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a b s t r a c t

The structure and biological activities of a highly sulfated heparan sulfate (HS) extracted from shrimp
(Penaeus brasiliensis) heads were characterized. Structurally the shrimp HS was more heterogenous than
heparin, although it is still highly sulfated. The molecular mass of the shrimp HS preparation was deter-
mined to be 32.3 kDa by gel filtration HPLC. Analysis by surface plasmon resonance demonstrated that
various growth/differentiation factors specifically bound to the shrimp HS with comparable affinity.
Notably, the shrimp HS had a greater inhibitory effect against infections by dengue virus type 2 as well
as Japanese encephalitis virus than heparin. Experiments on anticoagulant activity indicated that the
shrimp HS exhibited significant anti-thrombin activity, but less than the commercial heparin. Hence,
the HS preparation from shrimp heads, an industrial waste, is a prospective agent for a variety of clinical
applications.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Heparan sulfate (HS) and heparin (Hep) are synthesized as
proteoglycans, which consist of glycosaminoglycan (GAG) side
chains covalently bound to a protein core. They consist of disaccha-
ride repeats of hexuronic acid (HexA) and D-glucosamine (GlcN)
([(1 ? 4)-HexA-(1 ? 4)a-GlcN]n), in which the GlcN residues
may be either N-sulfated or N-acetylated (GlcNAc), and the HexA
residues are present as either b-D-glucuronic acid (GlcA) or the C-
5 epimer, a-L-iduronic acid. Ester O-sulfates principally reside at
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the C-2 position of iduronic acid and/or C-6 position of GlcN resi-
dues, and also occasionally reside at the C-3 position of GlcN
residue, giving a significant charge density and structural complex-
ity to the polysaccharide chains [1]. Substantial quantitative differ-
ences between HS and Hep exist in iduronic acid content as well as
N- and O-sulfate contents [2].

HS/Hep has a variety of biological functions, such as anti-
inflammatory activity, anticoagulant activity, anti-cancer activity,
and anti-viral activity [2–4]. Most of these biological activities de-
pend upon interaction between HS/Hep and functional proteins
including a wide variety of enveloped and nonenveloped viruses
[5,6].

Although Hep is a highly efficacious anticoagulant agent useful
for a variety of clinical indications, its multiple bioactivities can
have unwanted side effects. Furthermore, in 2008, some pharma-
ceutical Hep preparations were found to be contaminated with
artificial oversulfated chondroitin sulfate and associated with ana-
phylactoid-type reactions [7–10]. This led to a shortage of pharma-
ceutical Hep and much public concern. Since pharmaceutical Hep
is extracted mainly from porcine intestine and bovine lung, any
contamination of these resources would be a major problem.
Therefore, it is important to develop new substitutes for Hep. Inter-
estingly, a Hep-like HS was reported to exist in shrimp heads, an
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industrial waste [11]. Therefore, in this study, the structure and
biological activities of a HS preparation extracted from shrimp
heads were analyzed.
2. Materials and methods

2.1. Materials

HS from bovine kidney and heparitinase II from Flavobacterium
heparinum were purchased from Seikagaku Corp., Tokyo, Japan.
Hep from porcine intestine was from Nacalai Tesque, Kyoto Japan.
Heparinases I and III from F. heparinum were purchased from IBEX,
Montreal, Canada. Human thrombin and chromozym TH (Tosyl-
glycyl-prolyl-arginine-4-nitranilide acetate) were obtained from
Roche, Mannheim, Germany. Human AT-III was from Oxford Bio-
medical Research (Oxford, MI). Recombinant human (rh)-fibroblast
growth factor (FGF)-2 and rh-hepatocyte growth factor (HGF) were
purchased from PeproTech EC Ltd. (London, UK) and R&D Systems
(Minneapolis, MN), respectively. rh-FGF-1, rh-pleiotrophin (PTN),
and rh-midkine (MK) were from Wako Corp. (Osaka, Japan).
Shrimp HS was prepared from 1 kg of shrimp (Penaeus brasiliensis)
heads using the method reported by Dietrich et al. [11].
2.2. Disaccharide composition analysis

