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ABSTRACT

1.1.

The polysaccharides of two Antarctic brown algae
have been studied.

Ascoseira has been chemically investigated for

the first time.

After extraction of traces of mannitol and some
monosaccharides, sequential extraction with

aqueous CaClz, dilute acid and dilute alkali gave
mixtures of laminaran, '"fucan'" and alginate in
unusually low total recovery.

Laminaran fractions from the aqueous and alkali
extracts contained different proportions of

s-(i;s)- and B-(1+6)- linked units, with evidence
of branching in both fractions.

The '"fucans' contained varying proportions of
fucose, galactose and glucuronic acid, small amounts
of xylose, mannose and glucose, and half-ester
sulphate and protein.

The alginate in the aqueous extract contained about
75% mannuronate residues, that of the alkali extract
about 80% guluronate residues. Direct alkaline
extraction gave a low molecular weight alginate
with a mannuronate to guluronate ratio of about

0.45 and only a small proportion 6f sequehces of

alternating residues.



The mucilaginous exudate, and the "fucan" therein,

from the kelp Macrocystis pyrifera have been found

to be physically and chemically similar to the
same materials from a Californian sample of

M.pyrifera.

Sequential extraction of the Antarctic sample

gave '"fucan", alginate and a trace of laminaran.
The "fucan" in the aqueous CaCl2 extract was shown
by partial hydrolysis to be composed of subunits
containing about 70% fucose, varying small prop-

ortions of xylose, mannose, glucose, galactose and

- glucuronic acid, and half-ester sulphate and protein.

Sulphate was linked only to fuéose, and predominantly
to carbon atom 4. Further partial hydrolysis gave
compléx fragments with evidence of mutual and
various linkages of most of the monosaccharide
residues. Tentative evidence of covalent linkage
of protein and polysaccharide was found.

Direct alkaline extraction of Antarctic M.pyrifera

gave a high molecular weight alginate with a
mannuronate to guluronate ratio of about 0.95 and a
relatively high proportion of sequences of

alternating residues.
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CHAPTER 1

INTRODUCTION

1.1. Background to the Researchﬁ

The signing of the Antarctic Treaty in 1959
marked the start of a rare case of international
cooperation in basic scienfific research. Without
prejudicing prior claims to territorial and mineral
rights the treaty preserved the Continent for
non-military scientific research for a period of
thirty years. Since then the area has been
subjected to extensive study in a number of fields.
Geological and climatological studies have
contributed to a better understanding of the total
world environment. Large mineral deposits and
0il fields have been located and the abundant
marine life represents a potentially vast source

of food, though the commercial exploitation of
these resources is restricted by the large
transportation costs.

The British Antarctic Survey is one of thé
most active organisations in the Antarctic; from
its base in Cambridge it directs reséarbh in several
fields and maintains a number of bases on the

"Continent . 4 One area of interest is in ecolog-
ically orientated studies of the adaptation of
plant life to the polar environment. Séme 800

terrestrial plants and at least 5350 species ofvalgae
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have been identified in the Antarctic polar region
(generally defined as below 60° South). The
terrestrial plants are predominantly lichens, mosses
and hardy grasses, with only three native flowering
plants. Both marine and non-marine algae are
found, including some species which are endemic
to the Antarctic.1

The synthesis of mono-, oligo- and
polysaccharides and their subsequent interconversion
and degradation are fundamental processes in plants
and hence it seems logical to suggest that concepts
of adaptation must be based on a knowledge of the
detailed structure of these carbohydrate materials
as well as their interrelation. The preseﬁt
knowledge of carbohydrates of Antarctic plants is
limited to the seasonal variation of abundance of
a few low molecular weight compounds. | From an
ecological viewpoint aquatic and terrestrial plant;
are of similar importance but the ready availability
of data on the carbohydrates of algae from temperate
zones suggested that this project should concentrate
on algaé.

Algae are_primitive plant-like organism$~
with a great diversity of form, rangipg from
microscopic unicellular species to the giant kelgv'

" Macrocystis pyrifera which grows up to._sixty metres

in length. They are photosynthetic oréanisms but -

lack true leaves,stems, roots and vascular systems. . -
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The need for light reétricts their habitat; the
free-floating types are found in many parts of the
seas but most of the larger species require a firm
anchorage and are therefore found only in
continental shelf areas. Species in intertidal
regions are periodically exposed and must have a
wide osmotic tolerance as their saline environment
is either diluted by rain or concentrated by
evaporation. They must aiso tolerate changes in
air temperature, the high light intensities and
the mechanical stresses of wave action. Polysacc-
harides play a large part in most of these
processes.2 In polar environments the low
temperatures and the presence of ice demand
modification of the processes to prevent freezing
and counter the low photosynthetic rate.

The classification of algae is based
primarily on their morphology, particularly in
respect of the reproductive systems, but the nature
of pigmenté and food reserves present are crucial
to the segregation into grqups.3 Four major
divisions are well-established; Phaeophyceae
(brown algae), Rhodophyceae (red algae),
Chlorophyceae (green algae) and Cyanophyceae
(blue-green algae). All contain chlorophyll a,
but the characteristic colours are derived from
masking pigments. These classes include the

economically important algae and most of the
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species that have been examined chemically. The
sub-divisions of these gfoups are generally agreed
upon but are revised periodically as new species
are discovered and older ones are reclassified.
There is a noticeable, but by no means
rigid or universal, zonation of algae by species.
An important factor in this is the change in
spectral distribution of light at different depths
of water; the utilisation of light is dependent
on pigmentation and hence green, brown gnd red
algae tend to occur at increasing depths.3 However
the exceptions to this trend indicate that other
factors are involved in the ecology of algae.4
Examples from all these groups have been
found in the Antarctic region and the surrounding
islands, including some of the qommercially important
species. The species chosen for investigation here
are examples of the Phaeophyceae. Around the
Antarctié continent the bulk of the brown algal
biomass is provided by species of the order
Desmarestiales,5 but in the sub-antarctic region
there are vast stands of species of the order

Laminariales.6 One of these is Macrocystis

" pyrifera (family Lessoniaceae) which is alsé found -
on the Pacific coasts of the United States and
South America, in South Africa and Australia.

In California it is harvested commercially as a

source of alginic acid. It grows in the middle



sublittoral zone at depths of up to 30m and is

anchored to the rocky seabed by a padlike holdfast.

Arising from this are long,

several metres in length.
off these; at their base
bladder and then open out
edges. The air bladders
and hold the fronds close

light is most abundant.

flexible stipes up to
Secondary stipes branch
they carry a single air
into fronds with serrated
help to extend the plant
to the surface where

The extended nature of

the plant allows maximum access to available

nutrients in the water but the consequent strain

on the holdfast generated

by wave action can be

large, requiring a particularly flexible stipe

to dampen the strain.7

Its position close to or

above the surface make the extended weed

particularly susceptible to erosion by ice, possibly

accounting for its absence from more polar regions.

To counter the exposure it exudes a sticky liquid

which'appears to retain water tenaciously.

" Ascoseira was formerly assigned

but has subsequently been

order, the Ascoseirales.9

endemic to the Antarctic though it has migraféd to

other locations.

fast are short and divide:

blades. The whole plant

length and would appear to be rarely exposed;

given its own monotypic

It is essentially"

The stipes arising from the hold-

to produce long narrow
is less than a metre in

the

sample studied here was collected at a depth of

to the order Fucaléés

26
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four metres.

Both algae were collectea by members of the
British Antarctic Survey from Signy Island and South
Georgia, These isiands are considered sub—antarctic
by virtue of being south of the tree line. They are
covered by snow for most of the year and support
only hardy grasses and other tundra plants. The
Macrocystis was collected in late October (i.e.
spring) 1978 and the Ascoseira in early February
(late summer) 1979.

No chemical study has been made of
Ascoseira. Published work on the carbohydrates of
Macrocystis pyrifera is limited to the extraction

10-14 and the

and composition of the alginic acid
composition of the polysaccharide in the sticky
exudate, this latter work being on weed from
Southern California.l5
The carbohydrates found in the brown algae,
and those of the other classes of algae, can be
roughly divided into three groups; low molecular
weight carbohydrates, water-soluble polysaccharides
and cell-wall or structural polysaccharides. The
second gfoup may be sub-divided into food reserve
polysaccharides and sulphated polysaccharides.
Few of the Phaeophyceae have been investigated
chemica11§ but in those that have considerable

information has been obtained on the structure and

location, ahd hence the function, of the various



" Desmarestia firma.

polysaccharides. The low molecular weight carbo-

hydrates have attracted little attention.

Carbohvydrates of the PhaeQphyta

1.2.1. Low molecular weight carbohydrates

D-mannitol appears to be ubiquitous in the
brown algae; its reported absence in two case%6’17
is probably due to loss during collection of the
alga. It is a storage material and substrate for
respiration,18 its proportion of the dry weight |
depending on season, species, location and state of
development].‘g—z5
D-volemitol, a seven carbon sugar alcohol,
and some B-glycosides thereof, have been found in

Pelvetia canaliculata26;27

1-0-D-mannitol-g-D-glucopyranoside and

1,6-0-D-mannitol-di-(B-D-glucopyranoside) have been

found in several algae,28 and are accompanied by

l-g—mannitol acetate in Fucus virsoides.29

Traces of sucrose, galactose and mannose

have been reported in species of Cladostephus;30

. . . . 29
sucrose has also been reported in Fucus virsoides,

though this may be due to associated Chlorophyceae.
A monouronic acid and its lactoné,iwith
chromatographic and electrophéretic’mobilities

identical to mannuronic acid, was observed in
31 ' - .

A number of oligouronic acids containing

fucose, xylose, mannose, galactose and glucuronic ]

28
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acid have been isolated from Lessonia nigrescens,

though these may be derived from'degradation of

polymeric species.

1.2.2. Water soluble polysaccharides

1.2.2.1. - Food reserve material

The reserve polysaccharide of the
Phaeophyta is laminaran, and its abundance, seasonal
variation and relative disposition in the plant
have been extensively studied. It appears to be
absent during the rapid growth period of spring33
but increases to a maximum value during autumn
and winter, when it may comprise up to 35% of the

34 It then declines again,

35,36

dry weight of the frond.
largely through erosion or breakage of fronds.
In extensive studies of 19 species of algae, Péwell
and Meeuse37 found laminaran contents ranging from

2 to 34% of the algal dry weight and reported that
laminaran increased in quantity in going from the.
stipes to the tips of the fronds, confirmiﬁg earlier
results.21’38

Laminarah analyses ﬁave also been reported

for“SaCcorhiza?g‘FUCus'Spp?9_42 Dictyopteris spp.,

33,40,41,43,44 45-47

Cystoseira spp., Laminaria spp.,

'Arthrothamnus,46 " Cymathaera spp., 46‘Sargassum?3

47

'Chordaria,47 'Punctuaria47-and‘Desmarestia.

In general these studies support the growth pattern

outlined above.

40,41

29



30

48-50

Early studies indicated that laminaran

is essentially a linear (1 - 3)-B-D-glucopyranan
of degree of polymerisation 20 to 25.51_55 The
presence of 2 - 3% of mannitol linked through one
primary alcohol group to some of the reducing,
terminal glucose residues was established by Hough
and others;56—61 a suggestion 62 t{hat the
mannitol residues were disubstituted was later
excluded.63 The mannitol-terminated anq glucose-
terminated chains were separated by oxidation of
glucose terminal residues to gluconic acid and
fractionation on an anion-exchange resin.62
Laminaran is commonly reported as occurring
in "soluble" and "insoluble" forms distinguished
by their solgbility in cold water?4 but it is clear
that a range of structures exist. Attempts to
distinguish the two forms revealed little consist-
ency in the proportion of mannitol-terminated

65

chains in the two, but established'that the

"soluble" form tends to have more highly branched

chainsGS_67

and a higher proportion of glucose
units linked through positions 1 and 6 only.

Early work prdduced contradictory views on
the presence of the latter feature. Results
derived from analysis of hydrolysis products,
periodate oxidation and methylation analysis have
been advanced in favour of (1 > 6)-intra-chain

68-70

linkages, but these have been questioned after
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Barry and Smith Degradation studies and careful
analysis of the products. The.failure to produce
small fragments through cleavage of the chain
precluded the presence of (1» 6)~linked units in

65,66,71 and the occurrence of

the main chain
2,3,4-tri-O-methylglucose in the methylation
products has been either rejected as insignificant
or as due to demethylation of tetramethylglucose.66
More convincing evidence of (1 -+ 6)-intra-

chain linkages has been presented from research

on laminaran extracted from Eisenia bicyclis.

On the basis of methylation analysis and partial
hydrolysis experiments Handa and Nisizawa postuléted
a linear sequence of (1+ 3)- and (1+-6)-tinkagegss

in a ratio of 2:1 with some of each type of unit

72

occurring in sequences of at least three. Further

work led to isolation of a laminaran with the

73

linkages in the ratio 3:1. More recently

evidence of branching has been found, the develop-

ment of 130 n.m.r. spectroscopy allowing Usui and

co-workers to confirm units linked through 1,3 and

6 as well as units linked through 1 and 3 and 1 and

74 Similar features have been found in

75,76.

6 only.

laminaran from Ishige okamurai,
77

Ecklonia
77

© radiata and Cystophora 'scalaris; in the latter .

two cases the intrachain (1> 3)-linked and (1~ 6)-

linked units occur in a ratio of 1:1.
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1.2.2.2. - Sulphated polysaccharides

The water-soluble sulphafed polysaccharide
that may be isolated from brown algae has generally
been referred to as '"fucoidan" and consists mainly
of L-fucose units. However even the '"purest"
fractions contain other sugar residues #nd since
extraction of the alga with acid or alkali often
removes large amounts of sulphated fucose-containing
polymers, it is best to consider '"fucoidan" as just
one fraction of a family of polydisperse hetero-
molecules. Varyiﬂg proportions of galactose,
mannose, xylose and glucuronic acid are found with
fucose and, in the native state, protein and
possibly alginic acid are often associated with the
polysaccharide. For simplicity these polysaccharides
will be referred to as '"fucans" on the understanding
that the term is strictly inaccurate.

A fucose-containing material was reported in

the cell membrane of Fucus in 1890,78'but the first

79,80

recorded extraction was by Kylin, who isolated

a mucilaginous polysaccharide from Fucus vesiculosus,

Laminaria digitata and Ascophyllum nodosum and

termed it fucoidin. Subsequently it was identified

81 Combined ester sulphate

was confirmed by several‘groups.82_84 Attempts to

..... 85-87

in Macrocystis pyrifera.

'Laminaria~hyperbdrea,85 Himanfhaiia'lorea§5

5

88,89

-MacrocyStié p&fiférél and Ascophyllum nodosum
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failed; galactose and xylose were the most common
of the other residues present.

Early structural studies indicated that the
fucose units are predominantly linked o-(1 - 2)-
and carry sulphate at position 4, with evidence of
a-linkage and sulphation through all possible

90-92

positions? Later work has generally supported

this variety of fucose units, 23799
That '"fucoidan" represented but a small
proportion of a large family was shown by the
isolation of at least three electrophoretically
distinct fucose-containing polysaccharides from

96

Ascophyllum nodosum? subsequently the "fucans"

of A.nodosum have been subjected to extensive
studies by the Norwegian workers. The predominant
"fucan'", termed "ascophyllan'" by Larsen and Haug
was electrophoretically homogeneous between pH2

and 10 and contained 12% protein, 12% SO,Na, 25%

3
L-fucose, 26% D-xylose, 19% D-glucuronic acid and

traces of mannuronic acid‘.g7

Mild acid hydrolysis
split'ﬁascophyllan" into an'in§olub1e polypeptide,

a complex mixture of free and sulphated mono- and
oligo-saccharides among which 3-0-8-D-xylopyranosyl-
L-fucose was identified, and a sulphate-free
glycuronan containing nearly all of the original
glucuronic acid (74%) and residual fucose (26%).98
The authors concluded that'the molecule had,é back-

bone of B-(1 -+ 4)-linked glucuronic acid units to
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which sulphated side chains of mutually linked
fucose and xylose residues were éttached; the
polypeptide appeared to be linked to the latter.

