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GENERAL INTRODUCTION

ALGAE

Algae are among the most interesting plants produced by
nature. The variety of colour, shape and size among the
thousands of species is enormous. The smallest algase measure
scarecely a micron in diameter, whereas the giant kelps often
exceed a hundred feet in lengths Algae are found in every
conceivable habitat; in the oceans, rivers, ponds, the soil,
and even in the arctic and antaretic regions, where it is
considered that life ultimately depends upon their presence.

In the matter of pigmentation, perhaps no other group of plants
exhibite so many different colours. The common names applied
to the various classes of algae - greens, blue-greens, yellow-
greens, browns, golden-browns, reds - merely represent what is
commonly the manifest colour of the plants. This gives little
clue to the possible colour changes during normal growth. The
greens, for example, may be vivid green (when actively growing)
and nearly yellow or brown during spore formation. The blue-
greens, perhaps, exhibit the widest range of colour, hues from
red through the spectrum to violet may be observed. The varia-
tion range in the algae is among the greatest in the plant
kingdoms They may be unicellular or multicellular. The
colonial forms may have definite shapes, or they may be merely
irregular aggregates of eellss The cells may be spherical,
eylindrical, club-shaped, spiral, sigmoid, wedge~shaped, or
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even amoeboides The plants are filamentous or plate-like,
branched or unbranched, free floating or attached, microscopic
or macroscopic, highly ornamented and sculptured or smooth,
annuals or perennials.

Some of the pigments found in algae, and their chemical
compositions, are: ghlorophyll a, C55H72058) Mg » ghlorophyll b,
Cystlpo06tyligs carotin, C)oHgg, Zanthophyll, C)oHgs05, and
fucoxanthin, ch0H56°6' P thrin, of unknown chemical
composition is thought to be allied to proteinss Ehyeobilin is
also proteinaceous in compositions Chlorecphylls ¢, d, and e,
and perhaps others, are known from thelr spectrum analysise
Their chemical composition is as yet unknowne The distribution
of some pigments in the algae may be seen in Iable 1 pe e

Man's interest has centred mainly around the larger
species of marine algeae, commonly known as seaweeds. For
centuries, certain species have been used for humen and animal
consumption, especially in the Far East and the islands of the
Pacific Oceans In the eighteenth and pinetsenth,centuriea they
were sources of lodine, potash and soda, but with the a&vent,of
cheaper methods of producing theqe materials, the once flourish-,
ing kelp industry of Sootlﬁnd, Ireland and France soon faded
and dieds Industrial interest in seaweeds was revived during
the second world war, and carbohydrate extracts of the Rhodo-
phyceae and Phaeophyceae have, to-day, considerable everyday
applications in the food, cosmetic, pharmaceuticel, textile,
brewing and paper industries.

The seaweeds have been divided into four classes, accord-
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ing to their photosynthetic pigments, which alsoc happen to
coincide with differences in chemical nature, exemplified by
the different types of polysaccharides synthesiseds These
will be discussed in some detail.

Examples of what are considered to be food reserve
materials are found in the g ~1,3-1linked glucan, laminarin, of
the Phaeophyceae, and the glucans resembling starch in the
green and redscaweeds. The proportions present of these
reserve materials vary considerably with the seasons They are
usually at a maximum in the autumne

The environmental conditions of marine algae, contrasting
. 80 mueh to those of land plants, give rise to considerably
different skeletal requiremgnta. The normal constituents of
the cell walls of land plants, cellulose, hemicellulose and
lignin, giving the characteristic rigid structure, are either
absent or present in only very small quantities. Seaweceds
require flexibility and ease of movement, and in keeping with
this is the mucilaginous nature of many of their polysaccharides.
Common features of algal structural polysaccharides are their
complexity, being heteroglycans, and their acidic nature. This
latter feature arises from the presence of uronic acid residues,
and/or sulphuric acid half ester groups. No polysaccharides of
the land plants have as yet been found to contain sulphate ester
residues, but some of the animal polysaccharides are sulphated.
Thus, heparin (the anticoagulant), the chondroitin sulphates
(found largely in cartilage) and keratan sulphate (cornea), all

have ester sulphate« The reason for the presence of sulphate
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residues in algel polysaccharides has not been definitely
established. One view is that their hydrophilic nature may
keep the plant from dehydration at low tides, snother is that
they regulate the ionic equilibrium of the cells.

SULPHATED POLYSACCHARIDES
The presence of sulphuric acid half ester groups in |

seaweeds was first reported by Haas in 1921 (1) These esters
hydrolyse under acid conditions, but with alkali they are either
stable or are eliminated to form qnhydro sugars. Stundies on
monosaccharide sulphates (2) have shown that hydrolysis in
alkali occurs if an adjascent -OH group is in a 'trans'
configuration to the sulphate residue (Pig.l), or if removal
6f the sulphate group can result in the formation of a 3,6~
anhydride (Fige2).

CHz——o CHa—- CHﬂDSOsH
OSOzH
Fige 1 Pige2

Thus , 1,6-anhydroﬁﬁ -D-galactose~-2-gulphate with a
trans ~-OH group on Cz hydrolyses to 2,3-1.6—d1anhydro-}5nb-
talopyranose (Figel), whereas methyl-ﬁi-D-galactoyyranoaida-ﬁ-

sulphate, with a free 'eis' -OH group on 03, gives rise to
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methyl-3,6-anhydro-p£ ~-D-galacto-pyranoside (Fig.2).

In general, the sulphate esters of seaweeds are stable to
alkeli, a fact which hinders elucidation of the polysaccharide
structure, and the site of the sulphates Methylation of such
meterials is difficult to accomplish, is seldom complete, and
the results ambiguous., Recently, ylelds of oligosaccharides
from partiael enzymic hydrolysis of some polysaccharides were
found to be improved if the oligosaccharides were removed
continuously from the reaction solution by dialysis (3)s A
similar method has been applied to the autohydrolysis of the
sulphated polysaccharide from the red alga Furcellaria
fastigiata (4)» The polymer contains D-galactose (43e1%),

3 ,6~anhydro-D-galactose (30.3%) and half ester sulphate

(as-S0zNa, 20.1%) (5) An-aqueoua solution of the polymer,
previously stirred with a cation exchange resin, was dialysed

in presence of barium carbonate. It was found that a yleld corres-
ponding to 60% of the original polysaccharide could be recov-

ered, with a loss of only 20% of the sulphate ester content.

Rees, (6), in studies on galactose 4~ and 6-sulphates and
glucose~3=-sulphate has shown that the rate of acid hydrolysis
of the sulphate residues varies according to where the sulphate
is situateds Stability increases in the order as follows :
equatorial < axial <primary.

FUCOIDIN
Fucoidin is a heavily sulphated fucose containing polymer
(7) of the Phaeophyceae. The high sulphate content (ga 33%)
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corresponds to an average of one sulphate residue on every
fucose unit. Most of this sulphate is alkali stable (8)s
Methylation studies on the sulphated polymer have led to the.
isolation of methyl 3-O-methyl-L-fucoside (58%), methyl L=
fucoside (ga 20%) and methyl 2,3-di-O-methyl-L-fucoside.
These results indicated that positions 02 and cu were
involved in linkages with adjacent L-fucose units or with
sulphate ester groups. Acetolysis and reduction of fucoidin
(9) resulted in the characterisation of 2-0-X -L-fucopyrenosyl-
L-fucitol, (Fig.3), consistent with methylation results, and
indicated 1,2' linked fucose units with sulphate residues

probably on C, positions.

L

CH_OH

CH3 |
Ko | H-C~-OH

HO
H-C=0H
HO-C~H

CH
3
Fige 3

The stability of the sulphate to alkali also indicates this
position, for C, sulphate in & 1l,4'-linked fucan would be alkali
labiles However, further studies have led to the isolation and
characterisation of u-O-C(—L-fucopyranoayl—L—fucoae (10)s Thus,
there is some degree of l-4'L-fucose linkages and a possibility
that some of the sugar units are disulphated.
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CARRAGEERAN

Carrageenan, a sulphated galactan, can be extracted with
hot water from the red seaweed Irish moss, (Chondrus crispus
and Gigartina stellata). Forming a reversible gel with water,
carrageenan finds many uses, and is extracted commercially as
a stabilizer and homogeniser (protective colloid) for chocolate
milk, ice cream, toothpaste and pharmaceutical products.

Carrageenan appears to be a mixture of polymers containing
D-galactose (30-40%) and 3,6-anhydro-D-galactose residues
(ga 12%). There is also an ester sulphate content of ga 30%
(11) (12) (13)s The two principal polymers have been named
K =carrageenean and:K,-carrageenan. They have been fractionated
(14) (15) using potassium chloride, the former polymer being
precipitated from aqueous solution, the latter remaining dis-
solved. The proportions of K ::{ are gca 2:3. The isolation of
the disaccharide u-01}3-D—galaotopyranoayl—s,6—anhydro-n-
galactose, (carrabiose) (Fige.l) using partial mercaptolysis (16)
led to the tentative suggestion for the repeating unit of the

K =polymer (Fige5).

CHa0OH CH;OH

ey e

Figel Fige5
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:\ - Carrageenan has been shown to consist almost entirely
of sulphated-D-galactose residues. Evidence for 1,3'- linkages
has been supplied by Morgan and O'Neill (17) who isolated and
characterised 3-0-X «D-galactopyranosyl-D-galactose (Fige£)s

CH20H CH20H
HO QO HO @)
OoH HOH

OH

Figs 0

The same workers also isolated a crystalline trisaccharide
tentatively identified as 0-A ~D-galactopyranosyle=(l=3)=0= X =D=
galactopyranosyl=(1l-3)-D-galactose.

More recently Rees (18)(19) has shown that a sample of:\ -
carrageenan contained galactose~-6-sulphate, which by alkali
treatment was converted into 3,6-anhydro galactose. Partial
mercaptolysis resulted in the isolation and characterisation of
a derivative of unﬁ-}g—D-galactopyranonyl-}.G-anhydro-D—galactoae,
showing the presence of 1l,4'-~ linkeges. Rees also supplied
evidence for presence of sulphate on Ga and 06 of the galactose
residues linked through the Gu positionss The characterisation
of galactose-6-sulphate from a partiasl acid hydrolysate estab-
lisned some sulphate on Cge Sulphate on C, was deduced from the
rate of acid hydrolysis of the sulphate (6), periodate oxidation
on the partially hydrolysed and reduced polysaccharide, and a
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tentative identification of 3,6-anhydro~gelactose~-2-sulphate.

AGAR

Agar is the gel-forming, major polysaccharide from
Gelidium amansii and other red algae. It is used as a food-
ingredient in the Orient, and elsewhere it is used extensively
as a laboratory culture medium for micro-organisms.

Agar conteins residues of both D= and L-galactose, the
latter as the 3,6~ anhydro derivative (20)(21). Pyruvic scid
and small amounts of L-galactose (22) as well as ester sulphate
(0e3~2.2%) are also present (23).

Acetylated agar has been separated into a chloroform
soluble fraction ggarose (70%) and a chloroform insoluble
fraction ggaropectin (30%) (24)s Araki has suggested that
agarosé is composed of 1,3' linkedlﬁ -D-galactopyranose and
1,4'= linked 3,6-anhydro-d -L-galactose, the residues being
alternately repeated to form & chain (25) This structure has
been based on the chemical composition of agar, the identification
of the scission products of methylated sgarose (26)(27), the
isolation of ggarobiose (h-O-fS-D-galactopyranosyl»}.6-anhydro-
L-galactose) (Fige7) and its derivatives from the products of
partial aecid hydrolysis (28), mercaptolysis (29), and meth-
snolysis (30) of agar, and the isolation of neoasgarcbiose (3-0-
3 ,6-anhydro-X ~L-galactopyranosyl-D-galactose) (Fig.7) from the
enzymatic hydrolysis of agear (31)s An agar digesting bacterium
Peeudomonas kyotensis was used as an enzyme solution, and as

well &8 necegarobiose, a tetrasaccharide was isolated,
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crystallised, and characterised (32)s The name given to the
tetrasaccharide was neocagarotetracse and the structure assigned
as in Fige. 7.

CH;0H

(o] CH20H )

HO HoO 1 HO
Ao e
H‘III’H"'O o —O

OH OH

“— AGARORBIOSE ——»

<— NEOAGRROBIOSE —»

Fig.7

Agaropectin containa)ﬁ -D-galactose, 3,6-anhydfo-L-galactose
a8 well as sulphate ester, pyruvic acid and D-glucuronic acid.
Partial methanolysis of egar (33) has led to the isolation and
characterisation of a disaccharide as 4,6-0-1' carboxyethylidene-
}3-D-galactopyranoayl—(1-&)-3,G-anhydro-L-galaotoae (FPige8)s
This evidence partially establishes the position of the pyruvie

acide

HC O
3 \Cf \CHQ_ O
7N
HooC O () o) Ho
oM ha" Ve (ocHs),
OH
OH

Fig.8



The location of the sulphate residues and the position of
the glucuronic acid hae not yet been determined.

FUNORIN
The Gloiopeltis family of red algae, under cultivation in

Jepan for food, synthesisese a sulphated polysaccharide,similar
to agarose (Fige7) in consisting of alternating residues of
1,3"'~1linked B -D-galactopyranose and 1,4"'~1linked 3,6-anhydro=- -~
L-galactopyrancse residues., This polysaccharide, termed funorin,
although forming highly viscous solutions does not possess the
property of forming gels, characteristic of agar and carrageensns
From this polymer Hirase and Araki have isolated the dimethyl-
acetal of 3,6-anhydro-L-galactose and methyl D-galactoside after
complete methanolysis, and the dimethyl acetal of agarobiose
(Pige7) after partial methanolysis.

GALACTAN from Dilses edulis

This polymer also forms highly viscous solutions. There

is a8 sulphate ester content of ga 11%, and the sugar residues
present are D-galactose (ga 70%), D-glucuronic acid (gca 10%)
D-xylose (7%), together with small amounts of 3,6-anhydro-D-
galactose (34)(35). Methylation of the sulphate free, degraded
polysaccharide acetate has indicated that it is mainly a 1,3'-
linked D-galactose polymer, with some 1,4'-linkages also
present (36).

Applicetion of the Barry degradation to the oxlidised
polysaccharide (37) has confirmed a backbone of 1,3'-linked
D=-galactose residues, to which are attached highly sulphated
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1,3'- and 1,4'~ linked D-galactose chains, xylose, and

glucuranic acid.

GALACTAN from Porphyre

Another sulphated galactan, it resembles agar and carra=-
geenan in its constituents. Most of the sulphate esters are
sited on Og of the L-galactose residues (38)s One feature
distinguishing this polymer from both agar and carrageenen is
the presence of 6-0O-methyl-D-galactose residues (39). Rees (40)
has shown the simultaneous enzymic conversion of the L-galactose-
6-sulphate to 3,6-anhydro-L-galactose. It is thus probable that
this occurs as part of the normal metabolism of the plants

The major polysaccharides synthesised by the green seaweeds
appear to be water-soluble, complex, sulphated polymers. They
can be divided into two main groups: those which contain
uronic acid residues, and those which do note The former cate-
gory will be discussed laters Polysaccharides of the second
type are synthesised by the Cladophorag and the Chaetomorphas.
These polymers have been found to consist mainly of arabinose
and galactose, tdgather with smaller proportions of xylose,
glucose and trace quantities of rhamnose (41). BEvidence has
been obtained indicating 1,3"~ and 1,6'~ linked galactose
residues to be present, while galactose-b6-sulphate and arab-
inose-3-sulphate have been isolated and characterised (42). The
Codiums and Caulerpas (43) synthesise similar water-soluble

polysaccharides containing galactose with less arabinose
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together with mannose and Xylose. Studies on Codium fragile
(44) have given proof of the presence of 1,3'-linked galactose
and arabinose, and have led to the isolation and characterisa-

tion of galactose L4~ and 6-sulphates.

- POLYURONIDES

ALGINIC ACID
Discovered by Stanford (L45) in 1883, alginic acid, to-day,

8till provides a source for structural investigations. 1In low
concentrations (gg 0s1-2%) it forms stable gels, the reason for
its great commercial importance in the food industry, and
production of pharmaceuticals and ¢osmstics wherever an emul-
s8ifying or thickening agent is requireds

Alginic acid is the major polysaccharide of the Phaeo-
phyceae. Because of the stabilising influence of the uronic
acid residues on the interglycosidic linkages, hydrolysis of
the polymer requires very rigorous conditions resulting in
considerable degradation. Although the ac¢idity also hinders
methylation, Hirst et al (46) succeeded in establishing the
presence of 1l,4'~linked mannuronic acid units when they iso-
lated 2,3~-di-0O-methyl mannuronic acid from methylated alginie
acide A chain length of over 100 was indicated for methylated
degraded alginic aecid from studies by Chanda, Hirst, Percival
and Ross (47) on the reduced methyl esters. Further studies on
alginic acid hydrolysate by Fisher and Dorfel (48) provided
evidence for the presence of L-guluronic acid residues (I),
in sddition to De-mannuronic acid (II)s This has been confirmed
by Drummond and Percival (49), who also established 1,4'
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glycosidie linkages using the scheme below (Fige9).

