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ABSTRACT

1. The three brown seaweeds (Himanthalia lorea, Bifurcaria

bifurcata and Padina pavonia) of widely different morphology
are each shown to syntheslise D-mannitol. |

2. Aqueous or dilute acid extraction after 80% ethanol
extraction led to the isolation of complex mixtures of laminaran,!
"fucans" and alginid.acid. ?he separation of these poly-
saccharides proved impossible. . ,

3. It was found that a 2% aqueous calcium chloride extraction
before acid extraction réﬁders the alginic acid completély

insoluble and a very small proportion of the "fucans" contam-

inated the laminaran extracted into the aqueous solution.
Subsequent exfraction of the weed with dilute acid gave "fucans"
virtually free from alginic acié. Further extraction of the E
residual material with diluté alkali gave a mixture of alginic
acid and glucuronoxylofucans. Sequential extractions of the
reaidual'material with ammonium oxalate~oxalic acid and acid
chlorite gave additioﬁallquanfities of crude.glucuronoxylofucansA~
and the final residual algal material, The same poly-
saccharides in different proportions were isolated from each .

of the weeds.

ly, Pure laminaran was obtained from each of the three weeds
after fractionation of the aqueous calcium chloride e&tract._

. This wés.gharacterised as a brown aigal—type glucan comprising
‘essentially 1,3~ and 1,6-linked glucose residues, but devoid_of

mannitol terminated chains, ™~ © aHC
' ’ LIZRARY




(11)
5. The final residual algal material frdm‘g. lorea was
characterised as a B-1,4-linked glucan admixed with protein.
6. "Fucans" extracted from all three weeds either by aqueoﬁs
calcium chloride or dilute acid were ;eparated into three
distinct fractions: a uronic acid-rich and low sulphated poly-
saccharide a fucose-rich high sulphated fraction and a fraction
with an "intermediate" compogition. The respective fractions
from the two éxtractiona ﬁere similar from each of the weeds.
Te The mixture of the alginic acid and glucuronoxylofucans
present in thg alkali extract from all three weeds were also
gseparated. The former was shown to contain both mannuronic
acid and ‘guluronic acid residues.
8. Attemptéd fractionatioh of the crude glucuronoxylofucans .
from the alkali and ammonium oxalate-oxalic acid extractions
was carried out as for the other fucose—containing poly-
saccharide% but the major fractions were found to differ from .
each other only in their sulphate content. These materials ‘
were shown to resemble the "intermediate" fraction of the
"fucans" in their uronic acid, sulphate and carbohydrate’
contents as well és the mole proportions of the constituent -
‘sugars. Crude glucuronoxylofucan was also obtained by acid_
chlorite treatment of the residual weed.
9. Methylafion studies on the various fractions of "fucans"

and glucuronoxylofucans showed that free fucose, 2-O-methyl,

v
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3-0-methyl and 3,4-di-O-methyl fucoses (in case of uronic
acid-rich material 2,3,6-tri-O-methylglucose, derived from
1,4-1inked glucuronic acid) were the major products from all

the different fractions, although the relative proportions of
these sugarideriVatives varied in different extracts. In
addition smaller proportions of 2,3,4-tri-O-methylglucuronic
acid, Xylose and fucose together with 2,3-di-O-methyl-glucuronic
acid énd -xylose were also detected and from the fucose-rich

fraction 2,3,4,6-tetra-O-methylgalactose was identified.

10. Methylation, periodate oxidation and reduct;on, and

Smith degradation studies on the fucose-rich fraction proved
that it was a highly branched polyfucan of 1,2-linked fucose
residues with appreciable proportions of 1,3- and triply linked.
fucose residues., As far as could be determined all the xylose
and glucuronic acid residues were on\the periphery of the mole-
~cule. Molecular weight analysis of the various products by
Sephadex G1OO confirmed that it was a highly branched molecule.
11, Methylation studies on the uronic acid-rich fraction
showed that the glucuronic acid residues were largely 1,4- -
linked, the fucose units were linked or sulphated at C-2, and

at C-3 and C-4, at*C-2 and C-4 and at C—} and at C-4, and xylosg
as well as glucuronic acid also occur as end groups and 1,4- T
linked units. | |

12, Repeated periodate oxidation and reduction §h0wedvthat

in the uronic acid;rich fraction hemiacetal formation hindered -

L



. (iv)
oxidation and that in addition %o end group and 1,L4-linked .
units some other fypes of linkages in the glucuronic acid '
residues are'possible. Smith degradation led to the isolation,
aftef mild.hydrolysis, of erythronic acid (major), threitol,
glycerol and prépane 1,2-d10l derived from the oxidation of-
1,4-1inked glucuronic acid, galactose, xylose and 1,2-linked

fucose residues.respectively.

13. Molecular weight analysis on Sephadex G100 of the uronic
acid-rich polysaccharide.and its various alcohols and-degraded
polymers obtained from repeated oxidation and reduction as well
as from repeated Smith degradation confirmed that it was a
highly branched molecule and that degradation only occurred

from the periphery of the molecule.

4. Partial hydrolysis of the uronic acid-rich fraction ledd
to the isqlation of two aldobiouronic acids and some oligo-
uronic acids., One of the aldobiouronic acids was identical

with 3-0-B-(D-glucopyranosyluronic acid)-IL-fucose isolated in

a similar way from Ascophyllum nodosum., The second aldo-

biouronic acid comprised glucuronic acid and an "unknown" sugar. |

These oligouronic acids constitute important structural
features of the polymers. .

15. Selective degradation of the urdnokyl linkages by Hofmann
reaction was attempted. This removed about 60% of the uronic
acid residues from the "fucans" (0.5M KCl) with high loss of

the polymer, g

S
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SEAWEED POLYSACCHARIDES

The algae are one of the most primitive gfoups in the
plant kingdom and even with the'passage of time they have
retained theif primitive characters. They have a great
diversity of form ranging from tiny unicellular to giant multi-
cellular organisms. They grow in soil, fresh and salt water, °
but occur in greatest profusion in the latter.

Algae are essentially photosynthetic organisms and hence
availability of light is an important factor for their growth.
Unicellular free-floating type algae are found abundantly in
the upper layer of the sea while the larger species generally
grow in the.qontinental shelf areas. or ﬁhere the anchorage is
relatively easy. It is the latter group of algae, dbmmonly
known as the seaweeds, which'have éohsiderable industrial |
significance and which have been studied in more detail than
the former. o

The classification of algae based on, primarily, their
reproductive systems and other morphological features has,
however, been extended to the nature of the pigments present in
the various specjies, This has resulted in four main classes
of algae, namely brown (Phaeophyceae), red (Rhodophyceae),
green (Chlorophyceaes) and blue-green (Cysnophyceae) algae.
Recently, as an increasing number of algal species has been

studied chemically, an effort has been made to correlate thé



presence or absence of a particular type of metabolite as the
'‘marker' for a phylogenetic classification. This appears %o
be consistent with respect to Phaeophyceae, Rhodophyceae and to
some extent to Chlorophyceae but the number of species invest-
igated chemically in comparison with the vast number of algal
species is rather small and hence classification of algae based
at least on the nature of the particular carbohydrate may be
regarded as tenﬁative.

Seaweeds offer varieties of polysaccharides which differ
considerably from those obtained from land plants. This is
natural as the environments are very different. Cell-walls of
land plants are usually composed of cellulose, hemicellidoses and
lignin materials. They provide the characteristic rigidity.
necessary for the land plant cells environment. In contrast,
seaweeds require flexibility and ease ofvmovement for their
survival and hence have'skeletal structures with a high propor-
tion of mucilaginous materials. Cellulose when presenj is in

small proportion, hemicelluloses and lignin as such are absent

or if present are in very small quantities. Another charact—-Il

'eristic feature of the seaweed polysaccharides is the presence
of half ester sulphate groups linked to the hydroxyl groups,
land plant polysaccp&fides are devoid of these but they are

common to animal polysaccharides.




The seaweed polysaccharides can conveniently be divided
into (a) food reserve (b) structural and (c) acidic poly-
saccharides which could be food reserve or structural. These

. are dealt with in detail under the appropriate class of élgae.

Polysaccharides of Phaeophyceae

Since the polysaccharides of Himanthalia lorea, Bifurcaria

Ay 4

bifurcata and.Padina pavonia are the subject matter of this’

thesis, the polysaccharides already investigated in this group
will be discussed later. '

Polysaccharides of Rhodophyceae

Thé polysaccharides normally found in this class of algae
are floridean starch, cellﬁlose, xylans, mannans and galactans.
Of these galactans constitute the major polysaccharides and

these have been investigated in considerable detail,

Floridean starch. The food reserve material in the Rhodo-
1,2

phyceae 1s a glucan called floridean starch. D-Glucose is

the sole monosaccharide of ‘this type of polysaccharide and its

arrangement in the macromolecule appears to be similar to that

143

of amylopectin of land plants. = The main core consists

.essentially of a-1,4-linked glucose residues, in some cases

occasionally interépe}sed by 0—1,3-linkages“d’°

and an average
chain length’'® of 11-15. The 1,3-linkage and the somewhat
shorter chain length may serve to distinguish floridean sfarch

from amylopectin of higher plants.

..
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Xylans. Xylans, although examined from few species of red
algae are of two types. A pure water-soluble xylan from
Rhodymenia palmata, thought to be food reserve, has been

Ta=C .14 found to have a linear structure,8

studied extensively
the chain containing B-1,4-linked and B—1,3-liqked-D—xylose
units. Enzymatic studies suggest that these two types of link-
ages are arranged in random manner in the macromolecule.
Extraction with other Enol;rentis'9 led to tﬁe isolation of essent-
.1ally similar xylans containing different proportions of the two
types of linkages.

—hi(1—4>h)x(1-—>u)x(}-—>3)x(1-—>h)x($- )

x = PB-xylopyranosyl

L d

On the other hand, xylans from Porphyra umbilicalis and Bangia

fuscopurpurea are said to be built up entirely of 1,3-linked-D-
10 '

xylose units. This conclusion has been derived solely from

X-ray diffraction studies.

9

Recently, xylose rich polysaccharides” have been investi-

gated from R. palmata, P, umbilicalis, Laurentia pinnatifida and

Rhodocorton floridulum. Polysacchaiides of R. palmata extracted

by different solvents are similar to the one discussed earlier.
The extraction of the skeletal material with alkali gave a kylan
of exclusively 1,4-linked xylose residues.

The dilute alkall extract of L. pimnnatifida and the chlorite

extract of P._umbilicalis are similar to one another and to,that

S U OO U
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from R. palmata. ©Each contains 1,3-and 1,4-links in different |

proportions and only a small amount of branching as judged by
the yield of 2-O-methylxylose. The two fractions of xylan

from R. floridulum however indicated a considerable degree of

branching. Furthermore, the high yield of tri-O—methylxylogé

compared to 2-O-methylxylose suggest that in addition to short{ -

xylose chains from xylose there are short xylose branches,

possibly on a glucan backbone;9

Mannans. Mannans from P. umbilicalis and B. fuscopurpurea are
essentially linear polymefs of B-1,4-1inked D- mannose units.1o
Mannans and xylans of red algae are generally considered to
serve as the structural polymers although the water-soluble
xylan from R. palmata, as previously stated, may be a food

reserve material.

Cellulose. Cellulose, in small proportions, has been reported
from different species of red algae but suffers from the lack

of any detailed structural studies.11,

Galactans. The polysaccharides that are far more economically
important than others in red algée, are the galactans. They
are composed of galactose, 3,6—-anhydro D- and L- galactose and
6-0-methyl galactose units and ester sulphate units. These
units offer a broad spectruﬁ of polysaccharides comprising
“alternate i,B_and 1,4-1linked galactose or modified'galaqfose
units. The individual polymers differ in their finer detéils

of structure possibly due to a particular environment. The

‘

e e e A e T e, e e e g s
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various galactans found in this class of algae can be con-
véniently divided into three groups: agar, porphyran and
carageenan type of polysaccharides, although there are many

similarities between these groups.

Agar, The'agar-type of polysaccharide is in fact a mixture of ;
two closely relatea polysaccharides: agarose and agaropectin. ‘
Agarose consists of a linear chain of alternating 1,3-linked-D- ?
galactopyranose and 1,4-linked-3,6-anhydro-L-galactopyranose
units. Evidence for this structural pattern are derived from

12 15a-d 4 enzymatic studies.13€;

partial hydrolysis, methylat;on
Partial hydrolysis gave a nearly theoretical yield (82%) of
derivati;es Qf the disaccharide-agarobiose, A—Q—B-D;galacto;
pyranosyl-3,6-anhydro-L-galactose agd neoagarobiose, 0-3,6-‘

anhydro-0-L-galactopyranosyl (1—> 3)-D-galactose (Fig. 1).

The latter two techniques also indicated that 3;6-anhydro-L—
galactose occurs at the nonreducing_end)while'D-galactose lies:
at the reducing end of the molecule.  Agarose is essentiélly '
devoid of half ester sulphate group and stands unique in this
respect with other galactans of tﬁe class. A'generglrfofmula

for agarose is shown in Fig. 2.

[-3-D-Gal(1—> 4)-L-Agal(1]=—> [3)-D-Gal(1—> 4)-L-Agal(1 17—
T |
¢ .
OMe
FIG. 2

Gal, galactopyranose; Agal, 3,6-anhydrogalactopyranose
Me, methyl. | ' o |




AGAROBIOSE

CH,OH

NEOAGAROBIOSE P{T

Fig. 1
Recent studies on agarose from different species revealed the

presence of variable amounts of 6-O-methy1—D—galactose1“ (and

in Gelidium amansii u—0~methyl-L—galactose15) but their position

in the macromolecule is not yet established although it can be
said with reasonable certainty that the general pattern of

agarose is well established.

Agaropectin. The structure of agaropectin, on the other'hand,

is relatively less established than agarose, It is possi@ly a
mixture of polysaccharides mainly built up of D—galadtopyranose,
3,6—anhydroL-galactopyranpse, D-glucuronic acid units and half
ester sulphate groups." The basic similarity of the agafopectin
structure with agarose is deduced from degradative studies.1§

These invéstigations have yielded similar di;and oligosaccharides

to those found in agarose. In addition, pyruvic acid in acetal



linkage to D-galactose residues is found in agaropectin from

G. amansii and G. subcos:tatum.17 Ahnfeltia plicata also
18

contains L-arabinose units. The confribution of the glucur-
onic acid residues and L-arabinose units to the structure of

the macromolecule is not known. The sites of all the ester
sulphate groups are not established either. It seems most
likely that with the advent of newer and effective fractionating
techniques agaropectin will be found to be a mixture of polymers

rather than a single entity.

A
Porpﬁran. The porphyran type of galactan found in Porphyra

and Laurentia spp. and in Bangia fuscopurpurea comprises D-

galactose, L-galactose-6-sulphate, 6-0O-methyl-D-galactose and
3,6-anhydro-L-galactose residues.19’2o
like agarose, with alternating 1,3-and 1,&4 glycosidic linkages.

21,22 it has been

From periodate and partial hydrolysis studies
established that D—galéctose and its 6—0—méthy1 ether are linked
at C-3 while IL-galactose and its 3,6-anhydroderivative at C-i,

The essential similarity with agarose has also been deduced from

alkaline elimination®”

of the sulphate groups which results in
" the formation of the 3,6-anhydride, this is then followed by
methylation of the alkali modified polymer. The product is
identical with methyiated agarose (Fig. 3). This has also

revealed that the regularity of the repeating arrangements is

This is a linear’polymer]

being masked by the occasional presence of 6-O-methyl-D-galactose

K



Methylated® egercbiose obtained in 62% yield from partial

methanolysis from 'alkali—modified'porphyr¢an.

CHz OCHs
1o o
o BCOY . oW
OCH;
TETRAMETHYLAGAROBIOSE

L3,6—anhydro—2—0—methyl—u-o-(23&,6—tri~0—methyl-B-Danlacto-

pyranosyl)-L-galactose]

CHZOH
(@)

2 92

CARRABIOSEPITHIOACETAL

. CH-OH
QSS()' VZO

. HOH

OH
NEOCARRABIOSE

I, -

Iy - Sulphate

Fig, 3
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24y25 suggest

and L-galactose-6-sulphate. Enzymic studies
that the 6—0¥methyl-D-galacfose is rather irregularly distri-

buted throughout the polymer chain.

Carrageenans. The oarrégeenans like agar, represent a family

of complex polysaccharides. The basic monomers are D-galactose

26 e latter distinguishes it

and its 3,6-anhydroderivative.
from the agar family where it i8 the L-enantiomer which is
present as the 3,6-anhydride. The complexity arises from the
degree and position of sulphation on thé monomeric residues.
Depending on the solubility in dilute potassium chloride

solution27

carrageenans may be obtained as insoluble k-carra-
geenan and soluble A-carrageenan. k-Carrageenan is essentially
a linear polymer having a masked repeating structure based on
alternating 1,3-and 1,4- linked-D-galactose residues. This
structural pattern is confirmed by the isolation of carrabiose,
0~B-D-galactopyranosyl(1— 4 )- 3,6-anhydro—Degalactosé dithio-
aceta§8?29 (Fig. 3) from mercaptolysis of the polymer.

50,31 on the other hand, yield neo-carrabiose

Enzymatic studies,
sulphate, 0—0-3,6-anhydro-D-galactopyranosyl(1——>3)-D—galactdse—
L- sulphate (Fig. 3) and an enzymic resistant fraction. The
latter fraction has higher sulphate content than k-carrageenan
and can undergo further enzymatic attack after alkali modifi-
cation indicating the presence of D—galactose-G-sulphate (which '
is theréby converted into anhydride). The 1,3-linked galactose

residues are often sulphated at C-4 although a portion may be
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at
sulphated/C-6 or disulphated at C-2 and C-6. The 4-linked

6-sulphate is revealed by its convertion into the 3,6-
anhydride by reduction of the reducing unit with borohydride

32,33 34

followed by alkaline reaction, and from spectroscopy.

The potassium chloride soluble A-carrageenans are mix-

55

tures of polymers. Various fractionation experiments
either before or after alkali treatment have led to the iso-
lation of different polymers, all of which are based on an
alternating sequence of 1,3-and 1,4-linked galactose units
each differing from the other in the proportions of 3,6-
anhydro sugar and sulphate and in the various sites of the

latter.

Other sulphated galactans. Recently, sulphated galactans

from Aeodes orbitosa36’37 and Phyllymenia Cornea38 both of

which belong to the Grateloupiiacesze, have been investigated.

From the former species the polysaccharide chiefly consists
of D-galactose and its 2-O-methylether derivative together
with small proportions of D-xylose and glycerol while the
polysaccharide from the latter species mainly comprises
D-galactose and its 2-0;-4-0~ and 6-O;mgthyﬂaerivatives. A
small quantity of 3,6-anhydrogalactose and D-xylose héve aiso

been reported.37 They are all highly sulphated polymers and

the half ester sulphate groups are alkali stable. Their

initial investigation?® indicated the absence of alternating

1,3-and 1,4-linkages, an excéption from the galactans so far .

L]
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discussed: although equal proportions of 1,3-and 1,4-1linkages

had been recognised. With further understanding of the
nature oﬁ the skeleton from periodafevoxidation, partial
hydrolysis and methylation studies,39 however, it is claar
that, at least in some regions of the molecule, alternating
1,3-and 1,4-linkages occur as with other galactans of the

Rhodophyceae.

Polysaccharides of Chlorophyceae

This class of algaé includes both fresh water and
marine species, but moét.of the chemicai investigations have
been made on the latter. Furthermore, detailed studies on
the carbohydfates,are comparatively less than those on the
more economically important Phaeophyceae and Rhodophyceae.
The major polysaccharides that havé been found so far are
starch-type glucans, xylans, mannans, cellulose and water
soluble complex sulphated polysaccharides.

Starch-type glucans. All the species so far investigated
LO,41

chemically are found to have starch-type glucans similar
to that of the land plants comprising both amylose and amylo-

pectin. Aqueous extraction of Caulerpa filiformis, Entero-

morpha compressa, Ulva lactuca and Chaetomorpha capillaris

yielded these glucans together with sulphated polysaccharides.

They were separated as starch-iodine complexes or as glucans

K e s e
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left in aqueous solution after complexing the sulbhated.
polysaccharides with cetyltrimethylammonium hydroxide.

The separated starch,.apart from molecular size, had the
characteristic properties of land plant starch. These
starchés were fractionated by thymol into amylose and amyio-
pectin. The latter had approximately one mole qf periodate
uptake per anhydroglucose unit. The oxopolysaccharide ‘
recovered after periodate oxidation was devoid of any
unattacked glucose units indicating 1,4-linkage and absence
of 1,3-linked units. This was further confirmed from methyl-
ation studies which also proved the presence, of 1,6-branch
points. These amylopectins resembled potato amylopectin,

The eséential similarity of green algal amylose ﬁith
potato amylose has been dedﬁced from high positive rotation,
ready retrogradation in aqueous solution, PB-amyloysis and
periodate uptake. X-ray diffraction pattefn of these starches

showed a resemblance to potato-starch type ma.‘t:erials.l"2

Xylans. The xylans constitute the main cell-wall materials
of a number of green algae, although small proportions of
polysaccharides comprising other sugar units may also be

%. l“3"l‘>8

presen The_pure xylan, obtained by alkaline extraction

of C. filiformis,43 on methylation and hydrolysis gave largely

-D-
2,4-di-0-methylixylose indicating 1,3-linkage. Periodate
oxidation studies further confirmed the results of methylatioh.

XY
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These results proved that the xylan of C. filiformis con-
sists essentially of a linear chain of 1,3-linked xylose
units. From the amount of periodate uptake and the quantity
of formic acid releasedi?%rom the end group assay of the
methylated xylan 1t has been suggested that it has an average
chain-length Qf about 47 xylose residues. The negative -

rotation indicates that the units are B-linked. Similar

results have also been obtained for Bryopsis maxima, Caulerpa
Li, 45

brachypus, Caulerpa racemosa and Halimeda cuneata,

although the D,P. has been found to be higher than that of

C. filformis. Enzymatic :atmliesal‘6

on H. cuneata xylan' con-
firmed the presence of 1,3-linkage and the absence of 1,4-
linkage. All these studies merely indicate that the xylans
s0 far investigated in green algae, are essentially linear
chains of B-1,3-linked xylose units. This is, however, in
contrast to Rhodymenia xylan.8 X-ray'in#estigations of

green algae xylans suggest a helical structure.u7'“8

Mannans. The mannans comprise the main component in some

Siphonaceous algae such as Acetabularia calyculus and

20

Halicoryne wrightii.49 A mannan from Codium fragile has

been studied in detail. Enzymatic degradation gave magb—

biose (4-0-B-D-mannopyranosyl-D-mannose), triose, tetraose

and a small quantity of oligosaccharides. . Acetolysis further

substantiated these results. Methylation and periodate

ey s vt e ey

e s e e e e s 7T, e
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oxidation studies together with the negative rotation
established that the C. fragile mannan, like the mannans

- of the Rhodophyceae and higher plants, comprises f-1,4-1linked

mannose units, B

Cellulose. The presence of cellulose has been recoganised
in some species of Chlorophyceae but in most cases it has
been found to be mixed with uronic acid and neutral sugar

51,52

polymers. Attempted isolation of a pure celluloss has

not been achieved and so awaits its structural studies.

Sulphated polysaccharides. The characteristic mucilaginous

polysaccharides, as in Rhodophyceae, constitute the major
polysaccharides of this class of algae, They may be divided
into two catagories depending on their sugarvunits. On the

one hand, those from Ulva lactuca, Enteromorpha compressa and

Acrosiphonia arcta are based on l-rhamnose, D-xylose and

D-glucuronic acid residues. On the other hand, p6lysacc—
harides based on D-galactose, L-arabinose and D-xylose are

obtained from Cladophora, Chaetomorpha, Caulerpa and Codium

species.

The former, a glucurono:: xy1orhamnan, is found to be a
heteropolymer and %o contain L-rhamnose as the major sugar
residue together with lesser quantities of D-xylose and traceg
of D-glucoge.' The proportion of glucuroﬁic acid is found to

be fairly constant and is about 20% while the percentage of
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ester sulphate is rather variable., Partial acid hydrolysis,
<on all three above mentioned rhamnans, gave a relatively high

proportion of an aldob¥uronic acid, L-0-B-D-glucopyranosyl-
uronic acid-L-rhamnose’~>*>"° (Fig. ). _ oo

COOH B
—0
H O HOH
HQ -
OH HO OH
Fig 4 -

The polysaccharide of Ulva lactuca has been examined in

greater detail. , Methylation and subsequent reaction of the
partially desulphated polymer has indicated that 1,4-linked

and 1,3,4-linked rhamnose units, 1,4-linked xylose and 1,3-

linked glucose/glucuronic acid constitute the major structural

units. The possibility of 1,3,6-linked glucose, 1,4-linked
glucuronic acid, 1,3-linked xylose and 1,2,3~linked rhamnose
has also been recognised. Partial hydrolysis of the initial
polysaccharide has given, besides the above mentioned aldo-
bimuronic ac}d, smaller amounts of O-D-glucopyranosyluronic acid
(1-‘?3)D-xyiopyranose, O4D-glucopyranpsyluronic acid (1— &)

D-xylopyranose and O—D-glucopyrahosyluronic acid (1— 4)I-

rhamnopyranosyl (1—65B)D—gluoopyranosyluronic acid (1—> 3)D-xylo-

pyranose, These results have confirmed that the polysaccharide

is not a mixture of homopolysaccharides but is a.polydisperée

heteropolymer.
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Periodate oxidation of the partially desulphated polymer
gave a reduced rhamnose content in the derived alcohol com-
pared with the corresponding alcohol from the fully sulphgﬁéxﬁar
indicating that C-2/3 position in rhamnose was initially sul-
phated. Evidence of sulphate group at C-2 of xylose units
has also been obtained from the alkaline reaction which res-
ulted in the formation of D-arabinose. Smith degradation’’
of the initial polysaccharide has clearly revealed that a (|
number of glucose, xylose and glucuronic acid residues through--i
out the macromolecule are vulnerable to periodate and that
adjacent glucose and adjacent xylose unilts are structural
features, but the overall structure of the macromolgfﬁ%g not
been established for this group of polymers.

