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Abstract

Low-molecular-weight (LMW) k-carrageenan was achieved through mild hydrochloric acid hydrolysis of k-carrageenan. The acylation of
low-molecular-weight k-carrageenan was performed by use of tetrabutylammonium (TBA) salt of the anionic polysaccharide fragments,
maleic anhydride, 4-dimethylaminopyridine and tributylamine under homogeneous conditions in N,N-dimethylformamide at 60 °C. Analysis
of FT-IR spectrum of O-maleoyl k-carrageenan showed that a monoester derivative with maleoyl group was formed when LMW
k-carrageenan reacted with maleic anhydride. Investigation of 'H NMR spectroscopy revealed that the maleoylation took place

regioselectively at C-2 of the k-carrageenan 3-linked unit.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carrageenans are a family of sulfated polysaccharides
prepared by alkaline extraction (and modification) from red
seaweed. They have structures that are generally based on
linear chains of alternating 3-linked B-p-galactopyranosyl
and 4-linked o-galactopyranosyl residues (Janaswamy &
Chandrasekaran, 2002; Myslabodski, Stancioff, & Heckert,
1996). Three primary forms (k-, A-, 1-) of carrageenan are
identified based on the modification of the disaccharide
repeating unit resulting from the occurrence of ester
sulphate, or anhydride formation in the 4-linked residue
(Karlsson & Singh, 1999). The corresponding TUPAC
inspired names and letter codes are carrageenose 4'-sulfate
(G4S-DA), carrageenose 2,4'-disulfate (G4S DA2S), and
carrageenan 2,6,2/-trisulfate (G2S-D2S, 6S). The idealized
chemical repeat of k-carrageenan is 3-linked B-p-galacto-
pyranosyl 4-sulfate alternating 4-linked 3,6-anhydro-o-p-
galactopyranosyl.

The carrageenans are the first natural sulfated poly-
saccharides found to have anti-human immunodeficiency
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virus (HIV) activity (Nakashima et al., 1987). Interest in the
biological activity and pharmaceutical value of sulfated
polysaccharides has increased in the last decade. The
sulfated polysaccharides, including heparin, dextran sulfate,
pentosan polysulfate and others, have been shown to inhibit
the replication of HIV (Witvrouw, Desmyter, & De Clercq,
1994). In general, the anti-HIV activity of these compounds
is correlated to their anionic character. Increasing in density
of negative charge of sulfated polysaccharides favours their
anti-HIV activity (Herold et al., 1995). On the other hand,
the flexible of backbone of sulfated polysaccharides affect
the anti-HIV activity of these compounds, too. The less
flexible the backbone of sulfated polysaccharides is, the
higher anti-HIV activity of these compounds (Carlucci
et al.,, 1997). However, the flexible of carrageenan
molecular, for instance irregular helical form, was found
to increase with increasing 3,6-anhydro-a-p-galactopyranosyl
units (Rees, 1977; Yalpani, 1988).

We undertook the present work on O-maleoyl derivative
of k-carrageenan fragments for the following purpose:
(a) introduction of free carboxyl into low-molecular-weight
K-carrageenan was executed by reaction of monocarboxyl of
maleic anhydride with hydroxyl groups of carrageenan to
increase the density of the negative charge. (b) Rigidity of
the carrageenan molecule was increased through introdu-
cing a double bond. We describe herein the reaction
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procedure of the degraded k-carrageenan with maleic
anhydride. The structure of O-maleoyl derivative of low-
molecule-weight k-carrageenan is characterized by using
FT-IR and '"H NMR spectroscopy.

2. Experimental
2.1. Depolymerization of k-carrageenan

k-Carrageenan was purchased from Yantai Algae
Industries (Shandong, China), and purified by the method
of Smith, Cook, and Neal (1954). Partial hydrolysis was
conducted as follow: a solution of k-carrageenan (2.5 g) in
0.1 M hydrochloric acid (250 ml) was heated at 60 °C and
kept for 1.5h. The degradation was terminated by
neutralization with 0.1 M sodium hydroxide, and then the
solution was dialyzed (Spectra/porl, diameter 25.5 mm,
molecular weight cut-off 6000-8000) against distilled water
for 6 days. The dialyzed solution was filtered through a
Millipore membrane (GS, 0.45 pum), and the filtered
solution was concentrated in vacuum to a small volume,
and then percolated through a column (100 ml) of 732 type
cation-exchange resin (H+, 16-50 mesh, SCRC, China) at
4°C. The pH of the solution was adjusted to eight by
addition of tetrabutylammonium and the TBA salt was
obtained after lyophilization and drying for 24 h at 40 °C
under vacuum.

