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Abstract—The galactans extracted with hot water from Kappaphycus alvarezii, after previous extraction at room temperature, are
mainly composed of k-carrageenans (~74%) and p-carrageenans (~3%). However, a significant percentage of these galactans (at
least 14%) is composed of sulfated agarans and, possibly, agaran-type sulfated pL-hybrid galactans. These agarans are partially sub-
stituted on C-2 or C-4 or disubstituted on both positions of the B-p-galactose units and on C-3 or C-2 and C-3 of the a-L-galactose
residues with sulfate groups or single stubs of f-pD-xylopyranose, D-glucopyranose, and galactose or with pD-glucopyranosyl-(1—4)-
D-glucopyranose side chains. Significant quantities of 2-O-methyl- and 3-O-methyl-L-galactose units are also present. A great
tendency to retain Ca>* and Mg?", in spite of massive treatments with Na* and K* salts, was observed. The complexation between
agarans and agarans—k-carrageenans through divalent cations and the possible zipper-type carbohydrate—carbohydrate interactions

would be two complementary mechanisms of interactions.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Red seaweed galactan sulfates are linear polysaccharides
with alternating 3-linked B-p-galactopyranose units and
4-linked 3,6-anhydro-a-galactopyranose or o-galacto-
pyranose units, having different positions and degrees
of sulfation. Other substituents, as methyl ethers, pyru-
vic acid ketals, and single stubs of B-p-xylopyranose
and/or other monosaccharides are sometimes present.
They have been divided in carrageenans, when the 4-
linked residues (B-units) are on the D-configuration,
and in agarans, when these residues belong to the L-ser-
ies. Thus, two diastereomeric polysaccharide groups are
defined, and the seaweeds that biosynthesize these poly-
saccharides are called carrageenophytes and agaro-
phytes, respectively.
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Nevertheless, during the last few years it has been
shown that seaweeds belonging to the Gigartinaceae
and Phyllophoraceae, which are typical carrageeno-
phytes, produce small quantities of sulfated agarans
and/or sulfated pL-galactan-hybrids*.'™ On the other
hand, investigation of the polysaccharides from the
agarophytes Digenea simplex (Ceramiales),” and Rhodo-
mela larix (Ceramiales)° and Porphyra columbina
(Bangiales)’ showed the presence of minor amounts of
B-units belonging to the D-series. Small quantities of
galactan sulfates containing 4-linked o-D-galactose

ipL-Hybrid galactans are galactans with alternating 3-linked B-p-
galactopyranose units and 4-linked 3,6-anhydro-a-galactopyranose
and/or o-galactopyranose units in which the a-residues have both p-
and L-configurations. When the molecule is built up with major
amounts of carrageenan diads, having o-galactose units in the p-
configuration, the products have been named carrageenan—pL-hybrid
galactans; but when the major quantities of disaccharidic units in the
molecule are of agaran type, with a-galactose units in L-configura-
tion, they were named agaran-pr-hybrid galactans.
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residues have been isolated also from the agarophyte
Pterocladiella capillacea (Gelidiales).® These types of
DL-hybrid structures have been found in many other
red seaweeds.”’

Kappaphycus alvarezii (Solieriaceae) is a red seaweed
of great commercial value that is cultivated mainly in
the Far East as raw material for the industrial produc-
tion of k-carrageenan.'®!'! Usually, the polysaccharide
is extracted with hot, neutral, or alkaline, water from
the native or alkali-treated seaweed. Previous work on
raw extracts obtained with hot water from the native
seaweed showed that they were composed mainly by
k-carrageenan (actually «/t-hybrid carrageenan, with
small amounts of t-structure), together with minor
quantities of the p-precursor and small-to-trace amounts
of a ‘highly methylated galactan’ (‘methylated carragee-
nan’).'?"'> These results were obtained by the analysis of
the composition and '*C NMR spectroscopy of raw ex-
tracts and '*C NMR spectroscopy of p-enriched ex-
tracts. Spectroscopic analysis of the carrageenan of
Kappaphycus striatum (sacol variety) extracted with
hot 0.05M NaHCO; indicated similar structural de-
tails.'® No fractionation of the hot-water extracts or at-
tempts of isolation of its different components were
carried out in either case.

A recent study of the products extracted with water at
room temperature from K. alvarezii showed that they
consist of low-molecular-weight carrageenans with
structural dispersion around a basic k-pattern. How-
ever, significant quantities of 4-linked a-L-galactose resi-
dues suggested the presence of agaran structures.'’

The aims of the present study are to show that this
seaweed biosynthesizes, not only an important amount
of k-carrageenan as it is well known, but also significant
amounts of sulfated agarans and/or sulfated agaran—DpL-
hybrid galactans with structures that are not detected by
the usual procedures or that are lost during the indus-
trial hydrocolloid workup. Besides, the counterion com-
position is studied, focusing on the changes that take
place with the different chemical treatments carried
out. The complexation between agarans and agarans/
K-carrageenans is discussed.

2. Results

The milled seaweed, free from any epiphytic and/or epi-
zoic contaminants, was extracted exhaustively with
water at room temperature. The extracts were studied
and have been reported elsewhere.!” The residue was
further extracted with hot water giving a solution that
did not precipitate by addition to 2-propanol; hence,
the raw extract (C) was obtained by dialysis and
freeze-drying. This procedure was repeated three times
more in the same way; the total yield of the extraction
procedure, including the room-temperature extracts,

was 48% of the milled seaweed, from which C, 74% of
the total polysaccharides obtained, was used for further
studies. Yield, analysis, and monosaccharide composi-
tion of C are given in Table 1. C is composed by galac-
tose and 3,6-anhydrogalactose and small amounts of
xylose and glucose and has a number-average molecular
weight (M,)) of 30kDa. Enantiomeric analysis (Table 1)
of both the major sugars showed small but significant
amounts of L-galactose and 3,6-anhydro-L-galactose,
suggesting that about 14% of the crude extract has an
agaran-type structure. Enantiomeric analysis of a com-
mercial, potassium chloride purified, k-carrageenan
extracted from the same seaweed (K) (Table 1) showed
smaller amounts of L-galactose and 3,6-anhydro-L-
galactose and a molecular weight of 140kDa.

The differences between the commercial sample (K)
and the raw extract (C) were attributed to the alkaline
treatment usually carried out on the seaweed,' previous
to the extraction of the commercial k-carrageenan. On
that basis, C was submitted to a short alkaline treatment
using conditions suitable to avoid degradation.'® The
alkali-modified product (C’) was isolated by 2-propanol
precipitation. This product was further dialyzed (MW
cutoff 12kDa) to eliminate small fragments, and by pre-
cipitation with 0.125M KCI, an insoluble product was
isolated (C”). The solubility behavior and number-aver-
age molecular weight, as well as the composition and
enantiomeric analyses of C’ (Table 1) are very similar
to those of K.

Cation analyses of C, C’, and C” (Table 2) show that
the divalent counterions Ca>* and Mg?" initially present
in C are still preponderant in C' and C”, in spite of the
treatment with hot 1 M NaOH and further precipitation
of the modified product with potassium chloride. In the
commercial sample of k-carrageenan (K) the major cat-
ion was K™, possibly due to the purification procedure
through precipitation with potassium chloride. How-
ever, most of it came from absorbed salts that were elim-
inated by dialysis (K’), leaving Ca®* as the major
counterion and Ca®* and Mg>* with higher percentages
(64.7%) than those found in C” (50.4%) and F1 (55.9%)
(Table 2). Fraction F3i (Fig. 1), which became insoluble
during dialysis (see later), retained 70.8% of Ca*" plus
Mg?*. On the other hand, T1 (Fig. 1), which also precip-
itated during dialysis, but after alkaline treatment of F3s
with sodium hydroxide (see later), showed sodium as the
major cation, but it still retained considerable
amounts of divalent cations (46.1%) (Table 2). The
methylated derivative of K (Km, Table 2) showed as
much Ca®* and Mg®* as monovalent cations, in spite
of the anion-exchange chromatography carried out to
replace the inorganic cations by triethylammonium
and the alkaline methylation. This tendency to retain
divalent cations suggests that they are not simple coun-
terions, but that they are tightly bound to the poly-
saccharides.



Molecular weight (kDa)
140
n.d.
30
125
42
42
n.d.
24
n.d.
n.d

[¢]p
+51.8
n.d.
+48.6
n.d.
+51.2
+56.7
n.d.
n.d.
n.d.
n.d

p-Glc
1.4
1.8
2.0
6.1
7.3

tr

D-Xyl
tr
1.1
1.3
tr
10.5
26.9

L-AnGal
1.1

3.8

3.1

3.8

3.0

tr

D-AnGal
48.4
48.5
40.0
44.6
45.0
46.6
14.7
5.1

6-Me-D-Gal

2.4
tr
1.2
tr
tr
3.3
1.3
2.3

Monosaccharide composition (mol%b)

2-Me-L-Gal

tr
tr
tr
tr
5.4
4.3

L-Gal
1.0
1.3
1.6

3.1
tr
18.4
19.2

47.7

Dp-Gal
49.5
50.2
47.8
49.9
48.8
41.6
35.9

Sulfate as
SO:K (%)

28.0
28.4
23.9
22.0
25.4
26.9
22.8
25.1

Carbohydrates
n.d.
45.0

(%)
n.d.b
54.0
47.1
49.1
n.d.
55.0

Yield® (%)
75.0
65.6
82.0
67.0
7.0
15.0
10.6

Range of
precipitation
M, KCI)
0.1-0.2
0.2-0.5

2.0°

Fraction
K!

