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Glycosaminoglycans are sulfated biopolymers with rich

chemical diversity and complex functions in vivo, contributing

to processes ranging from cell growth and neuronal

development to viral invasion and neurodegenerative disease.

Recent studies suggest that glycosaminoglycans may encode

information in the form of a ‘sulfation code,’ whereby discrete

modifications to the polysaccharide backbone may direct the

location or activities of proteins.
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Introduction
Glycosaminoglycans are a family of sulfated polysacchar-

ides involved in diverse biological processes such as

neuronal development, tumor growth and metastasis,

viral invasion and spinal cord injury [1–3]. For example,

glycosaminoglycans modulate key signaling pathways

essential for proper cell growth and angiogenesis [1,2].

They are also important for axon pathfinding in the

developing brain and have been linked to the pathology

of Alzheimer’s disease [4��,5,6]. The remarkable ability of

glycosaminoglycans to regulate various processes is only

beginning to be understood at a molecular level. Increas-

ing evidence suggests that glycosaminoglycans encode

information in the form of a ‘sulfation code.’ Namely,

discrete sulfation motifs along the carbohydrate backbone

carry instructions to direct proteins and regulate complex

processes such as neuronal wiring. Deciphering this code

and the mechanisms by which it coordinates biological

events is crucial for understanding diverse aspects of

biology and could reveal new therapeutic opportunities.

In this review, we describe evidence for the sulfation code

in the context of heparan and chondroitin sulfate glyco-
www.sciencedirect.com
saminoglycans. We also discuss the potential for syn-

thetic, chemoenzymatic and technological approaches

to advance a molecular-level understanding of this impor-

tant class of biopolymers.

The chemical diversity of glycosaminoglycans
Glycosaminoglycans are composed of repeating disac-

charide subunits that are assembled into linear polysac-

charide chains (Figure 1). These polysaccharides are

often covalently attached to proteoglycan proteins at

the cell surface or in the extracellular matrix. There

are several major classes of glycosaminoglycans, including

heparan sulfate (HS) and heparin, chondroitin sulfate

(CS), dermatan sulfate and keratan sulfate, which differ

in their core disaccharide subunit. HS and heparin contain

D-glucosamine (GlcN) and either D-glucuronic acid

(GlcA) or L-iduronic acid (IdoA) subunits joined by

a(1,4) and b(1,4) linkages. CS has N-acetylgalactosamine

(GalNAc) and GlcA subunits and alternating b(1,3) and

b(1,4) linkages.

Diverse sulfation patterns are generated in vivo through

extensive modification of the carbohydrate backbone [3].

For example, sulfation of HS and heparin can occur at the

C2 hydroxyl of IdoA and the C3 and C6 hydroxyls of

GlcN. The C2 amine can also be either sulfated, acety-

lated or remain unmodified. Although HS and heparin are

structurally related, HS has greater overall chemical com-

plexity, exhibiting more varied sulfation patterns, lower

IdoA content and longer polysaccharide chains. More-

over, HS is ubiquitously expressed in vivo and has a

broader range of physiological targets than heparin, which

is localized primarily to specialized granule cells. Diverse

sulfation motifs are also found on CS, with sulfation

occurring at each of the free hydroxyls [7]. As a result,

a simple tetrasaccharide of CS has the potential to encode

256 sulfation sequences, whereas an HS tetrasaccharide,

which has greater complexity due to the presence of IdoA

and N-sulfation, can display over 2000 sulfation motifs.

Although it remains to be seen whether all of these

possible sulfation patterns occur in vivo, a large number

of distinct sulfated structures have been identified to date

[3,7].

On a macromolecular level, HS and CS polysaccharides

exhibit various chain lengths (�10 to 100 disaccharide

units) and clustered regions of high or low sulfation [3].