The second group of polymers, so far investigated56'62
have a high proportion of D-galactose and possibly with the

exception of Caulerpa filiformis, K L-arabinose. All of them

contain appreciable proportions of D-xylose and very little,
if any, uronic acid. Trace quantities of rhamnose have also
been recognised. The half ester sulphate content is fgund
to be fairly constant in all cases‘and is to some‘extent
alkali labile. They all contain 1, S-and 1 6-11nked-D-ga1ac—
tose units having ester sulphate at some of the C-6 of the '

galactose residues. Moreover, Cladophora and Chaetomorpha

: |
have sulphate groups on C-3 of arabinose units while the . - "ﬁ
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evidence for C-4 sulphate both in galactose and for 1,3~
linked arabinose in Codium has been established. Fraction-
ation of these materials into simple homopolymers has not
been achieved. '
Recently, the polysﬁccharide, Cladophoran, from Clado-

phora rupestris has been investigated in detail.61’6z

Hydrolytic studies of the initial and partially desulphated
polysaccharides have yielded a number of heterooligosacchar-
ides containing galactose and xylose, arabinose and galactose
and sulphated oligosaccharides with higher proportions of
arabinose to galactose. These conclusively prove not'only
the heteropolymeric nature of the mucilage but also the wide
diversity of the structural units present. Smith degradation
studies have indicated that the polymer is highly branched and
that 1,4-1linked and end group xylose‘are present. Methyl-
ation studies have shown clearly that 1,4-linked arabincse

constitutes an important structural feature of the macro-

molecule and that much of it is sulphated at C-3. It is most

likely that no single sugar constitues the backbone of the
molecule although it is apparent, from these studies, that the

inner core contains a high proportion of arabinose.

—m———



INTRODUCTION
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Carbohydrates of Phaeophyceae

The carbohydrates of Phaeophyceae may be divided into
two broad groups: Low and high molecular weight and will

be discussed under these headings.

Low molecular welght carbohydrates. Of the low molecular

weight carbohydrates D-mannitol has been found to be present
in all the species of brown algae so far examined. Its

a
content in the frond of some algae may vary from/few percent
69 a-b

70

of the dry weed to about 25% in late sumwmer, Besides

mannitol, a seven carbon alcohol, D-volemitol, 1-D-mannitol-

B-D-glucopyranoside and 1,6—O-D—mannitol-di—B-D-glucobyranq—

side were found in Fucus vesiculosus and F. spiralis.71’72

Trace quantities of sucrose, galactose, and mannose have also

75

been reported.
The hypotheslis of a close metabolic relation between
mennitol and laminaran (a high molecular weight glucan)

1Tk

received experimental evidence from Bidwel who observed

in F. vesiculosus that labelled laminaran is rapidly formed

from C1u-labelled-D-mannitol.

High molecular weight Carbohydrates: Polysaccharides of

Phaeophyceae. The- brown seaweeds (Phaeophyceae) have been

found to contain glucans (food reserves and structural)'as

well as acidic polysaccharides. The latter comprising two
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distinct types of polymers. The first group is typified
by alginic acid which consists solely of uronic acid
. residues, The acidity of the second group of polymérs is
due not only to the presence of uronic acid resi&ues but
also to half ester sulphate groups substituting some of the
hydroxyl groups of the sugar units. It includes what is
generally accepted in the literature as 'fucoidan' and the

more recently coined term 'glucuronoxylofucan'.

Structural glucan: Cellulose. The presence qf.cellulose
in brown algae was postulated by a number of workers... The

insoluble residue after removal of alginic acid from the sea-

63 64

weeds was called 'algic cellulose' by Stanford. Kylin

showed that it gave?colour reaction with ©jdine and sulphuric

65

acid. Russell-Wells showed its solubility in cuprammonium

hydroxide and prepared an acetate. Dillon and O'Tuama66

were first to prove cellulose from Laminaria digitata. They

were able to prepare a viscose and chloroform soluble acetyl
and methyl derivative . Structural investigation of brown
algal cellulose was made by Percival and Ross.67 They

separated cellulose from L. hyperborea, L. digitata and Fucus

vesiculosus. Proof of B-1,4-linkage in these celluloses

was obtained from the isolation of cellobiose octa-acetate
(31%). Perliodate oxidation studies excluded the presénce

of 1,3-and 1,6-linkages. . From the measurement of formic

e e g e oo
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. be
acid released, the chain length was estimated to/about 160.

68

X-ray diffraction studies gave the same pattern as that -

Food reserve glucan: Laminaran. Laminaran, first discovered

|

|

. 4

of normal cellulose. . }
' ' !

1

|

{

}

!

by Schiedelberg, is present in all the brown algae so far |
75-79;

examined. Its proportion in a species varies with season,
between autumn and winter it comprises a high proportion of

dry weight of some weeds. It has been recognised as two

80

forms: soluble and insoluble, depending on their solubility

in cold water. Both forms, however, dissolve in hot water
and are almost indistinguishable chemically.

Laminaran is generally extracted from the weed by water,
' 81

cold and hot,and by dilute acids. The insoluble laminaran
is spontaneously deposited from thé aqueous acid extract of
the weed on standing and the precipitation of the soluble
form is achieved by alcohol.sz’83
Complete hydrolysis of laminéran generally gives solely

85,86 small proportions

D—glucoseBO'BB’Bu but in some cases
of mannose (and mannitol from some SPecies,'see later) have
also been reported. However, examination of a range of
samples showed about 0,.2% mannose content and it was believed

to be structurally insignificant. : | |
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Laminaran from Laminaria. Laminaran particularly from the

genus LaminariasB’Bu’a7'-91 has frequently been investigated.

80

Early methylation studies on insoluble laminaran together

with its negative rotation, [@]; = -12-14°, indicated that

it is essentially a linear polymer of B-1,3-linked-D-glucose

88

units,. This has beeﬂ confirmed by partial hydrolysis and

92

enzymatic hydrolysis which'gave a homologous series of

f-1,3~1inked. oligosaccharides from which the laminaribiose

(Fig. 5 ) was isolated and characterised.g3

Further con-
firmation of 1,3-linked glucose residues has been obtained
by the isolation of . 40-45% D-glucometasaccharinic acid

after treating the laminaran with lime water.gu(Fﬁg 5)

The Presence of Mannitol in Laminaran. From the results

of partial hydrolysis which yielded small quantities of
gentiobiose, 37O~éentiobiosylglucose, 1-O—B-glucopyranosyl-D—
mannitol (Fig.s ) and:1-0-}aminaribiosyl—D-mannitol together
with much higher proportions of laminaribiose (Fig. 5 ) and
higher laminarioligosadcharides it was concluded that 1,6-
links and mannitol were present in the polyéaccharide.

From the proportion of mannitol it was concluded that about
L0% of the molecule§>are terminated by a mannitol residue, |
M-chains (Fig.§ ) glycosidically linked through one of the
two primary hydroxyl groups. The remaining molecules are'

terminated by reducing glucdse residues, G-chains (Fig.6 ).




23

| = CHo0H
CH,0H ‘—<_O
Ho ‘.‘ OH .
OH
Laminaribiose .
CHOH
6“_“0 -0 CH2
“HO ™= : H HOH:
| OH
N Gentiobiose
" CHoH -~ H H H. oHOH oH
, o I [ I N .
OH —C—C—C—C—C—C—H
HO I O I R R
5 H OHOH,H H H |
| | COOH
1-0-B-D-Glucosyl-D-mannitol H —ton
o oo <
L HgH
H-—%—OH'
o ’ H—C-0H
Glel+(3Glc- 1) —»3Gle @L9He | (3Gle-);30k + |
| ' ‘ "l-l‘ H-—C.:"OH
P . H
B ; D-Glucometasacch-

qrin‘ic' acid = -




H
20H ' O sz
H ° \ HO—C—H
HO —C—
HO - H __‘n, l
. OH , | HO_CI—H
| H—C—OH
M-CHAIN N
H—C—OH
l
H—C—OH
H
| 0
B CH0H 7] HH
"on X—” N " YHon
—-0 HO
Ho ) H()‘YL_)- | OH .
HO . OH
OH — } —n
G-CHAIN
b
HO—-'(‘Z—-H
» CH,OH ] , .
CHLOH r ZOO H—%—OH
0 ———C—H
OH -0 | |
OH 1
S =" H—C—0H
&
H—g—OH
S~-CHAIN
— H
Fig. 6

2L




25

Further stud19395 on soluble and insoluble laminaran
have led to the conclusion that in the former case about T75%
of laminaran chains are terminated by a mannitol residue
while in the latter cabe it is about 46%.

It has already been mentioned that laminaran on treat-

oL

ment with lime water’” _yields about 45% metasaccharinic

acid. This is due to peeling action on G.. chains, lM~chains

96,97

are alkali immune. Reduction of laminaran on the

other hand, has given S-chains from G-chains while M-chains
remain unaffected. Oxidation of laminaran with bromine98
gave rise to gluconic acid at the reducing end, M-chains

are not affected under these conditions. By this reaction

it has begn possible to separate these two molecular species

on an anion exchanger.‘

Periodate oxidation under mild conditions has been very
useful in determining the position of mannitol in laminaran.
During oxidatioéﬁgbout 0.L4% éolution of laminaran in 0.015M
solution of periodaté at 2°, the M-chains release one mole
of formaldehyde. The G-chains, however, do not react under
such conditions. Reduction and subsequent mild hydrolysis
of the oxopolysaccharide l?d fo the formation of ethylene
glycol (FigJa). El!hia' proves that. the mannitol residue is
singly linked through C-1 (or C-6,due to the symmetry of the

mannitol molecule).
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Absence of éthylene glycol after Smith degradation
studies of M-chalns led to the suggestion that the mannitol
residue is disubstituted’® at C-1 and C-2. Such linkages

should result in the formation of glycerol instead of ethylene

glycol after Smith degradation (Fig.7b).
97

Re-examination of an acid hydrolysate of laminaran

after periodate oxidation and reduction revealed the presence

of ethylene glycol. This was separated on resin and cellulose

and was finally characterised as the di-p-nitrobenzoats.
Further confirmation of singly linked mannitol has been

d90’99 released on

made from the estimation of formic aci
oxidation of laminaran under exceptionally'mild conditions.
M-chains sinély linkéd at C-1 (or C-6) or doubly linked at
C-1 and C-2 should reiease 3 and 2 moles of formic acid
(Fig. 7 a & b) respectively.. It was found that three diff-

90

erent samples of laminaran”’” gave 3.0-3.1 moles of formic

acid per mannitol residue.

The Presence of 1,6-linkages in Laminaran. In addition to

B-1,3-linked glucose units, the presence of B-1,6-glycosidic
linkages in laminaran was first suggested by Peat and his
co—workers.88 On partial hydrolysis, as already mentioned,
laminaran yields not only laminaribiose and highér laminari-
oligosaccharides but also gentiobiose and 3-0O-gentioblosyl-
glucose, Although they prove 1;6-g1YCosidic linkages in

“ 1]

e . e e e 1 T 3 T 1 e e o e e
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they

laminaran/raise the question: are these linkages inter-
residue or present as branch-points. Peat and his co-
workerss7 initially assumed that 1,6-linkages were respon-
sible for branched strﬁcture, but later on they reported88
that laminaran’is essentially a linear molecule in which the
main chain of B-1,3-linked glucose residues are occasionally
interrupted by P-1,6-inter-residue linkages.  Absence of
3:6-Di~-0-P-D-glucosyl-D-glucose in the partial hydrolysis.
products was the main basis fof this conclusion,

Further support of 1,6-inter-residue linkages in
laminaran came from methylation studies. Me£hylated lamin-
aran on hydrolysis gave in addition to 2,&,6—tri—0—methyl-b-
glucose, a small amount of 2,3,u—tri—o—mgthyl—D—glucose. |
Unless this resulted from the demethylation of the tetra-O-
methylglucose, it could only be derived from 1,6—inter—
residue iinkage. |

In contrast, a branched-structure for laminaran has been

suggésted by several workers., Anderson gj.§l§9 have provided

evidence from methylation and degradative studies. Methyléted

laminaren was precipitated with light petroleum spirit (b.p.
40-60°), The prec}pitated material amounted to about 78%

of the methylated'polysﬁccharides. " This on hydrolysis gave
2,3,4,6-tetra-0-methyl-D-glucose (4.4%), 2,k4,6-tri-O-methyl-
D-glucose (86.4%), unidentified di-(7.2%) and mono-O-methyl—
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D-glucose (1.9%)., The proportion of tetra-O-methyl to
tri-0- and di-0- methyl-D-glucose corresponds to an average
chain length of 23, Molecular weight"determiﬁéd by iso-
thermal distillation was 1200Qwhich corresponds to a degree
of polymerisation of 58, From these two facts it may be
calculated that laminaran has an average of.two branch points
per molecule.,

Moreover, repeated applicatidn of Barry degradation1oo
on laminaran(with D.P.ﬁ@)did not give any small fragments
which on dialysis could pass throuéh a cellophane membrane.
Periodate oxidation and phenylhydrazine degradation (Barry
degradation) cleave only the 1,6-linkages in the laminaran
molecule, aé 1,3-1linkages afe immune to periodate attack.
The presence o{ 1,6-inter-residue linkagés in 1aminaran
molecules having chain length on an average of 23 glucose
units should lead to the fragments of diaiysable size, If,‘
however, 1,6-links occur only as inter-chain linkages then
chains of approximﬁtely the same length would remain after
Barry degradation. In fact after three oxidations and two

degradations the residual polysaccharide retains the char-

acteristic properties of‘initial insoluble laminaran. From |

these results the authors suggested that unless 1,6-links
occur exciusively near the end of the chains, branched- |

structure for laminaran molecule is more likely.
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Smith degradation studies on laminaran also support

the branched-structure for insoluble laminaran from L. hyper-

borea and for soluble laminaran from L. digitata. The'seq-
uence of oxidation, reduction and mild hydrolysis cdhverts
reducing glﬁcose end groups to 2—O—substituted-D—arabinifol
residues, at the same time 1,6-linked inter-residue giucose,
units are cleaved with the production of 3-0-substituted gly-
cerol residues. A éeoond periodate oxidation of these pro-
ducts should liberate one mole of formaldehyde from each
original reducing glucdse residue and an additional moleculs
of formaldehyde for every 1,6-inter-residue linkage (Fig.g ).
A sample of laminaran hafing D.P., 24 and 43% of G-chains gave
0.019 mole (required for 1,6-inter-chain linkage 0.618 moles)
of formaldehyde per énhydro glucose unit. These results, .
thereforé, provide fﬁrther evidence for the absence of any.

significant proportion of 1,6-inter-residue linkages.

’

Laminaran from other genera. So far the laminaran of

laminaria have been discussed. Other genera that have been

studied of the class Phaeophyceae are Fucus serratus,:

Lisenia bicyelis and.Ishige okamurai..

Fucus Laminaran. Soluble laminaraﬁ has been investigated
101

by Fleming and Manners in an attempt to distinguish

between soluble and insoluble laminarans. From the formic

O ———
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acid released on mild periodate oxidation of the soiuble
laminaran with a correction for thevformic acld produced ‘
from mannitol end groups, the chain length (51) was deter;'
mined from various samples. This was correlated with DP
determined by the measurement of formaldehyde produced on %
periodate oxidation of borohydride reduced laminaransj ,
Alnder the conditions in which both M- and S-chains yield one
molecule of formaldehyde per chain. Samples of soluble

laminaran from L. digitata and Fucus serratus gave CL values.

T-10 and DP values 26-31 indicating an average of 2 to 3
branch points per molecule. Samples of insoluble laminaran

from L. hyperborea similari#y indicated an average of 1.6'

branch points per moleculs.

Eisenia bicyclis laminaran. Soluble laminaran, Ll = -45°,

devoid of mannitol has been investigated by Nisizawa gi_al!ozﬂo}

The absence of mannitol was confirmed by the fact that DP(18).
found by measuring reducing power was approximately the same
as obtained cryoscopically. It éavé on partial acid hydrol- |
ysis conéiderable amounts of gentio-oligosaccharides in
addition to laminarioligosaochari@es, branched trisaccharide
such as 3.6—di—O—ﬁ—glucopyranosyl—D—glucose could be detected
from the partial hydrolysis products. Characterisation of.
gentiotgtraose and 1aminarictetraosé strongly indicate that a f

considerable proportion of,the 1,6-linked glucosetresidues
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occur as Blpcks amoné 1,3-linked glucose residqes to form
an essentially linear heteropolymer.

" Alkaline degradation of Eisenia laminaran ceased after
the loss of about one third of the weight. If it is assumed
that peeling action is arrested at 1,6-linkage, then this
indicates that 1,3 and 1,6-linkages exist at a ratio of 2:1.
Later it wasifound from Smith degradation studiesm3 to be
of 3:1..A : | ‘ | -~

Methylated Eisenia iaminaran on hydrolysis gave 2,3,4,6-
tetra-O-methylglucose, 2,3,4- and 2,4,6-tri-O-methyl glucoses.
No evidence of.di-O-methylglucose was obtained in the hydroly-
sate. From these observations it has 5een concluded thét

. bicyclis laminaran is a linear polymer contalnlng 1 3—
‘linked and 1,6-i nter—residue linked glucose re31dues.

Ishige okamurai laminaran. Soluble laminaran, LGJD =;_37.5?,
© 104,105

dévoid of mannitol has been réported by Maeda ef al
from I. okamurai. Hypoiodite and periodate oxidation indicated
DP about 19. Partial acid hydrolysis studies revealed that
laminaran contains Poth 1,3 and 1,6-linked giucose residues.

The prdportions of 1,6 to 1,3 linkages were found to be 1:6.
Methylated I. okamurai laminaran yielded 2,3,4,6-tetra-O-methyl,
2,4,6-tri-0-, 2,3,4-tri-0- and 2,4-di-O-methylglucoses in the

. molar ratiosof 1.1:6.23:1.6:0.42, respectivel&. Hence this
laminaran has 1,3-links and 1,6-inter;residue linkages in’a.

proportion of appfoximatély\jzu.
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Proportion of 2,4-di-O-methylglucose indicates on average
no more than a single branch. point but the position of
branching is uncertain. Ishige laminaran, although essen-
tially linear, is an example where 1,6-linkages occur both

as inter-residue as well as inter-chain structure.

Laminaran from other algae. Chrysolaminaran obtainedAfrom

mixed diatoms of Chrysophyceae has been studied by éeattie
et §1.106 It is essentially a 1inear glucan having B-1,3-

and PB-1,6-linked glucose residues. It has CL 11 and DP 21.

Methylated chrysolaminaranlgave small quantities of 2,4-41-0-

methylglucose in addition to 2,4,6-tri-0-, 2,3,4-tri-0~ and
2,3,4,6-tetra-0-methylglucoses. These results indicated a
single branch-point at C-6 in the molecule. From the

periodate over-+oxidation results it has been suggested that

the branch point is situated possibly on average half way

along the chain., This laminaran is devoid of mannitol term-

inated chains.

Studies on the laminaran1o7‘from Phaeodactylum tricornutum

of Bacillariophyceae revealed that it closely resembles the

chrysolaminaran in its structural pattern.

From the foregéing discussion it is clear that the term

laminaran, covers a wide range of glucans which are essentially

linear molecules containing both 1,3-and 1,6-l1linked glucose

units with minor structural differences in some species of

i
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algae. Laminaran from some species are mixtures'of twé
molecular forms one is terminated by mannitol residues and .
the other is terminatéd by reducing glucbse residues. In
contrast, some specles have only reducing glucose terminated
molecules. - The 1,é—linkage appear to be present as inter—
chain and inter-residue and/or both in some species. It is
probable thaf variation in solubility of laminaran may be

due not only to the degree of branching but also to the amount

of 1,6-1linkages.

Alginic Acid

)

A polyuronide, alginic acid, constitutes one of the prin-
cipal carbohydrates of brown seaweeds. ' It was first dis-

covered in about 1880 by Sténford108 and has since then become

a product of commercial interest, The hydrobhillig colloidal -

properties and the ability. at low concentration, to form gels
or viscous solutions are the main characteristics for commer-
cial uses. | .

Alginic acid has been found in all the brown seaweeds so-
far examined but the content varies within a range of 14 $0

40% from species to species and also from season 1o season.

It is usually low during the period of rapid growth in summer

and is higher in colder months. It is insoluble in water
and is usually extractéd with dilute sodium carbonate solution

as soluble sodium alginate with approbriate prior treafments
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of the weed so as to remove salts, mannitol, laminaran,
fucoidan and some colouring matter. Sodium alginate can
be obtained after precipitation and reprecipi1;a1:.’Lon113'1“+
in alcohol and final collection after freeze-drying. It
can be obtained as free acid by treating the sodium alginate
solution with hydrochloric acid or as the calcium salt by'
treating with dilute calcium chloride solution,

Although alginic acid is known to be presént in brown

seaweeds and has been used for commercial purposes for some

LO years, its molecular structure has not yet been completely

established. This is mainly because of its marked resis-
tance to hydrolysis under the conditions that do not destroy
the producté. Initially it was considered to be a nitro-
geneous organic acid115 but later work proved it to be a

6l

polysaccharide, In fact the work of Nelson and Cretcher

proved that mannuronic acid was a constituent of alginic acid.

By decarboxylation of alginic acid with hydrochloric acid

they obtained carbondioxide (24.2%) corresponding to a uronic

acid content of 100%. Further evidence was obtained by the

isolation of D-mannuronic acid and its lactone from the

hydrolysate of Macrocystis pyrifera.117

Structural investigations on alginic acid using methyl-
weat
ation technique wae difficult due to the presence of carboxyl

groups, However, éfter treatment with methanolic hydrogen

116
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chloride (10%) a water soluble degraded polymer of consid-

118 was

erably lower viscosity than the original polymer
obtained. It was possiﬁle to methylate this with thallous'
hydroxide and methyyiodide. Méthanolysia of the methylated
material gave the methylestér of 2,3-di-0O-methyl-D-mannuron-
oside which on degradative ‘oxidation gave 2,3-di-O-methyl-
erythraric acid (Fig. 9 )p4O- . ' |
Methylation technique later on was extended to a less
degraded alginic acid.119 After Hawérth methylation and
hydrolysis with formic acid, the products were converted into
the methylester methylglycosides. These were reduced with
lithium aluminium hydride and the derived methylglycosides
were hydroljsed; The major component of the hydrolysate was
characterised as 2,3-di-O-methyl-D-mannose by qonverting it
into 2,3-di-O-methyl-D-erythraric acid (Fig. ). These
results together with the negative rotation led to the con-
clusion that the main structural feature of the alginic acid
molecule is a linear chain of B-1,4-linked~-D-mannuronic acid
residues. This conclusion was indeed in accordance with the

results obtained from periodate and bromine oxidations120

as well as x-ray diffraction studies.121

However, the major advance in alginic acid chemistry

came from Fischer and Dirfel. 22

They, with improved
chromatographic techniques, were able to show that guluronic

acid in addition t0 mannuronic acid was present in alginic

o
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acid from various species of brown algae. They were also
able to separate two crystalline lactones;123
L—guluronolactpnes, from the acid hydrolysate of alginic

acid and concluded from infrared measurements that both the
lactones were pjranose 3,6-lactones., The ratio of the two
lactones varied according to the particular weed and the
conditions of hydrolysis. Prolonged heating with 0.5N-
sulphuric acid, however, cégsed more degradation of
L-guluronolactone than D-mannuronolactone.

However, further proof that guluronic acid units are
indeed present in the native alginic acid and havé not
resulted du?ing alkaline extraction, was obtained by the
acidic hydrolysis of the weed itself where both acids were
present in the hydrolysate.v In order to provide additional
evidence that guluronic acid was not an artefact of acid
hydrolysis and also to obtain evidence of the nature of its
linkage in the ﬁacromolecule, periodate oxidation fol}owed
by bromine oxidation of the derived aldehyde to carboxylic
groups was carried out. 1,4~1linked L-guluronic acid should
-under these conditions give rise to I-(+)tartaric acid while
1,4-1linked D-mannuronic acid yields .. mesotartaric acid
(Fig.10). 1In fact both the acids were isolated and char-

124 Similar results have also been obtained by

125

acterised.

the hypochlorite oxidation of alginic acid.

1

D-mannurono- and-

!
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Isolation and characterisation of 2,3-di-0-methyl-D-
mannose, 1,6-anhydro-2,3-di-O-methyl-L-gulose and 2,3-di-0-
methyl-L-gulose as the products of the reduced me thylated
polysaccharide126 confirmed the 1;u-linkages in both
D;mahnuronic and L-guluronic acid residues in alginic acid.
Other types of linkages were excluded by methylatlon studies
of wvarious samples of alginates.127

Despite the evidence that alginic acid is a linear mole—
cule and is built up of 1,4-glycosidic’ 1inkages, it does not,
under conditions that avoid over oxidation, consume more
than 0.55 moles of periodate per anhydrohexuronic acid residue.
Various explapations have been put forward to account for this
124,121

disciepancy. Recently, evidence has been advanced

that the abnormal oxidation limit is due to inter-residue,
inter-molecular hemiacetal formation.128’129
Sodium alginate on oxidation with 0,01M sbdium me ta-

periodgte consumed-O.uS moles of periodate per hexuronic acid
residues, The oxopolysaccharide after reduction to poly-
alcohol with sodium borohydride again became vulnerable %o
periodate and further oxidation proceedéé smoothly up to a
second oxidation limit, porresponding to a total consumption
of 0.95 moles of per&od?te pér hexuronic acid residue. A

second reduction with borohydride then permitted further.

reduction of periodate, bringing the total consumptioﬁ close

to the theoretical limit of 1.0 moles per hexuronic acid
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residue for a 1,4-linked pdlyuronide. '.Pre-treatment of the
alginate with borohydride, however,'did not alter the first
oxidation limit of 0.u5.molea per hexuronic acid residue.