C/

F1

F2

F3¢

Table 1. Yields and analyses of a commercial k-carrageenan, the raw extract (C) and the fractions obtained from it by fractionation with potassium chloride
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Potassium chloride fractionation of C (Table 1;
Fig. 1) gave one insoluble fraction (74.0%), arbitrarily
divided in F1 and F2, and one soluble in 2.0M KCI,
F3. Part of F3 became insoluble during the dialysis
carried out to eliminate the potassium salts, giving
F3s and F3i (Table 1). All the fractions contained L-
sugars that appeared in small amounts in F1 and F2,
in agreement with their optical rotation and molecular
weight, but in important quantities in F3s and in F3i
(Table 1). The last two fractions also contained
xylose and glucose in significant amounts, together
with small quantities of 2-O-methyl- and 6-O-methyl-
galactose.

F1 and F2 gave well-resolved FTIR spectra with
strong absorptions at 930 and 849cm™' as expected
for k-carrageenans,'” The spectrum of F3s was ill de-
fined, but it still showed the same peaks.

Methylation analyses of K, C, F1, F2, and F3i are
shown in Table 3. The same methylation pattern was
produced by K, C, Fl, and F2 corresponding, as
expected, to a nearly ideal x-carrageenan.

The '*C NMR spectra of F1 and F2 (Fig. 2) showed
the 12 signals of a k-carrageenan.?® In the spectrum of
F1 no other signals are present, while in that of F2, very
small signals at 105.3 and 71.0ppm (C-1 and C-2 of the
B-p-galactose units) and at 98.5, 68.2, and 68.0 ppm (C-
1, C-5, and C-6 of the a-p-galactose residues), corre-
sponding to precursor structures (p-carrageenan), were
detected.?!

Permethylation of F3i was not achieved under the
usual conditions; so the sample, suspended in water,
was sonicated to give a cloudy solution, which was
passed through a cation-exchange column to give the tri-
ethylammonium salt in 70% yield. During the alkylation
step, the sample was dissolved in a Me,SO solution con-
taining LiCl and heated at 80°C for 2h before the addi-
tion of the reagents. In spite of the procedure described,
three methylation steps were needed to achieve perme-
thylation of the galactan backbone and constancy of
the methylated derivatives of xylose and glucose. The
methylation pattern of the galactan backbone of F3i
(Table 3) is different from those of F1 and F2. Part of
the B-p-galactose units are nonsubstituted, and substitu-
tion occurs either on C-2 or on C-4 of the other B-p-
galactose units of the galactan backbone. There is a
great variety of 4-linked a-galactose units: a-L-galactose,
possibly methylated on C-2, a-L-galactose units substi-
tuted on C-3 or C-2 and C-3 and small amounts of
6- and 2,6-disubstituted a-galactose units, 3,6-anhydro-
galactose and 3,6-anhydrogalactose substituted on C-2.
The high percentage of 6-O-methyl-p-galactose between
the partially methylated monosaccharides could corre-
spond to B-p-galactose substituted on C-2 and C-4 or
a-D-galactose substituted on C-2 and C-3. Xylose and
glucose side chains show an ‘all or none’ methylation
scheme (Table 3) (see later).

13.8

14.7
53 —

38

3.5

#Yield of K’ is given for 100g of K. Yield of C is given for 100g of the residue obtained after exhaustive extraction at room temperature. Yields of C' and, F1-F3i are given for 100g of C. Yield of

C" is given for 100g of C’.
®n.d. = not determined.

2.5
32

5.5
7.7

24.1
33.6

333
46.7

11.6

27.1
n.d.

4.4

F3i.
F3i.2

F3s.

€ Composition of the backbone, considering xylose and glucose as side chains or contaminant polysaccharides.

9By dissolving F3 in H,0, an insoluble product (F3i) and a soluble product (F3s) were obtained.

¢Soluble in 2.0M KCL
fSmall percentage of 3-O-MeGal was also detected (1.6%).

¢ Percentages lower than 1% are given as trace (tr).
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Table 2. Cation composition® of commercial k-carrageenan, derivatives, and of fractions isolated from K. alvarezii

Galactans® Na™* K* Ca?* Mg** Ca?*+Mg>* (%) Total amount Sulfate as SOz~
C 47.8 (20.2) 4.1 (1.7 140.0 (59.2) 44.2 (18.7) 77.9 236.1 200.8

(o4 73.9 (34.2) 2.8 (1.3) 90.0 (41.5) 50.0 (23.1) 64.6 216.7 184.9

c” 117.9 (34.6) 51.2 (15.0) 150 (44.1) 21.4 (6.3) 50.4 340.5 n.d.

F1 74.2 (25.5) 53.8 (18.5) 137 (47.1) 25.6 (8.8) 55.9 290.6 2134

F3i 56.5 (28.2) 2.1 (1.0) 100.0 (50.0) 41.6 (20.8) 70.8 200.2 97.5

Tl 139.1 (51.3) 7.2 (2.6) 70.0 (25.8) 55.0 (20.3) 46.1 271.3 84.0

K 41.3 (11.2) 197.4 (53.5) 125.0 (33.9) 5.0 (1.4) 353 368.7 235.3

K’ 59.1 (21.3) 33.3 (12.0) 140.0 (50.4) 45.2 (16.3) 66.7 277.6 n.d.

Km 179.0 (50.5) 10.0 (2.8) 120.0 (33.9) 45.2 (12.8) 46.7 354.2 n.d.

#In mequiv/100g. In parenthesis, percentages.
® For nomenclature, see text.
°n.d. = not determined.

milled seaweed

supernatant

C (65.6 %)

KClI fractionation

H,O

—

Extraction with H,O at room temp.

residue

~

Extraction with H,O at 90 °C

residue

0.1-02M F1 (670 %)

0.2-0.5M

=" F2 (7.0 %)

v
F3 (15.0 %)

N\

F3i (4.4 %)

F3s (10.6 %)
Alkaline treatment

F3sT (66.2 %)

H,O

T1 (1

Ion exchange chromatography

KCl fractionation

4.0 %) 0.1-02M T2 (18.2 %)
el i

0.4-0.6 M T3 (27 %)

NaCl DEAE Sephadex A-25 20M
40M 20M 1L5M LOM 0.6M 03M H0 v
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Figure 1. Extraction, treatment, and fractionations of the polysaccharide system of the red seaweed K. alvarezii.
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Table 3. Composition of partially methylated monosaccharides produced by permethylation and hydrolysis of product K, C, F1, F2, and F3i

Monosaccharide® Assignment K C F1 F2
a® b®
2,3,6-Gal D; L trd 1.0 tr tr 7.7 9.0
2,4,6-Gal G tr 1.7 — — 18.8 21.9
2,6-p-Gal G4S; D3S 49.8 51.5 49.3 51.6 13.0 15.2
2,6-L-Gal L3S tr tr tr tr 7.9 9.2
4,6-Gal® G2S — — — — 12.2 14.2
2,3-Gal D6S; L6S 22 tr tr tr 2.9 3.4
6-Gal G2,4S; D2,3S tr 1.4 1.3 1.6 13.4 15.6
3-Gal® G2,6S; L2,6S tr 1.1 tr tr 1.9 22
2-Gal G4,6S; D3,6S; 1L3,6S tr tr 3.6 tr 1.9 22
2-AnGal DA; LA 48.0 433 45.8 46.8 3.1 3.6
AnGal DA2S; LA2S — — — — 3.0 3.5
2,3.,4,6-Gal Galtnr — — — — 1.2
2,3,4-Xyl Xyltnr — tr — — 6.2
Xyl 3.1
2,3,4,6-Glc Glctnr — — — — 1.1
2,3,6-Glc —1)-Gle-(4— — — — — 1.0
Gle — — — — 1.6
#Mol% of monosaccharide having methyl groups at the positions indicated.
® Mol % of monosaccharides in the whole product having methyl groups at the position indicated.
“Mol% of monosaccharides in the backbone having methyl groups at the position indicated.
4 Percentages lower than 1% are given as trace (tr).
¢ Confirmed from the analysis of the corresponding aldononitrile acetates.
<
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~
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o
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~
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o
F1 A
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(ppm)

Figure 2. '>C NMR spectra of F1, F2, and F3.
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The '*C NMR spectrum of F3i (Fig. 2) is very complex
and has a low signal-to-noise ratio. Only those clearly
observable absorptions were interpreted with the aid of
the previous chemical analysis. The peak at 103.9 ppm
corresponds to B-pD-galactose units linked either to (2-
O-methyl)-a-L-galactose (C-1 shoulder at 99.5ppm) or
3-substituted o-L-galactose (C-1 at 101.3 ppm).>* The sig-
nals at 102.3 and 97.8 ppm could be attributed to C-1 of a
2-substituted B-p-galactose linked to 2,3-disubstituted o-
p-galactose residue.”® while the peaks at 104.5 (shoulder)
and 99.7 ppm would derive from C-1 of a 4-substituted -
D-galactose linked to 2,3-disubstituted o-L-galactose
units.>* The important signal at 104.4ppm was
attributed to p-p-xylose units linked to certain
positions of the backbone that could be -either
C-2 or C-4 of the B-p-galactose units. C-6 of these units
was discarded as the linkage position based on the
methylation analysis (Table 3), in spite of the data pub-
lished before.?>?® On the other hand, C-1 of a B-p-xylose
linked to C-3 of an a-L-galactose unit was reported at
101.7ppm.?” A signal at 101.7 ppm was also attributed
to C-1 of a B-p-xylose unit linked to C-4 of a B-p-galac-
tose residue of the agarans extracted from Georgiella
confluens.**> Hence, it is more likely that for the galactans
of K. alvarezii, the position of substitution is C-2.

