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Abstract

A new polysaccharide composed of galactan sulfate with a B-(1 — 3)-glycosidic linkage has been isolated from the
marine clam species Meretrix petechialis. The polysaccharide was homogeneous in its composition containing
D-galactose. The glycosidic linkage was examined by 2D DQF-COSY and 2D NOESY spectroscopy. The coupling
constant of anomeric proton was 7.8 Hz, suggesting a B-galacto configuration. The downfield shift of H-2 of
galactose residue demonstrated the presence of 2-O-sulfonate group. TQF-COSY confirmed that the C-6 position
was substituted with a sulfonate group. The anti-HIV activity of the polysaccharides has been evaluated by the
inhibition of syncytia formation. The fusion index and percentage fusion inhibition of sulfated galactan were 0.34

and 56% at 200 pg/mL. © 1999 Elsevier Science Ltd. All rights reserved.
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Sulfated polysaccharides have been found in
a variety of marine animals, plants and
microorganisms [1]. Carragenans and fucoidan
are sulfated polysaccharides extracted from

Abbreviations: COSY, correlation spectroscopy; NOESY,
nuclear Overhauser effect spectroscopy; TOCSY, total corre-
lation spectroscopy; DQF, double quantum filtered; TQF,
triple quantum filtered; HIV, human immunodeficiency virus.
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red seaweed (Rhodphyaceae) and brown algae
[1]. Tecogalan sodium, a sulfated polysaccha-
ride isolated from the bacterium Arthrobacter,
acts as an angiogenesis inhibitor [2] by inhibit-
ing the binding of basic fibroblast growth
factor to its cellular receptors [3]. Sulfated
polysaccharides, like dextran sulfates and hep-
arin, have also shown a potent inhibitory ac-
tivity against several different viruses [4,5]. The
inhibitory effects of sulfated galactan on the
replication of Herpes simplex virus (HSV)
have been reported [6]. Sulfated polysaccha-
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rides from the sea alga Spirulina platensis in-
hibited the activity of human immunodefi-
ciency virus (HIV) [7]. This activity
presumably results from a direct interaction of
the polysaccharide with the HIV binding site
at the membrane protein receptor CD4 of the
target T-cells [8]. In the present study a new
type of D-galactan sulfate was isolated from
Meretrix petechialis (clam), its structure was
characterized and its antiviral activity was
examined.

The composition of purified polysaccharide
was determined by a post-column HPLC
method and galactose was the only major
component detected. Methylation analysis of
the intact galactan showed 35.5% of 1,3,5-tri-
O-acetyl 2,4,6-tri-O-methyl galactitol, 13.5%
1,2,3,5-tetra-O-acetyl-4,6-di-O-methyl galacti-
tol, 49.2% of 1,3,5,6 tetra-O-acetyl 2,4-di-O-
methyl galactitol, and 1.8% of
1,2,3,5,6-penta-O-acetyl 4-O-methyl galacti-
tol. The chemically desulfated galactan
showed 100% of 1,3,5-tri-O-acetyl 2,4,6-tri-O-
methyl galactitol. These results strongly sug-
gest that the polysaccharide has the
consecutive structure [ - 3-Gal(1 - 3)-Gal-1 —
], and is partially O-sulfonated at the C-2 and
C-6 positions. No amino sugar was detected
by Elson—Morgan assay [9]. Inorganic sulfate
was also determined by ion chromatography
[10]. FTIR spectra showed a broad band at
820 cm~! due to equatorial O-sulfonate
groups (data not shown). The sample ob-
tained by solvolysis was treated with D-galac-
tose oxidase and [-D-galactosidase. Both
enzymes acted on the desulfated polysaccha-
ride, confirming the D-galactose residue was
B-D-galactopyranoside. The desulfated galac-
tan was completely degraded into D-galactose
monomer by [-D-galactosidase treatment
(data not shown), confirming the intact galac-
tan sulfate only contains B-linked D-galactose.