Two other glucuronoxylofucans were
present in the same extract, both structurally
similar to '"ascophyllan'" but with a much higher
proportion of fucose.97’98

Further extraction of_the alga under more
vigorous conditions gave another "fucan'" fraction
with 49% fucose, 10% xylose, 12% glucuronic acid,
21% SOsNé and 4% protein. The disaccharide
isolated earlier, 4-O-o-L-fucopyranosyl-D-xylose
and 3-0-(B-D-glucopyranosyluronic acid)-L-fucose
were isolated after pértial acid hydrolysis.
Methylation data indicated that the glucuronic acid
and xylose residues were linked through positions
1 and 4 and were also present as non-reducing
end-groups, and that the fucose residues were
linked as in "fucoidan".gg’100

All these fractioﬁs were isolated after
acid treatments that would cause substantial
cleavage of-glycosidic linkages. Later detailed
studies showed that under very mild extraction
conditions "ascophyllan" and "fucoidan-like"
material were extracted as a single unit, only
breaking up under acidAhydrolysisf The breakdown

products included "ascophyllan' and '"fucoidan"

as described above, as well as a fraction in which
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residues of mannuronic and guluronic acid appeared
largely to replace the glucuronic acid in the
""ascophyllan-type" sub-unit, indicating covalent
linkage of '"fucoidan" and alginic acid.101’102
Another small fraction comprised a galactofucan,
with single fucose residues branching off a
galactose backbone; glucuronic acid was also

present as end—groups.103

Similar studies in Fucus vesiculosus

101,102
revealed the same type of macromolecular complexes.

Systematic fractionations and structural investigations

of the "fucans" from Padina pavonia, Bifurcaria

bifurcata and Himanthalia lorea showed a very broad

composition distribution, ranging from '"fucoidan-

like" to "asc0phyllan—1ike”?4’104 Analogous

experiments on Desmarestia spp. indicated similar

structural features with the addition of non-
sulphated end-group and (1 -+ 3)-linked galactose

residues; D.ligulata also contained D-mannose
95,105

residues. After partial acid hydrolysis of

the "fucan" from Lessonia nigrescens, Venegas was

-able to isolate neutral oligosaccharideS.Qf up to
six galactose residues with a variégy of iiﬁkages,
complex acidic oligosaccharides including
SAQT(B-Q—glucopyranosyluronic acid)-g;fucose and
3-9f(B-E;glucopyranosyluronic acid)~2~gluéuronic
acid, and a backbone of about 44 alternating

. . . 32
residues of glucuronic acid and mannose.3~
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A gluCUronomannan backbone was also found
in a detailed study of a fucan fraction of

" Sargassum linifolium; 12-13 glucuronic acid and

3-4 mannose residues were uniformly (1 *4)-linked.
From the partial acid hydrolysis fragments neutral
tri-, tetra-, and penta-saccharides of mutually
linked fucose, xylose and galactose were isolated.
The sulphated fragments included fucose-4-sulphate,
a fucobiose, a galactobiose, a galactotriose

and a galactotetraose and were interpreted as
indicating a predominance of 6-sulphated, (1 -+ 4)-
linked B-D-galactose residues and 4-sulphated,

(1 » 2)-linked a-L-fucose residues in the side

106

chains’ An indepehdent report was in general

agreement and similar features were reported in a

107,108 1pese remain the only

Pelvetia species.
recorded instances of sulphated galactose in the
Phaeophyta.

Less detailed studies, generally only
involving the proportions of the different sugars,

. 3 ., 109
have been carried out on fucans from Fucus virsoides,

110-114

Fucus spiralis,86'Pelvetia’Wrightii, Pelvetia

114,115 Sargassum 'pall'iduni,116’117

118,119

canaliculata,

Nemacystus discipiens}20
121

" Lessonia flavicans, DictyOta‘dichotoma,122’123
: 125

Undaria pinnatifida,

. 64,126-128
- The "fucans'" have been reviewed on several occasions,

The range and complexity of the "fucans"
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suggests that they are multifunctional molecules;
indeed they may be synthesised or structurally
modified during growth in responsé to changes

in requirements. Three specific functions have
commonly been cited; prevention of desiccatiop
during prolonged exposure of the plant by retenfion

64,129,130

of water, selective control of cation

movement by their ion-exchange capability,64’129’131
and preservation of the structural integrity of the
plant in the face of tidal action by formation of
gels or highly viscous fluids.64’129’132
In support of the inhibitory effect on
desiccation, Lestang and Quillet have shown that

"fucan" from Pelvetia canaliculata has a very high

affinity for magnesium ions, which are highly
hydrated and therefore retain water in the fronds
when associated with the ester sulphate groups.131
Further weight is added to this theory by the
general observation that species that are frequently
exposed have high '"fucan'" content whereas those
which grow below low tide mark contain little ér
" no "fucan"?o’los’133 - In a recent review Kloareg .
suggests that this effect is more appropriately
described as a tolerance to abrupt changes'iﬁ
surrounding salinity.134
In some algae a certain proportion of the
"fucan" exﬁdes from the weed as a mucilage}5’21’84’88'

but most of it is located in the intercellular region
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and in the cell wall.135 That it occurs in the

cell wall is supported by the fact that vigorous
conditions are required to remove the final traces
of "fucan”.99
The synthesis and subsequent modification
of the "fucans" has been studied in several species.

In 14C studies qQn Fucus vesiculosus it appeared

that a xylogalactofucoglucuronan is synthesised
first and this is transformed into xyloglucanono-

galactofucan, and finally into a '"fucan' containing

90% of fucose units.136 Quatrano and co-workers

have studied the development of zygotes of species
of Fucus. Four hours after fertilisation a '"fucan"
comprised about 20% of the cell wall polysaccharides;

its structure appeared similar to that of ascophyllan

137

described earlier. This "fucan" is subsequently

138-140

sulphated and accumulates in the rhizoid

region .141_148 Electrophoretic experiments suggested

at least three different fractions of the latter,

heavily sulphated "fucan".149
" The Leeds group have shown the Golgi

complex to be the site of polysaccharide sulphation

in'Laminaria and Fucus Serratus.lso—lsz They have
also identified galactosy1—153 and fucoéyltrans—
ferases,154 and implicated fucosyl— and mannosyl-

containing species in the fertilization process%55’156

. The sulphate is subsequently exchanged

rapidly with free sulphate in the seawater;157'159
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Lestang and Quillet postulated that this formed part
of a mechanism for removing toxic concentrations of

131

sodium ions from the plant tissue. This is an

enzyme-mediated, energy driven process.

1.2.3. Structural Polysaccharides

1.2.3.1. - Alginic acid.

Quantitatively the major polysaccharide
of the brown algae is alginic acid. It occurs in
all species of Phaeophyta and has also been found
in some bacteria. Because of its commercial
importance it has been extensively investigated.

As with the other polysaccharides of algae
its proportion of the dry solids, and its absolute
amount vary according to species, season and

20,160

location of the plant. In general it forms

a smaller proportion during the periods of rapid

growth than during the colder months when little

growth takes place.21

Nelson and Cretcher were the first to

show that mannuronic acid was a constituent and

that all the residues were of uronic acid, 10,11

Methylation analysis and periodate oxidation

studies established that a high proportion of the

12,161,162

residues were B—(1 - 4)-linked. These

two techniques later 1ed to the confirmation of
varying amounts of (1 - 4)-linked L-guluronic acid

residues. 1637167  , finding that some of the units

were resistant to periodate seemed to indicate
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( 1 ~3)-linkages, 68,169

but the discrepancy was
later traced to the spontaneous‘formation, dufing
oxidation, of stable, six-membered hemiacetal rings
between the aldehyde groups of oxidised units and
the closest hydroxyl groups on adjacent unoxidised
residues, preventing further ox'idation.l’n-175
This observation also precluded (1+ 5)-linkages
which would require seven-membered rings. Further
evidence for a completely (1 » 4)-linked polymer
was given by the observed depolymerisation by

B-elimination, both at high pHL'9

enzymes.177 The low specific rotations of

and with lyase

alginates suggested that the D-mannuronosidic

linkages are all in the B-configuration and the
L-guluronosidic linkages all in the oa-configuration,

a view supported by fibre X-ray diffraction exper-

178

iments and subsequently confirmed by n.m.r.

spectroscopy.179—182 The same methods all indicate

4

that the mannuronic acid residues are in the C

1
conformation and the guluronic acid residues in the
1C4 conformation.

None of these results makes it clear
whether alginic acid is a true co—polymer.rather
than a physical mixture of D-mannuronan and
L-guluronan. Early attempts fo fraqtionateﬂalginic
acid into two forms gave fractions ébﬁgbaehing,;‘
but never achieving, pure homopolymers.lsg_186

Vincent separated a number of oligouronic acids
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containing both acids from a partial hydrolysate,

but was unable to prove that any fraction constituted

a single entity.187 The first proof of the mutual

linkage of the two acids came when mannosylgulose

was isolated from a partial hydrolysate'of reduced

alginic acid.188
A major advance in the knowledge of the

sequence of monomer units in the chain came with

the partial acid hydrolysis experiments of Haug

and collaborators. Working on alginate from

" Laminaria digitata they proposed that it is a block

copolymer in which long homopolymeric sequences

of both types are joined through sequences of

189-193

mixed composition. Similar results were

obtained for alginates from Ascophyllum nodosum
190,194

and Laminaria hyperborea. A more random

arrangement was suggested for Cystoseira barbata
195

alginate, a view that was supported by enzymic

degradation studies on Ishige okamurai and several

commercial alginates, where it was clear that the
"alternating" sequences were not purely alternating

but contained irregularities of pairs of identical

196’197 However the '"three block”

198,199

residues.
concept remains essentially valid.
The development of high.resolution n.m.,r,
spectroscopy has greatly assisted the character-
isation of monomér sequence in alginate‘samples.

Early p.m.r. work on slightly depolymerised samples
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facilitated measurement of the mole fractions of

the four possible disaccharide sequences(_"_diads")%81

In 13C n.m.r, spectra the carbon atoms showed a
sequence-dependent splitting of resonances, allowing
computation of the eight trisaccharide (''triad")

as well as the four '"diad'" frequencies. The

results obtained earlier for Laminaria digitata

alginate were confirmed, blocks of more than
eight units being evident.180’182’2OO
C.D. spectroscopy has also been used for

201-209 14 ontails

characterisation of sequence.
comparison of a whole alginate with a '"synthetic"
spectrum derived by computer from individual cén—
tributions of the three types of block, but its
speed, the milligram sample size, and the avoidance
of preliminary depolymérisation have made it

useful for some studies.

More recently ; polarimetric method has
been devised but it is hindered by the need for
samples free of contaminants.zlo

| The relative amounts of the two acids
in an alginate sample vary with species, location,
season and also in different parts of the plant.
Tables of mannuronic acid to guluronic acid (M/G)
ratios have been published with values for whole

64 Extraction

algae ranging from 0.25 to 2.25.
of different parts of the plant gives a gréater

range; an essentially pure mannuronan has been
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found in receptacles of Ascophyllum nodosum.211’212

In general, the older and tougher the tiséue the
higher the guluronic: acid content. Meaningful
comparisons between species are difficult siﬁce
the proportion of different tissues in an algal
population depends on its averagé age and the
season.

The ion-binding properties of alginates
have received considerable attention and have been
investigated by several techniques.132’213_234 |
The general conclusion is that the affinity of
alginates for divalenf metal ions, particularly
calcium, increases with increasing content of
L-guluronate residues. The mechanism of this
calcium binding, and the formation of rigid gels
that results therefrom, is related to the solution
conformations of the different types of alginate
blocks. In the solid state polymannuronic acid
adopts a flat ribbon-1like twofold conformation}78
which in the salt form may be modified to a
threefold conformation which is still extended

235 In polyguluronic acid by

and ribbon-like.
virtue of the nature of the linkages, rotation
about the glycosidic linkages in more restricted
and a buckled twofold conformation is adopted
which is maintained in all the salt forms studied?36
The enhanced binding of the calcium shown

by polyguluronate segments when the chain length



exceeds a critical length of about 20 residues

strongly suggested a cooperative mechanism228’234

and led Rees to postulate the "egg-box model",201

based on the assumption that the fibre conformation

is maintained in solution. The array of coordin-
ation sites is formed by the alignment of two
polyguluroﬁate chains; the buckied shapes creating
cavities, lined with carboxylate and other elect-

ronegative oxgen atoms, which are of the right size

to accommodate calcium ions.237 This model is in
238-24K
line with theoretical calculations and is confirmed

by c.d. speci:roscopyZOL'zo9

and competitive
inhibition studies which also indicate that the
association stops at dimerisation rather than
continuing to form layered structures of several
chains.

All the above studies show that polymann-
uronate and alternating sequences are not involved
in binding but serve as flexible regions between
the junction zones, thereby sustaining the_élginate
as a gel rather than a solid. | |

Hence the extent of gelatiolis controlled

by the number and length of polyguluronate

sequences. Following the isolation of D-mannuronan

246-248

C-5 epimerase from bacteria and brown

249-250

algae, studies of the sequence generating

process were possible. Though UDP-L-guluronic acid

44
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has been isolated from a brown alga2°l

it is
generally considered that alginate is first
synthesised as a pure mannuronan. | Units are
then selectively epimerised to generate the
polyguluronate and alternating sequence blocks;
the two types are probably generated by différent

252,253 The epimeraSe activities

epimerases.
are strongly dependent on calcium ion concen-
tration. The reverse epimerisation has been
observed and it seems that the alga synthesises
alginate in response to the prevailing calcium
ion concentration; when it is low an alginate
is synthesised that binds it strongly to ensure
adequate gel rigidity, and when it is too high

an alginate is synthesised to bind it weakly

preventing-a too brittle gel from forming.

1.2.3.2. - Cellulose

The presence of cellulose in brown seaweed

was postulated by several early wérkersso’254’255

but Dillon and O'Tauma were the first to separate,

from’Laminar'ia'digit'at‘a?56 Structural studies

on samples from several algae indicated close
similafity to cotton cellulose, differences

probably being due to degradation dufing extract-

257,258 Subsequént studies indicate that.it

is present in small quantity in all brbwn alga%?4’259

ion.
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CHAPTER 2

CARBOHYDRATES OF ASCOSEIRA

2.

Preliminary Investigation of Ascoseira

2.1.1. Extraction

The algae are generally of more primitive
morphology than terrestial plants and show little
differentiation into tissues with specialised
functions. Where differences in tissue are marked,
for example, stipe and frond of some species of
Laminaria, separate analyses reveal variations in
the quantities ;ather than the nature of the
constituents.l’z The differentiation into photo-
synthetic and storage tissues of land plants dogs
not appear to occur in the algae. On this basis
the use of whole algae for the study of constituents
seems justified.