CooH
O HO CH HO
I iI
l 10"+ Brg l 10"+ Bry
COOH
o
CooM Q<= G2
Hooc cooH HooC  CoOOH
\l{ Hydrolysis l Hydrolysis
COOH COOH
CHO | | CHO
I +H~C-0H H=-C-0H + |
COOH I | COOH
HO=C=H H=C=0H
I I
COCH COOH
L(+) tartaric acid Meso tartaric acid

Figed
Attempts to fractionate alginic acid into a guluronic acid

polymer and mannuronic acid polymer have not succeeded, although
materials containing varying proportions of the two acids have
been isolated and partial fractionation has been achieved.
Evidence that both acid residues are in the same molecule has
been provided by Percival and Wold (51) who isclated a crystal-
line gulosyl-mannose after partial acid hydrolysis of the

reduced materials This was tentatively characterised as
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1-4 linked.

OMPLEX POLYURONIDES METABOLYSED BY THE GREEN SEAWEE

Green algae in the genera,Ulva, Enteromorpha and
Agrosiphonia (Spongomorpha)(52),all synthesise mucilages in
which the main sugar, rhamnose, is accompanied by xXylose,
glucose, glucuronic acid (ga 20%) and ester sulphate (7-20%).
Studles on these polysaccharides suggest a high proportion of
1,3'~1linked residues or branching in the molecules or a com=-
bination of bothe Direct linkage between glucuronic acid
and rhamnose is also indicated (53). The majority of the
sulphate appears to be linked to the rhamnose at 02. and proof
that some of the Xylose residues are also sulphated at C, has
been obtained for Ulva and Enteromorpha (54).

00D RESERVE POL ES
The energy reserves of many algae take the form of
polymeric glucoae.' The red and green seaweeds synthesise
starch like polymers, whereas the brown seaweeds synthesise an

eaﬂantially}B 1,3-1linked glucan called laminarin.

FLORIDEAN STARCH

Firet isolated by Colin (55), Floridean starch, the food
reserve polysaccharide of Dilsea and Furgellaria Spps, is
considered to have an essentially amylopectin type of molecular
structure. BEarly studies on the glucan from Dilsea edulis (56),
using pericdate, led to the opinion, from a low consumption
(06 moles.) of periodate per glucose unit, that linksges

through the c1 and 03 must be present. IHowever, later studies
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(57) revesled a periodate uptake of a8 one molesperiodate per
hexose unit,; a value confirmed by nitrogen and sulphur analysis
of the thio-semicarbazide and isoniazid derivatives of the
oxidised polysaccharide (58). Absence of 1,3'-linkages was
also indicated by enzymic studiess The percentage conversion
to maltose by X -amylase (X -amylolysis limit) of 65 and a
‘}3-11m1t of 45 (57) are comparable to the values for amylopectine
However, the short average chain length of 9-13 glucose units
corresponds more to the value for glycogens (cefe CoLs of
amylopectin g8 21). While the evidence points to X =1,4'

linked glucopyranose residues with branching on Cg of the
glucose unit as being the structure of.Floridean starch, a small
emount of nigerose (3-0-o-D-glucopyranosyl-D-glucose) (g&.0s5%)
has been isolated from a partial hydrolysate (59).

LA RIN

In some of the species of brown seaweeds, especially the
Laminaria spps s the Tood reserve polysaccharide is the glucan
laminarine Two forms of this polysaccharide, chemically almost
indistinguishable, have been isolated, differing only in their
solubility. Leminarin from Le.digitata remains in aqueocus
solution on cooling, whereas that from L.gloustoni precipitates
on standing.

Methylation studies (60), supported by periodate oxidation
(61)y have shown that both forms of laminarin are essentially
/ﬁ «1,3'~1inked glucans. These results were further confirmed
by hydrolysis, using an enzyme from Helix pomatia (62), which
led to the 1solation end characterisation of 5—01ﬁ ~D=gluco~



pyranosyl-D=glucose (Fig.10).

CH.OH CH20H
(@) @]
OH O HOH
Ho HO
Ho oH OH
Fig. 10

More recent investigations have shown that the structure of
laminarin is more complicated than previously supposed. Partial
hydrolysis (63) of leminarin hes produced, in addition to the
laminaribiose series of oligosaccharides, D-mannitol, 6-0-;3-D—
glucopyranosyl-D-glucose (gentiobiose)(Fig.11), 1-0-}3-B-glunoayl—
mannitol (Fig.12) and 1l~-O-laminaribiosyl-mannitol.

CHz20H
O, ~
O=CH
% oH | 2
Y, -0t
R e, Ho-G-i
(@)
ARCEINE H=C=OH
OoH l‘
CH,0H
Fige 11 Fige 12

The isolation of a small quantity of gentiobiose along with
two isomeric trisaccharides indicated the presence of}ﬁ -1,6"-

linkages in the polymer.
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From the sbove evidence it was considered that there were
two types of chains in the laminarin molecules: 'M-chains' in
which the redueing end was terminated by mannitol, linked
through ¢, or Cg, and '‘G-chaing' in which the terminal units
were reducing glucose residues. By measuring the formaldehyde
released when laminarin is oxidised with periodate at 2°C (64)
Anderson et al. obtained a value of 46% for the proportion of
laminarin molecules having mannitol terminated chains.

Oxidation of the reducing molecules of laminarin to
laminarie acid (65) and fractionation on anion exchange resin,
separated s non-reducing, mannitol terminated entity,(&-chainsj
laminaritol. Mannitol was only detected in the neutral fraction.
Periodate oxidation and reduction of laminaritol, followed by
hydrolysis, failed to yield ethylene glycol, the expéctéd
product from a terminal mannitol residue linked only through
C, or Cge This evidence led Smith and Unrau to postulate that
the mannitol acts as an aglycone residue for two glucose chains
joined to G, and Cpe More recent studies have, however, provided
evidence for l-substituted terminal mannitol residues (66)(Fig.l3).
The isolation and characterisation of ethylene glycol from the
hydrolysate of laminarin polyalceohol provided strong evidence
for mannitol residues linked through Gl or 06‘ This evidence
was further counfirmed by periodate oxidation studies on laminarin,
when it was found that three molar proportions of formic acid

per mannitol residue were released.
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' The existence of 1-6'-linkeges in laminarin wes substantisted
by & series of reactions involving periodate oxidationy reduction,
and finally mild hydrolysis (67)¢ This treatment was applied
to both the reducing and non-redueing components of laminarin.
After two treatments, the products were fully hydrolyseds Both
components of leminarin gave ethylene glycol (Figell) in emounts
corresponding to tto;ﬁ 1,6%-linkages for lamineritol, and one
such 1link for the reducing laminarose, per molecules



linkages.
but so far has not been confirmed.
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glucose + ethylene glyeol

geneity in laminarine

(1) OxIDATION

.(.' i) REDUCTiON

(ii i) MILD HYDROLYSIS

This method does not deteect branched points invelving 1,6"'-
Branching in laminarin has been postulated (64)

Mannose has been reported to be present to an extent of
14% of the glucose content in one commercial sample (68), bus

so far other workers have not been able to detect this hetero-
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INTRODUCTION
BACILLARIOPHYCEAE (Digtoms)

Diatoms are microscopic, unicellular organisms belonging
to the Chrysophyta. There are motile and non-motile species.
The term 'diatom' is derived from the Greek 'diatomos', mesning
‘eut through', and arises out of the organism consisting of two
"£flinty" shells which fit together like a box and lid.

Diatoms represent a very interesting group of organisms
not only phylogenetically but also because of their great
importance in the ayntheais of organic substance on the earth.
Historically, diatoms, along with the dinoflagellates, are the
youngest of the algae, first appearing in the Triessic some
190,000,000 years ago. (ce.f. blue green seaweeds 1,500,000 ,000~
2,000 ,000,000 years old). Large fossil deposits of diatoms
are found all over the world, and have been found to contain
many species now extinects Throughout the years, these fossils,
(popularly called diatomaceous earth), have found various uses.
It is recorded that Emperor Justinian, (532 A.D. ), because of
their lightness, instructed bricks to be made of this material
in the repair of the Church of Saint Sophia in Constantinople.
Present day uses include insulation for pipes and linings for
walls of blast furnaces. Formerly a polishing agent, it has
largely been replaced by carborundums

Diatoms are found in seawater, freshwater and in the soil.
Marine diatoms, recognised as the primary food supply of the

sea, are one of the many planktonic forms of marine algae.



Seawater diatoms differ from their freshwater counterparts
only in species and genera, in variety of ornamentation, and
in relative sbundance of different forms. So important are
they considered to be, marine dlatoms are often referred %o

a8 the grass of the sea. Like the larger forms of algae

they contain chlorophyll and photosynthesise complex materials.
It has been shown that 'bottom' diatoms in shallow waters
(<100 f£t.) are preeminently valuable to fisheries. Ffish
breed in shallow water and the young thrive on an abundance

of diatomse.

Although this type of orgenism has been known for many
years, harvesting single species in the quantities needed for
chemical investigations was quite impossible. It is only
recently that methods have been devised for growing them under
artificial culture. Furthermore, it is only during the past
few years that experimental techniques in sub-micro analysis
and structural studies have made it possible to characterise
milligram quantities of material. Consequently, up till 1956
(69) the composition of the carbohydrates of diatoms had not
been studied chemically. Only their cytological reactions had
been taken into account. For example, Mangin (70) deduced the
presence of pectic substances in diatoms on the basis of
characteristic staining reactions of the cell walls The same
conclusion was reached by Liebisch (71) after staining the
membranes with a weak solution of methylene blues The presence
of fucosan in the cells of the marine diatom Licmophora Lyngbyi
Kut. was established by Chadefaud (72) who stained the cells
with vanillin hydrochloride. The presence of cellulose in the
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cells of diatoms has been postulated by Whistler and Smart
(73)« Barashkov (69) has investigated alcohol and water
soluble carbohydrates of @& mixture of dietom species. Com=
plete removal of carbohydrate after ten extractions with
water at 40°C was reported. No structural investigations of
any polysaccharide material was attempteds COnly reducing
sugars were detected by paper chromatography. Two oligo-
saccharides were isolated, and from comparison of spot inten-
s8ities of hydrolysed and unhydrolysed material, they were
reported to consist of two and three glucose units respect-
ively. Chromatographic investigation of the agueous hydro-
lysate showed spots with mobilities of galactose, glucose,
arabinose, xylose, ribose, and rhamnose. The abseace of
uronic acid, sucrose, insolnble hemicellulose and cellulose

wag observed.

LEUCOSIN
The Chrysophyceae (Table 1) comprise a large number of

species of planktonic algae of fresh and seawater, character-
ised by their golden~brown pigmentation. Along with the
bacillariophyceae, and Xanthophyceae (Table 1 and Introduction
to Part 1II p.120) they bélong to the phylum Chrysophyta. The
regerve—food substance synthesised by these golden browns has
been termed leucosin by the phycologists. Since the time of
Klebs (74) this substance has been regarded as & polysaccharide.
However, Pringsheim (75) considers the term 'leucosin' has

been applied to very different substances. It has been

described as a polyfructose resembling inulin, and a poly-
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glucose of the laminarin type. YVolutin is a substance found
in the cytoplasm of various cells and believed to contribute
to the formation of chromatin, & readily stained substance
of the cell nuecleus. Volutin has been stated to occur in
various species of Chlorophyceae, as well as in Diatoms,
Euglenophyceae and MyXxophyceae (Table l)s Smith (76) has
identified the volutin of diatoms with the leucosin of the
Chrysophyceae, while Garaudin (77) states that chroma%in and
leucosin are identical. '

An insoluble and a soluble form of leucosin has been
isolated from marine diatoms (78), (ce.f.laminarin)s Von
Stosch (79) found that the refractive index of the cell was
proportional to its leucosin content, and calculated the
content of Schroederella cells of the Meeres plankton to be
20% of the fresh weight. '

The difficulty of isolating sufficient leucosin from a
pure species of Chrysophyceae has held up systematic struct-
ural investigations on this material. Only a few isolated
examples of chemical studies on leucosin are availables

Quillet (80) found that leucosin from Hydrurus foetidus
had I}*]D -69, gave no stain with iodine, and only glucose
on acid hydrolyseis. Partial hydrolysis showed 8ix evenly
spaced spots on a paper chromatogram, from which Quillet
deduced the polysaccharide contained at least eight anhydro-
glucose unitss In view of the ambiguity of the term leucosin
and of its chemical similarity to laminarin, he suggested the

name chrysolaminarin for this material.
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I% is of interest to note that a leucosin type of poly-
saccharide has been extracted from the flagellated protozoon
Ochromonas malhamensis. Structural investigations on this
polysaccharide (81) have indicated a resemblance to laminarin
in the presence of)B -1,3" linked glucose unitss A small
proportion of other linkages are also present.

A comparative study of leucosin, (hereafter called
chrysolaminarin), isolated from several mixed species of the
Chrysophyceae, and lamlnarin, extracted from L,cloustoni, hes
been made (82)s The major difference is apparently the
absence of mannitol residues in chrysolaminarin. There is
also a slightly higher degree of branching and in the number
of 1,6'~ linkages in the main chain.

PHAEODACTYLUM T ORNUTUM
Phaeodactylum tricornutum is a microscopic marine diatom
with relatively unexacting growth requirements, having been
found fo be tolerant of large changes of pH and temperature
(83)(84)s Previously confused with Nitzschia glosterium var.
minutissima, Phaeodactylum is npw botanically classed in a

genus of which it is the only member. S8ince the isolation of
the original culture (85) the rate of growth in relation to
nutritional and environmental conditions has been widely
studieds Phaeodactylum was found to be the only specimen of
several examined which grew well under tank conditions (86).
Interest in growing Phaeodactylum artifically no doubt stems
from its being widely used as a food for zooplankton, and

because it is apparently a major constituent in the diets of
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mussels and oysters (87). Phaeodactylum ie pleomorphic,
producing ovoid, fusiform, triradiste and cruciform cells
(88) of which only the ovoid form possesses a siliceous
valve (89)s 1In contrast to most diatoms, Phaeodactylum is
reported to have a silica content of only 1% The presence
of chrysolaminarin (1eucoa1n) has been reported from studies
on the staining reactions of the cells (91), but it has not
previously been investigated chemically.

The sample of Phaeodactylum tricornutum studied was
grown under bacterlia-free conditions by Mr. M.Droop at the
Marine Biological Station in Millport, Isle of Cumbrae,
Scotland. The process was slow, (the rate of growth of this
sample was 0.24 divisions per day) and the éiald of culture
low (630 litres of culture yielded 85g. freeze-dried material
including ca 1llg. inorganic salts). IHence it was necessary
to work on & rather smaller scale than 1s usually necessary

for marine algae.
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a) P

«2Be
EXPERIMENTAL SECTION

General Progedures

ipal Chromatograph

A) Ethylacetate - acetic acid - formic acid - water
(18:3:1:4)

B) Ethyl Acetate -~ pyridine - water (10:4:3)

C) Butanol - ethanol - water (40:11:19)

D) Ethyl methyl ketone - water (+ 1% NHLOH)(10:1)
E) Butanol - Acetic acid - water (2:1:1)

F) Butanol ~ Acetone -~ water (5:3:2)

@) Butanol -~ pyridine - water (6:4:3)

H) Ethyl methyl ketone - acetic acid - water
(satewith boric aeid) (9:1:1)

The following chromatographic sprays were used,
where appropriate. to de?eiop chéomatograms,_which
were run, unless otherwise stated, on Whatman No.l
paper, with control sugars, and air dried.

1) A saturated agueous solution of aniline
oxalate followed by heating at 1200C for ca
five minutes.

2) A 5% solution of p-anisidine hydrochloride in
butanol, followed by heating at 120°C for ca
five minutes.

3) A 10% solution of silver nitrate (1 ml)
diluted with acetone (100 ml) used as a dip

(92)s The silver nitrate impregnated chromato-
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5)

6)
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grams were dried in air and dipped in an
alcoholic solution of sodium hydroxide (0O«5M).
This latter reagent was prepared by first
dissolving the sodium hydroxide in the minimum
water, and making up to the required volume
with either ethanol or methanols. The back-
ground colour of the chromatograms was removed
by immersion in O.1M sodium thiosulphate.

A 2% aqueous solution of sodium metaperiodate
+ 1% potassium permanganate in 2% sodium
carbonate (4:1)(93). The chromatograms were
allowed to dry at room temperature, the spots
appearing, usually after ga 15 minutes, as
yellow blobs on a purple backgrounde The
papers were preserved by washing with water.
Eromocresol green (0s1% solution in 95% ethanol
made Jjust alkaline with sodium hydroxide).
Bromocresol purple (0O.1% solution in 95% ethanol
made Jjust alkaline with sodium hydroxide).

The following abbreviations have been used to describe

the distances travelled by sugars on paper chromatography

and ionophoresis :

= _distance travelled by the sugar.

- distance travelled by glucoses.
RG = distance travelled by the sugar.
distance travelled by tetra-O-methyl glucose.
Rp = distance travelled by the sugar,
distance travelled by the solvent front.
M. = 8istance between suger and tetra-O-methyl glucose.
G distance between glucose and teira-O-methyl glucose.

HGA " distance between sugar and glucose,

distance between glucuronic acid snd glucose,
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lonophoresis
Principal buffers used were:

a) Borate at pH 10
b) Phosphate at pH 7.2
¢) Molybdate, la5%, pH 5

Separation was effected on either Whatman Noel or
Noe3 papere The lonophoretograms were developed with
either aniline oxalate in 5% acetic acid, or the silver

nitrate reagent.