A mixture of heparinases I and III and heparitinase II was incu-
bated with shrimp HS in a total volume of 20 ll of 20 mM sodium
acetate buffer, pH 7.0, containing 2 mM Ca(OAc)2 at 37 �C for 1 h.
The incubation mixture was heated at 100 �C for 1 min to terminate
the reaction. Digests were derivatized with 2-aminobenzamide
(2AB), and analyzed by anion-exchange HPLC [12]. To examine
whether the heparinase/heparitinase-resistant tetrasaccharide
sequence containing 3-O-sulfated GlcN is present in the purified
shrimp HS fraction, the 2AB-derivatives of the digest and the tetra-
saccharide standards, DHexAa1-4GlcNAc(6-O-sulfate)a1-4GlcAb1-
4GlcN(2-N-,3-O-disulfate), DHexAa1-4GlcNAc(6-O-sulfate)a1-4Gl
cAb1-4GlcN(2-N-,3-O-,6-O-trisulfate), and DHexAa1-4GlcN(2-N-
,6-O-disulfate)a1-4GlcAb1-4GlcN(2-N-,3-O-,6-O-trisulfate) [13],
were subjected to anion-exchange HPLC using a linear NaH2PO4 gra-
dient from 213 to 803 mM over a 70-min period.
2.3. Gel filtration chromatography

The molecular mass of the shrimp HS was determined by gel fil-
tration HPLC on a Superdex™ 200 10/300 GL column (GE Health-
care, Uppsala, Sweden) after treatment with 1.0 M NaBH4/0.05 M
NaOH to liberate HS chains from the core protein [14].
2.4. Measurement of anticoagulant activity

Anticoagulant activity was quantified according to the method
described previously [11,15]. The shrimp HS preparation with
10 ll of human AT-III (0.1 mg/ml) and 15 ll of human thrombin
(0.45 mg/ml, 0.63 NIH units/ml) was incubated in a total volume
of 100 ll of 45 mM Tris–HCl buffer containing 225 mM NaCl (pH
8.3) at 25 �C for 30 s. Then, 50 ll of chromozym TH (Tosyl-glycyl-
prolyl-arginine-4-nitranilide acetate, 1.9 lmol/ml) was added,
and the amidolytic activity of thrombin was determined by mea-
suring the absorbance at 405 nm. The change of absorbance in
200 s was calculated to evaluate anticoagulant activity. As a posi-
tive control, the anticoagulant activity of the commercial Hep
preparation (187 units/mg) was investigated.
2.5. Analysis of interactions using surface plasmon resonance

The interaction of various growth/differentiation factors with
the shrimp HS was examined as reported [16], using a BIAcore X
system (BIAcore AB, Uppsala, Sweden) at the Open Facility, Hokka-
ido University Sousei Hall.
2.6. Anti-viral activity of the shrimp HS preparation

To investigate the anti-viral activity of the shrimp HS prepara-
tion, dengue virus type 2 (DEN-2) and Japanese encephalitis virus
(JEV) were used. The anti-DEN-2 and anti-JEV activity was examined
according to the method described previously [17]. Briefly, DEN-2
(1800 focus-forming units/ml as a final concentration) or JEV
(Nakayama strain) was premixed with known concentrations of
the shrimp HS preparation or Hep (as a positive control). The pre-
mixture of virus-GAG was inoculated onto baby hamster kidney-
21 (BHK-21) cells grown on a 48-well plate for 2 h at 37 �C. After
three washes with serum-free Dulbecco’s modified Eagle’s medium
(DMEM), DMEM containing 1% fetal bovine serum and 0.5% methyl
cellulose was overlayed and the plate was incubated at 37 �C for 24
or 43 h. Infected foci of cells were visualized by the focus-forming
assay and counted under a light microscope [17].
3. Results

3.1. Structural analysis of the shrimp HS preparation

The purified shrimp HS was subjected to cellulose acetate mem-
brane electrophoresis [18] and stained with 0.2% (w/v) Alcian blue
[19]. The component in the shrimp HS preparation was electropho-
resed faster than bovine kidney HS and almost to the same position
as Hep (data not shown), suggesting that the GAG in the extract of
shrimp heads is as negatively charged as Hep.

The disaccharide composition of the shrimp HS preparation was
analyzed by enzymatic digestion with a mixture of heparinases I
and III and heparitinase II as shown in Fig. 1, and is summarized
in Table 1. Structurally the shrimp HS is more heterogenous than
bovine kidney HS and Hep. The major disaccharide units of shrimp
HS were highly sulfated disaccharide units, DHexA(2-O-sulfate)a1-
4GlcN(2-N-,6-O-disulfate), DHexA(2-O-sulfate)a1-4GlcN(2-N-sul-
fate), and DHexAa1-4GlcN(2-N-,6-O-disulfate), which accounted
for 29%, 25%, and 21%, respectively. Since the total proportion of
the di- and trisulfated disaccharide units (75%) is comparable to
that of the trisulfated disaccharide unit in Hep (70%), the shrimp
HS was indeed highly sulfated. This unique and heterogeneous
disaccharide composition of HS containing a high proportion of
disulfated disaccharides has never been reported.