F3s was submitted to an analytical alkaline treatment
in two different conditions: those for cyclization of a
porphyran® and those for a p/v-carrageenan.'® In both
cases, the monosaccharide composition of the treated
product (not shown) was the same, suggesting that most
of the B-p-galactose units linked to a-galactose 6-sulfate
are either not sulfated or are 4-sulfated.'®*® The latter
conditions were used for the preparative alkaline treat-
ment, obtaining F3sT (70.2% yield). The alkaline solu-
tion was neutralized and then dialyzed; a precipitate
was obtained (T1). Fractionation of the remaining prod-
uct with potassium chloride gave two gelling fractions,
T2 and T3 and one soluble in 2.0 M KCl, T4. Composi-
tion and enantiomeric analysis of T2 and T3 showed
that their major sugars were those corresponding to a
k/t-carrageenan, but that they also contained significant
quantities of rL-sugars (Table 4). These results are in
agreement with the low optical rotation of T2. Methyl-
ation analysis of this fraction (Table 5) showed the
defining units of k-carrageenan, together with a small
amount of 2-substituted 3,6-anhydro-Dp-galactose.

The 3C NMR spectrum of T2 (not shown) showed
important signals corresponding to a k-carrageenan.
Small signals at 98.4 and 97.8 could be attributed to
C-1 of 3,6-anhydro-L-galactose units,” while a small
peak at 92.4ppm corresponds to C-1 of 3,6-anhydro-
p-galactose 2-sulfate units of an 1-carrageenan.?

T1 was constituted by major amounts of galactose
(ratio Dp-/L- 1:0.8), and xylose, together with small quan-
tities of 2-O-methyl-L-galactose, 6-O-methyl-p-galactose
and glucose (Table 4). Permethylation of T1 was only

Table 4. Yields and analyses of the fractions obtained by alkaline treatment of F3s and further fractionation with potassium chloride

[4]p

Monosaccharide composition (mol %)

3-Me-L-Gal

Sulfate as

Carbohydrates

(%)

Yield*

Range of
(%)

Fraction

SO5K (%)

precipitation

(M, KCIy

Insol.”

L-AnGal p-Xyl b-Gle

D-AnGal

6-Me-D-Gal

2-Me-L-Gal

L-Gal

Dp-Gal

3.0 12.9 4.1 n.d.

3.6
1.7

12.5

3.6

43
45.7

3.5
4.2

23

31.2

39.4
47.54

10.0

24.0

14.8

T1

2.8

37.6

+20.0
n.d.

1.8
1.8
16.2

1.4
1.6

18.9

1.0
3.1

4.5

tr

439

31.8

51.6
n.d.

18.2

0.1-0.2
0.4-0.6
2.0°

T2

34.0

47.0

31.1

2.7

40.0

T3

—40.0

4.6

5.3
8.2

2.9 2.8

14.2 6.1

29.0

19.3

48.0

T4

7.1

43

4.5

21.9 9.4

4469

#Yields are given for 100g of treated F3s.

® Insoluble in water.

‘n.d.

not determined.

9 Composition of the agaran backbone, supposing that xylose and glucose are lateral chains or contaminating polysaccharides.

¢ Percentages lower than 1% are given as trace (tr).

fSoluble in 2M KCI.
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Table 5. Composition of partially methylated monosaccharides produced by permethylation and hydrolysis of T1, T2, and T4

Monosaccharide® Assignment Tl T4

a® b° a® b® a® b®

2,3,6-Gal D; L 7.4 9.4 — — 13.3 17.1

2,4,6-Gal G 21.1 26.9 — — 8.0 11.1

2,6-Gal G4S; D3S; L3S 12.9¢ 15.5¢ 46.7 46.7 19.1F 25.38

4,6-Gal G2S 8.3 10.5 — — 7.8 10.5

6-D-Gal G2,48S; D2,3S; L.2,3S 6.9 8.9 — — 14.0" 19.2!

4-Gal G2,6S 2.3 32 — — 2.3 3.2

2-AnGal DA; LA 17.1 21.9 46.3 46.3 4.9 6.8

AnGal A2S 2.9 3.7 7.00 7.0 49 6.8

2,3.4,6-Gal Galtnr tr — 3.6

Gal 1.4 — 2.5

2,3,4-Xyl Xyltnr 39 tr 4.0

Xyl 3.6 - 3.0

2,3,4,6-Glc Glctnr 4.1 — 3.6

2,3,6-Glc —1)-Gle-(4— 6.8 — 4.0

Glc — — 5.0

#Small percentages of 2,3-Gal and 2-p-Gal were also detected in all reactions.
® Mol% of monosaccharides in the whole product having methyl groups at the position indicated.
©Mol% of monosaccharides in the backbone having methyl groups at the position indicted.

95.2% and 7.7% in the p- and L-series, respectively.
©6.2% and 9.3% in the D- and L-series, respectively.
f8.1% and 11.0% in the p- and L-series, respectively.
£10.8% and 14.7% in the p- and L-series, respectively.
12.2% and 1.8% in the p- and L-series, respectively.
116.8% and 2.4% in the p- and L-series, respectively.

¥ In p-configuration.

K Percentages lower than 1% are given as trace (tr).

achieved by a procedure similar to that applied to F3i.
The structure of T1 (Table 5) is similar to that of F3i.
The most significant difference between these fractions
is the important percentage of 3,6-anhydro-2-O-methyl-
galactose detected between the partially methylated
monosaccharides that should arise from o-galactose 6-
sulfate residues present in F3s that were not cyclized
during the alkaline treatment, but reacted during the
methylation procedure. Accordingly, these residues
would be in the L-configuration.'®?® Comparable
amounts of 2,3,4,6-tetra-O-methyl- and 2,3,6-tri-O-
methyl-glucose suggest short chains of 4-linked glucose
units linked to the galactan backbone, while the pres-
ence of wholly methylated and non-methylated xylose
showed the previously mentioned ‘all or none’ pattern.

The '*C NMR spectrum of T1 showed a very low sig-
nal-to-noise ratio, even though the sample was previ-
ously sonicated, and it was useless for structural
analysis.

T4 contains all the products that, after alkaline treat-
ment, did not insolubilize by interaction with potassium
chloride (Fig. 1). It contains similar amounts of p- and
L-galactose, suggesting that it is a mixture of agaran-
type polysaccharides, in agreement with its negative
optical rotation. Data from methylation analysis of T4
(Table 5) were analyzed, as produced from an agaran
backbone with branches of xylose, glucose, and galac-

tose residues. Accordingly, it comprises a ratio of back-
bone monosaccharidic units:substituents of 1:0.8, from
which approximately 60% are sulfate groups and the
other substituents are sugar side chains (as estimated
from the total carbohydrate content and data from
Tables 4 and 5). The main constituent units of the back-
bone are: nonsubstituted pB-p-galactose units, [B-D-
galactose units substituted on C-4 and substituted on
C-2 in similar quantities. The 4-linked a-galactose units
are partially substituted on C-3; 3,6-anhydro-a-galac-
tose and 3,6-anhydro-o-galactose substituted on C-2
also contribute in minor quantities to the structure of
T4. The 6-O-methylgalactose detected between the
methylated monosaccharides, mostly in the p-configura-
tion (Table 5), could arise from 2,4-disubstituted B-D-
galactose units or 2,3-disubstituted o-D-galactose resi-
dues, or from both. Besides, some of the a-L-galactose
residues are methylated on C-2, and some on C-3; on
the other hand, some of the B-p-galactose units are
methylated on C-6. There are significant quantities of
galactose and xylose side chains as well the presence of
similar quantities of terminal and 4-linked glucose units
suggests disaccharidic side chains.

The '*C NMR spectrum of T4 is complex (Fig. 3);
however, with the aid of the analysis outlined above, it
was partially interpreted. The most important signals
of the spectrum are those of the side chains, possibly
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due to the higher mobility of these units. The signal at C-2-C-5 are clear in the spectrum.?” The signals arising
104.3 ppm is small relative to that of 66.0 ppm, suggest- from nonsubstituted and 4-substituted B-p-glucopyra-
ing that the single stubs of B-p-xylose are linked at least nose units®> are in agreement with the presence of p-b-
to two different positions; the signals corresponding to glucopyranosyl(1—4)-B-p-glucopyranose side chains.

103.
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Figure 3. '>*C NMR spectra of FIV, FIII, FI, and T4.
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The signals at 109.6, 81.1, 78.6, 84.9, 71.8, 62.8 ppm that
could correspond to C-1-C-6 of single stubs of B-p-
galactofuranose® are also clear. Nevertheless, specific
ions for these units were not found in the mass spectra
of methylated galactoses obtained from permethylated
T4. The signal of C-6 of these units should appear,
according to the literature,? at 63.6 ppm; however, there
is no signal in this clean region of the spectrum. Hence,
the signal at 62.8 ppm was tentatively assigned to this
carbon atom. The signals assigned to the backbone
structures are indicated in Table 6.