G’. Pl 1
Aecid Hydrolysis. Complete acid hydrolysis was carried out by

heating the polysaccharide with N sulphurie ascid at 100°C for
four hours.

Ge P

Dialysis of polysaccharide solutions was carried out in cello=-
phane tubes against running water (gca 3 days), with the addition
of a few drops of toluene to prevent bacterial contamination.

@ Pe §

Opticel rotations were measured in water in a 1 dme tube at room
temperature.

GeFa 6

Moisture content of polysaccharides was obtained by drying in

a vacuum desieeateor over phosphorus pehtoxide at 609C,

Go Pa 7

Sulphate ester
a) Qualitative detection of sulphate ester was achieved using
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azur II and toluidine blue reagents (94)s The former reagent
was prepared by dissolving azur II (Oel g«) in water (25 ml)
and mixing with acetone (200 ml.) and methanol (900 ml.). The
latter reagent consisted of a near saturated solution of
toluidine blue in ethanols Polysaccharide containing sulphate
was spotted as a 2% solution on filter paper which was then
immersed in the reagent for 5 minutes followed by washing with
aqueous ethanol (40%). Presence of sulphate is indicated by
a dark-blue colour.

b) Quantitative estimations of sulphate were carried out by
digesting the carbohydrate overnight with Analar nitric acid,
in a sealed tube, on a bolling water baths The tube was
opened, sodium chloride (1 mg.) added and the solution
cautiously evaporated on a bunsen flame. The residue was
further heated in an oven at 130°C for one hour, After cool-
ing, the residue was dissolved in a known volume of water, and
the sulphate content determined by the micro-colorimetric
method of Jones and Letham (95).

S5 8

Concentration of solutions was effected, unless otherwise
stated, under reduced pressure, at 4o°C.

@eP.9

Ash content was determined by igniting polysaccharide material
(ca 50 mge) in a platinum crucible until constant weight was
obtained.

Ge Ps 10

Nitrogen content was determined by a semi~-micro modification
of the Kjeldahl method (96).
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Aliquots of hydrolysed polysaccharide solution were
made up to 5 ml. Somogyl reagent (5 ml. ) was added, and the
solution heated on a boiling water bath for g¢a 20 minutes.
The amount of copper sulphate reduced to cuprous oxide was
determined by titration with ?%6 sodium thiosulphate, using
starch as indicatore This titre was, with the use of
previously prepared standard graphs for the appropriate mono-
saccharide, directly convertible into an equivalent weight of
carbohydrate.

b) The Phenol-Sulphuric Acid Method (98)

Aqueous sugar solution containing 10-100 pg. was
pipetted into test tubes (6 x 3") and diluted to 1 ml. with
water. Phenol solution (4%, 1 mle) was added to each tube,
followed by Analar sulphuric acid (5 ml.) from a fast delivery
pipette, the stream of acid being directed on to the solution
surface to obtain a maximum rise in temperature. When cool,
the optical density of the solution was measured on a Unicam
Spectrophotometer SP 500 against a blank, prepared by using
water in place of the sugar solution, at 487 M

A standard graph was obteined by plotting ug sugar/ml.

against the optical density (E).
Ge Ps 12

Gas-liguid partition chromstography

This was carried out on a "Pye Argon Chromatograph"
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using argon as the mobile gas phase:. The methyl glycosides
from the total methanolysis of the glucar (Pert 1l(a)) were
kindly analysed by Dre Aspinalle The stetionery liquid phase
was supported on celite and consisted of :

(a) Butanediolsucecinate ester, or

(b) Polyphenol ether
(The operating temperature for (a) was 1759 and for (b)200°C).
The retention times "T" of the methyl ether methyl glycosides
were quoted relative to that of methyl 2,3,4,6-tetra-0-methyl-
F -D-glucopyranosides.
CGePe l
Methanolysis was carried out by refluxing the sugars with dry
methanolic hydrogen chloride (3%) for gca 6 hrs. (i.e. till the
rotation of the solution attained a constant value). The
solutionwas neutralised with silver carbonate, filtered, the
silver salts washed thoroughly with dry methanol, end the
combined filtrate and washings were concentrated to & syrupes
GePs 1
Demethylation (99)(100)

The sugar sample in 2 mle of dry dichloromethane was
cooled to ~80°9C, Boron trichloride (1-2g) cooled to -80°C was
added and the mixture kept at -80°C under anhydrous conditions
for thirty minutes. The solution was then allowed to warm to
room temperature and allowed to stand under anhydrous conditions
for sixteen hours. The remaining solvent was removed under
vacuum and methanol (3 x 3 ml. ) wes added and evaporated. The

syrup was examined chromatographically.



GeFo l

Uronic acid

(a) Qualitative detection (101). Uronic acid was detected
by boiling the substance (2 mge.) and naphthoresorcinol (5-10 mg.)
with concentrated hydrochloric acid for & few minutes. After
cooling, the solution is extracted with benzene or ether, a
blue-purple colour in the upper organic leyer indicating the
presence of uronic aeid.

(b) Quantitatively, uronic acid was determined by the
decarboxylation method of Axel, et al.(102).



Experimental
Preliminary Experiments

EXperiment

Total Hydrolysis of the Organism

Ps tricornutum organisms (200 mg.) were completely hydro-
lyseds The residue,filtered off, and washed, was rehydrolysed
but the second hydrolysate failed to give any positive test
for reducing sugars (97). The initial hydrolysate was neut~
ralised with Analar barium carbonate, filtered, treated with
Amberlite IR 120(H+) resin, and made up to 10 ml. with water.
This solution was then divided into two parts, (a) and (b) of
5 mle each.

(1)Solution (&)

After concentration to a syrup, the products were
examined chromatographically (Solvents A and B, spray 1)).
Spots with mobilities of lose, mannose, glucose, were
observed, in addition to incompletely hydrolysed material near
the base line in both solvents. Traces with the speeds of
ribose and rhamnose were also observed.

(1i)Solution (bj '
This solution was quantitatively analysed for reduecing
sugar content by the method of Somogyi (97)s A value of ga 20%
of the dry weight of organism was obtained.

Experiment 2
Extraction with cold water

The organism (100 mg.) was directly extracted with water
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(gg 5 mle ) at room temperature for five days. The residual
organism was filtered, washed, and the combined filtrate and
washings made up to 10 mle The solution was analysed for
reducing sugars (97), and gave a value of 2.3% with respect
to the original weight of organisms Chromatographic invest-
igation (solvent A, spray 1)) revealed & spot with the
mobility of glucose. Two slower spois were also observed in
addition to material on the base line of the chromatogram.
gis of the cold water extrac

The above solution (2 ml. ) was hydrolysed completely,
neutralised with sodium hydroxide, and analysed for reducing
sugars (97). Based on the original weight of dry organism
a value of s 5% for the quantity of sugars present was
obtained. Chromatography (solvents A and H, sprays 1, and 4),
revealed spots with mobilities of glucose (strong, and
mannose, Xylose and ribose (traces). There was also traces of
material running just benind glucose. No hexitols could be

detected.

Experiment 3
Hydrolysis of the residual organism

The residual organism from the cold water extractions was
completely hydrolysed. Analysis for reducing sugars revealed
a further quantity corresponding to 8.1% by weight of the
starting material.

Chromatographic investigations (solvent A and H, eprays
1, and 4), revealed spots with mobilities of glucose, manno
(strong), and xylose (trace) with traces of material just

slower than glucose. o hexitols could be detected.
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e ent
De risation E rimen

As a preliminary treatment, the cells (1 g.) were frozen
in liquid nitrogen, followed by grinding to a fine powder.

(1) Repeated extractions with ether failed to remove any
significant quantity of colouring matter.

(ii) Acetone, as a decolourising agent was slightly
better than ether, but still too inefficient to be considered
for large scale extractions.

(iii) When the cells were stirred overnight in a mixture
of acetone and dimethylsulphoxide (1:3) almost complete decol-
ourisation was achieved. The coloured solution gave a small
reducing power with Fehling® solution, but addition of more
acetone falled to precipitate any significant amount of
material.

The residual cells, centrifuged off, were further
extraected with cold water, then with hot water.

(a) Cold water extraction

The decolourised organism was stirred overnight with
water (200 ml. ) at room temperature. After centrifuging and
washing the residue, the solution was allowed to stand for
several hours at 2°C. A white precipitate (ga 30 mg.) was
formed, which after hydrolysis had a reducing power of 15%.
Treatment with ethanol (5 volumes) gave a further precipitate
of similar quantity and carbohydrate content.

(b) Hot water extraction
The residual cells, suspended in water (200 ml. ),
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were heated on a boiling water-bath for six hours in an
atmosphere of nitrogen. After centrifuging, the solution
again gave an insoluble white precipitate on standing at 2°C.
The carbohydrate content was negligible. A slight precipitate
was produced on further treatment of the sclution with ethanol
(5 volumes) which also had a negligible carbohydrate contente
Hence it would appear that the decolourising solvents had
removed all the water soluble carbohydrates.
(e) Hydrolysis of residual material

A portion of the residual organism (ca 20 mg.) was
hydrolysed completely. After neutralisation and concentration
to a syrup, the hydrolysate was examined chromatographically
(solvent A, spray 1)) A heavy spot with mobility of mannose
was detected, along with spots of lesser inteunsities at the
levels of Xylose and glucose., Material just behind glucose,
and apparently incompletely hydrolysed material near the
starting line of the chromatogram were also present.

(d) uild Chlorite Extraction (103)

The residual material from the hot water extraction
in agueous acetic acid (0«2 mle.glacial acetic acid in 50 ml.
water) was treated with solid sodium chlorite (2 x 0«25 go )
added at hourly intervals, at 70°C. This treatment bleached
the cell materials The mixture was centrifuged, and the solid
matter washed thoroughly with waters The centrifugete and
washings were treated with ethanol (5 volumes). A white
precipitate (gca 15 mg.) was formed, which on hydrolysis was

found to have a very low reducing power.
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(e) Dilute Alkell Extraction
The bleached residue was stirred with 4% sodium

hydroxide solution (25 mle.) under an atmosphere of nitrogen
for fifteen minutes. Undissolved material was centrifuged
dowh, and reextracted overnight under the same conditions.

The solutions from both alkaline extractions were
brought to pH 6 with acetic acid. Waite precipitates in both
cases were deposited which on hydrolysis had negligible
reducing powers. Treatment of the supernatants with ethanol
(5 volumes) gave more alcohol insoluble material, again with
negligible redueing powers after hydrolysis.

Hydrolysis of the slight residual material (ca 20 mg.)
and chromatographic investigation showed a sirong spot with the

mobility of mannose together with traces at the levels of
xylose and glucose and some sloweﬁ substances.
(iv) n-Butanol saturated with water

‘8ince it was very difficult to recover material from
dimethylsulphoxide, another decolourising system, butanol
saturated with water, was investizated. PE.tricoranutum organ-
isms (10 g.) were stirred with the decolourising agent (200 ml.)
for two hours. The resulting dark green solution was decanted
and replaced by fresh solvent. After stirring overnight, the
green liquid was agein decanted. A third treatment removed
most of the residual colour from the cellss The cells were
centrifuged to remove @8 much as possible of the aqueous

butanol, before washing with a little fresh solvent.
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Zxamination he Aqueous Butanol

The dark green solution was vigorously stirred with an
equal volume of water. Two layers were allowed to separate
overnight. The upper (butanol) phase, after concentration,
was found to contain negligible carbohydrate material, The
lower phase (agueous) was very green and contained carbo-
hydrate. Chromatography (solvent A, spray 1)) revealed a
spot just ahead of glucose (faint), one at glucose level and
some higher molecular weight material near the base line.
Hydrolysis and chromatography in the same solvent gave a
similar chromatogram but with the intensity of the spot at the
glucose level increased, and a faint pink spot with the
mobility of xylose.

The decolourised cells were exhaustively extracted
with water (3 x 150 mls) for a total of twenty four hours.
The cells were centrifuged down, and the supernatant concent-
rated and dialysed against a closed systems The solution
inside the dialysis bag was treated with ethanol (ten volumes)
producing an off-white, flocculent prec¢ipitate which was
centrifuged down, dried, and freeze-dried. (Yield 560 mg.)
na £ the a hol preeipitate

Hydrolysis of an aliquot of the freeze-dried material and
estimation of reducing sugars gave a carbohydrate content of
60%. Chromatographic analysis (solvent A, spray 1)) revealed
spots with mobilities glucose (very strong) and xylose,

mannose and rhamnose (traces).



The dielysate after freeze-drying weighed 1.62 ge y and
on hydrolysis had a reduciang power of 20%. Chromatographiec
investigetion (solvent A, spray 1)) of the dlalysate revealed
& strong spot with the mobillity of glucgose along with much
slower moving material. After hydrolysis the intensity of the
spot at the level of glugose increcased, but there was still
some material near the base line of the chromatogram, though
apparently reduced in guantity.

(b) Hot water extraction

The organism from the cold water exiraction was
etirred with water (250 mls) in an atmosphere of nitrogen, on
a bolling water bath for five hours. After centrifuging, the
solution was concentrated and dialysed ageinst a closed systems
The solution inside the dialysis tube was treated with
ethanol (10 vols.) glving & white precipitate, which was
centrifuged down, dried, and freeze~dried (Yield 410 mge )e The
freeze-dried precipitate was found %o contain 317 by weight of
reducing sugars. OChromatographic exemination of the hydro-
lysate gave a similar pattern to the cold water extracted

material.

Preege~dried material (620 mg.) was obtained from the
dislysate, containing 13% by weight of reducing sugars.
Chrometographic investization of the material hydrolysed and
‘unhydrolyaed, revealed the same pattern as that obtained in

the cold water extraction.
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(c) Sodium Chlorite extraction

The hot water-extracted residual material in agueous
acetic acid (1 ml.glacial acetic acid in 250 ml.water) was
heated at 70° and solid sodium chlorite (2 x O.5g.) was
added at hourly intervals. The bleached residue was cente
rifuged down, and the supernatant dialysed, concentrated, and
treated with ethanol (10 volumes). A white precipitate was
isolated (140 mg. ), of which 18% was found %o be carbohydrate
material. Chromatographic analysis revealed much the same
pattern as found from the hydrolysate of the cold water
extracted polysaccharide, except for an iancrease in the
intensity of the spot with the mobility of mannose.

(a) Dilute Alkali extraction

The residual material from the chlorite extraction
was stirred in 4% sodium hydroxide (100 ml.) in an atmosphere
of nitrogen for fifteen minutes. Undissolved residue was
centrifuged down and treated with a fresh quantity of sodium
hydroxide, s8till under nitrogen, for twenty four hours. The
residual materiasl was agein centrifuged, and both supernatant
solutions were dialysed against ruunning water. Addition of
glacial acetic acid to each of the dialysed solutions to pH 5
gave white precipitates, (0.49g. and 0.27g. respectively) each
with a negligible carbohydrate contente Further precipitation
was brought about with ethanol (10 volumes). The derived
white materials (0s69g. and 0.10g.) also contained very little
carbohydrate.
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(e) Residual materisl after alkali extraction

After washing, the material was suspended in water
and freeze-dried to a white amorphous solid (1.79g.), with
an estimated content of 18% carbohydrate, after hydrolysis
(97)e Ghromatographic investigation of the hydrolysate
revealed a very strong spot with the mobility of mannose with
a faint spot at the level of glucose in addition to incompletely
hydrolysed material.

3 xide at room erature

The dilute alkali extracted residue was stirred with 20%
sodium hydroxide (50 ml.) for twenty four hours under an
atmosphere of nitrogen. The undissolved residue, apparently
little reduced in quantity, was centrifuged down, and the
supernatant dialysed against running water. The dialysed
solution was brought to pH 5 with glacial acetic acid giving
a white deposit (100 mg.) of negligible carbohydrate content.
Treatment of the solution with ethanol (10 volumes) failed to
produce any further precipitation.

(f) Extraction with 20% 8 m_ Hydr e on bo

Heating the residual material with 20% sodium hydroxide
in an atmosphere of nitrogen on a boiling water bath caused
almost complete dissolution of the solide The slight residue
was removed, and the solution dialysed egainst running water.
Addition of glaciasl acetic acid failed to produce a precipitate.
Treatment with aleohol (10 volumes) caused a precipitate to

form which on freeze-drying weighed 170 mge and had a reducing
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sugar content of 20% (97)s Chromatographic investigation
revealed eiactly the same pattern as that given by the
hyvdrolysed material after dilute alkali extraction ((e)p.L43)
(vDegolourisation with pure n-butanol

In an attempt to reduce loss of carbohydrate material
without loss of decolourising efficiency, butanol saturated
with water was replaced by n-butanol itself.

P, tricornutum organisms (10g.) were stirred with n-
butanol (250 mle )e After one hour the very dark green solution
was decanted off and replaced with fresh solvent (250 mle )e
More colour was removed by this treatment, and after four hours
e third extraction overnight gave a butanol solution of &
lighter green than the first two treatments. Three fresh lots
of butanol were added at twenty four hourly intervals, the last
of which was barely coloured after being in contact with the
organisms for twenty four hours. The Phaeodactylum cells were
not com@letely decolourised, but the butanol extracts, on
examination, revealed very little carbohydrate.

(a) Cold water extraction

Exhaustive treatment of the decolourised organisms
with water (6 x 200 ml. ) over a period of three days at room
temperature, followed by concentration of the extract and
treatment with ethanol (10 volumes), produced a flocculent
precipitate which, on freeze-drying, weighed l.43g., and had
Ny 1l.95%, 80) ester nil., uronic acid negative (101), ash L.2%.

