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Abstract

Ubiquitously found in the extracellular matrix and attached to the surface of most cells,
glycosaminoglycans (GAGs) mediate many intercellular interactions. Originally described in 1889
as the primary carbohydrate in cartilage and then in 1916 as a coagulation inhibitor from liver,
various GAGs have since been identified as key regulators of normal physiology. GAGs are
critical mediators of differentiation, migration, tissue morphogenesis, and organogenesis during
embryonic development. While GAGs are simple polysaccharide chains, many GAGs acquire a
considerable degree of complexity by extensive modifications involving sulfation and
epimerization. Embryos that lack specific GAG modifying enzymes have distinct developmental
defects, illuminating the importance of GAG complexity. Revealing how these complex molecules
specifically function in the embryo has often required additional approaches, the results of which
suggest that GAG modifications might instructively mediate embryonic development.

1. Introduction

GAGs are long, linear polysaccharides composed of an amino sugar and uronic acid
repeating as a disaccharide unit. Variations in disaccharide identity distinguish four classes
of GAGs: heparan sulfate/heparin (HS), chondroitin sulfate/dermatan sulfate (CS/DS),
keratan sulfate (KS), and hyaluronan (HA, Fig 1A). Additional differences in disaccharide
linkage and modification result in each GAG class assuming a unique macrostructure [1].
While HA is synthesized at the plasma membrane where it is not modified or covalently
attached to a core protein, HS, CS/DS, and KS are covalently linked to core proteins and
modified by sulfation and epimerization during synthesis in the golgi. Together known as
proteoglycans, sulfated GAGs and their attached core proteins are presented on the cell
surface, stored in secretory granules, or secreted into the extracellular matrix.

Structurally diverse GAG chains bind and regulate the activity of a wide range of protein
ligands. In a well-characterized model, HS binds various cell-cell signaling ligands,
regulating both how the cell-cell signaling ligands interact with their receptors and how they
form concentration gradients [2]. Recent evidence suggests that CS/DS can employ similar
roles as well [3, 4]. Furthermore, distinct classes of GAGs can regulate how ligands function
in different ways. For instance, all sulfated GAGs interact with collagens and mediate matrix
organization: KS increases collagen spacing to aid in light transmission through the cornea
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[5], CS/DS decreases collagen fibril size to increase the tensile strength of skin [6], and HS
remodels collagen matrices to facilitate migration [7]. Modifications on particular GAG
chains add an additional level of control as embryos that lack specific GAG modifying
enzymes often closely resemble others in which specific developmental signaling pathways
have been blocked [8]. While these observations suggest that distinct GAG modifications
might provide an extracellular code that helps direct development [8], demonstrating clear
structure—function relationships has proven elusive.

A paradigm for GAG binding specificity is the interaction between antithrombin and a
distinct HS pentasaccharide, a target for most heparin-related drugs [9]. Among other
modifications, a specific 3- O sulfation dramatically increases the affinity of HS/heparin for
antithrombin yet can be dispensable for antithrombin activation [10]. The connection
between antithrombin-GAG binding and function is important clinically as a number of
patient deaths were associated with heparin doses found to be contaminated with
chemically-oversulfated CS [11], a GAG that can bind antithrombin but cannot stimulate
antithrombin-mediated coagulation [12]. Similarly, multiple HS modifications can mediate
FGF binding to HS, but specific HS modifications appear to be required to form a functional
signaling complex [13]. Thus, GAG modifications that mediate ligand binding can be
separated from those that mediate ligand activity. To identify GAG modifications that
mediate ligand activity, multiple labs are analyzing the developing embryo which, as Viktor
Hamburger suggested, may be “the only teacher who is always right” [14]. This review
examines four systems where genetic loss of multiple modifying enzymes results in
overlapping phenotypes. A recurring theme emerges: Distinct phenotypes are observed
when the phenotype can be analyzed as several traits, suggesting that GAG classes and even
specific GAG modifications do not appear to be functionally redundant but complement
each other.

