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Abstract—A fucoidanase preparation from the marine mollusk Littorina kurila cleaved some glycosidic bonds in fucoidan
from the brown alga Fucus distichus, but neither fucose nor lower oligosaccharides were produced. The main product iso-
lated from the incubation mixture was a polysaccharide built up of disaccharide repeating units —3)-o-L-Fucp-(2,4-di-
SO7)-(1->4)-a-L-Fucp-(2S05)-(1—, the structure coinciding with the idealized formula proposed for the initial substance.
A polymer fraction with the same carbohydrate chain but sulfated only at positions 2 and nonstoichiometrically acetylated
at positions 3 and 4 of fucose residues was isolated as a minor component. It is suggested that the native polysaccharide
should contain small amounts of non-sulfated and non-acetylated fucose residues, and only their glycosidic bonds are
cleaved by the enzyme. The enzymatic hydrolysis showed that irregular regions of the native polysaccharide containing
acetylated and partially sulfated repeating units were assembled in blocks.
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Fucoidans are polysaccharides built up largely of sul-
fated a-L-fucose residues. These biopolymers are mainly
synthesized by brown algae [1, 2] and are also found in
marine echinoderms [3]. Fucoidans display diverse bio-
logical activities [4] that seem to be due to their ability to
react selectively with some proteins and to modify specif-
ically the cell surface. For a long time biological features
of fucoidans were thought to depend only on the high
extent of sulfation of these polysaccharides [5], but fine
details of their structure have been recently found to be
also important [4]. However, in every case the establish-
ment of chemical structure of fucoidans is rather labor
consuming. First of all, molecules of great majority of
algal fucoidans lack visible signs of regularity. Structural
analysis of these biopolymers is still more complicated
also because they are highly sulfated and contain minor
components (xylose, galactose, uronic acids, acetyl
groups). Therefore, only a few algal fucoidans have more
or less reliably established structure [6-11] and, conse-
quently, no specific biological activity can be associated
with particular structures of fucoidan molecules.
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Enzymes catalyzing partial cleavage of these poly-
saccharides, namely fucoidanase and sulfatase, would be
useful tools for investigating structural features of
fucoidans. Such enzymes have been found mainly in
marine bacteria [12] and invertebrates—echinoderms
[13] and mollusks [14]—and the effect of these enzymes
on algal fucoidans have been studied in some works [12,
14-17]. These studies are difficult because of rather low
content of fucoidanases in both bacteria and mollusks (as
compared, for example, to glucanases); moreover, purifi-
cation of these enzymes is virtually always associated with
a significant loss of their activities [15]. As a result,
researchers often work only with partially purified
enzyme preparations [15] or even with complexes of poly-
saccharide hydrolases [16]. Moreover, unfractionated
fucoidans with unknown structure are usually used as
substrates in studies on specificities of fucoidan-degrad-
ing enzymes. Therefore, although the structure of low-
molecular-weight fragments of fucoidans (fucooligosac-
charides) has been studied in detail elsewhere [16], it is
not always possible to compare structures of oligosaccha-
rides and the initial native polymer, and thus determine
the specificity of the enzyme effect. Nevertheless, two
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publications on this subject seem to deserve attention.
The work [17] dealt with a regioselective sulfatase isolat-
ed from the marine mollusk Pecten maximus, which
hydrolyzed sulfate groups only at positions 2 of fucopyra-
nosides. In work [18] treatment of fucoidan from
Cladosiphon okamuranus by the enzyme complex from the
marine bacterium Fucophilus fucoidanolyticus resulted in
a set of oligosaccharides with structures suggesting the
presence of pentasaccharide repeating units in the initial
polysaccharide. Fucoidanase in this complex cleaved only
glycosidic bonds of fucose residues substituted by a glu-
curonic acid residue at position 2.

The present work is an extension of studies on prop-
erties of enzymes from the marine gastropod Litforina
kurila that catalyze transformation of fucoidans. The
hepatopancreas of L. kurila was earlier shown [19] to
contain an enzyme, which displayed the fucoidanase
activity to fucoidans from the brown algae Fucus
evanescens and Laminaria cichorioides. Fucoidanase was
isolated and purified from a-fucosidase and arylsulfatase.
In the present work, the fucoidan fraction from F. dis-
tichus was used as a substrate for fucoidanase. This frac-
tion is a polysaccharide with high regularity that is main-
ly built up of identical repeating disaccharide units [10],
and it differs from Laminaria cichorioides fucoidan in the
structure of the backbone and from F. evanescens
fucoidan in distribution of sulfate groups and by lower
extent of acetylation.

