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Abstract

Introduction—a heparin preparation with low antithrombin activity and different disaccharide
composition than mammalian heparin was isolated from the body of the ascidian Styela plicata
(Chordata-Tunicata). The disaccharide composition and the effect of the invertebrate glycan on
venous and arterial models of thrombosis was investigated.

Methods and Results—High performance liquid chromatography of the products formed by a
mixture of heparin-lyases showed that the ascidian heparin is composed mainly by AUA
(2S04)-1—4-B-D-GIcN(SO4) (47.5%), AUA(2S0O4)-1—4-B-D-GIcN(SO4)(6SO4) (38.3%)
disaccharides. Smaller amounts of the disaccharides AUA(2S0,4)-1—4-B-D-GIcN(SO4)(3S04)
(6S0y) (2.8%) and AUA(2S04)-1—4-B-D-GIcN(SO4)(3S0y) (8.0%). The invertebrate heparin has
an aPTT activity of 18 1U/mg and an antithrombin-mediated anti-thrombin and anti-factor Xa
activities 10-fold lower than that of mammalian heparin. In a venous model of thrombaosis in the vena
cava, S.plicata heparin inhibits only 80% of thrombosis at a dose 10-fold higher than that of the
mammalian heparin that inhibits 100% of thrombosis. However, in an arterio-shunt model of arterial
thrombosis, both S.plicata and mammalian heparin possess equivalent antithrombotic activity. It is
also shown that at equivalent doses, ascidian heparin has a lower bleeding effect than mammalian
heparin.

Conclusion—the antithrombin-mediated anticoagulant activity of heparin polymers is not directly
related to antithrombotic potency in the arterio-venous shunt. The results of the present work suggest
that heparin preparations obtained from the body of S.plicata may have a safer therapeutic action in
the treatment of arterial thrombosis than mammalian heparin.
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Introduction

Heparin is an anticoagulant glycosaminoglycan (GAG) used in the clinical practice to prevent
thrombo-embolic events [1,2]. The anticoagulant activity of heparin is due to the presence of
various antithrombin (AT)-binding sequences including the well know pentasaccharide
[GICNAC(6S0,4)-GlcA-GICNS(3S04)-1doA(2504)-GIcNS(6S04)] [5-12]. In the presence of
heparin, the rates of inhibition of thrombin, factor 1Xa, and factor Xa by AT are increased ~
1,000-fold so that inhibition is essentially instantaneous [13].

Currently, commercial heparin preparations are obtained from mammalian sources, either from
porcine or bovine intestine or bovine lung. Non-animal sources of heparin for pharmaceutical
use are currently not available. However, the occurrence of heparin is not restricted to
mammals. Several heparin and heparin-like polymers have been described in invertebrate
animals, such as mollusks [14-20], crustaceans [19-23] and ascidians [24-26].

Ascidians, also known as tunicates, are marine invertebrates that belong to the phylum
Chordate, subphylum Urochordate. The characteristic feature of this group is the presence of
an external tunic, which protects and supports the body of the animal. Different types of sulfated
polysaccharides and GAGs have been reported in ascidians. The sulfated polysaccharides are
restricted to the tunic, occurring mainly as a high molecular weight sulfated L-galactan [27-
30]. No GAGs are present in the tunic, but occur in high amounts in different tissues of the
body [31-35]. In the ascidian Styela plicata, an oversulfated dermatan sulfate composed mainly
by 1doA(2S04)-GalNAc(4S0,) disaccharide units and a heparin composed mainly by AUA
(2504)-GIcN(SO4)(6S04) disaccharide units have been previously detected in the intestine,
heart, pharynx and mantle [35]. In the intestine and pharynx, heparin occurs in intracellular
granules of epithelial cells that form a layer separating the organ from the external environment
[24]. Heparin with a similar disaccharide composition has also been detected in intracellular
granules of accessory cells, namely test cells, that surround the oocyte of S.plicata [24].

Recently, we reported the occurrence of heparin inside intracellular granules of a basophil-like
cell, which circulates in the hemolymph of S.plicata. Disaccharide analysis of this heparin
indicated that the polymer is composed mainly by AUA(2S0,4)-1—4-B-D-GIcN(SOy) (39.7%)
and AUA(2S04)-1—4-B-D-GIcN(SO4)(6S04) (38.2%). Small amounts of the 3-O-sulfated
disaccharides AUA(2S04)-1—4-B-D-GIcN(SO4)(3S04) (9.8%) and AUA(2S0,)-1—4-B-D-
GIcN(S04)(3S04)(6S0y) (3.8%) were also detected [submitted for publication].

Analysis of the anticoagulant activity of the heparins obtained from intestine, heart, pharynx
and mantle of S.plicata, in addition to that from the test cells, indicated that these polymers
inhibit thrombin activity by antithrombin in a concentration at least 10-fold higher than that
required for mammalian heparin to achieve the same inhibitory effect [24,35]. However, in the
case of the heparin obtained from the circulating basophil-like cell, the anti-thrombin activity
is equivalent to that of mammalian heparin [submitted for publication]. Overall, these data
show that heparin polymers with apparently distinct disaccharide composition and different
anticoagulant activities occur in different types of cells of S.plicata. Therefore, it would be
interesting to investigate the composition and the anticoagulant/antithrombotic activity, as well
as the bleeding effect of the resulting heparin preparation obtained from the whole body of the
ascidian.