Desulfation of T4 gave T4D (74.9% yield, 5.4% of sul-
fate). The monosaccharide composition of T4D was
similar to that of T4, with a small increase in the
D-galactose content and a decrease in the 3,6-anhydro-
galactose content, possibly as the result of a small
degradation. Methylation analysis of T4D, which was
very difficult to achieve, showed an important
increase in the percentage of 2,4,6-tri-O-methylgalactose
(11.0% — 30.6%) and a concomitant decrease in the per-
centage of 2,6-di-O-methyl- (35.7 — 24.8%) and 6-O-
methyl-galactose (19.2% — 15.8%) in the agaran
backbone. These results indicate that the sulfate groups
were linked to C-4 of non-(major) or 2-substituted
(minor) or to C-2 of a nonsubstituted 3-linked B-D-
galactose units and to C-3 of non-(major) or 2-substi-
tuted (minor) 4-linked a-L-or a-D-galactose residues.

Table 6. Signal assignment of the '*C NMR spectrum of T4
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The '*C NMR spectrum of T4D (not shown) was ill
defined and with a small signal-to-noise ratio. However,
as expected, it is similar to that of the parent polysacchar-
ide. Absorptions in the anomeric region were detected
in the range 109.5-100.9ppm, as in the spectrum of
T4, but not at higher fields, in agreement with the lesser
amounts of 3,6-anhydrogalactose. The signal at 67.2 is
very clear, suggesting that the substituent on C-3 of
the o-L-galactose units is not sulfate, but mostly a sugar
side chain.

Ion-exchange chromatography of T4 (Fig. 4) pro-
duced seven fractions (FI-FVII), which were eluted with
increasing concentrations of sodium chloride, according
to their sulfate content. Yields, analyses, composition of
these fractions are given in Table 7. Although all the
fractions contained p- and L-galactose, and 3,6-anhy-
dro-p- and-L-galactose, the relative amounts of these
sugars are very variable. However, the ratio p/L-galac-
tose is quite constant in FI-FV, but the L-sugar content
is much lower in FVI and FVII. Significant amounts of
xylose and glucose and small-to-trace quantities of
monomethylated galactose units were also present, with
the exception of FII, where the percentage of 2-O-
methyl-L-galactose is important, and of FVI with
10.4% of 6-O-methyl-D-galactose.

Fractions FI, FIII, FIV, and FV showed a similar
qualitative scheme of methylation, also similar to that

Unit Ref. C-1 C-2 C-3 C-4 C-5 C-6 OMe
Side chains
T B-p-Glucopyranose 103.4 74.0 75.7 70.4 76.5 61.5
4-Linked B-p-glucopyranose 25 103.3 73.7 75.0 79.3 75.7 61.0
T B-p-Xylopyranose 25 104.3 74.0 76.5 70.2 66.1
26 101.7
Backbone
Main units
3-Linked B-p-galactose 103.9 (sh.)* 70.1 81.5 69.1 75.9 61.5
3-Linked B-p-galactose 4-sulfate® 103.9 (sh.) 70.4 79.3 77.1 75.0-7 61.5
4-Linked o-L-galactose 29 101.2 69.8 71.0 79.0 (sh.) 72.5 61.4
4-Linked o-L-galactose 3-sulfate 22 101.1 67.3 79.0 (sh.) 76.9 71.8 61.4
4-Linked 2-O-methyl-o-L-galactose 22 99.0 79.3 69.8 79.3 72.8 61.4 58.6
Minor units (tentative)
3-Linked B-p-galactose 102.8
4-Linked 3,6-anhydro-o-L-galactose 29 98.5
3-Linked B-p-galactose 2-sulfate 102.1
4-Linked a-L-galactose 2,3-disulfate 23 96.4
Carregeenan structures
3-Linked B-p-galactose 102.8
4-Linked 3,6-anhydro-o-p-galactose 20 95.0
3-Linked B-p-galactose 4-sulfate 102.8
4-Linked 3,6-anhydro-o-D-galactose 20 95.5

% Shoulder.
®Substitution with sulfate or side chains.



2584

J. M. Estevez et al. | Carbohydrate Research 339 (2004) 2575-2592

lon-exchange chromatography
on DEAE Sephadex A-25 of T4
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Figure 4. Elution pattern of the ion-exchange chromatography of T4.
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Table 7. Yields and analyses of the fractions obtained from T4 by ion-exchange chromatography on Sephadex DEAE A-25

Fraction  Eluant Yield*  Sulfate as Monosaccharide composition (mol? 0)°
ls\?l\glm M, () SOsNa (%) | Gal  1-Gal 2-Me-1-Gal 3-Me-L-Gal  6-Me-p-Gal  AnGal p-Xyl D-Gle
a

FI 0.0 35.0 5.8 31.7 25.7 35 1.6 1.3 5.7 9.6 20.9
FII 0.3 5.0 11.9 239 15.1 16.0 2.8 tr 234 14.4 1.8
FIII 0.6 13.8 13.4 28.7 16.9 5.1 2.3 — 36.3 7.0 2.4
FIV 1.0 12.6 15.6 325 18.3 1.0 — 5.3 15.1 14.5 13.3
FV 1.5 8.0 20.6 31.9 16.3 1.0 — 4.7 16.1 12.9 17.1
FVI 2.0 8.0 21.3 60.8 4.7 tr — 10.4 9.2 8.8 6.1
FVIl 4.0 2.2 27.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

?Yields are given for 100g of T4.
®Man (1.0-3.8%) was also present.

of T4, but with important variations in the amounts of
the partially methylated derivatives (Table 8).

The spectra of fractions FI, FIII, and FIV were qual-
itatively similar to that of their parent compound, but
with significant differences in the intensity of the peaks;
only these differences are discussed: In FI a major peak
at 104.3 ppm was correlative to a major one at 66.1 ppm,
while a minor peak at 66.3ppm is consistent with an-
other minor absorption at 101.7 ppm, showing the exist-
ence of two types of xylose side chains linked, possibly,
to C-2 and/or C-4 of the B-p-galactose units or C-2 and/
or C-3 of the a-L-galactose residues. On the contrary, in
FIII a high signal at 101.4ppm corresponds to a major
peak at 66.0 ppm, while a minor one at 104.3 ppm corre-

sponds to a shoulder at 65.9ppm. The spectrum of FI
does not show any absorption corresponding to methyl
groups, in agreement with monosaccharide composition
(Table 7), while that of FIII shows a peak at 57.1 ppm
(3-O-methyl-L-galactose) and minor ones at 58.3 and
58.5ppm corresponding to 2-O-methyl-1L-galactose resi-
dues. In the anomeric zone, at fields higher than
100.0ppm, FI showed only one small signal at
97.8ppm, possibly due to C-1 of 2,3-disubstituted
a-D-galactose units linked to 2-or 2.4-disubstituted
B-D-galactose units.”> On the contrary, FIII shows in
this region, major absorptions at 98.9, 98.4, 97.1
(traces), 96.8 (small), 96.4, 95.4, and 94.9, due to C-1
of 3,6-anhydro-p/L-galactose units*'*” and to 2,3-disub-
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Table 8. Composition of partially methylated monosaccharides produced by permethylation and hydrolysis of FI, FIII, FIV, and FV

Monosaccharide® Assignment® FI FIII FIV FV

ab b a b a b a b
2,3,6-Gal D; L 6.1 11.1 tr tr 5.0 6.5 — —
2,4,6-Gal G 6.7 12.2 48 6.4 7.1 9.3 5.4 9.5
2,6-D-Gal® G4S; D38 9.5 17.3 21.8 28.4 24.8 323 16.7 29.1
2,6-L-Gal® L3S 9.5 17.3 6.0 8.0 9.9 12.9 5.0 8.8
6-p-Gal G2,4S; D2,3S 6.5 11.8 1.6 2.1 7.1 9.3 29 5.1
6-L-Gal L2,3S 2.6 4.7 3.5 438 1.3 1.7 22 3.8
4-Gal G2,6S 1.6 29 1.0 1.3 4.1 5.4 1.7 3.0
2-p-Gal G4,6S; D3,6S tr tr 1.6 2.1 2.1 2.7 2.4 42
2-AnGal DA; LA 10.6 19.4 31.9 423 10.8 14.1 14.2 24.8
AnGal DA2S 1.8 33 3.1 4.6 44 5.8 6.7 11.7
2,3,4,6-Gal Galtnr 5.7 3.0 3.5 7.2
Gal 1.0 2.1 1.8 1.9
2,3,4-Xyl Xyltnr 6.8 5.5 3.5 4.0
Xyl 12.5 6.4 3.3 12.6
2,3,4,6-Glc Gletnr 7.7 2.2 1.1 6.3
2,3,6-Glc —1)-Gle-(4— 1.7 tr 3.0 1.0
Gle 9.7 5.5 72 9.8

#Small percentages of 2,3-Gal were also detected in all fractions.

®Mol% of monosaccharides in the whole product having methyl groups at the position indicted.
©Mol% of monosaccharides in the backbone having methyl groups at the position indicted.

44,6-Gal was not determined.

stituted D/L-galactose residues®** linked to p-p-galac-
tose residues substituted on different positions. Disac-
charidic units, like the latter ones, give absorptions
appearing in a broad range, due to different substitution
and/or different environment.

