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ABSTRACT 

Aqueous extraction of the red alga Gracilaria secundata gives a low-sulfated, 

agar-type polysaccharide which gels strongly. The structure of the polysaccharide 

has been investigated by methylation, partial hydrolysis of the permethylated agar, 

enzymic oxidation, and ‘3C-n.m.r. spectroscopy. The agar is mainly composed of the 

familiar (1+3)-linked /3-D-galactosyl residues and (1+4)-linked 3,6-anhydro-a-t.- 

galactosyl residues, but important variations occur. The distribution of 6-O-methyl- 

D-galactosyl residues is considered to be in “blocks”. 

INTRODUCTION 

Polysaccharides from Rhodophyceae have been studied by many workers’, 

because their rheologica13 and immunological properties4 give them considerable 

industrtal potential. Agar-type polysaccharides of various gel strengths have been 

reported 5 from Gracilaria compressa, G. debilis, G. foliifera, G. domingensis, G. 

damaecornis, G. ferox, and G. verrucosa. An early survey6 found that New Zealand 

Gracilaria appeared to contain agar, and the commercial processing’ of red seaweeds 

to give agar is now a well established industry in New Zealand. Gracilaria secundata, 

as well as Pterocladia species, are used for producing material presumed (from their 

gelling properties) to be agar, although the structures of the polysaccharides of these 

algae have not been studied until recently. New developments include proposals to 

grow G. secundata in sewage-treatment ponds’, and to farm it on the sheltered mudflats 

of northern New Zealand harbours. 

The purpose of the present investigation was to determine the structure of the 

polysaccharide isolated from G. secundata. The current study is part of a program 

of investigation of the polysaccharides from New Zealand seaweeds. 

RESULTS AND DISCUSSION 

Extraction of air-dried Gracilaria secundata with hot water yielded a viscous 

*Marine Algal Polysaccharides, Part 2. For Part 1, see ref. 1. 
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TABLE I 

COMPOSITION OF GALACTAN StILF4TF 

Total galactose 3x.1 

6-O-Methyl-D-galactose 15.3 

Sulfate (SO.?)” 2.9 
3,6-Anhydro-L-galactoce 36.1 
Pyruvic acid 0.0 

Nitrogen trace 

“All monosaccharide residues expressed as mass percentages of total hydrolyrate. L’Based on sulfur 

analyses. 

solution which gelled on cooling. Three successive extractions gave a total poly- 

saccharide yield of 28 “o. The first extract was purified by freeze-thawmg six times to 

give, on freeze-drying, a polysaccharide in 8 ‘lb yield. All further work was conducted 

on the first extract. Attempts to Fractionate this polysaccharide further by column 

chromatography using DEAE-Sephadex A-50 (Cl - )“ and Dowex- 1 X-7 (formate)’ ’ 

were unsuccessful. Acid hydrolysis of the polysaccharidc gave galactosc. (M-methyl- 

galactose and 5-( hydroxymethyl)-3-furaldehyde. The last component was separated 

from the hydrolyzate by preparative paper-chromatography. and identified by mass 

spectrometry. It is presumed to bc a decomposition product of acid-labile, 3,6- 

anhydrogalactosyl residues in the polysaccharide”. 

The composition of the polysaccharide is given in Table 1. Pyruvic acid residues. 

which have been found’h in traces in polysaccharides isolated from other Gradrria 

species, were not detected. The analyses are comparable with those found for the 

agars of Gelidium cmtilqiniur~l’ ’ and Gmcifcria wrrumw. Assuming that all of the 

sulfate groups are on t_-galactosyl residues, and allowing for a small percentage of 

unsubstituted L-galactosyl residues, the mole ratio of I) : I. residues in the polysacchar- 

ide is 1.05 : 1 .OO. 

Alkali treatment of the Craciluriu srcunduta polysaccharide gave a small in- 

crease (1.5 mass “;)) in 3,6-anhydrogalactose content. and an exactly equivalent 

decrease in sulfate, suggesting that approximately one-third of the total sulfate 

present is attached either to C-3 or C-6 of the galactosyl residues. The remaining 

ester sulfate groups ( 1.98 Oc, of the polysaccharide) are stable towards alkali, and the 

methytation data, reported later, suggest that these are mainly attached to C-4. as 

2.6-di-O-methylhexose derivatives were obtained in tow yields. 

