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ABSTRACT

Methods are reported that facilitate the structural characterization of complex sulphated galactans
of the red algae. Two procedures have been developed for the production of alditol acetates from
carrageenans and agaroids. Both procedures generate 3,6-anhydrogalactitol acetate from the easily de-
stroyed 3,6-anhydrogalactosyl residues in near quantitative yield. The “double hydrolysis-reduction”
method involves preliminary hydrolysis under conditions sufficient to cleave all of the 3,6-anhydrogalacto-
sidic bonds, but mild enough to avoid significant further degradation. The “‘reductive hydrolysis™ method
uses the acid-stable 4-methylmorpholine-borane to reduce the 3,6-anhydrogalactose end groups as they are
released during acid hydrolysis. An alditol acetate sample can be prepared from a polysaccharide in a single
tube, ready for g.l.c. analysis, in less than 2.5 h, i.e. more quickly than by any previous procedure. Problems
associated with incomplete methylation of sulphated carrageenans and agaroids by the Hakomori proce-
dure have been overcome by first converting the sulphated polysaccharide into its tricthylammonium salt
form. The reductive hydrolysis method is effective for the production of partially methylated alditol acetates
from the methylated polysaccharides, enabling the rapid determination of the substitution pattern of these
polysaccharides. These improved analytical methods have been applied successfully to x-, i-, and J-
carrageenans, as well as some agars.

INTRODUCTION

Constituent-monosaccharide analysis, involving the conversion of the constitu-
ent sugars of a polysaccharide into their alditol acetate derivatives, and methylation
analysis, involving the methylation of a polysaccharide and subsequent production of
partially methylated alditol acetates, are two fundamental chemical procedures used for
the structural characterisation of polysaccharides. The volatile derivatives produced are
analyzed by g.l.c. and g.l.c.-m:s. to provide information about the compositions and
structures of complex polysaccharides.

Red-algal galactans contain up to 50% 3,6-anhydrogalactosyl residues (see Fig. 1
for structures) and are not amenable to analysis by the above procedures directly
because the 3,6-anhydrogalactosyl residues are rapidly destroyed (both in the native
and in the methylated form) under the harsh acidic conditions typically used to
hydrolyse the polysaccharides into their constituent monosaccharides. Thus, no in-
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formation regarding the quantity or substitution of the 3.6-anhydrogalactosyt residue
an be obtained. Attempts have been made to stabilize the 3e-unhydrogalactosyl
residues during acid-catalvsed cleavage by application of mercaptolysis' methanolysis’,
acctolysis', formolysis’. or bromine oxidation during hyvdrolysis’. but these techniques
have met with only limited success and none has been used widely

An additional problem arises during the methylation of carrageenans and aga-
roids. Some of these polysaccharides are highly charged due to the presence of sulphate
groups and thus are insoluble in dimethyl sulphoxide (DMSO}. and therebhy difficult to
methvlate fully by the Hakomori procedure’. To overcome this problem. sulphuted
polysaccharides have been acctvlated to improve solubnility Tor the subsequent Hako-
mori methvlation”. or methvlated using the Haworth procedure {(agueous sodium
hydroxide-dimethyl sulphatey”. Both of these procedurexare difficult to apply and time
consuming.

In the study reported here. new solutions to these old problems are presented.

RESULTS AND DISCUSSION

Constituent-sugar analvsis by the double hvdrolvsis-reduction procedure. - Stud-
ies reported some thirty years ago on the structures of seaweed polysaccharides demon-
strated that mild acidic conditions could be found whereby the L 6-anhvdrogalactosidic
bonds could be cleaved with onlyv minimal concomitant degradation of the sensitive
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Fig. 1. Major structural featurcs of various carrageenans and agars'
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3,6-anhydrogalactose reducing end groups®’. No further advantage appears to have
been taken of these crucial observations. We have now incorporated such a preliminary,
mild hydrolysis into a double hydrolysis-reduction procedure, and demonstrated that
under standardised conditions this procedure affords alditol acetates from all of the
neutral sugars, including the 3,6-anhydrogalactose, of carrageenans and agars.

(a) Optimisation of the procedure. The alkali-modified agar from Pterocladia
Iucida (Fig. 1) was an ideal substrate for the initial studies, since it is virtually an
unsubstituted agarose'®. Samples of this agar were hydrolysed in 0.1m trifluoroacetic
acid (TFA) at 80° for varying lengths of time. The agar was not soluble under these
conditions but it slowly dissolved as hydrolysis progressed. The resulting mixtures were
reduced with aqueous sodium borohydride. The 3,6-anhydrogalactosyl residues whose
glycosidic linkages were hydrolysed during the acid treatment were thereby converted
into acid-stable 3,6-anhydrogalactitol derivatives*. The samples were then fully hydro-
lysed with 2M TFA for 1 h at 120°, reduced a second time, and acetylated. The resulting
mixtures of alditol acetates were analysed by g.l.c. The molar ratio of 1,2,4,5-tetra-O-
acetyl-3,6-anhydrogalactitol (AnGal) to hexa-O-acetylgalactitol (Gal) as a function of
preliminary hydrolysis time is shown in Fig. 2. Since the galactosyl residues are not
significantly degraded during the hydrolysis'', the hexaacetylgalactitol produced served
as an internal standard for determining the recovery of 3,6-anhydrogalactose. Without
the preliminary hydrolysis and reduction, all 3,6-anhydrogalactose was destroyed
during hydrolysis with 2M acid. However, with the preliminary hydrolysis and reduc-
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Fig. 2. Molar ratios of the acetylated derivatives of 3.6-anhydrogalactitol (solid lines) or 3,6-anhydro-2-0-
methylgalactitol (dashed line) to galactitol as a function of time of preliminary hydrolysis (0.1M TFA, 80%)
for Pterocladia lucida agar (o), Gracilaria eucheumoides agar (@), k-carrageenan ([1), and ;-carrageenan
(A\). all subjected to the double hydrolysis-reduction procedure.

* The absolute configurations of the alditols described herein were not determined and are therefore not
indicated. According to systematic nomenclature the alditol from 3,6-anhydro-L- (but not-D-)-galactose
would be designated 1,4-anhydrogalactitol. However. to avoid confusion, the original galactose numbering
has been used throughout the present paper.
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tion, the stable 3,6-anhydrogalactitol acetate was obtained. the mazimum vield resuli-
ing from a 3 h treatment. Aflter 6 h some degradation of the 3 6-anhvdrogalactose was
evident. The AnGal:Gal molar ratio of 0.98 at 3 b 5 close 1o that required for a
polvsaccharide with equimolar amounts of J6-anhydrogalactosyand galactosyl resi-
dues. such as agar.

I appeared hikely that this method could be applicd to other slgal galactans.
However, 1t Hrst was necessary to determine whether Se-anhvdrogalacutol was being
formed under the double hydrolysis-reduction conditions by dehvdration processes as
well as from the constituent anhydrosugar, and also whether the presence of the
commonly encountered methvl ether and sulphate half-ester substituents atfected the
procedure.