Structural studies have shown that glycosaminoglycans

adopt helical structures whose pitch can vary with the

associated counterion [8,9]. Moreover, the conformational

flexibility of the pyranose ring of IdoA, which exists in
Current Opinion in Chemical Biology 2005, 9:609–619
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Figure 1

Representative classes of glycosaminoglycans, with potential

sites of sulfation indicated. R = SO3
� or H; R1 = SO3

�, H or Ac;

n = �10–100.
equilibrium between different chair and skew-boat con-

formations when sulfated at the C2 position, has been

postulated to enhance the specificity of HS for its protein

targets [3]. Thus, the combination of sequence, charge

distribution, sugar conformation and three-dimensional

structure endows glycosaminoglycans with rich structural

diversity.

The potential ‘sulfation code’: implications for
growth factor signaling and neuronal wiring
Evidence suggests that the fine structure of glycosami-

noglycans is crucial for their functions in vivo. Genetic

studies have established the importance of various sulfo-

transferase enzymes in the glycosaminoglycan biosyn-

thetic pathway. For example, deletion of an HS 2-O-

sulfotransferase gene in mice led to complete failure of

kidney development, and mutation of the N-deacetylase–

N-sulfotransferase gene in Drosophila inhibited growth

factor signaling and disrupted embryonic development

[5,10]. Consistent with their essential roles, the sulfation

patterns of glycosaminoglycans are tightly regulated in
vivo. Distinct sulfated forms are associated with particular

tissues: for example, differentially sulfated CS motifs are

localized to specific brain regions and found along axonal

growth tracts [11,12]. The sulfation patterns of HS and CS

are also altered during embryonic brain development, as

are specific sulfotransferase activities [13,14]. Further-

more, distinct HS motifs have been linked to the devel-

opment of several diseases, including the pathology of

Alzheimer’s disease and cancer metastasis [2,6].

The molecular mechanisms by which glycosaminogly-

cans contribute to these biological events are only begin-

ning to be understood. However, many studies suggest

that glycosaminoglycans coordinate complex processes by

regulating the activities of growth factors and other target
Current Opinion in Chemical Biology 2005, 9:609–619
proteins. One of the most studied examples is the binding

of HS to the fibroblast growth factors (FGFs). The FGFs

comprise a large family of growth factors (23 members to

date) and have been shown to have crucial roles in

morphogenesis, development, angiogenesis and wound

healing [15]. They induce the dimerization of FGF

receptor tyrosine kinases (FGFRs), thereby activating

intracellular signaling pathways. Two distinct models

have been proposed to explain the essential contribution

of HS to FGF–FGFR signaling. A crystal structure of the

HS–FGF2–FGFR1 complex obtained by Schlessinger

et al. [8] suggests that two ternary complexes of HS–

FGF–FGFR come together with the non-reducing ends

of each sugar chain facing one another upon activation

(Figure 2a). By contrast, the HS–FGF1–FGFR2 structure

of Pellegrini et al. [16] suggests that a single HS chain

initiates the assembly of two FGF–FGFR complexes

(Figure 2b). Although these models propose distinct roles

for HS in coordinating receptor dimerization, both agree

on the formation of an activated FGF–FGFR–HS com-

plex.

Importantly, the specific sulfation pattern of HS appears

to be crucial for FGF binding and assembly of the

complex. Structural analyses have shown that many of

the interactions between HS and the FGFs involve salt

bridges and hydrogen-bonding contacts between the

sulfate and carboxylate groups of the oligosaccharide with

polar residues of the protein [17]. Optimal van der Waals

contacts and the flexibility of HS chains further enhance

the interaction [18]. Interestingly, none of the residues in

the heparin-binding region, including the polar side

chains, are completely conserved throughout the FGF

family [17]. This raises the intriguing possibility that

variations in HS sequence or sulfation pattern might

specify the binding of particular FGFs, enabling the

selective activation of signaling pathways. Consistent

with this view, biochemical studies have shown that

FGF2 requires 2-O-sulfation but not 6-O-sulfation for

HS binding, whereas FGF10 has the reverse preference,

and FGF1 requires both 2-O-sulfation and 6-O-sulfation

[19]. Distinct sulfation preferences are also exhibited by

the FGFRs; for example, 6-O-sulfation was required for

FGFR2 IIIb but not FGFR1 activation [20]. Unfortu-

nately, the heterogeneity of biochemical HS preparations

has made it difficult to examine specific sulfation

sequences. As discussed below, it is anticipated that

homogeneous oligosaccharide libraries of defined

sequence will provide additional insights into the impor-

tance of the sulfation code. Resolution of the code and

precise activation mechanism will be crucial for under-

standing growth factor signaling, and may reveal common

mechanistic themes utilized by both HS and CS glyco-

saminoglycans.