Since some saccharide sequences containing a 3-O-sulfated
GlcN structure are resistant to heparinases and heparitinases
[13], the presence of the heparinase/heparitinase-resistant struc-
ture in the purified shrimp HS preparation was examined
(Fig. 1B). Besides the peaks of HS disaccharides, peaks of oligosac-
charides were also detected, suggesting the tetrasaccharide se-
quence containing 3-O-sulfated GlcN to be present in the shrimp
HS preparation and to account for 9.6% (as mole percent) of the
digestion products.

The molecular mass of the shrimp HS chain was determined by
gel filtration HPLC (Fig. 1C). The major component in the SH prep-
aration was mainly eluted at the elution volume of 14.4 ml, and its
molecular mass was estimated to be 32.3 kDa using the calibration
curve generated with size-defined polysaccharides.



Fig. 1. Structural characterization of the shrimp HS preparation. The digest of shrimp HS with a mixture of heparinases and heparitinase II were derivatized with 2AB and
analyzed by HPLC on an amine-bound silica column using a linear NaH2PO4 gradient from 16 mM to 538 mM over a 60-min period (indicated by the dashed line) (A). To
detect and quantitate the heparinase/heparitinase-resistant oligosaccharides, the 2AB-derivative was analyzed using a linear NaH2PO4 gradient from 213 to 803 mM over a
70-min period (B). The HPLC profile of the highly sulfated oligosaccharide-eluted region is only shown, because the low sulfated disaccharides eluted at around 10–15 min
were not well separated under the HPLC conditions used. The elution positions of the authentic 2AB-labeled unsaturated di- and tetrasaccharides are indicated by numbered
arrows: 1, DHexAa1-4GlcNAc; 2, DHexAa1-4GlcNAc(6-O-sulfate); 3, DHexAa1-4GlcN(2-N-sulfate); 4, DHexAa1-4GlcN(2-N-,6-O-disulfate); 5, DHexA(2-O-sulfate)a1-
4GlcN(2-N-sulfate); 6, DHexA(2-O-sulfate)a1-4GlcN(2-N-,6-O-disulfate); 7, DHexAa1-4GlcNAc(6-O-sulfate)a1-4GlcAb1-4GlcN(2-N-,3-O-disulfate); 8, DHexAa1-4GlcNAc(6-
O-sulfate)a1-4GlcAb1-4GlcN(2-N-,3-O-,6-O-trisulfate); 9, DHexAa1-4GlcN(2-N-,6-O-disulfate)a1-4GlcAb1-4GlcN(2-N-,3-O-,6-O-trisulfate). The shrimp HS after treatment
with alkali was loaded onto a Superdex™ 200 10/300 GL column and eluted with 0.2 M CH3COONH4 at a flow rate of 0.4 ml/min (C). Fractions were collected at 1.5-min
intervals, and monitored by the 1, 9-dimethylmethylene blue method [20,21]. The column was calibrated using size-defined polysaccharides (dextrans, average Mr: 60,000,
37,500, and 18,100) as indicated in the inset. V0 and Vt represent the void and total volume, respectively.
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3.2. Kinetic analysis of the interaction of various growth/differentia
tion factors with the shrimp HS preparation

Since HS-proteoglycans act as a co-receptor for various growth/
differentiation factors [3], a kinetic analysis of the interaction of
FGF-1, FGF-2, PTN, MK, and HGF with the immobilized shrimp
HS was performed using the BIAcore system. The growth/differen-
tiation factors were individually injected at different concentra-
tions onto the surface of the shrimp HS-immobilized sensor chip.
Overlaid sensorgrams are shown in Fig. 2. They were analyzed with



Fig. 2. Binding of various growth factors to the immobilized shrimp HS. Various concentrations of FGF-2 (A), FGF-1 (B), PTN (C), or MK (D) were injected onto the surface of a
shrimp HS-immobilized sensor chip. Sensograms were overlaid using the BIA evaluation software (version 4. 1). Concentrations of each growth factor are shown on the right.
Long and short arrows indicate the beginning of the association and dissociation phases, respectively. No significant binding of HGF at 11 nM was detected (E).