MATERIALS AND METHODS

Fucoidanase was isolated from the hepatopancreas
of L. kurila and purified as described in [19]. A highly sul-
fated fraction of fucoidan (F,) from F. distichus was pre-
pared as described in [10]. The protein was quantified by
the Lowry’s method [20] with BSA as a standard. Neutral
monosaccharides were quantified by GLC after hydroly-
sis of polysaccharides (2 M CF;COOH, 8 h at 100°C) as
polyol acetates [21] or aldononitrile acetates [22], with
myo-inositol acetate as an internal standard. GLC was
performed using a Hewlett-Packard 5890A chromato-
graph equipped with an HP Ultra-2 capillary column,
flame-ionization detector, and an HP 3393A integrator,
at temperature programmed from 175 to 290°C at the rate
of 10°C/min. Sulfate was determined turbidimetrically as
BaSO, after hydrolysis of polysaccharides in 1 M HCI
[23].

Determination of fucoidanase activity. The activity
was determined as described in [19] by increase in the
concentration of reducing sugars registered by the
Nelson’s method [24]. The incubation medium con-
tained 100 pl of the enzyme preparation, 200 ul of
fucoidan F, solution (4 mg/ml), and 200 pl of 0.05 M
acetate buffer (pH 5.4). The incubation time was 5 h. The
enzyme amount that increased the reducing capacity of
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the incubation medium equivalently to production of
1 umol fucose per 1 h was taken as the enzyme activity
unit.

Enzymatic cleavage of fucoidan. A solution (25 ml) of
fucoidanase (activity of 0.23 U/ml) in 0.05 M acetate
buffer (pH 5.4) containing 0.2 M NaCl was supplement-
ed with 245 mg fucoidan. On dissolving the substrate, the
medium was incubated for 21 h at 37°C, supplemented
additionally with 5 ml of the enzyme solution, and incu-
bated further under the same conditions for 24 h, with
sampling of 0.1 ml aliquots at chosen time intervals and
determining in them the quantity of reducing sugars as
described in [24]. Then the reaction was stopped by heat-
ing on a boiling water bath for 10 min. The resulting pre-
cipitate was separated by centrifugation and discarded,
and to the supernatant four volumes of ethanol were
added. The precipitate (high-molecular-weight reaction
products (HMP)) was separated by centrifugation,
washed with ethanol, dissolved in a minimal volume of
water, and lyophilized (the yield was 210 mg), whereas the
supernatant (low-molecular-weight reaction products
(LMP) and salts from the buffer) was evaporated to dry-
ness in vacuum (the yield was 140 mg).

The enzyme solution without the polysaccharide and
the polysaccharide solution without the enzyme were
incubated similarly as control reactions.

Gel-permeation chromatography. Columns with TSK
HW-40(S) gel (Toyopearl, Japan) (2.7 x 76 cm, separa-
tion range in molecular weight of dextrans 0.1-7 kD) and
with TSK HW-65(S) gel (Toyopearl) (2.7 x 60 cm, sepa-
ration range in molecular weight of dextrans 10-1000 kD)
were used. The columns were eluted with water at the rate
of 2 ml/min and the eluted material was detected with a
differential refractometer (Knauer, Germany).

Electrophoresis. Electrophoresis was performed in
0.6% agarose gel (120 x 110 x 2 mm) in 50 mM 1,3-
diaminopropane acetate buffer (pH 9.0) at 110 V for 1 h.
The gel was fixed, dried, and stained as described in [3].

NMR spectroscopy. NMR spectra were obtained
using a DRX-500 spectrometer (Bruker, Germany) after
the samples had been once or twice lyophilized from D,O
and dissolved in 99.96% D,0. The spectra were calibrat-
ed with 3-(trimethylsilyl)propionic-2,2,3,3-d, acid, sodi-
um salt (internal standard, &y 0).