Recent studies have also uncovered striking roles for

glycosaminoglycans and their sulfation patterns during
www.sciencedirect.com
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Figure 2

Crystallographic models of the FGF–FGFR–HS signaling complex. (a) The crystal structure of an FGF2–FGFR1–heparin complex has a 2:2:2

stoichiometry, with the non-reducing ends of each sugar facing one other [8]. (b) The crystal structure of an FGF1–FGFR2–heparin complex has

a 2:2:1 stoichiometry, with a single sugar chain initiating complex formation [16]. Coloring: FGF (light blue), FGFR (green); heparin is shown in

space-fill representation and colored from the reducing (purple) to the non-reducing (light purple) end. Reproduced from [51] with permission.

Copyright 2001, Elsevier, Ltd.
neuronal development. Axons are guided to their target

locations by diffusible and cell surface-bound cues that

either attract or repel the growing tip of the axon. One

such cue is the chemorepellent protein Slit. Slit repels

axon growth upon binding to specific cell surface recep-

tors. Studies have shown that HS is required for the

interaction of Slit with its receptors. For example,

removal of HS by treatment of cells with heparinase

abolished Slit binding to Robo receptors [21]. Although

the precise sulfation motifs have not been identified, O-

sulfation of HS was found to be crucial for Slit binding to

glypican-1 [22]. In related studies, Bülow and Hobert

[4��] used genetic approaches to probe the role of HS

sulfation in axon guidance. Abolishing the activity of

three HS-modifying enzymes, C-5 epimerase, 2-O-sulfo-

transferase and 6-O-sulfotransferase, in Caenorhabditis ele-
gans revealed that particular neuron types require specific

HS motifs for normal growth. Some axons required all

three modifying enzymes, whereas others required either

C-5 epimerase or 2-O-sulfotransferase activity, and still

other neuron types did not require any of the enzymes.

These studies support the idea that distinct modifications

to HS structure are essential for neuronal development

and may encode instructions that guide neurons to their

proper targets in vivo.

In all, the above studies highlight the importance of

glycosaminoglycan structure in regulating crucial biolo-

gical processes. The molecular diversity of glycosamino-
www.sciencedirect.com
glycans may provide a powerful means to influence

complex signaling pathways in vivo. The spatial and

temporal regulation of HS and CS modifications may

facilitate or inhibit ligand–receptor interactions in a

highly localized manner. With the considerable diversity

that exists in glycosaminoglycan chains, the sulfation

code would represent an elegant means of molecular-

level control. It will be exciting to discover the extent to

which Nature utilizes this potential.

Unlocking the code using chemistry
Deciphering the sulfation code will require the develop-

ment of new strategies for manipulating and evaluating

specific glycosaminoglycan structures. At present, there

are no methods for the rapid identification of biologically

active sulfation motifs. Genetic and biochemical

approaches have established crucial roles for glycosami-

noglycans in particular biological contexts. However,

deletion of a sulfotransferase gene leads to global changes

throughout the carbohydrate chain, making it difficult to

pinpoint the impact of a specific structural motif. Glyco-

saminoglycans have also been isolated from natural

sources but their structural complexity and heterogeneity

are a significant limitation. The presence of multiple

sulfation motifs in biochemical preparations complicates

efforts to attribute a biological function to a specific

sulfation motif. Moreover, studies with purified natural

glycosaminoglycans are biased toward abundant, readily

isolable sequences. As such, it can be difficult to study
Current Opinion in Chemical Biology 2005, 9:609–619
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physiologically important sulfation patterns that are pre-

sent in low cellular abundance.

Chemical approaches provide a powerful solution to these

challenges. Virtually any desired glycosaminoglycan

structure can be generated using synthetic chemistry,

with exquisite control over stereochemistry, length and

pattern of sulfation. Access to homogeneous, well-

characterized structures facilitates the identification of

biologically active sequences and enables systematic

investigations into structure–activity relationships. The

ability to obtain defined glycosaminoglycan structures

and related analogs should also accelerate investigations

into the therapeutic potential of glycosaminoglycans, in

areas such as cancer biology, neurobiology and virology.