Anhvdroa}dimi% can be formed by intrameolecular dehyvdration of alditols during
acid treatment’™. When galactito] and 6-(-methylgalactitol were separately subjected to
the double hydrolysis reducrion procedure. only small amoeunts of the dehvdration
products 3 6-anhvdrogatactitol (3.0 mol %) and 3.6-anhvdro- {--methylgalactitol (1.6

mol %},

. respectively, were generated. Since only a small proportion of the gatactosyl
and 6-O-methylgalactosyl residues i an algal polysacchande would be converted into
the corresponding alditols d t_:rmg the preliminary hvdrolvsis reduction sequence. it can
be seen that the production of 3 6-anhydro-alditols due 1o acid catalysed dehydration s
not going to be a concern with this methodology. To confirm ths, methy] x-p-
galactopyranoside was subjected to the double hvdrolvsis reduction procedure using a
3 hoprehiminary hydrolysis. and the products were esamined by g}f;, ¢ the presence of
tetra-O-acetyl-3 6-anhvdrogalactitol. Only the expected g;mum hoexatdoetate was
found.

The alkali-modified agar isolated {rom Gracifaric cuchenmoldey has o minor
proportion of its b-galactose residues methylated on O-60 but 15 almost entirely methy-
Jated on O-2 of 1ts 3.6-anhvdrogalactosyl residues'” (Fig. 1 It seomed possible that
melh\iatmn so close to the 2 o-anhydrogalactosidic bond could adter s rate of hvdroly-

However. when the double hydrolysis reduction procedure was applied w0 the
cold-wutcr-insnluhlc (. cuchewmoides agar, and the resulting alditol acetates were
analyzed by gl the mzximum vield of 3.6-anhydro-2-02-methyigalactitol dgain was
obtained after 3h (Fig. 23, The observed AnGal 2-Me-AnGud: Gal: 6-Me-Gal eatio of
34648 Y at 3 h {refl oo consistent with the structure deduced from Cenomer,

spectroscopic studies®

Sulphate groups on algal galactans could adversely affect the analvsts of these
polysaccharides by the double hydrolysis reduction procedure in three wavs [y high
proporuon of sulphate groups imparts water solubility 1o the polyvsaccharide and mighs
alter its hydrolysis rate: 2) asulphate group at O-2 of the Lé-anbyvdrogalactony residues
could alter the hydrolysis rute of the Le-anhvdrogalactosidic bond through sterie or
clectronte effects, or by mtramolecular acid-catalvas: and 33 incomplete havdrolvsis of
the sulphate esters durmg the second hydrolysis step would result in sulphated alditols
that could not be analyzed by g.ic. To determine i1 problems arise from these conxid-
erations. the following experiments were conducted with a- -, and J-currageenan.
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When the hydrolysis experiment was repeated with the sulphated, water-soluble
polysaccharide k-carrageenan (see Fig. 1), the maximum yield of 3,6-anhydrogalactitol
resulted after 2 h (Fig. 2), but had not changed significantly by 3 h. The increased
hydrolysis rate was probably due to the water solubility of the polysaccharide. Howev-
er, because of the slow rate of degradation of 3,6-anhydrogalactosein0.1M TFA at 80° a
3 h hydrolysis time could be used to analyse both cold-water-soluble k-carrageenan and
insoluble agar.

To ascertain the effect of a sulphate group attached to O-2 of the 3,6-anhydroga-
lactosyl residue, the hydrolysis experiment was repeated a fourth time on the water-
soluble, sulphated polysaccharide i-carrageenan (Fig. 1). The 3,6-anhydrogalactosidic
bonds of polysaccharides bearing an O-2 sulphate substituent are hydrolysed more
slowly than those of polysaccharides without such a substituent'®. Qur results agree with
this observation (Fig. 2), however, a 3 h preliminary hydrolysis again gave the maximum
yield of 3,6-anhydrogalactitol.

To produce volatile alditol acetates from sulphated sugar residues, the ionic
sulphate groups must be removed during hydrolysis. To ascertain that sulphate groups
were fully hydrolysed during the second (2M) acid hydrolysis, the amount of inorganic
sulphate released from A-carrageenan upon hydrolysisin 2M TFA at 120° was measured
using a barium rhodizonate colourimetric assay'® (Fig. 3). A-Carrageenan was chosen
because it contains primary sulphate esters (Fig. 1), which are relatively resistant to acid
hydrolysis'’. The colourimetric assay also detects sulphated polysaccharides, but with
significantly lower sensitivity than for inorganic sulphate. An untreated sample of
A-carrageenan thus had an apparent inorganic sulphate content of 6.6% (left arrow in
Fig. 3). To monitor sulphate release, aliquots of the hydrolysate were taken to dryness at
room temperature prior to being assayed. Some hydrolysis of the half-ester sulphate
groups must occur during this process, since an unheated sample ( = 0in Fig. 3) had an
apparent inorganic sulphate content of 14.2%. The maximum release of sulphate had
occurred after hydrolysis for 15 min, at which time the 29.5% apparent sulphate content
compared favourably to the 27.5% total sulphate determined after complete oxidation
of the sample (right arrow in Fig. 3). Clearly, therefore, all sulphate groups would be
removed during the double hydrolysis—reduction procedure, since it entails a treatment
with 2M TFA for 1 h at 120°.
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Fig. 3. Apparent content of inorganic sulfate during the hydrolysis (2m TFA, 120°) of A-carrageenan in the
Et,NH* form. Left and right arrows mark the apparent SO;~ contents of untreated and fully oxidized
A-carrageenan, respectively.
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We concluded that the double hydrolvsis-reduction procedure. employing a
preliminary treatment with 0. 1M TFA for 3 h at 80 . 1s useful for analysing the giveosyl
composition of any red-algal galactan, regardless of substitution. Afthough the rates of
3.6-anhvdrogalactosidic-bond cleavage differ for polysaccharides wath different sub-
stututions, the rates of subsequent destruction of the 3.60-anhvdrogalactosvl end groups
and of the anhydrosugar itself are slow. being similar to those of pentoses in 2m TEA at
120 (ref. 11), the conditions typically used for “complete”™ hvdrolvsis of polysaccha-
rides.

Application of the double hydrolysis—reduction procedure to samples contaming
significant levels of 3.6-anhvdrogalactose generated two isomeric byproducts. cach in o
normalised vield of 1-1.5 mol %% (Table I). These compounds. resulting from aad
degradation of the 3.6-anhydrogalactosyi residues (Fig. 41, were deduced to be penta-(J-
acetyl-3-deoxy-/yxo- and -viylo-hexitol (3} from their el -m.s. fragmentation patterns.
which were similar to each other and to that of svnthetic penta-O-acetyl-3-deoxy-n-
ribo-hexitol. S-Hydroxymethyl-2-furaldehyde {2} and its condensation products are the
normal acid-degradation products of 3.6-anhydrogalactosy! residues . The conditions
of the preliminary hydroiysis are too mild to form appreciable amounts of 2, but
apparently a small amount of the intermediate 3-deoxy-2-keto compound (1) is formed
{Fig. 4). and then reduced, hyvdrolysed, and acetylated during the subsequent reactions
of the procedure. The diagnoste e.l-mus. fragment-ions for the hydrogen- und deuteri-
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Fig. 4 Proposed mechanism for the production of 3-deoxyhexitol derivatives (31 by the degradation of
3.6-anhydro-1-galactosyl residues during the double hydrolysis reduction procedure; 3.0-anhvdro-p-galuc-
topyranosyl residues would yield the enantiomeric 3-deoxyhexitols. The ed.-m.s. fragmentation patierns of
the hydride-reduced products (3 are shown, with those of the deuteride-reduced products (4) 1in parentheses.
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um-reduced analogues 3 and 4, respectively, are shown in Fig. 4, Incorporation of
deuterium at both C-1 and C-2 during borodeuteride reduction is consistent with the
proposed structure and mechanism. 2-O-Methyl-3.6-anhydrogalactosy! residues. as
found in G. eucheumoides and Curdiea coriacea. did not produce the 3-deoxvhexitol
byproducts'. These residues are reported 1o be less susceptible to acid destruction than
3.6-anhydrogalactosyl residues™. but the data in Fig. 2 indicate that the difference 1s not
great.

