE or 2D-
PAGE, and the resulting band or spot is subjected to the in-gel digestion followed by MS
and/or MS/MS analysis for peptide sequencing and protein identification. Linkage region
information can be obtained through analysis of the MS and MS/MS of the glycopeptides
that originally contained the GAG-chain.18,94 In another approach, the PGs mixture can be
proteolyzed either by specific or nonspecific enzyme and the resulting
peptidoglycosaminoglycans (pGs) can then be separated from unmodified peptides by
anion-exchange chromatography and/or size-exclusion chromatography for the LC-MS/MS
proteomics analysis.95

The 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
characterization.59,84,96 Novel MS/MS technique development focuses mainly on FT-ICR
MS instrumentation in negative-ion mode for GAGs sequence analysis. Various MS
fragmentation techniques (i.e. collisionally induced dissociation (CID), high energy
collisionally induced dissociation (HCD), ETD, ECD, and EDD) have been used to obtain
information rich fragmentation, especially cross-ring fragmentation.83,88,97–99 The
stereochemistry of the uronic acid in CS and HS epimers can be distinguished by MS/
MS.87,100,101 Fragmentation by CID has been extensively studied on disaccharides since
they are commercially available as pure standards.100 A heparin/HS oligosaccharide
sequencing tool, called HOST, has been developed to help heparin sequencing using
enzymatic digestion and ESI-MSn approach. The HOST program helps in automating the
interpretation of the MSn data generated from GAGs, provides a practical methodology for
the future analysis of heparin/HS oligosaccharides of unknown structure. Typically, CID
MS/MS fragmentation is not efficient to generate cross-ring fragmentation, especially for
highly sulfate oligosaccharides. ETD and EDD are more gentle fragmentation methods that
preserve labile modifications on the precursor molecule. A doubly sulfated tetrasaccharide
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has been fragmented by EDD and shown to produce more cross-ring cleavages than
observed by CID.97 The rich information contained EDD MS/MS can also be used to
distinguish GlcA from IdoA in GAG-derived tetrasaccharides.102 Most recently, negative
electron transfer dissociation (NETD)/ETD was applied to analyze the glycosaminoglycans.
Similar to EDD, NETD is also able to distinguish the IdoA from GlcA epimers in HS
tetrasaccharides and suggests that a radical intermediate plays an important role in
distinguishing these epimers.83

FT-MS in negative-ion mode has also been found to be an important tool in longer chain
oligosaccharides MS and MS/MS analysis which enable us to assign the fragments to a
meaningful structure.18,103 The analysis of intact pGs, prepared through proteolysis of a PG,
was the first demonstration of a top-down approach for GAG sequencing (Fig. 5).18 Bikunin
pG, recovered from the therapeutic urinary bikunin PG, was fractionated by continuous
elution preparative PAGE to obtain a simplified mixture for FT-MS and FT-ICR-MS
analysis using a nanospray-ionization. Chain length and molecular mass are not the major
limitations in the applications of FT-MS for sequencing GAGs, as single chains of
heparosan up to 80 saccharide units have been analyzed.104 A major limitation in obtaining
excellent MS data in GAG sequencing is difficulties associated with the high-resolution,
high throughput purification of GAG chains for sequencing. However, even with excellent
spectral data, the manual interpretation of the MS and MS/MS data sets remains a daunting
task. There is publicly available glycomics software, such as GlycoWorkbench, which can
assist the manual interpretation of MS and MS/MS data.105,106 The absence of seamless
glycobioinformatics for direct interpretation of a GAG sequence still represents a major
impediment in the high throughput sequencing of GAGs.