2. GAG bhiosynthesis of diverse structures

2.1. Searching for a relationship between GAG fine structures and ligand binding

GAG biosynthesis consists of several polymerization and modification steps (see
Supplemental for overview of biosynthesis with enzyme descriptions). The structural
variability of sulfated GAG chains is generated by multiple modifying enzymes that
expanded in number during early vertebrate evolution (Fig 1B). Sulfated GAGs are thus
endowed with an impressive diversity of possible disaccharides: 4 KS disaccharides, 16 CS/
DS and 48 HS. However, the observed diversity is less than what is theoretically possible as
only two-thirds of the HS disaccharides have been identified and homopolymeric repeats
tend to predominate, particularly in KS and CS/DS. Synthesis is not template-driven,
enzyme reactions do not go to completion, and substrate specificity is generally imprecise,
creating heterogeneous chains with unique sulfation patterns that are challenging to
characterize. The most common GAG analysis approach is to depolymerize the GAG chain
and quantitate the disaccharides, akin to reading a sentence from a list of letters. This
technique has revealed that disaccharide content differs between model organisms, between
organs, and during different stages of development [15-18]. Curiously, no new
disaccharides were observed in vertebrates that might be predicted with the significant
increase in the number of modifying enzymes [16]. Since ligand binding sites typically
range from a trisaccharide to a dodecasaccharide [19], disaccharide analysis might mask
important patterns of sulfation. Commonly referred to as GAG fine structure, antibodies and
comparable approaches have revealed that disaccharides in KS, CS\DS, and HS GAG chains
are organized into domains, that domains have distinct ligand-binding sites, and that these
epitopes vary between cell types [20-22].
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Little is known about the mechanisms regulating the biosynthesis of GAG fine structure.
There is evidence that substrate availability can have a role [23, 24], but GAG classes appear
to be affected differently [25, 26]. In early Drosophila development, protein translation of
HS biosynthetic enzymes is temporally controlled through internal ribosome entry sites, a
mechanism that appears to be conserved in vertebrates and possibly CS biosynthesis as well
[27-29]. Esko and Selleck suggested in a 2002 review that biosynthetic enzymes might form
physical complexes or GAGosomes, whereby different golgi complexes would synthesize
distinct GAG domains [30]. Physical association between enzymes has been demonstrated
between Gpce and Hs2st1 [31] as well as between Ext2 and Ndst1 [32]. The later work also
demonstrated that the level of Extl and Ext2 expression affected the amount of active Ndst1
in the cell, which consequently influenced HS structure. Further support for the GAGosome
model also came from Kuberan and colleagues who synthesized an array of xylosides and
found that the xylosides could initiate synthesis of GAG chains with distinct fine structures
[33]. Defining how these xylosides affect developmental pathways might better define
whether GAGosomes and GAG fine structure are functionally important.

The majority of GAG-binding proteins interact with single or multiple sulfated domains, and
protein binding to HS appears to fall into two types: specific interactions with rare
modifications and less-specific interactions with common modifications [34, 35]. The rare
HS 3-O-sulfation is specifically required by antithrombin in coagulation, herpes simplex gD
glycoprotein in viral invasion, and Notch in Drosophila neurogenesis [36, 37]. Similarly,
two rare DS disaccharides, 1doA2S-GalNAc4S and IdoA-GalNACc4S,6S, can mediate
binding and activation of heparin cofactor Il in coagulation [38—40]. These examples of
specific binding are more the exception than the rule: hepatocyte growth factor, most FGF
ligands, and numerous other proteins bind both HS and CS/DS [41] [35, 42]. Recent
proteomic analysis suggests that KS can bind many of these same factors [43]. Hence,
biochemical and histochemical analyses suggest that fine structures exist, but ligand binding
assays indicate that it is generally not utilized.

So why have a fine structure? Analysis of transcription factor binding to DNA might lend
some insight as a model for GAG binding, since evidence indicates that low affinity
transcription factor binding sites are functionally important [44]. Using comprehensive
protein binding microarray data with genomic analysis, 41 of the 104 transcription factors
examined have distinct secondary DNA binding site motifs which were just as
evolutionarily conserved as the primary binding sites [45]. Moreover, dramatic changes in
binding affinity of six transcription factors between Drosophila species only weakly
correlated with changes in function [46]. These results demonstrate that the spatial proximity
of transcription factor binding sites to each other and the transcription start site are more
critical than actual affinity. An analogy might be made to GAGs: Highly sulfate domains in
HS are often longer at the non-reducing end and may be important in FGF signaling [47,
48]. Additionally, binding sites for a ligand and its receptor might need to be in close
proximity on a single chain [49], or the GAG might need to be expressed on a particular
core protein [50]. An alternative model is that GAGs are not merely a binding scaffold, as
the catalytic role of HS in fibronectin fibrillogenesis suggests [51, 52]. Further detailed
analysis of mutant embryos should help clarify how GAGs are functioning.