rh) Application of the procedure. With the methodology for the double hydroly-
sis-reduction procedure now optimised. the constituent sugars of various samples
whose compositions were known, or could be anticipated from previous work'. were
determined under standard conditions. The results are shownin Table TiMethod A), Ay
expected. w- and s-carrageenan were cach shown 1o be composed of about equal
amounts of anhydrogalactose and galactose, and 2- 3% of 3-deoxyvhexitols were pro-
duced during the procedure. s-Carrageenan contained only a small proportion of
3.6-anhvdrogalactosyl residues, and no 3-deoxvhexitols were evident. £, /icide agar was
a very clean, base-treated sample, and as expected’ it contained close (o equimolar
amounts of anhydrogalactose and galactose. Agarose Type VI vielded derivatives
characteristic of an agar with partial 6-C-methylation on p-galactose, along with a large
amount of mannitol hexacetate. This material 1s offercd commercially for use in
soelectric focusing and may contain substances (mannitel, mannose. mannosides, or
mannan) added by the manufacturer for that purpose.

Samples of dried &. sordide and its agar (purified by (reeze-thawing). and
thaw-water polysaccharide were analysed. The thaw-water polysaccharide was treated
with amyloglucosidase to digest floridean starch. dialysed. and freeze dried. These agar
and thaw-water polysaccharides have previously been the subject of a semiguantitative
PC-namur, spectroscopic analysis, from which it was concluded that 47 and 6%,
respectively. of the p-galactosy! residues were methvlated on O-6 and that 10 and 46%.
respectively. of the 1-galactosyl residues existed as 6-sulphate “precursor” units. the
remainder being in the 3.6-anhydride torm' The degree of methvlation and proportion
of precursor units can also be determined from the data in Table 1 it the following
assumptions are made: 1) the polymer backbones are composed of equal numbers of -
and L-residucs; 2) the first four components of Table 1 are derived from t-residues: 3)
6-Me-Gal is derived from a p-residue; 4) Gal is dernved from o mixture of - and
L-galactosyl residues: 53 2-Me-Gal and the t-portion of the Gal are dertved from
precursor units: and 6) the last four components in Table | are not derived from
backbone residues. Thus it was calculated that 35 und 60% of the » residues were
methylated on O-6, 10 and 16% of the 1. residues were methylated on G-2. and 20 and
52% of the L residues existed as precursor units in the agar and thaw-water polysaccha-
rides, respectively, The occurrence of 2-O-methylation on the 1-residues had not been
recognised in the carlier study, but there is reasonable agreement between the two
methods in respect of the other values.

The constituent-sugar composition of the dried seaweed was more complex and
could not be interpreted in the same manner. The scaweed contained only 18%
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3,6-anhydrogalactosyl residues, but also had significant proportions of glucosyl (from
floridean starch'® and possibly cellulose), 6-O-methylgalactosyl (from 3-linked residues
of agar), and galactosyl residues (from floridoside™, 3-linked residues of agar, and
4-linked precursor residues of agar).

Constituent-sugar analysis by the reductive hydrolysis procedure. — An alternative
method for producing alditol acetates from carrageenans and agars was suggested by
the work of Garegg et al.'?, who hydrolysed polysaccharides in acid containing 4-
methylmorpholine-borane (MMB). MMB is somewhat acid stable?, and can be used to
reduce, and thus stabilise, newly released sugars in situ. Garegg et al. reported that on
treatment of agarose with 0.5M TFA containing MMB for 15 h at either 65° or 100°,
hydrolysis was complete and all the 3,6-anhydrogalactose was reduced to its alditol, but
virtually no galactose was reduced'?. We have since developed these initial observations
into a useful method for analysing the glycosyl composition of carrageenans and
agaroids.

(a) Development of the procedure. There are two himitations associated with the
use of MMB as an in situ reductant. The degradation of MMB in aqueous acid is more
rapid than the hydrolysis of “normal” glycosidic bonds, such as those of hexosyl
residues. Furthermore, MMB is a relatively weak reductant under acidic conditions in
comparison with sodium borohydride under alkaline conditions. Fortunately, those
sugars that are both hydrolysed readily and destroyed easily also seem to be reduced
readily. Because of these considerations, a three-step procedure, involving the addition
of fresh MM B at each step, was required. The steps are (see Experimental for details): 1)
a sample (1 mg) of carrageenan or agar is prehydrolysed in 2.4Mm TFA containing MMB
at 80° for 5 min; 2) aqueous MMB is added, bringing the effective concentration of TFA
down to ~2M, and the sample is fully hydrolysed for 1 h at 120°; 3) aqueous MMB is
added and the sample is concentrated to dryness at 50°. Acetylation of the residue in
acetic anhydride using TFA as a catalyst yields the alditol acetates, which are purified by
extraction and analysed by g.l.c.

Prterocladia lucida agar was initially subjected to this procedure but the prehydro-
lysis step 1 was omitted, and the resulting sugars were converted to alditol acetates and
analysed by g.l.c. The observed molar ratio of 1,2,4,5-tetra-O-acetyl-3,6-anhydrogalac-
titol to hexa-O-acetylgalactitol was close to that obtained using the double hydrolysis—
reduction method. However, under the conditions of step 2 (2mM TFA, 120°) MMB was
hydrolysed within 2 min (data not shown), and thus the anhydrogalactosyl residues of
the agar sample must also have been hydrolysed and reduced within 2 min. In such a
rapid hydrolysis, the potential exists for the MMB to be depleted before the sample is
fully dissolved, resulting in a low recovery of 3,6-anhydrogalactitol. To avoid this
perceived problem a prehydrolysis step in the presence of MM B was included to ensure
effective dissolution of the sample (step 1). Under the conditions used (2.4M TFA, 5min,
80°) MMB was not fully depleted (data not shown).

The final MMB treatment (step 3) was necessary because reduction of hexoses by
MMB is incomplete under the conditions required to completely hydrolyse polysaccha-
rides (2M TFA, 120°, 1 h). In a control experiment, a sample of galactose was only
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~ 20% reduced before the MM B was depleted. Thus, a protocol for the posthydrolysis
reduction of sugars with MMB was required. The most effective method {ound was to
add fresh aqueous MM B directly to the cooled hydrolysate. which wus then concentrat-
ed to dryness at 50 1n a stream of dry air, Significant reduction of galactose ovcurred
only during the latter stages of the concentration. when both galactose and MMB were
concentrated into a smalt volume. By the time the sample had been concentrated 1o
syrup. the reduction of gulactose was complete. Rhamnose. fucose, arabinese. wylose.
mannose, and glucose also were reduced sausfactorily under these conditions. as
indicated by the absence of per-O-acetylated aldoses on g Lo anualvais o the seetvlated
products.