3. Discussion
3.1. The system of galactans of K. alvarezii

The system of galactans from K. alvarezii (Solieriaceae,
Gigartinales) is composed by major quantities of
strongly gelling k-carrageenans, obtained only by hot
water extraction, together with a nongelling fraction
containing small amounts of a precursor p-carrageenan
and important quantities of agarans and agaran-type
DpL-hybrid galactans. On the other hand, significant
amounts (6% of the milled seaweed) of low-molecular-
weight galactans with k-structure, minor quantities of
t-structure, agarans, and agaran-type DL-hybrids are
also biosynthesized by this seaweed.

To study the system of galactans of K. alvarezii, it was
possible to selectively extract the low-molecular-weight
galactans from the milled seaweed with water at room
temperature, while the higher molecular weight k-car-
rageenans, together with L-galactose-containing galac-
tans were further obtained with hot water. The same
type of preliminary fractionation was done with the
galactans from Gymnogongrus torulosus (Phyllophora-
ceae, Gigartinales), but not with the galactans of sea-
weeds belonging to the Gigartinaceae, as they were

mostly extracted at room temperature. This different
behavior was attributed to a different cellular arrange-
ment between these seaweeds: on one hand, in the two
former families there is a compact arrangement of the
cells along the multiaxial tallus with a pseudoparenchy-
matous medulla,®® while in the latter one there is a fila-
mentous medulla.?!*

It is worth noting some differences between the
sulfated galactans obtained from these red seaweeds
(Gigartinales). In the Solieriaceae, the higher specific-
ity in the site of sulfation, as well as the higher
degree of conversion of the precursor units, produce a
‘nearly pure’ structure and consequently, high yields of
strongly gelling carrageenans (k-carrageenan from the
genus Kappaphycus®* 1- from Eucheuma®** and p- from
Betaphycus™®), precipitating at low concentrations of
potassium chloride. Galactans from cystocarpic plants
of the Gigartinaceae are wholly extracted at room
temperature and they are made up of similar amounts
of low-gelling (k/1-) and nongelling (partially cyclized
pw/v-) carrageenans, together with small amounts of
L-galactose and 3,6-anhydro-L-galactose-rich galac-
tans.">*> On the other hand, gametophytes of Gymmno-
gongrus  torulosus (Phyllophoraceae) biosynthesize
major quantities of pL-hybrid galactans, together with
carrageenans of the k-family with predominance of
t-structure.”

3.2. The raw extract and the commercial k-carrageenan

The raw extract (C) obtained with hot water from K
alvarezii, after eliminating the fraction obtained at
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room temperature, showed clear differences with the
commercial sample of «x-carrageenan (K) obtained
from the same seaweed, namely: (a) it was soluble in
75% 2-propanol; (b) it had much lower number-average
molecular weight; (c) it contained larger amounts of
L-galactose units; and (d) it also contained higher quan-
tities of xylose and glucose (Table 1). The most signif-
icant preparative differences between both samples
were that the commercial sample (K) was extracted di-
rectly with hot water from a seaweed previously treated
with alkali.'” On the basis that the alkaline medium
could not only cyclize the precursor units but could
also release and/or degrade small agaran-type frag-
ments, eventually separated and lost during the 2-pro-
panol precipitation or in the further dialysis, C was
submitted to a short alkaline treatment producing C’
(Table 1). This product, which was insoluble in 75%
2-propanol, had higher number-average molecular
weight and a lower percentage of L-galactose. These
characteristics are similar to those of the commercial
sample K and are consistent with the above hypothesis
of complex formation.

Different types of carrageenans and agarans form
complexes that precipitate at narrow ranges of potas-
sium chloride concentrations**>° and cannot be sepa-
rated, that is, by anion-exchange chromatography” but
are readily fractionated after alkaline treatment.*>” %
Complexes of the raw k-carrageenan with small frag-
ments of agarans and/or agaran DL-hybrids (see later)
in C would protect k-carrageenan from coalescence
and precipitation in 75% 2-propanol, lower its num-
ber-average molecular weight, and increase its content
of L-galactose, xylose, and glucose.

3.3. Counterions

The raw extract C contains major amounts (77.9%) of
divalent (Ca®* and Mg>*) cations (Table 2) in agreement
with the known capacity of the seaweeds to concentrate
these salts.*® These counterions were maintained in high
percentages in fractions (Table 2) that were obtained
through fractionation procedures involving contact with
massive amounts of potassium chloride or hot and con-
centrated sodium hydroxide solutions or sequences of
both. It is worth noting that permethylation of the poly-
saccharides involves as the first step the preparation of
the triethylammonium salts by ion-exchange chroma-
tography; nevertheless, the methylated derivative con-
tains as much inorganic cations as the parent
polysaccharide (Table 2). Similar difficulties to exchange
the divalent counterions were found in a commercial
sample of k-carrageenan from Eucheuma cottonii (usual
commercial name for K. alvarezii), which originally con-
tained K* (0.17equiv/%) and Ca** (0.12equiv/%, ~40%
of Ca®"). After cation-exchange chromatography at

80°C on a K" pre-regenerated resin, it showed K™
(0.22equiv/%), but it still contained ~15% of Ca’**
(0.04equiv/%).*' To obtain the nearly pure sodium form
of another commercial x-carrageenan (Deltagel 379,
Quest International), it was necessary to treat the poly-
saccharide with hot 500mM NaCl, 50mM NaOH, and
50mM EDTA solution, further twice redissolve in NaCl
solution and precipitate with 2-propanol.** On the other
hand, it was shown that the mixed ionic presence of both
K* and Ca®* was crucial for the gel formation of k-
carrageenans.*!

Consequently, Ca®* binding in these polymers is not a
simple function of availability of anion binding sites, but
of a more complex Ca**—polysaccharide interaction, as
was shown in some other cases,**** leading to the for-
mation of interchain complexes (see later).

3.4. Carrageenans

The gelling (x-carrageenan) fractions (F1 and F2) or
those (partially cyclized p-carrageenan) gelling after
alkaline treatment (T2 and T3) of K alvarezii contain
significant amounts of agaran-like structures and little
glucose and/or xylose (Tables 1 and 4), which are lost
during the methylation procedure. Although important
quantities of potassium salts were used in the isolation
of F1, it still maintained a high percentage of Ca’"
(Table 2). Two hypotheses are consistent with all these
facts: (a) these fractions are not ‘pure’ carrageenans,
but carrageenan-type DL-hybrids containing small
amounts of agaran structures, which are degraded and
lost in alkaline medium or (b) they are ‘pure’ carrageen-
ans complexed with low-molecular-weight agaran-type
fragments, similar to those extracted from the same sea-
weed at room temperature.'” These complexes would be
partially broken by alkaline treatment or formed again
during the freeze-drying of the samples, as part of the
agaran fragments could remain in the dialysis bag, due
to the small pore size used (MW cutoff 3.5kD). The
complex would be again broken, and the agaran frag-
ments would be degraded and finally lost during the
methylation procedure.

The second hypothesis looks, at the moment, more
reliable, considering that in fractions isolated by potas-
sium chloride fractionations, carrageenans are usually
complexed with small amounts of KCl-soluble galac-
tans' ™% and that the complexation decreases after the
alkaline treatment >

3.5. Agarans

Some of the agarans spontaneously retrograded during
fractionation of the raw extract (F3i) or after alkaline
treatment of the soluble fraction F3s (T1). F3i and T1
are agarans with a great structural dispersion, as the
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3-linked B-p-galactose units are substituted in part on C-
4 or on C-2, or disubstituted on C-2 and C-4. The major
B-units are 4-linked o-L-galactose substituted on C-3,
nonsubstituted L-galactose p/L-galactose substituted on
C-2 and C-3 and 3,6-anhydro-L- and -p-galactose and
their derivative substituted on C-2, together with small
amounts of other less important units (Tables 3 and
5). These insoluble products are almost ‘pure’ agarans
(90-93%, of agaran structure, Tables 1 and 4), and have
characteristics similar to those of the insoluble fraction,
obtained in comparable situation as T1, from the alkali-
treated, KCl-soluble fraction of G. rorulosus (F3T1),*
suggesting that these insoluble agarans are usual minor
components of the polysaccharide system of the
carrageenophytes.

The alkali-treated product gave, after precipitation of
T1, two gelling fractions (T2 and T3, Table 4) and a sol-
uble one (T4). T4 is also mostly an agaran with a substi-
tution pattern similar to that of T1 and F3i, in spite of
its different solubility behaviors. T4 contains major
amounts of agaran constituent sugars, and the linear
backbone is heavily substituted with f-p-xylose and p-
glucose-disaccharidic side chains, and in lesser amounts,
with galactose (Table 4). All the sulfate groups are
linked either to C-2 or to C-4 of the B-D-galactose units
(major) and to C-3 of the 4-linked o-L-galactose residues
(minor) (Table 5). Ion-exchange chromatography of T4
produced seven fractions (Table 7) separated as a func-
tion of their sulfate content. All of them contained both
D- and L-galactose residues, although their molar ratio
was similar in the first three fractions (FI-FIII) and very
different, with high predominance of p-galactose, in the
latter ones (FVI, FVII). In these fractions there is also a
heavy substitution with xylose, glucose, and galactose
(Tables 7 and 8). Monomethylated galactose units are
present in all the fractions, but 2-O-methyl-L-galactose
is predominant in FII, while an important percentage
of 6-O-methyl-D-galactose is present in FVI, which has
a carrageenan-like structure. These units are usually
found in agarans,*® generally with methyl groups at
positions 2 or 6, while the presence of 3-O-methyl-D-
galactose was only mentioned for a few aga-
rans.*7214749 The major fractions (FI, FII, FIV, and
FV) showed the same structural units as T4, but in dif-
ferent proportions, in agreement with the structural dis-
persion of T4.