Oxidation of the polysaccharide with chromium trioxide’ ‘. and analysis of the 

polysaccharide hydrolyzate by using the enzyme D-galactose oxidase”, showed that 

98’!,; of the galactosyl residues in the polysaccharide have the p-1, configuration. 

The r3C-n.m.r. spectrum of the polysaccharide, a complete assignment of which has 

already been reported I’. is consistent with this. and shows that the 6-O-methyl- 
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TABLE II 

G.L.C. ANALYSIS OF THE ME’THYLATED ALDITOL ACETATES FROM THE PARTIAL AND COMPLETE HYDROLYSIS 

OF METHYLATED GALACTAN SULFATE 

Component separated as 
alditol acetate 

9O”,b Formic acid 9Ooqb Formic acid (I h) 

(I h) + 16 h in 0.13~ sulfuric acid 

Mol Mole T/o Mot Mole 96 Mol Corrected 
corrected mole O/ 10 

2,3,4,6-Tetra-O-methyi-D- 0.0009 0.8 0.002 0.6 0.002 0.3 
galactose 
3,6-Anhydro-2-O-methyl-L- 0.0752 63.4 0.037 10.7 0.296 49.0 
galactose 
2,4,6-Tri-O-methyl-D- 0.0425 35.8 0.296 85.8 0.296 49.0 
galactose 
2,3,6-Tri-O-methyl-L- trace - 0.006 1.7 0.006 1.0 
galactose 
2,6-Di-O-methyI-D- trace - 0.004 1.2 0.004 0.7 
galactose 

galactosyl residues also have the j&D configuration, whereas the 3,6-anhydrogalacto- 

syl residues are CL-L. 

Complete methylation of the Gracilaria secundata polysaccharide was achieved 

by using a single Hakomori methylation16. The methylated polymer was partially 

hydrolyzed by heating in 90 % formic acid for 1 h at 100 ‘, and completely hydrolyzed 

by heating at 100” with 90 % formic acid followed by 0.13M sulfuric acid. The results 

of g.1.c. analysis of the alditol acetates of the sugars in the hydrolyzates are given in 

Table II. The mole % values in Table II were calculated directly from the g.1.c. 

analyses, and it is noteworthy that the hydrolysis with formic acid alone gives a much 

greater proportion of 3,6-anhydro-2-Gmethyl-L-galactose than hydrolysis with 

formic acid followed by sulfuric acid. This result is similar to that obtained’ from the 

permethylated porphyran from Porphyra columbina, and is discussed later. 

Because 3,6-anhydro-2-O-methyl+galactose is degraded during the acid 

hydrolyses, the mole % values in Table II were corrected by taking the mole % of the 

3,Ganhydrogalactose in the original, unmethylated polysaccharide as 41.6 (deduced 

from Table I), and calculating the mole % of 3,6-anhydro-2-&methyl-L-galactose 

from this. All of the mole % values were then corrected accordingly, and the corrected 

values are also given in Table II. 

The large proportion of 2,4,6-tri-O-methyl-D-galactose in the hydrolyzate of 

the methylated polysaccharide proves that part of the D-galactosyl or 6-O-methyl-D- 

galactosyl residues, or of both, in the original polysaccharide is linked through O-3. 

It also suggests that there is little or no sulfate group present at C-2 of a galactosyl 

residue. 

The 2,3,6-tri-O-methyl-L-galactose is a minor component of the hydrolyzate, 
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shotiing that a small proportlon of unsubstltutrd, ( I --4)-linked r.-galactosyl resid~lrs 

1s present. The value ohtaincd from the mcthylation ana1ysi.s IS in rca~onable agree- 

ment with that found by the r>-galacto\c oxldasc method. 

