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Evolution of glycosaminoglycans
Comparative biochemical study
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Glycosaminoglycans, a major component of the extracellular
matrix molecules in animal tissues, play important roles in
various physiological events. Glycosaminoglycans are found in
not only vertebrates but also many invertebrates, implying a
conserved function in the animal kingdom. Here, we discuss
the analysis of glycosaminoglycans in 11 invertebrate phyla
focusing on structure as well as physiological functions
elucidated in model organisms. Various sulfated structures
of heparan sulfate are widely distributed from very primitive
organisms to humans, indicating an involvement in
fundamental biological processes. By contrast, chondroitin/
dermatan sulfate from lower organisms is limited in its
structural complexity and often associated with a particular
function.The presence of hyaluronic acid outside of vertebrates
has been reported only in a mollusk.

Glycosaminoglycans (GAGs) are complex polysaccharides with
important roles in cell growth, differentiation, morphogenesis,
cell migration and bacterial/viral infections.'"” Major GAGs in
vertebrates include heparin (Hep)/heparan sulfate (HS), chon-
droitin sulfate (CS)/dermatan sulfate (DS) and hyaluronic acid
(HA). These GAG chains are composed of alternating units
of an amino sugar, either N-acetyl-D-glucosamine (GIcNAc)
or N-acetyl-D-galactosamine (GalNAc) and a hexuronic acid
(HexA), either glucuronic acid (GlcA) or iduronic acid (IdoA).
Although the polysaccharide backbones of GAGs are simple,
repetitive linear chains, Hep/HS and CS/DS acquire a consid-
erable degree of structural variability by extensive modifications
involving sulfation and uronate epimerization (Fig. 1), which are
the basis for the wide variety of domain structures with biological
activities.

The presence of GAGs in various invertebrates as well as ver-
tebrates has been well documented. Conversely, GAGs have never
been reported in plants. Some bacterial strains synthesize poly-
saccharides with the same backbone structure as GAGs; however,
these GAG-like polysaccharides are not attached to core proteins
and are produced on the inner surface of the cytoplasmic mem-
brane.® Thus, the origin of the bacterial polysaccharides is most
likely different from that of the GAGs in metazoans.
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Many reports have revealed the structural diversity in verte-
brate GAGs. From fish and amphibians to mammals, the structure
of vertebrate GAGs is extremely heterogeneous.>”'* The biosyn-
thesis of structurally complex GAGs is regulated and the diverse
sulfation patterns are formed in an organ- and tissue-specific as
well as temporally specific manner during growth and develop-
ment.®"® Mutational defects in most genes of GAG-biosynthetic

enzymes in vertebrates lead to severe consequences,"'

indicating
that the expression of specific sulfated structures in GAGs plays
an important role in life.

In the 1970s, Dietrich et al. performed the first systematic
study on the distribution of GAGs in all classes of invertebrates.”
However, it was difficult to quantitate GAGs or determine their
disaccharide composition using analytical techniques of the time,
and the saccharide structure of invertebrate GAGs had not been
completely confirmed to be similar to that of vertebrate GAGs.
Notably, nonsulfated chondroitin (Chn) and HA were almost
indistinguishable, since the sugar stereo configuration, the sub-
stitution pattern of the backbone hydroxy groups and glyco-
sidic linkages are identical between them. The only difference
in structure between Chn and HA is the configuration at the
C4-position of the hexosamine residue. Even the enzymes used
for the depolymerization of these GAGs including CS lyases as
well as testicular hyaluronidase act on both Chn/CS and HA.

Recently, sensitive microanalytical methods using fluores-
cent tagging and HPLC'®" or capillary electrophoresis'®! have
been established and applied to the quantitative analysis of GAG
disaccharides at low picomole levels. These methods can separate
the enzyme digest of HA from that of Chn. The distribution of
various types of GAGs has been elucidated in not only vertebrates
but also invertebrates, from Platyhelminthes to Insecta. A wide
variety of biological functions of GAGs have also been indicated
(Fig. 2). Here we review the analysis of GAGs in 11 invertebrate
phyla focusing on structure as well as physiological functions elu-
cidated in model organisms (Table 1 and 2).