The 1D 'H NMR spectra of the intact
polysaccharide (a) and the product obtained
from solvolysis (b) are shown in Fig. 1. The
chemical shifts and coupling constants of the
intact polysaccharide are presented in Table 1.
The spectrum of galactan sulfate shows the
heterogeneity of the core structure compared
with that of the sample obtained by solvolysis.
The presence of anomeric proton was ob-

served as a doublet at 4.83 ppm and its cou-
pling constant was 7.8 Hz in the solvolyzed
sample, suggesting that all of the anomers of
each galactose residue contain the § configura-
tion. Based on the chemical shift and integra-
tion of each signal, some of the H-2 and H-6
protons are O-sulfonated. The integrations of
signals of 2-O- and 6-O-sulfonated galactose
residues at 4.45 and 4.21 ppm showed that
20% of C-2 and 80% of C-6 hydroxy groups
were O-sulfonated. These values were esti-
mated by the integration of all signals corre-
sponding to galactose ring protons. The
positions of the O-sulfonate groups were
confirmed by methylation analysis, but quan-
tification by this method was not possible as
the permethylation procedure can result in
partial removal of O-sulfonated groups. A 1D
differential NOE experiment of O-desul-
fonated galactan showed 7.4% of nuclear
Overhauser  enhancement between the
anomeric proton and the H-3 proton of the
galactose residue. This observation confirms
the (1 - 3)-linkage of the galactan polysaccha-
ride. Interestingly, there was no branched
structure in the polysaccharide based on the
permethylation analysis of O-desulfonated
galactan (data not shown). Two-dimensional
TOCSY and NOESY experiments suggested
the structure shown in Fig. 1. Comparison of
the NMR data of intact and O-desulfonated
galactan confirms the proposed structure.
Fig. 2 shows 2D DQF COSY spectrum of
the intact polysaccharide. Several cross-peaks

Table 1
'"H NMR data of sulfated galactan from M. petechialis

Chemical shift Coupling constant

(ppm) (Hz)
H-1  4.65 Ji, 7.6-7.8
H-1°* 483
H-2  3.83 Jrs 7882
H-2°® 445
H-3  3.84 Jia <15
H-3* 397
H-4 426 Jus  nd.
H-4° 426
H-5  3.75 Jse nd.
H-5® 3.96
H-6  3.77
H-6° 421

2 2-O-Sulfonated Gal residue.
® 6-O-Sulfonated Gal residue.



C. Amornrut et al. / Carbohydrate Research 321 (1999) 121-127 123

between H-1 and H-2 suggest that the polysac- sample resonates at around 3.83 ppm. A TQF
charide contain both sulfated and unsulfated COSY experiment confirmed that the addi-
galactose residues. The chemical shift of H-2 in tional O-sulfonate groups were attached to
the neutral galactose residue in the solvolyzed C-6 of galactose residues (data not shown).
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Fig. 1. "H NMR spectra of galactan sulfate and desulfated galactan. The inset in (a) indicates a proposed structure of galactan
sulfate polysaccharide.
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Fig. 2. Two-dimensional '"H-DQF COSY spectrum of galactan sulfate polysaccharide. Cross-peaks: (a) H-1/H-2 of Gal2S; (b, ¢
and d) H-1/H-2 of Gal; (e) H-2/H-3 of Gal2S; (f) H-3/H-4 of Gal; (g) H-3/H-4 of Gal2S; (h) H-5/H-6 of Gal6S (Gal, galactan;

Gal2S, galactose 2-O-sulfonate; Gal6S, galactose 6-O-sulfonate).

The structural features of invertebrate
polysaccharides are structurally diverse and
are composed of both acidic and neutral
polysaccharides. Marine algal species also
contain sulfated polysaccharides, which are
often present in large quantities and appear to
constitute the structural material of the tis-
sues. Polysulfated galactans from sea urchins
have been characterized as being comprised of
L-galactose, which has a (1 —4)-linkage with
3-O-sulfonate groups [11]. The present study

shows that clam polysaccharide is mainly
composed of D-sugars, as demonstrated by the
susceptibility of these sugars to both D-galac-
tose oxidase and B-D-galactosidase, with sul-
fate ester groups at the C-2 or C-6 positions.
Solvolytic desulfation indicates that it is a
linear B-(1 — 3)-linked galactopyranose.