Another minor component wab sho\vn to bc ~.(,-dl-O-~neth~lgalact~~sc. A 

possible source could be a ( I +3)-IinLcd I>-galactos~~l rcsiduc bearing a sulfate group 

on C-3, which is consistent with the fact that all ofthe sulfate groups arc not rcmo\*ed 

on alkali trcatmcnt. The 7,h-di-O-mcthylgalactose also occur\ in the hqdrnly~atc 

of the methylated. alkali-treated polysaccharidc. Other passibllities ;ir< that the 2.(1- 

dl-O-lnethylgalactnse originated from undcrmcthylated 3-I~nked galactosyl rcsicl~~es, 

01’ from a position of branching, although no pt-oat’ of branching in agarose-type 

polysaccharidcs has thub fxr been found. 

The I ,5-dracetate of 7,3,l,h-tetra-O-metliylgalactltol \\as found III all of the 

g.1.c. analyses, and It origlnatcs from terniinal (nonrcducing) g3IaCtOSyI groups. PllC 

corrected mole “(, fro;;1 the complete hydrolysis is 0.3. auggestrng th;tt the numbcr- 

average degree of polymerization of the methylated galactan may bc III the viclnlty 

of 300 This figure assumec that all of the nonreduclng. terminal grc’~~p:, rn the methyl- 

ated polysaccharidc arc’ ~.lc.3,(~-tetr:I-O-~i~etl~yl-l~-g~~iactos~I. and thxt no branching 

vccurs. 

It was surprlsrng that no 1,3-dl-O-methyl-L-gal3clnsc was preacnt In the hydt-o- 

lyzate of the methylated polysaccharide. Its absence suggests that those residues 

bearing sulfate groups, which are readily convcrtcd into 3.(r-:lnh~drogalactosyl 

residues by alkali, are attached to O-3. rather than to O-0. of ( I “-+-I)-llnhed I.-galacto- 

syl residues. The 2.6di-O-methyl-I.-galactose which would then be cxpcctcd in the 

hydrolyzatr may not have been separated from the 3.h-di-O-moth\il-I,-galactosL‘, 

and so was. perhaps, not detected for this reason. 

The alkali-treated polysaccharide was also sub.iected to mcthylation analyslh. 

the results of \\,hich arc given In Table 111. The main effect of the alhall treatment is 

probably the removal of some sulfate groups, as already discus\cd. but the analytical 

methods arc not suf5cxntly precise to detect the small difTerencc5 bct\\cen the t\\o 

methylated polpsaccharicle~. However thu marked Increase 111 the yield of 7,3.4.h- 

TABLE III 
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TABLE 1V 

PARTIAL HYDROLYSIS OF METHYLATED GALACTAN SULFATE 

Time of hydrolysic 

(and hvdvo!_vst) 

1 h (909,; formic acid) 
1 h (90:; formic acid) + 3 h (0.13~ H~s0-r) 

1 h (90’,, formic acid) $~ 8 h (0.13~1 HFSOA) 
1 h (90”,b formic acid) t- 16 h C0.13~ H?SOd) 

tctra-0-methyl-D-galactose shows that 

the alkali treatment. 

Molar ratlo of anhydro 

residue : 2,4.6-tri- 

0-methylgalactose 

Polysaccharide 

hydrolyzed (?O ) 

1.77: 1.00 31.1 
1 .OO : 1.25 38.6 
1.00: 1.57 16.3 
1.00:7.74 100.0 

depolymerization had also occurred during 

As already mentioned, partial hydrolysis of the permethylated polysaccharide 

with 901; formic acid, alone, gave a much higher yield of 3,6-anhydro-2-O-methyl-r,- 

galactose, relative to that of 2,4,6-tri-O-methyl-D-galactose, than would be expected 

from the analytical data in Table I. To study this effect further, a series of hydrolyses 

was performed in which the first step was, in all cases, hydrolysis by heating in 90 % 

formic acid for 1 h at loo”, but this was followed by heating in 0.13~ sulfuric acid 

at 100” for various times. The results, which are given in Table IV, show that, during 

the early stage of the hydrolysis of the methylated polysaccharide, more 3,6-anhydro- 

2-0-methyl-t-galactose is liberated than 2,4,6-tri-0-methyl-n-galactose. It is known” 

that 3,6-anhydrogalactopyranosyi linkages are more labile to acid hydrolysis than 

hexopyranosyl linkages, and therefore, a linear chain of 3-linked /I-o-galactosyl 

residues alternating regularly with (l-+4)-linked 3,6-anhydro-u-L-galactosyl residues 

should never yield greater amounts of 3,6-anhydro-2-O-methyl+galactose than of 

2,4,6-tri-O-methyl-D-galactose. It therefore appears possible that the agarose-like 

polysaccharide from Gracilaria secundata may contain some adjacent, 3,6-anhydro- 

galactosyl residues. A similar possibility has already been noted’ for a galactan sulfate 

isolated from Porplzlgra cohmbina. 