2.2. Diverse core proteins aid in mediating function

The core proteins to which sulfated GAGs are attached dictate GAG location and, in part,
their function. At least 11 KS, 30 CS/DS, and 15 HS proteoglycans have been identified in
vertebrates. Multiple GAG classes can be simultaneously attached to some core proteins,
such as HS, CS and KS can attach to Perlecan [53]. Other core proteins support distinct
GAG chains depending on the tissue in which it is expressed. For example, Serglycin is
extensively modified by the oversulfated HS heparin in mast cells from connective tissue
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while mast cells from mucosa and lung have CS attached [54]. The amino acid diversity of
core proteins has made it challenging to identify homologs in lower vertebrates and
invertebrates; but a proteomics approach using C. elegans identified 9 secreted CS
proteoglycans that have no homology to vertebrate CS proteoglycans, suggesting that core
proteins have evolved to serve roles that are distinct to the organism [29].

Some core protein functions are restricted to a specific core protein, such as the ability to
directly bind the same ligand as the GAG or bind a receptor that might mediate the function
of the ligand [55]. More generally, core proteins serve to concentrate and localize the GAG
chains. Multiple GAG attachment sites are clustered as serine-glycine repeats on CS and HS
core proteins [56], and some core proteins can support a significant number of GAGs
(Aggrecan contains about 100 CS and 60 KS attachment sites). Multivalent GAGs usually
serve to enhance the action of a single chain, but there are examples where multiple sites are
required for function, as in the ability of syndecan-4to regulate cell migration [57].
Similarly, the Drosophila Glypican Dally-like protein (DIp) can stimulate Wnt signaling at
low levels while inhibiting it at higher levels, emphasizing that the amount of the core
protein can be critical to how it functions [58].

Location appears to be a critical element for how the Glypicans Dlp and Dally regulate
Hedgehog signaling [59]. DIp and Dally are glycophosphatidylinositol (GPI)-linked to the
apical surface of the wing imaginal disc epithelium, but their paths diverge from there. DIp
is rapidly endocytosed with Hedgehog and its receptor Patched, cell-autonomously
mediating Hedgehog signal transduction [60]. In contrast, Dally binds Hedgehog at the
apical surface but is shed by the GPI-hydrolyase Notum, mediating long-range hedgehog
signaling [61]. The mechanism by which these closely-related core proteins are recognized
for discrete trafficking remains to be determined. Nevertheless, both DIp and Dally can be
blocked by transmembrane versions of these GPI proteins, raising the possibility that
trafficking is governed by interactions that occur within lipid rafts. In mice, Glypican-1 also
localizes to lipid rafts during myogenesis, sequestering fibroblast growth factor 2 (FGF2)
away from the transmembrane proteoglycans [62]. FGF-signaling is thus decreased and
myoblast differentiation is promoted, further emphasizing that subcellular localization is a
recurring mechanism for mediating proteoglycan function. Hence, most core proteins have
distinct functions during development.

3. GAGs have complementary roles in embryonic development and
homeostasis

C. elegans and mice that lack CS die in early development as they fail to undergo
cytokinesis [63, 64]. HS-deficient C. elegans and mice arrest during gastrulation [65, 66].
Has2-/-) mice lack HA and die during mid-gestation with severe cardiac and vascular
defects [67]. Clearly, GAGs are required for normal embryogenesis. To begin to assess how
specific GAG modifications mediate development, examples are reviewed where several
modifying enzymes appear to have overlapping roles in four systems. When detailed
phenotypes of each of these systems is carefully dissected, specific GAG modifications
repeatedly have distinct, complementary roles.