Table 1
Composition of unsaturated disaccharides produced from shrimp HS.

Unsaturated disaccharides Shrimp HSa (mol.%) Hep (mol.%) Bovine kidney HS (mol.%)

DHexAa1-4GlcNAc 11 ± 0.8 3 53
DHexAa1-4GlcNAc(6-O-sulfate) 9 ± 0.6 4 10
DHexAa1-4GlcN(2-N-sulfate) 5 ± 0.6 2 23
DHexAa1-4GlcN(2-N-,6-O-disulfate) 21 ± 1.8 15 7
DHexA(2-O-sulfate)a1-4GlcN(2-N-sulfate) 25 ± 3.8 6 6
DHexA(2-O-sulfate)a1-4GlcN(2-N-,6-O-disulfate) 29 ± 2.9 70 1

Sulfate/disaccharideb 1.93 2.58 0.62

a The values are expressed as the mean ± S. D. for three independent experiments.
b Total sulfate groups/disaccharides are given.
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Table 2
Kinetic parameters for the interaction of FGF-2, MK, PTN, and FGF-1 with immobilized
shrimp HS.

Growth factors ka kd Kd

(M�1 S�1) (S�1) (nM)

FGF-2 (0.91 ± 0.36) � 104 (1.4 ± 0.95) � 10�6 0.14 ± 0.061
MK (6.7 ± 0.64) � 103 (3.1 ± 0.31) � 10�6 0.48 ± 0.072
PTN (1.1 ± 0.10) � 104 (3.5 ± 1.0) � 10�6 0.32 ± 0.083
FGF-1 (1.1 ± 0.20) � 104 (4.0 ± 0.32) � 10�3 435 ± 96

The kinetic parameters, the association rate constant (ka), the dissociation rate
constant (kd), and the equilibrium dissociation constant (Kd), were determined
using the ‘fit kinetics simultaneous ka/kd

0 program. The values are expressed as the
mean ± standard error.

Fig. 3. In vitro anticoagulant activity of the shrimp HS and Hep preparations. The
shrimp HS (circles) or Hep (squares) preparation was incubated with human AT-III
and thrombin at 25 �C for 30 s. Then, chromozym TH was added, and the amidolytic
activity of thrombin was determined by comparing the absorbance at 405 nm
during 200 s as described in Section 2. Values (mean ± SD) are expressed as percent
inhibition of the amidolytic activity of thrombin.

Fig. 4. In vitro anti-viral activity of the shrimp HS. (A) DEN-2 was premixed with the shrim
cells were visualized by the focus-forming assay and counted. (B) JEV (Nakayama strain)
shrimp HS obtained with heparinases, and then incubated with BHK-21 cells. Infected fo
1 day later. Values indicate the average ± SD of the relative infectivity in the presence
obtained from three independent experiments.
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the software BIAevaluation 4.1 using the ‘‘1:1 (Langmuir) binding
model’’ to calculate the kinetic parameters (Table 2). FGF-1, FGF-
2, PTN, and MK bound to the shrimp HS preparation, whereas
HGF showed no significant binding.

3.3. Anticoagulant activity of the shrimp HS preparation

The anticoagulant activity of the shrimp HS was investigated
(Fig. 3). The shrimp HS preparation also has significant anticoagu-
lant activity but it is much weaker than that of Hep. The activity
was completely abolished upon digestion with a mixture of hepa-
rinases (data not shown), indicating that the anticoagulation was
attributable to the HS polysaccharides and not to contaminants
in the preparation.

3.4. Inhibitory effects on viral infections by the shrimp HS preparation

Cell surface HS has been reported to be involved in various viral
infections and anti-viral activity of Hep has been demonstrated
[5,6,22,23]. The inhibitory effect of the shrimp HS preparation on
infections by DEN-2 and JEV was examined. As shown in Fig. 4A,
shrimp HS inhibited the infection by DEN-2 in a dose-dependent
manner. The anti-viral effect was much stronger than that of Hep
even at a low concentration (0.625 lg/ml). Similar results were ob-
tained in the experiment with JEV, although the inhibitory activity
was comparable to that of Hep (Fig. 4B). The anti-JEV activity was
lost completely upon digestion with a mixture of heparinases.
These results suggest that the shrimp HS preparation has strong
anti-viral (DEN-2 and JEV) activity.