Early work demonstrated the potential of chemical synth-

esis to reveal important insights into glycosaminoglycans.

Choay et al. [23] synthesized a key sulfated pentasacchar-

ide that interacts with antithrombin III (ATIII) to inhibit

blood coagulation (Figure 3a). This compound helped to

elucidate the mechanism of heparin anticoagulant activity

of heparin and led to the development of the pentasac-

charide drug ArixtraTM, an effective alternative to low

molecular weight heparin for the treatment of deep vein

thrombosis.

More recently, Angulo et al. [24��] synthesized several

oligosaccharides of varying length and sulfation pattern to

study the influence of HS structure on the activity of

FGF1 (Figure 3b). Hexasaccharide 1 and octasaccharide 2
contain the major sulfation motif found in heparin and are

predicted by molecular modeling and NMR studies to

distribute negatively charged groups on both sides of the

heparin helix. By contrast, hexasaccharide 3, which has a

lower overall negative charge than 1 and 2, orientates the

sulfate groups along one side of the helix. Remarkably,

hexasaccharide 3 was more effective than 1 and equally

effective as 2 and heparin at promoting FGF1-mediated

cell proliferation. Moreover, hexasaccharides 4 and 5,

which possess anionic charge similar to that of 3 but

distribute the sulfate groups along both sides of the helix,

have poor mitogenic activity. These studies show that

subtle changes in the sulfation pattern can modulate the

biological activity of HS, and they lend further support to

the notion that a precise arrangement of sulfate groups

may be required for FGF1 activity.

Historically, studies of glycosaminoglycans have focused

mainly on the HS and heparin class. However, recent

evidence suggests that CS glycosaminoglycans also have

essential roles in biological processes such as neuronal

growth and regeneration. Tully et al. [25��] have reported

the first biological studies using well-defined CS mole-

cules. A tetrasaccharide (6) bearing a specific sulfation

motif, CS-E, was synthesized and shown to stimulate the

outgrowth of embryonic hippocampal neurons (Figure 4).
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For these studies, neurons were grown on CS-coated glass

surfaces to mimic CS proteoglycans on the cell surface or

in the extracellular matrix. Whereas the CS-E tetrasac-

charide promoted neurite outgrowth by 40%, the corre-

sponding disaccharide (7) and the unsulfated CS

tetrasaccharide (8) had no stimulatory activity. These

findings establish that sulfation is required for the

growth-promoting properties of CS and define a tetra-

saccharide as a minimum functional domain. Recently,

our laboratory also has shown that altering the precise

sulfation pattern of the CS tetrasaccharide has a signifi-

cant impact on its biological activity (Gama et al., unpub-

lished data). Together, these studies provide the first

direct demonstration that CS activity can be controlled

at a molecular level through its sulfation patterns. Syn-

thetic CS oligosaccharides are currently being exploited

to elucidate the molecular mechanisms underlying CS-E

activity, including the role of multivalency and the pro-

teins and signaling pathways activated by CS-E.

The ability of synthetic oligosaccharides to recapitulate

the activities of the natural polysaccharides has opened

the possibility of generating simplified analogs that share

the high charge density of glycosaminoglycans and their

ability to modulate proteins. In the case of the heparin–

ATIII interaction, minor perturbations to the carbohy-

drate structure are tolerated. For example, replacement of

the N-sulfonate groups with O-sulfonate groups, methyla-

tion of the free hydroxyls, or introduction of a carbon-

based interglycosidic bond between two residues in the

pentasaccharide preserved or enhanced the affinity of the

pentasaccharide for ATIII [26�,27]. More drastic changes

to the carbohydrate scaffold have also been explored,

including the development of peptides that mimic the

nonsulfated glycosaminoglycan hyaluronan; dextran poly-

mers modified with carboxymethyl and sulfate groups;

polyacrylamide-based polymers; dendritic polyglycerol

sulfate structures; and nonsugar-based, sulfated small

molecules [28–31]. These variants show promise at

mimicking the activities of glycosaminoglycans, although

the selectivity of the molecules toward particular biolo-

gical targets remains to be demonstrated.