The study of the relationship between structure and anticoagulant activity of new heparin
polymers and their effect on thrombosis models in animals that mimic different
pathophysiological conditions may contribute to the discovery of new antithrombotic agents
that are effective in specific thrombotic conditions.
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Our results show that the AT-mediated anti-thrombin and anti-factor Xa activities of the
heparin preparation obtained from the body of S.plicata are 10-fold lower than that of
mammalian heparin and this lower anticoagulant activity correlates directly with a lower
antithrombotic effect of the ascidian heparin in a venous model of thrombosis. However, in an
arterial model, both S.plicata and mammalian heparin possess equivalent antithrombotic
activity. It is also shown that at equivalent doses, ascidian heparin has a lower bleeding effect
than mammalian heparin.

Material and Methods

Materials

Heparan sulfate from human aorta was extracted and purified as described previously [36].
Chondroitin 4-sulfate from whale cartilage, chondroitin 6-sulfate from shark cartilage,
dermatan sulfate and heparin from porcine intestinal mucosa (180 Units/mg), twice-
crystallized papain (15 units/mg protein) and the standard disaccharides a-AUA-1—4-GIcN
(SO4), 0-AUA-1—4-GIcNAC(6S04), a-AUA(2S0,)-1—4-GIcNAC, 0-AUA(2SO4)-1—4-
GIcN(SOy), a-AUA(250,)-1—4-GIctNAC(6S04), a-AUA-1—4-GIcN(SO4)(6S04) and o-
AUA(2S0,)-1—4-GIcN(SO,4)(6SO4) were purchased from Sigma (St. Louis, MO, USA);
chondroitin AC lyase (EC 4.2.2.5) from Arthrobacter aurenses, chondroitin ABC lyase (EC
4.2.2.4) from Proteus vulgaris, heparan sulfate lyase (EC 4.2.2.8) and heparin lyase (EC
4.2.2.7) from Flavobacterium heparinum were from Seikagaku America Inc. (Rockville, MD,
USA). For HPLC-SAX experiments, the enzymes lyases from Flavobacterium heparinum
Heparinase | (EC 4.2.2.7), Heparinase Il (no EC number), Heparinase 111 (EC 4.2.2.8) were
obtained from Grampian Enzymes (Aberdeen). Agarose (standard low M,) was obtained from
Bio-Rad (Richmond, CA, USA); Toluidine blue was from Fisher Scientific (NJ, USA) and
1,9-dimethylmethylene blue from Serva Feinbiochimica (Heidelberg, Germany); human
antithrombin, human factor Xa, and thrombin were from Hematologic Technologies Inc. (VT,
USA) or from Hyphen Biomed (France); thrombin chromogenic substrate tosyl-Gly-Pro-Arg-
p-nitroanilide acetate (Chromozyn TH) and factor Xa chromogenic substrate N-
methoxycarbonyl-D-norleucyl-glycyl-L-arginine-4-nitranillide-acetate were from Roche/
Amersham-Biosciences from Brazil.

Extraction of the sulfated polysaccharides

Adult specimens of the ascidian Styela plicata were collected in Rio de Janeiro at Guanabara
Bay. Animals were maintained in an aerated aquarium until use. The body of the ascidians was
separated from the tunic, which was discarded. The body was cut in small pieces, immersed
in acetone and kept for 24 h at 4°C. The dried body (1 g) was suspended in 20 ml of 0.1 M
sodium acetate buffer (pH 5.5), containing 100 mg papain, 5 mM EDTA, and 5 mM cysteine
and incubated at 60°C during 24 h. The incubation mixture was then centrifuged (2000 x g for
10 min at room temperature), the supernatant separated and the precipitate was incubated with
papain twice-again, as described above. The polysaccharides were then precipitated from the
clear supernatant of the three extractions with 2 vol. of 95% ethanol and maintained at 4°C for
24 h. The precipitates formed were collected by centrifugation (2000 x g for 10 min at room
temperature) and freeze dried.

Electrophoretic analysis

Agarose gel- the crude glycans from the body or the purified heparin from S.plicata (1.5 ug as
uronic acid), before or after incubation with specific GAG lyases, were analyzed by agarose
gel electrophoresis, as described previously [31]. Briefly, the glycans, and a mixture of standard
GAGs, containing chondroitin sulfate, dermatan sulfate and heparan sulfate (1.5 pg as uronic
acid of each) were applied to a 0.5% agarose gel in 0.05 M 1,3-diaminopropane/acetate (pH
9.0), and run for 1 h at 110 mV. After electrophoresis the glycans were fixed with aqueous 0.1
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% cetylmethylammonium bromide solution and stained with 0.1% toluidine blue in acetic acid/
ethanol/water (0.1:5:5, v/v). Polyacrylamide gel- the molecular mass of the purified heparin
from S.plicata was estimated by polyacrylamide gel electrophoresis. Samples (~ 10 pg) were
applied to a 1-mm-thick 6% polyacrylamide slab gel, and after electrophoresis at 100 V for ~1
hin 0.06 M sodium barbital (pH 8.6), the gel was stained with 0.1% toluidine blue in 1% acetic
acid. After staining, the gel was washed overnight in 1% acetic acid. The molecular mass
markers used were: dextran 500 (average MW 500,000), chondroitin 4-sulfate from whale
cartilage (average MW 34,000); chondroitin 6-sulfate from shark cartilage (average MW
64,000), porcine intestinal mucosa heparin (average MW 18,000) and porcine intestinal
dermatan sulfate (average MW 40,000).