Expefience has shown that some separation of
the carbohydrates is often possible by differential
extraction, the ease of extraction depending on the
location and chemical nature of the materials.3
Refluxing the alga in 80% aqueous ethanol extracts
all the low molecular weight carbohydrates without
extracting any polysaccharide. The extraction of
the polysaccharides is more problematicgli.“@ost
methods yield mixtures, often contamin#ted with
protein and colouring material, and in all Eutwfhé

mildest conditions considerable modification and ™
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degradation of macromolecular structure may occur.
This is not so important where only one polysaccharide
is sought, such as in the commercial extraction of
alginic acid, but may seriously hamper study of the
function and biosynthesis of the various polysaccharides
where the structure "in vivo" must be known. No
standard method has been formulated; the procedure
usually being established by trial and error. The
stages are generally selected from the sequence:

cold water, hot water, cold dilute acid, hot dilute
acid, cold dilute alkali and hot dilute alkali. The
residual ﬁaterial will often still contain cellulose
and uronic acid-containing polysaccharides but the
latter are usually too highly degraded to be worth
investigating.

The sequence hot 80% aqueous ethanol, cold
water, hot water,hot acid and hot alkali was chosen
to keep the number of extracts small.

To facilitate the extractions the whole alga
was first ground to a fine powder under liquid
nitrogen (Expt. 5.1). (Tﬂis powder will be referred
to as the dried alga and concentrations of the various
carbohydrates will be quoted as percentages of th?_ ‘
dry weight of this material). Treatment of this
powder with formaldehyde solution polymerised
phenolic compounds in the alga, rendering them

insoluble in most of the exfractants and giving
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The residual, adhering solution

was allowed to evaporate in a stream of air rather

than drained off, to avoid loss of carbohydrate.

The treated material was dried again to a powder.

The full extraction procedure is shown in FLOW CHART 1.

2% of calcium chloride was present in the aqueous

extractions in order to retain alginic acid in the

alga as its insoluble calcium salt;

in the hot acid

extraction the free acid form should remain insoluble

(Expts. 5.2-5.6).

The ethanolic extract was not isolated as a

solid.

listed in TABLE 2.1.

The yields of the remaining extracts are

" TABLE 2.1. RECOVERY OF POLYMERIC EXTRACTS FROM
" ASCOSEIRA (44 g)

Extractant Extract Weight(mg.) % of Dry Weight
Cold water B 590 1.3
Cold water C 50 0.1
Hot water D 826 1.9
Hot water E . 35 0.1
Hot acid F 790 1.8
Hot alkali G 20 0.1
Hot alkali H 1770 4.0
Hot alkali I 236 0.5

Total 4317 9.8
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FLOW CHART 2.1.

SEQUENTTAL EXTRACTION OF ASCOSEIRA

Ethanolic
Extraction

Cold Aqueous
Extraction

Hot Aqueous
Extraction

‘Hot Acidic
Extraction

Alga (ca. 0.4Kg wet)

1, .Ground under Né
2, Dried
v
Powder (44g)
1, Soaked in 40% HCHO (aq)
2, Dried
3 x 300 ml 80% EtOH 80°C 4 h.
Extracted with
v toluene
Residue
Toluene layer | Aqueous
discarded layer
EXTRACT A
3 x 250 ml. 2% CaCl, 20°C 4 h.
| 6 volumes
v EtOH added
Residue
Solid Supernatant
1,Dialysed 1,Freeze—dried
2,Freeze-dried
EXTRACT B EXTRACT C
5 x 250 ml 2% CaCl,, 70°C 4 h.
v
Residue
Solid Supernatant
1,Dialysed 1,Freeze—-dried
2,Freeze-dried
EXTRACT D EXTRACT E
5 x 300 ml dilute HCl (pH2) 70°C 4 h.
' 1, Dialysed
2, Freeze-dried
v i S e e =TT
Residue .
" EXTRACT F
v

COITINUED
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FLOW CHART 2.1. (continued)

Hot Alkaline 5 x 250 ml. 3% Na,00, 70°C 4 h.
Extraction
5 volumes
EtOH added
v,
Residue Supernatant Solid
1, Dried -13.5g 1,Fr¢eze—dried 1 Dissolved in }LZ‘O
EXTRACT G 2 Dialysed
3 CaCl2 added
Solid Supernatant
.1,Freeze- 1,Dialysed
dried 2,Freeze-
dried

EXTRACT H EXTRACT I



69

2.1.2. Low Molecular Weight Carbohydrates in the

" Ethanolic Extract.

After removal of the inorgﬁnic salts (Expt.5.7),
mannitol was recovered .and recrystallised. Its
melting point, mixed melting point and the retention
time of its peraceﬁjhwed.derivative on g.l.c. all
confirmed its authenticity. Its yield (500 mg,
1.4% of the dry weight) is low, values of 3% or
more being common in the brown algae. Some loss
may have occurred during collection of the alga,
though the low yield may be due to the seasonal
variation in the amount of mannitol.  The alga was
collected during late summer, when the mannitol
might be expected to be at a high level,4 but may be
temporarily depleted by conversion to laminaran
during a period of slow growth.

The residual syrup contained 160 mg of
carbohydrate measured by the phenbl/sulphuric acid
method, and based on a glucose standard graph. It
should be pointed out here that only a few standard
graphs have been used for calculating carboh&drate
contents in this work and will be quoted where
appropriate. This introduces some inaccuracy but
it is impractical to prepare standard graphs for all
the polysaccharides encountered, and the graphs
would be of doubtful value given the problems in

accurate determination of monosaccharide compositions.
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Generally the carbohydrate content was read from
either a glucose or a fucose standard graph and
then '"corrected" using a more appropriate graph
when the approximate monosaccharide composition
had been determined.

Several sugars were found in the syrup.
After paper chromatography sucrose and fructose
were identified by-ketose spray, glucose by glucose
oxidase, and fucose and xylose tentatively py
aniline oxalate. The latter three sugars were
confirmed by g.1l.c.,which also revealed glycerol;
these four components appeared to form the bulk of
the syrup. A minor slow moving component
(RMANNITOL: 0.25 in solvent 18:3:1:4) was separated
on paper and hydrolysed, giving mannitol, glucose
and xylose on péper chromatogramsand ¢.1.c. The
proportions suggested a mixture of oligomers rather
'than a single species. There was insufficient
material for structﬁral study.

Sucrose, glycerol and oligomers of glucose
and mannitol have been reported previousl& in the
brown algae and would appear to have some metabolic

function. Fucose and xylose may be derived from

degradation of polymeric species.

2.1.3. Composition of the Aqueous,'AeidiC'and Alkaline

" Extracts (Expts. 5.8, 5.13).

The ethanol-soluble components (Extracts C,E and G)
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of the various extracts all had carbohydrate contents
of about 20% (glucose graph) and in view of the
small amounts were not investigated further.

The insoluble calcium salt (Extract H) was
converted to the sodium salt (Expt. 5.13); at the
free acid stage a small amount of carbohydrate,
approximately 5% of the extract, was solubilised.

The sodium salt gave uronic acids but no neutral

sugar on paper chromatograms. On g.l.c. glucitol
hexaacetate and mannitol hexaacetate were identified;
they are probably derived from reduction of guluronic
acid and mannuronic acid. These results are consistent
with the assumption that this extract is comprised of
alginic acid, the 5% of soluble material being
probably '"fucan'", indicating that the addition of
calcium ions does not achieve a sharp separation of
alginic acid from the remainder of the alkali-extracted
material. No further attempt was made to confirm
these inferences at this stage. The compositions

of the remaining extracts are summarised in .

TABLE 2.2. Extracts B, D and F were white solids,

Extract I was buff-coloured."
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TABLE 2.2. COMPOSITION OF MAJOR EXTRACTS FROM ASCOSEIRA

EXTRACT CARBOHYDRATE URONIC ACID SULPHATE  PROTEIN

H O W

=

5 () o (D) 5() %
62 10 10 0
62 - 15 8 o0
50 49 3 <1
70 19 5 16

(a) Based on a glucose standard graph.

(b) Based on a glucuronic acid standard graph and

expressed as a percentage of the carbohydrate.

(c) Expressed as a percentage of the carbohydrate.

Portions of each extract were acid-hydrolysed by two
methods (GM 5.3.1,5.3.3.) and the hydrolysates
examined by paper chromatography and g.l.c. Fudose,
xylose, mannose, glucose, galactose and uronic acids
appeared on paper chromatograms from all the extracts,
the glucose being confirmed in each case with
glucose oxidase. The five neutral sugars were
identified as their alditol acetates on g.l.c. This
may be taken as confirmation of fucose and Xxylose,
but the hexitol acetates may be partially derived
from the respective uronic acids.

The enantiomefic identities of the component
sugars were nét established; it ﬂ;assumed throughout
this thesis that they do not differ from thosém_

previously identified, namely L-fucose, D-xylose,
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D-mannose, D-glucose, D-galatose, D-glucuronic acid,
D-mannuronic acid and L—guluronié acid. The
alternative enantiomers have not been found in
brown algae; study of several algae failed'to
find evidence of D- fucose, 5 which occurs in other
organisms.

During hydrolysis of the extracts the acid
conditions induce extensive lactonisation of uronic
acids, the extent being dependent on the uronic
acid and the hydrolysis conditions.6 The lactones
are subsequently reduced, along with the neutral
sugars, to the alditols, thereby confusing chromato-
graphic results. Uronic acids not present in lactone
form are reduced to aldonic acids which give rise to
variable amounts of 1,4- and 1,5-lactones. These
~may appear on g.l.c. after acetylation but do not
interfere with the other alditol derivatives.7

Several methods of avoiding this problem have
been suggested. Those dependent on conversion of
the lactones back to the free acids or salts with
alkali face the likely alkaline‘degradation of the
reducing sugars or the uronic acid lactones. Blaké
and Riéhards6 found that titratioﬁ< with potassium
hydroxide, maintaining the pH at 7.5 - 9.0, produced
minimal degradation of lactones. The neutral sugars
and uronic acids could then be separated on ion—

exchange resins. Complete reduction of the uronic
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acids to lactones (and hence to the alditols) by
repeated borohydride treatment hgs been cléimed?
allowing determination of the total sugar, though

the neutral sugars still have to be quantified
separately. A similar extra analysis is necessary
when the uronic acids are reduced prior to hydrolysis
- in itself a difficult step.

Perry and Hulyalkar9 claimed successful
analytical trimethylsilylation of lactonised aldonic
acids but were unable to achieve quantitative
conversion of uronic to aldonic acid during hydrolysis.
Jones and Albersheimlo avoided the problem by using a
mild acid hydrolysis followed by enzymic degradation
to the aldoses and uronic acids. However this
method is hardly convenient for routine analysis.

Under the conditions used here mannuronic
acid was converted to mannitol to an extent of about
50%; no other products were detectable in appreciéble
amounts on g.l.c. under any of thé acid conditions
used. Glucuronic acid did not give reproducibie
results, though up to 10% conversion to glucitol. .
occurred together with products tentatively identified
as derived from lactonised gluconic acid. Whether
these results are representative of what would
happen when the acids are linked in a polymer is not
clear but analysis of an alginic acid sample'confirmed
partial conversion of mannuronic acid and a small

but significant conversion of guluronic acid to glucitol.
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The consequences of this ambiguity in the
g.l.c. results will be discussed‘later when the
extracts have been fractionated. For the moment
there is only tentative evidence for mannose in
these extracts.

In addition to the above, the calculation of
the proportions of the monosaccharides by g.l.c.
proved difficult. For all four extracts thé two
hydrolysis methods gave different figures though
in all cases glucose was the major sugar (TABLE 2.3).
Repeat experiments showed the figures to be
reproducible, implying that the two acids must give
different patterns of hydrolysis. In view of the
complexity of the extracts and in particular the -
high uronic acid contents this was not too surprising
and hence the extracts were fractionated before any
further attempt at monosaccharide quantification was

made.
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TABLE 2.3. RELATIVE PROPORTIONS OF NEUTRAL SUGARS IN

ASCOSEIRA EXTRACTS.

EXTRACT ACID(a) NEUTRAL SUGAR DISTRIBUTION (%) (b)

FUC XYL MAN GLU GAL

B 1 9 ) 72 12 3
8 3 24 59 7
D 1 14 5 26 50 5
2 5 4 12 72 8
F 1 7 8 30 48 7
2 5 2 23 57 14
I 1 25 8 6 49 30
7 8 6 49 30

(a) 1: 90% formic acid (GM 5.3.1 ).
2: 2M trifluoroacetic acid (GM 5.3.3).

(b) Calculated from g.l.c. considering total peak

area of five peaks at 100%.

2.1.4. Fractionation of the Polymeric Extracts.

A variety of fractionation methods for
polysaccharides hasg been developed on an analytical
scale, but for preparative work the-cﬁoice:ié”spmgel;
what limited. Fractional brecipitatiénﬁwith organic.
solvents (usually ethanol) has beenxwidely practised
but ténds to give poor resolution, particularly where
there are only slight differences in solubility. It
has however proved useful hefe‘to effect a rapid
separation of polymeric material from small fragmeqts

and contaminants. Selective precibifatioh with
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metallie ions is more successful; as already
described alginic acid can be precipitated from
solutions of algal polysaccharides by addition of
calcium ions, and may be further fractionated into
guluronate~ and mannuronate-rich fractions by
addition of manganous salts to solutions of the
sodium salt. Barium and copper salts have also
been used, 11713

Quaternary ammonium salts such as cetylpyrid-
inium chloride form insoluble salts with anionic
polysaccharides, giving a sharp separation of neutral
and charged species.14 However, problems may be
experienced in resolubilising the polysaccharide.

The technique used here has been found to be
successful before for algal polysaccharide extracts,
Large quantities of polymeric material may be fraction-
ated on columns of diethylaminoethyl—cellulose
(DEAE cellulose). Anionic polymers ere readily
adsorbed on the column at near neutral pH, allowing
neutral polymers to be eluted with water. The
anionic polymers are then desorbed either by lowerlng
the pH or by increasing the ionic strength of the
eluant. Species of different adsorption affinities
may be eluted selectively by applyiﬁg a gradient Qf
increasing ionic etrength to the column.

Portions of Extracts B,D,F and I were fractien—
ated on DE52 cellulose columns (Expt.5.9). Neutral

carbohydrate material was eluted from all four
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extracts and isolated by freeze-drying (Fractions
BN,DN,FN and IN respectively). .Previous fraction-
ations of brown élgal extracts have been carried out
with steps of increasing potassium chloride
concentrafion. In general polyéaccharide eluted
over a broad range of ionic strength (up to 1M KC1),
the eluate of low ionic strength containing material
with a high proportion of glucuronic acid and a

low proportion of fucose and sulphate; as the ionic
strength was increased the proportion of uronic acid
decreased and the fucose and sulphate increased.ls-17
This stepwise elution may mask a partial resolution
of fractions, so a-linear gradient of KCl was used

in this work to elute the anionic material from the
column.

In fact, in contrast to the results described
above, the anionic material from Extracts B,D aﬁd F
(from the Cold Water, Hot Water and Acid Extracts |
respectively) eluted as a single band, in each case
at the ionic strength given by 0.1 M KCl. In view
of this the acidic components were isolated as .
single polysaccharide Fractions (BA, DA, FA
respectivély).

