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Sulfated polysaccharides extracted from marine algae represent a source of marine
compounds with potential applications in medicine. Mention of the use of seaweed
products is found in traditional Chinese herbal medicine as early as the sixteenth century
[1,2]. Among these, fucans isolated from the cell walls of marine brown algae [3.4] and
echinoderms (sea cucumbers and sea urchins) are found [5]. Their anticoagulant activity
is low as compared to heparin [6,7], yet they have numerous other biological properties:
they are antithrombotic [8], antiinflammatory [9], antiviral [10] and antiangiogenic [11].
Moreover, they can modulate cell adhesion [12], growth factor release [13], clinically
relevant events such as tumor metastasis [14,15]. and block sperm—egg binding in
various species [16,17]. All these activities confer to these polysaccharides potential
applications in human and veterinary health care, while taking advantage of the absence
of potential risk of contamination by animal viruses. As by-products of alginate
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preparation in the food and cosmetic industries, they also represent a cheap source of
molecules of biological interest.

The structural analysis of fucans extracted from the brown seaweed Ascophyllum
nodosum ( An) has received little attention from chemists [18-20], while their multipur-
pose potential has attracted general interest. The sulfated polysaccharides were identified
mostly as 4-sulfated 2- or 3-linked a-L-fucopyranans with branched heterosaccharides,
such as D-xylose, D-glucuronic acid, D-mannose and D-galactose, and sulfate. In addition,
several structurally different polysaccharide components are found [5,21]. This structural
heterogeneity is an impediment for a precise characterization using nuclear magnetic
resonance spectroscopy [5] or any other spectral technique. Furthermore, secondary
structure and structure—activity relationships remain to be established for this class of
compounds. They can bind to a large number of proteins as a consequence of their ionic
behaviour. Until now, their affinity for most proteins appears to be determined mainly
by their negative charge, molecular weight and degree of sulfation rather than by any
specific carbohydrate structure [15,22-24] as formally described for heparin [25]. Low
molecular weight fucans (LMWF, M, = 11,000-40,000 g/ mol) have been previously
produced in low yields by acidic hydrolysis followed by low pressure size exclusion
chromatography, starting from crude acidic extracts from various brown seaweeds
[4,26]). These fractions exhibited anticoagulant activity similar to heparin [6]. To
formally demonstrate the existence of a specific carbohydrate structure responsible for
the anticoagulant activity of fucans, it is of interest to prepare and purify in good yields
LMWEF exhibiting anticoagulant activity, i.e. containing the supposed active site.

In this report, we focus on the relationships between the structure and the anti-
coagulant activity of LMWF expressed as activated partial thromboplastin time (APTT)
activity. LMWF were prepared by radical process degradation from high molecular
weight fucans (HMWF) extracted from An. This method was used in high yields and
good reproducibility by Volpi et al. in the case of heparin and dermatan sulfate [27,28].

Table 1
Characterization of fucan fractions *
Fraction Yield rL-Fucose  D-Glucuronic acid -SO;Na  Mp Polydispersity ~APTT
(%) (g/100g) (g/100¢g) (g/100g) (g/100g) (Mw,/Mn) (IU/mg)
Fl1 — 313 5.7 26.1 556,000 2.2 9.1
F2 — 35.8 11.6 18.4 516,000 " na 12.1
DF1 47 36.4 2.6 29.7 8,300 1.5 8.2
DF2 50 322 6.5 30.1 7,800 1.7 7.3
F21 30 23.1 23.5 14.2 156,000 2.1 2.2
F22 40 43.2 1.7 353 600,000® na 25.3
DF21 13 22.5 17.7 20.2 6,000 1.7 0.2
DF22 50 42.7 13 35.0 13,000 1.8 7.6

* Chemical analyses had a SD of 5-15% and the activity assay of 10-20%. M, were given +3000 g/mol.
® Shoulder at 100,000 g/mol.
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Fig. |. HPSEC chromatograms of fractions F1 and DF1 (A) and F2 and DF2 (B).

Ion-exchange chromatography, subsequently performed on LMWF, enabled the isolation
of an anticoagulant fucan fraction.