Analysis for reducing sugars gave a carbohydrate

content of 55% Chromatographic analysis revealed spots with
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mobilities of glucose (very strong), Xylose, mannose and

rhamnose (faint).
Examination o supernatant

The alcoholic supernatant was concentrated to dryness,
taken up in water, then freeze-dried to a green, rather gummy
solid, weighing 2.0lge The carbohydrate content and chromato=-
graphic pattern was the same as the dialysate of the previous
extraction (p.U41).

(b) Hot water extraction

As before, see page L1. Yield of alcohol precipitated
material was ca 460 mge. , with the same carbohydrate content
and chromatographic pattern.

(¢) Treatment with sodium chlorite

As before, see page L2, Carbohydrate content of the
alecoholic precipitate (130 mg.) was, this time, negligible.
Further investigations of this material reveasled a nitrogen
content of ga 5% (96), and amino acids were gualitatively
detected in the hydrolysate (solvent C, spray ninhydrin).

(d) Dilute elkall extraction at room temperature

The bleached residual material was stirred for twenty
four hours, in an atmosphere of nitrogen, with 4% sodium hydr-
oxide solution (200 mle )« As before, no carbohydrate material
was detected in this extract.

(e) Hot dilute alkeli extraction

When the residue from the previous treatment was
heated on & boiling water bath with 4% sodium hydroxide, in

an atmosphere of nitrogen, almost complete dissolution of the
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material occurred. Neutralisation with glacial acetic acid
did not produce any precipitate. The solution was dialysed,
concentrated, and treated with ethanol (10 volumes). This
led to the isolation of polysaccharide material (ga 450 mg.
freeze~dried).
The Glucan
E ri t
Att ted Purification Experiments
a) Reprecipitation

Polysaccharide (126 mg. , 55% carbohydrate, (p.L44))
was dissolved in water (ga 10 ml. ), centrifuged and then
treated with ethanol (10 volumes). The alcohol insoluble
material was centrifuged down, dried and freeze-dried to give
polysaccharide material (91 mg.) with a carbohydrate content
of 62% (97).

b) Acidification
Treatment of a solution of the polysaccharide (1%,

10 mle. ) with glaciel acetic acid to pll-5 failed to precipitate
any non-carbohydrate material.

¢) Extraction with toluene

Polysaeccharide (85 mg.,ﬁﬂ% carbohydrate) dissolved in

Oe 1N sodium chloride solution (15 ml.) was shaken with toluene
(ca 10 ml.) for several hours. The lower agueous layer was
separated, dialysed and freeze-dried, yield 72 mg.containing
54% carbohydrate (97)(96).

d) Extraction with phenol
Polysaccharide (1.4g.,55% carbohydrate), dissolved in
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water (35 ml.), was added to a solution of phenol (31le5g.) in
water (35 ml. ). The mixture was shaken for half an hour
before placing in the refrigerator to allow the two layers to
separate (ga 24 hrs. ) The phenol layer was discarded, and
the procedure repcated twice. Emulsion between the two phases
was removed by warming with butyric acid.s Traces of phenol
contaminating the aqueous layer were exiracted with ether,
Polysaccharide material was finally freeze-dried and isolated
as & white solid (0.65g.) with a carbohydrate content of 558
(96).
e) Fractionation on D.E. A, E. —cellulose (104)(105)

Prepsar n of tas column

Diethylaminoethylcellulose (Ds Es As E. —cellulose)(55 g.)
was made into & slurry with distilled water and poured into
a glass column (diameter 1.6 inches). Water was continuously
passed down the column while the modified cellulose settled
under gravity. The column was then washed alternately with
O« 5N NaOH (1f.) and 0,58 HC1l (1£), three times with each; the
column being neutralised with water between each application
of alkali and acid. Potassium chloride solution (Oe 5N, 500 ml.)
was run through, finally, converting the column to the chloride
form. After washing off excess chloride with water, the column
was ready for use.

Frectionation of the glucan

The glucan (950 mg. ), dissolved in a minimum of

water, was applied to the top of the column and allowed to

gradually sink in. The column was eluted with a gradient
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system starting with distilled water, with gradual increase

in the concentration of potassium chloride up to O.5N. Eluent
was collected in twenty-five mle fractions at ga 50 mle. per
hour. When no more carbohydrate material was eluted by the
neutral eluent, a second gradient system of 0O«5N KC1l-0.5K8 KOH
was set upe This alkaline solvent failed to elute any further
carbohydrate.

Polysaccharide material was detected by the phenole-
sulphuric acid method (98). The contents of the appropriate
tubes were combined, concentrated, dialysed and freeze-dried.
The main fraction (tubes 10-17) weighed 340 mg. , had a carbo=-
hydrate content of 90% (98), and gave only glucose on
hydrolysis. Analyses for ester sulphate (94)(95) and nitrogen
(96) were negative and the polymer had J}X]D + 42° (c,0.58).
The polysaccharide gave no colour with iodine.

A minor fraction (25 mg. )(tubes 18-26) was also isolated
in a similar manner. Chromatographic investigation of the
hydrolyaed material revealed the presence of glucose with
appreciable proporitions of xylose and mannose, and the

material had & reducing sugar content of 65% (based on glucose).

The hydrolysed polysaccharide (ga 5 mg.,) was incubated
in water (ca& 0.5 ml.) with the enzyme glugose oxidase at 35°C
for 24 hours. Chromatographic examination, (solvents A and
B, sprays 3 and 6) and ionophoresis (phosphate buffer, spray
3))s revealed that the glucose had been completely converted
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to gluconic acids An authentic sample of gluconic acid was
run as control.

Experiment

Oxidation with Sodium metaperiodate (106)

The pure glucan was oxidised with various concentrations
of sodium metaperiodate at both room temperature and at 2°C.
Simultaneous experimenis were made with laminarin under the
same conditionses All eXperiments were carried out in acetate
buffer of pH 3.7, and in the dark. The amount of periodate
reduced was measured by removing an aliquot of the reaction
mixture and diluting to an appropriaste volume with water to
give a reasonable reading for the optical density (E). Read=-
inge were measured at 223 mp. on a Unicam SP500 spectrophoto-
meter against a water blanke The fraction of periodate
reduced at any particular time was obtained knowing the diff-
erence in absorbance between the original sodium metaperiodate
solution and & sodium iodate solution of the same molarity,

under the same conditions.

(a) Oxidation with O.1M Sodium metaperiodate
Phaeodactylum glucan (3643 mg.) was oxidised

with O.1¥ sodium metaperiodate (10 ml.) at room temperature.
Aliquots (0.1 ml.) were removed, and diluted to 100 mle with
water before measuring their optical densitiess Reduction of

- periodate occurred as shown on page 50 (Table 2).
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Table 2
Time Moles 104 reduced
(hrs. ) Cg anhydro unit
6 0. 02
24 0e 19
56 De 38
1oL Oe 46
127 Qs 54
43 O« 54

(b) Oxidetion with 0, 05N Sodium metaperiodate
Phaeodactylum glucan (19.9 mg.) was oxidised
with C.05M sodium metaperiodate (10 ml.) at 1)2°C and ii)

room temperature, in the darke Aliguots (0O.lml.) were
removed, diluted to 100 mle with water, and their optical

densities measured.

Table 3
i) Oxidation &t 2°C ii)0xidation at room temperature
Time Holes 1°h reduced per Time Moles 1ou reduced
(hrse ) Cg anhydro unit (hrs. ) Cg anhydro unit
6 0e 00 6 Cs OO
24 Os 12 24 0. 20
L8 0« 20 48 0. 26

300 0e 28 300 O« 58
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(e) Oxidation with 0.015M Sodium metaperiodate
Phagodactylum glucan (182 mg.) and laminperin

(22,7 mge ) were oxidised with 0.015M sodium metaperiodate
(20 mls) at 2°C for two days. The reaction solutions were
allowed to attain room temperatﬁre and the oxidetion to
proceed for a further four days. Aliguots (1 ml.) were
removed and diluted to 250 ml. with water before measuring
their optical densities. |

Table U
P t ucan Laminarin
Time Moles 1ou reduced per Time lioles 10u reduced per
(days) Cg anhydro unit (days) Cg anhydro unit
2% 2%¢
1 e 211 1 Qe 217
2 Os 225 2 0.228
Room Room
temp. temps
3 0e 277 3 0.358
4 0s 416 4 0¢ 369
5 O 48l 5 0e 389
6 Oe 526 6 Oe 389
7 0s 538

(a@) oxidation with 0.0015M sodi
Phaeodactylum glucan (213 mg.) and laminarin
(209 mgs ) were oxidised with 0.0015M sodium metaperiodate
(20 ml.) at 2°C for two days, after which oxidation was
allowed to continue at room temperature for four days.

Aliquots ( 1 ml.) were removed, diluted to 25 ml. and the

)
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optical densities measured.

Table 5
Ph Lyl lucan Laminarin
Time lMoles 10& reduced per Time loles 10h reduced per
(days) Cg anhydro unit (days) Cg anhydro unit
2°¢ 2°C
1 0. 068 1 O 154
2 0e 094 2 0s 171
Room Room
tempe. temp.
3 Oe 147 3 0« 206
4 0.172 b 0213
Experiment 8
Partisl a 8 f the

Phaeodactylum glucen (ga 5 mge) and laminarin (gg 5 mg.)
were hydrolysed with O.1N sulphuric acid at 100°C for 1 hours

After cooling, the acid soclutions were neutralised with barium
carbonate, filtered, treated with IR 120(H")resin, and evap-
orated to dryness.

Chromatographic examination of the residues, (solvent A,
spray 1) , revealed the following spots from both polysaccharides:
Rg 0s53, 0438,y 030 and traces of slower material Rg ca 0.22,
Laminaribiose, gentiobicse and laminaritriose, run as controls,
had Rg Oe 53, 0e38 and 0«30 respectively.

Experiment 9
B dydrolysis with /5 1-3 Glucanas

The glucan (2 mge) and laminarin (2 mg.) were suspended

or dissolved in citrate buffer pHYy.5 (ga Oel ml. ). The enzyme
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(c@ Ce5 mge) was added to the polysaccharide solutions which
were then kept at 38?0§ Chromatographic investigations
(solvent A, spray 1) revealed the same pattern from both
polymers., Spots with Rg 0¢53, 0438, 0.30 were the main
components, matehing exactly the mobilities of laminaribiose,
gentiobiose and laminaritriose which were run as controls.
Prolonged incubation (72 hrs.) with the enzyme removed all
oligosaccharides except Rg 0.38, the one corresponding to

gentiobiose.
Exper 0
Metl n _of n

The glucan (200 mgs) wos stirred overnight with sodium
borohydride, (20 ml. ,1%) at room temperature. Sodium hydroxide
(20 mls ,30%) and dimethyl sulphate (8 ml.) were added over
gix hours with vigorous stirring at 2°C. , in an atmosphere of
nitrogen. When all the reactants had been added, stirring
was continued overnight at room temperature. The procedure
of adding sodium hydroxide and dimethyl sulphate, followed by
stirring overnight was repeated another four times. After
dialysing, the methylated material was freeze-dried to a white
solid (250 mge )s Acid hydrolysis and chromatographic invest-
igation, (solvent D, spray 1), revealed spots with the
mobilities of 2,3,4,6 tetra-Q-methylglucose, 2,4,6 tri-O-
methylglucose, di-O-methylglucose and monometihylglucose.

A second series of five methylations using sodium
hydroxide and dimethyl sulphate led to the isolation of
freeze-dried solid (223 mg.) with a methoxyl content of



-5l

34.5% (107)(108). Infra-red analysis revealed the presence
of a small amount of unmethylated hydroxyl groups.

The partially methylated material was dissolved as far
as possible in re-distilled methyl iodide (10 ml. ). Silver
oxide (1.5g.) was added in eight half-hourly portions while
the methyl iodide was gently refluxing (ga.L5°C). The
mixture was heated under gentle reflux overnight, filtered,
and the residue extracted exhaustively with hot chloroform.
The filtrate and chloroform solution were taken to dryness.
The solid residue was methylated three more times with methyl
iodide and silver oxide as described above. Thé methylated
polysaccharide was isclated by freeze-drying an agueous
suspension to give 51 mgs of materisls Infra-red analysis
indicated that there were no free hydroxyl groups present.

r 1

The methylated glucan (ga 30 mg.) was methanolised in

the usual way (GuP.13). Analysis of the derived methyl
glycosides qf the methylated sugars indicated the following
sugar derivatives i~

Methyl 2,3,4,6 tetra-0-methyl glucoside.

Methyl 2,4,6 tri-O-methyl glucoside.
Experiment 12

sis and B n n of the Wi ed Sugar
The methyl glycosides were hydrolysed with HH230u at

100°C for six hourses The cooled acid solution was neutralised

with barium cerbonate, riltered, treated with IR120(H*) resin
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and concentrated to small volume (ga Os5 mls )s The mixture
- of methylated sugars was applied to two sheets of Whatman
3¥M peaper. After elution with solvent C for ga 15 hrs. the
individual methylated sugars were located by developing side
strips of the chromatozrams (spray 1).

Fraction 1: 2,4,6 Tri-0-methyl glucose crystals (ga 3 mg.).
Chromatogrephically identical (solvents C and D, spray 1) with
authentic material run as controls Its melting point was
122-123°C, and a mixed melting point with the authéntic
compound gave no depressions

Fragtion 2. Trace of syrup with mobility of a dimethyl-
glucoses In borate buffer, pH10.2, ionophoresis identified
the material as 2,4 di-O-methylglucose, an authentic sample
being run as control. Demethylation (100) and chromatographic

analysis revealed only glucoses

Experiment 13
Smith Degradation studies (109)
(1) - B t a

Phaeodactylum glucan (57+5 mg.) was oxidised with
sodium metaperiodate (168+5 mg.) in the dark, in acetate

buffer (5 ml.) at pH6 for 110 hours. Unreduced sodium
periodate was destroyed by bubbling sulphur dioxide gas through
the solution for several minutes. The oXopolysaccharide was
isolated by precipitation with ethanol (10 vols. ).
(i1i) Reduction with sodium borohydride
The oxopolysaccharide was dissolved ian boric acid

butfer (110) (3 mls ,0.05M). Sodium borohydride (300 mge, in
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ca 2 mle water) was added to the buffered solution, and the
reaction was allowed to take place at room temperature over-
night. Excess sodium borohydride was decomposed by bringing
the solution to pH7 with glacial acetic acid. After dialysis
against running water, the reduced solution was evaporated
nearly to dryness several times with methanol.

(411) M4il8 Hydrolysis

The polyalcohol from (ii) was treated with K-

sulphuric acid (ca 2 ml.) at room temperature for 48 hours.
Addition of ethanol (10 volumes) led to the isolation, by
freeze-drying, of polysaccharide material (30 mg. ). The

supernatant liguid was neutralised with barium carbonate,

filtered, and concentrated.

Chromatographic analysis of the hydrolysate of the
degraded material revealed only glucose.
Examination of t supernatan uid

Chromatographie investigation (solvent B, spray 3)
revealed only a trace of material with the mobility of glycerol.
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DISCUSSION
The Phaeodactylum tricornutum organisms used in this

investigation were grown under bacterie~free conditions by
lire Ms Droop at the Marine Biological Station in Killport,
Isle of Cumbrae, Scotlande The culture medium used (S71)

was similar to 868 employed in the cultivation of the dino-
flagellate Oxyrrhis maring (111). The major differences

were the nitrogen source (potassium nitrate instead of
L-valine) and the carbon source, (atmospheric carbon dioxide
instead of anhydrous sodium acetate). The rate cf growth of
the Ps tricornutum organisms was O.24 divisions per day, which
ie 1/5 of the maximum rate in this mediums The sample
1nvest1gated was spun down from 630 litres of culture medium
and freeze-dried to a dark green coagulated material (84.96 g.),
which included ga 10.6gs of inorganic salts.

Preliminary investigations (Expt.1) revealed a carbo-
hydrate content of ga 20% of the dry weight of organisms, and
sugars chromatographically identified as Xylose, NNOSEe »
Zlucose with traces of rhamnose and ribose. There was also
other material with a mobility slower than that of glucose.