Acetylationwas carnied outin TEA-Ac.O¢1: 150 L 10 min). Borate complexes do
not form under acidic conditions. and thus the alditols were readily acetvlated without
removal of the byproducts from the reducing reagent. The conditions used by Garegg of
al (1007, 10 min) were found to he toe harsh, resulting in partial degradation of the
alditols. The degradution was most evident with partially methviated alditols. 2.3 4-Tri-
O-methylxylitol was completely acetylated at S0 . but at 100 was mostly degraded
(datanot shown). The alditol acetates were isolated by partiioning between CH .U and
aqueous Na,CO, followed by water. The entire procedure s carried out in oue tube.
without transferring the product at anv stage. thus minimising materiol lass, A poiy-

saccharide may be converted into alditol acetates in less than 2.5 h.

As was the case with the double hydrolysis reduction method. dehvdration of
alditols to anhydroalditols was not a problem. Mo 3.6-anhvdrogalactitol was found
when methyl x-p-galactopyranoside was subjected to the reductive hvdrolysis proce-
dure.

(b Application of the procedure. The constituent-sugar compositions of various
carrageenans and agars determined using the reductive hydrolvsis procedure are shown
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Fig. 5. Gas chromatogram of the alditol acetates derived from Gracilaria sordide: agar using the reductive
hvdrolysis procedure. Arrows depict the retention times of penta-OQ-acetvi-3-deoxy-f1xve- and - vido-hexitol.
produced from 3.6-anhydrogalactosy] residues during the double hvdrobysis reduction progedure
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in Table I (Method B). A typical gas chromatogram is shown in Fig. 5. No 3-
deoxyhexitols were produced. In most cases, the two methods for the conversion into
alditol acetates gave comparable results. The yield of 3,6-anhydrogalactitol was higher
using reductive hydrolysis, but when the yields of 3-deoxyhexitols and 3,6-anhydroga-
lactitol are summed, the two methods gave comparabie results. The one case in which
the two methods gave different results was the analysis of dried seaweed, in which the
yield of 3,6-anhydrogalactitol was higher and the yield of glucitol was lower using the
reductive hydrolysis procedure than with the double hydrolysis-reduction procedure.

It should be noted that while the reductive hydrolysis procedure is particularly
useful for the analysis of red-algal polysaccharides, its use is not limited to these
polysaccharides. For polysaccharides that do not contain easily degraded residues (such
as those of 3,6-anhydrogalactose), the procedure can be abbreviated, in that both the
prehydrolysis (step 1) and the addition of MMB in the second hydrolysis (step 2) can be
omitted. This method is more rapid than other methods for the production of alditol
acetates'' .

(¢) Deuterium labeling. Alditols containing a deuterium label are produced when
aldoses and ketoses are reduced with NaBD,. Such labeling is useful in the identification
of constituent sugars using mass spectrometry. Trideuterio-MMB is not commercially
available, but borane amines are known to undergo rapid D—H exchange in D,O under
acidic conditions™. In an attempt to modify the reductive hydrolysis procedure to
permit deuterium labeling, the alditol acetates from P. lucida agar were prepared as
described, except that all reagents were prepared in D,O rather than H,O. The resulting
alditol acetates were analyzed by g.l.c.—e.i.m.s. Approximately 85% deuterium label
would be expected if the reductant had equilibrated with the D,O and TFA. Dis-
appointingly, while the 3,6-anhydrogalactitol tetraacetate had ~75% deuterium label
on C-1, the galactitol hexaacetate had only ~50%. The disparity in the levels of
deuterium incorporation arises because the 3,6-anhydrogalactose and galactose reduc-
tions occur in different steps of the procedure. Greater effective equilibration of MMB
with D,O evidently occurs at 80° in step 1. Thus, it is apparent that to get complete
deuterium labeling, trideuterio-MMB must be prepared and used with D,O and deute-
rio-TFA.

The two methods for the production of alditol acetates from red-algal poly-
saccharides gave comparable results (Table ). The method using MMB is preferred for
routine analyses because it is much quicker than the double hydrolysis—reduction
method, and does not produce 3-deoxyhexitols, However, the latter method 1s useful
when deuterium labeling is required.

Methylation analysis. — As discussed in the Introduction, the major problems
encountered with conventional methylation analysis applied to red-algal polysaccha-
rides are the incomplete methylation of hydroxy groups of sulphated polymers and the
degradation of methylated 3,6-anhydrogalactosyl residues during hydrolysis. We re-
port here that complete methylation can be accomplished if the sulphate groups are first
converted into the tricthylammonium salts and demonstrate the near quantitative
determination of 3,6-anhydrogalactosyl residues in the methylated polymer, using the
methodology described in the first part of this paper.
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The procedure we have used for the methylation analysis of sulphated agaroids
and carrageenans is as follows (see Experimental for details). Polysaccharide ( ~ T mg) s
dialysed against aqueous triethylamine hyvdrochloride. then against water, and finally
freeze dried. The resulting polysaccharide is dissolved in DMSO and methyvlated using
potassium methvl%ulphirwlmcihunidc and methyl 1odide @ manaer sinnlar to that
described by Harris e ¢/ The water-soluble, methylated polvsucchande is isolated by
extensive dialysis against water followed by freeze drving. Nonsulphated agars are
methylated directly using the procedure for DMSO-msoluble polysaccharides ns de-
scribed™. Partially methvlated alditol acetates are prepared using the reductive hvdroly-
sis procedure for semiguantitative analysis. and by a standard procedure that provided
deuterium labeled products for qualitative analysis™ The producis are analyzed by
glc and gle mos. The experiments that led to the adoption of this procedure are
described below.

‘a) Methylation. First. an effective procedure tor full methvlation had o be
developed. Samples of w-. -, und 7~ carrageenan in the cationic form provided by the
supplier (mostly K . Ca”". and Na ") were dissolved in water and freese dried. The
resulting w-carrageenan sample was soluble in DMSQ. while the - and ~-Carrageenan
samples appeared to be totally insoluble. All three samples were treated with miethylsul-
phinyl carbamon followed by methyl iedide in the standard manner. in an attempt to
methylate them. Partially methylated alditol acetutes were prepared and amidyvsed
{Table ). Methylation of the DMSO-soluble a-carrageenan sample was somewhat
mcomplete as demonstrated by the apparent presence of 8% of 2.3 4 6-tetrasubstituted
galactosyl residues and of 9% of 2 4-disubstituted anhydrogatactosyl residues. The
methyvlations of - and Z-carrageenans were very incomplete, as demonstrated by the
apparent presence of 49 and 8390, respectively, of 254 6-tetrasubstituted galavtosyl
residues. Thus, the metal cationc forms of the carrageenans could not be completeh
methylated under these conditions.,