Acidic Glycans in Porifera (no GAGs)

Marine sponges belong to the most basal metazoans.
Investigations of GAGs in Porifera have proved the presence of
acidic glycans, which mediate cellular interaction through mul-
tivalent carbohydrate-carbohydrate binding.?>?' This unique cell
recognition system has been well studied,?* and the acidic gly-
cans were found to have a novel structure distinct from known
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CS DS GAGs in Cnidaria (CS and HS)
COOH CH20Rz CH,0R; Hydra is the most basal animal reported
to contain GAGs. A considerable amount
O RO 0 O R0 0 of CS and three orders of magnitude less
OR %ﬂOH o HS were found in Hydra magnipapillata.”
4 o ] o Neither DS nor HA has been detected.
The nematode Caenorhabditis elegans con-
tains only nonsulfated Chn chains (see
| OR; NHAc B B OR; NHAc | “GAGs in Nematoda”), and CS chains of
[-4GIcAB1-3GalNACB1-] [-4ldoAai-3GalNAC1-] the fruit fly Drosophila melanogaster are
nonsulfated or sulfated predominantly at
the C4-position of GalNAc residues (see
HS HA “GAGs in Hexapoda”) as shown below.
— — Since D. melanogaster and C. elegans are
OOH considered higher forms of life, H. magni-
o papillata had been expected to have no CS
COOH CH,OH chains or only nonsulfated Chn chains.
ORs H20R, o However, Hydra CS turned out to be
o 0 more heterogeneous in terms of sulfation
OR,s OH o o than C. elegans .Chn.and D. ;"nelanp(')gas—
O_{ OR | ter CS. H. magnipapillata HS is modified
or 4 0 HO by diverse sulfation including GleN (2-/V-
0 sulfate), GIcN(6-O-sulfate) and HexA(2-
SEOH NHR, | OH NHAc n Q—S}llfgte) as founc'l in vertebrates,?
[-4GIcAB1-3GICNACR1-] indicating that' t}'le highly sulfate.d struc-
tural characteristics of HS are maintained
L OR; | throughout evolution.
[-4GICARIdoAx1-4GIcNal-] Re.cently, we have demonstrat'ed an
essential role for proteoglycans in the
tubulation of the cnidarian nematocyst
Figure 1. The backbone structure of GAGs. CS or DS is composed of alternating disaccharide units vesicle.”® Nematocysts are the character-
of GlcA or IdoA and GalNAc, respectively. R, R, R, R,=-Hor-SO,H. Modification with 3-D-glucose istic Stinging organelles of the phylum
at thg R, position has been found in squid CS. The presence of the a—L—fucosg branch at the R, Cnidaria, involved in prey capture, defense
position has been reported in the CS preparations from sea cucumber and king crab. HS is com- . .
posed of alternating disaccharide units of GlcA or IdoA and GlcN. R, =-COCH, or-SOH; R, R,, R, R, anFI locom.otlon. The morphogene'sw . of
=-H or -SO,H. Recently, sulfation at the R, position was discovered in a bivalve HS.” HA is a linear this extrusive organelle takes place inside
polymer composed of GlcA and GIcNAc. a giant post-Golgi vesicle, which topologi-

GAGs. To date, the classical GAGs, Hep/HS, CS/DS, Chn and

HA, have not been found in Porifera.
GAGs in Platyhelminthes (CS and HS)

Planariansare an excellent model for studying the processes of regen-
eration. Autoradiography indicated the synthesis and deposition of
GAGs in the basal lamina of the regenerating planarian in 1980.
However, due to a lack of analytical techniques to characterize the
structure of the compounds, the presence of GAGs was not suf-
ficiently demonstrated and no characterization was accomplished.
Our preliminary structural analysis of planarian GAGs indicated
that planarians synthesize HS with diverse sulfation patterns as well
as CS composed mostly of 4-O-sulfated GalNAc-containing disac-
charide units, followed by 6-O-sulfated and nonsulfated GalNAc-
containing disaccharide units (Li F, Sengottuvelan M, Nandini CD
and Sugahara K, unpublished data).
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cally represents the extracellular space.
This process includes the formation of a
complex collagenous capsule structure that elongates into a long
tubule, which invaginates after its completion. We have shown
that a nonsulfated Chn appears as a scaffold early in the mor-
phogenesis of all nematocyst types in Hydra and Nematostella.
Although CS isolated from whole hydra tissue was analyzed
and found to contain nonsulfated as well as 4-O-sulfated and
6-O-sulfated GalNAc residues, only an unusual nonsulfated
form of Chn could be detected in nematocysts, indicating that
sulfated forms are present in the cellular tissue but not in nemato-
cysts and that nonsulfated Chn plays a specific and indispensable
role during nematocyst development.