Examination of the material extracted by cold water in
initial small scale investigations, indicated a presence of
free reducing sugars to the extent of 2.3% (Expt.2). Hydrolysis
of the extracted material raised the reducing sugar content
to 9. 5% Chromatographic analysis of the unhydrolysed extract
showed the presence of free glucose along with two spots with

slower chromatogrephic mobilities. Hydrolysis apparently
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liberated considerably more glucose in addition to much
smaller quantities of material with chromatographic
mobilities of mannose, Xylose and ribose. Mannitol, a
constituent of many species of algae, could not be detected.
The residual organisms, after agqueous extraction, were
hydrolysed and found to contain a further 8.1% of reducing
sugars. Chromatographic investigations revealed a strong
apot with the mobility of nnoge, in addition to fainter
spots with the speeds of glucose, and xylose, and some
apparently unhydrolysed material near the base line (Expte3).
The presence of & reasonable quantity of carbohydrate
material in P. tricornutum organisms was thus established.
Before any attempt to extract polysaccaride meterial was made,
it was necessary to find suitable methods of preparing the
cells for the most favourable relecase of carbohydrate. This
necessitated rupturing the cell walls and preliminary removal
of the colouring matter, the latter to aveid subsequent
contamination of the carbohydrate. A number of techniques
was investigated and it was found that the most satisfactory
was by freezing the organism in liquid nitrogen, followed by
thorough’grinding of the frozen material. After several
attempts at decolourisation (Exptel) using ether, acetone,
acetone mixed with dimethyl sulphoxide (1:3), and n-butanol
saturated with watef, the most suitable solvent was found to
be n-butanol (Expt.4(v)peld). While this did not completely
decolourise the organism, it had the advantage that it removed

only & negligible amount of carbohydrate material.
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Exhaustive cold water treatment of the decolourised
organism led to the isolation,; by ethanol precipitation, of
polysaccharide material in 14% yield (based on the dry weight
of organism)s It had ash 4+ 2%, protein ca 12.5% and contained
glucose as the major constituent along with much smaller
amounts of Xylose, mannose and rhamnose (psll)e

A number of fechniques was investigated for the purifica=-
tion of this material (Expt.5 p.L46)e The most satisfactory
method was found to be gradient elution from & column of
DEAR-cellulose with potassium chloride. Thié method removed
the contaminating pro%ein and colouring matter and separated
the carbohydrate into two fractionss The major fraction,
(340 mgs from 950 mge of crude material),had a carbohydrate
content of 90% and contained only glucose. It had [;{L) +42°
and gave no colour with iodine, and was therefore not a
starch-type polymer. The smaller fraction (25 mg. ) hed a
carbohydrate content of 65% and contained, in addition to
glucose, xylose and mannose.

The tentative chromatographic identification of glucose
as the product of hydrolysis of the polysaccharide was con-
firmed by the glucose specific enzyme ,glucose oxidase (Expt.6
Ps 48)¢ Incubation of the neutralised polysaccharide hydro-
lysate with the enzyme at 35°C for 24 hours resulted in the
complete conversion of the monosaccharide to gluconic acid.

From evidence supplied by Jermyn (105), the successful
fractionation of the glucan on DEAE-gellulose suggests a
branched molecular structure. (c.f. 'glucan A' from Monodus

subterraneus, this thesis, Part 11, p.128),
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The quantity of sodium periodate reduced by & poly-
saccharide under controlled conditions can give an indication
of the principal linkage in the polymer. For example, a 1,3'~
linked polymer will have its main chein undegraded. If mono-
saccharide residues are revealed in the hydrolysate of the
periodate oxidised polymer, then this can indicate either
1,3'- linkages or branch points in the polymer.

Periodate studies (Expt.7 p.49) on Phaeodactylum glucan
at 2°C showed a strong resemblance to the periodate oxidation
of laminarin carried out under the same conditions (Expt.7(ec)
Ps 51)¢ However, at room temperature, the rate of oxidation
of Phaeodactylum glucan by periodate increases much quicker
than that for laminarine The former polysaccharide reduces
finally ca O.54 moles. sodium periodate per anhydro Cg unit,
whereas the latter reduces ga 0. 39 moles. per anhydro GG
unit. Oxidation studies in more coucentrated periodate
solutions (Expts.7(a) and 7(b)(Grephs 2 and 3) carried out
at 2°C and room temperature gave the same pattern as Experiment
7(e) (Greph 4). However, in very dilute periodate solution,
(Expts7(d)) the rate of reduction of periodate is slower for
Phacodactylum glucan than for laminarin (Graph 5). The
difference is especially evident at 2°C. When oxidation was

allowed to proceed at room temperature, Phaeodactylum glucan

inereased in its rate of reduction of periodate. The initial
considerable difference in rates of reduction of periodate by
the two polymers may possibly be explained by the mannitol
end groups in laminarin being more readily oxidised under
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these mild conditions than vic glycols of the glucopyranose
end units.

From the relatively low reduction of periodate, the
presence of 1,3'~ linkages is indicated. The fact that the
glucan under investigation reduces a greater quantity of
sodium periodate than laminarin suggests a possible higher
degree of branching in the molecule.

Further similarities to laminarin are provided by
partial scid hydrolysis (Expt.8,p.52). When the two poly-
saccharides were heated at 100°C with O.IN sulphuric aecid
for 1 hour the same series of oligosaccharides was produced,
chromatographically identical with laminaribiose, gentiobiose,
and laminaritriose. The presence of gentiobliose indicates
the presence of 1,6'- linkages, either in the main chain, or
as branch points.

The configurstibn of the principal interglycosidic
linkage (ises X or S ) can be determined by the action of
specific enzymes. Enzymes termedJﬁSl,}-glucanases have even
a higher degree of specificity hydrolysing onnyB linkages
which exist between C; and 03 of glucose residues. When an
enzyme system of this type was incubated with the glucan in
citrate buffer at pH 4«5, a series of oligosaccharides (in
addition to free glucose) was produced, chromatographically
identical with laminaribiose, gentiobiose and laminaritriose.
Simultaneous studies on laminarin gave exactly the same
pattern. Prolonged incubation (72 hrs.) converted all the

oligosaccharides to glucose, except for the one correspond-



ing to gentiobioses These results provide strong evidence
that the glucan is essentially a }31,3'-11nked polymer.

The complete destruction of laminaribiose and lamin-
aritriosé by the enzyme indicates contamination of the latter
by glucosidase. This was confirmed by Dr. Reese, to whom we
are indebted for the gift of the enzyme. |

The glucan\was methylated (ExXpt.10 pe53) in the first
instance with dimethyl sulphate and sodlium hydroxide according
to the method of Haworths. Two series of five Haworth methy-
lations gave & partially methylated product which was given
four treatments with methyl iodide and silver oxide to complete
the substitution. Infra red analysis of the final methylated
product (ge 1 mg.) @8 & nujol mull indicated & large absorption
associated with the methoxyl group, with only a trace of free
hydroxyle |

The methylated glucan was methanolysed, and the mixture
of methyl glycosides was analysed by gas chromatography
(Expte11). This revealed the presence of:

Methyl 2,3,4,6 tetra-Q-methyl glucoside
Methyl 2,4,6 tri-Q-methyl glucoside

The methyl glycosides were hydrolysed with escid, and
chromatographic examination of the neuitralised hydrolysate
revealed in addition to 2,3,4,6 tetra-Q-methyl glucose and
2,4,6 tri-Q0-methyl glucose the presence of some material with
the mobility of di~O-methyl glucose.

The mixture of methylated sugars were separated on 3MM
‘papers Two fractions coansisting of a) 2,4,6 tri-Q-methyl
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glucose and b) di-Q-methyl glucose were investigated.

The tri-C-methyl glucose was characterised as crystalline
material having an identical melting point and mixed melting
point when compered with an authentic sample of 2,4,6 tri-0-
methyl glucoses The di-0-methyl glucose, present in extremely
small gquantity, was tentatively characterised as 2,4 di-0-
methyl glucose by its ionophoretic mobility in borate buffer,
(an authentic sample, and other di~-QO-methyl glucoses, being
run as controls) and by demethylation to glucose. This 2,4 di~
O-methyl glucose is not the characteristic product of under-
methylation, and its presence therefore confirms the existence

of 1,6' branches in the original polysaccharide.

Smith degradation of the glucan showed that the mono-
saccharide units were largely unattackRed by sodium metaperiodate,
when large quantities of glucose were recovered arfter mild
hydrolysis. A small quantity of glycerol appeared to be
present as welle Glycerol could arise from non-reducing
glucose end-units or from inter-glycosidic 1,6'- or 1;2'-~
linkeges. However, methylation studies failed to reveal the
tri-0O=-methyl sugars which would result from linkages of this
types Thus the detectable presence of glycerol adds ito the

evidence for branching in the molecule.

CORCLUSION
From the experimental evidence obtained, there seems to
be little doubt that the water-soluble glucan synthesised by

Phaeodactylum fricornutum is essentially a B 1,3'~ linked
glucan. Smith degradation and methylation studies provide
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evidence for branching in the molecule, the latter method
indicating Cg as a possible branch pointe This type of gluecan
(ehrysolaminarin), is the typical food reserve of the Chrysophyta,
the Phylum to which Pe tricornutum belongs, and it differs from
the laminarin of the Phaeophyceae in the apparent absence of
mannitol terminated chains.
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PART 1(b

INTRODUCTION
MARNANS

Known examples of polysaccharides based solely on mannose
a8 their structural unit are, as yet, very few, especially
among the marine algaes The presence of mannans in the crude
cellulose of soft woods has frequently been reported, but in
most instances the polysaccharide involved is a glucomanno-
glycan with a high proportion of mannose to glucose. A true
mannan (ivory nut mannan) forms about 60% of the endosperm of
the seed of the tagua palm (Ehytelephas macrocarpa)(112)(113,.
The D-mannose units are mainlyJﬁ ~D=(12 4)=- linked in a linear
molecule. ©8Similar mannans are to be found in the tubers of
some Orchidaceae spp.(Salep mannan) and in the green coffee
beans These polymers are characterised by their highly
insoluble nature.

Polymers of an entirely different structure are the
mannans synthesised by yeast and Penicillium charlesii G.Smith.
Methylation studies on the former polyssccharide (114) led to
the isolation of 2,3,4,6-tetra=, 3,4~di~-, 3,4,6-tri-, 2,4,6-tri-,
and 2,3 ,4~tri-0~methyl-D-mannose in the molar proportions
15:14:7:7:1. FPragmentation by acetolysis gave pure 2,~ and
6-0= X =D= mannopyranosyl D-mannose, but no indication of 1,3'-
linkages was given by this methods No unigue structure could
be ascribed to yeast mennan, but it is evident that the polymer
is highly branched.

The Penicillium polysaccharide, known as nnoeca gse,
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occurs along with a galactan as an extracellular polymer (115).
The pure mannan was isolated by selective hydrolysis of the
galactan. Hydrolysis of the methylated mannan gave 2,3,4,6
tetra-Q-methyl-D-mannose (2 parts), 3,4,6 tri-Q-methyl-D-
mannose (5 parts) and 3,4 di~O-methylmennose (1 part). Hence
the mannose units are joined together by 1,2'- linkages with

a branching point at 06 of one of these units. Periodate
oxidation confirmed these structural features.

'The mannan synthesised by the marine alga Porphyra
umbilicalis has been studied by Jones (116). Methylation has
1ndioated}3-1,h'- linked mannose reaiduea to be present, the
}5—oonfiguration being deduced from the negative rotation
( Lx]nrhlo) in formic acide This mannan is highly insoluble,
characteristic of a }:’5 -1,4'= linked mannan. Periodate oxida~-
tion studies confirmed the methylation results, and in addition
indicated a branched molecule with an average repeating unit
of 12-13 mannose residues.

Preliminary investigations into the cell wall structure
of the Green seaweeds Codium, Acetebularia and Halicoryne (117)
have revealed that mennose is the major structural unit. Based
on periodate oxidation studies and negative rotation, a tenta-
tive suggestion that the structures of these cell wall poly-
saccharides were/& ~1,4'- linked mannans was forwarded. MlMore
recently, Love (118) has made a more detailed investigation
into the structure of the cell wall polysaccharide of Codium,
end has confirmed the main interglycosidic linkeges to be
/31,&'. In spite of repeated purification by precipitation
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with Fehling's solution, complete removal of glucose units was
not achieved and the puﬁﬁed mannan 8till contained about
5-10% of 41,4'- linked glucose residues, Tentative evidence
of chemical linkage was obtained by the isolation of & manno-
sylglucose from a partial acid hydrolyate, but this was not
completely characterised.
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Experiment 1k
Isolation of the Glucuronosylmannan

The residual materisl, (from 10 g. Phaeodactylum organisms),
after extraction with 4% sodium hydroxide at room temperature,
(Expte3(v)), was given further treatment with 4% sodium hydroxide
(200 ml.) on a boiling water-beth in an atmosphere of nitrogen
for 2 hours. After cooling, the slight undissolved residue
was centrifuged down and the alkaline solution neutralised
with glacial acetic acids Polysaccharide material was isolated,
after dialysis and concentration, by precipitation with ethanol,
drying and freeze-drying. The product, hereafter referred to
as polysaccharide (M), (450 mge) had L*]D + 34°, Analysis
for reducing sugars (98) gave a carbohydrate content of 55%
(based on mannose). Chromatographic and ionophoretic examina-
tion of the neutralised hydrolysate (Solvents A, B, Fischer and
Dorfgltgn& phosphate buffer pH 7.2) revealed spots with the
mobilities of mannose (major constituent) and glucuronic acid
(Sprays 1, 3 end 5) Two other substances had ionophoretic
mobilities relative to glucuronic acid of 0,70 and 0. 51, and
chromatographic mobilities Rmannose O.4 and 0.2 (Solvent A).
Polysaccharide (M) was found to have a uronic acid content
(102) of 27% end an ester sulphate content of 7.5% The nitrogen
content (96) was nil. That the sulphate was organically bound,
and not contaminating inorganic sulphate, was shown by the

negative test for sulphate,on a solution of polysaccharide(M)

in water with barium chloride.
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A standard scolution containing a mixture of glucuronic

acid and mannose in the proportions 27:73 respectively was
prepared. Aligquots containing'from 10 pge~ 100 pge. of sugars
were withdrewn and analysed by the phenol-sulphuric acid method.
A greph of ugesugars sgainst gpticel density(E) was plotted.

A re-assessment of the carbohydrate content of the poly-

saccharide material using this graph gave a value of ga 70%.

E r 1

Polysaccharide material (gca 20 mg., was dissolved in
dilute sodium hydroxide (ca 5 ml.). Fehling's solution was
added, but did not cause any precipitation.

The column was prepared as previously described (pel7)s
Polysaccharide(M) (326 mg. 70% carbohydrate)in water (410 ml.)
was allowed to drain into the column. Gradient elution with
water— O.5M potassium chloride (1.11l. of each) was used in
the first instance followed by gradient elution with 0. 5M
potassium chloride to O.3M potassium hydroxide (1.1l. of each).
25 mle fractions were collected at a flow rate of 50 mle an
hour. The polysaccharide content of each tube was estimated
by the phenol-sulphuric acid method (98). One main fraction
was obtained (see graph 6 , p.91)which was isolated by com-

bining the contents of tubes 30-36, dialysing and freeze-drying



~70-

(Yield 111 mge)e This material, much improved in appearance,
had a carbohydrate content of 70%, and the hydrolysate gave

the same chromatographic pattern as the original material.

T e s Phae

atment of t 12204
with Sodium Methoxide (119)
The residuel material (1 g., 31% carbohydrate, 4% ester

n

(= &

sulphate) was suspended in water (4O ml.). A solution of sodium
borohydride (10 ml. , 1%) wase added, and the mixture was left

to stand at room temperature for 48 hours. It was dialysed,
concentrated and freeze-dried. The derived material (S) was
further dried over phosphorus pentoxide in vecuo at 60°C for

48 hours.

Sodium metal (0.5 g.) was weighed into a dry flask fitted
with a drying tube containing caleium chloride. Dry methenol
(22 ml.) was added in portions through a reflux condenser. When
cool, the reduced material (S8) was introduced and refluxed for
48 hours in a system enclosed by & calcium chloride tube. The
reaction mixture, now a brownish colour, was centrifuged and
a brown solid, ca 50% by weight of the initiesl material, was
isclated after washing with dry methanol.

The sodium methoxide treated material (gca 11 mg.) was
hydrolysed and compared chromatographically with the hydrolysate
of a similar quantity of initial materials The chromatograms
(Solvent C, Spray 1) proved to be identical. No material

corresponding to a methylated sugar was detected.



Polysaccharide material (M) (31 mg. ,27% uronic aeid,
7+ 5% sulphate ester), dissolved in water, was passed several
times through a column (32 x 1.8 oms ) containing Amberlite
IR 120(H*) resin until the polymer was completely converted
into the acid forms. Potentiometric titration with carbon
“dioxide~free 1%5 godium hydroxide gave a value of 418 for the

equivalent.
Experiment 19
Rate of Sulphate Hydrolysis (120)

Samples of & solution of the polysaccharide (M) in 0. 250K
hydrochloric acid (0.250 ml. , containing ga 50 pg. of esteri-
fied sulphate) were sealed in Pyrex test-tubes (3" x §") and
heated on a boiling-water bath for times ranging from 15
minutes to 7 hours. After cooling, centrifuging, and opening,
the contents of each tube were exactly neutralised with sodium
hydroxide solution (2.50N, 0.025 mls ). Chloroaminodiphenyl
reagent (0.250 ml.) and & trace of cetavlon were added to each
tube which were then allowed to stand for several hours. After
centrifuging, a portion of the supernatant (0.1 ml.) was
diluted o 10 mle with O.1N-hydrochloric acid and the optical
density (E) of this solution read at 254 mp.

The graph of log %/a-x against time was plotted in each

case, where log %/a-x = Eblgng - Egg
Eg Eay

EZh = optical density after 24 hours
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Ey = optical density after t hours
Eplank = optical density of reagent
The half-life (t%) was calculated, where t% =log 2,

slope
The half-life for this polymer was found to be 1.51.

Polysaccharide(¥) (175 mge) was hydrolysed for four hours
with N~gulphuric acid at 100°C. Chromatographic examinetion
of the neutralised hydrolysate (Solvent A, Spray 1) revealed
spots with mobilities of mannose and glucuronic acid in
addition to two epparently incompletely hydrolysed constituents
with mobilities relative to mannose of O.4 and 0.2,

In the first instance, neutral material was separated
from acidic material on 3MM paper in Solvent Bs Sugars were
located by developing side strips with Sprsy 1), and eluted
with water. This separation gave two fractions :

Fraction 1, concentrated to a syrup (35 mg.), did not
erystallise, but was chromatographically pure,with the mobility
of mannose. It gave & phenylhydrazone with the same mepe197°C
asoﬁannoae phenylhydrazone, and did not show a depressed melt-
ing point when mixed with an authentic sample.