Purification of the S.plicata heparin

The glycans obtained in the third extraction of the tissues of S.plicata (~8 mg), containing a
mixture of heparin and dermatan sulfate were applied to a Q-sepharose-FPLC column,
equilibrated with 20 mM Tris/HCI buffer (pH 8.0). The glycans were eluted by a linear gradient
of 0-3.0 M NaCl (150 ml) at a flow rate of 2.0 ml/min. Fractions of 1.5 ml were collected and
checked by metachromatic assay using 1,9-dimethyl-methylene blue [37]. Fractions eluted
with different NaCl concentrations were pooled as peaks and denominated P1, P2 and P3, as
indicated in Figure 1 B. The peaks were dialyzed against distilled water and lyophilized.

The glycans (~2 mg) obtained in fraction P2 from the Q-sepharose column were applied to a
Mono Q-FPLC column, equilibrated with 20 mM Tris/HCI buffer (pH 8.0). The glycans were
eluted by a linear gradient of 0-3.0 M NaCl (45 ml) at a flow rate of 0.5 ml/min. Fractions of
0.5 ml were collected and checked by metachromatic assay, as described above. The glycans
eluted at the center of the peak with ~ 1.2 M NaCl were pooled as indicated in Figure 1 D,
dialyzed against distilled water and lyophilized.

Enzymatic treatment

Chondroitin lyases- the purified S.plicata heparin (~50 pg) was incubated with 0.01 U of
chondroitin AC or ABC lyase in 0.1 ml 50 mM Tris-HCI buffer (pH 8.0), containing 5 mM
EDTA and 15 mM sodium acetate. After incubation at 37°C for 12 h, the mixtures were
analyzed by agarose gel electrophoresis, as described earlier.

Heparan sulfate and heparin lyases- about 50 pg (as dry weight of each) of the purified
S.plicata heparin was incubated with 0.005 U of either heparan sulfate lyase or heparin lyase
in 100 pL of 100 mM sodium acetate buffer (pH 7.0), containing 10 mM calcium acetate for
17 h at 37°C. At the end of the incubation period, the mixtures were analyzed by agarose gel
electrophoresis, as described earlier.

CTA-SAX chromatography of S.plicata heparin digests- preparation of the digests: exhaustive
digestion of the S.plicata heparin (0.1 mg) was performed at room temperature for 48 h with
a mixture of 2.5 mIU of heparinase I, 2.5 mIU of heparinase 1l and 2.5 mlU of heparinase 111
in a total volume of 30 ul of 100 mM sodium acetate buffer, pH 7.0, containing 2 mM Ca
(OAC), and 2 mg/ml BSA. The columns used for the chromatography of the heparin digests
were dynamically coated with CTA, as described earlier [38]. The eluting salt was ammonium
methane sulfonate, prepared by neutralization until pH 2.5 of methane sulfonic acid by aqueous
ammonia solutions. The solvent B of CTA-SAX was 2 M ammonium methane sulfonate at pH
2.5. The solvent A was water (quality Milli-Q) adjusted to pH 3 by addition of methane sulfonic
acid. A linear gradient starting from 1% B to 100% B within 74 min was used at a flow rate of
0.22 ml/min. After 74 min, the percentage of B remained at 100%. After each run, a
reconditioning step of 18 min was used. Column temperature was 40°C.
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Anticoagulant action measured by aPTT (Activated Partial Thromboplastin Time)- activated
partial thromboplastin clotting time assays were carried out as following: normal human plasma
(100 pl) was incubated with 10 pl of a solution of mammalian or S.plicata heparin (0.01-100
ug) at 37°C for 1 min. Then 100 pl of APTT reagent (Celite — Biolab) were added and incubated
at 37°C. After 2 min of incubation 100 pl of 0.25 M CaCl, were added to the mixtures and the
clotting time recorded in a coagulometer (Amelung KC4A).