HS could also be detected in the starlet sea anemone
Nematostella vectensis.”” It was demonstrated that members of
the enzyme families necessary for the biosynthesis and modifica-
tion of HS are present in Nematostella. In addition, biochemi-
cal analysis showed that the sulfation pattern of HS chains in
Nematostella is unique and distinct from that in vertebrates.
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Figure 2. Distribution of GAGs in the animal kingdom.
GAGs in Nematoda (Chn and HS)

A considerable amount of nonsulfated Chn as well as a far less
yet appreciable amount of HS were found in adult worms of
C. elegans.*® However, neither HA nor DS has been detected.
'"H NMR spectroscopic analysis confirmed the fine structure of
Chn to be distinct from that of HA.

The putative genes encoding a few HS glycosyltransferases as
well as several HS sulfotransferases have been identified in the
C. elegans genome, consistent with the observation that the exist-
ing HS is extensively sulfated.?* Homologous genes of human and
murine hyaluronan synthase as well as hyaluronidase are found
in the C. elegans genome despite that C. elegans does not synthe-
size HA. Homologues of hyaluronan synthase may be associated
with chitin synthesis as assumed from its homology to chitin syn-
thase. The gene homologous to human hyaluronidase encodes
a Chn-specific hydrolase, which does not depolymerize HA.?*%

The indispensable role of Chn in C. elegans has been well
characterized.*% Chn, accounting for approximately 0.2% of
dried nematodes, is crucial for both cytokinesis and morphogen-
esis during the development of C. elegans. The blocking of Chn
synthesis with RNAI of a biosynthetic enzyme or by treatment
with CS lyase, results in cytokinetic defects in early embryo-
genesis. Cytokinesis of the Chn-depleted embryos reverses and
eventually cell division stops after the oscillation of cytokinesis
and cell division, leading to early embryonic death. Mutations
in the genes involved in the biosynthesis of GAGs in C. elegans
have also been well investigated. A group of mutants with defects
in vulval organogenesis, called squashed vulva or sgv, have been
established. Most of the eight sgv genes mediate the biosynthesis
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Vertebrata
(human, mouse, zebrafish)

(CS, DS, HS, HA,
keratan sulfate)

(horseshoe crab, spider)

Tunicata (ascidian)
(CS, DS, HS)

Echinodermata
(sea urchin, sea cucumber)

(CS, DS, HS)

Coelenterata (hydra)
(CS, HS)

Porifera (sponge)
(no GAG)

of GAG chains.* Defective GAG formation caused by the muta-
tions leads to a collapse of the vulval structure in C. elegans.

GAGs in Echinodermata (CS, DS and HS)

The structure and function of GAGs in sea urchin embryos
have been characterized. CS/DS proteoglycans in the sea urchin
embryo play an indispensable role in migration the of primary
mesenchyme cells, according to observations following treatment
with CS lyase or exposure to exogenous 3-D-xyloside.”> GAGs
synthesized by embryos of the sea urchin Strongylocentrotus pur-
puratus contain a large amount of DS at the mesenchyme blastula-
early gastrula stage.’® The number of 4-O- and 6-O-disulfated
GalNAc units in the DS is high, and chain length is consider-
ably longer than that of vertebrate DS. Although adult sea urchin
tissues also contain high concentrations of sulfated polysac-
charides, DS is restricted to the body wall and its sulfation at
the C4-position decreases markedly. The presence of HS in sea
urchin embryos was demonstrated in 1982 based on sensitivity
toward HS lyases.”” However, its disaccharide composition has
not been determined. Recently, the sea urchin (Hemicentrotus
pulcherrimus) homolog of Sulf, a HS 6-O-endosulfatase, has
been demonstrated to be involved in the regulation of vascular
endothelial growth factor signaling and necessary for the early
developmental process.®® These reports suggest the important
functions of both DS and HS during sea urchin development.
CS from the body wall of the sea cucumber Ludwigothurea gri-
seahasaunique structural feature. It contains disaccharide unitsin
which sulfated fucopyranoses are linked to the C3-position of the
GIcA moiety.>* Besides the fucose branches, sea cucumber CS
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Table 1. Representative disaccharide composition of CD/DS from various species