Assuming (i) that oxidation initially proceeds in a.ran—_'
dom manner, (ii) that only one residue in the chain suffers

oxidation at any instant of time, and (iii) that the two

nearest neighbours are then instantaneously protected from .. '

the further oxidation, the oxidation 1imit-obtained in praé-'v 2

129

tice was very close to the calculated value. Explanations

of these results were advanced on the basis of formation of

B

an inter-residue hemiacgtal ring.? ! B xﬁ

COyH i ¥ COpH ’
U 5' / 0 0 0 0- °
. 1+ H. ) 3 '
3 OH

An oxidised alginic acid chain showing single

OB

protection of two nearest neighbours

Although it is clear that alginic acid is built up from
two types of monomers: D-mannuronic and L-guluronic acid_x
residues, it has not been established whether it is a heté;o
or'homoglycan. Fractiohation into two homopolyuronides has

not been achieved but partial fractionation into mannurone-
. , o
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and gulurone-rich materials has been accomplished by pre-

130 or by

cipitation of the former with potassium chloride
the addition of a mixture of manganous sulphate and potassium
chloride131 o0 a sodium alginate solution when the gulurone-
rich fraction is precipitated. )

In order to decide between homo and heteropolymeric
nature of alginic acidlit was subjected to partial acid
hydrolysis.132 From the h&drolysate mixtures of oligouronic
and uronic acids were obtailned. These results, however,
gave no proqf that both uronic acids occur in a single mole-
cule, Further effort to solée this problem was made by
Hirst et al.'>> Alginic acid was converted to di-O-
propionylalginate wh;ch was tﬁen soluble in oréanio solvents
and could be reduced with diborane in ether and the resulting
nearly neutral polymer on partial acid hydfolysis gave some
oligosaccharides. From these L4-O-PB-mannosylgulose and
B-1,4-mannobiose were isolated and characterised. These
results indicated that at least somé of the polymeric mole-
cules contain both mannuronic and guluronic acid residﬁes and'
also that mannuronic acid residues aTe adaacent. ; |

Information about the sequence of uronic acid r981dues
in the alginate molecule has been obtained by an elegant |

134

method of heterogenous hydrolysis. Hydrolysis of sodium

alginate from Laminaria digitata with M-oxalic acid (in

which sodium alginate is insoluble hence it is considered
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as a heterogenous hydrolysis) at 100° for about 10 hours
dissolved about 30% of the’total alginate indicating that
some parts of the material were more readily hydrolysed than
others. When the resistant (insoluble) material was diss~
olved in alkali and then the pH was adjusted to 2,85 in
dilute sodium chloride solution, two fractions soluble and
insoluble separated. Both the fractions were of DP about

20 units but soluble fraction was made up almost entirely of
mannurdnic and the insoluble fraction of guluronic acid resi-
dues, | .

When the resistant material was dissolved in alkali and
reprecipitated as acid (but not fractionated) and hydrolysed
for a further 10 hours about 19% of it dissolved, and the
same happened after a second dissolution and ﬁrecipitation
and a third 10 hours period of hydrolysis.

The rate of formation of reducing end groups was the
same during all three stages of hydrolysis, but a rapid
depolymerization was observed in the first period indicating
random attack on glycosidic linkages. A small reduction in
the average DP of the insoluble material took place in the
second and third periods suggesting the removal of hydroly—
sable material fro& the chain ends.

The hydrolysate from first ten-hour period contained
both mannuronic and guluronic residues together with'diuro—

nides of two different mobilities. In contrast, the

?
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hydrolysate of the second ten-hour or third ten-hour period
contained only one diuronide:and that too was of the same
mobility as the minor component of the first ten-hour
hydrolysis.

The major diﬁronide of first ten-hour period was found
t0 be built up of mannuronic and guluronic acid residues
while the major diuronide of?iast two periods was composed
of dimannuronic and diguluronic acid residues. These
results thus indicate that alginate molecule contains blocks
of mannuronic acid residues and guluronic:acid residues and
at the same ﬁime a portion with predominantly alternating -

structure.

To subétantiate the results of heterogeneous hydrolysis,

similar studies were extended to homogeneous hydrolysis135

of alginate from the same species, Like the previous studies

this too suggested that the alginate molecule is a block co-
polymer of mannuronic and guluronic acids, 20-30 units long,
separated by blocks having a high proportion of alternating

mannuronic and guluronic acid residues.

00 00 000 00 e & ® 6 00 000 00

blocks containing essentially one type of
residue, the resistant part.
.}..,.....blocks containing almost alternate residues,

the hydrolysable part.

\\<
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Fucoidan

’

FPucoidan, formerly known as fucoidin, like alginic acid,
is one of the principal polysaccharides of brown algae.
Its proportion in various algae depends on species and to a
less extent on location and season.136’137 Kylin2 first
isolated fucoidan from various species of Laminaria and
Fucus, From the hydrolysate.of fucoidan he separated fucose
and characterised itasthe phenyl-L-fucosazone and claimed thét
pentoses were also present in the hydrolysate.

138

'Bird and Hads isolated fucoidan by soaking fresh

fronds of L. digitata in water and precipitating a crude
fucoidan from the extract with ethanol. The material after
purification.gave 30,9% ash, 30,3% sﬁlphate and 7.3% uronic
acid. Since the total sulphate content was approximately
double that found in the ash, fucoidan was considered to be
a carbohydrate ethereal sulphate.

At the same timg another water soluble polysaccharide
very similar to fucoidan was isolated from the giant

139

Macrocystis pyrifera and was found to contain L-fucose,

a high proportion of half ester sulphate and about 2.6%
uronic.acid. |

Fucoidan was also obtained from the exudate from freshly

140

collected L. digitata. After purification from boiling

ethanol, a product containing 26-30% ash of which the sulphate

- content was about half the total of sulphate in the poly-

\-.



saccharide was obtained. The main inorganic cation was

- sodium. 'Distillation with hydrochléric acid gave a value

corresponding to only 33-37% of the methylpentose for a

formula (RR'—O—SOZ-OM)n,,where R, fucose; R', other sugars

and M, metal. - |
Advancement on the sfructure of fucoidan was madé by

141

Percival and Ross. They examined fucoidans from

F. vesiculosus, F. spiralis, L. hyperborea and Himanthalia

lorea by extracting with hot -water. It was purified to
remove alginate and pro%eiﬁ, by lead acetate and subsequent
treatment with barium hydfoxide led to the separation of the
fucoidan-lead complex which was decomposed with dilute
sulphuric acid. The resultiné solution was freed from a

considerable amount of colouring matter by filtration through

Filter-cel, TaeNydrolysate of F. vesiculosus was found to
contain pentose in addition to fucose.
. ’ ’ : ,
A crude fucoidan from H. loreakwas purified after

dialysis and concentration, by precipitation with alcohol.

Further purification was carried out by treatment with charcoal

and Filter-cel. The fucoidan isolated had [al; = -140°,

and contained appro§;mately Lu% fucose, 32.5% sulphate, 22.5%
ash and T.0% metai. In contrast to the findings of Lund et
511“0 the main inorganic ion was found to be calciuﬁ. |

Since calcium fucan monosulphate requires fucose 66%,

'
1
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sulphate 39.0% and calcium 8,0%; 44% fucose was rather low.
Prolonged search by various methods including periodate
oxidation of the hydrolysis products and chromatographic
analysis, failed to show the presence of more:than smali
quantities of any other sugars. This discrepancy was accoun—
ted for when it was obéerved that the polysaccharides retained
water (ca’10%) and ethanol (ca 6%) despite drying at 40°%/

0.1 mm for 18 hours. After making corrections for the
absorbed solvents the most highly purified samples of H. lorea
fucoidan gave sulphate 38.3% and metal 8.2% and from fucan
hydrolysate the following percentage of sugars were obtainéd:
fucose, 56.7T%; uronic acid 3.3%; xylose 1.5% and galactose
L.,1%. These values are in close agreement with calcium‘ |
fucan monbsulphate and these resulfs indicate that the prin-
cipal constituents of the fucoidan are fucose reéidues énd
sulphate groups. The small propoftions of other sugar resi-
dues were considered to be impurities.

142

Similarly, fucoidan was obtained from F. vesiculosus

but the process of purification was relatively less intensive.
It had EGJb = -118°, fucose 38% and sulphate 32.8%. It

was found by alkal% treafment that approximately 10% of the
ester sulphate was alkali labile indicating that onlyasméll
proportioﬁ_of the sulphate groups were linked to C-2 or 6—3
of 1,k-linked fucose residues. This also requires that the

" main linkage of L-fucopyranose units in fucoidan cannot be
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1,u-linkéd, since this wbuld render sulphate groups alkali
labile (Fig.||a).

The material on methylation ylelded a polysaccharide
(% OCHz, 15 8%) which on hydrolysis gave 3-O-methyl-L-fucose
(57%), free I-fucose (20%) and 2,3-di-O-methyl-L-fucose (207)
Since the major proportions of sulphate groups are stable in
alkali and 3-O-methylfucose is the major productg of methyl;
ation, fucose residuesin the native polymer must be 1,2-
linked with sulphate group.on C-4. The strong1y4negative
rotations of fucoidan and its derivatives indicate that these
linkages are predominantly of the-@-type (Pig.dl ). Excluding
the possibility of incomplete methylation these authors
suggested that free fucose can arise from a disulphated resi-
due (Fig.®, from the proportion of sulphate this is necessary,
at the same timeitcould be derived from a branch-point carrying
a terminal group having free hydroxyl on 0-2 and C-3, From
the proportions of various fucose derivatives isolated there
could be an average of one such branch for every five fﬁcoseg
residues {Eig,

Degradative studies by O'Neill143 and by Céte14“ con-

firmed these findings. Fucoidan prepafed from F. vesiculosus

was subjected to mild acetolysis and the resulting product was
converted to acetylated alditols. Column chromatographic
separatlon led to the isolation of a reduced disaccharide
-Wthh was deacetylated and characterised by periodate oxid-

ation /a 2-0-0-L-fucopyranosyl-L-fucitol (Fig.3 )z 51.
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A commercial sample of fucoidan from the same species
was partially hydrolysed after acetolysis. From the hydro-
lysate not only 1,2-linked fucobiose but also appreciable .
amountsof 1,4-~linked fucobiose and a small proportion of 1,3~
linked fucobiose were isolated by Codte. These results sub-
stantiate the structure of fucoidan as proposed by Conchie

12 0t at the same time suggest the possibility

and Percival,
of significant proportions of 1,4-linkages in the fucoidan(fg!3).
The author, however, suggested that the‘two types.of linkages
might arise from two different polysaccharides.

From the foregoing discussion it is established that
fucoidan.is generally regarded to be a polymer of 1,2-linked-

L-fucose residues with a smali proportion of other linkages.

Sulphate groups are usually at C-4 and often at C-3 and C-4.

The other sugar residues are considered to be present és impur- .

ities( Fagiz. P49). .

Later worg on fucoidan confirmed this structure, but at
the same time indicated that the other sugar residues might
constitute an integral part of the fucoidan macromolecule. |

141

Dillon and his co-workers isolated a sulphated polysacc-

haride from the seed mucilage of Ascophyllum nodosum with-

dilute hydrochloric.acid. On hydrolysis this gave fucose
and galactose in the ratio 8 to 1. Fucoidan from F. vesi-
culosus was fractionated in Bangor on a DEAE-cellulose column
and resulted in the separation of a small quantity of pure

)

xylan in the first instance, but. in the large scale éepargtioh

1
1
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the xylan fréction was found to contain uronic acid resi-~
duesa.“+6 .
Fucoidan from the exudate of ]I pzﬁifera was examined by
Schweiger after various purifications by precipitation in
isgpropylalcohol and by treatment'ﬁith charcoal and Filter-

W7 Prom crude and purified samples of fucoidan the

cel,
proportion of fucose to galactose was almost constant at 18-

to 1. The proportion of fucose to xylose, however, varied
between 0.5 and 2.5%. These results indicated that the
fucoidan of M. pyrifera was a heteropolymer with L-fucose

and D-galactose, residues, No uronic acid residue was obtained
in the hydrolysate of this polymer.

148

About the same time Bernardi et al, obtained purified

fucoidan from F, vesiculosus by sequential fractional pre-

cipitation with ethanol containing 0.3% sodium acetate;
ethanol and acetone, and with cetyldimethylbenzylammonium
chloride. Two fractions were obtained having respectively,
fucose 63 and 65%, ester sulphate 30 and 29%, Both on
hydrolysi% showed the presence of fucose, trace gquantities

of xylose and an unidentified fast moving spot with chromato-
graphic mobility slightly different'from 3-O-methylfucose.
These fractions weré devoid of uronic acid and galactose
residues. | |

A highly purified fucoidan was isolated from Pelvetia

wrightiilh3d by dilute hydrochloric acid extraction after
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methanol extraction of the weed.‘ Purification of the fucoi-
dan was achieved by treatment with calcium chloride solution
and then by fractionation using cetylpyridinium chloride
solution. The purified fucoidan had [a]y = -141°, sulphate
36.8% and ash 26% and was comprised of fucose and galactose
sugar residues in a ratio‘of approximately 10:1. This ratio
was independent of the degree of purification. There was no
evidence of uronic acid and other‘sugar residues in the fucoi-
dan, and i1t was considered to be a galactofucan sulphate.

The heterogeneity of the fucoidan has been shown by free
boundary electrophoresis on the material extracted from

143 Ascophyllum 150 T

F. vesiculosus and from X, nodosum. Two bands were

observed in the formef case and the latter showed'three.com—
ponents in citrate buffer at pH 2.

Recently, fucoidan has been separated from A. nodosum
with dilute hydrochloric acid at.room teﬁperature. The
isolated polysaccharide was degraded with dilute hydrochloric
acid at 80° And subsequent fractionation was achieved with
agqueous magnesium chloride and ethanol. The magnesium
soluble fraction was‘the fucoidan which, the authors believe,
‘had resulted from the degradation of a complex macromolecule

in the initial acid-extract." On the other hand, a similar

acid extraction of F. vesiculosus gave free fucoidan together

with the complex macromolecule. Fucoidans of both the weeds

contain galactose and glucuronic acid in small proportions.151

.

' ~
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Probf»that C-4 of L-fucose in fucoidan is sulphated has
recently been obtained by the isolation of L-fucose 4-sulphate
from products of partial h&drolysis of P, wrightii fucoidan.152.

It emerges from the abéve discussions_that other sugar
residues such as glucuronic acid, xylose’and galactose in
fucoidan not only vary from species to species but also from
sample to sample in the same species depending on the method of
extraction or fractionation. Significantly, there has been
no rigorous effort to find out the arrangement nor the mode of
linkages of these sugar residues in the macromolecule.

The sitﬁation has become more confused bf the separation
of at least three distinct fucose-containing polysaccharides

153

from A. nodosum. All these polysaccharides contain varying

proportions of -fucose, xylose, glucuronic acid and ester-

sulphate., Since no fraction contains less than 5% uronic acid

' o
these are dealt with under glucuronkylofucans.153’ 155

153

Glucuronoxylofucans. Larsen et al examined fucose con-

taining polysaccharideé of A. nodosum. Dilute sodium hydro-
xide treatment, after remoyal of the dilute acid soluble
polysaccharides, of the weed gave a mixture of alginic acid
~and glucurohoxylpfucans. ‘The alginic acid was éemoved'by

ad justing to pH 1.3-1.5 with dilute hydrochloric acid and tle
glucuronoxylofucans were recovered by:fractional'precipitatioh
of the supernatant. The major fragtion, about 6% of the dry

. XY
\\v‘ . .
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weed, was termed by the authors 'ascophyllan', It hes
approximately 25% fucose, 26% xylose, 19% uronic acid, 13%
sulphate and 12% protein. Two other fractions F1 and F2,
each about 1.5% of the "weed, differ from ascophyllan only in
the relative proportions of the constituents. Both asco-
phyllan and F2 were electrophoretically homogeneous while F1
was not pure and ha§7composition somewhat between ascophyllan
and T2, All three fractions gave similar chromatographic
patterns on autohydrolysis although variation in the intensity
of .various. products .was apparent.

Ascophyllan on hydrolysis in addition to IL-fucose,
D-xylose and D-glucuronic acid gave 18 common amino acids
derived f;o&?%olypeptide portion. Attempts to fractionate the
polypeptide from the carbohydrate were unsuccessful. This
together with the electrophoretic homogeneity of ascophyllan
suggest 4 chemical linkage between the’carbohydrate and poly-
peptide moieties of ascophyllan. Further evidence of these
linkages was derived from mild hydrolysis with O.5M-oxalic
acid. This cleaved the peptide linkages as well as the
glycosidio 1inkages of the polysaccharide, and resulted in a
mixture of'dialysable mono:and oligosaccharides and non
dialysablevdegraded pol&saccharides, The latterxr contaiﬁed
almost all the ﬁronic acid present in the aécophyllan but was
almost devoid of fucose, xylose and half ester sulphate.

From these results the authors deduced that ascophyllan ié

comprised ofaglucuronic acid backbone to which are attached
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relatively long side chains of sulphated fucose and xylose .
residues. Later on 3-0-P-xylopyranosyl-L-fucose has been
identified as one of the hydrolysis fragments indidating
that the side chains are heteropolymeric.154

Polysaccharide material containing the same sugar resi-
dues as in ascophyllan was obtainqd from the same weed after
extraction of the dried weed with hot water and dilute alkali.
The formaldehyde treated residual weed was extracted with
ammonium oxalate-oxalic acid at pH 2.8. The contaminating
alginic acid (ca 10%) was removed from this crude extract:. as
the insoluble calcium alginate. The remaining pure material,
termed glucuronoxylofucan, had EGJD = —225° and gave fucose
4L9%, xylose io%, uronic acid 12%, sulphate 21% and protein
u%.155

Attempted fractionation of this glucuronoxylofucan by

precipitation with ethanol or copper‘acetate, or on columns
of DEAE-cellulose, Sephadex 200G and Biogel was unsuccessful.
It was noted that a considerable proportion of the poly-
saccharide was irreversibly bound on the columns. Since it
defied fractionation it was considered to be a heteropoly-
gaccharide. |

Partial acid h&drolysis with M-oxalic acid solution led

to the isélation of an aldobtduronic acid which was charéct— ’

erised as 3-0-(B-D-glucopyranosylzuronic acid)-L-fucose(igis).

1
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Autohydrolysis of the ffee acid polysaccharide in a dialysis
sac gave a different pattern of oligosaccharides and enabled
tentative characterisation of 3-0-B-D=xylopyranosyl-L-fucose
and L4-0-0-L-fucopyranosyl-D-xylose. The higher acidic oligo-
saccharides on further partial acid hydrolysis gave among
other prodﬁcts the aﬁove aldobiuronic acid. .
Since 0.5M-oxalic acid hydrolysis of ascophyllan cleaved
most of the fucose and xylose and left a glucuronic acid back-
bone similar hydrolysis of glucuronoxylofucan was carried out.
The degraded polymer was recovered from the hydrolysate and
was compared with the materials obtained froﬁ longer hour
hydrolysis as well as from autohydrolysis., Chromatographic
examination of each of these degraded polymers showed the
preseﬁce of fucose and glucuronic acid residues as the major
constituents with lesser améunts of xylose. In addition to
these degraded polymers, insoluble material‘waé recovered
after each operation, which had low carbohydrate content.
On hydrolysis it gave fucose (major comstituent). with apprec-
iable proportions of,glucuronic acid and xylose together with

small proportions of oligouronic acids,
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4

These results indicate that unlike ascophyllan, glu-
curonic acid does not appear to form the backbone of this
gluouronoxylofucan and 3-0-(B-D-glucopyranosyluronic acid)-
L-fucose is a major struétural feature.

Glucuronoxylofucans have also been reported from

L. hyperborea and from F. Vesiculosus.151 156

These studies indicate the type and variety of algal
fucose-containing polysaccharides. In the light of the
newer polysaccharides - glucuronoxylofucans- it is necessary
to examiﬁe not only new genera of algae but also those which
have been investigated to ascertain if glucu;onoxylofucans
are universally present in the brown algae. This dissert-
ation aims in this direction and includes algae of widely
different morphology (as described in p.73 ); Apart from a f
study of the fucoidan in H. lorea very little is known about j
its carbohydrate metabolites.  Part one of fhis thesis, .
therefore, deals with the overall general investigations of
these algae and part two is concerned'with the- polysaccharides

based on fucose, glucuronic acid, xylose and galactose residues.

The species investigated are: Himanthalia lorea

(elongata) (family Himanthaliaceae), Bifurcaria bifurcata

(family Cystoseiracea) and Padina pavonia (family Dictyotafégf: !
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G.P. I‘

GENERAL PROCEDURES (G.P.)

(a) Paper chromatography. Unless otherwise stated the

paper chromatograms were carried out on Whatwan No.1 -

chromatography paper in descending technique.

(b) Principal Solvents (v/v) for chromastography were:

1.
2.
3
L.
2.

6.

Te
8.

(e) Developing agents:

{Wbmfc acid-
Ethylacetate-acetic acid/water (18:3:1:4)

Butanol-ethanol-water (40:11:19)
Butanol-pyridine-water (6:4:3)
Butanol-pyridine-water-benzene (5:3:3:1)
Methylethylketone-acetic acid-water-boric acid
(9:1:1-sat borie)

Fisher and Dorfel.

Trough: Etﬁylacetate-pyridine—acetic acid-water
(5:5:1:3) }

Tank: Ethylacetate-pyridine-water (40:11:6)
Methylethylketone-water (saturated)
Butanol-pyridine water (10:3:3)

develop the chromatograms either as dips or sprays:

1.

Silver nitrate solution'?! (dip):

Dip (1) 1 ml saturated silver nitrate (aqueous)

acetone (200 ml), Water was added dropwise till the

precipitate redissolved.

59

The following reagents were used to
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Dip (ii) Sodium hydroxide solution (5 g NaOH in

15 ml water).
Dip (iii) Aqueous sodium thiosulphate solution (10%).

2. Aniline oxalate solution (spray). Saturated solution

of aniline oxalate in aqueous alcohol (50%).

Aniline oxalate solution (dip). Saturated solution

of aniline oxalate (from 2) diluted with acetone (three

volume).

3. Glucose oxidase!58 (dip/spray.Worthington Biochemical
Corporation)

Preparation: The content of one chromogen vial (ca 1/4 of
the total) was dissolved in 0.1M phosphate buffer (20 ml,
pH = 7.0). The content of one glucostat: vial was dissolved

in 0.1M phosphate buffer (10 ml, pH = 7.0) and was mixed with

the dissolved chromogen. The final volume was made to 50 ml

with the same phosphate buffer.

L, Periodate—permahganate spraz,159 (i) Sodium meta-

periodate solution (2%) (ii) Potassium permanganate solution
(1.0%) (1) and (ii) were mixed in a ratio of 2:1 (v/v) just

before use.  When the desired spots appeared (at room

temperature) the chrométogram was washed with distilled water.

160

5. Tetrazolium spray. The spray was freshly prepared

1:1 mixture of 2% triphenyltetrazolium hydrochloride and

N-sodium hydroxide solution. The paper was heated at 40°

!
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én a water saturated atmosphere for 10 minutes after it was
sprayed. Intense red colour indicates the absence of |

1,2-1linkage.

6. Aniline-diphenylamine aprgx.161 (1) Aniline (4 ml)

in acetone (100 ml) (ii) Diphenylamine (9 ml) in acetone

(100 ml)., Solution (i) and (ii) were mixed with ortho-
phosphoric acid (85%, 20 ml) and kept at 0°.  The chromato- -
gram was dipped in solution and heated at 80° for 2-3 minutes,
Intense blue colour indicates 1,4-linkage and greyish-green
colour indicates 1,3-lihkage.

162

7. Deoxy éugar 8pray. (i) 0.02M sodium metaperiodate

solution in water (ii) Ethylene glycol (50 ml), acetone
(50 ml) and concentrated sulphuric acid (0.3 ml) (iii) A
solution of thiobarbituric acid (6%)Asolution (the acid is
insoluble and is dissolved bj adding conc. sodium hydroxide
solution dropwise).

The chromatogram was sprayed with (i) and after 15 minutes
with solution (ii) followed by; after 10 minutes, solution
(1ii). On heating at i05° for about 5 minutes intense red

colour indicates 2-deoxy-sugar.

(d) Chromatographic mobilities,

R. = Distance travelled by sugar residue

! G Distance travelled by 2,3,4,6-tetra-O-methylglucose

Rk.z Distance traveiled by sugar residue
Distance travelled by sugar X . ‘ ’
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G.P. II.

(a) Evaporations. All evaporations were carried out in

vacuo on a rotatory evaporator below 40°,

(b) Hydrolysis of polysaccharides. Unless otherwise stated

hydrolysis was carried out with formic acid (90%) in a

sealed tube in an étmosphere of carbon dioxide for 6 h at
1000, followed by hydroiysis‘of the formylesters by dilution
(5 vol) and further heating for 2 h at 100°,

(c) Reduction. All reductions were carried out with
potassium borohydride in agueous solution. The alkaline
solution was neutralised with IR—120(H+) and boric acid was
removed by repeated evaporation with methanol. |

(d) Dialzsié. Dialysis of polysaccharide solutions were '
made in cellaphane tubes in a closed system against deionised
water with stirring and by cﬁanging the water from time to
time, A few drops of toluene were added to prevent bacterial -

action whenever necessary.

(e) Melting point. Melting points were taken on a Kofler
microscope melting point apparatus.and were cdrfecteq. |
(f) Rotation. ' All specific rotations are'equilibrium value
and uﬁless otherwise stated are taken in aqueous solution at -
room temperature with sodium light.

G.P. III.

163

(a) Phenol-sulphuric acid method for standard graph. An

aqueous solution containing the respective sugar was measured

o
L]
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into test tubes (6 x 5/g") and diluted to 1 ml with deioniséd
water. Phenol solution (4%, 1 ml) was added to each tube,
followed by Analar conc. sulphuric acid (5 ml) from a fast
delivery pipette, the stream of acid being directed on to

the solution to obtain a thqrdugh mixing resulting in a
maximum rise of temperathre; On cooling the optical density
of the solution was measured oﬁjUnicam spectrophotometer

Sp. 500 against a blank, prepared by using water in place of
sugar solution, at 487rm .