RESULTS AND DISCUSSION

The highly sulfated fraction of fucoidan (F,) isolated
from F. distichus and consisting virtually only of fucose
and sulfate was deliberately chosen as the substrate for the
fucoidanase under study. It is the only known example of
a highly regular algal fucoidan. The polysaccharide mol-
ecules include alternating residues of 3-linked o-L-
fucopyranose sulfated at positions 2 and 4 and of 4-linked
a-L-fucopyranose sulfated only at position 2. In other
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words, the polysaccharide molecules contain the disac-
charide repeating unit —3)-a-L-Fucp-(2,4-di-SO3)-
(1>4)-a-L-Fucp-(2S03)-(1—. This regularity is only
slightly masked by the presence in the polysaccharide of a
small amount of O-acetyl groups and also by incomplete
sulfation of some repeating units: the molar ratio of L-
fucose, sulfate, and acetyl groups is 1 : 1.21 : 0.08.
Nevertheless, these disorders of the regularity did not
affect the quality of NMR spectra, and we were able to
establish the structure of a native algal fucoidan without
degradative approaches by NMR spectroscopy [10].

An enzyme for cleaving fucoidan was prepared from
hepatopancreas of the marine gastropod L. kurila.
According to [19] this source has two fucoidanase forms:
an acidic one with pH optimum of 5.4 and an alkaline
one with pH optimum of 8.5. The specific effect of alka-
line fucoidanase on algal fucoidans was shown earlier
[25], the specificity of the acidic form not being studied.
In the present work, we studied the effect of acidic
fucoidanase on fucoidan with known structure to investi-
gate the enzyme specificity and obtain additional infor-
mation about structural features of the fucoidan used as
the substrate.

The enzymatic hydrolysis of fucoidan was followed
by quantitative determination of reducing sugars in the
incubation medium. Although the reducing ability of the
fucoidanase preparation was initially high, it increased
only in the presence of both the enzyme and the polysac-
charide (Fig. 1). In two control experiments (incubation
under the same conditions either of the enzyme or the
polysaccharide), the reducing ability of the solutions
remained virtually unchanged. These findings suggested
that the fucoidanase under study hydrolyzed some glyco-
sidic bonds in fucoidan molecules from F. distichus. On
termination of the enzymatic hydrolysis and removal of

Azso
1.0 7 1
0.8 1
0.6 -
0.4 2
0.2 -
3
0 T ! 1
0 18 21 24 45

Time, hours

Fig. 1. Time-dependent changes in the reducing ability of incuba-
tion mixtures of fucoidan with the enzyme (/), the enzyme with-
out fucoidan (2), and fucoidan without the enzyme (3).
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Table 1. Composition of the initial fucoidan F, and poly-
saccharide fractions resulting from enzymatic hydrolysis

Neutral
Fraction monosaccharides, % SO;Na, %
Fuc Xyl Gal
F, 40.8 0.8 0.8 34.8
HMP 40.9 1.2 1.9 35.3
I-1 44.0 0.5 0.8 29.9

the protein, high-molecular-weight reaction products
(HMP) were separated from low-molecular-weight prod-
ucts (LMP) by precipitation with ethanol. A similar treat-
ment of the polysaccharide solution incubated as
described but without the enzyme did not result in sepa-
ration of a low-molecular-weight fraction.

The composition of the high-molecular-weight frac-
tion of the enzymatic hydrolysis products was virtually the
same as that of native fucoidan F, (Table 1). 'H- (see fur-
ther Fig. 3) and '*C-NMR spectra of this fraction were
also identical to similar spectra of F,. Thus, the HMP
fraction was a part of the initial fucoidan not noticeably
changed by the enzyme.

Attempting to reveal among enzymatic hydrolysis
products short fucooligosaccharides (with 2-20 monosac-
charide residues in the chain), the LMP fraction was
studied by gel-permeation chromatography on TSK-
HW-40(S) gel (separation range in molecular weight of
dextrans was 0.1-7 kD). Only fraction I resulting by chro-
matography consisted of carbohydrates (by NMR data)
and was eluted from the column with the void volume
(i.e., its molecular weight was >7 kD). Thus, no oligosac-
charides and monosaccharides were found among the
products of enzymatic hydrolysis.