Class Species
(o} A
Coelenterata Hydra magnipapillata 71¢ 15¢
Coelenterata Hydra magnipapillata (nematocyst) 100¢
Nematoda Caenorhabditis elegans 100¢
Echinodermata Strongyloc;zenr:g:;i )purpuratus 74
Echinodermata  Strongylocentrotus purpuratus (adult)
Annelida Eisenia Andrei 3 76
Tunicata Ascidia nigra
Tunicata Styela plicata 284
Mollusca Thysanoteuthis rhombus (arms) 88 6
Mollusca Thysanoteuthis rhombus (skin) 17 26
Mollusca Thysanoteuthis rhombus (head) 33 31
Mollusca Thysanoteuthis rhombus (eyes) 13 52
Mollusca Anodonta anodonta 26 46
Mollusca Scapharca inaequivalvis 17 51
Mollusca Sepia officinalis (cornea) 1 52
Mollusca Cipangopaludina chinensis 59 38
Mollusca Viviparus ater 42 48
Chelicerata Trachypleus tridentatus (gill) 46
Hexapoda Drosophila melanogaster (adult) 71 29
Hexapoda Anopheles stephensi (female) 73 27

Disaccharide units? Sulfate/

C B D E Others disaccharide® S
14¢ 0.29 25
0 26
0 28
199 749 174 36
594 16¢ 25¢ 141 36
6 15 112 46
10%< >90¢ 1.90 47
19 66d 5 171 48
2 4 0.16 63
19 38 1.21 63
15 21 0.88 63
13 22 1.09 63
28 0.74 67

i 0,

4 2 2 1 L; E:'Iz ;o//‘; 111 72
9 28 117 86
0.41 87
5 5 0.63 88
K5”4r;/i:S 1.54 79
0.29 17
0.27 83

2Disaccharide units present in CS/DS chains are shown by the symbols: O, HexA-GalNAc; A, HexA-GalNAc(4-O-sulfate); C, HexA-GalNAc(6-O-sulfate);
B, HexA(2-O-sulfate)-GalNAc(4-O-sulfate); D, HexA(2-O-sulfate)-GalNAc(6-O-sulfate); E, HexA-GalNAc(4, 6-O-disulfate); U, HexA(2-O-sulfate)-GalNAc;
T, HexA(2-O-sulfate)-GalNAc(4, 6-O-disulfate); K, GlcA(3-O-sulfate)-GalNAc(4-O-sulfate). PTotal sulfate groups/disaccharides are given. The type of

hexuronic acid in the disaccharide unit has been identified as GIcA. “The type of hexuronic acid in the disaccharide unit has been identified as IdoA.

contains sulfate esters at the C3-position of GlcA. Nonsulfated,
6-O-sulfated and 4-O- and 6-O-disulfated disaccharide units
are also present in the sea cucumber CS.*’ Strong anticoagulant
activity has been observed in the fucosylated CS, and the sul-
fated a-L-fucose branches confer anticoagulant activity on the
polysaccharide.”! The effect of this unique CS on tumor metasta-
sis and neutrophil recruitment has also been investigated.** The
fucosylated CS inhibited colonization of adenocarcinoma cells in
the lungs in an experimental model of metastasis as well as neu-
trophil recruitment during acute inflammation in experiments
with mice. Both of these activities may depend on the inhibitory
effect of the fucosylated CS on the function of P- and L-selectins.
Removal of the sulfated fucose branches abolishes these inhibi-
tory effects, indicating that the modifications on CS chains con-
tribute to the biological activities. Clinical application of the CS
from sea cucumber as an antithrombotic or antitumorous agent
has been suggested.*>%