3.1 Branching morphogenesis

FGFs require HS for high affinity binding to their receptors and subsequent signaling, a
finding that established a basis for understanding how GAGs function [68, 69]. These initial
cell culture observations have since been supported by results from HS-deficient mice,
zebrafish, and Drosophila[7, 70, 71]. FGF-mediated branching of epithelia in different
tissues is particularly sensitive to the loss of HS. In the budding Drosophilatrachea, HS is
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not essential for the secretion and distribution of the FGF ligand, but does regulate FGF
signaling in the receiving cells as a co-receptor [72]. To elucidate how specific HS
modifications might regulate FGF signaling, trachea were analyzed in Hs2stor Hs6st mutant
embryos, but no phenotype was observed [73]. Biochemical analysis of the mutant embryos
revealed that 2- O sulfation was increased in Hs6st mutants and 6- O sulfation was increased
in Hs2st mutants, suggesting that increasing sulfation at one position could compensate for
the loss at a different position. In Hs2st- Hsést double mutants, tracheal branching
morphogenesis was severely disrupted, thus supporting a model that overall charge density
is sufficient to mediate FGF signal reception in some developmental contexts.

FGF10 is required for branching morphogenesis in multiple vertebrate tissues [74]. Using
chemically-defined derivates of HS, Hoffman and colleagues reported that FGF10-induced
elongation of submandibular explants required 6- O-sulfation [75]. In contrast, end bud
branching of the explants required 2- O sulfation together with either an A-or 6- O-sulfate.
The results suggest that different HS modifications mediate two distinct aspects of
branching morphogenesis, a model that is supported by experiments with Hs2stand Nd'st1
mutant mice [76, 77]. In explants from AHsZst mutant mice, branching of the uteric bud
occurred normally, but kidney morphogenesis failed as the epithelia could not respond to
terminal differentiation cues [76]. Similarly, NdstZ-null mammary epithelia undergo initial
branching morphogenesis, but milk production failed due to defects in lobuloalveolar
expansion [77]. Both of these phenotypes arise from cell-autonomous defects in HS,
supporting results from Drosophila work suggesting that HS mediates FGF signal reception
at the epithelial cell surface. To better understand how FGF10 functions, the HS-binding site
in FGF10 was mutated to resemble that of FGF7, a ligand that binds poorly to HS [78].
Lacrimal and submandibular explants treated with the FGF10-HS-binding mutant only
branched and failed to elongate, similar to FGF7-treated explants. In contrast, when the FGF
receptor binding site in FGF10 was mutated, there was a reduction in the extent of explant
elongation, but not in the type of response. Notably, the profile of genes expressed in
submandibular explants that were induced by the FGF10-HS-binding mutant resembled that
of FGF7. Taken together, these data suggest that interactions with HS mediate how FGF10
forms a morphogen gradient, independently from its interaction with the FGF receptor.
Knock-in replacement of the endogenous genes with FGF10 mutant version will help further
clarify the mechanism.

3.2 Stem cells

Sonic Hedgehog (Shh) has two general activities during development; it stimulates stem cell
proliferation and patterns multiple tissues, including the limbs and central nervous system.
To characterize how vertebrate Hedgehog signaling is mediated by its interaction with
GAGs, shhwas replaced in mice with a mutant that has minimal interactions with GAGs but
normal receptor binding [79]. Unexpectedly, limb and central nervous system patterning was
normal in mutant mice while sA/-induced proliferation was defective. Analysis of stem cells
from neuronal mitogenic niches indicated that g/i2 signaling was defective, leading to a
selective increase in the expression of genes associated with proliferation. Similarly, the
Glypicans Dally and DIp are required for maintaining the female and male germline stem
cell niche, respectively [80, 81]. Which GAGs regulate stem cell proliferation is unclear, but
HS and CS both appear to have roles in mediating stem cell differentiation. Embryonic stem
cells (ESCs) deficient in HS from either Ext1(~/-) or Ndst1/X—/-) null mice fail to
differentiate [82, 83]. Two sets of experiments suggest that distinct GAG modifications
regulate stem cell differentiation. ESCs expressing a specific HS epitope have increased
potential to differentiate into hematopoietic cells [84]. Likewise, a unique CS epitope
defines a population of multipotent neural progenitors in developing and adult mice [85].
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Further analysis of ESCs from various mutant mice should help elucidate how the loss of
specific modifying enzymes affects the developmental potential of ESCs.