2.2. O-maleoyl derivative of LMW k-carrageenan

A solution of k-carrageenan TBA salt (898 mg,
corresponding to 4.31 mmol of OH group) in dry N,N-
dimethylformamide (DMF) (20 ml) under N, flow was
added to 4-dimethylaminopyridine (131 mg, 1.03 mmol),
maleic anhydride (1.27 g, 12.9 mmol), and tributylamine (3.
10 ml, 12.9 mmol). The solution was heated at 60 °C for 6 h.
After the reaction, the mixture was cooled to 4 °C in ice
water, and then a cold saturated ethanolic solution of sodium
acetate (150 ml) was added. The mixture was allowed to
stand for 1.5 h at 4 °C. After centrifugation, the precipitate
was dissolved in distilled water, and dialyzed against 5% aq
sodium hydrogen carbonate for 2 days, followed by distilled
water for 4 days. The solution was lyophilized to give the
O-maleoyl LWM k-carrageenan.

2.3. Characterization

FT-IR spectra were obtained by using a Nicolet Magna
750 spectrometer. Sample was ground together KBr in an
agate mortar before pressing to form an optically clear
pellet. The spectral resolution was 4 cm ™.

"H NMR spectra of D,O solutions were recorded at 35 °C
on a Bruker AVANCE DRX-500 spectrometer with a 5-mm
'H probe. The parameters were as follows: pulse angle:
90 °C; acquisition time: 2 s; relaxation delay: 2 s; scans:

120; spectral width: 6000 Hz. Chemical shifts (6) were
given in ppm relative to the water peak (0=4.68 ppm).

3. Results and discussion

3.1. Depolymerization of k-carrageenan

Common methods for depolymerization of carrageenan
include acid hydrolysis (Hjerde, Smidsr@d, & Christensen,
1996; Karlsson & Singh, 1999; Yu et al., 2002), reductive
hydrolysis (Falshaw, Furneaux, & Wong, 2003; Stevenson
& Furneaux, 1991), methanolysis (Knutsen & Grasdalen,
1992) and active oxygen species fragmentation (Yamada,
Ogamo, Saito, Uchiyama, & Nakagawa, 2000; Yamada
et al., 1997). k-Carrageenan is stable to desulphation during
mild acid hydrolysis (Karlsson & Singh, 1999; Yu et al.,
2002). Therefore, depolymerization of k-carrageenan was
performed in 0.1 M hydrochloric acid at 60 °C. FT-IR
spectrum of LMW k-carrageenan is shown in Fig. la.
Absorption peaks appearing at 1250 and 850 cm™' are
contributed to S=0 of sulfate esters and C-O-S of axial
secondary sulfate on C-4 of galactose, respectively. Mean-
while, the band at 930 cm ™! is characteristic of C—O of 3,
6-anhydro-p-galactose. These characteristic absorption
peaks found in the FT-IR spectra are indicative of the
structural integrity of k-carrageenan in the degradation
process.
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Fig. 1. FT-IR spectra of LMW k-carrageenan and its O-maleoyl derivative
obtained under different reaction conditions. (a) LMW k-carrageenan;
(b) product obtained from tributylammonium salt after reaction for 6 h;
(c) product obtained from tributylammonium salt after reaction for 9 h;
(d) product obtained from tetrabutylammonium salt after reaction for 6 h.
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Fig. 2. Synthesis of O-maleoyl LMW k-carrageenan.