Computer simulation for sequence determination
Computer modeling has been applied to simulate a GAG sequence as a number chain and
then to compare a simulated GAG sequence to an actual GAG sequence.34,107,108 Similarly
a computer can simulate the breakdown of these number chains and compare these
simulated data to the breakdown of a GAG on treatment with a polysaccharide lyase.109 As
our understanding of Golgi-based biosynthesis of GAGs improves, it might be possible to
use a computer-based number chain building model, based on the rules of Golgi-based
biosynthesis, and test the outcomes of these simulations by simulating either their chemical,
enzymatic or mass spectral fragmentation. Such simulations could then be compared to
experimental sequencing data. Refinement of the model might then lead to an iterative
improvement in our understanding of GAG biosynthesis and hence an improvement in our
understanding of GAG and PG sequences.

Future challenges in PGs sequencing
The future prospects for PG sequencing brightened considerably this past year with the first
sequencing of the simplest PG, bikunin, using top-down FT-MS analysis.18 This simple PG,
with a single, short, structurally simple, polydisperse GAG chain, showed a single sequence
motif that held through a wide range of chain sizes. It remains to be seen whether single
sequence motifs will be observed for far more complex PGs. But since all PGs are
biosynthesized through a similar pathway in the ER and Golgi it is now reasonable to
hypothesize that, like the GAG chains of bikunin, the GAG chains of other PGs may also
have a defined sequence.

Future challenges include broadening the number of sequenced PGs from one simple PG,
bikunin to larger, more structurally complex PGs, such as decorin, a readily available
dermatan sulfate PG. Decorin still has a single GAG chain but has both uronic acid epimers
and considerably longer chains. Other PG sequencing targets should include members of the
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KS and HS families but these are difficult to obtain in the multi-milligram quantities
required to undertake GAG chain sequencing. Thus, more effort will be required for
recovery of intact PGs from tissues and for their recombinant overexpression from cell
culture to improve their availability. Moreover, these targets typically contain multiple sites
for GAG chain attachment and would require the separation of GAG chains attached to
different sites and their individual sequencing in parallel. Major technical challenges remain
in the purification of individual or simple mixtures of chains for top-down sequencing
approaches. New separation technology will need to be developed for both offline and
online, high-resolution, high-throughput GAG chain purification. An improved
understanding of PG and GAG biosynthesis and biosynthetic control will be needed to limit
the number of possible sequence permutations to make sequencing of large, and highly
complex GAGs possible. Computer simulation and automation107 could also assist it
improving our understanding of biosynthesis and sequence. An increased number of GAG-
degrading enzymes with well-established specificity and action patterns would greatly assist
gel-based middle-down sequencing efforts. Improvements in FT-MS and MS/MS methods
will certainly be needed to enable the determination of highly sulfated GAG chains of high
molecular mass, high structural complexity and dispersivity. Improved glycobioinformatics
software will be essential in making the interpretation of complex spectral data sets efficient
and practicable. Improvements in NMR and X-ray crystallography will be needed to convert
sequence data into conformational data that will allow us to better understand the protein–
GAG interactome. Ultimately, high-throughput in vitro and in vivo biological evaluation of
PGs and GAGs having defined sequences will be needed to understand the biological
ramifications of sequences and to establish well-defined SAR. Despite the long list of
challenges the future of sequencing and proteoglycomics is a bright one.
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Fig. 1.
(A) Repeating disaccharide units of the various GAG families (adapted and modified from
http://www.ncbi.nlm.nih.gov/books/NBK1900/). X = SO3

− or H and Y = SO3
− or Ac, “/”