The elution profile (based on carbohydrate
content of column fractions) gf Extract I (FIGURE 2.1)
showed three distinct'peaks, which were isolated -

separately (Fractions IAl, IA2 and IA3 respectively

in order of elution). s ' -
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2.1.4.1. Examination of Neutral Fractions
(Expt. 5.10)

Fractions BN and DN (from the

Cold Water and Hot Water Extracts) dried to
amorphous white solids; the yields represented
21% and 31% respectively of the origiﬁal extracts.
The carbohydrate contents (glucose graph) were 88%
and 60% respectively. Dialysis of the latter
reduced the yield to about 20% and increased the
carbohydrate content to 85%, indicating the presence
of inorganic material, péssibly resulting from
incomplete washing of the column during regeneration.
After hydrolysis glucose was the only reducing sugar
detectable in both. Mannitol was identified with
silver nitrate and confirmed as about 3% of the
carbohydrate in both cases. These fesults are
consistent with the expected presence of 1aminaran
in the aqueous extracts.

The neutral fractions FN and IN (from the
Acid and Alkali Extracts respectively) freeze-dried
to syrups, containing glucose as the only‘reducing
sugar after hydrolysis. The recoveries as a
percentage of the extracts could not be calculated
but on the basis of carbohydrate content the neutral
-fractions accounted for respectivéi& 10% and 18% of
the carbohydrate in the Acid and AlkaliAExtraéts.

The manhitol observed on g.l.c. amounted to only 1%
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of the glucose in both cases, too small to be
considered as confirmation of itg presence.
These two fractions would appear to be
laminaran which has not been extracted by the
aqueous extractants, though this is not a common

observation.

2.1.4.2, Examination of acidic fractions

The yields and compositions of
the six acidic fractions are summarised in

TABLE 2.4 (Expt. 5.11).

TABLE 2.4. ACIDIC FRACTIONS FROM MAJOR ASCOSEIRA EXTRACTS
 (a) ~ (b) (c) (d) (e)
FRACTION RECOVERY. . CARBOHYDRATE URONIC ACID- SULPHATE PROTEIN
% . — % % %
BA 63 41 20 15 0
DA 56 53 11 10 0
FA -57 45 - 37 | 5 2
IA1 18 69 R 0 0
IA2 30 42 11 10 15
IA3 31 43 ‘ 13 10 20
(a) Percentage of fhe original extract.
(b) Fuq;Gal:Gch (1:1:1) standard graph
(c) GlcA standard graph and expressed as percentage of
carbohydrate.
(d) Expressed as percentage of the carbohydrate
Expressed as percentage.of the weight.

(e)
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Samples of each were hydrolysed with 2M

trifluoroacetic acid and examined by paper chromato-

graphy and g.l.c.

The approximate relative

proportions of the monosaccharides found are shown

in TABLE 2.5.

Mannose was estimated visually from

paper chromatograms and the uronic acid content was

based on the previously calculated value;

the proportions were determined by g.l.c.

otherwise

The

glucitol hexaacetate was assumed to arise entirely

from glucose rather than glucuronic or guluronic

acid.

‘The errors introduced by these assumptions

are unavoidable without a great deal of time-consuming

separation of uronic acids and neutral sugars with

the inherent difficulties described earlier (Section

2.1.3.).

'RELATIVE PROPORTIONS OF SUGARS IN ASCOSEIRA ACIDIC FRACTIONS

" FRACTION SUGAR DISTRIBUTION
BA X X XX
DA XX X XX
FA X X XX
IAl
IA2 XX b:4 X
-IA3 XX X X

" GLU GAL
XX X
X XX
b 4 X
xxx%
XXX XX
b. 4 XXXX

URONIC ACID

XXX
XX

XXXX

XX

XX




83

Ffraction IA 1is apparently a glucan. The
probable explanation is that it is laminaran which
has been degraded by the alkali,18 giving meta-
saccharinic acids which would be adsorbed to the
column. The remaining fractions all appear to be
'complex polysaccharides.

The paper chromatograms suggested that theré
may be more than one uronic acid present in all of
these fractions. The uronic acid contents were
initially determined by the metahydroxydiphenyl
method, which cannot distinguish different uronic
acids, so the fractions were examined by the carbazole
method. This method allows approximate proportions
of different acids to be determined. Glucuronic acid
is commonly found in algal polysaccharides, and
mannuronic and guluronic acids are found in alginic
acid; the latter two have been reported both
separately and together in extracts containing the

19

neutral monosaccharides. Mannuronic acid oligomers

are commonly found in material extracted under acidic
c:énditions.z0

The carbazole analysis gives only approximate
proportions of the three possible acids, but for all
the fractions it was clear that glucuronic acid ‘
comprised.only a small part of the acids and the.
remainder was a mixture of mannuronic and guluroniq

acids. These results suggest that all the fractions

are contaminated with alginic acid, despite the
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stringent attempts to render it insoluble in the
aqueous extractants and to separate it frém the
Alkali Extract. As stated above, the presence of
mannuronic acid in acid extracts is not unusual.

On the basis of the high "mannose" values féund on
g.l.c. for all the fractions it seems reasonable

to assume that there is substantially more mannuronic
acid thgn guluronic acid. The conclusion that
most of the uronic acid is mannuronic alters the
uronic acid contents of the fractions which were
calculated from a glucuronic standard graph.
Recalculation using a mannufonic aéid graph gives
uronic acid contents which are approximately doubled,
thus the values in TABLE 2.4 may be more accurately
expressed as:- BA 40%, DA 20%, FA 67%, IA2 20% and
IA3 24%.

It is now apparent that all the fractions
contain a substantial proportion of aléinic acid, the
remainder in each case being '"fucan''-like material
(see Introduction). The fact that only one acidic
band eluted from the columﬁs for Extracts B,D and F,
and two bands of roughly similar composition from
Extract I, suggests that the alginic acid and "fucan"
may be linked.

A clearer picture of the composition of

13

Fraction BA was obtained from the C n.m.r. spectrum

. 21
(FIGURE 2.2). Comparison with published spectra
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shows the six principal peaks to correspond to the

six-carbon repeating unit of polymannuronic

acid (TABLE 2.6). .

TABLE 2.6.

ASSIGNMENT OF PRINCIPAL PEAKS IN 130 N.M.R. SPECTRUM OF

FRACTION BA.

CHEMICAL SHIFT (p.p.m.)

C-1 C-2 C-3 C-4 C-5

C-6

Fraction BA(2) 100.9 70.8  72.3  78.9 77.1 1

Polymannuronate‘®) 102.8 72.2  74.1  80.7 78.9 1

(a) External TMS reference.

(b) Internal TSP reference. The correction for TMS is

ca - 1.8 p.p.m. 22

75.3

77.1

The predominance of these peaks suggests thaf
the fraction is mainly polymannuronic acid; . indeed
the uronic acid coﬁtent is apparently higher than
suggested by colorimetric determination.

Further discussion of n.m.r. spectra and
of the cdmposition of all the acidic fractions will

follow a second series of extractions.

2.1.5. Examination of the residual alga.

After the final alkali extraction the residual
alga was rinsed with water and dried, giving 13.5 g
(31% of the dry weight). A portion was hydrolysed

(Expt. 5.12) and the carbohydrate content determined
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to be only about 1%. Uronic acid, glucose and
traces of fucose; xylose, galactose and mannose
were identified in the hydrolysate by paper
chromatography. ,

In view of the small amount of carbohydrate

and the vigorous conditions required for extraction

the residue was not investigated further.

2.1.6. Summary

The five-step sequential extraction has given
four polymeric extracts, all of which appear fo
contain glucan, "fucan'" and alginic acid. This
would suggest that the procedure used is not the
most convenient or effective way of extracting the
various polymers but it is difficult to see how it
can be varied without compromising the aim of
obtaining relatively undegraded polymers. The Cold
Water and Hot Water Extracts seem to be of similar
composition and may be rationalised into one step.

The total recovery of polysacéharides
(4.3 g. 9.8% of the dry weight) is unusually low;
all three major polysacc@arides are commonly found
as a greater proportion of the dry weight.

Further study of the polysaccharide structures
requiies a fresh extraction on a larger scale and
a method of separating the "fucan'" and alginic acid,

if indeed they can be separated.
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. Large Scale Extraction of Ascoseira

2.2.1. Extraction

The extraction procedure was modified slightly,
(Expts. 5.14-5.18); the Cold Water Extraction was
omitted and the attempted fractionation of extracts
by pouring into ethanol was only carried out with the
Acid Extract. ‘

The full procedure is outlined in FLOW CHART
2.2, During the concentration of the Hot Water
Extract some material precipitated. This was removed
by centrifugation and freeze-dried; on attempted
dissolution about 65% dissoived again.

The . recoveries and composition of fhe polymefic

extracts are shown in TABLE 2.7 (Z:pt. 5,19-5.21, 5.25-5.27, 5,30),
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TABLE 2.7

RECOVERY AND COMPOSITION OF POLYMERIC EXTRACTS FROM ASCOSEIRA

Extractant Extract Recovery Carbohydrate Uronic Acid Protein

z. a(2) ALY AC) ACY
Hot aq.CaC12 2 0.77 0.5 35 40 0
Hot 2q.CaCl, 3 3.81 2.2 60 45 4 0
Hot Acid 4 2.26 1.3 50 55 6
Hot Acid 5 0.45 0.3 55 35 1
Hot Alkali 6 0.05 - 50 (e) (e)
Hot Alkali 7 13.83 8.1 (e) " (e) (e)
Hot Alkali 8 2.42 1.4 60 a0 16
~ TOTAL 23.59 13.9

(a) Percentage of the dry weight.

(b) ManA:GlcA (1:1) standard graph.

(c) ManA standard graph and expressed as percentage of the
carbohydrate. o

(d) Percentage of the extract.

(e) Not determined,




FLOW CHART 2.2

SECOND SEQUENTIAL EXTRACTION OF ASCOSEIRA

Alga (ca. 1.5 Kg wet)

1. Ground under Né
2. Dried.
v
Powder (170 g)
1. Soaked in 40% HCHO
2. Dried
Ethanolic 4 x 600 ml 80% EtOH 80°C 4 h.
Extraction
v
Residue
Toluene layer
discarded
Hot Aqueous 7 x 600 ml 2% CaCly 70°C 4 h.
Extraction
v
Residue
Solid
1.Freeze-dried
EXTRACT 2
Hot Acidic 6 x 600 ml dilute HC1 (pH2) 70°C 4.h
Extraction
v
Residue
Solid
1.Freeze-dried
EXTRACT 4
Hot Alkaline | 7 X 600 ml 3% Ha,00g 70°C 4nh
Extraction
A 4
Residue Supernatant
Dried - 77 g 1. Dialysed

2. Freeze-dried
EXTRACT 6

90

Extracted
with toluene

Aqueous layer

EXTRACT 1

1. Centrifuged

‘Supernatant -
1. Dialysed
2. Freeze-Cdried

EXTRACT 3

1. Dialysed
2. 6 volumes

EtOH added

Supernatant
1. Freeze-dried

EXTRACT 5

Solid
1. Dissolved
2, Dialysed
3. CaClzadded
ol



FLOW CHART 2.2 (continued)
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TN

Solid Supernatant
1.Freeze-dried 1. Dialysed
2. Freeze-dried

EXTRACT 7 EXTRACT 8
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Comparison with TABLE 2.1 shows that the
proportions of each extréct are rather different
from the first extraction. In particular there
is a substantially larger recovery of alginic acid,
Extract 7, though the total recovery ofvthe other
polysaccharides is roughly the same. The reasons
for this are not clear. In both cases each
extraction step was repeated exhaustively i.e.
until negligible carbohydrate was detectable in
the extracf. The alga was from a single batch,
though no attempt was made to ensure a similar
distribution of fronds, stipes and holdfast. The
two samples were ground to a similar consistency
and hence the efficiency of each extraction step
should be similar in both. Both were dried at
room temperature and hence the final dry material
may still contain a variable amount of water;
however this should not affect the relative
proportions of each polysaccharide:

The principal feature of the fifst extraction

- the low percentage of carbohydrate - is confirmed.

2.2.2. Investigation of the Ethanolic Extract (Expt.5.19)
The same procedure was followed as for the

previous extraction. 1.46 g (0.9% of dry weight)

of mannitol was separated and characterised.

The proportion (640 mg, 0.4% DW.) and composition

of the residual carbohydrate were the same as
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previously. The amount of oligomeric material

was again small.

2.2.3. Composition of the polymeric extracts.

(Expts. 5.20, 5.21, 5.25-5.27, 5.30).

Portions of each extract were hydrolysed
with 2M trifluoroacetic acid and the hydrolysates
examined by paper chromatography and g.l.c. The
approximate proportions of the monosaccharides were
determined in the same manner as for the acidic

fractions in the first extraction (TABLE 2.8).

TABLE 2.8

" SUGAR DISTRIBUTION IN POLYMERIC EXTRACTS FROM ASCOSEIRA

" EXTRACT " SUGAR DISTRIBUTION
FUC XYL MAN GLU GAL.  URONIC ACID
2 XX X X XXX X XXXX
3 XX X X XXX X XXXX
4 X X X XXX X XXXX
5 ' X X X XXX X . XXXX
6 XX X X XXX XXX XXX

8 XX X X XXX XXX XXX

The similarity in composition of Extracts 2 and 3
and Extracts 4 and 5 suggests that no fractionation was
occurring when Exffacts 2 and 4 precipitated and thus
the four extracts will be considered as two (3 and 5).

With the proviso that the glucan has not been
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separated, the compositions are similar to those
found previously for the corresponding acidic

fractions (TABLE 2.5).

2.2.4. Fractionation of the Polymeric Extracts

(Expts. 5.22, 5.30).

In view of the poor recovery from the column
and the high mannuronic acid content of the previous
Acid Extract, no fractionation was attempted on
DEAE cellulose.

The Hot Water and Akali Extracts were fraction-
ated on large-scale DEAE cellulose columns. Neutral
fractions were eluted with water. The acidic fractions
were recovered by exhaustive elution with 0.3M KC1 -
for the HWE, and by elution with 0.1M KC1 (1 1)
followed by 0.5M KCl (exhaustive) for the Alkali
Extract;

The recoveries and composition of the various
fractions are listed in TABLE 2.9. The neutral
fraction from the Alkali Extract was successfully

dried to a solid (Expts. 5.23, 5.24, 5.31-5.33).
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The neutral fractions will be discussed in
Section 2.2.7.

As stated earlier, another method is required
to separate '"fucan" and alginic acid. Gel
electrophoresis, cellulose acetate electrophoresis
and gel filtration were attempted on the acidic
fractions 3A and 8A2. The Acid Extract had freeze-
dried as a fine powder and proved only slightly
soluble in the buffer systems used; only cellulose
acetate electrophoresis was attempted (Expts. 5.20,
5.21, 5.25-5.27, 5.30). .

The two acidic fractions and the Acid Extract
migrated as single bands of similar mobility on
cellulose acetate at pH 8.0; in the case of the
Acid Extract a large amount of.material remained on
the baseline.

At pH 5.1 two bands were evident for all
three fractions (FIGURE 2.3). By comparison with
known samples the fast band in each case was assigned
as "fucan" and the slower band as alginic acid. This
is to be expected since at this pH the carboxyl
groups of alginic acid are only partially ionised,
whereas the sulphate groups in "fucan" rémain
essentially fully ionised. Unfortunately calculation
of the relative distribution of the two polymers
depends on quantitative binding of dye molecules,

hence the intensity of the bands cannot be taken as
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proportional to the amount of po}ymer. However the
predominance of the alginic acid band in Fraction 3A
and the roughly Similaf bands in Fraction 8A2, are
consistent with the colorimetrically determined
uronic acid contents. |

Gel electrophoresis on 7.5% cross-linked
polyacrylamide gave rather different results. At pH
8;5 a single migrating band which stained for poly-
saccharide and protein was observed for 3A and 8A2,
tentative evidence of covalent iinkage.