A standard graph was obtained by plotting aug sugar per
ml against the opticai density;

(b) The carbohydrate content. The carbohydrate content of

the polysaccharide was determined by Phenol sulphuric ac;d
method (G.P. III a). The amount of carbohydrate was deter-
mined from a standard graph of the appropriate mixture of
sugars. _

G.P. IV. Estimation of sulphate content.lO¥

(a) Standard graph for the determinations of sulphate using
potassium sulphate.

Anhydrous potassium sulphate_(200'mg) was dissolved'inl
deionistd¢ water (506 ml) and the different proportions of
the solution (0.0 - 0.8 ml) were taken in test tubes and each
-was made to 1 ml by adding requixed proportions of aqueous |

hydrochloric acid. To each was added 1 ml of 0.19%
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L-chloro-4-aminodiphenyl hydrogen phioride and a few mg Qf
cetylﬁrimethyl ammonium bromide. The mixture was allowed to
stand for 2 h at room temperature. Each was centrifuged for‘a
few minutes. An aliquot (1 ml) was taken from each tube and
made up to 100 ml. Optical density was measured at 254 nm
(using silica cell and deuterium lamp). Plotting the differ-
ence of absorbance\agaihst the mg of sulphatg?ggiﬁéfbn a

straight line was obtailned.

(b) Sulphate content of polysaccharide:. The polysaccharidés

(10 mg) was digested in a sealed tube with Analar nitric acid

" (1 ml, plus few mg of sodium chloride) for 18 h on a boiling

water bath. ' The solution was evaporated to dryness and
treated with conc. hydrochloric acid, evaporated to dryness
and left in an oven at 105° for 2 h. The residue was then
dissolved in water (1 ml) and aliquots (0.1 - 0.5 ml) wére
taken separately and sulphate was determined as described in

G.P. IV(a).

@.Fc)

(c) Estimation of sulphate by cetylpyridinium/method.165

‘Polysaccharides (0.5 - 2.0 mg) in deionised water (1-2 ml) was
treated with aqueous cetylpyridinium chloride (0.1%) solution

from a microburette.” The solution was viewed against a dark

background. As the addition was continued dropwise there was

an increase of opacity and suddenly with a few drops the

3 ¢
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coagulation settled into a précipitate. This wa.s taken as
the end point. Often the body of the solution was turbid,
with further addition of a drop or two of cetylpyridinium
chloride sqlution the supernatant was clear.

Since the polysaccharides contained both carboxylic and
sulphate ester groups, two titrations were carried out in
parallel (1) with cétylpyridinium chloride solution and '
aqueous polysaccharide solution (titration A) and (2) with
polysaccharide solutioﬂ in 0.025M sulphuric acid (titration
B). The sulphate content was determined from titration B
while uronic acid content was made by subiracting the value
of B from that of A,

G.P. V. Preparation of a Cellulose column.166

(a) (i) Diethylaminoethyl-cellulose (DEAE-50) was suspended
in 0.5N hydrochloric acid (50 g in 1L HC1l solution) in a
suction flask. This was then kept under facuum for about

20 minutes to deaerate’,after 20 minutes standing the super-
natant was decanted, then the swelled mass filtered on a
Buchner funnel and was washed with water to neutrality.

(i1) The wet material was treated in the same way as in (i)
with 0,5N sodium hydroxide solution. The operations (i) and
(ii) were répeated thrice. In the last alkali treatment

the washings were not carried out on a Buchner funnel, The
material was transferred to a column (30 x 4.5 cm) énd washed

with water to heutrality.
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(11i) The column was equilibriated with 0.5N potassium
chloride solution (2L) and washed with water till free from
chloride. S | .

(b) DEAE-52 (50 g, microgranular, preswollen, containing

ca 75% moisture) was treated with 0.5N hydrochloric acid

(600 ml) and deaerated for 20 minutes with occasional shaking. -
It was then neutralised with a saturated solution of potassium
hydroxide and was transferred to a column (30 x 4.5 cm).

It was equilibrated with potassium chloride solution (0.5N

1-1.5 L) and was washed with water until free from chloride.

G.P. VI. Methylation, '®! Hydrolysis and Glycosidation.
(a) Preparation of methylsulphinylearbanion. Into a

3-necked flask fitted at one neck with a rubber serum cap and
containing glass magnetic stirrer bar, was wqighed sodium
hydride (1.5 g, 55% coated with mineral oil). The hydride
was washed with n-pentane (36 ml) and the supernatant was
removed by decantation. After three washes the;flask was
fitted with’g thegmémeter and é stoppered condenser. The
residual n~-pentane was removed'by succesgsive evacuation |
through an 18 gauge needle inserted into the serum cap.
After each evacuatioh the flask was regasséd with nitrogen
and finally nitrogen was passed through the flask via the
needle, Using a hyﬁode;mic'syringe dimeth&lsulphoxide

A
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(15 m1l) [distilled over calcium hydride under reduced
pressure and stored over dried molecular s@iNe (type LA) ],
was transferred into the flask. The flask was heated on an
oil bath at 50o with constant stirring until the solution
became cleaf greenish coloured and evolution of hydrogen gas
ceased (45-50 min.). |

Concentration of the anion in dimethyisulphoxide was -
determined by withdrawing an aliquot (1 ml) and titrating
it with 0.1N hydrochloric acid using phenol=phthalein
iﬁdicator. ‘The anion solufion was preserved in a serum
bottle in an atmosphere of nitrogen in the pold and was étable

for 12-15 weeks,

(b) Methylation. Polysaccharide (5 mg) in 7 ml serum bottle

sealed with a rubber cap, was dissolved (wherever necessary

by stirring or shaking overnight, in some cases 1t was necessary
to start with a good suspension) in dimethylsulphoxide (1.5uﬂ);
Nitrogen was flashed through the bottle and a 2M solution of
methylsulphinylcarbanion in dimethylsulphoxide (1 ml) was
added dropwise with a syringe. The resulting gelatdngous
solution was agitated in an ultrasonié bath for 1 h and

allowed to stand fof.six hours (or overnight) at room temper-
ature. Methylfiodide (0.1 ml) was then added dropwise with a
syringe with external cooling by tap water and the resulting

turbid solutibﬂzwés agitated for 20 minutes in the ultrasonic
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bath. A second portion of 2M methylsulphinylcarbanion

(1 m1) was added andAthe procédure was repeated except an
excess of methylfiodide (1.0 ml) was added. The solution
was then poured into water (25 ml), dialysed extensively and
finally evaporated to dryness.

(c) Hydrolysia.168

The hydrolysis of the methylated poly-
saccharidee unless otherwise stated, was according to

G.P. II (b)

(a) Glycosidation.169 This was carried out by the method

of Bollenback.

G.P. VII., Determination of the uronic acid content.

(a) Modified carbazole method. Uronic acid was determined
170

by modified carbazole method according to Bitter and Muir.
Reagents. (i) 0,025M sodiumftetraborate, 10,H,0. Analytical.
grade in conc. sulphuric acid (sp. grav. 1.84)

(i1) 0.125% carbazole in absolute ethanol or methanol and
(ii1) Glucuronoiactone solution (4-40 mg/ml) was prepared b&

dilution with deionised water saturated with benzoic acid.

’

Preparation of a standard graph of glucuronic acid. The

sulphuric acid reagent [(i) 5 ml] was cooled at 4°, samplé

(1 m1) wasvcarefully layered onto the acid. The tube was
- gtopper

stoppered with a ground glass/and shaken first gently and then .

vigorously with constant cooling.- The tube was then heated

N
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for 10 minutes in a vigorously boiling water bath and cooled
to room temperature. The carbazole reagent (ii, 0.2 ml)
was then added, shaken well, heated on the boiling‘water.bath
for 15 minutes and cooled to room temperature. The optical
density (OD) was then measured at 530 nm. The OD of the
blank was less than 0.025 against conc. suiphuric acid.
The quantity of the glucuronic acid against OD gave a straight
line passing ﬁhrough the origin.

Similarly, standard graphs for two synthetic mixtures
of fucose:xylose:glucuronic acid residues at ratios 3:1:1
and 5:1:1 were obtained for the estimations of uronic acid

content in the respective polysaccharides.

(b) By cetylpyridinium chloride method as in G.P. IV(c).

G.P. VIII. Gas liquid chromatography (g.l.c.). This was

carried out in a Pye Aréon gas chromatograph using argon as
the mobile gas phase. The gas flow and the temperature were
varied according to the requirement for a particular case.

The major columns used for analytical work were:

1. Butane~diél-succinate polyester (B.D.S.) 15% by wt.
2. -Polyphenyl ether [m-bis-(m-phenoxy phenoxy)benzene]

(PPE) 10%.
3. Apiezon K (Apk) 7.5%.
L. SE 30 3% i

5. ECNSSM 3%
6. Ethylene glycol adipate polyester 10%. .
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All liquid phases were coated on Celite supports which
were previously acid and alkali washed and coated with ‘

dimethyldichlorosilane..

: 171 :
G.P. IX (a) Preparation of Trimethylsilylether (TMS). The

dry material (5-10 mg) was dissolved in pyridine (1 ml) and
to it was added hexamethyldisilazane (0.2 ml) and trimethyl-
silylchloride (0.1 ml). The solution was shaken for 2-3
minutes and thqn centrifuged. The supernatant was removed
and evaporated to dryness. The residue was dissolved in

n-hexane and analysed on g.l.C. '

(b) Preparation of methyllalditollacetate or alditolpcetate.172

Methylated sugars or frée sugars (1 mg) were reduced in water
(5 m1) with sodium borohydride (10 mg) for 2 h, After treat-
ment with IR-120(H') and concentration, boric acid was

femoved by repeated evaporation with methanol and the product
was treated with acetic‘aﬁhydride—pyridine (1:Diml) at 100°
for ten minutes; The acetylation mixture was diluted with
water, concentrated to drynesé and dissolved in chloroform

for analysis on g.l.c.

G.P. X. Ester1f1cation,~reduction and hydrolysis. The dry

sample was esterified with methanolic hydrogen chloride (3-4%)
- by heating under reflux for 7 h. .Methanolic solution was
| neutralised with silver carbonate,_ filtered and the

< .

"~
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precipitate was thoroughly washed with methanol. The
combined filtrate and washings were evaporated to dryness.
Reduction was carried out. according to G.P. II (c) and
hydrolysis of the sugar glycosides was carried oqut as stated
in G.P.II (b). |

G.P. XI. Ionophoresis, Unless otherwise stated ionophoresis
- .

" was carried out a@dn Whatman No.3 paper using pyridine-acetic

acid-¢atdm) buffer (pH = 6.7) under 2000 volts for time
specified for appropriate analysis., The paper was developed
with silver nitrate dip (G.P.I (c)(i).

G.P. XII. Thin layer chromatography. This was done by using

an emulsion of Kieselgel G on a glass plate. The bed
thickness was approximately 0.25 mm. Iddine was used to

detect thevcarbohydrate.

e

G.P. XIII. Gel Electrophoresis.: Gel electrophoresis was

carried out according to the method of Steward et al.' '~

G.P. XIV. Test for unsaturated acid.' ™ (a) Reagent.

(i) 0.025N Sodium metaperiodate in 0.125N sulphuric acid,
(ii) 2% sodium arsenate in 0.5N hydrochloric acid solution,

and (iii) 0.3% 2-Thiobarbituric acid in water (pH = 2.0).

(b) Procedure. Sample solution (0.5 ml) was mixed with
solution (i) 0.5 ml) and allowed to stand for 20 minutes .
after which solution (ii) (10 ml) was added and after shaking
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was allowed to stand for 2 minutes. Then solution (iii)

(4 ml) was added and the mixture heated for 10 minutes at
100°. A pink colour indicates positive test. The optical
density of the resu}ting'solution was measured at 510 to 590xm

On plotting optical density (OD) against wavelength the point

of maxima was obtained.at 548-554 nm for 4,5-unsaturated acid..

G.P. XV, Demethylation.175 A portion of the material

" (ca. 3'0 mg) was dissolved in dichloromethane (1-2 ml) and
cooled to -80°.  Borontrichloride (1-2 ml), coéled to —80°;
was then added. The mixture was kept at -80° ﬁor 30 minutes
with calcium chloride guard tube. It was then allowed to
stand at room temperature overnight under anhydrous conditions,
The remaining trace of solution was removed under diminished
pressure at room temperature. The residue was treated with
methanol (3 x 3 ml) and was evaporated to dryness. The
residue waé dissolved in water for chromatographic analysis;

G.P. XVI. 'Determination of the Degree of Polymerisatioﬁ(DP)
1 176

This was done according to the method of Timel

G.P. XVII., Nitrogen analysis.  Nitrogen analysis was done

by Alfred Bernhardt Microanalytical Laboratory, West Germany.

] .
. .
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Characteristics of the Species Investigated.177

Himanthalia lorea is abundant near low tide level on moderately

exposed shores, often growing attached to cliff-faces. The
thallus is sharply diffé}entiated into sterile and fertile
portions. The former is the perennial frond which arises -
from a small disc like hold fast, the shape of the frond being
dependent upon the level of the growth. It is short and
stumpy when it grows exposed at high levels, whilst it is more
elongated at the lower levels when the plants are submerged
for longer periods. The thallus although only‘1—2 cm broad,
can reach a length of 2 metres. The thallus may be consider-

ably branched.

Bifurcaria ﬁifurcata is frequently found on the Atlantic shores

of Europe and Africa, and has a richly branched perennial
rhizome attached to the substratum bi small adhesive discs.,
Some branches bend up and give rise fo forked smooth shoots |
which grow to a height of 30-40 cm and die down in late autumn,
Despite constrictions which 6ccur at fhe points of branching

it is considered to be monopodial and bilateral.

Padina pavonia is a rare perennial found in mid-tide level on

the southern shores of Eﬁglahd, but it is abundant in the
Mediterranean and other warm seas. . The numerous stalked
fan-shaped fronds, 5-12 cm high, the paper thin larger ones,
often loosely rolled on their longitudinal axis like a cornét,



Th

are distinctive of all the species of the genus. The stalk
of each frond is the upward continuation of a branch of the
prostrate perennial rhizome, which is richly branched and
attached t0 the substratum by tufts of rhizoids. The stalk
of the fan bears a considerable number of laterals towards

the upper end.



Part I

Extraction Procedures,and Overall Composition
| ~ of the
Carbohydrates of the different Genera
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Experimental

Materials., H. lorea: The first batch was collected on the
west coast of Spain in S?ptember, 1968, It was treated

with dilute formaldehyde solution after collection, sun dried
and was stored in the cold for about three weeks beforetuse.
Subsequently it was obtained from Millport, Scotland in
September, 1969, The tips and the button or disc were

" removed from the healthy thallus before use.

B._bifurcata. This was also collected on the west coast of

Spain in September, 1968 and was treated like H.  lorea.

It was stored in the cold for six months before use, A second
batch was collected from Porthloo, St.AMary's Isle, Scilly in
1970 and wa; treated like the first batch. |

P. pavonia. This was also collected in Spain at the same

time and from the south of England in August. The dried

material was stored at room”tempefaturé for about a year before

use., |
Air dried H., lorea, B. bifurcata and P. pavonia were

separately ground in liquid nitrogen. '

Expt. 1. Extraction of the weed with cold aqueous alcohol.

-

The powdered weed (50 g) was extracted with agueous alcohol

(80%4) with constant.stirring at room temperature for 5 h.
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The residue was separated by filtering through muslin,
washed once with aqueous alcohol and then extracted again
with aqueous alcohol for 4 h. The process was repeated
four times. The filtrate and washings were combined and

Foncentrated t0 a suitable volume for investigations.

Expt. 2. Extraction of the residual weed with hot aqueous

alcohol. The residual weed after cold agueous alcohol
extraction was further extracted with aqueous alcohol (80%)
at 70° under reflux for 4 h in the same way as in Expt. 1.

The filtrates and the washings were treated similarly.

Expt. 3. Examination of the aqueous alcoholic extracts.

(a) Both cold and hot aqueous alcohol extracts were
separately evaporated to a sultable volume and allowed to
stand at room temperature overnight. This resulted in an
0ily layer, a light green coloured solution and a sediment.
The oily layer was separated and the sediment (fine particles
of weed) was‘removgd. '~ The light green solution thus obtained
was concentrated further'and poured into excess alcohol when
a precipitate (A) was instantaneously deposited, a further
flocculent precipiﬁate (B) was formed on standing. The
latter precipitate was separated from the former by careful
décantation.- The alcoholic supernatant was concentrated and
poured into alcohol and these operations were repeatgd until

there was no further precipitation. Precipitate (A) proved

.
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to be inorganic material. The flocculent precipitate (3)
was shown to be mannitol by paper chromatography (solvent 1

and 5 with dip 1 and spray h)g

Characterisation of\mannitol. The crude mannitol Qas

dissolved in water and the light brown éolution was treated 3
with decolourising charcoal, filtered, treated with IR-120(H') |
resin and recrystallised from aqueous alcohol. It had m.p.
. 160-162°, mixed m.p. (with suthentic mannitol) 160-162°.

It had [a]j = -0.25°% (¢, 0.5 in water).

i
i
'

(b) The final alcoholic supernatant after removal of cryst-
alline mannitol was concentrated and analysed chromatographically?
in all solvents. Mannitol was present in all three solutions |
and a spot with the mobility of glucose in that from H. lorea -
and B. bifurcata - the latter also gave é third spot slightly

slower than that from glucose.

Separations of the components from B, bifurcata. The alco-

holic supernatant from B, bifurcata was separated on Whatman
No.3 MM paper.. The chromatogram was developed in solvent 1.
The respective fractions were located with the help of guided

strips. Fractions 1-3 were eluted with water.

Fraction 1. indicated tO'be'mannitol‘by paper chromatography.

After concentration it crystallised and had m.p. 163-64°,
mixed m.p. 162-63°.  This confirmed mannitol.

PR ——
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Fraction 2 was a neutral syrup and had the chromatographic

mobility of glucose. This was confirmed by glucose oxidase.
On prolonged standing crystals were deposited, m.p. 82-830,
mixed m.p. (witﬁ3@1ucose) 82-83°,

Fractlon 3 was a neutral éyrup. Chromatographic analysis in

solvent 1 gave no spots with aniline oxélate but a single
substance was detected with silver nitrate having the 'same

o
chromatographic mobility as gzgiqbitol.

Expte 4. Treatment of the residual weed with formaldehyde

solution. Each residual weed after aqueous alcoholic
extraction was dipped in formaldehyde solution (40%) at room
temperature and allowed to stand overnight. The excess
formaldehyde solution was decanted and the residual weed was

alr dried.

Preliminary studies to extract Polysaccharides from
| the weeds

. Extraction Procedure I

Expt. 5. Extraction with dilute hydrochloric acid., The .

residual weed after formaldehyde treatment was suspendéd in
dil. hydrochloric acid (300 ml, pH = 2,0-2.1), and extracted
for 4 h at 70° with constant stirring.k The pH was maintained
at about 2.% to 2.1 by the addition of hydrochloric acid from
time to time as the extraqtion was progressing. The mixture

was centrifuged and thé~supernatant was collected and
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neutralised with sodium hydfoxide. Four extractions were
$ade in this way. The combined supernatant (800 ml) was
centrifuged and the clear solution was poured into alcohol
(2;5 L). The resulting precipitate was dried in air and’
then dissolved in water, dialysed exhaustively, concentrated
and finally recovered (és acid-soluble alcohol-insoluble
materials C) by freeze-drying, yield: H. lorea, 9.2 g;

B. bifuréata,.8.8 g; corresponds to 19.4 and 17.6% of the =
dry weed respectively. The alcoholic supernatant of each

weed was preserved (acid-soluble alcohol-soluble materials).

Examination of materials C. Hydrolysis: A portion of the

material (C) (100 mg) was hydrolysed (G.P. II(b))., Chroma-
tographic analyses (solvents 1-6 using dip/spray 1-4) showed, |
both for H. lorea and B. bifurcata, mainly fucose, mannuronic;
guluronic, glucuroﬁic acids and small quantities of xy;ose,
galactose and glucose, :TMS;derivatives (G.P. IX (d)) of the
hydrolysate were analysed by g.l.c. using Apk (column 3,

G.P. VIII). This confirmed the sugar residues found by

" paper chrométography.' For othr'propérties éee Table 1{3100)

Examination of the acid-soluble alcohol-soluble materials,

This was concentrated and again pouréd into alcohol, The
precipitate (inorganic) was removed by filtration and the
filtrate on concentration gave a 1ight‘green coloured syrup.

It was diésolvedlin water, treated with decolourising charcoal,
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filtered and the filtrate was treated with IR-120(H") resin.
After concentration to a small volume it was examined by
paper chromatography in solvents 1-6 using dip/spray»1—u.
This indicated‘the presence of small quantities of fucose,
glucuronic acid, xylose, glucose and a trace of mannitol.

A portion of the éuperna£ant after decolourisation was
treated with biodeminparolite resin and on similar examination
showed the presence of all the sugar residues mentioned above
except glucuronic acid. The results were similar both in

H. lorea and B. bifurcata.

Expt. 6 Extraction of the residual weed with dil. sodium-

carbonate solution.  The residual material (from 50 g weed)

after dil. acid extraction was treated with 3% sodium
carbonate solution (300 ml) at 50° for 4h with constant
stirring. The supernatant was collected by centrifugation
and the process of extraption;was repeated four times. The
combined supernatant (1.1L) was then poured into alcohol (4L).
The precipitate thus formed was allowed to stand overnight,
filtered through muslin and air dried.’ The filtrate (alkali;
soluble alcohol-sQluble material) was preserved.

The air dried precipitate was dissolved in minimum volume
of waterjand dialysed t111 free from inorganic materials,
concentréted and finally freeze-dried, materials.(D), yield:
5.119335}8.0 gi B. bifurcata 8.2 g; correspondé to 16% of
the dry weeds. | ‘

u o “
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Examination of the material (D). A portion (100 mg) of each
was hydrolysed and the hydrolysate was analysed in solvents.
1-6 using dip/spray 1-4. Each hydrolysate showed the
presence of mainly mannuronic, guluronic acids and small
quantities of fucose, glucuronic acid, xylose and traces of -

galactose and glucose.

Examination of the alkali-soluble alcohol-soluble materials.

The alcoholié superpatant was concentrated when inorganic
materials were precipitated, filtered and the filtrate was
dialysed. The nondialysable, portion on freeze-drying yielded:
a light brown material (E, ca. 400 mg and 200 mg respectively
for H. lorea and B. bifurcata). The dialysable part was
preserved. ‘The precipitate (E) on hydrolysis gave mainly
fucose and glucuronic acid, small quantities of xylose,
mannuronic acid and.trace quantities of galactose, and E also '
contained a little 4,5-unsaturated uronic acid (G.P. XIV) inTi

case of B. bifurcata.

Expt. 7. Attempted separation of Laminaran from acid-soluble

alcohol insoluble material C,

A portion (1.0 g) of B. bifurcata material (C) was
'dissolved'in the minimum volume of water (10 ml), The
aqueous solution was centrifuged and the clear solution was
put on top of a ieokérb 225 (H") column (40 x 2.5 cm). The

column was washed with water (100 ml)., The combined washings
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(125 ml.) was passed through the column four times and

finally the column was washed thoroughly with water (100 ml).
The highly acidic eluant (250 ml) was poured into alcohol

(800 ml). The precipitate thus obtained was centrifuged,
washed with alcohol and collected after air drying (precipitate
C1, 600 mg). The alcoholic supernatant was evaporated to

dryness, dissolved in water and freeze-dried (precipitate C2,

300 mg).

Examination of precipitates C1 and C2. A portion (40 mg)

of each precipitate was hydrolysed and analysed chromato- .
graphically in solvents 1-6 using dip/spray (1-4). The
follbwing sugar residues were detected{

Precipitate C1. Mainly fucose, mannuronic, guluronic and

glucuronic acids; small quantities of xylose, galactose and

glucose.,

Precipitate C2. Mainly fucose and glucuronic acid; small

quantities of mannuronic and guluronic acids, Xylose,

galactose and glucose.

Extraction Procedure II

Expt. 8. Extraction of the residual weed with water.

B. bifurcata after formaldehyde treatment (from 50 g weed
expt. 4) was freated with water (300 ml) at room temperature

with constant stirring fdr 6 b. The residue was separated
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and the process of extraction.was repeated four times,
The combined filtrates (800 ml) was centrifuged and the
solution was poured inté alcohol (2.5 L), The precipitate _i
was recovered ogbzentrifuge, dissolved in water, dialysed
thoroughly, conéentrated and finally recovered by freeze- C1
drying (5.4 g, corresponds to 10.8% of the dry weed). The
alcoholic supernatant (water-soluble alcohol-soluble : Lo
material) was preserved. ' | ;

The residual weed after aqueous extraction was extracted ﬂ
with water at 70° for 4 h as described sbove. Yield: 2.7 g, |

corresponds to 5.4% of the dry weed. o ’ ;

Examination of the precipitates. The two precipitates from

expt. 8 were separately hydrolysed and examined chromato-
graphically in solvents 1-6 using dip/spray (1-4). Both the
precipitates showed the presence of mainly fucose, mannuronic,
guluronic ahd glucuronic acids; together with small quantities

of xylose, galactose and glucose. Since both the precipitates }

gave the same chromatographic pattern,  they were combined

(material E). Percentage carbohydrate, sulphate and uronic j

plol ' ;
acids are shown in Table 2, Similarly, H. lorea was treated with |
hot water only, yield T.4 g, 'other properties are shown in Table?2,
Examination of the water-soluble alcohol-soluble materials. {

i
!
4

The alcoholic supernatant of aqueous extracf was treated as
described in Expt. 5. fIt showed the presence of glucose and

trace of mannitol both for H. lorea and B. bifurcata.