As shown in Table IV, the partial hydrolysis with formic acid, alone, hydro- 

lyzed only 38 1; of the methylated Gracilaria secw~data polysaccharide to mono- 

saccharide. Thus, for a ratio of 3,6-anhydro-2-O-methylgalactose to 2,4,6-tri-O- 

methylgalactose of I.8 : 1 .O, the adjacent 3,6-anhydro-L-galactosyl residues would 

constitute at least IO”,, of the original polysaccharide molecule. 

Presumably, the reason for the relatively high yield of 3,6-anhydro-2-0- 

methyl-L-galactose derivative is that hydrolysis of the methylated polysaccharide with 

90:/, formic acid produces formic esters of 2-0-methyl+galactose which would be 

expected to be fairly stable in formic acid solution. The sodium borohydride reduction 

that was used in the preparation of alditol acetates for g.1.c. analyses would then 

reduce formic esters directly to alditols, without going through the unstable, free- 

monosaccharide step. We have thus far been unable to isolate formic esters of 
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either 3,6-anhydro-2-Gmethyl-L-galactose or 3.4,h-tri-O-D-meth~i-gal:lctose from the 

mixture obtained on hydrolysis with formic acid. Hence. a possible explanatton of the 

results of hydrolysis with formic acid lies in the relative rates of reduction of fornlic 

esters of 3,6-anhydro-2-0-methyl-L-galactosc and of 3.~,6-tri-O-rnet~~y~-l,-ga~~~~t~~~~. 

rather than in the presence of adjacent. 3,6-anhydro- ~-O-methyl-L-gnl;lctosq‘l residues 

in the methylatcd polysnccharidc, or in other structural irregularItIes 

In previous investigations of the structure of agar-type po1jsaccharldes con- 

taining 6-O-methyl-D-galactosyl residue\. the position of theae reslducs in the po1>- 

saccharide has been ignored. or rt has been assumed that their distrlhutton IS random 

rather than in blocks. Because the dcgrce of methylatlon directly Inilucncca the gcll~ng 

properties of agar-type molecules. any Information on the distribution of the 6-t?- 

methyl-u-galactosyt units would be useful. To study this matter. the Grnc,i/~~~~ 

se~n&~~arn polysaccharidc was treated with sodium p-tolLlenc~ulti1i~lt~’ ‘, and the 

resulting 6-sulfone derivative subjected to methylsulfinyl anion. a strong base. The 

reaction mixture was then dialyzed, and the non-dialyzabk matcriat hydrolyzed. 

Subsequent g.1.c. analysis of the alditol acetates from the sugars 111 this hydrolyzate 

showed that 57”,, of the o-galactosyl residues in the originat pot\saccharlde had been 

removed by the treatment, although a substantlat proportion ofundia~yzable polymer 

remained. If it is assumed that the I>-galactosyl and 6-O-mcth\il-r,-g~~t~t~tos~l rcsldues 

are distributed randomly between 3,6-anhydro-L-galactosyl residue:, along the pal>- 

saccharide chain, and if the sulfone dcrivatizstion was also random. a 57 I’,, reaction 

would be sufficient to degrade the agar completely to lo\~-molecular-M.ejght. dlalyzable 

ohgosaccharides. 

The isolation of the polymeric product can. therefore. beht bc explained if the 

6-O-methyl-u-galactosyl residues occur 111 groups, alternating \\ith ?.6-anhydro-I.- 

galactosyl residues. Further evidence supporting this conclusion was obtained b! 

oxidizing the original polysaccharide with u-galactose oxitlasc. followed by treatment 

with strong base, and dialysis. In this case. only 12”,, of” the galactosql residues 

originally present in the polysaccharidc remained in the non-dialyzablc fraction. An 

attempt was made to quantltato the D-galactose oxidase-catalyzed nsidation nf the 

polysaccharlde by an enthnlpimetricmethod involving the hydrc-rgen pcroxlde released, 

by using the following reactIon. 

catalasc 

2 H,O, --~ 2 H,C) + O2 

The reaction is accompanied by a large change 117 enthalpy’“. Quantitative result5 

could not be obtained, but the experiment did confirm that II-galactosc oxidase reacts 

with the unhydrolyzed agarosc. 