A stable, low pH acrylamide gel system could
not be cast, but a system at pH 6.5 proved stable.
The results however, were anomalous (FIGURE 2.4).

In contrast to the cellulose acetate electrophretic
patterns, the "fucan'" migrated more slole than the
alginic acid in both cases. A possible explanation
is that the pH is not low enough to suppress ionisa-
tion of the alginic acid, allowing relatively rapid
migration, whereas the "fucan" is restrained by the
molecular sieving effect of the gel matrix. However
this fails to explain the épparently unimpeded
migration of the "fucan'" at pH 8.5. 'No explanation
can be offered for the two bands for alginic acid.

Staining for protein in Fraction 8A2 did not
produce any visible band, though the considerable
dispersion of the polysaccharide bands may.account

for this.
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The molecular sieving effect may be reduced
by using a more "open" acrylamide gel. However
stable gels could not be generated.

The electrophoretic experiments confirm that
most of the '"fucan" and alginic acid are not mutually
linked in any of the extracts. In view of the above,
some separation should be effected by gel filtration.
Sephadex G100 was chosen in expectation of relatively
low molecular weight polymers. The elution profiles
of Fractions 3A and 8A2 are shown in FIGURE 2.5;
the Acid Extract was insufficiently soluble in the
buffer solution.

Two peaks are apparent for Fraction 3A; from
the results presented above it is reasonable to
assume that the high molecular weight material eluting
in the void volume is "fucan' and the later peak is
the mannuronate-rich alginic acid. By comparison
with a selectivity curve derived from dextrans of known
weight the alginic acid was célculated to have an
average molecular weight of around 4000. Moleculér
weights, particularly of chérged polymers, calculated
in this manner should be treated With caution because
of the effects of the charge and the molecular shépe,
but it is clear that the alginic acid molecule is very
small compared with most reported alginic acid extracts.
A weight of 4000 indicates chains of 20-~-25 units.

The absence of extended sequences of gulﬁronic acid
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units (see n.m.r. data, Section 2.4) may explain the
solubility of this material in the presence of
calcium ions since formation of insoluble calcium
salts depends on the presence of these extended
sequences.

There is no sharp separation of bands for
Fraction 8A2, but this is consistent with the expected
degradation of the "fucan" giving material that falls
within the fractionation range of Sephadex G100.

In an attempt to assess the size of the
"fucan", Fractions 3A and 8A2 were fractionated on a
column of Sepharose 4B (Fractionation Range 104— S5 x 106)'
(FIGURE 2.6). By comparison with the selectivity
curve it is apparent that the "fucan'" has a molecular
weight range extending up to 5 x 105 in both cases.

The elution pattefn for protein in Fraction 8A2 could
not be measured directly; the brown pigment interfered
with measurement of absorbance at 280 nm., and the
buffer interfered with attempts to determine protein

by the Lowry Method.

2.2.5. Quantitative Fractionation of Acidic Fractions

(Expts. 5.24, 5.33).

The separation achieved on Sephadex G100_offeréd
scope for a quantitétive,separation of "fucan" apd
alginic acid. With the column available 600 mg

Aof Fraction 3A were passed through the column in six

runs. Each time the two peaks were separated and,
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finally, after pooling, 200 mg of "fucan" and 390 mg
of alginic acid isolated by freeie-drying. Hydrolysis
of the alginic acid revealed only traces of neutral
monosaccharides. This confirms the earlier assertion
that most of this fraction is alginic acid. The
composition of the "fucan'" will be discussed in the
next section.

A similar fractionation of 270 mg of Fraction
8A2 was attempted; with no sharp dividing line the
two peaks were arbitrarily separated between Fractions
20 and 21 (see FIGURE 2.5). 83 mg of "fucan'" and
181 mg of alginic acid were isolated. However,
hydrolysis of the latter showed it to contain substan-
tial amounts of neutral monosaccharide indicating the
presence of "fucan" of very low molecular weight.

For discussion in the next section this '"fucan" and
alginic acid will be referred to as "fucans" 8AF and

8AA.

2.2.6. Composition of the Fucans from the Acidic

Fractions.

The "fucan" from Fraction 3A (3AF) and "fucans"
8AF and 8AA were analysed for carbohydrate; profein,
sulphate and uronic acid, the latter being determined
by the carbazole method. Portions of each were
hydrolysed with 2M trifluoroacetic acid and the
hydrolysates examined by paper chromatography. On

the basis of the g.l.c. results the carbohydrate"
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contents were corrected by comparison with more
appropriate standard graphs of mixtures of the
monosaccharides. The results are summarised in

TABLE 2.10 (Expt. 5.24, 5.33).

" TABLE 2.10

COMPOSITION OF "FUCANS'" FROM ASCOSEIRA

- FRACTION CARBOHYDRATE URONIC ACID SULPHATE PROTEIN

: 5 (2) 5 (D) o (¢)
3AF - e2(®) 33 12 0
8AF | 68(e) 25 8 15
8AA 62(f) 38 (g) 15

(a) Carbazole analysis.

(b) Expressed as a percentage of the carbohydrate.

(c) Expressed as a percentage of the fraction.

(d) Fucose: Galactose: Glucuronic acid (1:1:1) standard
graph. | |

(e) Fucose: Galactose: Glucuronic acid: Mannose
(1:2:1:1) standard graph.

(f) Fucose: Galactose: Mannuronic acid (1:2:3) standard
graph.

(g) Not determined.

The monosaccharide compositions are shown in
TABLE 2.11. The mannose content was:.estimated visually.
The uronic acid contents were determined on the

assumption that there is little guluronic acid present,
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and that only mannuronic acid of the uronic acids

appears on g.l.c. in significant amount.

" TABLE 2.11

" SUGAR PROPORTIONS IN ASCOSEIRA "FUCANS"

FUCAN ~ SUGAR DISTRIBUTION (&)

'FUC XYL  MAN  GLU  GAL GLUA MANA GULA
3AF 26 8 7 9 17 23 8 2
8AF 15 8 12 8 27 15 10 2
8AA 10 5 5 7 18 8 28 4

(a) See footnote (b) to TABLE 2.9.

Even with the inherent inaccuracy in quantifying
the sugars, the "fucans" all contain a large percentage
of galactose, indeed in 8AF and 8AA it is thevmajor
sugar. These latter two should perhaps be referred to,
more accurately, as fucogalactoglucuromannoxylans.

It is possible thét they may have been degraded during
the extractions, particularly during the acid extraction
where fucosyl linkages would‘be preferentially cleaved.
However inspection of the dialysed fragments from the
Acid Extract did not reveal enough carbohydrate to
suggest any significant change in composition of BAF

and 8AA during extraction.

The approximate monosaccharide composition
calculated earlier (Section 2.2.3) for the Acid

Extract, with galactose the major sugar in the "fucan".



107

fraction, suggests a similarity to 8AF and 8AA.
With the "fucan'" from Fraction BA representing only
a small proportion of the total "fucan" content of
the alga it is clear that galactose is the major
sugar present. Calactose-rich "fucan" fractions
have beén reported previously but such a high level
of galactose in the total "fucan" has not.

The persistence of glucose in the '"fucans"
and its‘confirmation with glucose oxidase, suggest
that it is part of the 'fucan" molecule despite the
fact that it has not previously been confirmed as
such. Attempts to separate and characterise mannose
as its phenylhydrazone were unsuccessful, because of
its low abundance and the difficulty in separating
it from glucose and galactose.

The molar ratio of sulphate ester to fucose
is about 1.3 for each '"fucan" suggesting that each
fucose unit carries more than one ester unif, though
the possibility of other sugars'carrying sulphaté
is not precluded.

Further structural study of "fucans" Wéé not
attempted. Insufficient material was available for
partial hydrolysis or detailed periodate oxidation
studies and methylation analysis is unsuitable' 
because both the half-ester sulphate-éfbups‘éﬁdv
the carboxyl functions of the uronic acids hinder 7

complete me1:hyla.1:ion.20
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2.2.7. Structure of the Glucans from the Polymeric

" Extracts. (Expts. 5.23, 5.31)l

Two neutral Glucans have been isolated
(3N and 8N). A glucan also occurs in the Acid
Extract but it has not been isolated.

Past experience has shown that exhaustive
extraction with hot water is usually sufficient to
remove all the neutral glucan laminaran from brown algae.

The other neutral glucan, -cellulose, éhould not be solubilised
under the relatively mild alkaline conditions used here.

As described in the Introduction, a range of
structures is found for laminaran in different species
and within a single plant; an arbitrary division
into '"soluble' and "insoluble" forms is made on the
basis of cold water solubility though there is
apparently no sharp structural distinction. Both
forms should be contained in Fraction 3N and hence
any suggested structure must be an average of the
range present. Fraction 8N, if it is laminaran,
must differ significantly in its structural form
from Fraction 3N. |

To establish the structural features the
two glucans were studied by periodate‘oxidation,

methylation analysis and n.m.r. spectroscopy.

2.2.7.1. Periodate Oxidation

The periodate oxidations were

carried out in fhe dark at SOC in 0.15M sodium
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metaperiodate solution, cohditions intended to
minimise overoxidation, 1+3-linked units should be
unaffected while 1?6-linked units and non-reducing
terminal units should consume 2 moles of periodate
with the release of 1 mole of formic acid. The
reducing end units are most susceptible to over-
oxidation; the "normal" oxidation should only
consume 1 mole of periodate and give é formyl ester
(FIGURE 2.7) but this ester is very 1ébile and
easily hydrolysed to a malondialdehyde, with the

23 The'malondialdehyde

release of formaldehyde.
may then be "overoxidised", releasing CO2 and
exposing a further reducing unit. This process
is then repeated, eroding the chain away from the
reducing end. This effect may be avoided by
reducing the end-units prior to oxidation but the
conditions used here are generally accepted as
sufficient. |

The C-1 linked mannitol terminal units
found in laminaran should consume 4 moles of
ﬁeriodate and release 3 moles of formic acid and
1 mole of formaldehyde.

Periodate consumption had ceased after 96 h
for both 3N and 8N. The réactions were terminated
and the oxidised polymers feduced, dialysed and
isolated as polyalcohols, which were assayed for

carbohydrate to ascertain the percentage of

uncleaved glucose units. The dialysis waters were

s
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checked for carbohydrate but none was detected in
either case, ruling out the possibility of any
hydrolytic breakdown of the chains to oligomeric
species.

The periodate consumption, formic acid release,
percentage of uncleaved glucose units and the

recovery of the polyalcohols are listed in TABLE 2.12.

TABLE 2.12. DPERIODATE OXIDATION OF GLUCANS FROM ASCOSEIRA

GLUCAN PERIODATE FORMIC ACID UNCLEAVED POLYALCOHOL
CONSUMPTION®RELEASE(®) crLucose®’  Rrecovery (¢’
3N 0.96 0.40 60 70

8N 1.80 0.77 39 68

(a) Moles per anhydro unit.
(b) Percentage of the original glucose.

(c) Percentage of the glucan weight.

The results in both cases are consistent with
a substantial proportion of 1+6-linked units; the
amount of mannitol present in each is too small to
account for the high periodate and formic acid
figures.

With two possible modes of generation of
formaldehyde, from mangitol oxidation and overoxid-
ation of reducing terminal units, knowledge of

the formaldehyde generated is of doubtful value.
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Prior separation of mannitol and glucose terminated
chains (M- and G-chains respectively) would allow
calculation of the degree of polymerisation from the
formaldehyde generation of the former, and of the
latter if the end units were first reduced. However
the separation was not attempted.

The periodate oxidation results give no
information on the relative positions of 1*3- and
1+6—1ipked units and the number of branch points,
if any. Mild acid treatment, cleaving the acetal
links in the polyalcohols derived from 1*6—1inked-
units and leaving surviving glycosidic links intact,
should lead to oligomeric species indicative of the
molecular structure.24 This précedure (known as
Smith Degradation) was applied to both polyalcohols,
the conditions being those used previously for |
degradation of laminaran (0.05M sulphuric acid for
20 h at ZOOC.)25 The reaction solutions were
neutralised and dialysed. In both cases about 10%
of the carbohydrate contenf paséed through the
dialysis membrane, the polymeric contents of the
membrane being recovered in about 75% yield. Paﬁer
chromatographic examination of the dialysed fragments
showed only glucose and smaller fragments rather
than glycosides and higher oligomers. These results
indicéte that some cleavage of glycésidicAlinks

. has occurred but the bulk of the polyalcohol in both
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cases remains undialysable, indicating the absence
of 1+6-linked units (other than ;t branch points)
from the middle of the molecular chains.

The gel filtration profiles (FIGURE 2.8)
give a reasonable estimate of the sizes of the
glucans and the derived polyalcohols; the glucans
are uncharged and with a high proportion of (1»6)-
linked units should behave in a similar manner to
the dextrans used in column calibration. Hence the
calculated molecular weights should be close to
the actual values. For the original glucans the
calibration curves yield molecular weights of
8000 and 11000respectively for 3N and 8N, These
correspond to deérees of polymerisation of 50 and.70
respectively. The profiles for the derived poly-
alcohols are anomalous; for 3N there has been a
slight diminution in size consistent with cleavage
of peripheral residﬁes, whereas for 8N the apparent
decrease in size is greater and there appears to
bave beeﬁ partial resolution into two species.

A possible explanation of the latter feature may be
that the profile of glucan 8N represents an
aggregated species, the aggregation breaking down on

oxidation or subsequent hydrolysis.
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2.2,7.2, Methylation Analysis.

Samples of 3N ;nd 8N were
methylated twice by Bjdrndahl and Lindberg's
modification of the Hakomori Method. The
methylated polymers were hydrolysed with 90%
formic acid and the hydrolysates examined by g.l.c.
and g.l.c/ms.

Both glucans yielded four O-methylated
alditol acetétes, which were characterised by
retention time and mass spectrum, in'significant
amounts. The molar ratios are given in TABLE 2.13.
Traces of 4,6-di-O-methyl-1,2,3,5-tetraacetylgluci~
tol and fully acetylated glucitol were also
identified; these are probably derived from
incomplete methylation or partial demethylation

during subsequent manipulation.
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TABLE 2.13.

'METHYLATED SUGARS FROM METHYLATED ASCOSEIRA GLUCANS.

GLUCAN  RETENTION METHYLATED LINKAGE MOLAR
riMe () spgar (P)(¢) INDICATED raT10 (1)

3N 0.97 2,3,4,6-Tetra-O- Glcp-(1+ 1.7
1.82 2,4,6-Tri-O- +3)-Glep-(1+ 12.3

2.32 2,3,4-Tri-0 +6)-Glcp-(1~-> 9.0

4.18 2,4-Di-0- +3),+6)-Glep-(1> 1.0

8N 0.97 2,3,4,6-Tetra-0- Glcp-(1-+ - 1.3
1.82 2,4,6-Tri-0- +3)~Glep-(1+ 7.3

2.32 2,3,4-Tri-O- +6)-Glep-(1+ 8.8

4.24 2,4-Di-0- »3,+6)-Glep—(1+ 1.0

(2) 0ov225 column, expressed relative'to 2,3,4,6-tetra-0O-Me-
1,5-di-0O-acetylglucitol as 1.00

(b) 2,3,4,6-Tetra-0- = 2,3,4,6-tetra-O-methyl-1,5,-
di-O—acetyiglucitol, etc.

(c) Confirmed by g.l.c./ms.