The radical process degradation proceeds through the formation of free radicals from
the hydrogen peroxyde—cupric redox system [29]. At neutral pH, these species are very
reactive and degrade the polysaccharide backbone. Two HMWF, extracted from An as
previously described [4], were degraded: Fl (Mp = 556.000 g/mol) and F2 M, =
100,000 and 516,000 g/mol). Compositions and APTT activities of all fractions are
presented in Table 1. Fractions Fl and F2 were degraded at 60 °C in a temperature
controlled reactor with addition of hydrogen peroxyde performed continuously for 5 h.
High performance steric exclusion chromatograms of LMWF DF1 (M , = 8300 g/ mol)
and DF2 (M | = 7800 g/mol) are presented in Fig. 1A and B. In the case of F1, samples
were monitored during the degradation process and analyzed with HPSEC. After 30

min, a 66,000 g /mol fucan fraction peak with a 19,000 g/mol shoulder was obtained.
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CA CF F2 DF2  F21 F22 DF22

Fig. 2. Electrophoreses on cellulose acetate membrane of commercial ascophyllan (CA), commercial fucoidan
(CF), HMWF F2, LMWF DF2 and fraction obtained by anion exchange chromatography of F2 (F21 and F22)
and DF2 (DF22).

Between 1 h and 5 h, the molecular weight decreased to give DF1 in a yield of 47%.
The degradation process was similar for F2 (data not shown), leading to DF2 in similar
yields. DF1 and DF2 presented a more narrow molecular weight distribution as
compared to the parent fractions. However, the charged groups composition of DF1 and
DF2 was different from that of the starting compounds. Electrophoresis on cellulose
acetate membrane was performed with F2 and DF2 and compared qualitatively with
commercial fucoidan (CF) rich in sulfated L-fucose and commercial ascophyllan (CA)
rich in uronic acid (Fig. 2). The latter presented two narrow bands and CF migrated as a
large one. We have observed that F2 migrated as a mixture of CA and CF. In the case of
DF?2, the radical process degraded mainly the ascophyllan-like species.

Low pressure ion-exchange chromatography experiments were then performed on F2
and DF?2 in order to study the role of the different species in the APTT activity of fucan.
In Fig. 3A and B are displayed the ion exchange chromatograms of F2 and DF2
fractions which respectively led to four fractions: two HMWF F21 (Mp = 156,000
g/mol) and F22 (M, = 600,000 g/mol) and two LMWF DF21 (M, = 6000 g/mol)
and DF22 (M, = 13,000 g/mol). Fractions F21 and DF21, collected with a gradient of
0 to 0.75 M sodium chloride, showed a high amount of p-glucuronic acid (17 to 23
g/100 g) as compared to F2 (11.6 g/100 g) and a decrease in the L-fucose and sulfate
contents. Their APTT activities (2.2 and 0.2 IU /mg) were much lower as compared to
F2 (12.1 TU/mg). In contrast, F22 and DF22, eluted above 0.75 M sodium chloride
were enriched with sulfate (35 g/100 g) and L-fucose (43 g/100 g) while their
D-glucuronic acid content was fivefold lower than that of the parent compounds. The
APTT activity of F22 (25.3 IU/mg) was found twice that of F2. We attributed the
lowest APTT activities of DF2 and DF22 (7.3 and 7.6 IU /mg), compared to that of F2,
to their low molecular weight. Electrophoresis performed on cellulose acetate membrane
with F21, F22, and DF22 suggest that F21 can be mainly assigned as ascophyllan-like
species (Al and A2 on Fig. 2 and F22 and DF22 as fucoidan-like species (B on Fig. 2).
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Fig. 3. Low pressure anion exchange chromatograms of fractions F2 (A) and DF2 (B).

These results indicate that fucan extracted from An could be a mixture of poly-
saccharides with composition close to ascophylian and fucoidan and that a fucoidan-like
fraction only is responsible for the APTT activity of these compounds. Radical process
degradation followed by anion exchange low pressure chromatography is an improved
methodology, as compared to acidic degradation followed by size exclusion chromatog-
raphy, in order to obtain active LMWF in an overall yield of 25% from the starting
material. This may lead to fruitful developments in anticoagulant drug production from
seaweeds with high yields and good reproducibility.
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1. Experimental

Common chemicals were purchased in analytical grade from Carlo Erba, Fluka and
E. Merck and used without further purification. Heparin H410 used for APTT activity
was obtained from Choay-Sanofi. HMWF F1 and F2 were obtained from Ascophyllum
nodosum collected by IFREMER (Nantes) as previously described [4]. All characteriza-
tions were performed on fucans dried overnight at 40 °C under vacuum.