means “or” and “±” means “with/without”. (B) AT pentasaccharide binding sequence within
heparin with structural variants shown and the critical 3-O-sulfo group shown in red.
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Fig. 2.
A diagram of various proteoglycans in a cell and ECM is shown (adapted and modified from
http://www.ncbi.nlm.nih.gov/books/NBK1900/). Protein cores (yellow), HS/HP GAG
chains (red), CS/DS GAG chains (green), and KS GAG chains (blue).
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Fig. 3.
Biosynthesis of HS/heparin, CS/DS, KSI and KSII (adapted and modified from
http://www.ncbi.nlm.nih.gov/books/NBK1900/). XylT-I, xylosyltransferase I; GalT-I,
galactosyltransferase I; GalT-II, galactosyltransferase II; GlcAT-I, glucuronosyltransferase
I; GalNAcTI, GlcNAc transferase I; ChSy1,2,3, chondroitin synthase 1,2,3; CS4ST,
chondroitin sulfate GalNAc-4-O-sulfotransferase; CS6ST, chondroitin sulfate GalNAc-6-O-
sulfotransferase; DSEpi, dermatan sulfate glucuronosyl C5 epimerase; DS4ST, dermatan
sulfate GalNAc-4-O-sulfotransferase; DS2ST, dermatan sulfate uronyl-2-O-sulfotransferase;
GlcNAcT I, GlcNAc transferase I; EXT1–EXT2, copolymerase complex (GlcNAc
transferase–glucuronosyltransferase); NDST, GlcNAc N-deacetylase/N-sulfotransferase;
C5epi, uronosyl C5 epimerase; 2OST, uronyl-2-O-sulfotransferase; 6OST, glucosamine-6-
O-sulfotransferase; 3OST, glucosamine-3-O-sulfotransferases; Gal6ST, galactosyl-6-O-
sulfotransferase; GlcNAc6ST, GlcNAc-6-O-sulfotransferase.
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Fig. 4.
Principles of gel-based sequencing (adapted from ref. 13 and 57). (A) Fluorescence
detection of different amounts of a 2-aminobenzoic acid (2AA)-tagged heparin
tetrasaccharide subjected to electrophoresis on a 33% Tris-acetate mini-gel. (B)
Exosequencing of a 2AA-tagged heparin tetrasaccharide with lysosomal enzymes and
separation of the products on a 33% Tris acetate mini-gel (15 pmol per lane). After the
exoenzyme treatments, the band shifts shown indicate the structure of the nonreducing-end
disaccharide unit (lane 1, untreated). (C) IGS performed on a purified heparin
hexasaccharide with the combinations of partial HNO2 and exoenzyme treatments indicated
(lane 1, untreated, 25 pmol; other lanes correspond to ~200 pmol per lane of starting sample
for partial HNO2 digest). (D) Polyacrylamide gel electrophoresis of a DS oligosaccharide
fluorescently labeled with 2-aminoacridone (AMAC). Lane 1 contains a mixture of AMAC-
labeled monosaccharide standards; lane 2 contains disulfated trisaccharide; lanes 3–5
contain disulfated trisaccharide treated with one or multiple exoenzymes followed by
AMAC-labeling.
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Fig. 5.
FT-ICR-MS analysis of a bikunin pG fraction. (A) FT-ICR negative-ion mass spectrum of
5.80 kDa MR fraction by PAGE with 18 isobars and 63 parent-ions; (B) deconvolution of
spectrum A; (C) CID FT-ICR-MS/MS spectra of parent-ion m/z = 917.38 (z = 6) and
annotated fragment-ions providing sequence with dp27-5-Ser fragmentation pattern assigned
from the spectrum. (Adapted from ref. 18 with permission.)

Li et al. Page 22

Mol Biosyst. Author manuscript; available in PMC 2012 August 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Li et al. Page 23

Table 1

Properties of common PGs19,20,23

PG class PG Number/type of GAG chains Core protein size/kDa

HSPG Glypican 1–6 1–3 HS 57–69

CD44v3 1 HS 37

Perlecan 1–4 HS 400

Agrin 2–3 HS 212

Collagen XVIII 1–3 HS 150

HS/CSPG Syndecans 1–4 1–3 CS, 1–2 HS 31–45

β-Glycan 1–2 HS/CS 110

Neuropilin-1 1 HS/CS 130

Serglycin 10–15 heparin/CS 10–19

CSPG Bikunin 1 CS 18

Decorin 1 DS/CS 36

Biglycan 1–2 DS/CS 38

Neuroglycan C 0–1 CS ~60

Leprecan 1–2 CS 82

Phosphacan 2–5 CS 175

Thrombomodulin 1 CS 58

KSPG Lumican KS I 37

Keratocan KS I 37

Fibromodulin KS I 59

Mimecan KS I 25

SV2 KS I 80

Claustrin KS II 105

Aggrecan KS II 200
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Table 2

Enzymes used to examine GAG structure

GAG digestion enzymes

Enzyme specificity

Substrate Specificity Action pattern Ref.

