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ABSTRACT 

Carrageenan extracted from Hypnea musciformis was analyzed by using K- 

and h-carrageenanases and 13C-n.m.r. spectroscopy. K-Carrageenanase caused ex- 

tensive degradation of the polysaccharide, with the production of low-molecular- 

weight oligosaccharides of K-carrageenan. Limited degradation of the polymer oc- 

curred with L-carrageenanase, with the virtual absence of low-molecular-weight 

oligosaccharides. The native carrageenan had a ‘%-n.m.r. spectrum characteristic 

for K-carrageenan, but, after treatment with K-carrageenanase, resonance peaks 

for b-carrageenan were observed in the spectrum of the enzyme-resistant fraction. 

The carrageenan from H. musciformis is a hybrid, consisting mainly of K-type re- 

peating units, with minor proportions of b-type repeating units and other compo- 

nents. 

INTRODUCTION 

Carrageenans are water-extractable, cell-wall polysaccharides found in cer- 

tain members of the Rhodophyta. They a;e composed of a backbone structure of 

alternating (~-D-(1+3)- and P-D-(l-4)-linked D-galactosyl residues’. Modification 

of this fundamental, repeating disaccharide unit, by the addition of ester sulfate or 

anhydride formation of the 4-linked residue, is the basis for classification of these 

polysaccharides2-4. Carrageenans are classified in two families, based on the sulfa- 

tion pattern of the 3-linked D-galactosyl residue. The K-family is composed of car- 

rageenans in which the 3-linked residue is sulfated at C-4 (K,LJ.L,v), whereas, in the 

A-family, the 3-linked residue is sulfated at C-2 (A ,[,g). K- and L-Carrageenans (see 

Fig. 1) contain 3,6-anhydro-D-galactose, which enables the formation of thermo- 

*Presented, in part, at the 1st international Physiological Congress, St. John’s, Newfoundland, Canada 
(1982). 
‘To whom correspondence should be addressed. 

ooo8-6215/84/$03.lxl Q 1984 Elsevier Science Publishers B.V. 



190 C. W. GREER, 1. SHOMER, M. E. GOLDSTEIN, W. YAPHE 

Fig. 1. Disaccharide structures of K- and t-carrageenans: R = H. wcarrageenan, R = SOS, b-car- 
rageenan. 

reversible gels; however, the absence of the anhydride in the other types of 

carrageenan leads to the formation of viscous solutions that do not gel. 

Analysis of carrageenans from different algal sources has revealed the hybrid 

nature of these polymers, and homopolymers containing only one type of repeating 

disaccharide may not exist in Nature2*3,5,6. The use of bacterial enzymes, specific 

for the repeating disaccharides of K- and L-carrageenan, had greatly facilitated 

these studies5. The enzymic removal of the major type of repeating disaccharide 

provides a means of enriching for the minor components present in carrageenans, 

often at too low a concentration to be detected by spectroscopic techniques alone. 

The carrageenan from Hypnea musciformis had previously been reported as 

being a K-carrageenan 7-g. however, based on sulfate determinations, and infrared , 
spectroscopy, the presence of other components is implicated8,9. The purpose of 

the present work was to analyze the carrageenan from Hypnea musciformis by 

using K- and L-carrageenanases, and 13C-n.m.r. spectroscopy. 

EXPERIMENTAL 

Carrageenan preparation. - H. musciformis was collected from St. Lawrence 

Bay, Barbados, West Indies. Algal fronds were rinsed with water and air-dried. 

Carrageenan was extracted by the method of Craigie and Leigh”. Dry, depig- 

mented algal powder was first extracted with 50mM NaCl for 24 h at 22” (cold ex- 

tract; not analyzed). The algal residue remaining was extracted with 0.5~ NaHC03 

for 2 h at 90”. Following filtration, carrageenan was precipitated with cetyl- 

pyridinium chloride (CPC). The CPC-precipitated material was washed, ex- 

changed for the sodium salt, washed, lyophilized, and weighed. The CPC-precipi- 
tated material was, by KC1 precipitation, fractionated into a KCl-soluble compo- 

nent and a KCl-insoluble component as described”. 