Elegant work has been reported by Petitou and van

Boeckel [26�] on heparin-like analogs for the inhibition

of thrombin. In addition to modulating ATIII, heparin

exerts its anticoagulant activity by targeting thrombin.

The mechanism involves bridging thrombin and ATIII in

a ternary complex and requires a minimum of 15 sacchar-

ide units. Studies suggest that heparin attracts thrombin

electrostatically and then guides thrombin to a position

where it complexes with ATIII. Effective inhibitors were

generated by joining the ATIII-binding pentasaccharide

to thrombin-binding oligosaccharides using neutral lin-

kers, including flexible polyethylene glycol or rigid poly-

glucose spacers (Figure 5). In contrast to the highly

specific binding requirements of ATIII, persulfated di-
www.sciencedirect.com
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Figure 3

Synthetic glycosaminoglycans of defined structure. (a) The pentasaccharide synthesized by Choay et al., which selectively recognizes ATIII [23].

(b) Hexasaccharide 3 and octasaccharide 2 are more effective at promoting FGF1-mediated cell proliferation than hexasaccharides 1, 4 and 5.

Hexasaccharide 3 was proposed by molecular modeling studies to display the sulfate groups along one side of the HS helix and thus to stimulate

FGF1 activity [24��].

www.sciencedirect.com Current Opinion in Chemical Biology 2005, 9:609–619
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Figure 4

A synthetic chondroitin sulfate tetrasaccharide bearing a specific sulfation motif, CS-E, stimulates the outgrowth of hippocampal neurons [25��].

(a) Structures of the CS-E tetrasaccharide (6), CS-E disaccharide (7) and unsulfated tetrasaccharide (8) compared in the study.

(b) Immunofluorescence images of neurons after treatment with the indicated compound. The number of neurites emanating from the cell body

was enhanced, and the growth of the major extension was stimulated by 39.3 � 3.6% relative to the poly-DL-ornithine control. In contrast, sulfated

disaccharide 7 and unsulfated tetrasaccharide 8 had no significant effect on neuronal outgrowth. Copyright 2004, The American Chemical Society.
and trisaccharides, oligodeoxythymidine nucleotides or

phosphate monoesters were sufficient to attract thrombin

by mimicking the charge density of heparin [26�,32].

Replacement of the heparin domains with these simpler

mimics prevented nonspecific interactions with platelet

factor 4 and thus may eliminate thrombocytopenia, a

major undesirable side effect of heparin therapy. Impor-

tantly, these studies show that portions of the heparin

backbone can be altered in certain cases, without com-

promising biological activity.

Harnessing the biosynthetic machinery
The ability to create a wide range of chemical architec-

tures has provided key insights into the structural deter-

minants and mechanisms of glycosaminoglycans. Despite

the continued development of new synthetic methodol-

ogies, however, the synthesis of HS and CS oligosacchar-
Current Opinion in Chemical Biology 2005, 9:609–619
ides remains challenging. The chemical complexity of

glycosaminoglycan structures necessitates multiple che-

mical steps and the development of sophisticated pro-

tecting group strategies and stereo- and regiocontrolled

glycosylation reactions. In response to these challenges,

several groups have co-opted enzymes for the biosynth-

esis of glycosaminoglycans.

Kuberan et al. [33��] assembled an ATIII-binding penta-

saccharide in only six steps, using enzymes from the HS

biosynthetic pathway (Figure 6a). These studies built

upon extensive previous work on the cloning, expression

and characterization of various enzymes in the pathway

[34]. A bacterial polysaccharide resembling the unmodi-

fied HS chain was incubated with N-deacetylase–N-sul-

fotransferase 2 (NDST2) and 30-phosphoadenosine 50-
phosphosulfate (PAPS), followed by partial cleavage with
www.sciencedirect.com
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Figure 5

Heparin-like analogues such as 9 were designed to inhibit thrombin by bridging ATIII and thrombin in a ternary complex. Compound 9 joins a

negatively charged ATIII-binding pentasaccharide (ABD, ATIII-binding domain) with a thrombin-binding oligosaccharide (TBD, thrombin-binding

domain) through a neutral polyglucose spacer. The compound displayed potent thrombin inhibition while avoiding interaction with platelet

factor 4. Platelet factor 4 in complex with heparin can be immunogenic and induce thrombocytopenia. Adapted from [26�] with permission.