3.6. Side chains

Several fractions (F3s, F3i, T1, T4, and FI-FVII) con-
tain small to significant amounts of xylose, glucose,
and galactose linked to C-2 and/or C-4 of the 3-linked
B-p-galactose units and C-3 and/or C-2 and C-3 of the
4-linked o-D- and/or o-L-galactose residues, as short
chains or single stubs. Those units, which appear meth-
ylated in the permethylated agarans (Tables 3 and 5) do

not arise from contaminating xylans, glucans, or galac-
tans, as the ratio terminal-to-internal units is always
very high. These units have been found in several aga-
rans>>>%? or agaran-type pL-hybrids.!*>!” In the aga-
rans from Bostrychia montagnei (Ceramiales), terminal
B-p-xylose units are linked to C-6 of the B-p-galactose
units and C-3 of the a-L-galactose residues.”® They have
also been found linked to C-6 of the B-D-galactose units
in the ‘corallinans’.”'~? In the agarans from G. confluens
(Ceramiaceae, Ceramiales),”” they are linked to C-4 of
the B-p-galactose units.

The anomeric configurations of D-glucose single stubs
and side chain oligosaccharide units are not certain.
Absorption at 100.8 ppm was found in the *C NMR
spectrum of a fraction soluble in 2M KCI of the L-
galactose containing galactans from G. skottsbergii,
and it was attributed to floridean starch.! The presence
of glucose in the main chain of the galactan was postu-
lated in the soluble fraction obtained from the tetra-
sporic stage of Sarcothalia crispata (formerly I
undulosa).>® However, only in the cases of some frac-
tions of the room temperature-extracted products of
K. alvarezii'’ and S. crispata® where glucose was the
major monosaccharide (54.8-84.7%), the presence of a
linear glucan with a-(1—6) linkages and trace amounts
of a-(1—4) linkages was evident from methylation
analysis and '*C NMR spectroscopy; but, in the case
of K. alvarezii it was attributed to a contaminant
polysaccharide.

A disaccharide, obtained by acid hydrolysis of the
sulfated polysaccharides isolated from Lomentaria
catenata (Rhodymeniales),” was attributed to o-p-gluco-
pyranosyl-(1—3)-p-galactose, based on methylation
analysis and an [«]p +40 (¢ 0.55, H,O). However, for
this disaccharide obtained by synthesis, an [«¢]p +105
(¢ 9, H,O) was observed.>* These polysaccharides are
not carrageenans or even carrageenan pL-hybrids, but
agaran DL-hybrids, and the lateral chains of glucose
would be inserted in the minor carrageenan block of
an agaran DL-hybrid. If this is true, the structure of
the carrageenan block in the agaran pL-hybrid would
be somewhat different from that of the usual
carrageenans.

On the other hand, the water-insoluble fibrillar cell
wall of K. alvarezii contains not only cellulose, but also
a (1—3) (1—4) B-p-glucan sulfated on C-6, among other
polysaccharides.>”

In the spectrum of T4, only signals in the range 104.4—
101.1 ppm that could be due to C-1 of B-p-glucose units
are important in the anomeric region, and the signals at
103.4 and 103.3 (Table 6) were tentatively attributed to
C-1 of terminal and 4-linked B-pD-glucose units,
respectively.

Absorptions at 106.0-109.6ppm in some of the '*C
NMR spectra of the fractions suggest that some of the
galactose residues could be p-Dp-galactofuranose;
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however, the specific fragments of the mass spectrum of
the 2,3,5,6-tetra-O-methylgalactose could not be found
by GC-MS analysis of the mixture of partially methyl-
ated alditol acetates obtained from the methylated frac-
tions. However, they could have been lost during the
methylation procedure. Terminal galactose units were
found in the galactan sulfate from B. montagnei*° linked
to the same positions as xylose, and in the soluble frac-
tions of the tetrasporic® and cystocarpic'** Gigartina
skottsbergii and Sarcothalia crispata.

In the ‘all or none’ methylation scheme of these sugars
(Tables 3, 5, and 8), significant amounts of free xylose,
glucose, and galactose appear. They could be ascribed
to zones of the side chains blocked by the carbohy-
drate—carbohydrate zipper-type interactions®® (see
later). Alternatively, they could be components of low-
molecular-weight fibrillar xylans, glucans, and galac-
tans, but in that case, they would be expected to produce
submethylation schemes.

3.7. Carrageenan—agaran and agaran—agaran interactions

Carrageenan molecules have few intermolecular interac-
tions,>® and this fact has been the basis of the potassium
chloride fractionation procedure. To the best of our
knowledge, the only clear carrageenan—carrageenan
interaction is the cosolubilization of A-carrageenans
with p/v-carrageenans in 2M KCL.*73%%7 On the other
hand, the retention of small, but significant amounts
of soluble L-galactose-containing galactans by KCl-pre-
cipitated «/i-carrageenans from G. skottsbergii* and K.
alvarezii'” and G. torulosus,* which were reduced or dis-
appear after methylation, is consistent with the aggrega-
tion of these carrageenans with low-molecular-weight
fragments of agarans, similar to those extracted with
water at room temperature from K. alvarezii'’ and G.
torulosus (unpublished results). This complexation could
be reduced or eliminated by alkaline treatment. On the
contrary, agarans are readily prone to complexation.”®

It is known that seaweeds concentrate Ca®* and Mg>*
salts,*” and these cations remain linked to the polysac-
charides after the massive treatment with potassium
salts (potassium chloride fractionation) and/or hot so-
dium hydroxide (alkaline treatment) or both (Table 2).
Ca”" showed high affinity for sulfated L-galactans from
different ascidian species,” which increases with increas-
ing amounts of nonsulfated sugar branches in the mole-
cule. Ca®* affinity in the ascidian L-galactans increases
as the mean distance between charged groups decreases,
suggesting that the Ca®* binding requires more than one
sulfate group per each calcium atom. Similar results
were reported for glycosaminoglycans.®® In this case, it
has been shown that sulfate groups are capable of bind-
ing Ca®* with a stronger affinity than that expected from
simple salt formation. All these results indicate a com-
plex Ca®*—polysaccharide interaction.

Methylation schemes of the agarans from K. alvarezii
(Tables 3 and 5) showed a methylated agaran backbone
with branches of xylose, glucose, and galactose, which
are ecither totally methylated or free from methoxy
groups. This ‘all or none’ methylation pattern of the
branches is consistent with a ‘zipper’ complexation of
side chains.>®

Thus, the galactans from K. alvarezii could form com-
plexes through two different mechanisms, namely: (a) a
divalent calcium cation bridging two sulfate groups
from different molecules, being the arrangement stabi-
lized by further complexation of the cation and (b) inter-
action of the ‘zipper’ type between the side chains of
different agaran molecules.*> Both mechanisms would
be complementary, as the Ca®>' bridging of sulfate
groups from different molecules takes them close en-
ough, to allow the low-range forces of the ‘zipper’ model
to operate.

4. Conclusions

The red seaweed K. alvarezii biosynthesizes a complex
system of sulfated galactans as matrix products, mainly
composed by k-carrageenans of high- and low-mole-
cular-weight and small amounts of p-structures. A signifi-
cant part of this polysaccharides system is composed
by sulfated agarans, and possibly, sulfated agaran—
DL-hybrid galactans. The complexity of the system is
enhanced by formation of carrageenan-agaran and
agaran—agaran complexes, possibly through two different
but complementary mechanisms.

5. Experimental
5.1. Material

Samples of K. alvarezii were kindly provided by Soriano
S.A. (Chubut, Argentina). A voucher specimen (B.A.
35,708) has been deposited in the herbarium of the
Museo de Ciencias Naturales Bernardino Rivadavia
(Buenos Aires, Argentina). Thalli of K. alvarezii were
washed with filtered seawater and analyzed for epiphytic
and epizoic contaminants in a Nikon AFX-II macro-
scope (Nikon, Japan). For checking the existence of endo-
phytes, cross-sections were obtained manually with a
single-edge razor blade and observed on a Zeiss Axio-
plan microscope (Oberkochen, Germany). Commercial
k-carrageenan (c-1263) was obtained from Sigma Chem-
ical Co (K), purified by reprecipitation at 0.125M KCl
and further by dialysis (K’).

5.2. General

For GC, alditol acetates were obtained by reductive
hydrolysis and acetylation of the samples.®! Sulfate
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was determined turbidimetrically.®* The number-aver-
age molecular weight (M),) was estimated by the method
of Park and Johnson® based on the determination of
end-chain reducing units. Optical rotations (Na D-line)
were measured in a Perkin—Elmer 343 polarimeter, using
0.2-0.4% solutions of the polysaccharides in H,O. The
total carbohydrate content was estimated by the phe-
nol-sulfuric acid method®* without previous hydrolysis
of the polysaccharide.