-~
LN

.
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Expt. 9. Extraction with dil. acid. The residual material

after hot water extraction was sequentially extracted with
dil. hydrochloric acid at room temperature and at 700. The
procedure was as detailed in Expt. 8. Yield: H. lorea

1.8 g5 2.4 g. B, bifurcata 2.5 g; and 3.0 g. respectively

at room temperature and at 70°.

Examination of the precipitates. The precipitates both from

cold and hot acid extracts were separately analysed and both
showed, mainly fuéose, mannuronic, guluronic and glucuronic
acids, small quantities of xylose and galactoée. Some
propertieas of the extracts from H. lorea and B. bifurcata are

given in Table 2,p10i.

Expt. 10. - Extraction with dil. sodium carbonate. The

residual material from Expt. 9, was subjected to extraction

as described in Expt. 6. Yield: H. lorea 6.0 g; B. bifurcata

6.4 g; respectively corresponds to 12 and 12.8% of the dry
weed, The alkali-soluble alcohol-soluble materials were

'similar to those found in Expt. 6.

Expt. 11. Attempted separation of a glucan from material (E).
| A portion of material (E) was subjected to the following

operations to separate a glucan:

(a) By selective precipitation. The material (E) was dissolved !

in water and treated with ethanol as in the scheme below:

P
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Material (E)
(2 g)

l 60% Ethanol

| 1
precipitate , filtrate

(200 mg, E1) [80% Ethanol
precipitate filtrate
(1.2 g, Ep)

Examinations of E1 and E2. Both were hydrolysed and analysed

separately. Both showed the presence of mainly fucose,
mannuronic, guluronic and glucuronic acids and small quantities

of xylose, galactose and glucose,

Examination of the filtrate. This was evaporated to dryness,

and the residue so obtained was dissolved in water and freeze-
dried (560 mg, E3). On hydrolysis it gave the same chromato-
graphic pattern as the hydrolysates from E1 and E2 except that
only small quantities of mannuronic acid and no .guwluronic acid

were detecﬁed.

(b) By anion eichange resins. (i) IR-40O (formate):

IR;MOO(le) was converted into the formate form by passing
aqueous formic acid (2N, 4L) through the.resin column (24 x
2.5 cm). It was then washed with water until neutral.

The precipitate E2 (0.5 g) was dissolved in water and treated
“with IR-120(H*). The acidic solution (20 ml) was eluted

with water from the column and the eluent was éoncentrated to
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a suitable volume and poured into excess alcohol when pre-
cipitate E4 (ca. 400 mg) resulted. Both E4 and the alcoholic

supernatant were examined.

Examination of the precipitate E4, It showed the presence
of mainly fucose, mannuronic, guluronic and glucuronic acids
along with small quantities of xylose, galactose and glucose:

as before.

Examination of the supernatant solution. The alcoholic

supernatant was repeatedly evaporated with alcohol to remove
formic acid, the dry residual material was dissolved in water
and freeze-dried (42 mg). Hydrolysate of the product gave
the same chromatogfaphic‘pattern as E4,

(11) IR-400 (C17). Similarly, IR-400 (C1™) form was used

in an attempt to separate the glucan from the other poly-—

saccharides with the same results as with formate form column.

(c) By zeokarb 225(HY). The material E2 (300 mg) was

treated with reqin as described in Expt. 7. After passing
the solution through the columﬁ severai times it was finally
treated with 80% ethanol and this precipitated a glucose-rich
’fraction (E5)(240 mg,  % carbohyd. 52).

(d) By precipitatior with CTA(OH) " The glucose-rich fraction

(E5, 100 mg) was dissolved in water (10 ml). To this cetyl—

trimethylammonium hydroxide (CTA-OH) was added dropwise (10 m1,

0.1N solution). The white precipitate‘was centrifuged off

AN : ' .

e e e e e e oy g e sz e i e e

o ———



87

énd to the supernatant a few drops of CTA(OH) solution was
added when a cloudy suspension was formed. This was centri-
fuged and combined with the initial precipitate. This was
washed with alcohol and then with ether and dried in vacuum
(49.6 mg).

The supernatant was evaporated to dryness. This and
the precipitatevwere hydrolysed separétely. The chromato-
graphic analyses showed the presence of mainly fucose, small
quantities of glucuronic acid, xylose, galactose and trace

quantities of glucose in both hydfolysates.

(e) By DEAE-Cellulosé column. A column (30 x 4.5 cm) was
made as outlined in G.P.V. The glucose~rich material (ES,
200 mg) was dissolved in water (10 ml) and was put on top of
the column, It was then eluted with water (500 ml) and the
eluant was concentrated, dialysed‘and the pdlysaccharide was
recovered by freeze-drying (4.0 mg),’ Hereafter known as

the glucan. The charged material was eluted with increasing

gradient of potassium chloride (see P.110a) . -

Extraction Procedure III

 Expt. 12.. Extraction of the residual weed with 2% Calcium

Chloride Solution. The residual weed (from 50 g weed) after
aqueous alcohol extraction and formaldehyde treatment was
treated with 2% calcium chloride solution (300 ml) at room

temperature with constant stirring for Lh. The residue was

e e oy = s gy
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removed and re-extracted in the same way twice. The combined

filtrates were dialysed until free from chloride. The

dialysable part was preserved. The nondialysable part was

concentrated and poured into excess alcohol. The precipitate

fF) thus obtained was recovered and dissolved in water and

finally it was recovered by freeze-drying.

The residual material after cold aqueous calcium chloride

extraction was extracted with the same solvent at 70o for

Lh Bas described above. The precipitate (F') was analysed

in parallel with precipitate (F). Both showed mainly fucose, '

glucuronic acid and small quantities of glgcose, xylosey,
galactose and trace quantities of mannuronic acid. The two
precipitates Qere combined (herei%fggﬁled F). Yield:

H. lorea 1.1g, B. bifurcata 1.3g and P, pavonia, 1.5 g.

Some properties are given in Table 4, and 5.pjo2.

Examination of the dialysable material. The diffusate was

concentrated and again poured into alcohol when calcium
ehloride‘was préciﬁitated. The process was repeated several
times. Finally, the soiution was treated with charcoél to
decolourise the greenish soldtion, treated with IR-120(HY),
concentrated and examined by paper chromatography in solvents
1—6 using dip/spray 1-h. <A11‘three species éhowed the
presence of mannit§1§ - Also small qﬁantities of glucose were

detected in H. lorea and B. bifurcata..

-
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4

Expt. 13, Extraction of residual material with dii. hydro-

chloric acid. The residual material after aqueous calcium

chloride extraction waé treated with dil. hydrochloric acid

as described in Expt. 5. Percentage yield of the recovered
polysaccharides were: H. lorea 17.0; B. bifurcata 16.0

and P. pavonia 4.0%. - Some properties of acid extract are

given in Table 4, p.102.

Examination of the polysaccharide. A portion (40 mg) of each

polysaccharide from each weed showed the presence of mainly
fucose and glucuronic acid, small quantities of xylose and
galactose and trace quantities'of mannuronic acid, Ihe
relative molecular éroportions of different sugars wéfe.
~determined as the TMS derivat;veé of the derived alditols and
I-gulonic acid (the reduction product of glucuronic acid) for

H. lorea (Table 5, p.102).

Examination of the acid—soluble~alcohol-éoluble material.

This was examined as detailed in Expt. 5, and the results we;e.A

similar, In addition to fucose,‘xylosé and glucuronic acid

'P. pavonia, gave a spot with mobility R 0.65, and 0.76.

fucose
(respectively in solvent 1 and 2), which became pink (bright)
on standing. This was separated on paper and had [a]b =
-11,5° (c, 0.25 in water).';‘On hydrolysis gave fucose and

, xylosévonly. Determination of degree of polymerization |
(pP = 1.99 G.P. XVI) gave u7,Mgfgs.ah equivalent

.
cos ! i .
o '
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mixture of fucose and xylose, and the reduced material
corresponds to 2?}4g as xylose and 43> mg as fucose. It is

tentatively assumed to be a kylosylchose.

Expt. 14. Extraction of residual material with dil, sodium

carbonate. The residual material from Expt. 13, was treated
with 3% sodium carbonate solution as described in Expt. 6.
The results for the precipitates and the alkali-soluble

alcohol~soluble materials were similar to those found in

Expt. 6.

Expt. 15. Fractionation of the alkali extract. It was

dissolved in water to give a concentration of about 1.0% |
and to this 2% aqueous calcium chloride solution was added
slowly with stirring until the precipitation was compléte.
The mixture was allowed to stand in the cold overnight and
the gelatinous: precipitate was removed by spinning off.

It was washed with water and freeze-dried to a light brown
coloured material (calcium alginate). The supernatant
solution was concentrated to a suitable volume, dialysed
initially for Ldays under tap water and finally against dis-
tilled water until free from chloride ion. It was then
concentrated and freéze-dried to a light cream powder (herein-
after called glucuronoxylofucan) yields were: ca. 900 mg in

H. lorea and B. bifurcata; 1.0 g in P. pavonia (from 50 g

weed). The glucuronoxylofucan will be dealt with in Section iI.;f

» \\‘

+
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Examination of the Ga—alginate.‘ A portion (100 mg) was

hydrolysed and analysed chromatographiqally (solvent 1, 3

and 6) using dip or spray 1 and 2, It showed the presence
of mannuronic and guluronic acids and their respective
lactones. A portion of the hydrolysate was esterified,
reduced and hydrolysed (G.P. X) It gave mannose and gulose
(solvent 5 spray 4). Ionophoresis in borate buffers gave
‘two spots, Ma 0.58 and 0.46 respectively identical with those

given by mannose and gulose.

Expt. 16, Extraction with ammoniumbxalate-oxalic acid solution.

The residual material obtained from all three extraction
procedures was extracted with’ammoniumpxalate—oxalic aéid
solution (pH = 2.8, 250 ml) at 70° for 6 h with constant
stirring. The residue was separated and the supernatant
solution was dialysed %111 free from oxalate ion, concentrated
and finally freeze{dried.< This ylelded a coloured powder,
yield ca. 1.0% for each dry weed.

Examination of the precipitate. A portion of the precipitate

on»hydrolysis and chromatographic analysis revealed the
presence of fucose, glucuronic acid, xylose and traces of

glucose and mannuronic acid.

Expt. 17. Chlorite treatment. The residual material from

Expt. 16 was suspended in water (200 ml) and heated to 70°.
To it was added acetic acid (1 ml) and sodium chlorite (1.0 g)

v} . . - S
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with constant stirring. The reaction was allowed t0
continue for 1 h after which a second addition of acetic acid
followed by sodium chlorite was made and the process was
rgpeated four times. The white residual material was‘
separated and washed with water until free from chloride.

It was recovered after washing with alcohol, ether and
petroleum ether (btp. 4,0-60°) as a snow white material (ca.
4,0% for H. lorea, B. Difurcata and P. pavonia).

The supernatant was dialysed until free from chloride,
concentrated and on freeze-drying gave a cream coloured powder
(ca. 1.0% for H. lorea, and B. bifurcata; 2.5% for B pavonisa,
hereinafter called chlorite extract. .

Examination of the chlorite extract. A portion (40 mg) of

the chlorite extract was hydrolysed and on chromatographic
analysis showed the presence of mainly fucose, glucuronic acid

and small quantities of xylose, galactose and glucose. ‘ .

Examination of the residue. Like the chlorite extract, the

residue was examined and found to comprise glucose with a
faint trace of xylose. It had [a]y about -74° (C.1 in 10%
sodium hydroxide).

Expt. 18. Extraction of the residue with potassium hydroxide,

The residual material was exhaustively extracted with potassium
hydroxide solution (6N, 125 ml) at room temperature_for 48 h

in an atmosphere of nitrbged on a'meqhanioal shaker, The

L

o
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residue was removed and washed successively with dil. acetic
acid, water, ethanol and ether. After drying in vacuo,

a white powder was obtained (ca. 3.0%) of the dry weed.

It had about 16.6% protein (for H. lorea). The combined
filtrate and washings were poured into a mixture of ice cold
ethanol (excess) and glacial acetic acid. The precipitate
formed was collected on centrifuge and recovered after
successive washing with aqueous ethanol, ethanol, ether and
petroleun ether'(b.p. u0-60°). After drying -in vacuun a
cream coloured powder (0.5 g, H. lorea) was obtained. The
alcoholic supernatant was dialysed and freeze-dried (0.3 g,
H. lorea). Both alcohol-insoluble and soiuble materials were
hydrolysed and showed the presence of mainly glucose and a
very faint trace of xylose (paper chromatography only)ﬂ

The former had 25% protein.

Expt. 19 Final procedure to separate glucan. The material

from the aqueoﬁe calcium chloride extraction was separated

on a DEAE-cellulose column as described in Expt. 11(e).

The glucan was obtained in the aqueous eluent and the respec-.
tive yields were: 0,02, 0.20 and 0.07%. For H. lorea,

B. bifurcata and P. pavonia (Table 6).#{04.

Expt. 20 Characterisation of Glucan. The glucan (10 mg)

as hydrolysed with N-sulbhuric acid and the hydrolysate was
. neutralised with barium carbonate, treated with IR-120(H")yesn,

\\. ’
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concentrated and analysed in solvent 1 and 2 using dip or
spray (1-3). To detect mannitol in the hydrolysate methyl-
ethylketone-acetic acid-water sat. boric acid (solvent 5)
was used to develop the chromatogyam and periodate—permanganate:
was used as the spray feagent.~ This indicated the presence of
glucose only in all three weeds.

In a parallel experiment an equal quantity of laminaran
from Laminaria laminaran was hydrolysed and similarly analysed.

This revealed the presence of glucose and mannitol.

Partial hydrolysis. The glucans (5 mg and 10 mg, respectively
from H. lorea and B. bifurcata) were separately hydrolysed with
. 0.1N sulphuric acid (1 ml) for 1 h at 100°.  The hydrolysate
was neutralised by shaking with 5% N,N-di-octylamine in
chloroform solution (1 ml) three times and then once with
chloroform and concentrated to a suitable volume. Chromato-
graphic énalysis gave spots with the mobility of laminaribiose
0.59, solvent 2), and

(R 0.42, solvent 1 and R

glucose ) glucose
gentiqbiose (Rglucose 0.27 in solvents 1 and 2) along With‘other
oligosaccharides,

Homologous series of 1,3-linked oligosaccharides.' Chromato-

gram in solvent 8 for 130 h separated the oligoséccharides.
Taking Rf for laminaribiose, log R—:_ y Were calculated178
for higher 1,3~-1linked laminarioligosaccharldes. These were

then plotted against the degree of polymerization of each of '

the oligosaccharides (inqluding laminaribiose) when a
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straight line was obtained (see Fig.15,]).

Methylation studies. The glucan and laminaran from

Laminaria was methylated according to G.P. VI(b) and hydrolysed
(G.P. VI(c) and analysed chromatographically in solvents 2 and
T. It showed the presence of '
(a) 2,3,k4,6-tetra-0-methylglucose (RG 1.0, solvent 2).
(b) 2,4,6-tri-O-methylglucose (Ry 0.77, solvent 2)

169

Glycosidation and glec. analysis., These were done according

- to G.P. VI (d) and G.P. VI (c¢); and G.P. VIII, using columns
1 and 2.. The methyl glycosides identified are shown ..
below , with their retention time with respect t0 methyl-

t
tetra-0O-methyl-p-glycoside. : i

Methyl glycosides from the methylated glucan.

Methylated sugar glycosides Column H. lorea B. bifurcata

2,3,4-%ri-0-methyl glucoside 1. 2.86, 3.5 2.60, 3.5
(major peak) 2. (1.65,2.0 1.50, 2.0
2,l4,6-tri-O-methyl glucoside 1. 2,90, 4.0 3.0, 4.27
| 2, (5.70,)2.3 1.6, 2,40
2,3,4,6-tetra~O-methyl glucoside 1. 1.0, 1.30 1.0, 1.37 |
' 2. 1.0, 1.33 1.0, 1.35

Figures in parenthesis indicate T values of components which are
not completely fesolved, : : .

Expt. 21 Characterisation of the final residual material.

Complete hydrolysis of an aliquot of the residual
"material from Expt. 18 indicated the presence of gluéose with

a trace of xylose. o )

~
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Methylation Studies. This was methylated by the methods

of Haworth179 and Kuhn180. Hydrolysis and chromatographic

analysis showed the presence of\2,3,6—tri—0—methylglucose
(RG 0.89 solvent 2) as the major product along with‘small

quantities of 2,3,4,6-tetra-O-methylglucose (RG 1.0 solvent 2).

169

G.l.c., analysis of the methylglucosides confirmed the

presence of methyl 2,3,6-tri-O-methylglucosides with retention

..ﬂ—-
time with respect to tetra-O-methyljglucoside:column (1) 3.21,
4.21 and column (2) 1.69, 2.25) as the major product together
with methyl 2,3,4,6-tetra~O-methylglucosides(column 1, 1.0,

1.33 and column 2, 1.0, 1.35).

. Fractionation of acid extrect,
Expt. 22, By calcium chloride method. Acid extracted

material (1.0 g; Expt., 5, procedure I) was dissolved in
water (100 ml), centrifuged,‘and to the clear solution was
added 2% calcium chloride solution (25 ml). The precipitate

thus formed was allowed to stand in the cold overnight.

It was then removed on centrifuge, washed with water, alcohol

qnd finally with ether. On air drying it gave a brown

éoloured powder [530 mg, (A) calcium-insoluble materiall.
The supernatant wgs‘dialysed untilifree froﬁ chloride,
filtered, conoentrated and poured into excess alcohol. The
precipitate was recovered‘after washing with alcohol and
ether'; 1ight brown powder [400 mg (B) calcium-soluble
materiall, =
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Examination of the Ca-insoluble and soluble materials

(A _and B).

Both the precipitate (A) and (B) were hydrolysed and

analysed chrdmatogrgphically in solvent 1, 3 and 6 using dip
and spray 1 and'2. Both were found to contain mainly fucose,
mannuronic and guluronic'acids together with some glucuronic
acid, xylose and galactose,

The acid extract (Expt; 8, Procedure II) was examined in the

same way and gave similar results,

Expt. 23 By DEAE-cellulose column. The acid extract (1.0 g,

.Expt. 8, Procedure II) was put on a DEAE-cellulose column.
After removing the laminaran with water, the column was eluted
with water with an increasing gradient of potassium chloride.
Fractions were obtained at the following eluent concentrations:
0.3M KC1 (300 mg), 0.5M KC1 (200 ﬁg) and 1,0M (200 mg).

"On examination it was revealed that 0¢3M and 0.5M fractions
contained alginié acid in Addition to the "fucans" - and this
could not be preferentially precipitated with Ca++, B |

p v e e ey i a2 1
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Part I. Results and Discussions

Low molecular weight carbohydrate. The main low molecular

weight carbohydrate extracted from all three species of

the weed by aqueous ethanol was mannitol, It was obtained
crystalline and corresponded to about 84% of the dry weightb
of B. bifurcata, 0.5% of H. lorea and only a Very small
amount could be extracted froﬁ'g. pavonia for comparison
with other species of brown algae111 the mannitol contents
in H. lorea aﬂd P. pavonia are low. In addition to
mahnito;)glucbse‘was‘found in H. lorea and B. bifurcata.

It wés separated and characterised as crystalline D-glucose
in the latter while glucose oxidaseléonfirmed its presence

in H. lorea. R

i o e <o
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Comparison of the Extraction Procedures I - III and the

different Polysaccharides,

In the first instance the established method of
extraction of brown aeawéeds hamely sequential use of acid
and alkali was carried out on H. lorea and B. bifurcata but
the polysaccharide material, precipitated from the acid
extract from both the weeds.prd&ed to be mixtures of a glucan,
sulphated fucose-containing polysacchayidea (hereinafter
called 'fucans') and alginic acid .. . }(Expt. 5) which
defied fractionation into homopolysaccharides, In an
attempt to isolate the glucan ' in a single extract the weeds
were extracted with water.before acid and alkali but again
complexlmixtures were obtained in each of the extracts (see
Table 2 and Expt. 9). Fractional precipitation of the
'aqueous extract with ethanol-fExptm 11(&» failed to yield
any separation of the different polymers. Elution from
strong'anion'exchange resins CExpt; 11(b)] failed to give any
fraction solely comprised of neutral polysaccharide. It
was concluded that the proportion of charged polysaccharides
was 80 much in excess of the glucan that it was impossible
to separate the latter by these means. The addition of
cetyltrimethylémmonium pydroxide to a solution of the poly-
saccharide (Expt. {1'(d)]although it gave a precipitate, left

charged ﬁaterial in solution and offered no significant




100

separation. A glucose rich fraction was, however, obtained
by repeated elution from Zeokarb 225(H') resin (Expt. 11(c).
Finally a small proportion of pure glucan was separated by
elution with water from a column of DEAE-cellulose {Expt.

1 (el.

It was decided that if extraction with water was done in
the presence of ca*t then all the algini¢ aoid and probably
some of the 'fucans’ should remain insoluble. Iﬁ fact this
was found to be tpe case;inlla s + The aqueous calcium
chloride extract, unlike previous acid or water extracts
comprised very small proportions of the dfy weed. A comparison
of the ylelds of carbohydrate by.the different extraction
procedures is given in Table 3. 3

The aqueous calcium chloride extract (Procedure III)
\broved to be a mixture of small proportions of the 'fucans’
and the glucan. The latter was separated from the former
on a DEAE-cellulose column (Expt. 1§). ‘This was the most
effective piocedure to obtain pure glucans from the three
specles of weed. ~ Table 1

Extraction Procedure I

Some properties of dil, acid extracted material

Species - fcarbohyd. . % SOZ % uronic awd
(G.P. III(b) (G.P. IV(e) (G.P. VII (b)
H. lorea  40-k2 - . - 21,0 18,4

B. bifurcata  40-42 24,2 18.0




101
Table 2

Extraction Procedure II

Some properties of aqueous and acid extracted materials

Extract Species % carbohydrate % SOI % uronic asd
‘ (G.P. III (D) (G.%JIV (¢.P. VII (b)
C

water H. lorea ‘ LO-43 . 1644 - 23.2

B. bifurcata 40-42 16.8 22.4

acid H. lorea L2-43 22.1 15.2

B. bifurcata 42-43 . 23.6 13.9

Table 3

Percentage yield of polysaccharides based on dry weight of

the weed in the different extraction procedures.

Extraction Procedure I.

Species dil. acid dil. alkali total

H. lorea 15.0 19.0 34.0
B. bifurcata ' - 17.0. 16.0 33,0
Extraction Procedure I1I. .
water '
H. lorea 16.9 4,0 10,0 30.0
B. bifurcata 15.0 5.0 12,0 32,0
Extraction Procedure-III
Calcium
chloride v
H. lorea o ‘1.1» - 17.0 18.0 | 36.1
B, bifurcata 1.3 - 16.0 18.Q 35.3

P. pavonia . “1.5. 40 15,0 20.5 |
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Table 4
Extraction Procedure III

Properties of the 'Fucans' extracted with ag. calcium

chloride followed by dil, acid.

Extract Species %carbohydrate % S0, % uronic
(G.P. III(b) (G.P.IV(e) (G.P. VII(D)

Calcium H. lorea 4,0-42 0.7 3.8
chloride

B. bifurcata . LO-42 10.3 7.7

20 Eavonia ' 42'-'“‘4 T.3 300
Dil. acid H. lorea 1345 23,0 7.5

B. bifurcata L40-42 2?.2 12.3

' P. pavonia 45-4T 10,0 8.2

Table 5

Mole proportions of reduced "sugars" in the 'fucans' of

H. lorea.

Extract Fucitol Xylitol I-gulonic acid _ galactitol
Aq. Ca*t 5.5 2,5 1.0 -
Acid 6.0 0.6 | 1.0 -

It can be seen from Tables 1, 2 and 4 that the general = '
composition of extracts from the different procedures vary “
considerably. 'From all these observations it is reasonable
to conclude that‘extraqtidn procedure III (see flow diagram)

(p.103) is better than the other two in that it gave less

'
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complex mixtures of polysaccharides. Hence t@ie procedure
has been adopted in isolating the various polysaccharides
which have been studied from H. lorea, B. bifurcata and

P. pavonia. The percentage yield of the different poly-

saccharides are shown in Table 6. -

- Extraction Procedure III

Extraction of Himanthalia, Bifurcaria and Padina after 80% .

ethanol extraction and formaldehyde treatment

Residual Weed
l 2% CaCl, soln.

Laminaran . Res%due
+ r dil. HCl. l
"Fucans" . "Fucans" , ' Residue

l
dlil..NaZCO3 soln.

] Residue
Alginic acid
_ + ‘ . Ammonoxalate
Glucurono- oxalic acid
xylofucan
‘ : : f . T .
¥ ... - . . (Glucurono- Residue
' ‘ xylofucan
. chlorite
treatment
I 1,
Glucurono- _ Residue

xylofucan - - (final)
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The percentage ylelds of the different polysaccharides are
given below.

Table 6
Percéntage yields of individual polysaccharide based on

dry welght of different weeds.

Species Laminaran 'Fucana' Alginlic Glucuronoxylo-Cellulose
' acid fucan
Alk- Amm- Chl-
all ox. arite

H. lorea 0.02 18.0 1650 1.8 1.0 1.0 4.0
B. bifurcata 0.20 - 17.0 16.0 1.8 1.0 1.0 4,0
Tx_’. pavonia 0,07 5.0 13.0 2.0 1.0 2.5 4.0

All the species have a low proportion of laminaran. . The
other major polysaccharides such as 'fucans' and alginic
acid are comparable in H. lorea and B. bifurcata while
o "flicans" :

P. pavonia has remarkably low/éﬁa alginic acid, This may
be due to the striking morphological differences of P. pavonia,.
The distribution of the various polysacchaéidea which contain4

" fucose suggests that these are present in the cell as well

as in the cell-wall.

The carbohydrate composition of the alcoholic supernatants

from acid and alkali ‘extractions.