The fusion index and percentage inhibition
of vPE 16-induced syncytia formation by
polygalactan sulfate are shown in Table 2.
The sulfated galactan inhibited syncytia for-
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mation by 33 and 56% at two concentrations,
100 and 200 pg/mL, respectively. In a control
experiment, dextran sulfate (MW 5000) inhib-
ited syncytia formation by 65 and 95% at the
same two concentrations.

Polysulfates exert their anti-HIV activity by
either interfering with CD4 binding to gp 120,
thus inhibiting syncytica formation, or by
binding to the V3 loop, stopping infectivity
[7]. Most of the sulfated polysaccharides that
have been found to inhibit HIV replication
appear to inhibit syncytia formation [12].

1. Experimental

Materials.—Clams (M. petechialis) were
purchased at a local market in Seoul, South
Korea. Dextran sulfate standards, heparin,
chondroitin 4-sulfate, Ham’s F12, newborn
calf serum (NBSC), trypsin (1:250 diluted),
and penicillin G—streptomycin solution were
purchased from Sigma (St. Louis, MO). All
other reagents used were of analytical grade.
Spectrapore dialysis membranes with molecu-
lar-weight cut-offs of 1000 and 3000 were
from Spectrum Medical (Los Angeles, CA). A
fused silica capillary column, DB-1, was ob-
tained from J&W Science (Folsom, CA).

General methods.— Neutral sugars were de-
termined by the post-column HPLC method
using 2-cyanoacetamide as a fluorogenic
reagent [13], and uronic acid was determined
by the carbazole method [14]. Hexosamine
was also determined by post-column HPLC
using a strong cation-exchange column and
the Elson—Morgan method [9]. Sulfate groups
were determined by ion chromatography [10].

Preparation of galactan sulfate polysaccha-
ride.—The polysaccharide was prepared ac-
cording to the previously published method

Table 2

[15]. Approximately 0.18 g of the galactan
sulfate polysaccharide was obtained as a white
powder from 15 g of the acetone de-fatted,
dried, whole soft body of the clam (M.
petechialis).

Methanolysis and methylation analysis of
galactan sulfate polysaccharide.— Composi-
tional analysis of monosaccharide was per-
formed by GC after methanolysis and
trimethylsilylation [16]. Polysaccharide was
thoroughly dried in vacuo over P,Os;. After
methanolysis for 24 h at 80 °C, in 0.5 mL of
dry methanolic 1 M HCI under N,, and neu-
tralizing with pyridine (0.15 mL), amino sug-
ars were N-reacetylated with Ac,O (0.1 mL)
and dried. The methanolyzed sample was
trimethylsilylated with 30 pL of a 2:1 (viv)
mixture of N,0-bis (trimethylsilyl) trifluoroac-
etamide (BSTFA)-pyridine at 8 °C for 1 h.

The dried polysaccharide was also perme-
thylated (repeatedly) by Hakomori’s method
[17]. The product was subjected to acetolysis
in 80% AcOH containing 1 M HCI at 80 °C
for 24 h and the resulted partially O-methyl-
ated monosaccharides were reduced by 5%
NaBH, in 10 mM NaOH. After removal of
borate by evaporation as methylborate, par-
tially O-methylated alditols were acetylated
[18]. The partially methylated alditol acetates
were analyzed by GC and GC-MS. GC on
both the permethylated and trimethylsilylated
samples was performed with flame ionization
detection on a Hitachi G-3000 gas chro-
matograph equipped with DB-1 fused silica
capillary column (375 pm i.d. x 25 m). GC-
MS analyses were performed on a Hewlett—
Packard model 5890 series Il  gas
chromatograph with a DB-1 fused silica capil-
lary column (375 pm i.d. x 25 m) followed by
a mass selective detector model 5971 equipped
with a Chemistation data system. All analyses

Inhibition of vPE 16-induced syncytia formation in CD4 HeLa cell by D-galactan sulfate from M. petechialis

Sample Concentration (ug/mL) Fusion index (FI) % Fusion inhibition
Control 0.74 +0.07 0
D-Galactan sulfate 100 0.46 +0.05 33.18 £ 0.78

200 0.33+0.03 55.60 +4.85
Dextran sulfate (MW 5000) 100 0.27 £ 0.06 63.00 + 8.54

200 0.05 +0.01 93.27 +2.32
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were performed in the electron impact ioniza-
tion mode, and an ionizing voltage of 70 eV
was used. The temperature of the injection
port and the detector was set at 28 °C. The
column temperature was programmed from
120 to 27 °C at the rate of 2 °C/min and then
held isothermally at 27 °C.