Enzyme preparation. - K-Carrageenanase was prepared from the cell-free 

medium of Pseudomonas carrageenovora grown in K-carrageenan from Eucheuma 
cottonii (Marine Colloids, U.S.A.) by the method of McLean and Williamson”. A 

purified L-carrageenanase was prepared from the cell-free medium of a Gram-nega- 

tive marine bacterium”, grown in L-carrageenan from Eucheuma spinosum (CECA, 

France). Both enzyme preparations gave single protein bands in SDS- 

poly(acrylamide) gel electrophoresis. 
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Carrugeenan unalysis. - For viscosity and reducing sugar assays, car- 

rageenan extracted from H. musciformis was dissolved in 0.1~ sodium phosphate 

buffer, pH 7.5, at a concentration of 0.15%. 

Viscosity assay. - Carrageenan solution (4 mL) and buffer (0.9 mL) were 

added to an Ostwald viscometer, and equilibrated at 30”. The reaction was initiated 

by the addition of diluted enzyme (100 ,uL), and flow rates were measured until no 

further change was detected. 

Reducing sugar assay. - Carrageenan solution (4 mL) and buffer (0.8 mL) 

were equilibrated at 30”, and the reaction was initiated by the addition of the di- 

luted enzyme (200 ,uL). The increase in reducing sugar was determined by fer- 

ricyanide reduction’*, using D-galactose as the standard. 

Gel chromatography. - The molecular-weight-distribution pattern of native 

and of enzyme-hydrolyzed carrageenan was determined on Sepharose CL-4B 

(Pharmacia, Sweden) at 50”. CPC-precipitated carrageenan (2 mg) was dissolved in 

50 mM sodium phosphate buffer, pH 7.5, and exhaustively hydrolyzed by the addi- 

tion of enzyme at 24-h intervals. After incubation for 72 h at 3W, the solutions were 

lyophilized. The samples were dissolved in distilled water (0.5 mL), and applied to 

a column (K16/40, Pharmacia, Sweden) with a gel height of 37 cm, equilibrated in 

5 mM sodium phosphate buffer, 0.2~ NaCl, pH 7.0, and eluted with the same buf- 

fer. Fractions were assayed for carbohydrate by the phenol-sulfuric acid methodr3, 

with D-galactose as the standard. 

Preparation of enzyme-re.ridant fraction (ERF). - KCI-insoluble car- 

rageenan (500 mg) was completely hydrolyzed as just described, and the enzyme- 

resistant fraction was precipitated with ethanol (2 vol.), pelleted by centrifugation, 

dissolved in distilled water, and the solution dialyzed and lyophilized, and the 

product weighed. 

13C-N.m.r. spectroscopy. - ‘H-Decoupled, 13C-n.m.r. spectra were re- 

corded with a Bruker BZH 400/50 spectrometer at 100.62 MHz. Samples (80 mg) 

were dissolved in D20 (2 mL) and spectra recorded, at 80”, at a spectra1 width of 

1.2 to 1.5 kHz. Chemical shifts (p.p.m.) were measured relative to internal di- 

methyl sulfoxide, and converted into values relative to external tetramethylsilane. 

RESULTS 

Enzymic analysis. - The CPC-precipitated carrageenan from H. muscifor- 
mis constituted 30% of the dry weight of the depigmented algae. Analysis of this 

material with K- and L-carrageenanases by diminution in viscosity and increase in 

reducing sugar (R.S.) is shown in Fig. 2. K-Carrageenanase caused a rapid decrease 
in specific viscosity, accompanied by a rapid increase in reducing sugar. L-Car- 

rageenanase caused a decrease in viscosity and an increase in reducing sugar, but 

not to the same extent as with K-CarrageenaIIaSe. The CPC-precipitated car- 

rageenan was enriched for K-carrageenan by KCI precipitation, with 90% being in- 

soluble in 0.3M KC]. Analysis of the KCI-insoluble material with K- and b-car- 
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Fig. 2. Enzymic analysis of CPC-precipitated carrageenan. [Effect on viscosity by K-carrageenanase 
(O), and b-carrageenanase (m). Effect on reducing sugar (R.S.) by K-carrageenanase (0), and b-car- 

rageenanase (O).] 
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Fig. 3. Enzymic analysis of enzyme-resistant fraction (ERF). (Legend as in Fig. 2). 
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rageenanases showed essentially the same results as the total, CPC-precipitated 
material. When the KC]-soluble component was analyzed, diminution in viscosity 
and increase in reducing sugar were not observed with either K- or L-car- 
rageenanase. The KC]-insoluble carrageenan was exhaustively hydrolyzed with K- 
carrageenanase, with 19% (ERF) being insoluble in ethanol (2 vol.). Further treat- 
ment of the ERF with K-carrageenanase did not alter the viscosity, or produce an 
increase in reducing sugar (see Fig. 3). Treatment with L-carrageenanase resulted 
in both a decrease in viscosity and an increase in reducing sugar. 