Inhibition of thrombin or factor Xa by antithrombin in the presence of mammalian or ascidian
heparin- these effects were evaluated by the assay of amydolytic activity of thrombin, using
chromogenic substrate, as described [24]. Incubations were performed in disposable UV semi-
microcuvettes. The final concentrations of reactants included 50 nM antithrombin, 15 nM
thrombin, 20 nM factor Xa and 0-10 pg/ml heparin in 100 pl of 0.02 M Tris/HCI, 0.15 M NacCl,
and 1.0 mg/ml polyethylene glycol (pH 7.4) (TS/PEG buffer). Thrombin or factor Xa was
added last to initiate the reaction. After 60-s incubation at room temperature, 500 pl of 100
uM chromogenic substrate Chromogenix TH or N-methoxycarbonyl-D-norleucyl-glycyl-L-
arginine-4-nitranillide-acetate in TS/PEG buffer was added and the absorbance at 405 nm was
recorded for 100 s. The rate of change of absorbance was proportional to the thrombin or factor
Xaactivity remaining in the incubation. No inhibition occurred in control experiments in which
thrombin or factor Xa was incubated with antithrombin in the absence of heparin. Nor did
inhibition occur when thrombin or factor Xa was incubated with heparin alone over the range
of concentrations tested.

Animal procedures

All animal work was carried out in accordance with the Brazilian Animal Protection Law and
we followed the institutional guidelines for animal care and experimentation.

Venous thrombosis- the antithrombotic activity of mammalian or S.plicata heparin was
investigated in rats with brain thromboplastin as the thrombogenic stimulus [39]. Briefly,
Wistar rats (both sexes, ~300 g body weight) were anaesthetized by intramuscular injection of
100 mg/kg body weight of ketamine (gently donated by Cristalia, Sdo Paulo, Brazil) and 16
mg/kg body weight of xylasin (Bayer AS, S&o Paulo, Brazil). The abdomen of each animal
was opened and the vena cava was carefully dissected. A segment of 0.7 cm was prepared
beginning just below the branch of the right renal vein up to after the left renal vein, which
was ligated. Mammalian heparin (Sigma-Aldrich, 180 units/mg) or S.plicata heparin at the
doses of 0.25-2.0 mg/kg body weight were administered intravenously 2.0 cm below the distal
loose suture and allowed to circulate for 5 min. Then, brain thromboplastin (Biolab-Merieux
AS, Rio de Janeiro, Brazil) (5 mg/kg body weight) was slowly injected intravenously 1.0 cm
below the distal loose suture and the venous segment was initially clamped at the proximal site
and then at the distal suture. After 20 min of stasis, the thrombus formed in the occluded
segment was washed with 5 % sodium citrate, dried for 1 h at 60°C and weighted. At least 5
animals were used per group. Mean thrombus weight was obtained by the average weight from
each group. The results are expressed as percentage of thrombosis and 100% of thrombosis
represents the average thrombus weight in the absence of any amount of the polysaccharide.

Arterial-venous shunt- the effect of mammalian or S.plicata heparin on arterial thrombosis was
investigated by the arterio-venous shunt thrombosis model adapted from the technique of VVogel
[39]. Under anesthesia, the jugular vein and the carotid artery of the opposite side were exposed,
and the silk thread side of the shunt tubing was inserted into the jugular vein and ligated. After
three minutes, the glycan dissolved in physiologic saline, was injected into the tail vein (1 ml/
kg), the glass tube side of the shunt tubing was cannulated into the carotid artery. After five

minutes of the glycan administration, the blood was allowed to flow into the shunt tubing. After
5 minutes of perfusion, the silk thread was pulled out of the tube, gently washed in 3.8% sodium
citrate, dried at room temperature overnight, and weighed. The weight gain was considered to
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represent clot accretion onto the thread. The results are expressed as % of thrombosis as
described in the previous paragraph. At least 5 animals were used per group.

Ex-vivo anticoagulant action measured by aPTT (activated Partial Thromboplastin Time)- to
determine the effect of S.plicata heparin on coagulation, Wistar rats (both sexes, ~ 300g body
weight) were anaesthetized with an intramuscular injection of 100 mg/Kg of ketamine
(Cristalia, Sao Paulo, Brazil) and 16 mg/Kg of xylazine (Bayer AS, Sdo Paulo, Brazil),
supplemented as needed. The right carotid artery was isolated and cannulated with a 22-gauge
catheter (Jelco, Johnson & Johnson Medical Inc., USA) for blood collection and injection of
the heparin samples. Blood samples (~ 500pl) were collected into 2.8% sodium citrate (9:1, v/
v) before and 5, 10, 15, 30 and 60 min after infusion of 2.0 mg/Kg of the ascidian heparin, for
analysis of aPTT. At least 4 animals were used per group.

Bleeding effect- for evaluation of the bleeding effect, Wistar rats (both sexes, ~ 300g body
weight) were anaesthetized with a combination of xylazine and ketamine, as described above.
A cannula was inserted into the right carotid artery for administration of heparin samples (0.5
or 5.0 mg/Kg). The polysaccharide was then allowed to circulate for 5 min and the rat-tail was
cut 3 mm from the tip. The tail was carefully immersed in 40 ml of distillated water at room
temperature. Blood loss was determined 60 min later by measurement of the hemoglobin
content in water solution using a spectrophotometric method, as described by Herbert et al,
(40). The volume of blood was deduced from a standard curve based on absorbance at 540 nm.
At least 4 animals were used per group. Hexuronic acid- the hexuronic acid content of the
glycans from the various tissues was estimated by the carbazole reaction [41].