GAGs in Annelida (CS and HS)

Reports of GAGs in Annelida are limited to only a few papers.
Recently, Amaral et al. have characterized the compartmental
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distribution of sulfated GAGs in the earthworm Eisenia andrei.
HS and CS but not DS were purified from the whole body of adult
earthworms. Although the composition of GAGs in juveniles
is similar to that in adults, the newborn earthworms predomi-
nantly contained CS and no GAGs were detected in cocoons.
The disaccharide composition of GAGs from earthworms was
analyzed by Im et al. using liquid chromatography-electrospray
ionization mass spectrometry.*® The earthworm CS is composed
of nonsulfated, 6-O-sulfated, and 2-O- and 4-O-disulfated
disaccharide units, and its HS contained 2-N-sulfated, 2-N- and
6-O-disulfated, and 2-O-, 2-N-, and 6-O-trisulfated disaccha-
ride units. The disaccharide composition of HS is very unusual,
in that no N-acetyl group was observed.

GAGs in Tunicata (CS, DS and HS)

The major GAG reported in ascidians is DS, distinctive from
mammalian DS in its sulfation at the C2-position of the IdoA
residue and/or C6-position of the GalNAc residue. The pre-
dominant structure of DS from Ascidia nigra and Halocynthia
pyriformis is “IdoA(2-O-sulfate)-GalNAc(6-O-sulfate)™ and
“IdoA(2-O-sulfate)-GalNAc(4- O-sulfate),”® respectively.
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Table 2. Representative disaccharide composition of HS from various species

Disaccharide units?

Class Species
0S NS 6S N,6S
Coelenterata Hydra magnipapillata 24 12 18 25
Nematoda Caenorhabditis elegans 47 14 6
Annelida Eisenia andrei 67 29
Tunicata Styela plicata 1 14
Mollusca Anomantidae sp. 33 29 19 19
Mollusca Achatina fulica 10
Mollusca Callista chione 2 23
Mollusca Anodonta anodonta 1 5
Mollusca Tapes phylippinarum 2 4
eapack Drosophila melanogaster 31 27 3 18
(adult)
easack Anopheles stephensi 39 2 5 2
(female)

Sulfate/
a .., Reference
N,2S  N,2,65 Others disaccharide

10 n 1.33 25

18 15 1.01 28

4 1.37 46

22 53 2.28 52

0.86 65

2S units 90% 0.90 66
N,3,6S units 2%,

15 46 Oligos© 12% 67
N,3,6S units 3%,

0 77 Oligos© 5% 68
N,3,6S units 2%,

6 81 Oligos© 5% 89

17 4 0.29 17

9 3 0.96 83

2Disaccharide units present in HS chains are shown by the symbols: 0S, HexA-GIcNAc; NS, HexA-GlcN (2-N-sulfate); 6S, HexA-GlcNAc(6-0O-sulfate); N,6S,
HexA-GIcN(N-, 6-O-disulfate); N,2S, HexA(2-O-sulfate)-GlcN(2-N-sulfate); N,2,6S, HexA(2-O-sulfate)-GlcN(2-N-, 6-O-disulfate); 2S, HexA(2-O-sulfate)-
GIcNAG; N, 3,65, HexA-GIcN(2-N-, 3-0-, 6-O-trisulfate). "Total sulfate groups/disaccharide are given. The proportion of heparinase-resistant oligosac-

charides is shown.

Although the former DS has no discernible anticoagulant activ-
ity, the latter DS is a potent anticoagulant that potentiates the
inhibition of thrombin by heparin cofactor II, whose activity is
approximately 10-fold higher than mammalian DS.*® DS from
Ascidia nigra was also demonstrated to bind and activate hepa-
tocyte growth factor/scatter factor.”” The presence of CS in
ascidians has been reported by Xu et al. It was extracted from
the ascidian tunic and shown to be composed of 6-O-sulfated
(43%) and 4-O-disulfated (57%) disaccharide units. It showed
anti-inflammatory activity by reducing the expression of inflam-
matory factors in a mouse model of inflammation of the skin.
Recently, a set of genes homologous to the chondroitin/derma-
tan sulfotransferase genes has been identified in the genome of
the ascidian Ciona intestinalis>' The number of sulfotransferase
genes was 19, which is unexpectedly large, but consistent with the
complex sulfation structure in ascidian DS.