3.2. O-maleoyl derivative of LMW k-carrageenan

Yamada et al. (2000) synthesized O-acylated deriva-
tives of low-molecular-weight carrageenans by introdu-
cing straight chain carboxylic acids of different length
(C4, C6, Cl12). Three free hydroxyl groups of
K-carrageenan were all acylated by using N,N-dimethyl-
formamide as the solvent in the presence of
4-dimethylaminopyridine and tributylamine as catalysts
at room temperature. We found that O-maleoyl derivative
of LMW «k-carrageenan was not obtained under similar
conditions. Petitou et al. (1992) acylated the tributylam-
monium salt of dermatan sulfate using succinic anhydride
as acylating agent and DMF as solvent in the presence of
a catalytic amount of 4-dimethylaminopyridine at 60 °C.
Under these reaction conditions, maleoylation of LMW
k-carrageenan proceeded successfully. The reaction
formula for LMW k-carrageenan reacted with maleic
anhydride is shown Fig. 2. Fig. 1b shows the FT-IR
spectrum of product after the reaction for 6h. Obser-
vation of the region around 1738 cm™' indicates a
smaller proportion of O-maleoyl LMW k-carrageenan
(shoulder). The absorption band at 1590 and 1420 cm !
are attributed to asymmetrical stretching vibration and
symmetrical stretching vibration of —COO™~ of car-
boxylate (Ke & Dong, 1998). This revealed that a
monoester derivative with maleoyl group was formed
when LMW k-carrageenan reacted with maleic anhy-
dride. The absorption peak appearing at 1650 cm ™' is
assigned to C=C. The FT-IR spectrum of product after
the reaction for 9 h is shown in Fig. 1c. With prolonging
of reaction time, the intensity of the absorption band at
1738 cm ™' was improved, indicating that the DS of
maleoyl group increased. This observation was confirmed
by an increase in the intensities of absorption bands at
1650 cm ™! (C=C), 1590 cm ™' and 1420 cm™' (-COO~
of carboxylate).

The FT-IR spectrum of O-maleoyl derivative of the
tetrabutylammonium salt of LMW k-carrageenan is shown
in Fig. 1d. The intensities of characteristic peaks at
1738 cm ™! for ester linkage, at 1650 cm~ ! for C=C
bond, at 1590 and 1420 cm ™' for —-COO™ of carboxylate
are higher than that in Fig. 1b. This revealed that the
rate of maleoylation of LMW k-carrageenan from

the tetrabutylammonium salt was higher than that from
the tributylammonium salt.

3.3. Characterization of O-maleoyl LMW «k-carrageenan
by '"H NMR spectroscopy

The disaccharide unit regions of the "H NMR spectra of
k-carrageenan before and after forming its O-maleoyl
derivative are showed in Fig. 3. The chemical shifts
(Fig. 3a) of LMW «k-carrageenan were compared to
published values (Knutsen & Grasdalen, 1992; Yu et al.,
2002), showing the major signals consistent with diads G4S-
DA belonging to k-carrageenan. The relative intensities
(Fig. 3b) of 3.55 and 3.46 ppm band, corresponding to H-2
of the internal (int) B-4-O-sulfogalactopy-ranose
(B-Galp4S;,) and H-2 of the nonreducing end (nre)
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Fig. 3. '"H NMR spectrum of LMW «k-carrageenan and its O-maleoyl
derivative. (a) LMW «k-carrageenan; (b) product obtained from tetra-
butylammonium salt after reaction for 6 h.
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Fig. 4. Full-range '"H NMR spectrum of product obtained from
tetrabutylammonium salt after reaction for 6 h.

[-4-O-sulfogalactopyranose (-Galp4S,,.), respectively,
were decreased. The results imply that maleoylation took
place at C-2 of the 3-linked unit. Maleoylate substitution at
the 2-positions of 3-linked units would be expected to have
most impact on the chemical shifts of the hydrogen atoms in
the corresponding positions (i.e. B-Galp4S;,H-2 and
B-Galp4S,H-2; the a-effect) and those adjacent to them
(i.e. H-1 and H-3; the B-effect). So, 1.18 ppm downfield of
B-Galp4S;,H-2 brought a new signal at 4.73 ppm for O-
maleoyl LMW k-carrageenan. It was concluded that a new
peak at approx 4.6 ppm could appear due to downfield of
B-Galp4S,. H-2. In fact, the new peak overlapped with
others located in the same region. The signal of B-Galp4S;,,
H-3 at 3.97 ppm become weaker due to the B-effect of 2’-
maleoylation on it. This further confirmed that maleoylation
took place at C-2 of the 3-linked unit. The full-range 'H
NMR spectra of LMW k-carrageenan and its O-maleoyl
derivative are given in Fig. 4. The peaks observed at about
6.9 and 8.0 ppm, we think, could be assigned to H-a and H-b
in carbon-carbon double bond (C=C) of O-maleoyl LMW
K-carrageenan.

4. Conclusions

The preparation of O-maleoyl LMW k-carrageenan has
been achieved. The result showed that the rate of
maleoylation of LMW k-carrageenan from the tetrabuty-
lammonium salt was higher than that from the tributylam-
monium salt. A monoester derivative with maleoyl group
was formed when LMW k-carrageenan reacted with maleic

anhydride. The maleoylation took place regioselectively at
C-2 of the k-carrageenan 3-linked unit.
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