Statistical analysis- results are expressed as mean + standard deviation. The difference between
two groups was tested using the T-test.

Isolation and characterization of S.plicata heparin

The body of the ascidian S.plicata was separated from the tunic and subjected to three
consecutive proteolytic digestions with papain. The polysaccharides obtained in each
extraction were precipitated with ethanol and analyzed by agarose gel electrophoresis.
Metachromatic bands with different migration patterns, representing distinct glycans were
observed in each extraction (Figure 1 A). A band migrating between standard heparan sulfate
(HS) and dermatan sulfate (DS) is present in the material obtained in the first, second and third
extractions. This band corresponds to a DS polymer, which was characterized previously
[33]. Another band migrating as standard DS is present only in the first extraction and
represents a non-identified sulfated polysaccharide. The material obtained in the third
extraction contained, in addition to the DS band, a band migrating approximately as standard
HS. The material obtained in the third extraction, containing a mixture of DS and a HS-
migrating polymer was applied to a Q-sepharose column, as described under Material and
Methods. Three peaks, named P1, P2 and P3, eluted from the column with different NaCl
concentrations (Figure 1 B). The material recovered in P1 was very scarce and was discarded.
P3 eluted from the ion-exchange column free of contaminating material, as indicated by a
homogeneous metachromatic band on agarose gel (Figure 1 C). P2 is enriched with the HS-
migrating glycan, but is slightly contaminated with DS. A further purification of the HS-
migrating glycan was achieved by another ion-exchange chromatography on a Mono Q
column. The HS-glycan was eluted from the column at the same NaCl concentration (~1.3 M)
required to elute mammalian heparin (Figure 1 D). The fractions eluted at the center of the
peak were pooled and analyzed by agarose gel (Figure 1 D, insert). A homogeneous
metachromatic band free of contaminating DS was obtained and used in further experiments.
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After the purification steps, about 2.6 mg of the HS-migrating material was recovered from 1
g of the dry body of S.plicata.

In order to obtain information about the nature of the HS-migrating glycan, the purified polymer
from the Mono Q column was incubated with chondroitinase AC-/ABC-lyase and heparin-/
heparan sulfate-lyase, and the products were analyzed by agarose gel electrophoresis (Figure
2 A). The HS-migrating glycan was resistant to the action of chondroitin AC/ABC lyases, as
well as heparan sulfate lyase, but was completely degraded by heparin lyase, indicating that
this is a heparin-like glycosaminoglycan. CTA-SAX HPLC analysis of the products formed
by the action of heparin-lyase (I, Il and 111) on the purified S.plicata heparin revealed that it is
formed mainly by the disaccharides AUA(2S0O,4)-1—4-B-D-GIcN(SO4) (47.5%) and AUA
(2S04)-1—4-B-D-GIcN(SO4)(6S04) (38.3%). Smaller amounts of the disaccharides AUA
(2S04)-1—4-B-D-GIcN(SO4)(3S04)(6SO4) (2.8%) and AUA(2S04)-1—4-B-D-GIcN(SOy)
(3S0,) (8.0%) were also present (Figure 2 B and Table 1).

An estimative of the molecular weight of the purified S.plicata heparin was carried out by
polyacrylamide gel electrophoresis, where its migration was compared with those of know
molecular weight standard GAGs. As shown in Figure 2 C, S.plicata heparin migrated as a
very broad band in the range of ~55,000 to ~12,000 Da, indicating an average molecular weight
of ~ 34,000 Da, which is higher than that of porcine intestinal mucosa heparin (~18,000 Da).

Anticoagulant properties of S.plicata heparin

The anticoagulant properties of the S.plicata heparin was evaluated by the aPTT assay using
human plasma and by measuring the inhibition of thrombin or factor Xa by AT in the presence
of increasing concentrations of the invertebrate glycan (Figure 3). Using a parallel standard
curve based on the aPTT activity of a heparin containing 180 units/mg, we estimate the
anticoagulant activity of the ascidian heparin as ~ 18 units/mg (Figure 3 A). Similar to
mammalian heparin, the invertebrate counterpart inhibited thrombin (Figure 3 B) and factor
Xa (Figure 3 C) in the presence of AT. However, total inhibition of thrombin or factor Xa by
the ascidian glycan was achieved in a much higher dose. Thus, the ICgq for thrombin inhibition
by AT was ~ 0.5 and 5.0 ug/ml for mammalian and S.plicata heparin, respectively; for factor
Xa inhibition by AT, the IC5p was ~ 1 and 11 pug/ml for mammalian and ascidian heparin,
respectively.