3.3 Axon pathfinding

Work from several labs has demonstrated that distinct GAG modifications stimulate or
inhibit neuron migration while yet other GAG modifications can actively direct axon
pathfinding. Hsieh-Wilson and colleagues synthesized a series of homogeneous CS
tetrasaccharides that differ in their sulfation positions [86]. Tetrasaccharides bearing a
distinct GIcA-GalNACc4S6S repeat (CSE) were found to stimulate the outgrowth of various
neuron types in cell culture while other closely related tetrasaccharides like GIcA-
GalNACc4S that are found prominently in the brain had no effect. The CSE activity was
directly associated with the binding of growth factors. Inhibiting growth factor-CSE
interaction blocks the stimulatory effect on neurite outgrowth. These observations correlate
well with experiments in mouse embryos: Migration of cortical neurons is disrupted when
the enzyme responsible for synthesizing CSE, Chst15, is reduced [87]. When another CS-
modifying enzyme, Chst14, is targeted, a comparable disruption is not observed. Knocking-
down a different CS-modifying enzyme, Chst11, disrupts motor axon migration during
zebrafish development [88].

Paradoxically, CS can also inhibit neuronal migration. After injury to the adult central
nervous system, glial scar tissue rich in CS accumulates around the wound site, forming a
barrier to axonal regeneration [89]. Enzymatically digesting the CS/DS chains in the lesion
promotes the regeneration of neurons in the spinal cord [90], and CS/DS has since been the
focus of several clinical approaches [91]. Nonetheless, Chst2(—/-) mice that are defective in
KS in the central nervous system showed improved recovery of motor function following
spinal cord injury [92]. ChstX—/-) mice also had reduced glial scars and improved axon
growth, and /n vitro explants suggested that CS and KS can functionally overlap in this
general activity.

HS can also mediate migration of vertebrate neurons, despite the increased cellular
complexity and redundancy of HS-modifying enzymes. Migration defects in retinal ganglion
cells (RGCs) and longitudinal neurons are found in three distinct zebrafish mutants that are
all deficient in HS biosynthesis [93] [94]. £xtZ(-/-) mice have markedly disorganized
neurons throughout the brain [95], while mice that are mutant for two HS modifying
enzymes have distinct learning and motor defects [96]. Analysis of RGCs in Hs2sf{-/-) and
Hs6st1(—/-) mice revealed that they have different axon pathfinding defects: Hs2sH(-/-)
RGCs are disorganized around the optic chiasm while Hs6st1(-/-) RGCs cross the chiasm
normally but have abnormal project to the eye [97]. Furthermore, only axons from Hs6st1(-/
-) mice had a decreased sensitivity to Slit2, suggesting that different HS modifications
mediate how vertebrate RGCs respond to distinct migratory cues.

CS and HS can cooperatively, yet distinctly, regulate axon guidance [98]. In Drosophila, CS
attached to the transmembrane proteoglycan Syndecan is required for axon migration across
the ventral midline by specifically regulating Slit signal reception in the axon. In contrast,
the Glypican Dlp to which HS is attached mediates axon guidance cell non-autonomously,
possibly regulating the transport of Slit from the secreting ventral midline cells to the
receiving axons. Bulow and colleagues used genetic approaches in C. elegansto
demonstrate that specific neuronal subtypes require different combinations of HS-modifying
enzymes: Some neurons require Glce, Hs2st, and Hsé6st for proper axon guidance, other
neurons require only the Glceand HsZst, while still others do not require any HS modifying
enzymes [99]. By combining mutants with targeted misexpression, specific neuronal
subtypes were redirected, demonstrating that specific HS modifications are both necessary
and sufficient to direct axon migration. Because of their detailed perturbations and analyses,

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kramer

Page 7

Bulow and colleagues concluded that distinct combinations of HS modifications can instruct
axon guidance. This important distinction between permissive and instructive implies that
GAGs may have a more active role in directing development and should be rigorously
defined in other systems.

3.4 Cardiovascular system

During heart development, endocardial cells normally migrate and differentiate into a
functional valve, a process that is under the control of multiple GAGs. HA, CS/DS, and HS
are all likely to be affected in the zebrafish mutant jeky//, which is defective of the enzyme
responsible for UDP-GIcA synthesis [100]. Has2(—-/-) mice have a strikingly similar
phenotype, and transformation of endothelial cells into migratory mesenchymal cells was
rescued in HasZX—/-) explants by exogenous HA [101]. HS appears to have a somewhat
distinct role through its high affinity for HB-EGF, as replacing HB-EGF in mice with a
mutant that has minimal interactions with GAGs but normal receptor binding develop
enlarged cardiac valves [102]. CS also mediates atrioventricular valve formation as
knockdown of CHSYZ or a small molecule inhibitor of CS synthesis in zebrafish results in
similar defects [103]. The role of CS in heart development is supported as atrial septal and
ventricular septal defects are associated with humans that carry mutations in Chst14 and
Chst3, respectively [104, 105]. Microinjecting HS derivatives into the chick heart field
suggests that A- and 6- O-sulfation are distinctly involved in heart looping [106], but these
studies have not been corroborated by genetic analyses. These results taken together suggest
that GAG classes have complementary roles in heart development.