Pragtion 2, (42 mges syrup), was shown to contain three
acidic components (ionophoresis in phosphate buffer, Spray 3)
with mobilities relative to glucuronic acid of 1:0, 0«70 and
0. 51,

This material was rechromatographed on 3iM paper in

Solvent A. Three fractions were eluted (2a, 2b, 2¢) after
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locating the sugars in the usual way.

(1) Fraction 2a (15 mg.) crystallised from glacial acetic
acid, had a melting point of 175°C and chromatographic exame
ination revealed two spotis with the mobilities of glucurone

and glucuronic scid. No depression was observed when a mixed
melting point was taken with authenticbélucurone. X-ray

powder photographs of the two substances, kindly provided by

Dr. Beevers, were also identical.

(ii) PFragiion 2b (4.2 mge ) ionophoretically pure, hed a
mobility relative to glucuronic acid of 0. 70 and a chromato-
grephic mobility (Solvent A, Spray 1) of O.4 relative to
mannose.

(1ii) Fraction 2¢ (3.7 mge) was also ionophoretically pure,
with a mobility, reiative to glucuronic aecid, of 0.51 (Phosphate
buffer)s Chromatographically, (Solvent A, Spray 1), it had
Bmannose O¢+2.
. &R
i) Reduction of Fraction 2b

The acidic substance (Rmannoae 004), dried over phosphorus
pentoxide, was suspended in tetrahydrofuran (5 mls freshly
distilled over sodium metal followed by lithium aluminium
hydride)s Lithium aluminium hydride (enough to cover a spatula
tip) in tetrahydrofuran (5 ml, ) was added in small portions
and the suspension was refluxed for 1.5 hourss Excess lithium
aluminium hydride was destroyed by the addition of water
(ea 30 mle) and the white residue was centrifuged down. The

supernatant, which had pH 10, was treated with Amberlite
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IR 120(H*) resin, concentrated to a syrup, and dried in vacuo
over phosphorus pentoxide.
ii) lation of Redu P tion 2b

The reduced product was dissolved in dimethylformamide
(2 mls) and treated with methyl iodide (2 ml.) and silver oxide
(300 mge ) on an ice bath in the darks The mixture was shaken
in the ice for an hour, and then at room temperature for 20
hours. After filtration, the residue wes washed thoroughly
with dry chloroform, and the combined filirate and washings
allowed to stand in contact with celcium sulphate for 18 hours.
Af'ter removel of the calcium sulphate, the solution was
concentrated and methanolysed.

Gas liquid chromatographic analysis of the methyl
glycosides gave small peaks with the retention times of 2,3,4,;

6-tetra-g-methylglucoee, and several unidentified peaks.

Experiment 22

The completely dried substance (Pmannose C«2) wag in the
first instance ester glycosided (G.P.13,p.33). The derived
methyl ester methyl glycoside was dissolved in 0.05M boric acid
(1 mle) at pH 5.2, Sodium borohydride (5 mg.) dissolved in
water (1 ml.) was added, giving a final pH of 9, and the solution
allowed to stand at room temperature overnight. Excess sodium
borohydride was decomposed by neutralising the scolution with
glacial acetic acide The solution was then treated with
IR 120(H*) resin, evaporated several times with methanol, and
finally concentrated to & syrupe

The reduced product was hydrolysed in the usual way, and
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chromatographic examination of the neutralised hydrolysate
revealed spots with the mobilities of glucose and mannose.

Incubation of the hydrolysate with the enzyme glucose
oxidage followed by chromatographic analysis revealed the
complete removal of material with the speed of glucose. Still
present was a spot level with mannose, and in addition a
substance with the mobility of gluconic aeid, run as control,
was detected (Spray 3).

Experiment 23
1)

(106)

Two portions of polysaccharide (17.1 mge and 12,5 mgs )
were oxidised with sodium meteperiodates The first portion
was treated with 0.015M periodate (20 ml.) at 29C in the dark,
wﬁile the second was oxidised at room temperature with 0.1
periodate (5 ml.), also in the darks Aliquots were removed
from each reaction solution at various intervals, and after
the appropriate dilution, their optical densities were

measured at 223 Myl

Table &
2% Room ggggefatggg

Time Moles 10£ reduced per Time Moles 10y reduced per
(hrs. )~ Op enhydro umit (s, ) ~ Cg anhydro unit

6 0. 14 3 0e 57

18 0 20 8 Oe 67

30 Oe 32 22 Oe 94

y2 Oe 34 28 Oe 94

66 0. 38 33 Oe 94

96 Oe 145 48 Oe 94
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ii) Reduction of the Oxopolysacgharide

Excess sodium metaperiodate was destroyed by passing
sulphur dioxide gas through the combined solutions for several
minutes. The oxopolysaccharide was isolated by precipitation
with ethanol, and then reduced with sodium borohydride (60 mg.)
in 0,05 boric acid (ga 5 ml.) at room temperature for 24
hours. Excess borohydride was decomposed with glacial acetic
acid, borate was removed by distillation with methanol, and
the polyalcohol hydrolysed with R-sulphuric acid at 100°C for

four hours. Chromatographic examination of the neutralised
hydrolysate revealed a strong reducing spot with the mobility
of mannose and & trace of material with the speed of glycerol
(Solvent B, Sprays 1 and 3). Ionophoresis in phosphate buffer
tentatively identified a trace of glyceric acid ligy1.72 and
showed the complete absence of glucuronic acid.

" r nt 2

Polya na
Polysaccharide(M) (123.2 mge.) was dissolved in distilled

water (35 mls) and the pH was adjusted to 5.8. Sodium meta~
periodate was added, making a final concentration of 0. 1M with
respect to the periodate. The solution was kept in the dark
at a constant temperature (2°C). When the oxidation was
complete (ca 4 days), an aliguot (10 ml.) was removed from the
reaction solution, mixed with ethylene glycol (0«5 ml.) and
left in an atmosphere of nitrogen for five minutess The formic
acid liberated was titrated potentiometrically with carbon
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dioxide-free 0.,005K sodium hydroxide. The end point of the
titration was taken when the pH of the solution returned to
the initial value of 5. 8.

The amount of formic acid released was found to be 0.38
moless per Cg anhydro unit.

The oxopolysaccharide(P) was isolated by precipitation
with ethanol (10 volumes), centrifuging, and drying by evep-
oration. Yield ca 80 mg.

Experiment 25
Hydrolysis of Oxopolysaccharide(P) Followed by Reduetion with

Bor .

Oxopolysaccharide(P) wes hydrolysed with N-sulphuric acid
at 100°C for four hours. Chrometographic examination of the
neutralised solution revealed a strong spot with the mobility
of mannose. No material corresponding to glucuronic acid
could be detected.

The hydrolysate was then reduced with sodium borohydride
(400 mgs ) in 0.05M boric acid (10 ml.). After destroying any
excess borohydride with glacial acetic acid, the solution was
concentrated several times with methanol,; and then examined
chromatogrephically (Solvent B, Spray 3). Two strong spots
with the mobilities of glycerol and mannitol along with traces
of material with slower speeds were detected. Material
crystallised which was chromatographically identical with
mannitol and gave a melting point and mixed melting point
identical with an authentic sample of mannitol.



Experiment 26 .

Smith Degradetion of Polysaccharide(i)
(i) Periodate Oxidati

Polysaccharide(M) (340 mg.) was oxidised with O. 1M sodium
metaperiodate (50 mls) at pH Y4e9 in acetate buffer. Aligquots
(Os1 mlse ) were withdrawn from time to time, and after 60 hours,
the oxidetion was found to be completes The reaction solution
was divided into two portions, a) 10 mls and b) 3%.5 ml.

(a) Excess periodate was destroyed by the addition of
excess ethylene glycols The solution was dialysed and con-
centrated.

(b) In this case sulphur dioxide gas was passed through
the solution to destroy excess oxidant. The solution was
treated with ethanol (10 volumes), and the precipitated oxo-
polysaccharide isolated by centrifugation.

(11) Reduction with Sodium Borohydride

The oxopolysaccharides from (a) and (b) were dissolved in
0«05 boric acid (10 mls and 50 mle respectively) and separately
treated with sodium borohydride (100 mgs and 400 mge respectively).
The reductions were allowed to proceed at room temperature for
24 hours in aﬁ atmosphere of nitrogens Both solutions were
neutralised with glacial scetic acid, dialysed and distilled
several times with methanol.

(1ii)Mild Hydrolysis

After a final concentration, both polyalcohols were
dissolved in ﬁ-sulphuric acid (ca 1 mle and 4 ml, respectively).
The acid solutions were left at room temperature for two days.

Addition of ethanol (10 volumes) to each solution produced
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white precipitates of carbohydrate material. The degraded
polymers (22.4 mge and 89.7 mge respectively) both gave only

mannose on hydrolysis, and each had an ester sulphate content

of ga 10%.
Exper 2
Oxi n of the raded Polymer wi Sodi Metaperiodat

Degraded polysaccharide (16¢3 mg.) from the Smith
Degradation (Experiment 26) was oxidised with C.017M sodium
periodate (10 mls) in the dark at 2°C. Aliquots were removed

and their optical densities read at 223 mp.

Table 7
Time (hours) L 7 26 58
ﬂolea.10§ reduced per 0 0102 0.195 0.195
56 anhydro unit
Experiment 20
M & th raded Polysaccharid

The remaining degraded polymer (gca 85 mge) was shaken
with dimethyl sulphoxide (7 ml.) and dimethylformamide (3 mls ).
Sodium hydroxide pellets (5 g.) were added, and dimethyl
sulphate (4 ml. ) dropped into the mixture, with stirring, over
eight hourss The reaction wes carried out in an atmosphere of
nitrogen for the first two hours, énd af'ter 18 hours the
mixture was heated on a boiling water bath to decompose the
residual dimethyl sulphate. Water (10 ml.) was added to
dissolve any solid sodium hydroxide and, after eooling to 5°C,
the mixture was neutralised with 10K sulphuric acide The
aqueous solution was extracted exhaustively with chloroform

in & liquid-liquid extractor for twelve hours. The chloroform
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extract was concentrated and was found to contain very little
materiale The aqueous solution still contained the poly-
saccharide.

The aqueous solution wes dialysed, concentrated, and then
treated with sodium hydroxide (15 ml., 30%) solution in an
atmosphere of nitrogen Dimethyl sulphate (6 ml.) was added,
with stirring, over 6 hours, and the reaction was allowed to
continue overnight at room temperature. ‘This procedure, using
sodium hydboxide and dimethyl sulphate, wase repested four more
timess The partly methylated material, isolated after dialysis
and freeze-drying, was extracted with dry chloroforms The
small amount of chloroform-~soluble material was redissolved in
methyl iodide (ga 3 mle )e Silver oxide (500 mg., was added in
6 half-hourly portions while the methyl iodide was under gentle
refluxe The reaction was allowed to continue overnight. The
mixture, on cooling, was filtered, the solid residue extracted
with hot ehloroform and the combined filtrate and washings
concentrated and given two further methylations in this way
with methyl iodide and silver oxide and re-extracted with

chloroform.

The chloroform soluble methylated material was methanolysed
in the usual way. Examination of the derived hethyl glycosides
of the methylated sugars by gas ligquid chrometogrephy tenta-
tively identified the following suger derivatives :-
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Methyl 2,3,4,6 tetra-O-methylmannoside
Methyl 2,4,6 tri-Q-methylmannoside
A slight peak with the retention time of 4,6~di-O-methylmannose

wes alsc observed.

E n Q

The methyl glycosides (Experiment 29) were hydrolysed
with ﬁaaulphnric acid for four hours at 100°C. Chromatographic
examination (Solvent C, Spray 2) revealed spots with the
mobilities of 2,3,4,6 tetra-0-methylmannose, tri-O-methylmannose
end di-O-methylmannoses The intensity of the trimethyl deriva-
tivé was easily the strongest, while the other two constituents
were approximately in equal concentiration. The trimethyl-
mannose gave a pink spot (Spray 1) identical with 2,4,6 tri-O-
methylmennose and different from the brown spot given with
34sk446 tri-Q-methylmannose run for comparisons
Experiment 31 '

P ro Polysacchaeride( il

Polysaccharide(M) (1.8 g.) was hydrolysed in a sealed tube
with K-sulphuric aeid at 100°C for one hours Ethanol (10
volumes) was added to the cooled acid solution, and the pre-
cipitated polysaccharide was rehydrolysed under the same condi-
tionss This procedure of hydrolysis and alcohol treatment was
continued until no alechol insoluble material remaineds The
acid supernatant solutions were combined and neutralised in
the usual way with barium carbonate. Chromatographic examina-

tion (Solvent A, Spray 1)'revea1ed spots with Rmannose 1.0,
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(1) ZEreparation of the Column

Cellulosey; as a slurry in acetone, was carefully poured

into a giass column (Qiameter 34 mme ) to prevent the formation

of air bubbless The cellulose was allowed to seitle under

gravity with ecetone constantly flowing through the column,

which was then washed with distilled water (2 litres). The

packed cellulose finally had a height of {60 mme

(ii) Elu
The column was first of all washed with Solvent B (2

e Partial

litres)s The partial hydrolysis syrup (gg 1¢4 g.), in which
the acid constituents were present as the barium salts, was
eluted with the Solvent E(121) at a rate of gg 60 mle per hour,
and collected in 10 mls fractionse Fractions were analysed

by concentrating portions (1 mle) to dryness, and examining

the residue chromatographically. Four fractions were collected,
none of which comprised a single entity.

Fracgtion 1 contained substances with chromatographic mobilities
identical to mannose and glucuronic acid (faint), and a spot
with the speed Rmannose OslL4 (Solvent A).

Fraction 2 comprised mainly theloompound with a mobility of
Emannose O¢4 along with lesser amounts of a second substance
with Rmannose Cs2.

Fraction 3 gave two substances with mobilities Rmannose 0.2

and 0.05, the former being present in greater quantity.
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Fraction 4 showed a small guentity of a substance with mobility
Rmannose 0,2, and contained largely the slower constituent at
Rmannose 005,
(1ii)Refractionation of Fraction 2
A second, and smaller cellulose column (20 X 330 mms )
was prepared as previously described. Fraction 2 syrup (160
mge ) was applied to the top of the washed cellulose and eluted,
again with Solvent E. Chrometographie examination of the eluent
showed the presence of both constituents of the mixture.
Finally, the mixture was applied to Whatman 3MM paper, and
chromatographed in Solvent A. The individual components were
detected by developing side strips of the chromatograms (Spray
‘1), &nd the appropriate areas cut out and eluted with water.
This procedure gave two chromatogrephically and ionophoretically
pure fractions. Fraction (A) had Rmannose = Ol (Solvent A)
and an ionophoretic mobility of 0«70 relative to glucuronic
aeid (Phosphate buffer pH 7+2). Frection B had Rmannose = 0.2,
and ionophoretic mobility relative to glucuronic acid of 0.51.
Fraction 3, from the first cellulose column, was rechrom-
atographed on Whatman 3MM paper and gave material identical
with Fraction B, in addition to a small quantity of a substance
with a chromatographic mobility (Solvent A) of Rmannose 0eC5.
Experiment 33 -
e) Estimation of the Degrees of Polymerisation (DP) of

Fractions A and B (122)(123)
To samples of Fraction A and Frsction B (1 mlsportions

conteining 51 pg. and 87.5 pg. respectively) was added 1%
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aqueous sodium borohydride (1 ml.). To a second series of

1 ml. samples of Fractions A and B, containing the same
quantities of material, was added 1% sodium borohydride in
N-sulphuric acid (1 ml.), "inactive borohydride". The two
sets of solutions were allowed to stand at room temperature
for 2 hours. Aqueous phenol, (5%, 1 ml.), followed by con-
centrated sulphuric acid (5 ml.) from a fast flowing pipette,
were then added to each solution. After 30 minutes at room
temperature the optical density of each solution was read at
L87 mp. against a water blank prepared in the same way as the
test solutions. The optical densities of the reduced and non-

reduced solutions are given below.

Table 8
Optical densit

reduced O. 144
Fraction A

non-reduced 0. 431

reduced 0. 492
Fraction B

non-reduced 0. 841

Calculations

Fraction A. The non-reduced reading 0.431 corresponds to

51.0 pg. of an aldobiouronic acid consisting of glucuronic acid
and mannose. The optical density of the reduced substance
corresponds to 28.4 pge of glucuronic acide The calculated
weight of glucuronic acid from 51.0 pg. of aldobiouronic acid
is 27.8 pg. Hence, allowing for experimental error, the
optical densities of reduced and non-reduced Fraction A

correspond to an aldobiouronic acid. No other arrangement of
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the two sugar constituents gives any correlation between the
measured optical densities.

Similar reasoning, and estimation of weights of aldo-
triouronic and aldobiouronic acids indicated that Fraction B
was an aldotfiouronic acide The non-reduced reading corresponds
to 87.5 pg. of an aldotriourénic gcid comprising glucuronic
acid and mannose (1:2). The reduced reading corresponds to a
weight of aldobiouronic acid of 58,0 pge The weight of aldo-
biouronic aoid calculated from 87.5 pg. of an aldotriouronic
acid is 60.1 pg. No other structure gives any correlation
between the optical densities of the reduced and non-reduced
solutions. Hence, Fraction B must be an aldotriouronic acid
comprising glucuronosylmannosylmannose.