Copyright 2004, Wiley.
heparitinase to produce hexasaccharide 10. The hexasac-

charide was then sequentially treated with C-5 epimer-

ase, which acts only on GlcA residues flanked by

N-sulfoglucosamine units, and 2-O-sulfotransferase 1

(2-OST1), which preferentially sulfates the IdoA residues

at the reducing end of N-sulfoglucosamine, to give hex-

asaccharide 11. Treatment with 6-OST1 and 6-OST2a

was followed by D4,5-glycuronidase to remove selectively

the terminal unsaturated uronic acid residue. The crucial

3-O-sulfation step was performed in the final reaction

using 3-OST1 to produce the ATIII-binding pentasac-

charide in microgram quantities. In the future, it will be

exciting to examine whether these approaches are scal-

able and can be generalized to other sulfation motifs.

Biosynthetic approaches to sulfated CS oligosaccharides

have yet to be reported, although many enzymes in the

biosynthetic pathway have been cloned and expressed

[34]. Recently, Kitagawa et al. [35] demonstrated an in
vitro polymerization reaction to generate unmodified CS
www.sciencedirect.com
using a recombinant chondroitin synthase enzyme in

conjunction with a chondroitin polymerizing factor pro-

tein. CS chains of �100 units in length were produced on

an analytical scale using a tetrasaccharide acceptor, UDP-

GlcA and UDP-GalNAc sugars. An alternative approach

capitalizes on the ability of hyaluronidases to function in

reverse. Kobayashi et al. [36�] devised a clever strategy

that utilizes disaccharide oxazoline derivatives and com-

mercially available hyaluronidase enzymes to generate

hyaluronan and unmodified CS in milligram quantities

(Figure 6b). The oxazoline is proposed to serve as a

transition state analog and thus is readily recognized

and activated by the enzyme. When an N-acetylchondro-

sine oxazoline derivative is provided as a substrate and

hyaluronidase is used at suboptimal pH (neutral versus

acidic), the enzymatic reaction runs in reverse to generate

CS chains of average molecular weight 2500 in a 35%

yield. Although exploiting biosynthetic enzymes to access

defined glycosaminoglycan structures is still a relatively

young field compared with carbohydrate synthesis, the
Current Opinion in Chemical Biology 2005, 9:609–619



Figure 6

Biosynthesis of (a) an ATIII-binding pentasaccharide [33��] and (b) unmodified chondroitin sulfate of mean molecular weight 2500 [36�].

Current Opinion in Chemical Biology 2005, 9:609–619 www.sciencedirect.com
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approach holds promise for the rapid generation of diverse

structures.

Technology development: analysis and
sequencing of glycosaminoglycans
With growing interest in understanding the fine structure

of glycosaminoglycans, there is an increasing demand for

new technologies to analyze glycosaminoglycans and

study their interactions with proteins. Several excellent

methods to characterize glycosaminoglycan–protein

interactions have been developed, including gel mobility

shift assays [37], filter-binding assays [38,39], isothermal

titration calorimetry (ITC) [40] and surface-plasmon reso-

nance (SPR) [40]. SPR and ITC are most commonly used

for quantitative analyses. Kinetic on–off rates can be

measured using SPR, whereas ITC affords kinetic dis-

sociation constants, thermodynamic parameters and bind-

ing stoichiometry. Gel mobility shift assays have been

particularly valuable for studying the formation of higher-

order protein complexes. For example, the ternary com-

plex of HS, FGF1 and FGFR1 was readily distinguish-

able from HS–FGF1 and HS–FGFR1 binary complexes

based on their relative mobility in native gels [37]. Inter-

estingly, ternary complex formation was induced by oli-

gosaccharides as small as tetrasaccharides, and the molar

ratio of HS in the ternary complex was suggested to be

1:1:1, consistent with the model proposed by Schlessinger

et al. (Figure 2a). Despite numerous methods, high-

throughput approaches for the rapid screening of glyco-

saminoglycan–protein interactions are generally lacking.