Preparation of low molecular weight fucans (LMWF).—Fucan (1.0 g) and copper
acetate monohydrate (0.08 g, 0.40 mmol) were dissolved in water (20 mL) at 60 °C in a
temperature controlled reactor and the pH was maintained at 7.5 by automatic addition
of 2 M NaOH. A 9% (v/v) hydrogen peroxide solution was added with a peristaltic
pump at a flow rate of 12 mL /h. The reaction was stopped after 5 h and Chelex 100
chelating resin (Biorad) was added to remove copper from the medium. After neutraliza-
tion with 0.1 M NaOH, the solution was desalinated under stirring against bidistilled
water in a diafiltration cell (Filtron) using a 1000 g/mol cut-off membrane and
freeze-dried to yield LMWE.

Ion-exchange chromatography of LMWF.—F2 or DF2 (0.5 g) was fractionated by
anion-exchange chromatography on a column (2.6 ¢cm X 40 ¢m) of DEAE Sepharose
CL6B (Pharmacia) with conductimetric monitoring. Elution was performed at 1.6
mL /min with water for 4 h, then with a linear NaCl gradient (0-2 M) to elute ionic
fractions. Two fractions were collected according to their fucan concentration, as
determined by the phenol-sulfuric acid method as described by Dubois et al. [30], then
concentrated, desalinated as described above and finally freeze dried.

Molecular weight determinations.—The molecular weights were determined by
high-performance steric exclusion chromatography (HPSEC) in 0.15 M NaCl, 0.05 M
NaH,PO, at pH 7.0, using a Licrospher Si 300 diol column (Merck-Clevenot) and a
Hema Sec Bio 40 column (Alltech) connected in series. The columns were calibrated
with standard polysaccharides of narrow molecular weight distribution (pullulans:
853,000-5800 g/mol, Polymer Laboratories, Interchim; dextran: 1 500 g/mol; melezi-
tose: 522 g/mol, Fluka; sucrose: 342 g/mol; glucose: 180 g/mol, Sigma). Number-
average (M), weight-average (M), peak-molecular weight (M p) and polydispersity
(=M, /M,) were determined using the Chromstar software (Bruker, Merck-Clevenot).

Fucose.—Fucose content was determined using the cysteine—sulfuric acid method as
described by Dische [31].

D-Glucuronic acid.—D-Glucuronic acid content was determined using the modified
m-hydroxydiphenyl-sulfuric acid method of Filisetti and Carpitta [32] with D-glucuronic
acid as standard (Sigma).

Sulfare.—Sulfate content was determined from elemental analysis of sulfur per-
formed at the Service de Microanalyse du CNRS (Gif / Yvette).

Electrophoresis.—It was performed on a cellulose acetate membrane (4.7 X 15 ¢cm?,
Sartorius) which was soaked in 0.1 M zinc acetate (pH 6.6). A fucan solution (2 L, 10
mg/mL) was applied to the membrane at 3 cm from the cathode end. Eleetrophoresis
was run for 1 h at 200 V (Helena). After the electrophoretic run, the membrane was
immersed immediately in a staining solution (0.05 M magnesium chloride; 0.025 M
sodium acetate buffer pH 5.8 in 50% v/v EtOH-water) containing 0.2% (w/v) of
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alcian blue, and left at room temperature for 30 min. The membrane was then washed
three times with 0.05 M magnesium chloride; 0.025 M sodium acetate buffer pH 5.8 in
1:1 EtOH-water. Finally, the membrane was immersed for 10 to 15 s in 25% (v/v)
acetic acid and MeOH. Commercial ascophyllan (CA) and fucoidan (CF) (Sigma) were
used as standards.

APTT activity.—The activity of each fucan sample was obtained using the APTT kit
(Organon) of either buffer Owen Koller {controls, 100 L), heparin (H410, Institut
Choay, Sanofi, 170 1U/mg) solution (0—1 ug/mL), or fucan dilution (0 to 50
pg/mL), 100 pL of platelet poor plasma (PPP) and 100 uL of APTT test reagent were
incubated for 3 min at 37 °C. The clotting time was measured after the addition of 100
nL of 25 mM CaCl, solution. The anticoagulant activity of each fucan was calculated
as previously described [6].
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