The carbohydrate composition of alcoholic’supernatants

of the various extpabts was investigated since a knowledge

of this would be useful in future biosynthetic work156,with

N
‘ *
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C1u. The supernatant of all the acid extracts from all

these weeds was found to contain fuéose, xylose and glu-A
curonic acid, These must have resulted from degradatioh of
the "fucans" since if originally present in thehalgae they
should have been extracted in the aqueous ethanol. In
addition to these free sugar fesidues P. pavonia gave a pink
spot with aniline‘oxaléte spray having chromatographic

mobilities Re . ..y 0.76 and R .95 (solvent 2, Expt. 13).

arabxno.
This was separated and found to contain fucose and xylose
residues, Determination of the degree of polymerization gave
LT mg as an equivalent mixture of fucose and xylose, and the
reduced material cofresponds to 22 mg as:xylose and 435 Mg és
fucoselPP)It is tentatively identified as a disaccharide,
xylosyl fucose. '

The supernatant of the alkali extrgct (Expt. 6) comprises

156 together with small quan-

the degraded glucuronoxylofucan
tities of h,S—unsaturated'acid. It is well known that alginic
"
_ acid/degraded181 t0 4,5-unsaturated uronic acids by P-elim-

ination reaction:

COOH  COH

.0 OHOH | '1<j’3§10 KéEEiMHOH H ORMHOH
L H ;. - 0- ! *"\\———O .
o doe T COOH '
 ,5{; . b,5-unsaturated

uronic acid.’
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The Characterisation of the glucan

The neutral eluant from DEAE-cellulose column from
B. bifurcata had [a]D = =13,7° (1it. value for laminaran
-12 %0 -14°%) and had carbohydrate content 80--82%, Since

laminaran from Laminaria hyperborea contains mannitol term-

inated chains, mannitol was looked for in the hydrolysate of
the neutral polysaccharides of all three algae. Parallel
hydrolyses on equivalent weightsof glucan from each species

and laminaran from L. hyperborea were carried out. The

presence of mannitol was readily detected on a paper chromato-
gram in case of L. hyperborea whereas from the three other
genera of weeds no mapnitol could be detected. |
Analyses of the partial hydrolysates of H., lorea and
B. bifurcata glucans showed the presence of laminaribiose,
gentiobiose and higher laminarisaccharides. Since plotting
of log (ﬁ__T) against the degree of polymerisation for the
,3-linked laminarisaccharides resultedlnastraight lineFKHS)
pagaing-through-$the—origin, the oligosaccharides belong to
the homologous series: This together with negative rotation,
both for H., lorea and B. bifurcata, indicates that the glucan
is a laminaran and is mainly éomposed of B~1,3~linked glucose
units. The small qﬁantitiea of gentiobiose proved that
1,6-1linkage is also presgnt.in the laminaran molecule.
l ; Lamiharans of H. lorea and B. bifurcata were methylated

- 16
by a new technique?uging methylsulphinyl carbanion in

N
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dimethylsulphoxide and methyljiodide. Gas liquid chromato-
_graphic analyses of the methylated glycqsides obtained after
glycosidation of the derived methylated sugars gave

-identical gas chromatograms to those of Laminaria hyﬁerborea
laminaran methylated by the new technique as well as by the

classical methods of methylation.Su

The major peakshad
the same retention time as those of methyl-2,4,6-tri-O-methyl
glucosides, smaller peaks with retention times of methyl-2,3,
L-tri-O-methylglucosides and methyl 2,3,4,6-tetra-O-methyl-
glucosides were ob@ained. This is the first time that
L. hyperborea has been examined on g.l.c. .and the first time
2,3,4-tri-O-methylglucose has been identified. This provides
definite evidence of 1,6-linked 1nter-résidue glucose units.
No evidence of any di-O-methylglucose was obtained. ’

All these results clearly indicate that H, lorea and
B. bifurcata laminaran are essentially linear glucans con-
taining B-1,3-1inked glucose residues with émali proportions
of B-1,6-11nked‘inter-residue linkages. These laminarans

appear to be devoid of mannitol terminated molecules.

The Carbohydrates of‘alkali extract. The polysaccharides
obtained B}ﬂélkali extraction (Expt. 6, 10 and 14) on
hydrolysié gave mainly mannuronic and guluronic acids together
with small proportions of fucose, glucuronic, xyloée and ’
galaotoséf”*vit waS-fradfionated int6AGa-insoluble and Ga-

soluble.cdmponents.v ﬂ‘ij.§;'

D



108

" The Ga—insoluble material oﬁ hydrolysis showed mannuronic
?nd guluronic acids and their lactones chromatographically.
A portion of the hydrolyéate was esterified, reduced and

hydrolysed. It gave mannose and gulose and these were

confirmed by ionophoresis (Expt. 14)., The Ga-soluble

material was a glucuronéxylofucan.15u’156

Cell-wall polysaccharides., An additional amount of glucuro-
noxylofucan was obtained from the ammonium oxalate-oxalic |
acid extract!?? (Table 6). Similar material was also
obtained from the chlorite extract (Table G)P 1o &.

The white residual material [hereinafter called (F)]
- obtained after chlor;te treatment on hydrolysis gave pre-
dominantly glucose with a faint trace of xylose. In order
to remove any hemicellulose associated with cellulosic
material, the residue (F) of H, lorea was treated with
potassium hydroxide solufion.‘ The alkali-soluble material
had about 27% protein and on hydrolysis gave the same sugars
as obtained with’F, The final residue (G) after alkali
extraction had approximately 16,6% protein and on hydrolysis
‘gave the same result as(F). The residual material F may be
regarded as a cellulose assoclated with‘protein. |

The final residual material (G) was methylafed by the
- method of Haworth and Kuhn., This resulted in a partially
methylated material (% OCH3 ké.S)‘which on further methylation

S

e
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by Hakomori’ method (G.P. VI) gave a fully methylated product.
This on hydrolysis methanolysis and g.l.c. analyses showed
the presence of 2,3,6-tri-O-methylglucose (major) with small
quantitieslof 2,3,4,6-tetra-0-methylglucose, This together
with the negative rotation indicate that the glucosg residues
are P-1,4-1linked and the final material is a cellulose-type
polysaccharide.

L3

Because all the extracts isolated by procedure I and II
proved to be complex mixture of lamiqaran, alginic acid and
"fucans", various attempts were made to separate the individual
polysaccharide$. Preferential precipitation of alginic acid
by catt from acid and aqueous‘extracts (procedures I and II
Expts. 22) was unsuccessful, both the Ca-soluble and the
Ca-insoluble materials contained the same mixture of poly-
saccharides. Fractionation on DEAE-cellulose (Expt. 23)
proved equally unsuccessfﬁl.iﬁ separating the élginic acid and

}

the fucans.



Part II
Structural Investigation of the

Fucose-containing Polysaccharides
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Expt. 24. . Fractionation of the various "Fucans" isolated
by Procedure III. (see Part I).
"Fucans" isolated in Expt. 12 and 13 from each of the

weeds were fractionated on a DEAE-cellulose column. The
elution péttern is shown in graph(Fiqgi6).Both "Fucans" gave
three fractions at.O.BM, 0.5M and 1.0M potassium chloride con-
centration. The percentage composition of 0.3M,‘0.5M and 1,0l

fractions of aqueous calcium chloride were similar to corres-

ponding fractions of the acid extract. The respective similar

fractions were therefore combined. The rotations and percen-—
o . p130.
tage recoveries of the combined fractions are given in Table T,

!

The carbohydrate, sulphate and uronic acid contents are given

P13 .
in Table 8,/ and the molar proportions of the constituent

sugars as the reduction products can be seen in Table 9, pI34.

Expt. 25, Fractionation of the glucuronoxylofucans on DEAE-
cellulose. '
The glucuronoxylofucans extracted by alkali (Expt. 15), |

ammonium oxalate-oxalic acid (Expt. 16) and chlorite (Expt. 17)
were fractionated on a DEAE-cellulose column (Expt. 23).- f
The column was eluted in each case with 0.3M, 0.5M and 1.0M KC1.

In all cases the 0.3M fraction was a very minor component.
It was contaminated with alginic acid and was not examined
further. Some properties of the other fractions of each

extract are shown in Tables 10-1L, p 135-7. .

Expt.'26. Attempted removal of ester sulphate with alkali.32
(1) The 1.0M KC1 fraction of the "fucans" (carbohydrate 4O%,

sulphate 29.0% and (ii) the 1.0M fraction of the glucuronoxylo- i
fucans~fr6m the alkali extract (carbohydrate 45%, sulphatezfi)
were treated separately.. “Each polysaccharide (165'mg.)Aiq g
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water (125 ml,) was reduced at room temperature for 48 h with
potaésium borohydride (20 mg.). Sodium hydroxide (1.0 g.)
and potaésium borohydride (30 mg.) were dissolved in the
solution, and the solution was heated at 80° for 2 h. The
alkaline solution was neutralised with IR-120(H*) resin.’
After dialysis the degraded polysaccharide:&gg’recovered'by i,
freeze-drying (13& mg, found carbohydrate 40%, sulpha‘te 27.5%
for "fucans", for glucuronoxylofucan, 130 mg, carbohydrate

14
B,
o}

45% and sulphate 23,8%.

Expt. 27. Gel electrophoresis (G.P. XIII).

The polysaccharides 0.3M, 0.5M and 1.0M fractions from

to electrophoresis on afShandon apparatus comprising two
polysaccharide columns, by the method of Steward et al. for

1 h. at 250 v and 3mA. Tris-glycine, pH 8.3 was used as the-:
reservoir buffer. One portion was stained with Naphthalene
Black for protein and the other with Toluidin Blue for
sulphated carbohydrate by leaving the extruded columns in the
reagent for 1 h. and then washing to remove excess of stain.
Single coincidal bands were obtained for proteiﬁ and carbo-

hydrate in the case af 0.3M and 1.0M fractions, but the 0.5M

fraction gave a very diffuse pattern.

H. lorea (0.35 mg., each in 10% sucrose solution) was subjected




| | -

Expt. 28. Methylation Studies. The 0.5M and 1,0M fractions

112

of the ffucans" and of the glucuronoxylofucans from H. lorea
and B. bifurcata were methylated separately (G.P. VI(b),
hydrolysed (G.P. VIec) and analysed chromatographically.
Separate'aliqqots of the hydrolysate were converted into the
methyl glycosides (G.P. VI (d) and alditolacetates (G.P.ix4)
respectively and both products were analysed on g.l.c.

(Table 16). The chromafographic mobiiities of different
methylated éugars‘identified from the different fractions of
"fucans" and glucuronoxylofucans of H. lorea and B. bifurcata

are included in Table 15, b +4#8137.

'

Expt. 29. Methylation of-uronic acid—rioﬁ fraction from
Polysaccharide (0.3M KCl‘fraction, 60 mg) was methylated
by G.P. VI(b). The methylated polysaocharide was then

suspended in dry tetrahydrofuran (100 ml.,). Lithium aluminium

“hydride (60 mg.in 5 ml. tetrahyﬁrofuran) was added to the
suspension gradually at room temperatﬁre with occasional
shaking when a vigorous reaction took place. . The mixture

was allowed to stand for 0.5 h, and then heated under refluil
for 2 h; Further lithium aluminium hydride (40-mg. in 5 ml.
tetrahydrofuran) was.added‘and the reaction:mixture wag heated
- under reflux for another Q.5 h. Excess lithium aluminium

;hydride was destroyed by addition of water to the cooled

R < . .' ) . . .

et e e e et A
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mixture, the solution was acidified with dil. sulphuric ‘acid
o about pH 4,0, and filtered. = The filtrate was concen-

trated to a small volume and wasbextracted with chloroform,
The chloroform solution on evaporation yielded a yellowish
syrup of the reduced methylated polysaccharide which was

remethylated?ﬁzzﬁgg derived glycosides and alditol acetates

were analysed on g.l.c. (Table 17) p1ut.
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Expt. 30. Preliminary Periodate Oxidation.

"Fucans" (acid extracted material before fractionation,
Expt. 13,600 mg) was dissolved in water (125 ml). To this
sodium metaperiodate (0.03M, 125 ml) was added to bring the
periodate solution to 0,015M. . Aliquots (1 ml) of solution were
removed at regular intervals and examined at 223 nm for reduction

~of periodate.182

After 30 h the reaction was stopped by the
addition of ethane diol (1 m1). Moles of periodate consumed
er hexose unit were plotted against time and the primary'
oxidation determined by extrapolation to zero time.l This, was
found to be 0.90 moles per hexose unit.

A similar experiment was carried out in the presence of
n-propanol (1 ml per 20 ml of the solution). - The primary
oxidation-was 0.60 moles per hexose unit (Fig. 17). Henceforth

all periodate oxidations were carried out in the presence of

propanol.

Expt. 31. Periodate oxidation of Fucose-rich fraction.

(a) Fucose-rich fraction (1M fraction p.13%,300 mg which
corresponds to 120 mg on the carbohydrate basis) was subjected
to periodate oxidation for 5 h as described in,fhe previous
experiment., Th; primary oxidation was found to be 0.36 moles

~ per hexose unit (Fig.{?).‘» | | 5
(b) The solution from Exbt. 31(&) was treated with boric acid ~

(0,05M) and 2% potassium borohydride at O? and set aside at 0°

o o .
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overnight. Total reduction was determined by a.negative
Fehling test. The solution was neutralised with glacial
| acetic acid and exhausti%ely dialysed agalnst distilled water.
The polyalcohol solution was concentrated to a small voiume
and freeze-dried (230 mg corresponds to 94.0 mg on the carbo-
hydrate basis).

Examination of the polyalcohol (hereinafter called polyalcohol I).

The polyalcohol I was hydrolysed and analysed for the surviving
éugar residues, Only fucose was found to be present and this

was confirmed by g.l.c. analysis as the sugar and as fucitol.

Reoxidation of the pplyalcohol I. The polyalcbhol I (62.0 mg)

was treated as in Expt. 31(a) and the primary oxidation was
found to be 0,06 moles per hexose unit. | Polyalcohol 2 (60,0 ng)

was recovered as in Expt. 31(b).

Methylation of polyalcohol I. The polyalcohol I was methylated

as in Expt. 27 and methanolysed and g.l.c. analysis of the
derived methyl glycosides and methyl alditol acetates gave peaks
‘ corresponding to free L-fucose, 2-0- aqd‘BQO-methyl fucose,
trace of 2,4-di-0O-methyl fucogé-and some smaller unidentified *

fragments of the oxidation.

Mild hydrolysis of poljalcohol I. The'polyalcohol was

treatéd with 1N sulphuric acid at room temperature for 11.5 h

(see details in Expt. 34(c)]. The degraded polymer was
recovered in -about 80%'yie1d; R o :

[ B . '.—7‘ . ‘ . .
. S .

!

i




116

Expt. 32, Periodaté oxidation of uronic acid-rich fraction.

The uronic acid-rich fraction (1.0 g corresponding to
500 mg carbohydrate) was subjected to repeéted oxidation and

reduction as in Expt. 31(a) end (b) and the consumption of

periodate for each oxidation is shown in Fig., 19 and Table 19,pisT
The respective weight and carbohydrate content were for i

polyalcohol I 524 mg and.137 mg, for polyalcohol 2 184 mg and

37 mg, and for polyalcohol 3 90 mg and 18 mg. Some properties
of polyalcohol I, 2 and 3 are given in Tables 19 and 20, pi57. ;

Expt. 33. (a) Reductions of polysaccharide under the |

conditions of Expt. 31(b). The uronic acid-rich fraction

(40 mg) was treated as in Expt. 31(b). The reduced poly-
saccharide was recovered, after neutralization and dialysis,

1

by freeze-drying (38.2 mg).

(b) Oxidation of the polysaccharide and isolation of the

polyaldehyde. The uronic acid-rich material (41.2 mg) was .

oxidised as in Expt. 31(a). The reaction was stopped after
5 h by thq,addition of ethane diol, dialysed extensively and
the polyaldehyde was recovered by freeze-drying (31.0 mg). _
The dialysable material (C')_Was examined by paper chromatogréppy

and shown to contain erythronic aldehyde, thféose and

glyceraldehyde- This was reduced with potassium borohydride and

‘was thereafter preserved.
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(c) Reduction of the polyaldehyde to’ polyalcohol., The

polyaldehyde (30.2 mg) was treated as in Expt. 31(b) and the
polyalcohol I (22.2 mg) was recovered in the same way as in

Expt. 31(b). The dialysable material (C") was preserved.

Examination of the dialysable material, (C").

This was treated with biodeminrolit resin and examined

chromatographically in solvents 1 and 3 using dip and spray 2.

The following components having R erythronic acid in solvent 1

were identified: gulonic acid (0.42) derived from giucuronic
acid, erythronic acid (1.0, major), threitol (2.3), glycerol
(3.3) detected from an aliquot before dialysis, and possibly
propane 1,2-diol (4.0). Ionophoresis in acetic’acid-pyridine
(pH 6.7) showéd gulonic and erythronic acids., Test for 4,5-
unsaturated acid was negativé?ﬁ
In a separate experiment the uronic acid-rich fraction
was treated as in Expt..33(a¥§) but the excess periodate was

~destroyed by sulphur dioxide and fhe dialysable materials were

examined at each stage and found to be similar to C' and C".

Expt. 34. Smith degradation studies on Uronic acid-rich fraction

First Smith Degradation.

(a) Periodate oxidation as in Expt. 31(a).
(b) Reduction of the polyaldehyde to polyalcohol as in
Expte 31(b). D | |

b
;
|

i

R e
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(¢) Mild hydrolysis: Pieliminary hydrolysis: Polyalcohol,I
(25 mg) was treated with N-sulphuric acid (6 ml) at room
temperature., An aliquot (2 ml) was withdrawn after 2h, 4h and
6h hydfolysis. Each aliquot was neutralised with barium '
carbonafe, filtered and the filtrate was thoroughly dialysed.-
The dialysate was treated with IR-120(H*) resin, concentrated
and analysed for free sugars (aniline oxalate, dip. 2) and for
fragments (silver nitrate, dip. 1). - Free suéars were detected
after 2h hydrolysis.' .

A similar experimeht with O.1N sulphufic acid was
carried out except that aliquots were withdrawn ﬁourly. This
showed that the hydrolysis'can proceed up to 5h and thereafter
free sugars could be detected.” Henceforth ﬁild hydrolysis

was carried out for 5h.

A}

Second Smith Degradation. ‘The degraded polymer I was sub-

jected to a second Smith degradation as under Expt.34(a), (b)

and (ec). . I B

Third Smith Degradation. Degraded polymer'II was subjected

to a third degradation.‘ The Smith degradations are shown in
pi151

: Fig.l#]and some of the properties of the different products

of Smith degradations are given in’ Tablea 21 and 223ﬂ59The

periodate uptake at different stages can be seen in Fig‘ZO.

it e
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Expt. 35. Examinationfbf the fragmentsI. Chromatographic
P15l
analysis of the fragmentsI (Fig.24%) in solvent 1 and 3 using

dip. 1 and 2 showed the presence of erythronic acid (major),
propane 1,2-dio0l, glycerol (detected from an aliquot before
dialysis), threitol and glucuronic acid. The erythronic acid
~was confirmed by g.l.g. analysis and comparison with an
authentic sample. Propane 1,2-diol and glycerol were con-

firmed by comparing the products on g.l.c. obtained by

periodate oxidation of a standard methylglycoside of 2-0O-methyl

I-fucose followed by borohydride reduction and hydrolysis.
The chromatographic.pattern of the fragmentsII was
similar to that of fragmentsI, Hydrolysié of the fragments
I and II did ﬁot alter the initial chromatographic patterns.

183

Expt. 36. Molecular Weight Analysis of Polymeric

materials from Smith Degradation by;Saggvéc Column chiomato—
graphy. | - o
(1) A column (90 x 1.5 cm made by Wrigh;s) of Sagavac 6F

(by Sarvac Ltd.) was prepared. Preswollen'Sagavaé'GF was
placed in 1M sodium chloride solution containing sodium azide
(0.02%4) and was de-aerated for 30 minutes after which it was
packed in the column by gravity. The completed column was
eluted with 1M sodium chloride until the lével of the Sagavac
‘at the top of the column remainedvstatiogary (ca. & days).

Both ends of the column were fitted with stainless steel mesh

S

“~
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. (80mu pore diameter) to prevent blockage by the fine beads.
The column was calibrated to determine the void volume
and exclusion volume by passiﬁg down a suspension of lyophilised

E. coli cells (2 mg) in 1.5M sodium chloride (1 ml). This

mixture contained the cellular fraction which was eluted at the

void volume (90 ml) and the low molecular weight proteins,
which were eluted at the exclusion volume (138 ml). Aliquots
(2 m1) of the eluate were collected over 12 h and each of these
fractions was analyséd at 280 nm on an S.P.500. A graph was
drawn of intensity measurement against aliquot number.

Samples of furogse-rich fraction (i.e. polysaccharide,
derived polyalcohol I and degraded pblymer I).and uronic acid-
rich fraction (i.e. polysaccharide, derived alcohols I, II,
III, 2 and 3, and degraded polymers I and II), about 2 mg each,
were dissolved in 1.5M sodium chloride solution and applied on
top of the column. The column was eluted with 1M sodium
chloride solution and fractions (2 m1) were collected. Every
fifth tube was examined for carBohydrdte (G.P, IIIb) and once
detected the aliquots to either éide were examined. The
intensity of the‘dolouration,produced was measured at 487 nm
using S.P, 500 spectrophotometer and these values were plotted

against the relevant fraction number (Figszi2d (b 149 a; b).

(11) Sephadex G.100 column (12 x 0.25 cm) was calibrated with .

" blue dextran 2000 (M, wt. 200,000 lot No, 1328 pharmatia) to
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find the void volume (40 ml) and with sucrose to get the
exclusion volume (15 ml). Samples of fucose-rich (i.e.
polysaccharide, derived polyalcohol I and degraded polymer I)
and uronic acid-rich fractions (i.e. polysaccharide, derived
polyalcohols I, II, III, 2, 3, degraded polymers I and II),
each (0.5 mg) was dissolved in 1M sodium chloride solution and
were applied on the column. Fractions (2 ml) were collected
and the carbohydrate was‘detected by phenol-sulphuric acid.
Elution patterns are shown in FigSzg,éz)L pi15oa , |5ha).

Expt. 37. Selective cleavage of the glycuronosidic iinkages.
188

(a) Preparation of the polysaccharide amide.

L0.5M, 500 mg carbbhydrate content 45%, uronic acid 35;110%3.

1 and

The infrared‘spectrum showed bands at 1600-1500 cm
1400 cm™ ! (carboxylic)lwas placed in a étainless steel bomb.

It was cooled to ~40° for 2h.after which ammonia gas was passed
into the bomb for 1h at’-40°. This was then allowed to stand
for 0.5h at that t;mperature and again.ammonia.was passed into
the bomb fof anbther 1h., The flpw of ammonia was stopped and
the mixture allowed to stand at room temperature for 24h.

‘'The excess ammonia wés slowly released from the bomb and the
polysaccharide was'tpaneferred to a Soxhlet apparatus and '
extractéd with methanol to remove adhefing ammonia. The
material (554 mg) after drying under vacuum for 6h contained

C 5.43% nitrogen. EThe I.R, spectrum gave bands 3450, 1700 and
1650 cu”"! Samidé).and weak bands at 16001500 em™ ]

(I

The "fﬁcan"-

-
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‘(b) Hofmann degradation of the polysaccharide amide.

‘The amide (240 mg) was eﬁspended in water (10 ml) and to it
was added sodium hypochlorite solution [(10 ml. 14%, sp. gr.
1.26), the pH of the mixture was about 13] at 0°, This was
allowed to stand at 0° for 1 h, then heated for 5 minutes at
100°, The cooled solution was acidified with acetic acid to
PH 5 and allowed to stand overnight at room temperature. it
was dialysed exhaustively, the solution in the dialysis sac was
concentrated and freeze-dried (42.0 mg). The dialysable
material gave a negative test for carbohydrate. The material
(42.0 mg) was dissolved in water and reduced with borohydride
as in Expt. }1(b). The degraded polymer (40.8 mg) was

recovered after neutralisation, dialysis and freeze-drying.

(e) Mild hydrolysis of the degraded polymer was carried out

with 0.1N sulphuric acid at room temperature for 5h. It was
then neutralised with barium carbonate, dialysed, concentrated
and finally freeze—-dried [(38.1 mg), % carbohydrate 32,
spectrum showed‘weak bands at 1600 cm-,1 (carboxyl) % carboxyl
4.2], On.hydrolysis this gave mainly fucose, together with .
small proportions of xyldse and glucuronic acid.

The dialysable part was treated with IR-120(H*) resin and
the recovered material was acetylated and analysed on g.l.c.
(column 5). = A number of peaks were obtained, one of which’

had the same'retention time as an authentic pentitol acetate.

L



Similar treatment of the methylated polysaccharide amide
(50 mg) gave a degraded polymer (ca. 10% yield). ~This gave

mefhylated
only/fucoseson hydrolysis.

Expt. 38, Partial hydrolysis. The uronic acid-rich fraction
(423 mg) was treated Qith formic acid (90%) in an atmosphere

of carbon dioxide for 2hin a sealed tube at 100° after which
the insoluble material was removed on centrifuge, washed with
formic acid (90%) twice. The supernatant and the washings
were combined, diluted (5 vol) with water, hydrolysed for 2h
at 100° and then evaporated to dryness. The hydrolysate
(hereinafter called 2h hydrolysate) was preserved.

The insoluble material'left after 2h hydrolysis was
retreated with formic acid (90%) and hydrolysed as before for 5
a further 2hat 100°, The hydrolysate (hereinafter called -

Lh hydrolysate) was obtained as described earlier. The

insoluble material (K) left after 4L h hydrolysis was successively
washed with formic acid (90%, 3 timeé), alcohol (twice) and |
ether (twice). ‘ The material on air drying gave a sticky mass
which was dissolved in water, dialysed thoroughly and finally

recovered by freeze-drying_as,a snow white powder (87.0 mg).

