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Abstract Sulfated polysaccharides, like the glycosaminogly-
can (GAG) heparin, are known to exhibit anticoagulant prop-
erties when certain structural features are present. The struc-
tural requirement for this action is well-established for hepa-
rin, in which a pentasaccharide motif plays a key role for
keeping the high-affinity interaction to antithrombin. Over
the last years of this glycomic era, several novel anticoagulant
sulfated glycans have been described. Those from marine
sources have been awakening special attention mainly be-
cause of their impressive anticoagulant effects together with
structural uniqueness. The commonest of these glycans are the
sulfated fucans (SFs), the sulfated galactans (SGs), and the
marine invertebrate GAGs like the fucosylated chondroitin
sulfate and ascidian dermatan sulfate. Since these marine
sulfated glycans do not bear within their polymeric chains
the specific pentasaccharide motif of heparin, other structural
features must be necessary to trigger the anticoagulant effect.
The objective of this report is to present the anticoagulant
motifs of the marine SFs, SGs and GAGs.
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Sulfation pattern

Heparin: the antithombin high-affinity pentasaccharide is
the structural requirement for the anticoagulant activity

Sulfated polysaccharides are endowed with multiple therapeu-
tic functions such as anticoagulant [1, 2], antithrombotic [2],
anti-inflammatory [3], antivirus [4], and anticancer [5] activities.

These functions occur as a result from certain structural
combinations of sulfation pattern and glycosylation type [6].
Anticoagulant activity is by far the mostly studied and desirable
clinical activity of the sulfated polysaccharides. This is because
of the high number of thromboembolic patients and deaths
around the world each year. Heparin is the mostly used
anticoagulant/antithrombotic agent in therapies involving the
heart-and-blood diseases [7]. Heparin is a glycosaminoglycan
composed mostly of alternating 4-linked α-L-iduronic acid
(IdoA) and 4-linked α-D-glucosamine (GlcN). While IdoA
units are mostly 2-sulfated, GlcN units are frequently N-
sulfated (GlcNS) (Fig. 1). In addition, GlcN units can be also
N-acetylated, N-unsubstituted (rarely), 3-sulfated (rarely), and
6-sulfated (commonly), as shown at Fig. 1. Sometimes, the
unepimerized glucuronic acid (GlcA) rarely carrying 2-
sulfation can also participate as a structural component. All
these variations contribute significantly to enhance the struc-
tural heterogeneity of heparin. However, for the best antico-
agulant activity of heparin, the presence of a pentasaccharide
motif carrying the rare 3-O-sulfation is required (Fig. 2). This
pentasaccharide exhibits high-affinity for antithrombin [8]. A
synthetic version of this pentasaccharide, also known as
fondaparinux, is a widely used drug available in the market.
It was chemically synthesized and trademarked at the first
time by GlaxoSmithKline under the commercial trade name
Arixtra [9]. This pentasaccharide is the mostly known exam-
ple of a biologically active structural motif of a sulfated
glycan.

The novel marine sulfated glycans

Heparin is not the only sulfated polysaccharide possessed
of anticoagulant activity. A large number of other sulfated
polysaccharides exist, especially those of marine sources
of very unique structures [10–12]. The commonest examples
of marine sulfated glycans under research in this glycomic
age are the sulfated fucans (SFs) [10], the sulfated galactans
(SGs) [10], and the unique GAGs isolated from invertebrate
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species like the unique dermatan sulfates [12] and the
fucosylated chondroitin sulfate [11]. The SFs, mostly
composed of α-L-fucopyranosyl units, can be isolated from
brown algae, sea urchins and sea cucumbers. The SGs, mostly
composed of α-L-, α-D-, or β-D-galactopyranosyl units, can
be isolated from red and green algae, ascidian and sea urchins.
The distinct GAGs like the dermatan sulfate, which exhibits a
distinct pattern of sulfation if compared to the commonest
mammalian dermatan sulfate; and the fucosylated chondroitin
sulfate, which has a branched α-L-Fucp unit linked to
the 3-position of the backbone GlcA unit, are found respective-
ly in ascidians and sea cucumbers. These marine biopolymers

are heavily sulfated. The sulfation patterns vary from
species-to-species.

The structural requirements involved in anticoagulation

Like heparin, the serine protease inhibitor (serpin)-dependent
anticoagulant functions of the marine sulfated glycans are
driven basically by enhancing inhibitory activities of the two
major serpins of the blood, antithrombin (AT) and heparin
cofactor II (HCII) over some blood cofactors like the proteases
thrombin, factor IIa, and factor Xa. When certain structural
requirements are present in the marine sulfated polysaccha-
rides, they are able to trigger and/or catalyze the inhibitory
activities of AT and HCII via two principal mechanisms. The
template mechanism, in which the sulfated polysaccharide
makes a molecular bridge between the serpin and the protease,
enabling thus the formation of the ternary complex (sulfated
polysaccharide-serpin-protease). And, the allosteric mecha-
nism in which a sulfated glycan-induced conformational
change of the serpin allows inhibition of the proteases. The
occurrence and predominance of either one or both of these
two mechanisms during the anticoagulant reactions are gen-
erally controlled by intrinsic structural features of the sulfated
glycans [6].