The pyndinium salt of carboxyl-reduced heparin (a highly sulphated polvsaccha-
ride). was reported to be soluble in DMSO, and it was said that Hakomort methviation
resulted in good O-methviation ™. The pyridinium salts of &= and ~cartageenans were
prepared. were soluble in DMSO. and were adeguately methviawed in o single provedure
(data not shown). However, the pyridintum salts of some sulphated carrageenans and
agaroids were not stable against degradation during sterage tin weeks or monthsd The
tricthylammoniom salts. however, proved to be constderably more stable, and werc also
soluble in DMSO. In the one direct comparison made. {reeze-dned carrageenan in the
pyridintum form showed noticeuble degradation atter one week and had degraded taa
dark liquid after three weeks when stored 1 scaled container at roont temperature.
The corresponding tricthylammonium salt did not display any sign of degradation after
six months of storage. The difference m stability between the pyridiniuny and tricthy-
lammontum salt forms may be related (o the acidity of pyndinium (pA 525 and
triethylammonium ions (pAh, 11.01). The weakly basic pyridine may slowly dissociate
from the pyndinium salt and cvaporate, leaving acidic \'u'phvt‘zc femiesters which can
catalyze degradation ol the polvsaccharide, whereas the strongly basic tethyvlamine
forms a stable cation,



289

ANALYSIS OF SULPHATED GALACTANS

-Furpgqr] WNLIAINGP FUISN POUILLIYIRP UBUIFLLIED-Y Ul WISIIO ‘S[oIp[k duwonueuy , 31npadold uonwfylsu-a(din
w0y |, HN'A , -aanpadsosd uonejkyiaw-aFuis ‘wuo) | HNI1F , “aimpadoid uoneifyaw-s(3uis Swsn ‘ewdig Aq payddns se wioj owoned [ejaw ul sajduwes
POLIP-029314 , "9 8'()> ‘1) PIAIISQO 10U '~ S|OQUIAS, 310 ([0INIRRFAYIBW-O-IP-9° 7 -[A1308-0-RIIR)-G"H "] SB PIsA[RUR ‘anpisal [AsouriAdolde[ed payninsgns
SIP-p'E IRD-EE OMIOR[BS[AYIOW-()- P-4 T-OIPAYUR-0*¢-[K100B-()-1P-¢*| sB pasK[eue ‘anpisal [AsouriddoldeedoipAque-g'¢ [RULUID) FULNPIILOU ‘[RDUV-L,

5 1 8 6 t8 I n 6 n 1 S BD-9°%°¢°C
I 1 - < 4 [ I 1 < 1BD-9°p'¢
- vl - _ ABD-9+'C
woo : : " " ! 1BD-9°CC
- I < 1 1 I £ I [4 4 1eD-+'¢'C
n n - 1PD-9°¢
4 [4 13 SS 01 44 St [4% PD-p'¢
- - ST ¥C 14 - - BD-'T
- 9t 9¢ L - - - eD-¢'7
I 1 < - 1 n n [BD-+
9s 123 I 1 4 I - 1 i I [eD-¢
- - - - - 1 1 - 1 n 13 eO-L
- 1 s S S 81 LE LE [ ¥ 6 [BOUVY-HT
w 47 R n - 8 £ 6f g 8¢ [eDUV-p
- - - - - 9¢ - - [EDUV-¢
- - - - - [ - [eDUY-1
X¢ X/ Xg X/ i e3 X[ v XE ot A
by -y -1 -
PN °d SUDUIIID 44D D)

o % 0wt ) uoiriodody

LMot
NSNS POINPaP puw ADBRS JUINJLISUOD)

18R pp1ony Dipj042ld puv SUBUITBIIED SNOLIEA JO SISA[BUE aSByUl[-[A5004|D)

11318VL



290 T STEVENSON, RUHL FURNEALUX

Triethylammonium salts are conveniently formed either by dialysis of the poly-
saccharide against aqueous triethylamine hydrochloride. then against water, or by
passage of the polysaccharide through a cation-exchange colummn in the Ee, NH - form.
Passage of sulphated carrageenans or agaroids through a cation-exchange column in
the H' form followed by neutralization with triethylamine™ 15 not recommended.
because of the acid sensitivity of these polymers. The tricthylammonium salts of v-. -
and z-carrageenan were dissolved in DM SO and methyvlated saustactorly. The results
are described later.

Dialysis was chosen as the best method for isolation of the polvsaccharide from
the methylation mixture. »-Carrageenan was methylated on a farge scale. the excess off
methyl iodide removed., and the remaining liguid dialysed against water. A fluid layer
separated from the reaction mixture on dilution with water. but slowly dissolved over a
period of several hours. We speculate that the half-ester sulphate groups in the paly-
sacchande were methylated during the methvlation procedure. rendering the methylat-
ed polysaccharide initally insoluble in water. and that these sulphate methyi esters
hydrolysed during the dialysis. to produce an ionic. water-soluble polvsaccharide
Alternative procedures for isolating the methylated polysaccharide from the DMSO
solution by either extraction or reverse-phase chromatography were judged inappropri-
ate. in view of the ready hvdrolysis of the initial hydrophobic nroduct to a water-soluble
material,

thy Production of partially methylared alditol acerares, WNext. the double hydroly-
sis- reduction and reductive hydrolysis procedures were tested 1o sec if they were
applicable to methylated polysaccharides. Methvlated P. fucida agar is not water
soluble, and application of the double hydrolvsis reduction procedure as used for
nonmethylated polysaccharides resulted in very fow viclds of 1.4 54n-O-acetyvl-3.6-
anhvdro-2-O-methylgalactitol (from 4-linked 3.6-anhvdrogalactosyl residues, data not
shown). However. preliminary hydrolysis in 0.5v rather than 08w TEFA 0t 80 gave
better results (Fig. 64 The vield of 1.4.5-tri-O-acetyl-3.6-anhydro-2-O-methylgalactitol
refative (o that of 1.3.5-tri-0-acetyl-2,4.6-tri-O-methylgalactuto] reached & maximum
after 6 hand declined thereatter. Methylated w-carrugeenan ts water seluble because of
its polar sulphate groups. Hyvdrolysis of its 3.6-anhvdrogalactosidic Tinkages s much
faster than those of methylated agar (Fig. 6). The vield of P4 35-tri-O-acetvi-3.0-
anhydro-2-O-methylgatactitol relative to that of 1.3.4 3-tetra-O-acetyvl-2.6-di-O-meth-
vlgalactitol reached a maximum after preliminary hydrolviis for ~1 h and stowly
declined thereafter.

Because the rates of hydrolysis of methylated agar and methylated x-carrageenan
were significantly different. it was concluded that in order to use the double hvdrolvsis-
reduction procedure to obtain quantitative data, the conditions of the preliminury
hydrolysis would need to be optimised for each methylated polysaccharide. Fortunate-
ly, the reductive-hydrolysis procedure. with only & minor modification. vielded the
expecied proportion of 3.6-anhydrogalactitol derivatives from w-carrageenan and close
to the expected proportion from P, fucida agar (Table 11},
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Fig. 6. Molar ratios of the acetylated derivatives of 3,6-anhydro-2-O-methylgalactitol to 2,4,6-tri-O-
methylgalactitol for methylated Prerocladia lucida agar (@), and to 2,6-di-O-methylgalactitol for «-
carrageenan methylated in the Et; NH™* form (). as a function of time of preliminary hydrolysis (0.5M TF A,
80°) in the double hydrolysis—reduction procedure.