Separation of the 2 h- hydrolysaté} The separation was carried

out on Whatman No.3 MM chromatographic paper in solvent 1.

’Fhe following 5 fractions were obtained.

NS
o
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Fraction 1. A neutral syrup (a); = -50° [(c 0.20 in water),

concen&ration determined by phenol-sulphuric acid read off a
standard graph of fucose] gave a yellow coloured spot on a
paper chromatogram with_éniline oxalate spray. It had Ry 0.64
(solvent 2, compareéd with 2,6 dideoxylyxose Ry 0.74 in the

same solvent) ahd had Re noge 1450 and 1.46 (solvents 1 and 2).
Only on one chromatogram did this material give a pink colour
with deoxy spray although 2,6-dideoxylyxose run as control
'always gave the pink colour. On demethylation it showed no
change in its chromatographic mobility in different solvents
indicating that no methyl group is initially present in the
sugar residue. Periodate oxidation was carried out on the
free sugar and the release of formaldehyde was estimated using

190 This showed that there was no ’

acetylacetgne reagent.
formaldehyde release on oxidation. The free sugar was con-
verted inﬁo methyl glycoside which on periodate oxidation
reduced 1.6 moles of periodate per anhydro unit based on
weight from phenol-sulphuric and fucose graph (methyl fucoside
reduced 2.3 molés,per anhydro unit in a parallel experiment)
indicating that C-3 o£ the sugar unit must have a free
hydroxyl group. The retention time (T) of the T.M.S. deriv-
ative of thé free sugar was ‘1.45, 1.6(shou1der)(re1ative to
the correepondihg xylitol derivative;‘column 3 at 160°, cf.

- 2,6-dideoxylyxose T 2.5; 3.3 and‘h.7).' (T) of the derived
alditol acetate was 1.70 (relative to that of xylitol acetate

cf, 2,6-dideoxylyxitol acetgte 1.06 on column 5). Hereinafter :

this material ig,tentgfiveiyiéssumed to be a "dideoxy sugar’.
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Fraction 2, was a neutral syrup and was.found to be fucose

by paper chromatography and by ge.l.c. analysis of the TMS

.

derivative.

Fraction 3 was also a neutral syrup and by chromatographic

and g.l.c. analysis proved %o be xylose.

Fraction 4 was an acidic syrup and gave a broad yellowish

orange coloured spot on a paper chromatogram with aniline

oxalate spray. It had R 0.65 (solvent 1). This was -

. fucose
subjected to ionophoresis for 6 h at 2000 volts at pH 6.7
(pyridine?acetic acid buffer) and gave four spots. These
were éiuted separately with water from a number of similér
ionophoretograms and examined as described below:

(a) was an acid syrup and gave no change in chromatographic
pattefn on hydrolysis; The chromatographic and ionophoretic
mobilities were identical with those of glucuronic acid.

(b) was an acidic syrup, [G]D = -20.7° (¢ 0.15 in water) had
Reucose 0.61 and 0.65 (solvents 1 and 2). It gave a red colour
with tetrazolium hydroxide indicating the absence of 2-O-
substituent. Aniline diphenylamine-phosphoric acid failed to
detect it. Hydrolysis of an aliquot and paper chromatographic
analysis of the hydrqlysate showed the presence of glucuronic
acid ahd the "dideoxy" sugar. A second aliquot had a D.P. 1.5
(since it gave 220 mg as an equivalent mixture of glucuronic
acid and fucose, and the reduced material corresponds tp T2 8

as glucuronic acid)s - A third portion on reduction and

i
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hydrolysis gave only glucuronic acid (paper chromatography
with aniline oxalate).

(c) was an acidic syrup, [a]D = -18.5° (¢ 0.2 in water) and
0.58 and 0.61 (solvent 1 and 2). (Cf. Aldo-
155 g 0.56 and

had R'fucose

biouronic acid from Ascophyllum nodosum

fucose
0.63 in solvent 1 and 2), It gave an intense red colour

with tetrazolium hydroxide indicatihg the absence of 2-0-
substituent. A greyish-green colour was given with aniline
diphenylamine-phosphoric acid from which it can be deduced
that 1.3—linkage161 is probable. Hydrolysis of an aliquot

and chromatographic analysis showed glucuronic acid and fucose
as the sole products., ' Determination of D.P. gave 80 Mg as
equivalent mixture‘of glucuronic acid and fucose, and the
reduced material corresponded to 4O Mg as glucuronic acid..
Another porfion on reduction and hydrolysis gave only glucuronic
acid (paper chromatography using aniline oxalate spray).

(d) was a neutral syrup and on hydrolysis if showed no change
in chromatograﬁhic mobility in different‘solvents., Chromatb-
gfaphicali& it had the mobilities of galactose in a numberkof

solvents.,

Fraction 5 was anhddiC‘syrup, [ﬂ]D = -24°, which gave a
yéllowish—orange coloured spot on a paper chromatogram with

ucose 0°19 (solvent 1). It

" had a D.P. L. 3y and on hydrolysis gave glucuronic acid,

aniline'oxalate spray and had Rf

fucose and "dideoxy“ sugar.‘

b . : T D
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(a) Partial hydrolysis. An aliquot of fraction 5 was

hydrolysed for 1 h in a sealed tube at 100° with 90% formic
as before and the hydrolysaté was analysed as described
previously. This showed on paper chromatography in solvent 2
the presence of "dideoxy" sugar, fucose, and éome fractions of

slower mobility with R 0.65 (major) 0.25 and 0.15

| fucose
(unchanged materials, solvent 1). These fractions were sep-
arated on 3MM chromatographic paper and each fraction was
examined. The major fraction (RG 0.65) was subjected to iono-
phoresis and gave a similar pattern to that of fraction 4.125
Each fraction was eluted from the ionophoretogram and examined
" as described in 4(a-c). They proved to be identical with the
fractioné Q(a-c). ~The fraction with Ry 0.25 was hydrolysed
and analysed chromatographically and was found to contain
glucuronic acid, fucose and "dideoxy" sugar residues.

(b) Methylation of an aliquot was carried out as in Expt. 27.

G.l.c. analysis, after hydrolysis and gly0051dat10n, gave peaks
corresponding to methyl 2,3,4,6-tetra-O-methylglucoside (1.0,
1.43 column 1 and 1.0, 1.32 column 2), methyl 2,4-di-O-methyl-
fucoside (1v62, 1.70.column 1 and 0.89, 1.0 in column 2) and
unidentified peaks of T value 2,54, 2. 82 L(major) column 1)]
and 1.54 (maJor) and O 70 (column 2)
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Examination of 4 h hydrolysate. This was analysed as

described in 2h hydrolysate. It showed identical fractioné
to those of the 2h hydrolysate except for the presence of a

fraction with R 0.25 (solvent 1). This fraction

fucose
'GRE—Gréﬁﬂ on hydrolysis and chromatographic analysis showed

the presence of glucuronic acid, fucose and "dideoxy" sugar.

Examination of the insoluble material (K).
The insoluble material was hydrolysed and on chromato-
graphic analysis revealed the presence of glucuronic acid,

fucose (major) and "dideoxy" sugar.
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PART II. RESULTS AND DISCUSSIONS

This part of the thesis deals with the constitution of
the fucose-containing ﬁolysaccharides isolated from the three
genera of algae. The ammonium oxalate-oxalic acid extr;ct-
from P. pavonia proved to be a crude intractable material
which defied purification and fractionation. Apart from an i
examinapion of its constituent sugars which were the same as '
those of the same exfract from the other two genera, this
material was not examined further. The chlorite extract from
P. pavonia also had the same constituent sugars as found in the
same extract of the other two genera and was not investigated
further. }

The flow diagfam (p.103 ) shows the distribution of these
polysaccharides in the three brown seaweeds., The "fucans"
extracted in the équeous calcium chloride solution and in the
acid solutions proved tb be very similar, both showedo |
negligible cohtamination wiéh alginic acid. In order to
 establish the homo- or hetero-geneity of these extracts they
were fractionated separately on a DEAE-cellulose column.

Both gave threé fractions at about 0.3M, 0.5M and 1.0M agueous
potassium chloride ?oncentrafions.which were virtually identical
‘%0 each other from each of the genera of the weeds. The res-
pective aqueous calcium chlbride and acid extracts from eaéh
weed were therefore.combined'and their proﬁerties are given inl

Tables 7 and 8. Of»theee‘the‘molar fractions comprise the

- ¢
¢
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Table 7

Some Constante of the combined agqueous Calcium

chloride and Acid Extracts (Procedure III)

Species ‘ : Fraction [aJD - C in water ¢% Recovery
H. lorea - 0.3 -87° 0,25 28
‘ ' 0.5M -58° 0.22 16
1,00 -131.7° . 0.50 33
B. bifurcata 3N -84° 0.50 L2
0.5k -54° 025 8
1,08  -100° 0.5 20
P. pavonia .. M -u®  0.20 31
0.5 . -51°  0.10 20

.o -112° 0.16 38



131

Table 8

Percentage composition of the combined aqueous

Calcium chloride and Acid Extracts

Species Fraction |% Carbohyd.-céﬁ-_ﬁg 1% .Uronic
1 kel , Cot.|CPC, | Carpa~] Mean
' zole
H. lorea 0.3 ~ 50-52 - | 2.5]17.6] 20.0 | 18.8
"0.5M | 45-4T 20.0[21.7| 7.5/ 10.3 | 8.9
1.0M 14O-42 29.0| - | 3.6 4.3 | 4.0
B. bifurcatal 0.3M | 48-50 . - L.6{19.1| 20.0 |19.5
0.5M uS-uE* 22,7 - [12.0[ 11.0|11.5
1.0M 40-42° | 30 - | 1.5 2.8 2.6
P._pavonia .| 0.3M 50-52° | - | 2.5[19.2] 21.7|20.4 -
0.5M 45-47 : - |11.0] 8.2] 10.1] 9.1
rom | wo-u2 1700 = | w.s| 5.3 4.7
g CP + - Cetypynicliniune chloride




132

major component in H. lorea and P. pavonia while 0.3M fraction |
is the major fraction from B. bifurcata. The overall com- ‘
‘'position (Table 8) shows that 0.3M fraction in all these.algae.
has the highest uronic acid aﬁd lowest suiphate content ;
(hereinafter called uronic acid-rich fractions). On the other |
hand, 1.0M fraction in all cases has the highest fucose (Table 2&#:’
and sulphate contents (Table 8) (hereinafter called fucose-rich |
fraction). The overall composition of the 0.5M'fraction in all 'i
three species has a somewhat intermediate compoéition between the f
0.3M and 1.QM fractions although the proportion of fucose in. }
this fractioh from P. pavonia is rather low. The percentageSbi g
and fucose composition of the fucose-;ich.fraction in all three ?
algae closely resembles fucoidan as described in the 1iterat;§;:u#+
The 0.3M fraction was analysed for nitrogen and found to.
contain 0.25% nitrogen which corresponds to 1.6% protein. in
order to obtain information on the homogeneity of the poly- ]

v
£
i

saccharide fractions of the "fucans" and %o determine if protein
was covalently linked, these polysaccharides were subjected to
gel electrophoresis (Expt. Zi). The 0.3M and 1.0M fractions
appeared to be hoﬁogeneous and protein which moved at the same
speed as the polysaccharide may therefore be covalently linkedi
'The 0.5M fraction gave a diffuse pattern.

| Thé§g1ucuronoxylofucans extracted by alkéli (Expt. 15) and
- by chlorite (Expt. 17) from H, lorea and 3B. bifurcata
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were found to be similar to one another (Tables 10 and 1&)(10\35.137).

in their uronic acid and sulphate contents. They also had

8imilar sulphate and uronic acid contents to the respective

0.5M KC1 fractions described under the~"fucans" (Tavle BBTMbut

'the proportion of sugars in the "fucans" and the alkali extracts

were somewhat different (Tables 9 and 11){ p 134, 135).
Fractionation of these materials on a DEAE-cellulose

column gave only two main fractions at about 0,5M and 1.0M

concentrations of KCl solution (Tables 10 and 1ﬁysg;é3ihese

only differed from one another in the somewhat higher sulphate

content of the molar fractions. The sulphate content of

~ P. pavonia glucuronoxylofucan from the alkali extract was lower

than that of the other two algae (Table 10) but the proportions -

of sugars'were.similar. No qﬁtempt was made to fractionate 

- this, |

The glucuronoxylofucan extracted by ammonium oxalate-

. oxalic acid from H. lorea (Table 12) has & lower sulphate and
higher uronic acid than the élkali extracted glucuronoxylofucans
and in this regpect resembles fhe 0.3M fraction of the‘"fucans".
On the other hand from B. bifurcata had a low sulphate but the
uronic acid content was similar to that of the’alkali extracted
glucuronoxylofucans from B. bifurcata and H. lorea. The pro-
portions of the constituents dare in agreemenf with these

findings.

A G = = e v e e e g # m
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Mole proportions of fucose-containing polysaccharides

from acid extract

Species Fraction|Fucitol | Xylitol | I~gulonic | Galactitol
H. lorea  .3M 2.5 1.0 1.8 +
su %0, 1 4.0 +++
1.0M | ®qy.,0 1 2.0 ,+
B. bifurcata .3M 2.8 1.0 2.4 +
«5M 5¢5 1.0 2.5 ++
1.0M 13.0 1.0 2,3 +++
& oo
P, pavonia M 2.0 1.0 2,0 +
)" S B Y T B X T R - .
1.0m | ®12,5 1.0 3.0 s
- i
3

»determined by-phenoi—aul

chromatograms.

]

Dete:mined as alditol by g.l.c., and the remainder were

phﬁric aftér elution from paper
| o

+ indicates quantity of galactose visually ascertained in

different fraqtions,’ﬁ
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Table 10

Some properties of the glucuronoxylofucans from

alkall extract
‘ o : i % Uronic | %

Species Fraction [a]D g Carbo— % 50, | R ,
R —— — hyd‘ eC~-
i : i CPC 1 Col CPC gar—‘Mean oveny
l , o az-
! ! ‘ ' ole|
| | ' . ‘ | !
H. lorea 1Unfract—‘-51.2° 40,0 22.2' = 103 - | - . -
ionated ; : , | !
° | 0.5M g 45.0 20.0 21. 010 0154 12.7' 30
1.0M - . 45,0 21; 6250103150 12.6 50

: 5 l | 1

‘B. bifurcata Unfract- -48.5% 40.0 2&.0% - 1.3 - - -
- | ionated | . : i i !

0.5 | - 45.0 ,21622095150122’30

|

!

1.0M - 45 260240100152126 50

1

'P. pavonia Unfract- -58. O 47 g1h.5! - 111.0 - i - -
ionatead ! 4 | .} | }
l : i I

i
I

. ‘ Table 11 ' A
Mole proportions of unfractionated glucuronoxylofucans
from alkali extracts

' Species Fuoitol N leitol Q—gulonic

Eo lorea ’ .bh.h ‘w-', 1.0 ‘ :' 2.2
B. bifurcatal 5.0 | 1.0 2,0
P. pavonia LT - | 1.0 2.4
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Table 12
% Composition of the different fractions of

Ammonium oxalate-oxalic acid extract

! !

Species EFractions % éarbohyd. % SOu % uronic i% Recovery ;
H. lorea 0.5M L5 9.4 21.8 | 140
oM | .40 3. | 200 | 12
Unfract- | 3g=2) + | 11.1 9.4 | -
ionated - - \ ;
|B. bifurcata 0.5M U5 9.2 | 12.8 40
S 1.0M | 37-38 4.9 | 9.5 10
Unfract- | 35-37 | 9.7 11.8 -
ionated : ' .
‘ ' o Table 13

Mole proportions/bf Ammonium-oxalate-—oxalic acid extract

(0.5M fraction)

. : . B

Species e ?ucitol N - Xylitol Gulonic i
_ _I;I.o lorea S = L4 -, : 1.0 3T
B. bifurcata | . 5.6 . | 1.0 | - 2.1
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Table 14

Some properties of glucuronoxylofucans from

chlorite extract

Species %raction % carbohydj % SOy # uronio! % Recovery!
H. lorea 0.5M ¥5 | 177 10.6 | 50
1.0M LO-42 24.2 | 11.3 ; 30 5
Unfract-| 40-42 | 19.2 |. .. | =
ionated |
B. bifurcata 0.5M 45 18,7 10.6 45 1
1.0M L3 24,0 | 11,3 .17 30 ,
Unfract-| LO-42 21.2 | .. - |
ionated | = . ! i
Table 15

Chromatoéraphic mobilities of different methylated sugars

obtained from different fractions of "fucans" and glucurono-
xylofucans of H., lorea and B. bifurcata '
(R are respectively in solvent 2 and L).

2-0-methyl-L-fucose Rg 0.56 and 0,60

3-0-methyl-1-fucose Rz O.41 to 0.5 and 0,56
" 3,4-di-O-methyl-L-fucose Ry (o 69) and 0,78

2,3-di-0-methyl-D-xylose RG . 70)

2,3-d1-0-methyl-D-glucuronic R, 0.17 and 0 17,
. acid

12,3, 4-tri-0-methyl-L-fucose Ry (0.92) -
2,3,4-tri-0-methyl-D-xylose RG(P 92)
Free-I-fucose R; 0.41 and 0 h8.l

Flgures in the parenthe31s indicate RG_values of componcnts which

‘are not compaetely resolved. e

R .



. " 138

Thése studieé show that the three different genera of
brown seaweeds synthesise the same fucose—containing poly-
saccharides as one another, and that these comprise a wide
variety of polymers based on fucose, xylose, glucuronic acid
and galactose. However, the proportiong of each type of
polymer varies in the different genera. It was decided to
apply methylation, periodate oxidation, Smith degradation and
partial hydrolysis to each of the extracts and fractions in
order to seé if they are each built up on the same general

plan or if there are major structural differences between them.,

Methylation Studies. The 0.5M and 1.0M KCl fractions of the

"fucans" and of the glucuronoxylofucans from H. lorea and

B. bifurcata were each methylated separately (Expt. 28).

The methylated products after hydrolysis and chromatogfaphic
analysis (Table 150lzgre divided into two. One half was con-

verted into the methylated glycosides and analysed by g l.c.
piko

(Table 16/)e The different methylated sugars were characterised

by comparison with authentic materials, However, the large

number of peaks obtained from the méthylated glyéosides made

complete characterisation of all the methylated sugars difficult

and any free sugars would not be detected. To overcome these
'difficultieé the other half of thé mefhylated hydrolysates were -
reduced to the methylated sugar alcohols (alditols) and
aietylated.. The derived. methylated acetylated ‘(in case of

free sugars only acetylated) alditols were analysed on two
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‘ )
different columns (Table 1GD and their identity confirmed by |

- comparison with authentic samples,

Because of tne high uronic acid content of the 0.3M KCl
fraction of the "fucans" and the difficulty of characterising
methylated uronic acids, the uronic acid in these materials,
“after partial methylation, wds reduced to glucose derivatives
and remethyletedt - The product was h&drolysed and analysed by
paper and g.l.c. chronatography as before.

Free fucose, 2-0-meth&l, 3-0-methyl and 3,4-di-O-methyl-
fucose were major products from all the different fractions,
although the reletive proportions of these derivetives varied in
different fractions. In addition smalier proportions of 2,3,4-
tri-O-methy}fucose,-glucuronic acid and-xylose were detected in h
}, all the fractions, and trace quantities of 2 ShO—methylxylose and
2, 3—di ~0-methyl glucuronic acid could be detected in some
fractions such as the glucuronoxylofucans isolated from alkali
and ammonium oxalate-oxalic acid extracts. 2,3,4,6—Tetra—05
methyl galactose ‘was also detected in the products from the;
methylation of the 1.0M KCl fraction of the "fucans"., = The
reduced methylated uronic_aciderich fraction (Expt. 29) gave
2,3,6-tri-0-methylglucose as tne major product (Table 17)pi#b
Tne usual methylated fucose derivatives were also present, but
some of the peaks of the methylated glycosides Were partly.
masked by those of the tetra-0- and triao—meth&l glucose peaks.

Conversion to the alditol acetate, however, confirmed their

~
S

presence. ‘ ' ‘
These results indicate that all the different extracts



140

Table 16
fucans and
Methylation results ofjglucuronoxylofucans(1.0M) of H. lorea
Retention times (T) are relative to 2,3,4,6-tetra-O-methyl-P-
D—giuooside and 2,3.&,6-§etra40-methyl~1,5—di~0~acetylm0-

glucitol respectively.

As methyl ’ As alditol
| glycosides acetate
Major products ‘ " Column 1 2 ECNSSM ApK
Free-I-fucose S T 2.0 1.20
2-0-methyl-L-fucose . . (0.73)  (1.0) 1.50 (1.0)
4.0 (1.20) ‘
| . b (1.50)
3-0-methyl-I-fucose - (2.2) (. 3&) 14 83 (0.55)
5.3 1.6k S
Other products y - I _
2,3,4-Tri-O-methyl-I-fucose . (Q.73)  0.61 0.69 0.72
2,3,u-Tri-o-methyl-D-x&lose © O 0.43 . 0.40 0.50 (0.53)
o 0.61 - (0.56) S
2,3,4- Tri O-methyl—D—glucuronic (2.1) e, = -
acid (2.45)
. . 3.4 3.9,
2 3-D1-0-methy1-D-g1ucuronio ) - (2.45)
acid o " 3,17 .
2,3-Di-0-methyl-D-xylose o 1.38 (0.56,)1.36 -

' ety o -(1 695. 0.76
3,4-Di-O-methyl-I-fucose = (1.69) 0. 9%, 1.20 (1.0)
T 2.69 §1 20,)

1.34)

Figures in parenthesis indlcate T values of componcnts which are A
not comipletely resolved. . . L . ‘ .
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_Table 17
Methylation results of Uronic acid-rich fraction

T are relative to 2.3,#.6-Tetra—0-methyl-B—D-glucsside and
2,3,&,6~Tetra—03methyl-1,5—di—0-acetyl glucitol respectively.

As metﬁyl As alditoi

glycosides acetate
Ma jor products Column 1 2 ECNSSM ApK
2,3,6-tri-O-methyl-D-glucose ° 3,20 (1.69)

- (4.10) 2,20 2.35 1.3

Free-I-fucose o - : - - 2.0 1.2

2-0-methyl-L-fucose - (b.1) (1.0)
' Lo 1,18 1,52 1.1

Other products _ |
2,3,b4,6-tetra-0-nethyl-D-glucose 1.0 = (1.0) 1.0 1.0
N 1.37 (1.33)

3-0-methyl-I-fucose .. - 2,0 (1.33)1.81 0.55
' o © 3.5 (1.69) © 0.89
o . . ‘
~ Figures inAparenthesis indicaté‘T values qf components‘whiéh

are not completely‘resolyed.v".r

)
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and fractions are built up on the same general plan. They
are also in agreement with the earlier methylation studies

on "fucoidan". They confirm the presence of fucose linked

or sulphated at C-2, C-3 and C-4, and at C-2 and C-4, and atC-2Z,

C-3 and C-4. The xylose and glucuronic acid are present as
end groups and 1,4-linked units, and at 1éast some of the
galactose as end group. | |

In an attempt to give some ideé of the different propér—
tions of thg methylated derivatives in the different fractions
and extracts from H. lorea a rough estimate of the average peak
areas on g.l.c. 0f the derived methylglycosides and methylated
alditol acetates was made .and the approximate quantity in
decreasing order of magnitude of each oflthe methylated sugars
_ildentified in each of the extracts is given in Table 18,pil3-
These are not to be regarded as absolute aﬁounts but since the
g.l,c. of each fraction waé done under.fhe same conditions it
serves to confirm the quantitative differences between the
different fractiohs. .

It is interesting to see that in all the fractions, except
in the uronic acid-rich materié},2-O-methylfucose is the major
sugar indicating a reasonably high~proportion of linkage or
sulphation at C-3 and C-4 of the fucose unité. This does not
invali@ate the 1,2?liﬁkage of fucose aé the méjbr structural |

féature of fucoidan since all the other‘méthylated fucose

derivatives could be derivgd;from 2-linked fucose. .
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Table 18
"Proportions of Methylated sugars in H. lorea

fractions
keys; ‘E-Fucose: 2-0-methyl = A, 3—0—methyi = B
Free fucose = C, 3,4-di-O-methyl = D
2,3,4-tri-O-methyl = E

D-xylose: 2,3-di-O-methyl = F, 2,3,4-tri-O-methyl = G
ed

D-GlucuroniG:/ 2,3,4-tri-O-methyl = H, '

2,3-d1-0-methyl = I, 2,3,6-tri-O-methylglucose = J,

2,3,4,6-tetra-0O-methylglucose = K,

"Fucans”
0,3M KC1 fraction (after reduction) J>A>C>B>K
0.5M KC1 fraction A>B>C>D>I>E>G>F>H |
1.0M KC1 fraction A>>C>B=>D>E>G>H

.~

Glucuronoxylofucans _ :
alkali extract 0.5M KC1 fraction A>C>F>I>D>H>G>E

i.om " A>C>D>F>B>G>E>H

-

Ammoniumoxalate-oxalic

acid extract 0.5M KC1 fraction A>C>F>I>D>B>E>G>H
C1.0M " " ASC>H>D>IZE>G
Chlorite extract O0.,5M " ‘ ;W_.fA>C>D>F>E>G>H

L 1.0M " M A>C>D>I>F>B>E>H>G

Vs
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The relatively high proportion of free fucose in ull the
fractions confirms the high degreesg%pgygggﬂgggbin these poly-
saccharides. It is somewhat surprising that this is the .
second largest fracﬁion in the uronic acid-rich material in
view of the low sulphate content of this fraction but it should
be emphasised that the peaks glven by free fucqse,are relatively
small'compéred with that.given by the,2,3,6-t;2pa-o-methyl
glucose (derived‘erm 2,3-di-0-methyl glucuronic acid).