4. Discussion

In this study, a highly sulfated HS was isolated from heads of
the shrimp P. brasiliensis, and its structure and biological activity
were investigated. The molecular mass of the shrimp HS prepara-
tion was approximately four times larger than that of shrimp
Hep reported by Dietrich et al. [11]. The former appears to be a pre-
cursor of the latter, which might be generated by degradation dur-
ing purification or storage possibly because the shrimp Hep was
p HS or Hep preparation, and then incubated with BHK-21 cells. Infected foci of the
was premixed with the shrimp HS, Hep, chondroitin sulfate A (CS-A), or the digest of
ci of the cells were visualized by the focus-forming assay and counted a half day to
of GAGs when the infectivity in the absence of GAGs is taken as 100%. Data were
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prepared on a large scale (20 Kg of shrimp heads as the starting
material).

The disaccharide composition of the shrimp HS preparation was
very different from those of typical HS and Hep derived from bo-
vine kidney and porcine intestine, respectively (Table 1). Shrimp
HS has a more heterogenous structure, although it is still highly
sulfated. The diverse oligosaccharide sequences organized in the
shrimp HS chains appear to contain extensive modifications. It
has been considered that HS chains exhibit a domain structure
with highly modified and sulfated regions (S-domain) interspersed
with low sulfated sequences (NA-domain) [24,25], and that most
Hep/HS-binding proteins specifically interact with saccharide se-
quences in S-domains [3,26].

The shrimp HS showed high affinity for FGF-2, MK, and PTN, with
Kd values of 0.14, 0.48, and 0.32 nM, respectively (Table 2). Previ-
ously Kd values for FGF-2, MK, and PTN to bind porcine intestinal
Hep were determined as 8.6, 204, and 16.1 nM, respectively, with
the interaction analysis system IAsys [27]. Kinetic measurements
of Hep-binding to PTN made by BIAcore had afforded a Kd value of
4 nM [28]. Although these results were obtained by different proce-
dures, the Kd values for Hep are higher than those for shrimp HS,
indicating that FGF-2, MK, and PTN bind more strongly to shrimp
HS than Hep. Specific saccharide sequences in shrimp HS for the
binding to FGF-2, MK-, and PTN appear to have higher affinity to
the corresponding growth/differentiation factors than those in
Hep, and may be different from them. However, when the values ob-
tained for FGF-1 were compared, the reverse was true. Hep showed a
stronger binding to FGF-1 than shrimp HS, suggesting the involve-
ment of distinct sugar sequences between Hep and shrimp HS.

The shrimp HS preparation exhibited significant anticoagulant
activity, though it was approximately four times weaker than that
of Hep. The AT-III-mediated inactivation of thrombin has been
demonstrated to depend on the binding of AT-III to a specific
pentasaccharide sequence containing a 3-O-sulfated GlcN struc-
ture on Hep/HS [29,30]. Although the digest of the shrimp HS prep-
aration obtained with a mixture of heparinases and heparitinase II
contained a higher proportion of heparinase/heparitinase-resistant
oligosaccharides presumably containing the 3-O-sulfated GlcN res-
idue (9.6% as mole percent) than the digest of Hep (4.4%) (data not
shown), less of the specific pentasaccharide sequence required for
the AT-III-binding may be present in the shrimp HS preparation,
resulting in reduced anticoagulant activity. However, since HS iso-
lated from industrial waste has weak but significant anticoagulant
activity, the shrimp HS preparation should be applicable as an
anticoagulant.

Since highly sulfated Hep has been shown to compete with the
viral adhesion to target cells [22,23,31–33], Hep and related com-
pounds may be useful as anti-viral drugs. Although less sulfated
than Hep, the shrimp HS showed stronger anti-DEN-2 as well as
anti-JEV activity (Fig. 4), suggesting that the binding of HS/Hep
does not depend on simple ionic interaction but may occur through
a specific saccharide sequence. A specific modification on HS has
been demonstrated to contribute to the susceptibility of cells to
herpes simplex virus-1 [34–36]. Shrimp HS seems to contain a un-
ique saccharide sequence responsible for binding to the viral pro-
teins of DEN-2 and JEV comparable with Hep. Characterization of
the saccharide sequence in shrimp HS responsible for its anti-
DEN-2 and anti-JEV activities, may lead to the development of spe-
cific anti-viral drugs.
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