{c) Deuterium labeling. Deuterium labeling is important for the mass spectral
identification of partially methylated alditol acetates, even more so than for alditol
acetates. However, as was the case with unmethylated P. lucida agar, the application to
methylated P. lucida agar of the reductive hydrolysis procedure with all reagents
dissolved in D,O led to insufficient yields of deuterium-labeled products, giving ~ 380
and ~ 25% deuterium label on the anhydrogalactitol and galactitol derivatives, respec-
tively. When deuterium labeling was required to identify partially methylated alditol
acetates, a portion of the methylated polysaccharide was converted to such derivatives
by a standard procedure using sodium borodeuteride reduction®. While this procedure
yielded no useful 3,6-anhydrogalactitol derivatives, otherwise identical derivatives,
such as those of 3-O-methyl- and 4-O-methyl-galactose, could be distinguished by m.s.
analysis.

(d) Methylation analysis of k-carrageenan. Methylation analyses were carried out
on the freeze-dried triecthylammonium salts of k-, 1- and A-carrageenans and on freeze-
dried P. lucida agar (Table 1I). One portion (~ 1 mg) of each sample was methylated
using single additions of base and methyl iodide (*“1x”" in Table I1) as described in the
Experimental section, while the other portion (~1 mg) was methylated using two
preliminary methylations, followed by a final (standard) methylation® (**3x™ in Table
II). Partially methylated aldito! acetates were prepared from each methylated poly-
saccharide by the reductive hydrolysis procedure. The triple-methylation procedure
should result in complete methylation. Thus, the extent of substitution effected by the
single-methylation procedure could be assessed by comparison.

The triethylammonium salt of k-carrageenan from Eucheuma cottonii dissolved
readily in DMSO, but formed a gel upon the addition of potassium methylsulphinyl-
methanide. Despite the gel formation, the single-methylation procedure gave the result
expected from the structure of k-carrageenan (see Table I1 and Fig. 1) and was in good
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agreement with the constituent-sugar analysis (Table 1). The presence of a small
proportion of 1,2.4.5-tetra-0O-acetyl-3.6-anhydrogalactitol (2,4-AnGal in Table [T) s in
accord with the presence of a small proportion of /-carrageenan units in this polysaccha-
ride” . Yields of highly acetylated alditols (mostly derived from 3.4.6-tri-substituted
galactosyl residues) were reduced only minimally by the triple-methylation procedure,
indicating that incomplete methylation during the single methylation procedure was not
a problem. The triple-methviation procedure resulted in some degradation of the
carrageenan, as indicated by the presence of a small amount of 1,5-di-O-acetyvl-3.6-
anhydro-2.4-di-O-methylgalactitol (T-AnGal in Table I} among the products, The
identity of this component was confirmed by comparison of its mass spectral and
chromatographic propertes with those of an authentic sample synthesised from methyl
3.6-anhydro-f-p-galactopyranoside. It derives from terminal anhyvdrogalactosyl resi-
dues, probably created by a small amount of base-catalyzed cleavage of the galactosyl
residues during the methylation procedure, rather than from genuine end-groups.

re) Methyvlarion analvsis of i-carrageenan. i-Carrageenan tricthvlammonum salt
also gave a well methylated product by the single-methylation procedure (Table 1. and
the methylation analysis agreed well with the known structuwre (Fig. i and with the
constituent-sugar analysis (Table 1), There were only minor amounts of highly acetylat-
ed alditols, and these decreased only slightly in the triply methylated sample. indicating
minimal undermethylation. Triple methylatuon must have severely degraded the i-
carrageenan, since a much lower total vield of alditol dersvatives was obtained than was
the case with the single-methylation procedure, Furthermore, o farge amount of 1.2.5-
tri-O-acetyl-3.6-anhydro-4-0-methylgalactitol (2-AnGal in Table 1) was identified on
the basis of its c.i.-m.s. fragmentation pattern and by analogy with the appearance of
terminal 3.6-anhydrogalactosyl residues in w-carrageenan ( T-AnGal in Table H)yand in
the agaroid from Chondria macrocarpa during multiple-methviation procedures™, Pre-
sumably, base-catalysed cleavage at the glycosidic hinkage of the 3-linked galactosyl
residues during the methylation left terminal 2-O-suiphated 3. 6-anhydrogalactosyl
residues, and these were methylated at O-4 during the subsequent addition of methylat-
ing reagents. The sulphate groups were stable during the methylation procedure. but the
glycosidic linkages were not.

(1 Methviation analyvsis of 2-carrageenan. The term ~s-carrageenan’ is frequent-
ty used in a general sense and in commerce to describe non-gelling red-algal extracts.
most correctly those from tetrasporophytes of the families Gigariing, Chondrus. and
Iridea. 1t 1s also used in the context of polysaccharnde structure to define a specific
chemical entity. and for this purpose we have adopted the definition of z-carrageenan
and the related Z-carrageenan {which lacks 6-sulphation) suggested by Bodeau-Bellion”
(Fig. 1). Rees and co-workers concluded that ©A-carrageenan™ from Gigariina arropur-
purea, G. canaliculata, and G. chamissai predominantly had the Z-structure™. while that
from Chondrus crispus predominantly had the A-structure but with ~ 3% of the
3-linked galactose residues lacking 2-sulphation™. Pyruvate ketals have also been
observed as substituents of 4-carrageenans' . The structure of the commercially
available A-carrageenan from Gigarting aciculaire and pistiflaia. however, has not been
reported.
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Methylation analysis of the triethylammonium salt of this A-carrageenan generat-
ed the major derivatives expected for a hybrid or mixture of i- and £-structures (2,3-,
2,4- and 2.4,6-Gal in Table II; see Fig. 1) but revealed other residues to be present as
well. The sample was methylated fully in the single-methylation procedure, since the
proportions of the highly acetylated alditols did not decrease in the triply methylated
sample and were thus not due to incomplete methylation. The presence of galactitol
hexaacetate (2,3,4,6-Gal in Table IT) is usually associated with incomplete methylation.
However, by using an enzymatic analysis® this A-carrageenan (Et,NH' form) was
shown to contain 1.8% pyruvate, corresponding to one pyruvate ketal for every 6
disaccharide repeat units. The presence of pyruvate ketals and the frequency of their
occurrence was confirmed by solid-state "C-n.m.r. spectroscopy. Signals observed at
26.2 and 176.2 p.p.m. corresponded to the methyl and carboxylate carbons of the
pyruvate group. The galactitol hexaacetate obtained from this methylated i-carragee-
nan in an amount corresponding to ~ 1 per 6 disaccharide repeat units was thus derived
from 3-linked galactosyl residues bearing a 4,6-pyruvate ketal group, and a sulphate
group on O-2.

A-Carrageenan contained very few 3,6-anhydrogalactosyl residues (Table I), but
a substantial proportion of “‘precursor” residues, i.e. 4-linked residues with a sulphate
group attached at O-6, were identified. These precursor residues can form 3,6-anhydro-
galactosyl residues under basic conditions™, but they were stable during the methyla-
tion, since the amount of 3,6-anhydrogalactitol derivatives found in the methylation
analysis was no higher than that found in the constituent-sugar analysis.

(g) Methylation analysis of agars. The nonsulphated, freeze dried agar from P.
fucida was fully soluble in DMSO and methylated readily in the single-methylation
procedure, showing only minimal undermethylation of O-2 of the 3,6-anhydrogalacto-
syl residues. Partial degradation of the 3,6-anhydro-2-O-methylgalactosyl residues
during the preparation of partially methylated alditol acetates from this water-insoluble
substrate was suspected, since the 4-linked anhydrogalactosyl residues constituted only
42% of the residues identified by the methylation analysis, whereas the glycosyl analysis
confirmed that at least 49%; were present. Thus, methylation analysis of water-insoluble
nonsulphated agars using the methods described herein can only be regarded as
semiquantitative.