Heparin lyase I Heparin/HS GlcNS ± 6Sα 1–4 IdoA2Sα Endolytic 44

Heparin lyase II Heparin/HS Linkages containing 1–4 IdoA ± 2Sα/
GlcAβ 1–4

Endolytic 44

Heparin lyase III HS GlcNAcα/GlcNS ± 6Sα 1–4 IdoAα/
GlcAβ

Endolytic 44

Heparanase HS At GlcAβ 1–4 GlcNS ± 3S ± 6Sα or
GlcAβ 1–4 GlcNα with a GlcA2Sβ (not
IdoA2Sα) in proximity

Endolytic 49

Chondroitin lyase ABC CS/DS, HA
with low
efficiency

GalNAc ± 4S ± 6Sβ 1–4 IdoAα/GlcA ±
2Sβ 1–3 or HA

Endolytic 50

Chondroitin lyase ABC CS/DS, HA
with low
efficiency

GalNAc ± 4S ± 6Sβ 1–4 IdoAα/GlcA ±
2Sβ 1–3 or HA

Exolytic 50

Chondroitinase lyase AC-I CS/DS/HA GalNAc ± 4S ± 6Sβ 1–4 GlcA ± 2Sβ 1–
3 or HA

Endolytic 50

Chondroitinase lyase AC-II CS/DS/HA GalNAc ± 4S ± 6Sβ 1–4 GlcA ± 2Sβ 1–
3 or HA

Exolytic 50

Chondroitinase lyase B DS, GalNAc ± 4Sβ 1–4 IdoAα 1–3 Endolytic 50

Hyaluronan lyase HA or CS
unsulfated
regions

GlcNAcβ 1–4 GlcAβ 1–3 Endolytic 50

Hyaluronidase (mammalian) HA or CS GlcNAcβ 1–4 GlcAβ 1–3 and GalNAc ±
4S ± 6Sβ 1–4
GlcA ± 2Sβ 1–3

Endolytic 51

Endo-β-galactosidase KS Galβ 1–4 GlcNAc ± 6Sβ 1–3 Endolytic 52

Keratanase KS Galβ 1–4 GlcNAc ± 4S ± 6Sβ 1–3
Nonsulfated linkages are resistant

Endolytic 52

Sulfamidase (lysosomal) Heparin/HS Removes N-sulfo from NRE Exolytic 53

Glucosamine-3/6-sulfatase (lysosomal) Heparin/HS Removes 3-O or 6-O sulfo from terminal
GlcNAc

Exolytic 53

Glucuonate/iduronate-2-sulfatase (lysosomal) Hep/HS
CS/DS

Removes the 2-O sulfo from terminal
GlcA/IdoA

Exolytic 53

Galactosamine-4/6-sulfatase (lysosomal) CS/DS Removes 4-O/6-O sulfo from terminal
GlaNAc

Exolytic 53

Iduronidase/glucuronidase/hexosaminidase (lysosomal) Hep/HS
CS/DS

Removes non-sulfated terminal
IdoA/GlcA/HexNAc

Exolytic 54

Glycuronidase (bacterial) Hep/HS
CS/DS

Removes non-reducing end C4-5
unsaturated uronate from
oligosaccharides

Exolytic 55

Sulfoesterases 2/3/4/6 (bacterial) Hep/HS
CS/DS

Acts to remove specific sulfo groups
from disaccharides

Exolytic 56

Sulf-1/2 HS Removes 6-O-sulfo Endolytic 57
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