Isolation ojpo!t~sut,c’llrriir. ~- T hr alga C~rmilar~icr .wcwm’~::;~r was obtained from 

Davis Celatine. Ltd.. Christchurch. New Zealand. The seaweed (100 2. dry weight) 
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was washed in cold, distilled water (3 L) for 3 h, filtered, and the solid extracted with 

boiling water (3 L) for 4 h. The seaweed residues were removed from the hot solution 

on a cloth filter, and the filtrate was kept for 16 h at -10”. The frozen extract was 

then thawed at room temperature, and filtered, and the solid dehydrated with ethanol, 

and dried in vacua at 40 ‘, to give the polysaccharide (14 9/, yield ). This polysaccharide 

was redissolved in boiling water, and the freeze-thaw operation was repeated six 

times. The final polysaccharide was obtained from this treatment in an SIj overall 

yield. 

Materials and methods. ~ These were identical to those described’ in Part 1. 

Acetylation of the polysaccharide. - The polysaccharide (0.5 g) was dissolved 

in formamide (100 mL), dry pyridine (50 mL) and acetic anhydride (50 mL) were 

added, and the mixture was shaken continuously for I6 h. Undissolved material was 

removed by centrifugation, the supernatant liquor dialyzed against distilled water 

for 2 days, and the product (0.8 g) isolated by freeze-drying. Two further acetylations 

gave a polysaccharide acetate which was finally isolated by precipitation from a 

solution in acetone by using diethyl ether. The i.r. spectrum showed no hydroxyl 

absorption at 3600-3400 cm-‘. 

Oxidation of the peracetylated ugarose. - Fully acetylated polysaccharide 

(32 mg) and ?nJ>o-inositol hexaacetate (4.1 mg) were dissolved in glacial acetic acid 

(2 mL). Finely powdered chromium trioxide (150 mg) was added, and the mixture 

was agitated ultrasonically for 2 h at 53 ‘. The mixture was poured into water (10 

mL), and the water phase extracted with dichloromethane (3 x ). This material was 

hydrolyzed with 0.25~ aqueous sulfuric acid for 16 h at loo”, followed by reduction 

of the sugars, acetylation of the alditols, and analysis of the acetates by g.1.c. Another 

portion of the fully acetylated polysaccharide (22.8 mg) and rnJ,o-inositol hexa- 

acetate was hydrolyzed, and the sugars converted into the alditol acetates for g.1.c. 

analysis. A comparison of the two analyses showed which sugar residues had been 

oxidized. 

Methylation of the polysaccharide. - The Hakomori methodI was used as 

described previously’. Complete methylation, shown by the absence of hydroxyl 

absorption at 3600-3400 cm -I in the i.r. spectrum, was achieved in a single treatment. 

Treatment qf enzyme-oxidized polysaccharide rvith base. - Polysaccharide 

(100 mg) was dissolved in 0.1 M potassium phosphate buffer (150 mL). D-Galactose 

oxidase (EC 1.1.39; Type V from Dact_~lium dendroides, 530 units) and cataiase (25 

mg) were added, and the mixture was incubated for 3 d at 32’. (Both enzymes were 

purchased from Sigma, and used without purification.) Ethanol was added to precipi- 

tate the polysaccharide, the mixture dialyzed, and the precipitated polysaccharide 

recovered by centrifugation (40 mg). Part of the precipitate and a known amount of 

nz_r,o-inositol, as the internal standard, were hydrolyzed, and the alditol acetates from 

the sugars in the hydrolyzate were prepared for g.1.c. analysis as previously described’. 

Another portion of the precipitate (35 mg) was dissolved in dimethyl sulfoxide 

(10 mL), and the solution transferred with a syringe into a solution of dimsyl anion, 

the latter having been prepared as for the Hakomori methylation procedure16. The 
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