HS was isolated from test cells of the ascidian Styela plicata
and its structure was characterized.”> The HS from the test cells
was highly sulfated, and its major disaccharide unit was HexA(2-
O-sulfate)-GIcN(2-N-, 6-O-disulfate) (approximately 53%),
while the disulfated disaccharide, HexA(2-O-sulfate)-GIcN(2-
N-sulfate), as well as the monosulfated disaccharides, HexA-
GIcN (2-N-sulfate) and HexA-GIcNAc(6-O-sulfate), accounted
for 22, 11 and 14%, respectively. In the developing larva, the
test cells containing HS produced an external and hydrophilic
layer for protection. In the adult ascidian, HS occurs as intra-
cellular granules at the apical tip of epithelial cells surrounding
the lumen of both the intestine and pharynx, in close contact
with the external environment, a distribution similar to that of
heparin in mammalian mast cells. The arrangement of HS in
ascidians may reflect its participation in defensive mechanisms.>
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GAGs in Mollusca (CS, DS, HS and HA)

There are many reports on GAGs from Mollusca. This empha-
sizes the heterogeneity of GAGs in this phylum. The structural
diversity of mollusk GAGs may even be greater than that of ver-
tebrate GAGs.

An oversulfated CS from squid cartilage is available commer-
cially and often utilized to study the biological activities of highly
sulfated CS. The heavily modified CS also contains 3-O-sulfated
GIcA as well as a B-D-Glc branch.***® CS preparations from vari-
ous squid body parts have also been investigated,”®® indicating
not only a highly sulfated CS but also a nonsulfated Chn as a

5%63 CS 1s more concentrated in the skin

homogenous polymer.
and fins than in other tissues in squid.®

Highly sulfated HS preparations have also been isolated
from various species of mollusks by Dietrich et al. and other
groups.®®® Like the mammalian HS, the mollusk HS is com-
posed of blocks of low sulfated GIcNAc-containing disaccharides
and highly sulfated GIcN (2-N-sulfate)-containing disaccharides.
The structural analysis of a clam HS revealed the presence of a
large amount of GIcN (3-O-sulfate)-containing saccharide, iden-
tified as a unique marker for the antithrombin-binding region of
heparin/HS.® An HS preparation with a unique structure was
isolated from the giant African snail Achatina fulica and named
acharan sulfate.” The major repeating disaccharide sequence
in acharan sulfate is IdoA(2-O-sulfate)-GIcNAc. Recently, a
unique HS has been isolated from the bivalve Nodipecten nodosus
(Linnaeus 1758).”! The disaccharide units in the HS chain are
composed of nonsulfated, 2-O-sulfated or 3-O-sulfated GIcA as
well as 2-N-sulfated and/or 6-O-sulfated GIcN, and the antico-
agulant activity of the mollusk HS was 5-fold lower than that of
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porcine heparin. Although the HS occurs at the basement mem-
brane of the gill epithelium and throughout the extracellular
matrix of the gills and mantle of the bivalve, its biological role in
the mollusk has not been elucidated.

The presence of DS in a mollusk has also been proved. GAGs
from the body of the marine clam Scapharca inaequivalvis are
composed of 58% DS, 16% CS and 26% HS.”? The major disac-
charide units in DS from S. inaequivalvis are monosulfated at the
C4-position of GalNAc [IdoA-GalNAc(4-O-sulfate) unit] and
disulfated at the C2-position of IdoA as well as C4-position of
GalNAc [IdoA(2-O-sulfate)-GalNAc(4- O-sulfate) unit].