The ratio Dp:L-galactose and the configuration of
monomethylated galactoses, except 2-O-methylgalac-
tose, were estimated by the method of Cases et al.®’
through their diastereomeric acetylated 1-deoxy-1-(2-
hydroxypropilamino)alditols. The ratio of 2-O-methyl-
D:L-galactose was determined by derivatization to the
diastereomeric  acetylated 1-deoxy-1-(1-phenylethyl-
amino)alditols.®® The ratio of 3,6-anhydro-p:L-galactose
was estimated by the method of Errea et al.®® involving
an oxidative hydrolysis to obtain the aldonic acids, with
further conversion to the acetylated diastereomeric sec-
butyl esters. The ratio of 2,6-di-O-methyl-p:L-galactose
were determined on the permethylated polysaccharide
by conversion of the monosaccharides, obtained by
hydrolysis of the sample to the diastereomeric acetylated
1-deoxy-1-(1-phenylethylamino)alditols.®’

5.3. Extraction

The residue obtained after exhaustive extraction with
H,O at room temperature (33.0g),!” was extracted with
H,O (1.65L) at 90°C with mechanical stirring for Sh.
The residue was removed by centrifugation, and the sup-
ernatant was poured into three vols of 2-PrOH, whereby
the polysaccharide did not precipitate. The supernatant
was concentrated, dialyzed (molecular weight cutoff 6.0—
8.0kDa), and freeze-dried, yielding the soluble fraction
C (21.69).

5.4. Alkaline treatment of C and precipitation of C’ with
potassium chloride

The sample (196mg) was dissolved in H,O (98 mL), and
NaBH, (9.8 mg) was added. After 24h at rt, 3M NaOH
was added (49mL) with a further quantity of NaBH,
(9.8mg). The solution was heated at 80°C for 20 min,
and then cooled to rt, dialyzed (molecular weight cutoff
12.0-14.0kDa), concentrated, and poured into three
vols of 2-PrOH, whereby the polysaccharide precipi-
tated. The product was pressed between filter paper
and dried by solvent exchange (EtOH and Et,O) and
finally in vacuo, obtaining C’ (160 mg).

C’ (95mg) was dissolved in H,O, and finely divided
KCl was added to give a 0.125M solution. The precipi-
tate was separated by centrifugation and dialyzed and
lyophilized to give C” (70mg).

5.5. Fractionation of C and F3sT with potassium chloride

The polysaccharide (0.33-7.0g) was dissolved in H,O
(0.13-2.8 L, 0.25%). Solid, finely divided KCI was added
in small portions with constant and violent mechanical
agitation, so that the concentration was increased by
0.1 M each time. After each addition, stirring was con-
tinued for 5-16h to ensure equilibration of the system.
The upper limit of KCI concentration was 2.0 M. The
precipitates, as well as the residual solutions, were dia-
lyzed (molecular weight cutoff for F1-F3, 6.0-8.0kDa;
for T2-T4, 3.5kDa), concentrated, and freeze-dried.

5.6. Desulfation of T4

Desulfation of fraction T4 (40 mg) was carried out as re-
ported previously®® by conversion to its pyridinium salt
(yield 90%), which was then treated with chlorotrimeth-
ylsilane in anhydrous pyridine at 100°C for 8h. H,O
(2mL) was added, and the mixture was dialyzed against
tap H,O, 1M NaOH, distilled H,O, and then lyophy-
lized, obtaining T4D (yield 74.9%).

5.7. Insolubilization of F3i and alkaline treatment of F3s

F3 (665mg) was dissolved in H,O (332mL), and two
products were obtained: an insoluble product, F3i
(195mg), which was centrifuged off and freeze-dried,
and a soluble part, F3s (470mg). F3s was treated with
NaBH, (20mg). After 24h at rt, 3M NaOH was added
(166mL) with a further quantity of NaBH, (20mg). The
solution was heated at 80°C for 3h and then cooled to
rt, dialyzed (molecular weight cutoff 1.0kDa), concen-
trated, and freeze-dried to give F3sT.

5.8. Alkaline treatment of F3s (porphyran conditions)

F3s (10mg) was treated as described above, but the
solution was heated at 80°C for 24h. The percentage
of 3,6-anhydrogalactose was determined by GLC of
the alditol acetates® before and after the treatment
and neutralization.

5.9. Ion-exchange chromatography of T4

For the analytical fractionation a column (0.6 X 2cm)
was filled with 27mg DEAE-Sephadex A-25, previously
stabilized in H,O. T4 (4mg) was dissolved in H,O,
which was used as first eluant. Then increasing concen-
trations of NaCl were stepwise applied. The upper con-
centration was 4 M. Fractions of 0.6 mL were collected,
and aliquots were assayed by the phenol-sulfuric acid
method.®* After obtaining blank readings, the eluant
was replaced by another with higher concentration of
NaCl. For preparative fractionation, a column
(0.9 x 9cm) was filled as indicated above. Fractionation
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of T4 (50 mg) was carried out as described before, but in
this case, fractions of 1.3mL were isolated.

5.10. GLC

GLC of the alditol acetates, as well as those of the par-
tially methylated alditol and aldononitrile acetates were
carried out on a Hewlett-Packard 5890A gas-liquid
chromatograph (GLC) equipped with a flame ionization
detector and fitted with a fused-silica column (0.25mm
1.d. x 30m) WCOT-coated with a 0.20pum film of SP-
2330. Chromatographic analyses were carried out as
described before.*

5.11. GLC-MS

GLC-MS was performed on a Shimadzu GC-17A GLC
equipped the SP-2330 (see above) interfaced to a
GCMS-QP 5050A mass spectrometer working at 70eV.
He was used as carrier gas.

5.12. Methylation analysis

The sample (C1, F1-F3s, T2-T4, FI, FIII-FV), was
converted into the corresponding triethylammonium
salt by ion-exchange chromatography.®’ The dry poly-
saccharide (5-20mg) was dissolved in Me,SO (1-4mL)
and then methylated according to the method of Ciuc-
anu and Kerek.* Powdered NaOH (20-80mg) was
added, and the mixture was stirred for 1-2h at rt.
CH3l (0.2-0.5mL) was added, and the reaction was
allowed to proceed at 25°C for 1h. The addition was
repeated twice. Water (2mL) was added to stop the
reaction, and the mixture was dialyzed (molecular
weight cutoff 1.0-3.5kD) and lyophilized (yields 80-
90%). An aliquot of each methylated sample was deriva-
tized to the acetylated alditols as described for the poly-
sacharides,®' and another portion was hydrolyzed with
TFA for 2h at 120°C. The partially methylated sugars
were converted into the corresponding aldononitrile
acetates.””

5.13. Solubilization of F3i, T1, and T4D

The sample (~35mg) was suspended in H>,O (1.5mL)
and sonicated several times (3 x 20min) with a High
Intensity Ultrasonic Processor VC50 (Vibra Cell), work-
ing at 20kHz with a 3-mm probe.

5.14. Methylation analysis of F3i, T1, and T4D

The sample (20-15mg), was solubilized as described
before and converted into the corresponding triethyl-
ammonium salt (15-11mg),°" which was methylated by
a modification of the method of Ciucanu and Kerek® in

order to achieve solubilization: the sample was dissolved
and sonicated in a solution of LiCl (15mg) in Me,SO (3—
4mL), improving the solubility of the samples, and stir-
red at 80°C for 2h. Finely powdered NaOH (60-20 mg)
was added, and the mixture was stirred at 80°C for 1h
before addition of the methylating reagent. This methyl-
ation procedure was repeated (three times) until a con-
stant pattern of methylation was achieved (yields 60—
70%).

5.15. Preparation of the samples for '*C NMR
spectroscopy

The sample 20-40mg was dissolved in 1:1 H,O-D,O
solutions (ImL) and agitated 24h at rt. The partially
insoluble samples were dissolved as described before.
However in F3i, T1, T4, and T4D a precipitate was ob-
tained that represented 5-15% of the original sample.

5.16. '3C NMR spectroscopy

13C NMR 125MHz spectra were recorded at rt, with an
external reference of Me,Si. The parameters were as fol-
lows: pulse angle 51.4°, acquisition time 0.56s, relaxa-
tion delay 0.6s, spectral width 29.4kHz, and scans
26,000—48,000. Chemical shifts were referenced to inter-
nal acetone (6 216.2 and 31.1). 6 Values from the litera-
ture were corrected considering this standard to allow
comparisons.

5.17. Cation analysis

Cation analysis was carried out by atomic absorption
spectroscopy of the samples in water solutions on a
Shimadzu 6800 instrument equipped with an autosam-
pler. Commercial standards (Merk) were used to
calibrate.

Acknowledgements

This work was supported by Consejo Nacional de Inves-
tigaciones Cientificas y Técnicas (CONICET) and Uni-
versity of Buenos Aires, Argentina. J.M.E. received a
Grant-in-Aid of Research of the Phycological Society
of America.

References

1. Ciancia, M.; Matulewicz, M. C.; Cerezo, A. S. Phyto-
chemistry 1993, 34, 1541-1543.

2. Ciancia, M.; Matulewicz, M. C.; Cerezo, A. S. Phyto-
chemistry 1997, 45, 1009-1013.

3. Stortz, C. A.; Cases, M. R.; Cerezo, A. S. Carbohydr.
Polym. 1997, 34, 61-65.

4. Estevez, J. M.; Ciancia, M.; Cerezo, A. S. Carbohydr. Res.
2001, 331, 27-41.



10.

11.

12.

13.

20.
21.
22.
23.
. Miller, I. J. Bot. Mar. 2001, 44, 253-259.
25.
26.
27.
28.
29.

30.

31.
32.

33.
34.

J. M. Estevez et al. | Carbohydrate Research 339 (2004) 2575-2592

. Takano, R.; Shiomato, K.; Kamei, K.; Hara, S.; Hirase, S.

Bot. Mar. 2003, 46, 142-150.