By chromatography on a column with TSK-HW-65
gel (separation range in molecular weight was 10-
1000 kD), fraction I was divided into two fractions, of
which only the I-1 fraction consisted of carbohydrates.
The yield of the 1-1 fraction was 6.1% (15 mg) of the ini-
tial fucoidan F,. The elution profile of the I-1 fraction on
TSK-HW-65 was slightly different from that of the initial
fucoidan. The difference in molecular weights of the I-1
fraction and native fucoidan was confirmed upon their
reduction by sodium borohydride, subsequent hydrolysis,
and comparison of fucose and fucitol molar ratios in the
hydrolyzates. For the I-1 fraction this ratio was 64 : 1,
which corresponded to the average length of the chain of
65 monosaccharide residues. The similar ratio for the
native fucoidan was 424 : 1, i.e., the average length of the
chain was 425 fucose residues. The difference in the
molecular weight and/or charge density between the I-1
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1 2

Fig. 2. Electrophoresis in 0.6% agarose gel of native fucoidan F,
(1) and the I-1 fraction (2).

fraction and the native fucoidan was also shown by elec-
trophoresis in agarose gel (Fig. 2). Table 1 shows that the
I-1 fraction is different from the initial fucoidan F, also
by lower content of sulfate groups (the molar ratio of
fucose and sulfate was 1 : 1).

Structure of the I-1 fraction prepared by enzymatic
hydrolysis was then studied by NMR spectroscopy. The
3C-NMR spectrum of this fraction was more complicat-
ed than a similar spectrum of native fucoidan F,. At least
three intense signals in the anomeric carbon resonance
region (94-100 ppm) and also signals in the high field
region (16.7 and 16.8 ppm) in the spectrum were typical
for a-fucopyranosides. Four intense signals of carbons of
O-acetyl groups (two in the high-field region at 20-
22 ppm and two in the resonance region of carboxyl
groups at 174-175 ppm) were distinctive for the *C-
NMR spectrum of the I-1 fraction as compared to the
corresponding spectrum of native fucoidan F,, where
these signals were faintly visible. The 'H-NMR spectrum
of the I-1 fraction contained a number of intense signals
in the anomeric (5.2-5.5 ppm) and high-field (1.0-
1.4 ppm) regions. The signals at 2.2 ppm indicated the
presence of O-acetyl groups in the polymer. The molar
ratio of fucose and acetate calculated from integral inten-
sities of signals of the appropriate protons was 1 : 0.4, i.e.,
the I-1 fraction contained fivefold more O-acetyl groups
than native fucoidan (Fig. 3).

The resolution of both proton and carbon spectra of
the I-1 fraction was sufficient for application of different
variants of two-dimensional NMR spectroscopy used for
assignment of the spectral signals. Heteronuclear two-
dimensional correlation 'H,"*C HSQC revealed three
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cross-peaks in the anomeric region. Analysis of homonu-
clear 'H,'H two-dimensional spectra COSY and TOCSY
allowed us to determine chemical shifts of all proton sig-
nals of the fucopyranose residues. Then signals in the *C-
NMR spectrum were assigned using the HSQC correla-
tion (Table 2). Combined analysis of chemical shifts in
the proton and carbon spectra revealed several types of
fucopyranose 2-sulfate residues that were different in
positions of glycosylation and O-acetyl groups. Analysis
of 2D ROESY spectrum data (NOE) revealed that the I-
1 fraction had a disaccharide repeating unit built up of
1-3- and 1—4-linked o-L-fucopyranose 2-sulfate
residues, and some of the 4-linked fucose residues con-
tained O-acetyl groups in position 3, while some of 3-
linked residues were acetylated at position 4. The pres-
ence of three cross-peaks in the anomeric region of the
HSQC spectrum was shown to be caused by differences in
chemical shifts of anomeric protons and carbons of acety-
lated and non-acetylated 4-linked fucopyranose 2-sulfate
residues.