The weight of ecach speclie was calculated from standard
graphs of mixtures of glucuronic acid and mannose in the
ratios 1:0, 1:1, 1:2, and 1:3.

b) P rdrolysis Fp n B. Praction B (3 mg.) was
heated with N-sulphuric acid for 6 hours at 100°C and after
neutralisation the derived syrup on chromatographic examination
revealed spots with mobility of the starting material, the
aldobiouronic acid (Fraction A) glucuronic acid (very faint)

and mannose.

Experiment }Q
Conversion of Fraction and B to Neutral Compounds, & h

Subsequent let ation

Fraction A (15 mg.) and Fraction B (12 mg.) were converted
into their methyl ester methyl glycosides by refluxing with 3%
methanolic hydrogen chloride (1.25 mle) for 6 hours. The
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solutions were neutralised with silver carbonate and filtered.
The salts were extracted with dry methanol, and the combined
filtrate and washings teken to dryness. The residues were then
taken up in 0.05M boric acid (3 mls ), cooled to 0°C and treat-
ed with sodium borohydride (20 mgs) in water (1 mle ). The
reaction was allowed to take place in the refrigerator for 24
hours. Excess borohydride was decomposed by neutralising the
reduction solutions with glaoial acetic acid, and cations were
removed by shaking with IR120(H*) resin. Borate was removed
as volatile methyl borate by evaporating the solutions several
times to near dryness with methanol (7 x 3 mle). Finally, the
reduced residues were dried by evaporation with a mixture of
methanol and benzene.

The derived neutral derivatives of Fractions A and B were
then separately dissolved in redistilled dimethylformamide
(Os5 mle) eand placed in & cold room at 4°C, Redistilled methyl
iodide (0¢5 mls ), also at 4°C, was slowly spotted into each
solution, and silver oxide (0«5 g.) added (124). The mixtures
were shaken in the dark for 1 hour in the cold room, and then
for 60 hnurs'at room temperature, also in the dark. After
filtering, the solid residue was washed several times with dry
chloroforme The combined filtrate and washings were taken to
dryness on a rotary evaporator, and then on a high vacuum pump

for five minutes.

Experiment 35
Ex n Me ed Frections A and B

The derived methylated materials were methanolysed in the
normal way (GeP.13)., Examination of the derived methyl
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glycosides of the methylated suﬁare by gas liquid chromato-

graphy indicated the following sugar derivatives :=-

Fraetion A. Methyl 2,3,4,6 tetra-Q0-methylglucoside
Methyl 2,4,6 tri-Q0-methylmannoside

Fraction B. Methyl 2,3,4,6 tetra-O-methylglucoside
Methyl 2,4,6 tri-O-methylmannoside
Methyl 3,4,6 tri-0-methylmannoside

Experiment 36

' The methyl glycosides of each Fraction (Expte35) were
hydrolysed at 100°C with ﬁ-sulphuric'acid'for four hours.
Chromatographic examination of the neutralised h&drolysatas
(Solvent C, Spray 1) revealed spoie corresponding to tetra-0-
methylglucose and tri-0O-methylmannose in both cases. The
Rg (0.88) values of 2,4,6 tri-0-methylmannose and 3,4,6 tri-0O-
methylmannose are the same. Ionophoretic examination of the
methylated sugars of Fractions A and B revealed a single spot
Mg 0«0 for Fraction A and two spots iy 0.0 and 0.33 for
Fraction Bs Authentic samples of 2,4,6 and 3,4,6 tri-O-
methylmannoses had Mg 0.0 and 0«33 (borate buffer, pH 10,
Spray 3) respectively.

The methylated sugars of Fraction B were separated on
Whatman No.1 paper in Solvent Ce The individual sugars were
located in the usual way by developing side-strips (Spray 1),
and the appropriate areas eluteds Two fractions were eluted.

Fraction 1 had chromatographic and ionophoretic mobility
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of tetra-Q-methylglucose. Demethylation (100) and chromato-
graphic examination revealed glucose only.

Fraction 2 had a chromatographic mobility of tri-0-
methylmannose and from its colour,(Spray 1) a mixture of pink
and brown, it seemed to consist of more than one substance.

Ionophoresis in borate split the material into two spots
with Mg values O.33, and 0.0, the former value being identical

10 3,4,6 triﬁg-methélmannoaé. Chromatographic examination of

the demethylated material revealed only mannose.

Bach fraction (7.0 mge and 13.3 mge. respectively) was
first of all refluxed with 3% methanolic hydrdgen chloride for
.h hours. Each solution was neutralised with silver carbonate
and filtereds The residue was thoroughly extiracted with
methanol, and these washings combined with the filtrate were
concentrated to dryness. The derived methyl ester methyl
glycosides were taken up in acetate buffer (ga 40 ml.) at
pH U4e 5. Sodium metaperiodate (5 mle, Os1 li)was added, and each
solution was made up to 50 mle with acetate buffer. The amount
of periodate consumed was measured by removing aliguots (1 ml.)
and diluting 250 times with water before reading the absorptions
at 223 mp. against a water blanke The fraction of periodete
reduced at any particular time was obiained by knowing the
difference in absorbance between the original sodium periodate
solution and aodiumhiodate solution of the same molarity under

the same conditions.
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Fraction A Time (hours) 12 20 132 214 312

Moles 10£ reduced 0699 1489 2,12 2,12 2,12
per Cg anhydro unit

Table 10

Fraction B Time (hours) 12 24 92 144

Moles 10 reduced 107 1.07 1.25 1.25
per Cg anhydro unit
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DISCUSSION

It was found that the residual material from Phaeodactylum
ggigggngtum after cold and hot water extraction, chlorite
treatment, and subsequent cold 4% sodium hydroxide extraction
(pe 43) comprised mainly carbohydrate material. When treated
with hot 4% sodium hydroxide solution under nitrogen (Expt.il)
it almost completely dissolved, forming a brown solutions
Precipitation of polysaccharide material (M) (5% of the
Phaeodactylum organism) was achieved by the addition of excess
ethanol, after neutralisation, dialysis, and concentration of
this solution. It had [o]p + 34° and comprised mainly mannose.
With the exception of ga 8% it was readily soluble in water,
in contrast to the highly insoluble ﬁ =1 4=1linked mannan of
ivory nut and coffee bean. Chromatographic examination of an
acid hydrolysate revealed, in addition to mannose, smaller
quantities of acidic material with the chromatographic and
ionophoretic mobility of glucuronic acid, and two slower acidic
8pot8 Rpannose Oel @nd 0.2, and Mglycuronic acid 0«70 and O 51
respectively. Analysis of polysaccharide(M) showed a uronic
acid content of 27% (102), a sulphate content (95) of 7.5%
and the complete absence of nitrogen (96). The equivalent of
a polysaccharide with this percentage of uronic acid and no
sulphate or ash would be 176/27 x 100 = 652, Polysaccharide(M)
has a sulphate ester content of 7.5%, which corresponds to
ca 48 g. of sulphate (i.e. Oe5 equivalents) in 652 g. of poly~-
saccharide. Therefore, 652 g of polysaccharide(lM) corresponds
not to 1 but to 1.5 equivalents. Hence the equivalent weight
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of polyéaccharide(m) should be 652/1.5 = 434. Polysaccharide(M)
was converted completely into the acid form by passing through
a column of IR 120(H*) resin (Expt.18). Titration of the
acidic residues with carbondioxide-~free sodium hydroxide gave
an equivalent of 418, in reasonable agreement with the cal-
culated value.

The initial estimation of the carbohydrate content of
material (M) by the phenol sulphuric acid method (96) based
on mannose, gave a value of 55% DBut it was found that the
optical densities of solutions of glucuronic acid analysed by
this method were considerably less than those of mannose of
the same concentrations, and re-estimation based on & 73%
mannose and 27% glueuronic acid content gave a value of 70f.
As a result of the method of extraction, the uronic acid and
sulphate ester residues are present as sodium salts; allowing
for this, for.7.5% sulphate, and for about 10% of moisture this
is 8 reasonable figure for a pure glucuronosylmannan.

Attempts to fractionate this glucuronosylmannan by
precipitation with Fehling's solution(Expt.12a) or elution
from & DEAE-cellulose column (Expt.16b) were unsuccessfuls No
copper complex was formed with the Fehling's solution, another
point of difference from ﬁ =1l,4=1linked mannans which complex
strongly with copper. The polysaccharide material which was
eluted as a single peak from the DEAE-cellulose column had the
same chemical composition as the starting material.

Sulphate ester groups which are adjacent and trens to a
free hydroxyl group in a polysaccharide have been shown to be

labile to alkali (125). Any such groups present in the native
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glucuronosylmannan would have been lost during extraction.

It is possible to locate such groups by treatment with sodium
methoxide since this reagent cleaves the sulphate residue and
causes the intermediate formation of epoxide rings. Attack

by the methoxide ion cen then occur with the formation of
monomethyl sugarse This method has been successfully applied
to the aecid polysaccharide of the green seaweed yiva lactuca
(54) as shown below,(Fig.15). Attack in this instance occurred

u- OH -mJJONQ
= OH ...o H,OM .|.
10 HY HO

~ Koso; ﬂ oy K ) B ‘Jom @HOH 4 Q
n * HO

Fig.15
preferentially at C-2 and after hydrolysis of the resulting
polysaccharide 2-0-methyl-D-xylose was isolated and chearacter-
isede From this it was deduced that some of the D-xXylose units
in the Ulva polyssasccharide were sulphated at C-2. Application
of this procedure to Phaecodsctylum tricornutum (Expt.17) before
treatment with alkali failed to yield any methylated sugers,
from which it may be coneluded that all the ester sulphate is
8till linked to the extracted glucuronosylmannan(M) and is
stable to alkali.
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Studies on the rates of hydrolysis of the sulphate esters
of monosulphated glucose and galactose have shown significant
differences which can indicate whether the sulphate is linked
axially, equatorially or to a primary hydroxyl group on the
sugar moiety, (General Introduction, p«6). It was, therefore,
cf interest to study the rates of hydrolysis of the sulphate
ester in the present polysaccharide material. Samples of
polysaccharide (M), hydrolysed for various times, released
sulphate at a rate which corresponded to a half-life of 1.51.
Although this is approximately the rate of hydrolysis of the
primary sulphate of the two sugars previously studied, it would
be premature to deduce anything conclusively in the present
studies until more is known of the rates of hydrolysis of
authentic mannose and glucuronic acid sulphates.

The presence of uronic anhydride and mennose residues in
polysaccharide (M), tentatively identified by chromatography,
was confirmed by their separation from an acid hydrolysate and
the formation of erystalline glucurcne and mannose phenyle
hydrazone respectively (Expt.20). The former derivative had
mepte 175°, gave no depression when mixed with an asuthentic
sample of glucurone, and gave an X-ray powder photograph
identical to the authentic material. The latter had mspt.197°C
and gave no depression when mixed with an authentic sample of
mannose phenylhydrazone. |

Two other acildic substances, Fractions 2b and 2¢, were -
also separated from the acidic hydrolysate of polysaccharide
(M) (Expte20)s These two will be described in more detail
later (p.98 ) when the partiasl hydrolysis products of poly-
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saccharide (M) are discussed.

When polysaccharide (M) was oxidised with sodium meta=-
periodate at 2°C and at room temperature in the dark (Expt.23),
the amount of periodate reduced was OsL45 and 0s94 moles. per
Cg anhydro unit respectively. The low reduction of periodate
at 2°C suggests an appreciable proportion of 1,3'- linkages
in the polyseccharide. The apparent rapid overoxidation at
room temperature may be explained by the presence of non-
reducing glucuronic asid end groupa which are considered to
overoxidise as showh below (Fig.16)(126) ,through the formation

of a malondialdehyde grouping.

CoOoH COOH
O }—
o o % iR
10 CHO
OH CHO
2104 \{25
\. COOH AC Gren
A= o /" O\-0-R
CHO : 0
CHO CHO
Pig. 16

The combined solution of oxopolysaccharides was reduced
with sodium borohydride and then hydrolysed with sulphuric
acide Chromatographic examination of the neutralised hydro-
lysate tentatively identified mannose as the main constituent,
and traces of glycerol and glyceric acid. Ionophoresis in

phosphate buffer also indicated the presence of a small gquantity
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of glyceric acids The presence of this acidic fragment
provides evidence for the existence of glucuronic acid residues
at the non-reducing ends of the polysaccharide molecules.
Glycerol is derived from mannose terminated chains, or from
interglycosidie 1,2'- or 1,6'- linkages. The absence of
glucuronic acid in the hydrolysate shows that all these
residues must be vulnerable to periodate oxidation.

Further peri?date oxidation studiee on polysaccharide (M)
revealed, on complete oxidation, a formic acid relecase of 038
moles. per Cg anhydro unit (Expte24). This could be derived
from end group mennose and/or glucuronic acid units.

The oxopolysaccharide from this last experiment was first
of all hydrolysed, and then treated with sodium borohydride
(Expt.25). Chromatogresphic examination of the reduced hydro-
lysate reveeled strong spots with the mobilities of mannitol
and glycerol. The former crystallised and was identified by
its melting point and mixed melting point with suthentie
mennitol, confirming again the immunity of & high proportion
of the mannose units to periodate oxidation.

It was found that after Smith degradation of poly-
seccharide (M), a degraded polymer, (ga.33% of the starting
material), could be precipitated from the acidie solution.with
alecohols This gave only mannose on hydrolysis and had a
sulphate ester content of ¢a.10% (Expt«26)s The possibility
of sulphate contamination from the sulphur dioxide used to
destroy the excess periodate was eliminated by treating a

portion of the oxidation solution with ethylene glycol,(Expte26).
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The degreded polymers eventually isolated from both treatments
had the same sulphate contente On further oxidation with
sodium periodate (Expt.27), the degraded polymer reduced only
0« 195 moles. of periodate per 06 anhydro unite.

Since the glucuronic acid residues appear to be completely
cleaved by periodate oxidation, and yet unattacked poly-
saccharide material remains, it seems likely that the uronic
anhydride units occur in side chains in polysaccharide (M).

The degraded polymer was initially methylated (Expt.28)
by a modificetion of the Kuhn procedure. This, however, did
not give any significant quantity of chloroform soluble
methylated materials Methylation was continued, therefore,
using dimethyl sulphate and sodium hydroxide according to the
method of Haworths After five Haworth methylations, the partly
methylated material was given three Purdie treatments with
methyl iodide and silver oxide.

Examination of the methanolysed methylated polysaccharide
by ges liquid chromatography (Expte29) revealed peaks with the
retention times of methyl 2,3,4,6 tetra-Q-methylmannoside,
methyl 2,4,6 tri-0-methylmannoside and a slight peak tentatively
identified as a methyl di-O-methylmannoside.

Acid hydrolyeis of the methyl glycosides (Expt.30) and
chromatographic examination of the derived methylated sugars
revealed spots with the mobilities of 2,3,4,6 tetra-Q-methyl-
mannose, tri-0-methylmannose, and di-O-methylmannose. The
colour of the tri-O-methylmannose sﬁot with Spraj 1 indicated
it to be 2,4,6 tri-0-methylmannose,and its intensity was far

greater than the other methylated sugars produceds It appears
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that this degraded polymer is the backbone of polysaccharide

(M) and consists of 1,3'-linked mannopyranose units, with
occasional units carrying sulphate groups. Under the conditions
used in the periodate oxidation, only ca&.3 moles. of periodate
should be reduced per molecule and therefore an average chain
length of ga. 15 units is indicated for tﬁia backbone.

It is evident from the methylation results on the degraded
polymer that the Smith degradation stripped the side chains
completely from the backbone of polysaccharide (M). If any
fragments had remained attached to the degraded polymer, & much
greater proportion of dimethylmannose would have been present
in the hydrolysate of the methylated materials Small amounts
of dimethylmannose that were detected could arise from the
presence of the sulphate ester residues.

Relative rates of acid hydrolysis of methyl glycopyranosides
have been shown to differ considerably (127), and it can be
argued that,if several types of linkage are present within a
polysaccharide, they will be hydrolysed at different rates.
Oligosaccharides formed by partial acid hydrolysis of poly-
saccharides will therefore contain primarily the most stable
linkages. Uronic anhydride residues stabilise the linkage
through C4 of the uronic anhydride unit. Consequently, partial
acid hydrolysis of polysaccharides containing uronic anhydride
residues usually glve aldobio- and aldotriouronic acids.

Partial acid hydrolysis of polysaccharide (M) (Expt.31),
on chromatographic examination of the hydrolysate, was shown
to give four substances with Rpgnnoge 1409 Oeliy 042, 0,05 in

Solvent As Only a trace of material with the mobility of
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glucuronic acid could be detected.:

Attempts to fractionate the partial hydrolysate on a
cellulose column (Expte.32) were only partially successful.
Substances with mobilities Rygnnoge Oe4 a@nd 0.2 (identical
with Fractions 2a and 2b (p.73)) were finally separated on
3MM paper in Solvent A into chromatographically and iono-
phoretically pure conpounds.