NMR  spectroscopy.—'H NMR  spec-
troscopy, on 1 mg of dry, exchanged sample in
*H,0 (0.5 mL, 99.96%), was performed using
a Unity-Varian 500 spectrometer with a VXR
5000 computer system (Varian Instruments) or
a Jeol 500 MHz instrument equipped with a
VAX 32 computer. The operation conditions
for one-dimensional spectra were as follows:
frequency, 500 MHz; sweep width, 6 kHz; flip
angle, 90° (11.1 or 12.8 ps); sampling point, 48
K; accumulation, 256 pulses; temperature, 298
K. The water resonance was suppressed by
selective irradiation during the relaxation
delay.

Two-dimensional spectra were recorded
with 512 x 2048 data points and a spectral
width of 3200 Hz. The water resonance was
suppressed by selective irradiation during the
relaxation delay. A total of 128-256 scans
were accumulated for each tl, with a relax-
ation delay of 2 s. The digital resolution was
1.6 Hz/point in both dimensions with zero-
filling in the ¢, and ¢, dimensions in the case of
DQF-COSY, and a Lorentz—Gauss function
was applied in all other cases.

Desulfation of galactan sulfate.— Desul-
fation of the polysaccharide was performed
according to the method described by Na-
gasaki et al. [19]. Briefly, the sodium salt of
polysaccharide (10 mg) was dissolved in 100
uL of water, and the solution was passed
through a Dowex 50W X8 (H™, 200-400
mesh) column. The eluate and washings were
combined, neutralized with pyridine and
lyophilized to obtain the pyridinium salt of
polysaccharide as a white powder (11 mg).
The pyridinium salt of polysaccharide (10 mg)
was dissolved in 200 pL of Me,SO containing
10% water and heated at 80 °C for 5 h. Then,
the content was diluted with water (500 pL)
and adjusted to pH 9.0-9.5 by 0.1 M NaOH.
The sample solution was dialyzed against dis-
tilled water for 24 h and lyophilized.

Determination of configuration.—A sample
of 1-2 mg of the polysaccharide was dissolved
in 0.1 mL of 2 M HCI. The tube was sealed
and heated at 10 °C for 5 h. The hydrolyzate
was dried and dissolved in water and was
separated by TLC [20]. The chromatogram
was sprayed with a solution of 0.1% galactose
oxidase and 0.01% peroxidase in 0.1 M ac-
etate buffer of pH 5.2, and then with 0.5%
alchoholic dianisidine solution. L-Galactose
and D-galactose were used as references. Fur-
thermore, desulfated galactan was treated with
B-D-galactosidase from Aspergillus niger and
the product was confirmed by the HPLC
method described above.

Syncytia formation inhibition assay.—This
assay followed a previously described proce-
dure [21]. Briefly, the assay used was CD4
HeLa cells and vPE 16. Recombinant vPE 16
was prepared from a vaccinia virus that ex-
presses HIV-1 envelope protein gp 120 and gp
41 on its surface. CD4 Hela cells (2 x 10°
cellsymL) growing in the log phase were
seeded in 12-well culture plates (3 mL cell
suspension/well). After 3 days, the plates were
washed with fresh medium to remove non-ad-
hering cells and 0.2 mL of culture medium
including test compounds or dextran sulfate
were added at varying concentrations. The
culture plates were incubated for 30 min at
3°C in a humidified atmosphere containing
5% CO,. Diluted vPE 16 (10 pL of 7.3 x 107
PFU) was added and incubated for an addi-
tional 30 min. Incubation was again carried
out after 0.8 mL of culture medium was
added. After 16—-20 h, syncytia formation was
observed under a microscope. The fusion in-
dex (FI) and the percentage fusion inhibition
are calculated as follows:

B Total number of nuclei

FI= Total number of cells

% Fusion inhibition = (1 —%) x 100
2

where FI, is the fusion index of the test sam-
ple and FI, is the fusion index of the control
sample.