Hence, not all marine SFs, SGs, and invertebrate GAGs
present anticoagulant activities. Over the last 25 years, our
laboratory has made great efforts to recognize and assign the
molecules and species names capable to exhibit the anticoag-
ulant effect [12, 13]. In our investigations, we were mostly
interested in identifying also the respective structural features
of these molecules involved in their anticoagulant potentials
or different levels of response. Through a systematic analysis
and comparative interpretation, we were able to point out
these major structural requirements. They are the 2-sulfation

Fig. 1 Representative structure of the repeating disaccharide unit of
heparin. It is composed of alternating 4-linked uronic acid (iduronic
acid, IdoA, or glucuronic acid, GlcA) and 4-linked α-glucosamine
(GlcN) units. Although heparin has some β-D-GlcA units, its
major uronic acid type is α-L-IdoA with 2-O-sulfation. The amino
group of the composing GlcN unit can be unsubstituted (NH2), N-
acetylated (NHCOCH3), or N-sulfated (NHSO3

−). While the former is
the rarest substituent, the latter is the major substituent. The GlcN,6-
disulfated residue is the commonest unit in heparin. Although the 3-O-
sulfation at the GlcN unit occurs rarely, it is relevant for the anticoagulant
activity of heparin due to its high-affinity for antithrombin. The glycosidic
bonds are indicated in ellipses whereas monosaccharide types are indi-
cated in rectangles
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Fig. 2 Antithrombin (AT)-binding site composed of the following pen-
tasaccharide structure [→4)-D-GlcNAc/NS6S-α-(1→4)-D-GlcA-β-(1→
4)-D-GlcNS3,6S-α-(1→4)-L-IdoA2S-α-(1→4)-D-GlcNS6S-α-(1→].
The glycosidic bonds are indicated in ellipses, whereas monosaccharide
types are indicated in rectangles. The abbreviations GlcNAc/NS6S;
GlcA; GlcNS3,6S; and IdoA2S; stand for N-acetyl glucosamine/N-,6-

disulfated glucosamine; glucuronic acid, N-, 3-,6-tri-sulfated glucos-
amine; and 2-sulfated iduronic acid; respectively. The 3-O-sulfation
required for the antithrombin high-affinity is highlighted with the dash
ellipse for fast notation. The glycosidic bonds are indicated in ellipses,
whereas monosaccharide types are indicated in rectangles
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in 3-linked α-L-SGs [14]. The 2,4-disulfation in α-L-
fucopyranosyl units found either as composing units of certain
sea urchin and sea cucumber linear SFs, or as branching units
of the holothurian fucosylated chondroitin sulfate [15]. The
levels of 4-sulfation at the galactosamine units com-
bined with certain levels of 2-sulfation at the IdoA units
in the ascidian dermatan sulfates [12]. The sulfation
content in red algal SGs composed of equal and ho-
mogenous backbones [16]. And finally the 4-sulfation

found in 3-linked α-L-SFs [17]. This latter enhances the
inhibitory activity of HCII over IIa [17]. The four
former structural requirements enhance both HCII and
AT inhibitory activity over both coagulation proteases,
IIa and Xa [12, 14–16]. These structures with anticoag-
ulant activities are depicted in Fig. 3 for illustrative
purposes. Table 1 also summarizes in a straightforward
way these structural requirements of the marine sulfated
glycans and the respective anticoagulant effects.

A B

C D E
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Fig. 3 General representation of the anticoagulant structures found in
marine SFs, SGs and GAGs. a The 3-linked 2-sulfated α-L-Galp-
contained polysaccharide from the sea urchin Echinometra lucunter
[14]. b The two anticoagulant molecules from the holothurian species
Ludwigothurea grisea: the fucosylated chondroitin sulfate (right panel)
and the SF (left panel), both containing the functional unit 2,4-disulfated
α-L-Fucp (indicated by dotted ellipses) [15]. c The ascidian dermatan
sulfate composed of alternating 4-linked 2-sulfatedα-L-IdoA residue and
3-linked 4-sulfated D-GalNAc unit isolated from the species Styela
plicata [12]. d The red algal SGs composed of alternating β-3-linked
and α-4-linked D-Galp units within different sulfation content depending

on the species (Botriocladia occidentalis vsGelidium crinale) [16]. e The
3-linked 4-sulfatedα-L-Fucp-containing polymer seen in sea urchins and
sea cucumber SFs [17]. The glycosidic linkages and monosaccharide
types are represented in continuous ellipses and rectangles, respectively.
Sulfation sites involved or not in the anticoagulant activity are shown in
dashed rectangles and ellipses, respectively. The sugar units labeled as L-
Galp, D-GlcA, D-GalNAc, L-Fucp, and L-IdoA stand for L-
galactopyranose, D-glucuronic acid, N-acetyl D-galactosamine, L-
fucopyranose, and L-iduronic acid, respectively. See Table 1 for biolog-
ical outcome of these structures

Table 1 Summary of the struc-
tural requirements, and effects in
anticoagulation of the marine sul-
fated polysaccharides

Structural requirement Consequence

2-sulfated 3-linked α-L-Galp [14] Enhance serpin (HCII and AT) inhibitory activity
over the coagulation proteases (IIa and Xa)2,4-disulfation in Fucp [15]

4-sulfated GalNAc + 2-sulfated IdoA in ascidian
dermatan sulfates [12]

Sulfation content in red algal homogeneous SGs [16]

4-sulfation in invertebrate 3-linked SFs [17] Enhance HCII-dependent IIa inhibition
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