The mollusk bivalve Mytilus galloprovincialis produces HA.”
So far, the occurrence of HA is restricted to vertebrates, and
no HA has been found in invertebrates except for this mollusk,
although some pathogenic bacterial strains synthesize HA as
a capsule polysaccharide to evade the immune system of their
host.”* Previously it was very difficult to demonstrate the pres-
ence of HA because it could not be distinguished from non-
sulfated Chn due to its structural similarity. However, using
modern techniques including NMR, HPLC and capillary elec-
trophoresis, HA in the mollusk is clearly identifiable. The molec-
ular weight of the mollusk HA was determined to be 200 kDa,
which is much smaller than that of mammalian HA (10°-10*
kDa). The biological significance of HA in the mollusk has not
been clarified yet.

GAGs in Chelicerata (CS and HS)

Chelicerata contains the classes Arachnida (spiders, scorpions,
mites and ticks), Eurypterida (sea scorpions) and Xiphosura
(horseshoe crabs). Reports on GAGs in Arachnida are limited.
Although Cassaro and Dietrich” showed the presence of HS and
CS in the spider Nephila clavipes, their structure has not been
characterized. GAGs in Eurypterida have never been reported
to our knowledge. In contrast, CS in horseshoe crabs has been
well investigated. The CS from horseshoe crab cartilage is desig-
nated CS-K, the horseshoe crab being also called the king crab.
Unlike the cartilage CS from many other organisms, CS-K con-
tains unique 3-O-sulfated GlcA residues. Seno and Murakami”™
originally proposed the GIcA(3-O-sulfate) structure in the
disulfated disaccharide unit isolated from CS-K after diges-
tion with testicular hyaluronidase followed by chondroitinase
ABC. The 3-O-sulfated GIcA structure was confirmed by solid
chemical analysis with mass spectrometry and '"H NMR.”® The
3-O-sulfated GlcA structure was later found in CS preparations
from the body wall of sea cucumber® as well as the cartilage of
squid.” CS-K also contains a novel 3-O-fucosylated GlcA resi-
due,”” which is observed in the CS preparation from connective
tissues of sea cucumbers as well.”®

The study of GlcA(3-O-sulfate)-containing oligosaccharides
revealed an unexpected enzymatic action of CS lyases. Digestion
of CS containing GlcA(3-O-sulfate) with chondroitinase ABC
destroyed the GlcA(3-O-sulfate)-containing disaccharide unit,
though this structure is resistant to chondroitinase AC-IL.7¢
The degradation of GlcA(3-O-sulfate) by chondroitinase ABC

was investigated in detail using electrospray ionization mass
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spectrometry.”’” The unsaturated disaccharide unit contain-
ing AHexA(3-O-sulfate) generated by the digestion is unstable
because of the influence of the 3-O-sulfate group. The AHexA
moiety is degraded in water and the end product is a GalNAc
monosaccharide. The disaccharide composition of CS/DS from
various sources has been analyzed after digestion with chondroi-
tinase ABC. Since the GlcA(3-O-sulfate)-containing disaccha-
ride in CS is decomposed into a monosaccharide by the action of
chondroitinase ABC, disaccharide units containing a GlcA(3-O-
sulfate) structure from various sources including mammals may
have been overlooked.

HS chains have been found in the gills and endosternite carti-
lage of the king crab (Fongmoon D, Shetty AK and Sugahara K,
unpublished data), although in much smaller amounts than CS.

GAGs in Crustacea (CS and HS)

Although HS and CS/DS are present in crabs, shrimps and
lobsters, structural characterization is limited to the HS from
shrimps.®° The HS from the shrimp Penaeus brasiliensis is rela-
tively small (8.5 kDa), although it is highly sulfated. Digestion of
the shrimp HS with HS lyases yields di- and trisulfated disaccha-
rides as major components. The shrimp HS inhibits the activity
of factor Xa as well as thrombin mediated by heparin cofactor 11
to exhibit anticoagulant activity.

The influence of “habitat” on the structure of sulfated GAGs
in Crustacea and Mollusca was investigated by Nader et al.®!
The amount and composition of sulfated GAGs were analyzed
in species living with different levels of salinity. GAGs from the
species living with high salt concentrations were more highly sul-
fated than those from the organisms living with low salt concen-
trations. The amount of the sulfated GAGs increased with the
degree of salinity. Large amounts of highly sulfated GAGs may
be needed for maintenance of the interaction between the sul-
fated GAGs and their targets in high salt environments.