C. Amornrut et al. / Carbohydrate Research 321 (1999) 121-127 127

Acknowledgements

This work was supported in part by a grant
from the Korea—Japan Joint Project 986-
0300-002-2, a grant from the Korea Science
Foundation and JSPS and by grants from the
NIH (GM38060 and HL52622). We also
thank Dr M. Nishijima, NIH, Japan, for gen-
erously providing the vPE 16 and CD4 HelLa
cells.

References

[1]1 M. Witvrouvw, E.D. Clercq, Gen. Pharmacol., 29 (1997)
497-511.

[2] K. Inoue, H. Korenaga, S. Kadoya, J. Biochem. (Tokyo),
92 (1982) 1775-1784.

[3] S.G. Eckhardt, H.A. Burris, J.R. Eckardt, G. Weiss,

G.G. Rodrigues, M. Rothenberg, D. Rinaldi, R. Bar-

rington, J.G. Kuhn, K. Masuo, K. Sudo, R. Atsumi, T.

Oguma, L. Higash, S. Fields, L. Smetzer, D.D. Von

Hoff, Ann. Oncol., 7 (1996) 491-496.

J. Neyts, D. Reymen, D. Letourneur, J. Jozefonvicz, D.

Schols, J. Este, G. Andrei, P. McKenna, M. Witvrouw,

S. Ikeda, Biochem. Pharmacol., 50 (1995) 743-751.

C.C Rider, D.R. Coombe, H.A. Harrop, E.F. Hounsell,

C Bauer, J. Feency, B Mulloy, N. Mahmood, A. Hay,

C.R. Parish, Biochemistry, 33 (1994) 6974—-6980.

[4

—_—

[5

—_

[6] M. Marchetti, S. Pisani, V. Pietropaolo, L. Seganti, R.
Nicoletti, N. Orsi, J. Chemother., 7 (1995) 90-96.

[7] K. Hayashi, T. Hayashi, I. Kojima, AIDS Res. Hum.
Retroviruses, 12 (1996) 1463—-1471.

[8] P. Jagodzinski, R. Wiaderkiewicz, G. Kurzawski, M.
Kloczewiak, H. Nakashima, E. Hyjek, N. Yamamoto, T.
Uryu, Y. Kaneko, M Posner, Virology, 202 (1994) 735-
745.

[9] J.L. Reissig, J.L. Strominger, L.F. Leloir, J. Biol. Chem.,
217 (1955) 959-963.

[10] K.G. Rice, Y.S. Kim, A.C. Grant, Z.M. Merchant, R.J.
Linhardt, Anal. Biochem., 150 (1985) 325-331.

[11] P.A. Mourao, A.S. Perlin, Eur. J. Biochem., 166 (1987)
431-436.

[12] T. Hoshino, T. Hayashi, K. Hayashi, J. Hamada, J.B.
Lee, U. Sankawa, Biol. Pharm. Bull, 21 (1998) 730-734.

[13] S. Honda, S. Suzuki, Anal. Biochem., 142 (1984) 167—
174.

[14] K.A. Taylor, J.G. Buchanan-Smith, Anal. Biochem., 201
(1992) 190-196.

[15] Y.S. Kim, Y.Y. Jo, I.-L Chang, T. Toida, Y. Park, R.J.
Linhardt, J. Biol. Chem., 271 (1996) 11750—11755.

[16] T. Bhatti, R.E. Chambers, J.R. Clamp, Biochem. Bio-
phys. Acta, 222 (1977) 339-347.

[17] S. Hakomori, J. Biochem. (Tokyo), 55 (1964) 205-208.

[18] K.R. Anumula, P.B. Taylor, Anal. Biochem, 203 (1994)
101-108.

[19] C. Nagasaki, Y. Inoue, T. Tokuyasu, J. Biochem.
(Tokyo), 86 (1979) 1323-1329.

[20] J.H. Pazur, in M.F. Chaplin, J.F. Kennedy (Eds.), Car-
bohydrate Analysis, IRL Press, Oxford, 1994, pp. 73—
124.

[21] E.-R. Woo, S.H. Yoon, J.H. Kwak, H.J. Kim, H. Park,
Phytomedicine, 4 (1997) 53-57.