Studies into how GAGs regulate angiogenesis and vasculogenesis tend to focus on the
ability of HS to regulate the bioactivity of VEGF165, a critical angiogenic factor.
Angiogenesis is blocked by peptides derived from the HS binding site in VEGF165 and
small molecules that inhibit VEGF165-binding to HS [107, 108]. /n vitro binding studies
demonstrated that 6- O sulfation appeared to be particularly important [109]. Blocking the
expression of Hs6st-2but not Hsést-1 in zebrafish embryos decreased vascular branching;
Hs6st-1(—/-) mice have vascular defects and die at birth [110, 111]. Vasculogenesis was
also impaired in NDST1-deficient zebrafish, and VEGF165 fails to induce vessel formation
in Ndst1/2-1-) embryoid bodies [112, 113]. While loss of Ndst1 disrupts both A~ and -
sulfation, the removal of 6- O-sulfation by the sulfatase Sulf2 abolishes the ability of HS to
bind VEGF165, supporting a model where 6- O-sulfation of HS is a key mediator of
VEGF165 function and, consequently, vascular development [114, 115].

4. Conclusions and challenges

Robust phenotypes are readily observed when an entire class of GAGs is blocked, but
studying changes in fine structure requires analysis with fine resolution. Detailed dissection
of phenotypes from GAG modifying enzymes frequently reveals that developmental
decisions require specific GAG modifications. Yet examples still arise when several GAG
structures functionally overlap. At present, the developing embryo appears to use both
redundant and specific GAG maodifications, the preponderance of which still needs to be
determined.

Further characterizing how specific GAG modifications mediate development will be aided
by finer perturbations and finer analyses. Mutating GAG binding sites in ligands will
continue to help define how their interactions with GAGs mediate their function. So too will
substrate-specific inhibitors and/or mutations in modifying enzymes that limit or change
substrate specificity. Sulfotransferase mutants with distinct substrate specificity are certainly
of value in synthesizing unique GAGs using microfluidic chips or related technologies [116,
117], but replacing endogenous sulfotransferases with substrate-restricted mutants also
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might help unravel the role of specific HS epitopes. A systems approach will be better
realized once a better understanding of what the GAG fine structure looks like and how it is
generated. Arrays of defined GAGs synthesized from modular building blocks or naturally
diverse libraries will certainly help refine the understanding of GAG-binding specificity
[118, 119], but careful /n vivo analysis will still be required [120]. An array of specific
antibodies to complement the GAG array might seem farfetched, but so did the initial
60+step synthesis of the antithrombin-binding pentasaccharide that changed perspectives on
what is required for specific GAG binding [121]. Thus, it is likely through combined
advances in numerous disciplines that that we might better understand GAGs complexity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Interrelated biosynthesis of GAG classesyields similar yet distinct structures

(A) GAGs are classified based on their disaccharide building blocks. Potentially modified
positions are highlighted in red. (B) Numerous enzymes catalyze GAG elongation and
modification. Families of enzymes involved in each step are listed with the number of
homologs from humans-H compared to four models organisms: mouse-M, zebrafish-Z,
Drosophila -D, and C elegans-E. Saccharides that link KS to core proteins are quite diverse
and simplified here for clarity. Descriptions of each gene family along with specific gene
IDs are in the Supplemental. (C) GAGs adopt distinct helical conformations. Illustrations
were generated using Chem3D Pro with the pdb files 2BVK (HA), 2KQO (CS), and 1HPN
(Heparin).

*Saccharides and modifications are abbreviated using the following nomenclature: GIuA, B-
D-glucuronic acid; GIcNAc, a/p-D-glucosamine; GalNAc, pB-D-galactosamine; Gal, p-D-
galactose I1doA, a-L-iduronic acid; NAc, N-acetylation; SO,4~, sulfate. Specific
disaccharides are condensed. For example, the disaccharide containing glucuronic acid
linked to a 4-Oand 6- O sulfated galactosamine is represented by GlcA-GalNAc4S, 6S.
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