GAGs in Hexapoda (CS and HS)

GAGs from D. melanogaster have been well characterized. Both
CS and HS are detected in the organism, but not DS or HA.
CS is composed of nonsulfated and 4-O-sulfated disaccharides,
whereas the disaccharides from D. melanogaster HS bear 2-N-,
2-0- and/or 6-O-sulfate groups and include mono-, di- and tri-
sulfated forms."” Toyoda et al. characterized the tissue- and stage-
specific differences in both CS and HS composition as well as the
GAGs from flies bearing mutations in the genes encoding GAG
biosynthetic enzymes.®? The findings demonstrated the utility of
D. melanogaster as a model for studying the function and biosyn-
thesis of GAGs in vivo.

GAGs from the mosquito Anapheles stephensi, known as a vec-
tor for Plasmodium parasites, the causative agents of malaria,
have also been characterized.®? CS as well as HS, but not DS or
HA, are present in the mosquito. The disaccharide composition
of HS and CS from salivary glands and midguts of the mosquito,
which Plasmodium uses for invasion at different stages of the
parasite’s life cycle, has also been determined.
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Concluding Remarks

HS is widely distributed from very primitive organisms to
humans and diverse sulfation structures have been revealed in
HS from lower animals such as H. magnipapillata and C. elegans.
Since HS has maintained its structural features throughout evo-
lution, it must be involved in fundamental biological processes.

In contrast, the structural complexity of CS/DS from lower
organisms is limited. C. elegans synthesizes nonsulfated Chn
but no CS/DS chains. CS might have complex functions in
higher organisms. However, the Chn in C. elegans accounts for
approximately 0.2% of the nematode (dry weight), and plays an
indispensable role in cytokinesis during development. Only an
unusual nonsulfated form of Chn in nematocysts of H. magni-
papillata functions as a scaffold for the formation of nematocysts
early in their morphogenesis, although CS isolated from whole
hydra tissue contains a sulfated structure as well. DS, which is
a CS isomer and epimerized at the C5-position of GlcA, has
been reported in some invertebrates such as mollusks (Mollusca),
ascidians (Tunicata) and sea urchins (Echinodermata), despite its
absence in fruit flies (Insecta). Chn/CS/DS may have a specific
role in a particular function of each organism. CS/DS which
have unique biological functions attract much attention, because
they are promising research seeds for developing medicines and
potentially applicable to therapeutics.’

Comparing the structural complexity of GAGs with evolu-
tionary position reveals that higher animals do not necessarily
produce more highly sulfated GAGs. It has been shown that
GAGs from sharks, hagfish, king crabs, squid, mollusks, sea
cucumbers and ascidians are characterized by oversulfated com-
plex structures.’3%40448.6484 Generally, there is a tendency for

aquatic species to contain more structural variety in their GAGs
than terrestrial animals. GAGs from mollusks have particularly
complicated structures with various modifications including
high sulfation, uronate epimerizaton, sulfation at unusual posi-
tions, fucosylation and glucosidation. Further, their sulfation is
influenced by the different “habitats” in which the organisms
live. The degree of sulfation in GAG increases as a function of
the salinity in the habitat of the organism. Since interactions
between components of the extracellular matrix appear to occur
at higher salt concentrations in marine invertebrates than in ver-
tebrates, GAGs with increased charge density may be required.*

Highly sulfated HS (heparin) may play a role in the protec-
tion of organisms against foreign bodies, such as bacteria and
viruses.®> In vertebrates, highly sulfated HS (heparin) is mainly
found in tissues/organs that are in direct contact with the envi-
ronment, for example skin, lung, and intestine. The highly sul-
fated and/or variously modified GAGs in mollusks may also
have a role in defense against pathogens without involvement
of the immune system. Fucose and glucose residues modified
on the GAGs from mollusks and sea cucumbers may also be
involved in the resistance to pathogens in organisms that lack
an immune system. Further studies will help to elucidate how
life has acquired the huge structural complexity found in GAGs
during evolution.
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