In this regard, it is anticipated that recent developments

in small molecule and protein microarrays may provide

effective solutions [41,42].

Advances in mass spectrometry analysis have also enabled

significant developments in the study of glycosaminogly-

cans. The standard method for characterizing glycosami-

noglycans involves chemical or enzymatic digestion of the

polysaccharide chains and HPLC analysis to determine

the percent composition of various sulfated disaccharides

[13]. Unfortunately, the linear sequence of the polysac-

charide is lost in this process. By contrast, matrix-assisted

laser desorption/ionization mass spectrometry (MALDI-

MS) and electrospray ionization mass spectrometry can

provide important structural information on heparin, HS

and CS oligosaccharides, including elemental composi-

tion, molecular weight and sequence information [43–47].

The complex fragmentations that arise upon tandem

mass spectrometry can be used in certain cases to deter-

mine the position of sulfate groups and distinguish

between IdoA and GlcA epimers [44,45].

To date, purified HS oligosaccharide fragments have

been successfully sequenced. One promising methodol-

ogy utilizes exosulfatases and exoglycosidases to remove

specific sulfates and monosaccharides from the non-redu-

cing end of the oligosaccharide [48,49]. The resulting
www.sciencedirect.com
product is then analyzed by polyacrylamide gel electro-

phoresis or HPLC. Using the various exoenzymes, the

glycosaminoglycan sequence can be iteratively read from

the non-reducing end. This approach works for most HS

sulfation sequences and has been applied to purified

decasaccharides. Another approach, called property-

encoded nomenclature-MALDI, involves a combination

of MALDI-MS, compositional analysis and enzymatic or

chemical degradation to deduce the sequence of the HS

oligosaccharide [46,47]. First, MALDI-MS is used to

determine the length and total number of sulfates and

acetates present in the oligosaccharide. Compositional

analysis then establishes the number and type of disac-

charide building blocks. Based on this information, a

computer generates a master list of all possible sequences.

The masses of fragments obtained by enzymatic diges-

tion or chemical degradation are subsequently used to

eliminate sequences from the master list until a unique

solution emerges. The property-encoded nomenclature-

MALDI strategy has been applied successfully to several

purified oligosaccharides and can be integrated with other

analytical methods such as NMR and capillary electro-

phoresis [50].

Conclusions and future directions
A molecular-level understanding of glycosaminoglycans

has begun to emerge, which suggests the importance of

fine structure in controlling the biological properties of

glycosaminoglycans. Future developments in this field

will require well-defined structures to facilitate the iden-

tification of biologically active sequences and investiga-

tions into structure–activity relationships. Synthetic

organic and biosynthetic approaches will be valuable in

this regard, providing access to molecules with defined

stereochemistry, length and patterns of sulfation. In the

future, it should be possible to create libraries of oligosac-

charide structures to enable exploration of the sequence

and functional space of glycosaminoglycans. The identifi-

cation of discrete, biologically active sequences should also

enable the assembly of increasingly complex molecular

architectures, in which crucial features of the natural

polysaccharide, such as multivalency and distance between

active motifs, can be controlled and evaluated. Defined

structures should also allow for the generation of selective

antibodies for monitoring the spatiotemporal expression of

specific sulfation motifs in biological systems. These

efforts, combined with structural and computational stu-

dies of glycosaminoglycan–protein interactions, should

lead to a more comprehensive understanding of the

mechanisms by which glycosaminoglycans contribute to

diverse biological processes. Finally, new technologies for

analyzing glycosaminoglycans and their molecular interac-

tions will continue to have a significant impact on the field.

With the enormous chemical potential of glycosaminogly-

cans, it will be exciting to discover the extent to which the

structure of glycosaminoglycans is used to encode informa-

tion, similar to DNA and the other biopolymers.
Current Opinion in Chemical Biology 2005, 9:609–619
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