Molecular-weight distribution. - Fractionation of native (undigested), CPC- 
precipitated carrageenan on Sepharose CL-4B at 50” indicated polydispersity, with 
most of the material being eluted in fractions 3M0, immediately after the void vol- 
ume (see Fig. 4). Treatment with K-carrageenanase resulted in the production of 
low-molecular-weight oligosaccharides (fractions 74-80), principally the di- and 
tetra-saccharides of K-carrageenan. A small proportion of the polymer was resis- 
tant to K-carrageenanase, and was eluted over the entire, molecular-weight range 
of the column. Treatment with L-carrageenanase caused only limited degradation 
of the native carrageenan, producing a low concentration of low-molecular-weight 
material (fractions 74-80). The di- and tetra-saccharides of L-carrageenan could not 
be detected in the hydrolyzate. Simultaneous treatment of the carrageenan with K- 

and b-carrageenanase did not significantly alter the elution pattern, as compared to 
the action of K-carrageenanase alone, 
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Fig. 4. Molecular-weight-distribution pattern of CPC-precipitated carrageenan. Undegraded (native) 
polymer (0); K-carrageenanase hydrolyzate (A); L-carrageenanase hydrolyzate (0); hydrolyzate after 
treatment with both enzymes (B). Arrows indicate the elution positions of Dextran 2000 (fraction 30) 
(mol. wt. 2 X lob), Dextran 10 (fraction 66) (mol. wt. l@), and galactose [fraction 79). 
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Fig. 5. ‘3C-N.m.r. spectrum of CPC-precipitated carragecnan. 

‘3C-N.m.r. spectroscopy. - The 13C-n.m.r. spectra of CPC-precipitated car- 

rageenan (see Fig. 5) and of the KCI-insoluble fraction showed the 12 carbon sig- 

nals for the repeating disaccharide of K-carrageenan. After complete digestion of 

the KCI-insoluble material with K-carrageenanase, and analysis of the ERF by 13C- 

n.m.r. spectroscopy (see Fig. 6), the resonance peaks for the repeating disac- 

charide of b-carrageenan were observed: C-l of 3,6-anhydrogalactose 2-sulfate at 

92.2 p.p.m., and C-4 of galactose 4-sulfate (adjacent to 3,6_anhydrogalactose 2-sul- 
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Fig. 6. ‘3C-N.m.r spectrum of ERF after complete degradation with K-carrageenanase. 
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fate) at 72.2 p.p_m. The absence of a peak at 95.4 p.p.m. (C-l of 3,6-anhydrogalac- 

tose in K-carrageenan) indicated removal of virtually all of the K-carrageenan com- 

ponent. The spectrum also contained several resonance peaks not attributed to C 

atoms of L-carrageenan. 

DISCUSSION 

The carrageenan from H. musciformis was initially identified as a K-car- 

rageenan, because degradation with K-carrageenanase proceeded at the same rate 

as with commercial K-carrageenan ‘. The infrared spectrum also indicated that the 

major component was K-carrageenans; however, there was a minor peak at 805 

cm-‘, characteristic of L-carrageenan repeating units. The present results using K- 

and b-carrageenanase, clearly demonstrate the presence of L-carrageenan. r-Car- 

rageenanase lessened the viscosity, produced a limited proportion of reducing 

sugar, and affected the molecular-weight-distribution pattern on Sepharose CL- 

4B. Because no ethanol-soluble, low-molecular-weight oligosaccharides were ob- 

served after complete degradation with L-carrageenanase, the data suggest that L- 

carrageenan is present as a minor component, organized in short sequences within 

the polymer. The inability of either enzyme to attack KCI-soluble material suggests 

the presence of components other than K- and b-carrageenan. The presence of 

other components in the CPC-precipitated material was also suggested by the 

molecular-weight-distribution properties after enzymic hydrolysis. After complete 

degradation by both K- and L-carrageenanase, some material was resistant to the 

enzymes. and was eluted in the high-molecular-weight range of the column. 

The importance of specific removal of major repeating-units by enzymic de- 

gradation is clearly an advantage in fine structural analysis of these polysac- 

charides. The ERF produced after complete degradation with K-carrageenanase 

demonstrated the presence of L-carrageenan repeating units. The 13C-n.m.r. spec- 

trum (see Fig. 6) of the ERF contained two new peaks, at 92.2 and 72.2 p.p.m. 