In addition, quantitative differences were observed® in the partially methylated
alditol acetates that were prepared from the methylated polysaccharide of C. macro-
carpa by the reductive hydrolysis method and by the standard procedure”. The stan-
dard procedure gave lower yields of the alditol derived from terminal xylosyl residues,
while the reductive-hydrolysis procedure gave lower yields of the alditol derived from
4,6-disubstituted galactosyl residues (data not shown)™.

These problems need to be further investigated. Considering the difficulties
associated with methylation analyses and the lability of 3.6-anhydrogalactosyl residues,
however, we regard these results as very promising.
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CONCLUSIONS

The procedures described herein represent a significant advancement in the
methodology for characterising carrageenans and agars. Reductive hydrolysis, using
the acid-stable 4-methylmorpholine-borane to reduce 3.6-anhvdrogalactosy! residues
in situ is especially convenient for the quantitative determunation of all of the neutral
sugar componentsin the native polymers as their alditol acetate derivatives. The double
hyvdrolysis-reduction method altows deuterated reduced dertvatives 1o he prepared 1o
assist i identification by g i m.s.

Sulphated galactans in mcir stable. DMSO-soluble triethylammonium salt form
are methylated effectively i u single Hakomori procedure. thereby avotding the degru-
dation associated with multiple methvlation procedures. Water-solublc methvlated
galactan sulphates are recovered from the reaction mixture by dialysis. Apphcation of
the reductive hydrolysis procedure to the methylated polysacchandes provides sems-
quantitative analyses of the glycosyl-linkage pattern of red-algal gatactans. This proto-
col permits. for the first time. a ready identihcation of the Iimkawe and substitution of the
3.6-anhvdrogalactosyl residues

EXPERIMENTAL

General methods. - Al small-scale reactions were carried out in scrow-cap tubes
(13 > 100 mm) equipped with Teflon-hined caps. The scaled tubes were heated in
aluminium-block heaters. Evaporations were carried out o Pieree Reacti-Therm
heating module. equipped with a Reacti-Vap evaporating unit. but & custom-huilt
device will work just as well” All evaporations were carrted outat 3 unless otherwise
specified. with a stream of dry. filtered air. Extractions were also performed i the
screw-cap tubes. The sealed tubes were shuken vigorously and the phuses were separated
by brief. low-speed centrifugation. Occasionally, the organic luver was cloudy. partic-
ularly in extractions with aqueous sodium carbonate. The cloudiness vcould usually be
removed by more vigorous shaking. followed by centrifugation. The upper. agueous
Javer was drawn off with a Pasteur pipette and discarded.

Procedures Jor constitieni-sugar anelvsis ca Using dovbie hvdrolvsis reduc-
tion. Polysaccharide ( ~ 1 myj was placed m a tube. agqueous TFA (G 18, 025 mb b was
added and the tube was heated (3 b RO ) The solvent was evaperaied and two portions
of toluene { ~ 0.5 mL) were added and evaporated to remove residual traces of TFA.
Aqgueous NaBH, or NaBID, was added (0.25 mL. 10 mg mb i aqueous 1 NH,OH)
and the tube left at room temperature for | h. Excess reductant was quenched with
HOAC (~ 2 drops) and the solution evaporated to dryness. Boric actd was removed b
evaporation with 3 portions of 10% HOAc 1 McOH ¢ ~ 9.5 w1 followed by
portions of dry MeOH ( ~ 0.3 m). Aqueous TEA (26, 11253 mL ) was added and the tube
heated (1207, 1 h). The procedure just detailed lor the removal of THA . reducuon with
NaBH; or NaBD, and removal of boric acid was then repeated. exeept thut addinonal
reductant was frequently wdded because residual amounts of THEA were difficul w



ANALYSIS OF SULPHATED GALACTANS 295

remove. The alditols were acetylated in acetic anhydride (0.1 mL) and pyridine (0.1 mL)
at 120° for 20 min. Toluene (~ 1 mL) was added and the solution evaporated to dryness.
©CN.0). ) ~2.5m) ) was then 200ed and e organic phase was exiracled twice with .0
(~2.5mL), discarding the top layer each time. The CH,Cl, layer was then evaporated to
near dryness and excess water was removed azeotropically by adding CH,CN (~0.5
mL) and evaporating to dryness. The residue was then dissolved in acetone (~0.1 mL),
with the aid of mild heat if the residue was crystalline, and analysed by g.l.c.ona 15m x
0.25 mm (i.d.) SP2330 fused silica column maintained at 230°.

(b) Using reductive hydrolysis. A fresh stock solution of aqueous MMB (80
mg/mL, 0.2 mL per sample) was made beforehand. MMB readily dissolves in water at
~ 507, but will recrystallise if the solution is allowed to cool below ~20°. Polysaccharide
(~ I mg)wasplaced in a tube. Aqueous MM B (0.05 mL) and aqueous TFA (3m,0.2mL)
were added and the tube was heated (80°, 5 min), during which time all solid material
drssoived. FIVARTNING: ydrowss o MMWMB generaies .. Wnde no provtiem was
CULARRRA TUAAUE R LI WER U HE SR, TR ARSI AU R AR, TIR AR
was cooled, a second portion of aqueous MMB (0.05 mL) was added, and the tube was
heated again (1 h, 120%). The tube was cooled, a third portion of aqueous MMB (0.1 mL)
was added, and the solution was evaporated to dryness at 50°, taking about 15 min.
Residual water was removed by adding CH,CN (~0.5 mL) and concentrating to
oryness agan. Acenc anhydnde H.) mL) and TTFA D) mi) were added ano the wbe
heated (50°, 10 min). Toluene (~1 mL) was added and the solutien evaporated to
Aryness. CH,CY, $~2.5 m) was added and the organc phase exiracied Hirst with
aqueons Wa,CO, £.531, ~2.5 mLy ana then with water {~2.5 mby, discarding the
upper, aqueous tayer each time. Tne CH,Ch, fayer was then evaporated to near dryness
and excess water was removed by adding CH,CN (~0.5 mL) and evaporating to
dryness. The residue was then dissolved in acetone and analysed as described above.

Experiments to monitor the reduction of galactose with MMB were performed as
follows. A solution of aqueous TFA, MMB, and galactose was heated at the required
temperature. Aliquots were periodically removed and the excess MMB quenched with
acetone. The sample was acetylated and analysed by g.1.c. for galactitol hexaacetate and
galactose pentaacetate. To monitor the reduction of galactose during concentration
(step 3), small aliquots were removed periodically, quenched, and analysed as just
described.