Antithrombotic effect of S.plicata heparin

The effect of mammalian and S.plicata heparin on thrombosis in vivo was investigated using
two experimental models in rats, namely venous thrombosis model in the vena cava and arterio-
venous shunt. A single intravascular injection of mammalian heparin, given 5 min before the
thrombogenic stimulus with rabbit brain thromboplastin caused a dose-dependent inhibition
of thrombus formation in the venous model (Figure 4 A). At the dose of 0.25 mg/Kg body
weight, a 50% reduction of thrombosis was observed and with 0.5 mg/Kg body weight, a
reduction of >95% in thrombosis was observed in all animals tested. S.plicata heparin was
ineffective to inhibit venous thrombaosis up to the dose of 0.5 mg/kg body weight and total
inhibition was not achieved even at a dose 4-fold higher than that required for mammalian
heparin to completely inhibit thrombosis. At the dose of 1.0 mg/kg body weight, ascidian
heparin inhibited 80% of thrombosis. A 2-fold increment in the dose did not improve the
antithrombotic effect of the invertebrate glycan (Figure 4 A).

In contrast to the effect observed in the venous thrombosis, intravascular injection of
S.plicata heparin inhibited thrombus formation in the arterio-venous shunt at the same extent
as mammalian heparin (Figure 4 B). The same inhibitory effect was achieved by approximately
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equivalent doses of ascidian and mammalian heparin. Both heparins were not able to totally
inhibit thrombosis up to the dose of 2 mg/kg body weight.

To investigate the effect of S.plicata heparin on coagulation in vivo, 2 mg/Kg of the ascidian
heparin was injected by intravascular route as a bolus in the carotid artery of anesthetized
Wistar rats. Blood was collected at different times after administration of the glycan for aPTT
analysis. As shown in Figure 4 C, the aPTT increased up to ~ 4-fold during the first 5 min,
following injection of the S.plicata heparin. After 5 min the aPTT started to decrease reaching
control values in 30 min.

Bleeding effect

The hemorrhagic effect of mammalian and S.plicata heparins was assessed based on blood loss
from a rat cut-tail, after intravascular administration. At the dose of 5 mg/Kg body weight,
which is 2.5-fold higher than that required for maximum antithrombotic effect, S.plicata
heparin did not modify the blood loss compared with rats receiving saline (Table 2). The blood
loss increased ~ 3-fold in rats receiving the same dose of porcine heparin (Table 2). The dose
of mammalian heparin to achieve 100% inhibition of thrombosis (0.5 mg/kg) did not increase
the blood loss.

Discussion

Structure and anticoagulant properties of S.plicata heparin

The heparin preparation isolated from the body of S.plicata is composed by heparin polymers
with different disaccharide composition that are synthesized by different types of cells, namely,
test cell [24,25], pharynx and intestine epithelial cells [24,35], basophil-like cell [submitted
for publication]. The mixture of these heparin polymers gives rise to a heparin preparation that
accounts for ~ 0.26 % (2.6 mg/g of dry body) of the total weight of the ascidian body. This
recover is similar to that of the heparin obtained from the mollusk Tapes phylippinarum (0.21
%) [42] in comparison to ~ 0.022 % of pig intestinal mucosa heparin [43].

Disaccharide analysis indicated that S.plicata heparin is composed mainly by the di-sulfated
disaccharide (AUA(2S0,4)-1—4-B-D-GIcN(SOy) (47.5%), followed by the tri-sulfated
disaccharide AUA(2S0O,4)-1—4-B-D-GIcN(S04)(6S04) (38.3%). Smaller, but significant
concentrations of the 3-O-sulfated-containing disaccharides AUA(2S04)-1—4-3-D-GIcN
(SO4)(3S04) (8.0%) and AUA(2S04)-1—4-B-D-GIcN(SO4)(3S04)(6S04) (2.8%) are also
present in the ascidian heparin. The disaccharide AUA(2S0,4)-1—4-B-D-GIcN(S0O4)(3SO0y4)
(6SO4) was previously identified in depolymerized porcine mucosa heparin [38]. The AUA
(2504)-1—4-B-D-GIcN(SO4)(3S0y) tentative structure was attributed according to several
analytical indications: the UV maximum at 232 nm is characteristic of the hexuronic acid
bearing 2-0 sulfate, the selective detection signal at 202—247 nm shows absence of N-acety!l
and a characteristic minimum of absorbance due to the presence of 3-O sulfated moiety (for
complete a method description, see also [38]. LC-MS experiment assigns a molecular weight
of 577 Da (data not shown). Thus, the chromatographic retention is clearly not compatible with
the only other possible alternative structure AUA(2S04)-1—4-B-D-GIcN(SO4)(6SO4).
Therefore, the disaccharide structure is unequivocally attributed to AUA(2SOg4)-1—4-B-D-
GIcN(S0O4)(3S0y4).

The disaccharide composition of the S.plicata heparin differs from that of porcine intestinal
mucosa heparin, which is composed mainly by AUA(2S0Og4)-1—4-B-D-GIcN(S04)(3S04)
(~70%) disaccharide units, followed by much lower concentrations of other disaccharides
(Table 1). In mammalian heparin, disaccharides containing 3-O-sulfated glucosamine
correspond to ~3.0% of the total disaccharides. These residues are found mainly in the AT-
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binding sequence of heparin and are an essential requirement for the potent anticoagulant
activity of heparin [44]. Although these residues occur in higher proportion in S.plicata heparin,
corresponding to ~11% of the total disaccharides, the ascidian glycan is about 10-fold less
anticoagulant than mammalian heparin. This may indicates that most of the 3-O-containing
disaccharides occur outside the AT-binding sequence, which would be present in a smaller
number in the chains of the ascidian heparin. Heparins enriched in 3-O-sulfated glucosamine,
have been reported in the mollusks Anomalocardia brasiliana, Tivela mactroides and Tapes
phylippinarum [15,42]. Different from S.plicata heparin, the presence of 3-O-sulfated
glucosamine sequences in mollusk heparins is associated with a high anticoagulant activity
(320 - 350 1U/mg) [14,42].