These two resonance signals are respectively due to C-l of the Clinked residue 

(92.2 p.p,m.) and C-4 of the 3-linked residue (72.2 p.p.m.) of L-carrageenan4,“,r4 

(see Fig. 1). These peaks are not observed in the spectrum of the starting material 

(see Fig. S), as the material responsible is present at low concentrations and gives 

signals below the resolving power of the instrument. The 13C-n.m.r. spectrum of 

the ERF also indicates the presence of other components. Several minor signals are 

observed in the regions of the spectrum that have been attributed to precursor-type 

carrageenans of the p or Y type15, and desulfated, K-carrageenan-type repeating 
units may also be present. 

Previous analysis of the carrageenan from H. musciformis showed that the 

amount of ester sulfate was lower than the predicted value for K-carrageenan8,9. 

The demonstration of the presence of b-carrageenan implies that sulfate values 

should be higher than those found in K-carrageenan alone. In the present work, 

several fractions of polysaccharide were obtained that failed to be precipitated with 
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CPC, indicating a very low charge-density; however, these were not analyzed. This 
“anomaly” reflects the need for more-rigorous techniques for the fractionation and 
analysis of carrageenans. The use of enzymes specific for the K- and L-carrageenan 
fractions has facilitated analysis of the minor components, which are often present 
at concentrations too low to be detected by spectrometric techniques alone. The 
use of these enzymes also lessens the need for tedious, chemical analysis. Enzymic 
and ‘3C-n.m.r.-spectral analyses of the carrageenan from H. musciformis indicated 
a hybrid polymer composed primarily of K-carrageenan, with minor components of 
L-carrageenan and. possibly, other carrageenan-type components. Analysis by this 
technique of all carrageenans produced by algae (thus far studied) has revealed the 
hybrid nature of these polymers. This is an important consideration that must be 
accounted for when studying the physical properties of carrageenans. 

ACKNOWLEDGMENTS 

This research was supported by grants from the Natural Sciences and En- 
gineering Research Council, Canada, and McGill International-Royal Bank- 
Caribbean Program. The authors thank the Laboratoire Regional de RMN & Haut 
Champ of the University of Montreal for the use of their 13C-n.m.r. spectrometer. 

REFERENCES 

1 N. S. ANDERSON. T. C. S. DOLAN,ANDD. A. REFS, Nature, 205 (1%5) 1060-1062. 
2 E. L. MCCANNESS AND _I. S. CRAIGIE, Annu. Rev. Plan6 Physiol., 30 (1979) 41-53. 

3 D.A. REES, Adv. Carbohydr. Chem. Biochem., 24 (1969) 267-332. 
4 E. PERCIVAL, in R. G. SCHWEIGER, (Ed.). Carbohydrate Sulfates, Am. Chem. Sot., Washington. 

D.C.. 1978. pp. 213-224. 
5 C. BELLION, G. K. HAMER,AND W. YAPHE, Cam. J. Microbial., 28 (1982) 874-880. 
6 C. BELUON, G. K. HAMER. AND W. YAPHE, Proc. Int. Seaweed Symp.. 10th. 1981, pp. 379-384. 
I W. YAPHEANDB BAXTER, Appl. Microbial., 3 (1955) 380-383. 
8 E. L. MCCANDESS. Proc. baa. SeaweedSymp., 8tk, 1974, pp. l-18. 
9 J. MOLL.ION, Pro<. ht. Seaweed Symp., 9th, 1978, pp. 233-240. 

10 J. S. CRAIGIE ANUC. LEIGH, I” J. A. HELL.EBUST AND J. S. CRAIGIE, (Eds.), Handbook of Phycolog- 
ical Methods, Vol. 2, Cambridge Univ. Press, Cambridge, 1978, pp. 109-131. 

11 M. W. MCLEANANDF. B. WILLIAMSON, Eur. J. &o&em., 93(1979) 553-558. 
12 D. K. KIDBY ANDD. J. DAVIDSON, Anal. Biochem., 55 (1973) 321-325. 
13 M. DUBOIS, K. A. GILLES, J. K. HAMII.TON, P. A. REBERS. ANDI;. SMITH, Anal. Chem., 28 (1956) 

35C-356. 
14 A. I. Usov, S. V YAROTSKY.ANDA. S. SHASHKOV, Blopolymers, 19 (1980) 977-990. 
15 C. BELLION, G. BRIGAND, J.-C. PROME, D. WELT, AND!% BO~IEK. Carbohydr. Res., 119 (1983) 31- 

48. 