Procedures for methylation analysis. — (a) Methylation. Dry, sulphated poly-
saccharide (~ 1 mg per analysis) was placed in dialysis tubing with water. The sample
was diatysed against aqueous Et,N-HCt (~0.1M, pH 7) several times, then against
distilled water, and finally freeze dried. The freeze-dried material ( ~ 1 mg) was trans-
ferred to a tube for further treatment similar to that described by Harris ef al.**. First, the
polysaccharide was dissolved in dry DMSO (0.2 mL) with stirring. Next, the tube was
purged with argon and potassium methylsulphinylmethanide (2m in DMSO, 0.2 mL)
was added. The solution was stirred at room temperature for 10 min, then cooled in an
ice bath. After the addition of methyl iodide (0.15 mL), the mixture was allowed to
warm to room temperature and stirred for an additional 20 min. Water (~2 mL) was
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added, and N, was bubbled through the liquid untl the cloudiness (duc to methyl
iodide) had disappeared. The solution was transferred to a dialysis bag and dialysed
sequentially against water, aqueous Et,N-HCH (0. 10). and finally exhaustively against
distilled water, untili no noticeable odour remained. The agueous solution of water-
soluble polysaccharide was then freeze dried.

(hi Production of partially methvlared alditol acetaies. The reductive hyvdrolysis
procedure described above was psed. except that when acetvlated products were
concentrated the evaporations were performed at 30 Crvather than 307 w0 avord the toss
of volatile, highlv methylated alditols. When deuterium fabehng was pecessury, partial-
ly methvlated alditol scetates were produced from methyviated polvsacchuaride by
hvdrolysis 2v TFAL T h. 120 1 reduction (NaBID, ). and acetylation {AC. O NaOAC) ug
deseribed™". The partially methylated alditol acetates were dissobved in acetone (0.1 mL)
and analysed onan SP2330 (used silica column (1S m > 025 mmi programmed o hold
for 2 min at 1707, increase at 27 mun to 230 . and held for 8 min

Response factors. Relative molar gl response tactors were determined
experimentally or were {rom theoretical calculations’ . Those determined experimental-
ly were tor 1.4.5-tr-O-acetvl-3.6-anhydre-2-O-methylgalactitol 6,64 and 114 5 etra-
O-acetyl-3.6-unhydrogataciitol, 072, Calculated response faciors were for di-O-acetyl-
tetra-O-methylhexitol, 0.70: tri-O-acetyiir-O-methythexitol 0.74: tetra- O-acetyl-di-O-
methylhexitol. 0.80: penta-O-acety-O-methylhexitol, 4.84: hexa-Chacetvihexitol 0.89:
penta-O-acetvlpentitol. 0,75 and penta-O-acetyldeoxyhexitol (184, The refative molar
response factors for 1.2, 5-iri-€-acetyl-3.6-anhydro-4-O-methylpoalaciitol and 1.5-di-0-
acetyl-3.6-anhvdro-2.4-di- O-methylgalactirol were ussamed 1o be G644 und .50, respee-
tively.

Sulphate analvsis.  Sulphate content was determined as described ™ To obtain
the date n Fig. 3. samples of z-carrageenan (LN form, « 75 gp data pomt) were
hydrolvsed as indicated. then stored at 4 . The samples were concentrated in racue at
room temperature and stored i raceo over solid KOH overmght to remove residual
acid. Each sample was then analysed for sulphate without oxidanoen,

Muaterials. - The source of w-ino. C1263, from £, cortonii e tno, C401H from
Fucheuma “spinosa’. presumably £ spinosum), and - (oo, OIS, from Giyariing
aciculaire and G, pistillaray carrageenans and agarose Tyvpe VITE (no. A4905) was the
Sigma Chemical Co. Alkali-modified agars from P jucida™ and Gracilasia cuchei
moides'. and the seaweed. agar. and thaw-water polysaccharide from Gracilaria sordi-
da” (then called G secundata £ psendoftegellifera. collected trom the upper end of the
Heathcote extuary) were samples remaining {rom previous studies.

G.leo ms, Spectra were recorded on a Shimadzu QP 1000 quadrupole in-
strument. scanning {rom - 44 1o 450

1.2.4.35-Tetra=-O-acervl-3 G-anfivdro-p.d ~galactitol. - 3.6-Anhvdro-D.-galactitol
was prepared from galactitol us previously described ™ and isolated by flash chromatog-
raphy on silica gel. with 41 acetone ethyl acetate water as cluent. The product was
acetylated (111 pyridine- Ac.Q. room temiperature) and repurificd by fash chromatog-
raphy and vacuum disttllation. giving g colourless, chromatographically pure ol huving
the expected e.d mass spectrum
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Anal. Cale. for C,,H,,0,: C, 50.6; H, 6.1. Found: C, 50.5; H, 6.0.

1,2,4.5 6-Penta-O-acetyl-3-deoxy-ribo-, -lyxo-, and -xylo-hexitol. — An authen-
tic standard of the ribo isomer was prepared from 2-O-acetyl-1,6-anhydro-3-deoxy-f-D-
ribo-hexopyranose®, using the double hydrolysis—reduction procedure. Analysis by
glc.—eim.s. gave a single peak having m/z (%) 303(4), 231(19), 201(22), 154(14),
145(27), 141(11), 129(57), 112(21), 103(36), 95(13), 94(23), 81(100), and 69(72). The two
products from samples that contained significant levels of 3,6-anhydrogalactosyl resi-
dues and were processed using the double hydrolysis reduction procedure had e.i. mass
spectra similar to that of the standard, differing only minimally in relative abundances.
They were assumed to be the /yxo and xylo isomers of the title compound.

1.4,5-Tri-O-acetyl-3 6-anhydro-2-O-methyl-1-galactitol. — Agar was per-O-
methylated, partially hydrolysed (0.5M TFA, 6 h, 80°), reduced (NaBH,), fully hydro-
lysed (4M TFA, 4 h, reflux), reduced (NaBH,), and acetylated in a manner similar to that
described above. The partially methylated alditol acetates were separated by flash
chromatography on silica gel, and the fractions containing the title compound were
further purified by vacuum distillation to yield a chromatographically pure, colourless
oil having the expected e.i. mass spectrum®-*.

Anal. Calc. for C;H,,0O,: C, 51.3; H, 6.6. Found: C, 51.0; H, 6.6.

1,5-Di-O-acetyl-3,6-anhydro-1-deuterio-2,4,6-tri-O-methyl-D-galactitol. — Me-
thyl 3,6-anhydro-f-p-galactopyranoside was prepared from methyl f-D-galactopyra-
noside as described*', except that CHI, was used®, instead of tribromoimidazole. The
product was acetylated and purified by column chromatography on silica gel. The
deacetylated product (NaOMe, MeOH) was methylated (THF, NaH, CH,I) and the
resulting product purified by flash chromatography on silica gel. The methylated
glycoside was hydrolyzed (0.1M TFA, 30 min, 80°), reduced (NaBD,), and acetylated
(NaOAc, Ac,0). Analysis by g.l.c.—e.i.-m.s. gave a single peak having m/z (%) 217 (1),
213(2), 189 (4), 185(9), 175(7), 171(8), 159 (23), 143 (40), 118 (100), 99 (28), 87 (17), 71
(40), and 59 (49).

1.2,5-Tri-O-acetyl-3,6-anhydro-4-O-methylgalactitol. — In the analysis of triply
methylated z-carrageenan a major component was identified as the title compound on
the basis of its €.i. mass spectrum: m/z (%) 212 (4), 170(9), 159(34), 153 (11), 130 (7), 129
(14), 125 (9), 124 (14), 115 (17), 111 (23), 110 (18), 99 (100), 87 (96), and 71 (90).
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