The average molecular weight of the ascidian heparin, estimated by polyacrylamide gel
electropphoresis, is ~34.000 Da, which is much higher than mammalian (~18,000 Da) or
mollusks heparins (~22,500 Da) [15].

Effect of S.plicata heparin in thrombosis models

The antithrombotic effect of S.plicata heparin was evaluated in two models of thrombosis. One
of the models, widely used for venous thrombosis, is based on the evaluation of thrombus
formation induced by two major factors, activation of coagulation and stasis [39]. The resultant
venous thrombus is composed of fibrin and red blood cells. In the arterio-venous shunt model,
thrombosis is initiated by platelet adherence to a silk thread anchored in the shunt, and both
activation of platelets and coagulation contribute to thrombus formation [39]. In the venous
model, S.plicata heparin was much less potent to inhibit thrombosis than mammalian heparin,
and complete thrombus inhibition was not achieved, even at a concentration 4-fold higher than
that required for mammalian heparin to inhibit 100% thrombosis. This is in accordance to the
lower anticoagulant activity of the invertebrate heparin, since in venous thrombosis coagulation
is the preponderant mechanism for thrombus formation. In the arterial model of the arterio-
venous shunt, where platelet aggregation is the preponderant factor for thrombus formation,
S.plicata heparin inhibited thrombosis at the same potency as mammalian heparin, despite the
higher AT activity of the mammalian glycan. These results suggest that heparin also inhibits
arterial thrombosis by inhibiting platelet aggregation, and this mechanism is independent of
the AT activity of polymer. In this aspect, S.plicata and mammalian heparin would have
equivalent potency. It has been reported that thrombin-induced platelet activation is inhibited
by high- and low-molecular-weight heparin and this inhibitory activity is directly related to
the molecular weight of the heparin preparation [45].

It is interesting to notice that significant antithrombotic effect of heparin in the arterial model
is obtained at much higher doses, when compared to venous thrombosis. At higher doses
mammalian heparin is 2-fold more hemorrhagic than the invertebrate counterpart (Table 2).
Therefore, heparin preparations obtained from the body of S.plicata would have a safer
therapeutic action in the treatment of arterial thrombosis than mammalian heparin.
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Abbreviations: The abbreviations used are

AUA

a-A%® unsaturated hexuronic acid
AUA(250,)

a-A*® unsaturated hexuronic acid 2-sulfate
a-L-1doA

o-L-iduronic acid

a-L-1doA-2(SOy,)
a-L-iduronic acid 2-sulfate

GIcN(SOy)
GICcN(SO4)(6504) and GICN(SO4)(3504)(6S0,), derivatives of D-glucosamine,
bearing a sulfate ester at position N, and at both positions N and 6, and at positions
N, 3 and 6, respectively

GIcNACc

N-acetyl-D-glucosamine

GIcNAC(6SO,)
N-acetyl-D-Glucosamine 6-sulfate

HPLC
high-performance liquid chromatography

FPLC
fast protein liquid chromatography
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Figure 1. Purification of the S.plicata heparin

A. Agarose gel electrophoresis of the crude glycans isolated from the body of S.plicata. The
body of the ascidian was submitted to 3 proteolytic digestions and the glycans (~1.5 pug, as
uronic acid) obtained in each extraction were applied to a 0.5% agarose gel in 0.05 M 1,3-
diaminopropane/acetate (pH 9.0), along with a mixture of standard glycosaminoglycans,
containing chondroitin sulfate (CS), dermatan sulfate (DS) and heparan sulfate (HS). B. lon-
exchange chromatography on Q-sepharose. The glycans from the 3" extraction (~8 mg) were
fractionated on a Q-sepharose column, as described in Material and Methods. Fractions eluted
with different NaCl concentrations were pooled, and denominated P1, P2 and P3. C. Agarose
gel electrophoresis of the fractions from the Q-sepharose column. The glycans pooled in P1,
P2 and P3 (~1.5 pg, as uronic acid) were applied to a 0.5% agarose gel in 0.05 M 1,3-
diaminopropane/acetate (pH 9.0) and submitted to an electophoretic run as described in
Material and Methods. D. lon-exchange chromatography on a Mono Q column. About 2 mg
of P2 from the Q-sepharose column of mammalian (-e-) or S.plicata heparin (-o-) were applied
to a Mono Q column and the chromatography developed as described in Material and Methods.
The fractions eluted at ~ 1.2 M NaCl were pooled as indicated by the horizontal bar and analized
by agarose gel electrophoresis (insert), as described earlier.
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Figure 2. Characterization of the S.plicata heparin