. Takano, R.; Yokoi, T.; Kamei, K.; Hara, S.; Hirase, S.

Bot. Mar. 1999, 42, 183-188.

. Navarro, D. A.; Stortz, C. A. Carbohydr. Res. 2003, 338,

2111-2118.

. Errea, M. L.; Matulewicz, M. C. Carbohydr. Res. 2003,

338, 943-953.

. Stortz, C. A.; Cerezo, A. S. Curr. Top. Phytochem. 2000, 4,

121-134.

Glicksman, M. Red Seaweed Extracts In Food Hydrocol-
loids; Glicksman, M., Ed.; CRC Press: Boca Raton, FL,
1983; Vol. 2, pp 73-114.

Rudolph, B. Seaweed Product: Red Algae of Economic
Significance. In Marine and Freshwater Products Hand-
book; Martin, R. E., Carter, E. P., Davis, L. M., Flich, G.
J., Eds.; Technomic Publishing Co.: Lancaster, PA, 2000;
pp 515-529.

Anderson, N. S.; Dolan, T. C. S.; Rees, D. A. J. Chem.
Soc., Perkin Trans. 1 1972, 2173-2176.

Bellion, C.; Brigand, G.; Prome, J.-C.; Welti, D.; Bociek,
S. Carbohydr. Res. 1983, 119, 31-48.

. Rochas, C.; Rinaudo, M.; Landry, S. Carbohydr. Polym.

1989, 10, 115-129.

. Hoffmann, R. A.; Gidley, M. J.; Cooke, D.; Frith, W. J.

Food Hydrocoll. 1995, 9, 281-289.

. Villanueva, R. D.; Montagno, M. N. E. J. Phycol. 2003,

39, 513-518.

. Estevez, J. M.; Ciancia, M.; Cerezo, A. S. Carbohydr. Res.

2000, 325, 287-299.

. Ciancia, M.; Noseda, M. D.; Matulewicz, M. C.; Cerezo,

A. S. Carbohydr. Polym. 1993, 20, 95-98.

. Prado-Fernandez, J.; Rodriguez-Vazquez, J. A.; Tojo, E.;

Andrade, J. M. Anal. Chim. Acta 2002, 480, 23-37.
Usov, A. 1.; Shashkov, A. S. Bot. Mar. 1985, 28, 367—
373.

Ciancia, M.; Matulewicz, M. C.; Finch, P.; Cerezo, A. S.
Carbohydr. Res. 1993, 238, 241-248.

Kolender, A.; Matulewicz, M. C. Carbohydr. Res. 2002,
337, 57-68.

Miller, 1. J. Bot. Mar. 2001, 44, 245-251.

Bock, K.; Pedersen, C.; Pedersen, H. Adv. Carbohydr.
Chem. Biochem. 1984, 42, 193-225.

Furneaux, R. H.; Miller, 1. J.; Stevenson, T. T. Hydro-
biologia 1990, 204/205, 645-654.

Usov, A. I.; Elashvilii, M. Ya. Bot. Mar. 1991, 34, 553—
560.

Noseda, M.; Viana, A. G.; Duarte, M. E. R.; Cerezo, A. S.
Carbohydr. Polym. 2000, 42, 301-305.

Lahaye, M.; Yaphe, W.; Paln Viet, M. T.; Rochas, C.
Carbohydr. Res. 1989, 190, 249-265.

Doty, M. S. Prodromus ad systematica Eucheumatoide-
orum. In A tribe of commercial seaweeds related to
Eucheuma (Solieriaceae, Gigartinales); Abbot, 1. A., Ed.;
Taxonomy of economic seaweeds with reference to some
Pacific and Caribbean species; California Sea Grant
College Program: University of California, La Jolla,
1988; Vol. 2, pp 159-207.

Feldman, S. C.; Stortz, C. A.; Vigna, M. S.; Cerezo, A. S.
An. Asoc. Quim. Argent. 1994, 82(2), 117-124.

Flores, M. L.; Stortz, C. A.; Rodriguez, M. C.; Cerezo,
A. S. Bot. Mar. 1997, 40, 411-419.

Santos, G. A. Aquat. Bot. 1989, 36, 55-67.

Greer, G. W.; Yaphe, W. Bot. Mar. 1984, 28, 473-
478.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

2591

Flores, M. L.; Cerezo, A. S.; Stortz, C. A. J. Argent.
Chem. Soc. 2002, 90, 65-76.

Pernas, A.; Smithrod, O.; Larsen, B.; Haug, A. Acta
Chem. Scand. 1967, 21, 98-110.

Stortz, C. A.; Cerezo, A. S. Carbohydr. Res. 1988, 172,
139-146.

Matulewicz, M. C.; Cerezo, A. S. J. Sci. Food Agric. 1980,
31, 203-213.

Matulewicz, M. C.; Ciancia, M.; Noseda, M. D.; Cerezo,
A. S. Phytochemistry 1989, 28, 2937-2941.

Kloareg, B.; Quatrano, R. S. Oceanogr. Mar. Biol. Annu.
Rev. 1988, 26, 259-315.

Chen, Y.; Liao, M. L.; Dunstan, D. A. Carbohydr. Polym.
2002, 50, 109-116.

MacArtain, P.; Jacquier, J. C.; Dawson, K. A. Carbohydr.
Polym. 2003, 53, 395-400.

Chandrasekaran, R.; Radha, A.; Lee, E. J. Carbohydr.
Res. 1994, 252, 183-207.

Tibbits, C. W.; MacDougall, A. J.; Ring, S. G. Carbohydr.
Res. 1998, 310, 101-107.

Ciancia, M.; Matulewicz, M. C.; Cerezo, A. S. An. Asoc.
Quim. Argent. 1995, 83, 103-108.

Lahaye, M.; Rochas, C. Hydrobiologia 1991, 221, 137-
148.

Nunn, J. R.; Parolis, H.; Russell, I. Carbohydr. Res. 1973,
281-207.

Cases, M. R.; Stortz, C. A.; Cerezo, A. S. Phytochemistry
1992, 31, 3897-3900.

Chiovitti, A.; Kraft, G. T.; Saunders, G. W.; Liao, M.-L ;
Bacic, A. J. J. Phycol. 1995, 31, 153-166.

Duarte, M. E. R.; Noseda, M. D.; Cardoso, M. A.; Tulio,
S.; Cerezo, A. S. Carbohydr. Res. 2002, 337, 1137-
1144.

Usov, A. L; Bilan, M. 1.; Shashkov, A. S. Carbohydr. Res.
1997, 303, 93-102.

Cases, M. R.; Stortz, C. A.; Cerezo, A. S. Int. J. Biol.
Macromol. 1994, 16(2), 93-97.

Takano, R.; Shiomato, K.; Kamei, K.; Hara, S.; Hirase, S.
Phytochemistry 1994, 37, 1615-1819.

Kochetkov, N. K.; Torgov, V. I.; Malysheva, N. N.;
Shashkov, A. S.; Klimov, E. M. Tetrahedron 1980, 36,
1227-1230.

Lechat, H.; Amat, M.; Mazoyer, J.; Buléon, A.; Lahaye,
M. J. Phycol. 2000, 36(5), 891-902.
Spillman, D. Glycoconjugate J.
171.

Stortz, C. A.; Cerezo, A. S. Carbohydr. Res. 1993, 242,
217-227.

Matulewicz, M. C.; Haines, H. H.; Cerezo, A. S. Phyto-
chemistry 1994, 36, 97-103.

Ruggiero, J.; Fossey, M. A.; Santos, J. A.; Mourao, P. A.
S. Carbohydr. Res. 1998, 306, 545-550.

Hunter, G. K.; Wong, K. S.; Kim, J. J. Arch. Biochem.
Biophys. 1998, 260, 161-167.

Stevenson, T. T.; Furneaux, R. H. Carbohydr. Res. 1991,
210, 277-298.

Dodgson, K. S.; Price, R. G. Biochem. J. 1962, 84, 106
110.

Park, J. T.; Johnson, M. J. J. Biol. Chem. 1949, 181, 149—
151.

Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A_;
Smith, F. Anal. Chem. 1956, 28, 350-356.

Cases, M. R.; Cerezo, A. S.; Stortz, C. A. Carbohydr. Res.
1995, 269, 333-341.

Errea, M. I.; Ciancia, M.; Matulewicz, M. C.; Cerezo, A.
S. Carbohydr. Res. 1998, 311, 235-238.

1994, 11, 169-



2592 J. M. Estevez et al. | Carbohydrate Research 339 (2004) 2575-2592

67. Errea, M. I.; Kolender, A. A.; Matulewicz, M. C. Bot. 69. Ciucanu, I.; Kerek, F. Carbohydr. Res. 1984, 134, 209—
Mar. 2001, 44, 133-138. 217.
68. Kolender, A. A.; Matulewicz, M. C. Carbohydr. Res. 2004, 70. Stortz, C. A.; Matulewicz, M. C.; Cerezo, A. S. Carbo-

339, 1619-1629. hydr. Res. 1982, 111, 31-39.



	The system of galactans of the red seaweed, Kappaphycus alvarezii, with emphasis on its minor constituents
	Introduction
	Results
	Discussion
	The system of galactans of K. alvarezii
	The raw extract and the commercial  kappa -carrageenan
	Counterions
	Carrageenans
	Agarans
	Side chains
	Carrageenan ndash agaran and agaran ndash agaran interactions

	Conclusions
	Acknowledgements
	References