(d) Detérmined from peak areas and corrected for effective

26
carbon response.
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TABLE 2.14

130 N.M.R. CHEMICAL SHIFTS OF ASCOSEIRA GLUCANS.(a)

- CARBON ATOM ‘GLUCAN 3N ' ' GLUCAN 8N
B-D-(1+3) B-D-(1-6) B-D-(1-+6)
C-1 103.1 103.5 103.8
C-2 73.8 73.8 74.1
C-3 85.3 76.4 76.8
C-4 68.9 70.5 70.9
C-5 76.3 © 75.6 75.9
C-6 61.5 69.6 69.9

(a) In p.p.m. downfield from external TMS at room

temperature.

These results are consistent with those from
the periodate oxidation and further indicate
approximately one branch point per molecule and a
degree of polymerisation of about 25 for 3N and 27 for 8N.

2.2.7.3. N.m.r. Spectra

1H and 130 n.m.r. spectra were

recorded for 3N and 8N (FIGﬁRES 2.9 - 2.12). The
130 spectra were assigned from published spectra27'30
for g-(1+3) and g-(1+6) linked glucans (TABLE 2.14).
The minor signals in the 130 spectrum of 3N are
probably due to terminal and brgnch point residues
and are consistent with the degree of polymerisation

and branching indicated above, though they do not
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FIGURE 2.10 1H N.M.R. SPECTRUM OF ASCOSEIRA GLUCAN 3N
H-1 : -B8-D(1-3)
H-1': -B-D(1-+6)
g-1 E1
[
1
ﬁ | q |
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FIGURE 2.12 lH N.M.R. SPECTRUM OF ASCOSEIRA GLUCAN 84
H-2
A Y Y. L\“‘ —t
T 1 T
0 5.0 4.0 3.0

p.p.m.



confirm the latter since an unequivocal assignment
of any minor peaks to branch poiht carbons is not
possible.

The occurrence of only one sharp peak for
each carbon atom suggests that the two types of
unit occur in separate homopolymeric sequences in
3N. The ratio of (1*3)-:and (176)- linked units
appears to be about 1.0 from comparison both of
signals in the 130 spectrum and of the anomeric
signals in the 1H spectrum. This is a much lower
percentage of (1*3)- linked units than indicated
by the methylation results. |

Glucose reducing end units should give two
sets of signals; 1in the 1H spectrum the anomeric
protonvin the a=anomer should give a signal in the
downfield region of 55.0—5.5 ppm. The absence of
any observable signal points to a low proportion
of G-chains,supporting the calculated mannitol
content of about 3%; the degree of polymerisation
allows a maximum mannitol content of about 4%. |

The spectra of 8N (FIGURES 2.11, 2.12) are
somewhat different witﬁ only the signals for (1;6)-
linked hﬁmaqﬂwin}uﬁis apparent. In the 130 spectrum
the very minor signals at 61.9 and 104.7 ppm.aré
close to the C-6 and C-1 signals for methyi—B;D—
glucopyranoside (61.9 and 104.3 ppm. respectively);

these may be derived from non-reducing end terminal

122
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units. In the 1H spectrum the doublet at 4.80

(J = 8 Hz) is coincident with the anomeric signal
for (173)-linked units in 3N; the corresponding
signal in the 13C spectrum may be masked by the
broad signals,or more'probably is too Broad to be
observed. The remainder of fhe spéctrum is
consistent with that published by Bassieux et al.31
for a B-(1+6)-1linked glucan.

The complete loss of the signals from (1+3)-
linked units may be accounted for by extreme line
broadening consequent upon immobilisation of (1+3)—‘
linked chains by gel formation or microaggregation.
The weakness in this hypothesis is that this effect
has only been obéerved in high mélecular‘weight

30 In addition it does not explain why

glucans.
the same total suppression of-signals does not occur
for glucan 3N, where the percentage of (1*3)-linked
units is higher and hence the tendéncy to gel might
be expected to be higher. However the possible »
gelation of 8N is consistent with the gel filtration
results, which are clearly in conflict with the
molecular weight calculated from the methylation

analysis.

.2.2.8. " Examination of Alginic Acid (Expt. 5.28)

Severél alginic acid fractions have been
obtained from the various extracts; Extracts 3,4

and 8 all contain mannuronate-rich material, in
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addition to Extract 7, which was originally
anticipated to be the only substéntial alginic

acid fraction. Past experience has shown that
this latter fraction is often considerably degraded

during the sequential extraction.17’32

A crude
estimate of the extent of any degradation may be
gained by measuring the viscosity of the soluble
sodium salt. After conversion of Extract 7 to its
sodium salt the viscosity relative to water at 25°¢C
of a 1% solution was found to 1.33, implying con-
siderable degradation giving a low molecular weight
polymer.

The low molecular weight was confirmed by
gel filtration on Sephadex G100 (FIGURE 2.13)
with Fraction 3A shown for comparison. The alginate
is extremely polydisperse with an average molecularo
weight, calculated from the selectivity curve, of
about 8000, representing a degree of polymerisation
of only ca.40.. Undegraded alginates are generally

accepted as having D.P's of several hundreds.33

Direct Alkali Extraction of'Ascoseira (Expt. 5.34).

In order to obtain a relatively undegraded
alginic acid more representative of the native
polymer a sample of dried ground alga was extracted
directly with dilute alkali as outlined in FLOW
CHART 2.3. |

The total recovery of calcium alginate (2.30 g,

13.4% of the dry weight) is higher than’ for the
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FLOW CHART 2.3

DIRECT ALKALINE'EXTRACTION'OF'ASCOSEIRA

Alga (Powder 17.2 g., HCHO treated)

First 3
Extraction

400 ml . 1% Na,00, + 0.1% NaOH 60°C 2 h

1, leutralised
2, CaCl, added
v
Residue _
Supernatant Solid

1,Dialysed 1, Washed
2, Freeze—dried 2,Freeze-dried

"FUCAN" 1 (0.85 g) ALGINATE 1 (1.3 g).

3 x 400 ml 3% Na,00, 70°C 3n

Second
Extraction 1, Neutralised
: 2, CaC12 added

v \\\\\\\‘
Residue

Supernatant Solid :
1,Dialysed 1, Washed
2,Freeze—dried 2. Freeze-dried

'""FUCAN'' 2 (0.83g) ALGINATE 2 (1.0 g)
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sequential extraction, reflecting the absence of
the degradative acid extraction and the milder
alkaline conditions used. Similarly a higher
percentage of "fucan'" has been recovered, though
hydrolysis and paper chrométography and g.l.c.
showed that a considerable amount of mannuronic
acid was present, presumably derived from
polymannuronate not precipitated by the calcium
ions.

Alginate 1 was converted to its sodium salt
and the viscosity measured in the same manner as for
the sequentially extracted alginate (Expt. 5.35).
The relative viscosity was only 2.0, oﬁly marginally
greater than for the above and much lower than
would be expected. The inference of a low degree
of polymerisation is supported by the gel filtration
pattern (FIGURE 2.13) which indicates a D.P. of
about 100. |

The limitations of molecular weights determined
from dextran selectivity curves has been referred to
earlier,. Two qualifications are pertinent here;
the alginate has a known tendency to aggregate, and
the gel filtration support material is_knownto
carry a small residual negative change which would
tend to repel the alginate, forcing it"through the’
gel more rapidly. Both these effects woqld fend
to lead to artificially high molecular weights.

Hence the calculated weights may be too high; thus
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strengthening the idea of low molecular weight
alginate.

It appears that the alginate is of low
molecular weight immediately prior to extraction
but it may be that some degradation had taken place
during storage or during the grinding and drying.
The latter two possibilities may be ruled out on
the basis that other workers, using the same
conditions, have successfully obtained alginié acid
fractions of high viscosity.17’20’32

The alga was stored at -20°C from shortly
after harvesting (at a temperature below IOOC) until
it was ground up, leaving little scope for degradative
processes. However, any enzymic degradation would
cleave the chain generating 4,5-unsaturated acids

34-10  mpese may easily be

at the non-reducing end.
detected with thiobarbituric acid. Tests on both
the sequentially extracted alginate and Alginate A
failed to reveal any 4,5-unsaturated acid. Further
evidence of negligible degradation during storage

was provided by the isolatibn of an alginate of

very high viscosity from a sample of the alga

Macrocystis pyrifera which had been stored under

the same conditions. (see Section 4.2).

" N.m.r. of Alginates (Expts. 5.24, 5.28, 5.35).

Alginic acid is a linear co-polymer of

(1+4)-linked B-D—mannuronic acid and o-L-guluronic
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acid residues, arranged in homopolymeric blocks of
mannuronic acid (M blocks) and of guluronic acid

(G blocks) and blocks of predominantly, but not
exclusively, alternating sequence (MG blocks).

This structure was first put forward on the basis
of partial hydrolysis studies but has subsequently

been confirmed by 1H and 13

Cn.m.r,

Penman and Sanderson41 split alginates into
alternating and homopolymeric fractions by parfial
acid hydrolysis and then determined the relative
pfoportions of M and G blocks in the latter fraction
by 1H n.m.r. They also confirmed that the
D-mannuronic acid residues are in the Cl conformation
and the L-guluronic acid residues in the IC conform-
ation (FIGURE 2.14).

By recording spectra at low pH, Grasdalen and
co—workers42 established a sequence-dependent de-
shielding of H-5 of the guluronate residues and hence
were able to determine the mole fractions of the
four possible doublets of nearest neighbours along
the chain. Their alginate samples had to be
moderately depolymerised to reduceIQi;cosity but
they considered them to be representative of intact
alginates.

The same authors found that 130 n.m.r. gave a

43,44

more complete picture of the seqﬁence. Thé -

greater sensitivity to structural differences caused
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resolution of some of the individual carbon
resonances info four lines,.in e?ident dependence
upon the identities of the units immediately preceding
and following them in the chaiﬁ. Each line corres-
ponded to the resonance of the carbon atom in the
central unit of one of the four possible triplets
("triads", e.g. MMM, MMG, GMM, GMG or GGG, GGM, MGG,
MGM), Eence it was possible to caiculate the
relative proportions of the eight possible triads
and estimate the lengths of the three types of block.
Again moderate depolymerisation to D.P.~ 20-30 was
necessary to give good sﬁectral resolution.

For the Ascoseira élgihates it has been possible
to obtain good spectral resolution without prior
depolymerisation by operating at a higher fréquency

(400 MHz for 'H and 100 MHz for 1°

C spectra). This is
doubtless assisted by the initial low molecular
weights, but nevertheless the problems introduced by
different rates of hydrolysis of the various linkages
are avoided.

The alginate isolated from the aqueoﬁs extract
(Fraction 3A) contains some '"fucan'" but in the 13C
spectrum (FIGURE 2.15) the signals ffom thé alginate
residues clearly dominate. The assignment of peaks
was made by reference to the spectra of Grasdalen et

al.44 (TABLE 2.15). The presence of interfering

"fucan' signals casts doubt . on the assignment of
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some of the smaller signals, but some estimate of
the block structure should be possible usipg the
relative peak sizes. The above authors established
that for ring carbons in alginate the relative

peaks areas represent relative occurrence for the
possible triads.

TABLE 2.15

ASSIGNMENTS OF PEAKS IN THE 13C N.M.R. SPECTRUM OF ASCOSEIRA

FRACTION 3A(2)

Carbon atom in central residue of triad

TRIAD

SEQUENCE  C-1 c-2 Cc-3 Cc-4 c-5 c-6
MMM 100.8  70.7 72.1 78.8 76.9 175.3
MMG 101.9  (71.3)(P) (c) 78.8 (76.4) (c)
GMM 100.8 (c) (c) 78.4 (77.1) (c)
GMG 101.9  71.3 72.5 78.4 76.9 175.8
GGG 101.2  65.9 69.9 80.5 68.0  -175.5
GGM 100.4  65.6 (c) 80.5 68.0 (c)
MGG 101.2  65.9 (c) 80.5 68.0 (c)
MGM 100.4  65.6 70.1 80.5 68.0 175.8

(a) Shifts in ppm., downfield from external TMS at room
temperature.
(b) Values in parenthesis denote tentative assignments.

(c) No assignment made.
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TABLE 2.16

DIAD FREQUENCIES AND AVERAGE BLOCK LENGTHS FOR

- ASCOSEIRA FRACTION 3A AND EXTRACT 7.

. Block (2)
" Diad Length
SAMPLE ~— Fy  Fo  Fyy Fue Feu  Fao Ny Ng
3A 0.75 0.25  0.59 0.13 0.13 0.15 5.8 1.2
7 0.25 0.75  0.21 0.04 0.04 0.71 5.3 18

(a) See text.

In the anomeric region (95-105 ppm.) the eight
possible triad resonances described by Grasdalen

et al. are incompletely resolved and hence calculation
of triad frequencies is not possible. However the
resolution is éufficient to allow calculation of |
diad frequencies from the four major signals.

The signal at 101.9 ppm. (from triads MMG and

GMG) is the MG diad, the signal at 101.2 ppm.

(from triads GGG and MGG) is the GG diad, and so
forth for the MM and GM diads. The relative
intensities of the four signals give the proportipns

of the four diads, FMM’ FMG’ FGG and'?GM (TABLE 2.16);

as woulq be expected ?MG and FGM argAthg_same.
Grasdalen et al. were also able to calculate -

triad frequencies from the signals_fyom C-4 and C-5_

of mannuronate residues but here the resolution is

not adequate. However the mole fractions of M
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and G can be calculated by averaging peaks areas for
all the ring carbons. From the diad frequencies a
number-average block length, N, can be calculated for

both of the monomers from the expressions:

Ny = Fy =_f¥ ﬁé = F, = F, where F's are the
F

frequencies of

&

Fuc Fou e Tuc
occurrence.,

Diad frequencies and block lengths can also be
calculated from the 1H spectrum (FIGURE 2.16).

The spectrum is complicated by signals from the
interfering "fucan" but the major signals in the low
field region may be assigned to alginate.

Signals A and B are due to H-1 of guluronate
and H-1 of mannuronate residues respectively.42
Signal C is assigned to H-5 in a gulurpnate residue
with a neighbouring guluronate residue linked through
C-1. The signal due to H-5 in a guluronate with a
neighbouring mannuronate residﬁe coincides with peak
B at neutral pD. The mole fraction of gulﬁronate FG
and diad frequency FGG are related to the peak

areas of the respective signals by the relationship:

F, = A F.. =C
G g7 G&  y7F¢

The remaining diad frequencies follow from:

FG + FM =1
and  Foo + Fouy = Fgy Fyy + Fyg = Ty
may :

For long chains FMGAbe taken as equal to FGM'.
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FIGURE 2.16 1H N.M.R. SPECTRUM OF ASCOSEIRA FRACTION 3A

N
o
o
o
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p.p.m.
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Calculation by this method for Fraction 3A
gave diad frequencies of: |
FMM = 0.76, FMG(=FGM)= 0.03, FGG= 0.18 and block
lengths ﬁM = 26 and NG = 7.
Though lending support to the predominance of poly-
mannuronate sequence these data are clearly
significantly different from those in TABLE 2.16.

A possible explanation for the lower F may be the

MG
inherent error in taking the difference between two
similar numbers which are themselves subject to
error.

The block lengths shown in TABLE 2.16 are
averages for the whole molecule; the homopolymeric
sequences must be somewhat longer. It may be that
the polymanndronate blocks approach the chain length
calculated by gel filtration to be 20-25 units and
may even occur as a pure hpmopolymer.