A. Agarose gel electrophoresis. The purified glycan from the Mono Q column (~50 pg) was
analyzed by agarose gel electrophoresis, before (—) or after (+) incubation with chondroitin
AC (Chase AC) or ABC (Chase ABC) lyases, or heparin (heparanse) and heparan sulfate lyases
(heparitinase), as described in Materials and Methods. B. HPLC analysis. The disaccharides
formed by exhaustive action of heparinase 1, Il, 111 on the purified S.plicata heparin were
applied to a CTA-SAX HPLC column. The column was eluted with a gradient of NaCl as
described in Material and Methods. The eluant was monitored for UV absorbance at 232 nm.
The assigned peaks correspond to the disaccharides: Allls, AUA(2SO4)-1—4-B-D-GIcN
(SO4); Als, AUA(2S04)-1—4-B-D-GIcN(SO4)(6S0y); Als, AUA(2S04)-1—4-B-D-GIcN
(SO4)(3S04)(6S0y); Allls, AUA(2SO4)-1—4-B-D-GIcN(SO4)(3S0y). C. Polyacrylamide gel
electrophoresis. The purified S.plicata heparin (Sp-Hep) (~ 10 pug dry weight) and the molecular
weight markers dextran 500 (Dx 500, average MW 500,000), chondroitin 4-sulfate from whale
cartilage (C4S, average MW 34,000); chondroitin 6-sulfate from shark cartilage (C6S, average
MW 64,000), porcine intestinal mucosa heparin (PIM, average MW 18,000) and porcine
intestinal dermatan sulfate (average MW 40,000) (~ 10 ug as dry weight of each) were applied
to a 1-mm-thick 6% polyacrylamide slab gel, as described in Material and Methods.
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Figure 3. Anticoagulant properties of S.plicata heparin
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A. aPTT- the activated Partial Thromboplastin Time values were determined in citrate-
anticoagulated human plasma in the presence of increasing concentrations mammalian (-e-)
or S.plicata (-o-) heparins. B and C, inhibition of thrombin (B) or factor Xa (C) activity by AT
in the presence mammalian (-e-) or S.plicata (-o-) heparins. AT was incubated with thrombin
(15 nm) or factor Xa (20 nm) in the presence of various concentrations of heparin. After 60
seconds, the remaining thrombin activity was determined with a chromogenic substrate

(AA405/min).
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Figure 4. Antithrombotic and anticoagulant properties of S.plicata heparin in vivo

The antithrombotic activity of the S.plicata heparin was investigated using a venous thrombosis
in the vena cava (A) or an arterio-venous shunt (B) models, as described in Material and
Methods. Mammalian (open bars) or S.plicata heparin (closed bars) at various doses were
injected via intravascular route. Mean thrombus weight was obtained from each group and then
expressed as percentage of thrombosis (Mean + SD, N=5). 100% of thrombosis represents the
average thrombus weight in the absence of any amount of the polysaccharide. C. Anticoagulant
effect of S.plicata heparin in vivo. Blood samples (~ 500 ul) were collected into 2.8% sodium
citrate (9:1, v/v) before and at different periods of time after intravascular administration of
2.0 mg/Kg body weight of S.plicata heparin. Activated partial thromboplastin time (aPTT)
(mean = SD, n=4) was determined on the ex vivo rat plasma, as described in Material and
Methods.
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Table 1
Disaccharide composition of ascidian and mammalian heparins.

Disaccharide % of the disaccharides

Test cell? Whole body® PIH,AC
AUA-1—4-B-D-GIcN(6SO,) <1 1.4 <5
AUA-1—4-B-D-GIcN(SO,)(6S0,) 25 2.0 9-11
AUA(2S0,)-1—4-B-D-GIcN(SO,) <1 475 6-8
AUA(250,)-1—4-B-D-GIcN(SO,4)(650,) 75 38.3 60-70
AUA(2S0,)-1—4-B-D-GIcN(SO,)(3S0,) <1 8.0 <1
AUA(2S0,)-1—4-B-D-GIcN(SO,)(3S0,)(6S0,) <1 2.8 <1

aData from reference 24.
bThis work.

CPIH, porcine intestinal heparin (data not published).

The assigned peaks correspond to the disaccharides: Allls, AUA(2SO4)-1—4-B-D-GIcN(SO4); Als, AUA(2S04)-1—4-B-D-GIcN(SO4)(6S04); Als
AUA(2504)-1—4-B-D-GIcN(SO4)(3504)(6504); Allls, AUA(2S04)-1—4-B-D-GIcN(SO4) (3504).
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Table 2
Bleeding effect of mammalian and S.plicata heparin.
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Blood loss (ul)?

Saline

Heparin from:
Mammal (0.5 mg/kg)
Mammal (5.0 mg/kg)
S.plicata (5.0 mg/kg)

5055

37+11
146 + 16
57+12

&I'he volume of blood was deduced from a standard curve of blood based on absorbance at 540 nm, as described by Herbert et al. (40).
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