Thus, treatment of fucoidan F, from F. distichus with
the enzyme from L. kurila resulted only in a slight cleav-
age of the substrate. As shown by NMR spectroscopy, the
major part of the substance remained unchanged; conse-
quently, the enzyme preparation was unable to cleave the
sequence consisting of alternating residues of 3-linked o.-
L-fucopyranose 2,4-disulfate and 4-linked a-L-fucopy-
ranose 2-sulfate. The I-1 fraction prepared with a small
yield was a polysaccharide built up of alternating 3- and
4-linked o-L-fucopyranose 2-sulfate residues partially
acetylated at the remaining positions. Note, that the con-
trol treatment of the polysaccharide in the absence of the
enzyme and the subsequent fractionation did not produce
a similar fraction. The production by enzymatic hydroly-
sis of a relatively low-molecular-weight acetylated poly-

1B | 1A

Fig. 3. '"H-NMR spectra of the HMP fraction (/) and of the I-1
fraction (2). The letters and figures indicate the corresponding
protons in residues A, B, C, D, E, and F shown in Table 2.
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Table 2. Signal positions (ppm) in 'H- and '*C-NMR spectra of the HMP and I-1 fractions

.
0SONa o b= 0
RO
Me O
0SOsNa g p Rr-nH
OR F R=Ac
O
/

Substance Residue H-1 H-2 H-3 H-4 H-5 H-6
HMP fraction A 5.38 4.58 4.33 4.98 4.52 1.34
[-A-B-], B* 5.40 4.48 4.38 4.03 4.40 1.40
I-1 fraction C 5.28 4.63 4.27 4.16 4.52 1.30
[-C(D)-E(F)-1, D 5.27 4.65 4.40 5.50 4.63 1.15

E* 5.27 4.60 4.23 4.03 4.64 1.40

F 5.41 4.73 5.52 4.16 4.54 1.40

C-1 C-2 C-3 C-4 C-5 C-6

HMP fraction A 100.2 76.0 74.4 81.2 68.9 16.8
[-A-B-], B* 99.1 77.5 68.7 84.0 69.8 16.8
I-1 fraction C 100.0 74.5 73.4 69.9 67.8 16.8
[-C(D)-E(F)-], D 100.0 74.8 ? 70.7 67.3 16.8
E* 94.0 74.5 68.3 83.6 68.8 16.7

F 94.9 74.2 70.7 79.6 68.8 16.7

* Formally identical B and E residues in F, and I-1 molecules are surrounded differently and therefore are different in positions of several signals in

the NMR spectra.

mer with disposition of sulfate groups different from that
in the initial substance may be explained on the sugges-
tion that irregular regions of native fucoidan molecules
should contain a number of completely non-sulfated
(and, possibly, also non-acetylated) fucose residues and
that the fucoidanase cleaved only glycosidic bonds of
these residues. The low yield of the I-1 fraction was
caused by a small number of such residues in the initial
fucoidan, and it being a polymer was due to assembling in
blocks of regions with the structure different from the reg-
ular structure of the polysaccharide. Obviously, enzymat-
ic hydrolysis of glycosidic bonds in fucoidan from Fucus
distichus was mainly prevented by the high extent of sulfa-
tion of its molecules. We will continue studies on the
effect of this enzyme preparation on natural fucoidans
with different carbohydrate chain structure and different
disposition of sulfate groups, as well as on products of

their chemical desulfation.

This work was supported by grants of the Federal
Scientific and Technological Program “Studies and
Works in Priority Lines of Development of Science and
Technology” (microproject 02.42.5), of the Program of

BIOCHEMISTRY (Moscow) Vol. 70 No. 12 2005

the Russian Federation President for supporting young
Russian scientists and leading scientific schools (MK-
1793.2003.3 and NSh-1557.2003.3), of the Russian
Science Support Foundation,
Biology Program of the Russian Academy of Sciences,
and of the Russian Foundation for Basic Research (proj-
ect No. 03-04-49534).

1. Percival, E., and McDowell, R. H. (1967) Chemistry and
Enzymology of Marine Algal Polysaccharides, Academic
Press, N. Y., pp. 157-175.

2. Painter, T. J. (1983) in The Polysaccharides, Vol. 2 (Aspinall,

G. 0., ed.) Academic Press, N. Y., pp. 195-285.

Pereira, M. S., Mulloy, B., and Mourao, P. A. S. (1999) J.