A further point that emerges from this comparison, apart
from the major fractions, is the difference in order of the
methylated sugafs from the different polysaccharides. This
again illustrates that'in spite of the féct that they are all
built up on the same general plan, there are very significant
differences in the proportion of the different linkages and/or
site of ester sulphate. '

The negligible loss of sulphate on alkaline treatment
(Expt. 26) of the fucose-rich fraction and 1.0M glucuronoxylo- ‘
fucan from alkall extraction indicated that the sulphate groups

in both the cases are essentially alkali stable, This elimin-

: [
ates the possibility of monosubstituted half ester sulphate groups

either in 1,4-linked xylose or glucuronic acid units and 1t 1s
concluded that the majority of sulphate groups are linked to the

fucose residues. V},v;= “1~ ..'l‘;b

£ e L T e SR e T wE e, T e i e e e
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Although these resulte'give the major linkages of the
individual sugars, they give little idea,apart from tﬂose
which occur as end}groups,of the overall structure of the
macromolecules. “Periodate oxidation and reduction as well

as Smith degradation on the two extreme structures namely

the uronic acid-rich 'and fucose-rich polymers were, therefore,

carried out in the hope that further insight into the macro-

molecular structure would be obtained. Partial hydrolysis was

carried out on the uronic acid-rich material for further

structural information of this polymer.

Periodate oxidation and Reduction,Smith degradation and

Molecular weight analysis,

]

Periodate oxidation studies have been used for some
considerable time, as a powerful tool in obtaining structural
information on polysaccharides. Wherever 1,2-diol systems

occur in constituent sugar residues oxidation with sodium

metaperiodate causes cleavage of the carbon-carbon bond wifh 3

resultant conversion to the dialdehyde.

Lo 10, -
H --? - ? -H —* N =04+0= q;’
| /
OH OH . H H

1

Hydrolysis of the polyaldehyde gives cleavagé products
diagPplistic of the type of units and linkaged present in the

polymer molgcule. f.This‘system, however, has some drawbacks,

.

L -
i -

T T e T R T
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L3

Firstly, some of the produdts are unstable in the acidic
conditions used during hydrolysis and secondly, in some
cases, intra-and intermolecular acetal formation between
free aldehydic and hydroxyl groups may occur whichhinders
complete oxidation. To overcome. these problems the poly-.
aldehyde is converted to the polyalcohol by réduction.18h
Further structural information of the initial polysaccharide
can be obtained (1) by subjecting the polyalcohol to mild
hydrolysis which will cause hydrolysis of the acetal linkages

185 fhus the

leaving the glycosidic linkages intact.
sequential periodate oxidation, reduction and mild hydrolysis
(Smith degradation) of a polysaccharide removes the residues

in the moiecule which contain d—glycol groubs and new

vicinal hydroxyl groups are exposed in the residual polymer.

Repeated Smith degradations'of this material will gradually

erode the molecule down to a core:!

BT At s g e
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% B-A-A-A-A-A-A... / % A-A—A-A—A-A...
T ¥
B
('; g IOu,BHu R * 1|3
x | ut 3 ;
g Io[+ é
BH,
M )
% A-A-A-A SOur By % A-A-A-A-A... ]
T ] !
H - B i
. |

# Unless sulphated at C-3 these residues are vulnerable

to periodate. . | %

The system above shows that it is possible, under the condltlons

which avoid over oxidation, for all the A core to be revealed ﬁ

as 1ong as 'in chain? A residues are not attacked by perlodate.

(2) By subjecting the polyalcohol to further periodate

ST R A R S

oxidation which will aétack the molecules containing a-glycol
groups previously blocked by hemiacetal formation in the
polyaldéhyde.stage, further 1nformétion-on‘the structure of

the molecule is obtained{ Repeated oxidatiqn anq reduction of
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a macromolecule where the primary oxidation is hindered by
hemiacetal formation will give at the end a core that is
immune to periodate of a molecule where no surviving sugar
unit is present. Both the approaches in ascertaining the
structure of a polymer are in use. Because periodate reacts
very readily with phenols (possible contaminants of these
polysaccharides) and that certain aliphatic alcohols inhibit

187

this reaction and it was found that considerably less

periodate (0.6 instéad of 0.9 moles per anhydro unit in the
presence of n-propanol (Fingrygmwas reduced in the case of
"fucans"} all periodate oxidations were, therefore, carried
out in the presence of n-propanol.

The fucose-rich fraction (1M "fucan") was subjected to
periodate oxidation and found to reduce 0.36 moles periodate
per anhydro unit (Fig.lsjﬁﬁt The derived polyalcohol (recovered
in 80% yield) on hydrolysis gave fucose residues as the only‘
surviving sugar units which could be detected. The poly-
alcohol I on fdrther oxidation reduced virtually no periodate
1hdicating that even if hemiacetal formation had churrad
during the oxidation of this polysaccharide then the cleavage
of the hemiacetal d@d not produce vicinal hydroxyl groups. '
The high sulphate content of this polysaccharide could explain
this., ' /

From the molar proportions. of the sugar residues and the

o
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carbohydfate cpﬁtent of the polysaccharide and the polyalcohol,
1t is possible to express the proportioqs of the constituent
sugars in terms of weight. The reduction of periodate ﬁer
hexose unit can then be correlated with the loss of c;rbohydrate.
This amOunts in the present experimént to 0.34 moles per hexose

unit cleaved only if each of these units reduces 2 moles

periodate. This is in reasonable agreement with the observed
value (0.36 moles per hexose unit), and indicates that the
greater part of the oxidation occurs at non-reducing end groups
and that the macromglecuie must be highly branched. The .
difference of 0.02 moles, if it is at all significant, shows a
small amount of oxidaﬁion occurs in tﬂe core of the molecule. -
Preliminary experiments on a column of Sagavac 6F'to
determine the molecular size of these materials and to sub-
stantiate~these.findings, showed that they were all eluted
round the exclusion volume (Figs, 21, 22, p. 149 a, b), 1ndlcat1ngw
that the molecules were somewhat smaller than the range of this i
column and that the Sagavac.GF was unsuitable for the detectlon ;
of any change in molecular size of these materials during %

oxidation and reduction.

PR

A column of Sephadex G100 which will fractionate dextrans
with molecular size of 1000 to 150,000 was next investigated
and it was found thét although the polysaccharide and poly-,'

- alcohol were both very polydisperée maximum elution occurred.

-
e
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about midway between the void and exclusion volumes on this
column (Fig.233)|fw The maximum of the degraded polymer on
the other hand indicated a somewhat smaller molecular size,
although it too was very polydisperse (see Fig.23.). This
is in excellent agreement with the periodate oxidation
figures and confirms that a small amount of internal cleavage
takes place during Smith degradation. ; Similar studies were
carried out with the uronic acid-rich fraction. The scheme
of Smith degradations can be f_ound in Fig.z’h,‘gusl-lt'is to be
noted that there is a very considerable loss of the carbohydrate
during oxidation and reduction. To ascertain at what stage the .
loss occurs three experiments were set‘up LExpt. 33(a-c)J.
Firstly, the initial ﬁolysaccharide was subjected to the
alkaline conditions of reduction with borohydride and it was
found thét firtually no loss‘of polysaccharide occurred. In
a second experiment the polyaldehyde recovered after periodate
oxidation showed a loss of about 25%. In the third experiment
the polyaldehyde was redﬁced to polyalcohol and the loss again
was about 25%, the total losé during the process of oxidation
and reduction being about 50% of the initial material. o
Chromatographic analys@s of the dialyéable material (after
reduction of the aldehyde) at each stage showed mainly
erythronic acid, gulonic acid, trace of threitol, glycerol and'

: possibiy propane 1,2—diol and complete absence of free sugzar

orAtheir réSpectivé alcohols even after hydrolysis of this

. . ‘ . .
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Smith Degradations

0.3M Polysaccharide'
1.0 g (500 mg

(;) IO (11) BH

- 151

Polyalcohol I-
524 mg (137 mg

carbohydrate) carbohydrate)
J,mild Hyd
T 1
Fragment I Degraded polymer I
Erythronic acid. 407 mg (114 mg) i
Propane 1,2-diol.: (carbohydrate)
glycerol and glucuronic acid. (1) |
(as derived gulonic acid) (11)
L 4

Threitol (trace)

Polyalcohol iI

220 mg (48.0 mg

carbohydrate)

+
l H50

-
Fragment II1

similar to fragment I

. sl
L
- Fig., 2k
) cew ¥
. \- ‘:‘ ‘
o i

¥
Degraded polymer II

b, 102 mg (12.0 mg

carbohydrato)
(1)
(i1)

" 'Polyalcohol III
© 34 mg (8.0 mg

carbohydrate)

et e g
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dialysate. The gulonic¢ acid is derived from unoxidised
glucuronic acid, the erythronic acid from 1,4-1inked glucuronic

acid residues, the propane diol from 1,2-linked fucose, the

RS

glycerol from 1,4-linked xylose and the threitol from 1,4- linked

galactose in the polysaccharide. These results confirm other
‘structural findings and indicate the presence of 1,4-linked ;
galactose (Figs252).

It was thought at first that the high losses incurred
with this polysaccharide might be due to B-elimlnation of
glucuronic acid residues but the standard test for 4,5-unsat-
urated acid, the product of B—elimination, proved negative,
~ Analysis of the supernatant solutions also revealed the absence
of free sugars both before and after hydrolysls. In fact
erythronic acid, threitol, glycerol and possibly propane 1, 2—
diol appeared to be the sole detectable materials.. These
would be derived by cleavage of the acetal linkages of oxidised
glucuronic acid, galactose, xyloSe and fucose resi&“ZS7§S”elY
previously shown. It can only'be assumed that very labile
acetal linkages are formed aﬁd these are cleaved as‘the oxid-
ation and reduction proceed. - - .
| These high losses (50% by weight) make the‘inferpretation
of the oxidation and.reduction resulte difficult. Investi-
gation of the changes invmolecular size by elution of the
initial and derived polyalcohol from a Sephadex G100 column
gave similar .elution patterns for the two materials showing

', that either some molecules had been completely degraded or
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1,h~]inke¢d
1,2<13inked Fucose : Galactose

( T H20H
0— -0 0 —_
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that cleavage had taken place from the periphery of the-

Frg 27 p15¢a.
7 On the other hand accurate calculation of the

molecule)
loss in carbohydrate is difficult and this may not be as high
as appears from the weight. It is posgible that changes in
the shape of the molecule have occurred during conyersion to
the polyalcohol which might’ mask any changes of size in the
elution pattern. It must be rememﬂered that shape as well
as size play an lmportant role in the elution of polymers
from these colqmns.183
Application of Smith degradation to this polyalcohol
clea#ed similar fragments to those cleaved during oxidation
and reduction and fhe degraded polymer‘was eluted from
Sephadex G100 column somewhat later than the polyalcohol
indicating some reduction in molecular sizel Fc‘? 27, 1”5'4“)'
Reoxidation of the polyalcohol I (without previous mild
hydrolysis) reduced 1.1 mole of pe:iodate per anhydro unit and
gave polyalcohol 2 in 20% yield. " A third oxidation reduced
a further quantity of periodate (1.7 moles per anhydro unit)
and the polyalcohol was recovered in a 50% yield. Again
these high losses make interpretation difficuit but at least
it is clear that with this polysaccharide hemiacetal formation
hinders complete pefiodaté.oxidétion;

Earlier methylation results showed that most of the xylose

and glﬁchronic acid residues are #ulnerable to periodate since’

v
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these are present as end groups and 1,4-linked units.” The

xylose residues, howevgr, survived oxidation up to the first
oxidation limit. By the second oxidation all the xylose is
apparently cleaved and in each of the oxidations uronic acié

h

is more susceptible to oxidation than the fucose residues.
However,.the polysaccharide even after three oxidations was
found to contain about 30% of the glucuronic acid residues

and it seemed very‘unlikely that this proportion would have
survived three oxidations through hemiacetal formation. So
the presence of some other types of linkages for the glucuronic
acid cannot be ruled out although from the methylation studies
it was only possible to confirm end groups and 1,u-linkage;

It is of interest to compare the polyalcohols derived
after Smith degradétion with the corresponding'ones obtained
from repééted oxidation and reduction (i.e. polyalcohols 2 and
'3). The polyalcohols 2 and II (Smith degradation) are($gb%3?
virtually identical in their carbohydrate and uronic acid PI57¢5%
contents and in the relative mole proportions of their con-
stituent sugar residues. So also were polyalcohols 3 and III.
This clearly indicates that both stralght forward ox1dation
and reduction as well as Smith degradation lead to the 81m11ar
products in this polysaccharide and it can be concluded that
.the acetal linkages are so labile that they are cleaved during
subsequent oxidation. This is in keeplng with the losses

during the first oxidétion'and reductiony
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Table 19

Uronic acid-rich fraction: Some properties of oxidation-
Reduction products ‘ :
 Material % carbohyd. % uronic % uronic Periodate

© (@.P. IIIb) (By carbazole (from mole consumption/

based on proportions) hexose unit.
carbohyd. )

003M POly"' ' 50.0 . 3800 ' LLO.O

saccharide 0.83

Polyalcohol I 26.0 32,0 30.0

Polyalcohol 2 20.0 40,0 36,0 1.1

Polyalcohol 3 20.0 28,0 - 27.0 1.7

Table, 20
Mole proportions of constituent sugaf@‘in the various polyalcahls

Material ‘ - Fucose . Xylose Glucuronic acid
0.3M Poly- 2.2 - 1.0 2.2
saccharide .

Polyalcohol I =~ 2.5 1.0 o 1.5
Polyalcohol 2 .1.5 - = 1.0
Polyalcohol 3~ 2.6 - | 1.0

# Determined by phenol—éulphuric after elution from paper

N
chromatogramy.
%3




158

Table 21 ‘
Some properties of the different products of Smith degradations
Fraction % carbohyd. % uronic % uroniec Periodate
(G.P. IIIb) (by carba-(from mole consumptio
i zole based propor- hexose unit.

on carbo- tions)

hydrate)
0.3M POly‘ 50.0 . 38.0 140.0
saccharide A ‘ | 0.83
Polyalcohol I 26,0 31,0  30.0
Degraded polymer 28.0 - 45,0 43.0

I.' . ' 107
Polyalcohol II. 20.0 : 40,0 36.0
Degraded polymer 10.0 ¥ 20.0  22.0 ,
, II. 1.1

Polyalcohol III 25,0 " 32.0 32,0

# Low carbohydrate cannot be accounted for,

Table 22 -

Mole proportionﬁs;E of constituent sugars in the various products
' of Smith degradations ‘ '

’

Fraction e . Fucose 'xxiose Glucuronic acid .
0.3M Polysaccharide f} 2.2 _' 1.0 2.2
Polyalcohol I | , ﬂ‘; 2;5 S 1.0-: 1.5
Degraded polymer I - h.O. . o 1.0/- - 3.8
Polyalcomol II - . 1.8 . = 1.0
Dégraded polymer II ' 3.4 . - " 1.0
Polyalcohol IIr 2.2 - 1.0

# Determined by the phenol—sulphuric after elution from paper |

chromatogram, : ' '



159

The overall conclusions from these series of experiments
are that in the fucose-rich fraction little, if any, hemi-
acetal formation occurred and that all the xylose and giujz,:z,
curonic acid residues are cleaved during the first dkidationij
confirming fhat these groups are présent as end groups ahd
1,4-1inked units.. Molecular size determined on Sephédex
G100 shows that very little change in the molecular size had
occurred during oxidation and reduction of the polysaccharide
to polyalcohol I. From this it may be concluded that these -
residues are on the periphery of the molecule.

In the case of the uronic acid-rich ffaction where con-
siderable hemiacetal formation occurs, the results are not so
clear, particularly with regard to the.glucuronic acid residues.
It is possible that some of these units are in the centre of
the molebule and'are not accessible to periodate or even if
may be that gome other types of'linkageslmake,it immune to
periodaté. ) | ' '

It is, ho&ever, quite cléar in both the fucose-rich and
uronic aéid-rich polymers that a high degree of branching

occufe since extensive reduction of periodate causes little

change in molecular size even after,repeated'degradations.
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Selective cleavage of the glycuronosidic linkages.
189

Recentiy, the Russian workers after preliminary experiments
on model monosaccharides, attempted selective cleavage by the
Hofmann reaction of the glycuronosidic linkages in pqu—
saccharides, leaving the glycosidic linkages intact. This
involves the conversion of the uronic acid residues in the
polysaccharide into thelr amides followed by their trans-
formation into 5-aminopentopyranose re$idies by sodium hypo-
chlorite. These moieties are cleaved easily by acids under
mild conditions with concomitant release of the aglycone and
the formation of a dialdehyde‘from the uronic acid residue.

If this is followed by reduction the dialdehyde is converted
into a pentitol (Fig.29). , ‘

Co
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Applying tHis technique to birch xylan (11.7% uronic acid) .
the Russian workers were able to cleave about 80-85% of the
uronic acid residues without effective hydrolysis of the
other glyéoeidic linkages.

This eeduenoe of reactions was applied to 'fucan'
(0.5M containing ca. 10% uronic acid). A 10% uronic acid
content requires about 0.8% nitrogen for a complete conversion
to the acid amide. Even after extensi;e extraction with
methanol the derived amide had a nitrogen content of 5.4%,
This shows that either a considerable amount of ammonia is
st1ll absorbed in the polysaccharide or that some reaction
between the half ester sulphate group on the fﬁcose units and
the ammbnia ﬁas pccurred. As far as the author is aware this
reaction has never been investigated. The amide after Hofmann
degradatibn and reduction gave on mild hydrolysis and acetyl-
ation of the dialysable fragments evidence for the presence of
a pentitol acetate. This is the expectéd producf from ﬁhe
cleavage of uronic acid residues (Fig.298). ‘The residual

polymeric material (16% of the initial) from the mild hydrolysis!

had a uronic acid content/about 4.0%.. This indicates that
only about 60% of thé uronic acid residues are removed from

the "fucan" by this hethoq. This cah only be explained as

due to non amide formation due possibly to the fact that these |
residues are present in the centre of this highly branched

. macromolecule and are inaccessible.

\!
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The initial and degraded polysaccharides were passed
separately through the Sephadex G100 column to obtain an
idea of the extent of degradation which had occurred. The
elution pattern (Fig.297)lfz‘indicates clearly that both the
materials are very polydisperse and that some cleavage had
taken place during the Hofmann reactioﬁ. It is possiblé
that some of the molecules had been completely degraded since
a considerable loss had occurred,'at'the same time only loss
from the periphery bf the recovered polysaccharide molecule
can ___  have taken place. If all the uronic acid was |
present on the periphery of the molecule then this series of
reactions shpuld result in the recovery of at least T70% of
the original weight. lfIt follows that a considerable pro-
portion of the fuéose and xylose units must also have been
lost as fragments during these réactions. If this is the
case it is difficult to account for the absence (negative _
phenol-sulphuric acid test) of carbohydrate in these fragmentéf'
Until some experiments with'model sﬁgaf sulphates and the
degradation procedure have been carried out further inter-
pretation of these results is not possible, ‘ f:*lumug£ it
might be deduced that a high pfopqrtipn of the molecules
contain chains of mdiually linked glucuronic acid, xylose‘and

fucose and that the latter two sugars are completely degraded

during the reaction.
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Partial hydrolysis

Because uronic acid and neutral sugars are present in -
‘the same macromolecule, partial hydrolysis should result in
the produotion of aldobiouronic acid, oligouronic acids

. together with monosaccharides. The uronic acid-rich fraction
was hydrolysed in a sealed tube for 2h and 4 h periods,
Except that apparently more monosaccharides were present in
the 4 h hydrolysate, the chromatographic patterns of the two’

hydrolysates were very similar.

Monosaccharides

.

The monosaccharides characterised‘frém the hydrolysate
are glucuronic acid, xylose‘and fucose; In addition to
these there is é small quantity of aﬁother fast moving sugar
residue present in the hydrolysate. Its chromatographié
mobility (RG 0.64 cf. 2,6-dideoxylyxose 0,74) in solvent 2,
is in the range of 2,3-di-O-methylrhamnose (0.62) and 2,3,4-
tri-O-methylgalactose. or 2,3—di-0—methylarabinoéé (O;GA).

8

Bernardi and Springer 7. obtained from a purified fucoidan a

fast moving spot with chromatographic mobility slightly
differeﬁf from 3-0O-methylfucose. - Howeverqg:Mtdenmthylation
of the present material i% showed that there is no methoxyl
group present in thé.molecule. It has d negative rotation
calculated as [a]D = ?500. but it.shoulq be pointed out that .
© the small quantity‘of syrup obtained was difficult to Weigh
accurateiy‘and the weight,w?s calculatgd from a fucose graph

’
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.

after phenol-sulphuric acid.

With aniline oxalate 1t gives a colour on paper chromato-
gram similar to that given by hexoses, but at the same time
no formalﬁehyde'was produced when it is oxidised with sodium
metaperiodate indicating that it is a 6-deoxy sugar. From
the amount of periodate reduction of its methylglycoside it
is possible that it is either a 2,6 or §,6-“dideoxyhexose".

Ald@biouronic acids.

The partial hydrolysis led to yhe isolation of two
aldobiouronic acids and an oligouronic acid. One of the
aldobiouronic acids consists of glucuronic acid and fucose and
the other is of glucuronic acid and "didefpy" sugar. The
former (D.P.2) has the same specific rotation, chromatographic

mobilities and colour reactions to spray as found for the
155

aldobiourgnic acid from A. nodosum and hence is considered
to' be 3-0-Pf-(D-glucopyranosyluronic acid) L-fucose.

The second aldobiouronic acid (D.P. 1.5) had chromato-
graphic mobilities (0.61 and 0.65 in solvents 1 and 2)
typical mebilities for an aldobiouronic acid. The deter-
mination of an accurate D.P. was difficult since as already
mentioned no standard graph of "dideoxy" sugar and glucuronic
acid was possible. Hence the standard graph for an equivalent
mixture of glucuronic acid and fucoselwas_used in deteymining

" the D.P. Because on hydrolysis it gave solely glucuronic

acid and "dideoxy" sugar apparently in equal proportions this
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was considered to be an aldoblouronic acid. It gave a red :
colour'with tetrazolium hydroxide indicating that there is
no 0-2 substituent. The periodate oxidation of the glycoside
of the "dideoxy" sugay revealed that C=3 cannot be the site of
the second deRyy group in the "dideoxy" sugar residue, this
suggests that this aldobiouronic acid is also 1,3-linked.

Oligouronic acid.

L]

The oligouronic acid R 0.15 consists of glucuronic

fucose
acid, fucose and "dideoxy" bugar. It had an apparent DP 4.3
but again exact determination was imbossible. The partial
hydrolysis of this oligouronic acid yielded, besides the
constituent monosaccharides, two aldobiouronic acids similar
to those obtained by the partial hydrdlysis of the poly-

saccharide and an oligouronic acid (R 0.25, solvent 1).

fucose
The latter was separated and on hydrolysis gave the same
constituent sugars as found with the inltial oligouronic acid.
The oligouronic acid (D P. 4.3) was methylated, reduced
and remethylated. The product, after hydrolysis, glycosidation
and g.l.c. analysis gave methyl 2,3,4,6-tetra-O-methylglucoside
and methyl 2,4- di—O—methylfucoside and two unidentified peaks
having (T) 2. 5&, 2,82 [(major) column 1] and 1.54 (major) and
0.70 (column.?2), The tetra—O—methylglucose must have resulted
from the end groups of glucuronic acid, and 2,4- dl—O-methyl
fucose is obtalned from 1, 3-linked fucose.;' No methyl tri-O-
methylglucoside$ peaks were detected on g.l.c. indicating that |

N |
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glucuronic acid is not within the chain of the oligouronic
acid. This could only be explained if this is a branched

oligouronic acid,

Degraded (insoluble material, K) polymer (p. 128).

In viéw of the fact that hydrolysis of ascophyllan With
0.5N oxalic acid for 1h at 100° cleaved most of the fucose and
xylose and left a glucuroniq acid backbone,153 the degraded
polymer of the present uronic acid-rich fraction (gg. 20% of the
initial material) left after 4 h 90% formic acid hydrolysis
in a sealed tube was examined. The material was recovergd"
after dialysis in a cellophane tube indicating that the
degraded polymer did not consist of very small fragments.

On hydrolysis and‘chromatographic analysis thié showed the
presence of glucuronic acid, fucose (major) and "dideoxy"
‘sugar re51dues. In view of these constitﬁents in this
degraded polymer it is very unllkely that a glucuronic acid

~backbone is a structural feature in the present polymer.
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'Overall Conclusions

The overall results from these studies reveal that species
of brown seaweed from different families and very different
morphological form all synthesise the same polysaccharides:
laminaran, fucose-containing polymers, alginic acid and
cellulose and the only discerniblé difference was 'in the pro-
portion of these materials in.the different species. The
fucose-containing polysaccharides from each of the species
examined comprise a wide spectrum of polymeric carbohydrate,
all based on a similar structural pattern, but with different
proportions of éster sulphate, uronic acid, xylose, galactose
and possibly "dideoxy" sugar residues. At one extreme lies,
what is genefally accepted in the literature as, "fucoidan",

a highly sulphated polysaccharide‘comprising mainly fucose andv
not more fhan 5% glucuronic acid and sﬁall but variable pro-

" portions of xyloée and galactose,.both of whiéh appear to be
present as end groﬁp residues. At the othef extreme‘::-the
"fucans" with about 20% glucuronic acid, low ester sulphate,
fucose and small propértions'of xylose, galactose and "dideoxy"
sugar residues, The main structural feature of this latter
polysaccharide is the mutual iinkagejof glucuronic acid and
fucose as well as glﬁcuronig acid and‘the "unknown" sugar.

Most of the xylose and galactose again appear to be on the

periphery of the molecules., = Bridging these two extremes are

]
S '
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a mixture of polysaccharides of intermediate structure con-
taining the same sugar residues.

It is interesting that the three different species of
brown seaweed from widely different familles synthesise thie
same spectrum of fucose—containing polysaccharides. FThe
only detectdble difference was in the proportion of the fucoidan
to the other polysaccharides. This is also true for laminaran
and alginic acid. The differenée is most noticeable in-

Padina pavonia which has a very different morphological form.
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