As indicated earlier the bulk of the alginate
(Extract 7) would be expected to be extensively
degraded during the Acidic Extraction step. The
polyguluronate blocks are fhe most resistant to acid
hydrolysis and hence should survive in preference

to the other two block types. The 13

C spectrum

(FIGURE 2.17, TABLE 2.17) and the calculated diad
frequencies (TABLE 2.16) confirm that this is the

case. The 'H spectrum (FIGURE 2.18) confirms the

predominance of polyguluronate sequences, though
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again the diad frequencies (FMM = 0.04, FMG(= FGM)
= 0.12, Fy, = 0.72) differed from those in
TABLE 2.16.

TABLE 2.17 -

ASSIGNMENT OF PEAKS IN 13C N.M.R. SPECTRUM OF ASCOSEIRA

EXTRACT 7 ()

Carbon atom in central residue of triad

TRIAD

SEQUENCE c-1 c-2 c-3 C-4 c-5 c-6
MMM 101.0 70.8 72.3 79.0 77.1 175.4
MMG 102.2 70.9 (b) 79.0 (b) (b)
GMM 101.0 70.8 (b) (b) (b) (b)
GMG 102.2 70.9 (b) (b) 77.1 (b)
GGG 101.4 66.1 70.1 80.7 68.2 175.6
GGM 100.4 65.7 (b) 80.7 68.2 (b)
MGG 101.4 66.1  (b) 80.7 68.4 (b)

HMGM 100.4 65.7 70.3 80.7 68.4 - (b)

(a) Shifts in ppm., downfield from extermal TMS at
room temperature,

(b) No assignment made.

The low pfoportion of alternating sequences
in Fractions 34 and 7 cannot be faken as proof that
they are in low abundance in the native alginate.
The directly extracted Alginate 1 should give a
better representation of the composition of the

native alginate, with degradation of alternating
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sequence blocks being avoided. 1In fact, apart

13C

from a higher proportion of MM blocks, the
spectrum (FIGURE 2.19, TABLES 2.18, 2.19) closely
resembles that of Extract 7. The resolution was
sufficient to allow calculation of diad.frequencies
from the signéls assigned to C-4 in mannuronate
residues. The agreement between these and values

calculated from the “H spectrum (FIGURE 2.20) is

reasonable.

" TABLE 2.18

13

ASSIGNMENT OF PEAKS IN C N.M.R. SPECTRUM OF ASCOSEIRA

- ALGINATE 1¢(2)

TRIAD Carbon atom in central residue of triad

. SEQUENCE . c-1 c-2 C-3 c-4 C-5 C-6
MMM 100.8 70.7 72.1 78.8  76.9 175.3
MMG 101.9 71.2 10 78.8 (76.3§b) (¢)
GMM 100.8 (c) (e) 78.4  (77.1)  (c)
GMG 101.9 71.3 72.4  78.4 76.4 175.8
GGG 101.2 65.9 69.9  80.5 68.0 175.5
GGM 100.3 65.6 (o) 80.5 (c) (e)
MGG 101.2 65.9 (c)  80.5 68.0 . (c)
MGM 100.2 65.6 70.0  80.5  (c)  175.8

(2) Shifts in ppm., downfield from external TMS at
‘'room temperature.
(b) Values in parentheses denote»tentatiye as;ignments.

(c) No assignment made.
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FIGURE 2.20 1H N.M.R. SPECTRUM OF ASCOSEIRA ALGINATE 1

p.p.m.
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TABLE 2.19

DIAD FREQUENCIES AND BLOCK LENGTHS IN ASCOSEIRA ALGINATE 1

_ Block (a)
SPECTRUM Diad Length
v Foo P e Fou Fee M Mo
13
C (C-1) 0.31 0.69 0.20 0.11 0.11 0.58 1.8 5.3
13¢ (c-4) 0.30 0.70 0.20 0.10 0.10 0.60 2.0 6.0
1y 0.32 0.68 0.26 0.06 0.06 0.62 4.3 10.3

(a) See text.

To check the veracity of the calculated block
distribution a sample of Alginate 1 was subjected to

partial acid hydrolysis41’45

Under the conditions used
the M-G and G-M glycosidic linkages are particularly
labile and the MG blocks are hydrolysed giving acid-

soluble low oligomers and leaving the acid-resistant

MM blocks and GG blocks eSsentially intact and insoluble

in acid. Hence the block distribution can be
determined aftercalculation‘of the relative proportions
of MM and GG blocks by fraétionation4§ or n.m.r.41

The breakdown of molecules should eliminate the
possibility of aggregation of GG blocks and thus any
loss of signal in FIGURES 2.;9,‘2.20’cadéed by.;
aggregation in the intact‘Alginate'l-should be—apparent
by comparison of the block distribution. A 5bs$iblé
source of error in the partial'hydroiyéis-ﬁethod~must

be noted. The hydrolysis is carried out under
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heterogeneous conditions and a sharp division into
two distinct fractions cannot be agsumed; there may
be incomplete solubilisation of MG blocks or partial
solubilisation of MM blocks which are more susceptible
to hydrolysis than GG blocks. In past studies both
features have been evident; in the latter case the
M/G ratio in the soluble fraction is éommonly in the
range 1.2 - 1.4.46748  7pi¢ seems too high to be due
simply to the known divergence of MG blocks from
perfect alternation. However it should be possible
to check for these errors by observation of the n.m.r.
spectra of both ffactions.

After the hydrolysis the acid-soluble and
acid-insoluble fractions were separated and the carbo-
hydrate contents determined, to correct for non-carbo-
hydrate impurities in the isoiated solids. The MM
and GG block distribution was determined as previously
from the 1H speétrum of the acid-insoluble fraction
(FIGURE 2.21, TABLE 2.20), and the absence of MG blocks
in thié fraction confirmed.

The reducing end—gfdup anomeric signals were

assigned according to Grasdalen et al,;%s

4thé signals
were not sufficiently well resolved to,allow'calculation
of the relative proportions of M and G residues but.
nevertheless an appfoximate éverage‘biOCK Iéhgth of

16 was calculated. It is probgblgkthaf the GG blocks

are somewhat longer than the’avefage} " On gél filtration

(FIGURE 2.22) there @as no apparent separation and the
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FIGURE 2.21 1H N.M.R. SPECTRUM OF ACID-INSOLUBLE
FRACTION OF ALGINATE 1
C
A
B /___-——/)




147

ﬁ gc;« SUMTOA UOTANTH

AL

swnTop pag awnToA PTOA

001D XHAVHAIS NO T HIVNIDIV 4O NOILOVHAL HTHATOSNI-AIDV 40 A1I408d NOILOTH NN.N Y0014

08

2°0

¥°0

9°0

80

0'1

(wu 28% ) @ourqIosqy -



148

average chain length calculated from the number

average molecular weight was about 40. It is not
possible to ascertain whether this represents the
length of a single block; GG and MM blocks may be
mutually linked or the gel filtration pattern may
represent some molecular association. However it

is noteworthy that the calculated chain length is
greater than that of the water-soluble polymannuronate-
rich material in Fraction 3A (ca. 20 units, Section
2.2.4); but similar to that of the guluronate;rich

Extract 7 (Section 2.2.8).

TABLE 2.20

BLOCK DISTRIBUTION IN ASCOSEIRA ALGINATE 1

Block
Block Distribution ' Length
METHOD Fy  Fo o Fum Fee TuetFom M Nac
Partial Hydrolysis 0.32 0.68  0.16 0.62  0.22 16
3¢ hom.r. 0.30 0.70  0.20 0.60  0.20 2 6
18 n.m.r. 0.32 0.68 0.26 0.62  0.12 4.3  10.:

Most previous estimates of block lengths have

been based on partial hydrolysis46-49 and hence doubt

must remain as to the homogeneity of. the blocks on:
which the calculations have been made. A more

reliable method,50 based on complete enzymic degradation
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of MG and GG blocks, gave MM block lengths of about

24 for several samples. A sample from growing tips
of Ascosphyllum nodosum was rather polydisperse

( d.p. 21-30); with a mannuronate content of 75% it

is very similar to the material in Fraction 3A and

it is reasonable to conclude that Fraction 3A includes
newly synthesised alginate.

The soluble fraction from the partial
hydrolysis was extensively degraded; the average
degree of polymerisation was about 3, it eluted in
the bed volume on Sephadex G100 and the 1H n.m.r.
spectrum (FIGURE 2.23) had a high proportion of
reducing end-group signals. O&erlapping peaks make
calculation of the M/§+ratio difficult and assignments
uncertain (TABLE 2.21)‘2ven with resolution enhancement.
It is not possible to ascertain whether any of the MM
blocks have been solubilised; M-M diuronides may be
derived from MM blocks or may simply be ifregularities
in the MG blocks. The relatively iow proportion (0.16)
of MM blocks calculated from the insoiuble fraction
suggests that some stabilisation of MM blocks has
occurred and that the partial hydrolysisfmgfhodjgives
proportions of MM blocks and MG blocks. that are
respectiveiyAtoo low and too‘high." Né??rthglegs:the
biock distribution is in rough agreeméﬁfi&iththoéé

determined by n.m.r.
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1

FIGURE 2.23 H N.M.R. SPECTRUM OF ACID-SOLUBLE FRACTION

OF ALGINATE 1

4.63
4.63
4.80
4.82
4.83
5.16 4.85
4.36
4.61 m
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5.23
T T ERE | 1)
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ASSIGNMENT OF "H SPECTRUM OF ASCOSEIRA ALGINATE ACID-SOLUBLE

FRACTION

Chemical Shift

)

4.36

4.61

4.63

4.65 _J

4.80

4.99
5.03

5.16

5.23

¥

" Tentative Assignment

of

of

of

of

of

of

M

M

*

in -G-G-
*
in -M-G-

in -M-M- or -G-M-

and G reducing end groups (B8)

* *
in -G-G- or -M-G-

and G reducing end groﬁps (a)

It may be concluded that (a) there has been

negligible suppression of signals in the spectra of the

intact alginate and (b) the proportion of MG blocks in

the intact alginate is low.

In the absence of evidence

to the contrary it is safe to assume that the alginate

does not differ fundamentally from other alginates and
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hence the three types of block are mutually linked.
The GG block length in the insoluble fraction is much
shorter than the average chain length of alginate
determined by gel filtration (d.p. 100). The earlier
assertion that the water-soluble alginate may be
comprised of separate blocks does not conflict with
the concept of mutual linkage since the amount of
MM blocks in the water-soluble alginate is insufficent
to account for all the MM blocks in the total alginate;
some of the MM blocks must be linked to the other
block types (this assumes that the composition of
alginate 2 is essentially the same as alginate 1).

A low proportion of MG blocks is not

41,45 As described earlier

uncommon in alginates.
(Section 1.2.3.1) alginate is considered to be
synthesised as polymannuronate, individual residues
then being converted by C-5 epimerase to guluronates
generating either MG or GG blocks. Recent studies51
suggest that the two block types are generated by
different epimerases, the "MG epimerase" being rather
more sensitive to calcium ioﬂ concent;étion. When
this concentration is high MG blockS“afe generated
preferentially, whereas at low concentration GG blocks
are favoured. Thus a form of homeostasis may be.
operating through the alginate structure; when the

calcium ion concentration in the ambient water is too

low for adequate gel rigidity an-alginate is
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synthesised with GG blocks that bind calcium strongly,
and when it is high enough to render the gel brittle
non-binding MG blocks are generated.

Thus the deficiency of MG blocks in Ascoseira
alginate may be an indication of a low concentration of
calcium ions in its environment. An altefnative
explanation may be(bduéed by the relatively short
chain lengths. With extended GG blocks (at least
20 residuessz) required for gelation the chains
may not be able to accommodate a large proportion

of MG blocks.
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CHAPTER 3

THE MUCILAGINOUS EXUDATE OF MACROCYSTIS PYRIFERA FROM

THE ANTARCTIC AND CALIFORNIA

3.1. Introduction

Many species of brown algae exude a sticky
slimy liquid from their surface, a fact that imperils
the unwary sfroller on a weed-covered rocky shore.

It has been suggested that this liquid prevents
desiccation,ameliorating the effects of excessive
salinity during the long periods when the weed is

exposed.1 For Macrocystis pyrifera and other

species of the Laminariacae there would appear to

be other functions since these species are rarely
exposed. The main polysaccharide constituent of the
slime is '"fucoidan'", a "fucan" of high fucose and
sulphate content. ' As outlined in the Introduction
(1.2.2.2.), the "fucan" in brown algae is thought

to serve partly as a gelling agent to lend support
to alginic acid in protecting the structural integrity
of the alga, and partly as a selective ion-exchanger
controlling intake and loss.of cations from the
seawater.z It is not clear whether any distinction
can be made between "fucan'" within the alga and
"fucan" on the surface, but it seems reasonable

to assume that no sharp change in structure occurs
as the slime is exuded. from the surface. Thus any
division between the two 'forms' of “fucan" muSt’

be rather arbitrary.
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In the context of adaptation to the Antarctic
the significant features, the composition and quantity
of the slime, and how they change with lowering
temperature, are obviously influenced by more than
just the polysaccharide content. The total solids,
salt éomposition and the presence of small organic
molecules may all be relevant. To this end the
detailed composition of the slime of the Antarctic

sample of Macrocystis pyrifera has been determined

and compared with that of the same alga growing in

the temperate waters of Southern California.

The scope of this sort of study is severely constrained
by several factors. All the parameters to be
measured are likely to vary both seasonally and with
plants in differing stages of development. A
comprehensive study would involve monitoring the
composition of the slime throughout the year, an
impractical proposition. To minimise differences
studies were made onvbatches of algae harvested in the
same season.

The Antarctic sample‘of exudate was obtained
from a batch of whole plants collected from kelp beds
on South Georgia during late October 1978 (i.e. early
Spring). The weed was immediately frozen and kepf
at -20°cC during transportation and storage. After
about 12 months the weed was allowed to thaw and the
~liquid draining off was collected. (Expt. 5.37).

The Southern California exudate was taken from
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a batch of weeds harvested for commercial purposes
by Kelco of San Diego during March 1980 (Spring).
The weed is harvested by a reaping machine which
cuts the stems about 1lm below the surface, 1eaviﬁg
the lower part of the stems and the holdfast behind.
Since these contribute little to the total surface
area of the weed they probably accommodate little
exudate and therefore any variation in exudate
composition from that of the fronds is unlikely to
be reflected in differing composition of the exudates
from the two geographical sources. The exudate was
collected from drainage tanks for the harvested weed,
weighed and freeze dried for transportation. This
difference in treatment of the two exudates was
unavoidable and must be borne in mind when‘comparing
properties.

The only previous work on exudate components

other than fucoidan in Macrocystis pYrifera was

reported by Schweiger, who found mannitol, glycerol,
taurine, laminitol, succinic acid and several amino
acids.3

Solids Contents (Expts.5.38, 5.43).

Accurate determination of the ;olids content
of the exudates is complicated by the difficulty in»
distinguishing between exudateAand adhering seawater.
In the sea it is unlikely fhat there is a sharp |
dividing line between the exudate and the seawater,
hence although most of the water wiii drain bff

immediately after removal of the weed from the sea,
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the possible different dilutions of the exudates must
be borne in mind when consideriné the compositions.

After freeze-drying, the Antarctic exudate
(AE) contained about 5% w/v of solid, the exact
amount varying slightly between different samples.
For the California exudate (QE) the concentration
was 6.5% w/v from the weight and volume quoted by
the supplier. Seawater contains about 3.4% of solids.
71% (AE) and 66% (CE) of the éolid remained after
ashing; since at least 10% of the freeze-dried
material may be taken to be water it is apparent
that the bulk of the material is inorganic.

Titration showed chloride to be the dominant anionic
species in both, accounting for just over half the
inorganic material; free sulphate was the other
significant anion, accounting for 8% of the inorganic
in both.