(98]

REFERENCES

Biol. Chem., 274, 7656-7667.

Berteau, O., and Mulloy, B. (2003) Glycobiology, 13, 29R-

40R.

Koyanagi, S., Tanigawa, N., Nakagawa, H., Soeda, S., and

of Physicochemical

Shimeno, H. (2003) Biochem. Pharmacol., 65, 173-179.

6. Nagaoka, M., Shibata, H., Kimura-Takagi, 1., Hashimoto,
S., Kimura, K., Makino, T., Aiyama, R., Ueyama, S., and
Yokokura, T. (1999) Glycoconj. J., 16, 19-26.



1326
7.

10.

11.
12.

13.

14.

15.

Chizhov, A. O., Dell, A., Morris, H. R., Haslam, S. M.,
McDowell, R. A., Shashkov, A. S., Nifantiev, N. E.,
Khatuntseva, E. A., and Usov, A. 1. (1999) Carbohydr. Res.,
320, 108-119.

. Chevolot, L., Mulloy, B., Ratiskol, J., Foucault, A.,

and Colliec-Jouault, S. (2001) Carbohydr. Res., 330, 529-535.
Bilan, M. 1., Grachev, A. A., Ustuzhanina, N. E.,
Shashkov, A. S., Nifantiev, N. E., and Usov, A. 1. (2002)
Carbohydr. Res., 337, 719-730.

Bilan, M. 1., Grachev, A. A., Ustuzhanina, N. E.,
Shashkov, A. S., Nifantiev, N. E., and Usov, A. 1. (2004)
Carbohydr. Res., 339, 511-517.

Ponce, N. M. A., Pujol, C. A., Damonte, E. B., Flores, M.
L., and Stortz, C. A. (2003) Carbohydr. Res., 338, 153-165.
Furukawa, S., Fujikawa, T., Koga, D., and Ide, A. (1992)
Biosci. Biotech. Biochem., 56, 1829-1834.

Sasaki, K., Sakai, T., Kojima, K., Nakayama, S.,
Nakanishi, Y., and Kato, 1. (1996) Biosci. Biotech.
Biochem., 60, 666-668.

Kitamura, K., Matsuo, M., and Yasui, T. (1992) Biosci.
Biotech. Biochem., 56, 490-494.

Bakunina, I. Yu., Nedashkovskaya, O. 1., Alekseeva, S. A.,
Ivanova, E. P.,, Romanenko, L. A., Gorshkova, N. M.,

16.

17.

18.

19.

20.

21.
22.
23.

24.
25.

BILAN et al.

Isakov, V. V., Zvyagintseva, T. N., and Mikhailov, V. V.
(2002) Mikrobiologiya, 71, 49-55.

Daniel, R., Berteau, O., Jozefonvicz, J., and Goasdoue, N.
(1999) Carbohydr. Res., 332, 291-297.

Daniel, R., Berteau, O., Chevolot, L., Varenne, A., Gareil,
P., and Goasdoue, N. (2001) Eur. J. Biochem., 268, 5617-
5626.

Sakai, T., Ishizuka, K., Shimanaka, K., Ikai, K., and Kato,
1. (2003) Mar. Biotechnol., 5, 536-544.

Kusaykin, M. 1., Burtseva, Yu. V., Svetasheva, T. G., Sova,
V. V., and Zvyagintseva, T. N. (2003) Biochemistry
(Moscow), 68, 317-324.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall,
R.J. (1951) J. Biol. Chem., 193, 265-275.

Sloneker, J. H. (1972) Meth. Carbohydr. Chem., 6, 20-24.
Morrison, 1. M. (1975) J. Chromatogr., 108, 361-364.
Dodgson, K. S., and Price, R. G. (1962) Biochem. J., 84,
106-110.

Nelson, N. (1944) J. Biol. Chem., 153, 375-38]1.
Kusaykin, M. I., Chizhov, A. O., Alekseeva, S. A.,
Bakunina, I. Yu., Nedashkovskaya, O. 1., Sova, V. V.,
Zvyagintseva, T. N., and Elyakov, G. B. (2004) Dokl. Ros.
Akad. Nauk, 396, 1-3.

BIOCHEMISTRY (Moscow) Vol. 70 No. 12 2005