The four principal cations found in seawater
were quantified by atomic absorption spectrophotb—
metry, after "ashing" of the solids by two methods,
acid digestion and muffle furnace ignition. For
sodium, potassium and magnesium both methods gave
similar, reproducible results, whereas for calcium
the results were variable with the dry ash method
giving high results. The results are Summarised
in TABLE 3.1 both as chcentrations and as relative
proportions, with figures for seawater listed. for

comparison.
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TABLE 3.1 METAL CATION COMPOSITION OF ANTARCTIC AND

CALIFORNIAN MACROCYSTIS MUCILAGES -

Metal Abundance(a) : ' Relative Proportion
AE " CE Seawater AE CE Seawater

Na 5.95 3.60 10.54 11 12 26

K 26.40 15.60 0.38 51 52 1

Mg 0.96 0.56 1.27 2 2 3

Ca 0.28—6.76 0.25-0.35 0.40 1 1 1

(a) mg/ml of mucilage.

The reason for the variable results for calcium
is not clear. The tendency of alkali earth metals
to form salts which are stable in the air/acetylene
flame, thereby suppressing the yield of-free atoms,
is well known.4 The addition of La3+ ions in
sufficient excess should release mostof the calcium
by forming compounds of similar stability. Another
depressing effect, complexation with protein, should
have been eliminated by the ashing. The lower values
for wet ashing suggest incomplete digestion, though
the method differs only slightly from a recommended
methdd for plant materials, and the consistency of
the other results tends to rule out this éossibility.
Since interference effects in atomic'absorption '
spectrophotometry are generally depréssive rather than

enhangive it seems likely that the actual calcium.
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concentrations are probably best represented by
the highest observed values. '

Regardless of the above, the profound difference
in cation concentrations between the exudates and the
seawater, and the close similarities of CE and AE
reflected in the relative proportions, are quite
obvious. The operation of ion "pumps'" in algae has
been described before5 and it would appear that

Macrocystis pyrifera actively accumulates potassium

and excludes sodium, the relative concentrations being
unaffected by temperature.

The exudate is a viscous, sticky fluid when it
is stripped from the weed. However, reconstitution
of the freeze-dried solids to their original concen-
trations gave solutions of drasticaliy reduéed
viscosity, which fell even further when the solutions

were left standing.

" Carbohydrate Contents (Expts. 5.39-5.42, 5.44-5.47)

The carbohydrate contents (fucose graph) of the
two dried solids were 3.5% w/w (AE) and 5.0% w/w (CE),
respectively 0.12% and 0.32% solutions of the .
exudates. |

The salts and low molecular weight'compounds'

-were separated from the polymer materials‘by'dialysis;“

450ml of AE (ca. 0.7g carbohydrate)-and 25g of ‘CE =
reconstituted in 300ml of waterf(ca.,1§25g_of“y:fg,_:f F

carbohydrate) were separately-didljsed,uhtii{ffeéldf f7 ‘“
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chloride. The material passing through the
dialysis membranes was recovered, deionised, the

mannitol separated and the reducing sugars examined

(TABLE 3.2).

TABLE 3.2. LOW MOLECULAR WEIGHT SUGARS IN

MACROCYSTIS MUCILAGES.

Sugar AE CE
Fucose XXXX XXXX
Xylose X X
Mannose X - X
Glucose _ XX XX
Galactose X X
Oligosaccharides trace trace

It would appear that in both cases most of
the reducing sugar is derived from degradation of
"fucan". During the course of dialysis the pH
inside the membrane fell in both cases to about 4.5.
This increase in acidity is probably caused by the
slight acidity of the water used for dialysis, and
of the exudates themselves (pH‘6.5). Exchange of
protons with metallic cations, both free and
associated with the "fucan'",is initiated and then
sustained by each change of dialysis water. The
"fucan" is then degraded over several days both by

free acid and through autohydrolysis, acid-labile
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fucosyl linkages are cleaved releasing the fucose
which accounts for most of the free reducing sugar.
Later results will support the view that the bulk
of the free sugars does not 6ccur as such in the
living alga. The similar proportions of the other
carbohydrate constituents suggest that none of the
small carbohydrates has any significant role in
adaptation to the low temperature; in fact a higher
proportion of the polyalcohols might have been
expected at the lower temperature.

The two dialysed solutions (now apparently
devoid of any viscous character) were adjusted to
pH 7.0 and separately freege—dried. The yields
and compositions of the two solids, hereinafter
referred to as "fucan" AE and '"fucan'" CE, were

determined (TABLES 3.3, 3.4).
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TABLE 3.3. RECOVERY AND COMPOSITION OF "FUCAN" FROM

MACROCYSTIS MUCILAGES.

% by weight of the recovered '"fucan"

AE
Recovery(a) 0.5
Carbohydrate(b) 35
Uronic acid(c) 5.6
Sulphate(d) 25(71)
Protein 12
Ash 25

Na 0.51

K 2.01
Mg 2.15
Ca 0.82-2.05

(a) Percentage w/v of the mucilage

(b) Fucose gr

(c) Glucuroni

aph

¢ acid graph

v

CE

0.65

38
4.9
27(71)
15

20

0.67
2.15
1.50

1.00-1.47

(d) Figures in parenthesis are percentages of the

carbohydr

ate

TABLE 3.4. RELATIVE PROPORTIONS OF SUGARS IN MACROCYSTIS

" MFUCANS'"(a)
AE 75 5 4
CE 74 3 6

" Gal " G1uA
-8 6

8. .5

(a) Neutral sugars determined by g.l.c., uronic acid

determined colorimetrically; total set to 100%
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The similarity between the two fucans is
evident. Of particular significance is the distrib-
ution of the cations, where the predominance of
potassium in the mucilages, (which would be expected
after oxygen deprivation)5 has clearly not been
sustained; the divalent calcium and magnesium ions
are preferentially bound during dialysis. This
marked affinity (for divalent ions) has been
observed before by Lestang and Quillet6 in the "fucan"

from Pelvetia canaliculata. They noted that the

"fucan" fixed magnesium preferentially, so that when
the fronds of the alga are in contact with seawater
the half-ester sulphate groups are largely associated
with magnesium ions. They suggested that the
magnesium ions are highly hydrated, thereby retaining
water in the fronds.

This preference for magnesium and, to a
lesser extent, calcium, appears to be repeated in

" Macrocystis pyrifera, though more detailed experiments

would be neéessary to confirm this. The higher
cornicentration of magnesium in "Fucan" A is probably
not significant.

Attempts were made to differentiate the two
M.pyrifera "fucans'" at the macromolecular level on
the basis of heterogenéity, size and charge.
Electréphoresis on both cellulose acetate at pﬁ 5;1

and 8.0, and on polyacrylamide gels at pH 8.5 gave '
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single bands of identical mobility for the two
"fucans'"; in both a coincident band which stained
for protein was observed. In view of the composition-

al similarity of the two "fucans'", particularly

the sulphate: fucose ratio, this was to be
expected. A more likely area for divergence is in
molecular size; however gel filtration on

Sepharose 4B (FIGURE 3.1) indicated no apparent
difference, both being highly polydisperse with
average molecular weight probably in excess of 10§
It might be expected ﬁhat the viscosity of
the mucilage will depend on the molecular size of
the constituent "fucan" as well as its concentrafion
and the prevailing temperature. The Antarctié
sample at lower temperature and similar concentration
would require the "fucan" to impart less
viscous character to the mucilage, assuming an
inverse dependence of viscosity and temperature.
The similarity in apparent size of the two "fucans"
implies that the viscosity is not controlled by the
size; the differing concentrations of "fucan"
(20% lower in the Antarctic mucilage) may be more
significant.
Experiments to measure the temperature and
concentration dependence of the viscosity of "fucan"
solutions were inconélusive; as has been previously

observed7, the viscosities of '"fucan'" solutions
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were considerably lower than those of the native
mucilage and also fell substantially on standing.
Attempts to reconstitute the muciiages by addition
of the appropriate salts served only to reduce
viscosities even further, presumably through
electroviscous effects.'

The polysaccharide conformation may have
some bearing on the viscosity. Lestang and Quillet6
assumed that the '"fucan" was essentially composed of
a—(1-+2)-L-fucose residues cérrying sulphate at C-4.
They proposed a helical conformation with the half-
ester sulphate groups on the outer surface of the
helix, carrying partially hydrated magnesium ions.
This rather simple model fails to account for a
degree of sulphation in excess of 1.0 and precludes
linkage through other ring carbon atoms. Until
detailed structural information on the '"fucan"
is available it is unwise to speculate on likely
molecular conformations. |

It must be concluded that the composition of
the mﬁéilage is not profounaiy.affected by climate,

at least not in terms of the carbohydrate components.
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CHAPTER 4

CARBOHYDRATES OF MACROCYSTIS PYRIFERA fROM THE ANTARCTIC

4.1 Sequential Extraction of Macrocystis pyrifera

The exudate has yielded a substantial amount
of "fucan" and some low molecular weight carbohydrate.
To recover the remaining carbohydrate a sequential
extraction was carried out. The intact alga (about
0.5Kg after r=moval of exudate) was ground, reground
and dried to a powder (60 g. dry weight). Since
some low molecular weight material had already been
removed an ethanol extraction was omitted.and the
low molecular weight carbohydrate recovered from the
supernatant of the Cold Water Extract. The extraction
procedure is outlined in FLOW CHART 4.1 (Expts.5.48 -
5.52).

4.1.1. Low Molecular Weight Carbohydrates (Expt.5.52)

The supernatant from the Cold Water Extract
was concentrated and the salts removed. About 200 mg
of mannitol was isolated and characterised. This
amounts to only 0.3% of the dry weight; in combination
with the small amount found in the exudatetit is obvious
.that the alga contained little mannltol when harvested
This is con31stent with the general observatlon for
Laminariales of a low mannitol content 1n early sprlng,T'
prior to the rapid accumulation by photosynthes1s.1

The residual syrup ylelded about 25 mg of "

carbohydrate (glucose graph) compr1s1pgtfucose, glucpse
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SEQUENTTAL EXTRACTION OF MACROCYSTIS PYRIFERA

Alga (ca. 500 g. wet, stripped of mucilage)

1, Ground under Né
2, Dried
A 4
Powder (60 g)
1,Soaked in HCHO
2, Dried
Cold Aqueous 5x 400 ml 2% CaCl, 20°C 4 h
Extraction ,
v 6 volumes
Residue EtOH added
Solid Supernatant
1, Dissolved :
2, Dialysed EXTRACT 2
3, Freeze-dried
EXTRACT 1
Hot Aqueous 6 x 400 ml 2% CaCl, 70°C 4 h
Extraction
6 volumes
¢’ EtOH added
Residue
Solid Supernatant
1,Freeze—dried discarded
EXTRACT 3
Hot Acidic 6 x 400 dilute HC1 (pH2) 70°C 4 h
Extraction
v Centrifuged
Residue
Supernatant Solid
1, Dialysed discarded
2, Freeze-dried
" EXTRACT 4
Hot Alkaline 6 x 400 ml 3% Nay00; 70°C 4 h
Extraction
6 volumes
v EtCH added
Residue i
Dried - 21g (CONTINUED)
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FLOW CHART 4.1 (continued)

N

Supernatant Solid
1,Dialysed 1,Dissolved
2,Freeze-dried 2,Dialysed
3,CaC12added
EXTRACT 5
Solid Supernatant
1,Freeze 1, Dialysed
. dried 2,Freeze-
dried

~ EXTRACT 6 EXTRACT 7
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and lesser quantities of xylose, mannose and
galactose, identified by paper chromatography
and g.l.c. These are probably derived from)
degradation of polysaccharides, during either storage

or the grinding and drying.

4.1.2, Examination of the Polymeric Extracts

(Expts. 5.54 - 5.59)

All the polymeric extracts were buff coloured,
indicating that the formaldehyde treatment had not
been fully successful in preventing extraction of

pigments (TABLE 4.1)

TABLE 4.1

RECOVERY OF POLYMERIC EXTRACTS FROM MACROCYSTIS

PYRIFERA
EXTRACTANT EXTRACT WEIGHT % OF DRY WEIGHT
Cold Water 1 1.82 3.0
Hot Water 3 0.23 0.4
Hot Acid 4 2.52 4.2
Hot Alkali 5 0.03 -
Hot Alkali 6 3.70 6.2
-7 0.66 | 1.1

Hot Alkali

TOTAL 8.96 14.9




176

Extract 6, the calcium alginate, was converted
to its sodium salt; no material was solubilised during
the conversion to the free acid. Affer hydrolysis
no neutral sugars appeared on paper chromatography,
confirming that no "fucan'" had been precipitated by
the calcium ions. In view of the likely degradation
during extraction the alginate was not studied further.

The four remaining major polymeric extracts
(the '"fucans") were examined for carbohydrate, uronic
acid, protein and sulphate. Portions of Extracts 1,
4 and 7 were hydrolysed with 2M trifluoroacetic acid
and 90% formic acid and the monosaccharides in each
hydrolysate identified by paper chromatography and
quantified by g.l.c. Only one hydrolysis was carried
out on Extract 3 in view of the small amount.

The results are summarised in TABLES 4.2 and
4.3. The carbohydrate contents were calculated from
the standard graphs quoted in the footnotes. The
proportions in the graphs do not correspond exactly
with those determined by g.l.c. but given the differences
between the two hydrolysis methods, the ambiguity in
the proportions of hexose and hexuronic acid and the
fact that hydrolysis was probably incompieté in all
éases, any putative better "fit" of standard graph

is of doubtful value. The incomplete hydrolysis was

‘apparent from paper chromatograms where small amounts

of oligomeric material, probébly aldobiuronic acids,
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were detected for all the hydrolysates except for
those of Extract 1. In addition; the extent of any
destruction of sugars is uncertain. In a repeat of
the hydrolysis of Extract 4 about 20% and 33% of the
carbohydrate was destroyed during hydrolysis with
trifluoroacetic acid and formic acid respectively.
Addition of three volumes of ethanol to each
hydrolysate precipitated respectively 29% and 43%

by weight of the original material. Both precipitates
contained about 5% of the original carbohydrate.
Evidently there has been both destruction of carbo-
hydrate and incomplete hydrolysis and thus the results
in TABLE 4.3 must be taken as only indicéting the

approximate proportions of each monosaccharide present.

TABLE 4.2 COMPOSITIONS OF POLYMERIC EXTRACTS

EXTRACT CARBOHYDRATE URONIC ACID SULPHATE PROTEIN

%(a) (P) %(c) %(d)
1 48 8 64 10
3 60 24 (e) 0
4 , 50 i 12 26 5
7 48 31 27 7

(a) Fucose standard graph for 1, Fucose:Mannose:Glucuronic Acid
(1:1:1) for 3,4 and 7.

(b) Glucuronic acid standard graph and expressed as percentage

of .the carbohydrate.
(c) Expressed as a percentage of the carbohydrate.
(d) Expressed as a percentage of the extract.

(e) Not determined.
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TABLE 4.3

" RELATIVE MOLAR PROPORTIONS OF SUGARS IN MACROCYSTIS EXTRACTS

EXTRACT ACID(?®) SUGAR DISTRIBUTION(P)
FUC * XYL MAN ~GLU GAL GLUA MANA GULA
1 1 75 3 6 2 5
8 - -
" 2 82 2 3 1 3
3 1 20 5 5 5 8 8 35 5
s 1 27 9 5 15 14 20 .
" 5 42 9 5 6 9
7 1 132 5 8 14 g ‘0 .
" 9 21 5 3 .4 13

(a) 1: 2M trifluoroacetic