The first of these (Rygnnose OoU4) wWas shown to have a
DP of 2,1 and to be an aldobiouronic acid. After reduction
with lithium aluminium hydride (p.73), and methylation by the
Kuhn technique (124), it was methanolysed and examined by gas
liquid chrometographye Peaks with the retention times of
methyl 2,3,4,6~tetra-0-methylglucosides and several unidenti-
fied peaks were revealeds The presence of glucuronic acid as
the non-reducing residue was thus established, and the unidenti-
fied peaks were presumed to be due to a methylated mannitol
(see later, derived from the reducing end of the aldobiouronic

acide A further portion of the aldobiouronic acid was con-
verted into the methyl ester methyl glycoside and reduced with
borohydride (Expt.34)s The derived neutral disaccharide, after
methylation and methanolysis, was examined by gas liquid chrom-
atography. Peaks with the retention times of methyl 2,3,4,6~-
tetra-Q-methylglucosides and methyl 2,4,6-tri-0-methylmannosides
were obtained.

Acid hydrolysis of the glycosidic mixture (Expt.36) gave
tetra-O-methylglucose and 2,4,6-tri-0-methylmannose (paper
chromatogrephy and ionophoresis in borate buffer). These

results indicaete that the aldobiouronic acid is O-(D-gluco-
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pyrenosyluronic aeid)(1—3)-D-mannose. (Fig.17)

CoOoH CH0H
A
OH O HO H'OH
HO HO
OH
Figed

Confirmation was obtained by the rapid reduction of 1.9 mole.
of periodate by the methyl ester methyl glycosides This
inereased to 4.2 moles on prolonged oxidation, in keeping with
the ready over-oxidation of end group glucuronic acid (see
Pe 94)e

The slower substance Rpygnnoge 0+2 had a DP of 3.1 (Expt.
33) and was characterised as an aldotriouronic acids After
conversion into the methyl ester methyl glycoside (Expt.20 iii)
and reduction with sodium borohydride, it gave on hydrolysis
a mole of glucose and two moles of mannose (paper chromato-
graphy, visual examination)., Incubation with glucose oxidase
confirmed the presence of glucose. Methanolysis of the methy-
lated neutral disaccharide glycoside and gas liquid chromato-
graphic examination revealed peaks with the retention times of
2334 ,6-tetra-0-methylglycosides and 2,4,6~ and 3,4,6-tri-0-
methylmannosides. Paper chromatography of an acid hydrolysate
showed tetramethylglucose and a single spot for the tri-0O-
methylmannose. These were separated and the tri-Q-methylmannose
fraction shown to consist of the 2,4,6- and 3,4,6-tri-Q-methyl
derivatives on ionophoresis in borate buffer. The aldotriourcnic
ecid is therefore a glucuronosylmannosylmannoses

Partial hydrolysis and chromatographic examination of the
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products revealed, in addition to unhydrolysed material, the
aldobiouronic acid, characterised on p.99, and mannose,
indicating the aldotriouronic ascid to be O-(D-glucopyrano-

syluronic acid)(1— 3)0-D-mannopyranosyl(1—2)-D-mannose,(Fig.18).

Fig.1

Periodate oxidation of the methyl ester methyl glycoside
rapidly reduced 3.0 moless of periodate per trisaccharide
molecule, in keeping with proposed structure, but tnis only
rose to 3.75 moles. on prolonged oxidation and there is no
obvious explanation for the comparatively small amount of over-

oxidation in this instance.

CONCLUSION

After exhaustive extraction of the Phaeodactylum
tricornutum organism, the residue, with the exception of ca.

10% of non-carbohydrate material, comprises a sulphated glucuro-
nosylmennans. This appears to constitute the cell wall of the
organism and is the first example of this type of polymer to

be found in nature.

Structural studies of the present glucuronosylmannan have
shown that it contains & backbone of 1,3'- linked mannose units
to which are attached other mannose and glucuronic acid units
as side chains. Partial hydrolysis studies have shown that

0-(D-glucopyranosyluronic acid)(1— 3)-D-mannose and O=(D=-gluco-



-101-

pyranosyluronic aeid)(1—3) O-D-mannopyranosyl (1—2)-D=-
mannose are siructurel units in the side chains.

Periodate oxidation and Smith degradation experiments
also indicate that there is considerable branching in the
molecules All the glucuronic acid residues are vulnerable to
periodate and from the formic acid relecased it appears probable
that many ere present as end units.

The ester sulphate is equivalent to ga.1 in every 5 of the
sugar residues, but no unequivocal evidence for its exact site
has been obtained, althouzh the presence of sulphate residuecs
in the Smith degraded polymer proves that some at least of
these groupings must be linked to mannose. The ataﬁility of
the ester sulphate to alkall eliminates any possibility of it
being linked to end group glucuronic acids That the majority
of the linkages have a‘P - gonfiguration is deduced from the
low rotation of the polysaccharide. Further studies will be
necessary before it 1s possible to advance a formula for this
complex polymer.

It is of interest to note that since this work was com-
pleted, a mannan containing ca. 6% uronic acid has been
fractionated from the mannan of the Huacra Pona palm, (lriarteas
ventricosa)(128). However, although few structural studies
were carried out, it appears from its source most probably to

be a f31,h-linked mannan of the ivory nut type.






INTRODUCTION
Low- r Carb & n Alcae

Several species of brown algae have been investigated

with respect to their low-molecular carbohydrates. Fugus

Yesiculosus (129), Pelvetis ganaliculata (130), Laminaria
cloustoni (131), Fucus spiralis and Desmerestia gouleata (132)

all contain mannitol, 1-mannitol B -glucoside, and 1,6~

mannitol di-(f;-glucoaide). 1-Mannitol acetate was obtained

only from F.ves losus, L-cloustoni and F.8piralig, the

Fucus spps having the higher amounts. Pecanaliculsta has been
the only specie of brown alga, so far studied, to synthesise

the heptitol, D-volemitol (133)(134).

A new C= methyl inositol, now nemed laminitol, was
isolated, first from L.celoustoni (134), and then from F.spiralis
and Deaculeata (132). Two C-methyl inositols had previously
been described; one, mytilitol, isolated from the mussel
Mytilis edulis (135), the other, isomytilitol, a synthetic
product prepared by Posternak (136). Laminitol proved to be
different from either of these inositols in giving a hexa-
acetate with a much lower melting point, and also in having a
greater chrometographic moblility. It has now been characterised
as either Y4~C-methylmyoinositol or its antipode (137).

Only four of the nine possible inositols (eyclohexane-
hexols) are naturally oceurring, (+) and (~)=-inositols,
myoinositol (also called mesoinositol), and seyllitol (seyllo-
inositol). Of these, myoinositol is the most widespread.
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In eddition to the carbohydrates previously mentioned,
L. cloustoni has been found to synthesise the p-1,3'-11nked
di- and tri-saccharides laminaribiose and laminaritriose (131).

Studies on the alcohol soluble fraction of the red
seaweed Furcellaria fastigiata (138) have revealed the presence
of myoinositol, mennitol, floridoside (2-glycerol X -D=
galactoside, and JQfloridoside-O(uD-mannoPyranoside. Po r
umbilicalis has been shown to contain seyllitol, lasminitol,
mannitol, volemitol, glycerol, galactose, floridoside, and
1=glycerol-d -D-galactopyranoside (139). A third specie of
red alga, Gelidium gartilagineum synthesises floridoside,
myoinositol, and laminitol.

Two of the green seaweeds have been investigated (140).
Mannitol and sucrose have been isolated from Enteromorpha
compressa. The presence of myoinositol was demonstrated
chromatographically. Studies on Chlorella resulted in the
isolation of sucrose, maltose, maltotriose and myoinositol.

A di- and'triaaooharide, containing only glucose, have
been reported from studies on the alcohol soluble carbohydrates
of a mixture of species of diatoms (69), but no attempt was
made to characteriae'thesefcarbohydrates.



-104~

EXPERIMENTAL
Experiment 38(a)
Isolation of ¢ w-molecular Carbohydrates

Cold water extraction (Expt.4(v)(a) p.lli) of Phacodactylum
trigornutum organisms (10 g.), led to the isolation of a glucan
(1«43 g.) by alecoholic precipitation. The supernatant agueous
ethanolic solution (B) was concentrated to dryness, dissolved
es far as possible in water, centrifuged, and freeze-dried to
a greenish, rather sticky solid (2.0%1 g.) which had a carbo-
hydrate content of ¢a&.20% (97). Direct chromatographic exam-
ination tentatively identified glucose, along with a consider-
able amount of other material with lower chromatographic
mobilitiess The supernatant solutions B from four extractions
of Pstricornutum were combined and examined.

Exper b
Decolourisation an nisat Solution B

The aqueous ethanolic Solution B (10%# v/v of ethanol) of
the low-molecular carbohydrates was shaken for g¢a.5 minutes at
LO°C with activated charcoal. The mixture was filtered, and
the charcoal washed wlth aqueous ethanol.

The now completely colourless Solution B was concentrated
to & small volume (c&.5 mls ). On standing, the solution depos-
ited crystals, which on centrifugation and examination proved
tb be inorgenic salts. Repeated concentrayion, in this manner,
removed & considerable proportion of the inorganic content of
Solution B When no more salis were deposited by this method,
the solution was concentrated to a syrupe A further quantity

of crystals was deposited which were isolated by washing with
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50% aqueous ethanols When all adhering syrup was removed, the
erystals were dried with ethanol and ether. Yield ca. 10 mg.
Chromatographic examination reveﬁled two non-reducing spots
with Rg values of 0.67 and Ou45 in Solvent A.

The syrup from Solution B; 8till containing some inorganic
salts, was dissolved in water and passed repcatedly through
columns of IR 120(H") and IR hS(OH') resins till the solution
was completely neutral.

The fihal eluent, now completely decolourised and deionised,
was concentrated to a colourless syrup (gg. 15 g8« )¢ Chroma-
tographic examination (Solvent A, Sprays 1 and 3) revealed
spots with Rg values of 1:15, 1.0, 051, 0,22 and 0. 13 (Spray 1;

all reducing), and 0.67 and O.45 (Spray 3; non-redueing).
Experiment 39
Fragt;ogégigg of Solution B on & Cellulose golggg

A cellulose column (20 mme X 335 mme ) was prepared as
previously described (Expt.32). The column was washed with
Solvent G (1.5 litres)s The syrup (750 mg.), dissolved in a
minimum of water, was applied to the top of the cellulose and
eluted with Solvent G at & rate of ga. 60 ml. per hour. The
eluent was collected in 10 mlefractions and analysed by con-
centrating aliquots (41 mls) to dryness and examining the
residue chromatégraphically. lio separation of the mixture was
achieved.

The column was rewashed with Solvent A (1.5 litres),
Solution B reapplied to the top of the cellulose, and the column
eluted at a rate of ga.60 mle per hour. Aliquots (1 ml.) froh

the 10 ml. fractions were, as before, concentrated to dryness,
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and examined chromatogreaphically. Only one of the fractions
(7) contained a single entity, and partial fractionation was
achieved. Seven fractions were collected as listed below.
The components of each are characterised by their Rg values in
Solvent A with Spray 3. Solvent A was used in preference to
any other becsuse it gave much more efficient separations of
the components of each mixture.
Fraction 1 (Tubes 45-64) Rg 1.15 (v.strong), 1.0 (faint)
Fraction 2 (Tubes 65-95) Rg 1.15 (strong), 1.0 (strong)
Fraction 3 (Tubes 96-99) Rg 1.15 (moderate), 1.0 (v.strong)
i Ce 65 (trace)
Fraction 4 (Tubes 100-115) Rg 1.15 (faint), 1.0 (moderate),
' " 0e 65 (strong)
Fraction 5 (Tubes 116-132) Rg 0.65 (strong), 1.0 and 0.51 (traces)
Fraction 6 (Tubes 133-183; Rg 0.51 (strong), 0«45 (strong),
' 1.0 (trace)
 Tubes 184 to 249 contained a negligible amount of

carbohydrate.
Fraction 7(Tubes 250-285) Rg 0s22

Bach of the Fractions 1-6 was rechromatographed on 3l
paper in Solvent As The components of each mixture were located
in the normal way by developing side sirips of each chromatogram
with Spray 3 The appropriate areas of each peper were cut
out, and correspeonding fractions combined and eluted with
distilled water. Six different and apparently chromatographi-
cally pure compounds were 1501ated, and investigated.

i) Fraction A, (52 mg.) Rg 0s22. ii) Fraction B,(4 mg.) Rg 0«51,
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i1i) Fraction C, (3.5 mg.) Rg 0s67. iv) Fraction D,(20 mg. )Rg 1. 15.

v) Fraction E,(10 mg.) 33 Oel45. vi) Fraction F,(42 mg.) Rg 1.0
The weights of Fractions A, B and F were calculated by

the phenol-sulphuric method (98), and based on glucose.

Fraction C was weighed as orystalline material. Fractions D

end E were weighed as syrups. .

E rime
o) I f Fraction A
i) Chr ra

Fraction A in Solvent A had an Rg 0,22 and gave a brown
colour when heated with aniline oxalate. In borate buffer
ionophoresis it had Mg Os 53

A portion (g_. 5 mge. ) was completely hydrolysed with N-
sulphuric acide Chromatographic examination of the neutral-
ised hydrolysate (Solvenis A and F, Sprays 1 and 3) revealed
spots with the mobilities of glucose and galactose, the former
being the major constituent. Paper chromatograms impregnated
with tungstate buffer at pHO were used with Solvent F to give
an improved separation of glucose and galactose (1&#).

ii) En drolysis of Fra n A

Fraction A (gca. 5 mgs) was incubated with a specific
B 1,3 glucanase at 36°% Chromatographic examination of the
hydrolysate revealed spots with moblilities Rg 1.0 and 0. 5.
Prolonged incubation {70 hrs.) did not remove the spot with
Rg Qe 5o

The hydrolysate was reduced with sodium borohydride and
examined ionophoretically (molybdate buffer pH5). Spots with

M 1 1.0 and 0.0 were revealed (Spray 3).

sorbito
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iii) Reduction of Fraction A
Fraction A (5 mge.) was dissolved in 0.054 boric acid

( 2 mle) and treated with sodium borohydride (10 mg.) in
water (1 mle )e The reduced product had Rz 0e23 in Solvent A.
The reduced material was hydrolysed with KN-sulphuriec
acide Chromatographic examination on tungstate impregnated
paper at pH8 in Solvent F of the neutralised hydrolysate
revealed spots with mobilities of glucose,; galactose and
sorbitols Ionophoresis in molybdate buffer at pli5 gave a spot
with Mgorbitol 1+0, along with material which did not complex
at all with the buffer.
iv) Polyme ti

Fraction A was found to have a degree of polymerisation
of 3.1 by the method previously described (Expts33, ps83).
v) lMethylat f Fraction A

Fraction A (5 mzg.) was dissolved in dimethyl formamide
(1 mle) and placed in the cold rooms Cold redistilled methyl
iodide (1 ml.) wes added slowly, dropwise, and silver oxide
(Oe5 go) introduced. The mixture was shaken for 1 hour in the
cold, in darkness, and then for 60 hours at room temperature,
alsp in the darks The mixture was filtered, the residue washed
with dry chloroform, and the combined filtrate and washings
concentrated to a syrups The derived methylated material was
methanolysed in the usual way with 3% methanolic hydrogen
chloride for 6 hours under reflux. After neutralising with
gsilver carbonate, the mixture was fillered, the salts washed
with methanol, and filtrate and washings taken to dryness.

Exemination of the derived methylglycosides by gas liquid



chromatography gave peaks with the retention times of methyl
2,344,6 tetra-0-methyl glucoside, 2,3,4,6 tetra~Q-methyl
galactoside and 2,4,6 tri-0-methyl glucoside.
vi) s and Exemination of the Methylated Sugar
The mixture of methyl glycosides was hydrolysed with N-
sulphuric acid for 4 hours at 100°C, neutralised with barium
carbonate, and concentrated to a syrup. Chromatographic
examination of the neutralised hydrolysate (Solvent C, Spray 1)
revealed pink spots identical in colour and mobility with
2,3 34,6 tetra-0-methylglucose, 2,3,4,6 tetra-Q-methylgalactose,
and 2,4,6 tri-0-methylglucoses In addition, traces of spots
with Ry values of 0.77 (pink) and 0.66 were also detected.
The mixture of methylated sugars wes applied to KNoe1
paper and eluted in Solvent C for 14 hours. Four bands were
located, in the normal way, and eluted with methanol.
Band 1 had Ry 1.0 Chromatographic examination of the de-
methylated (100) material revealed only glucoses
Band 2 had Ry 0¢92 chromatographically identical with 2,3,4,6
tetra-0-methylgalactose, an authentic sample being run as
control. Demethylation and chromatographic exemination
revealed a trace of & spot with the mobility of gelactose.
Band 3 wes chromatographically identical with 2,4,6 tri-0-
methylglucose, run as control, having an Rz 085 (Gefe 2,3,6
tri-0-methylglucose R, 0s88)s It had My 0.0 on lonophoresis
in borate buffer, and demethylation gave only glucose.
Band 4 had Ry 0e 77 2,4,6 tri-0-methylgalactose, run as
control, was just a shade faster with R, 0e 78, and had the

same colours The guantity of material isolated was not
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gsufficient even to give a chromatogram of the demethylated

material.
B men’ 4
B ion of Fraction B

Fraction B had an Rg in Solvent A 0.51 and an Mg in
borate of 0¢57, ldentical with laminaribiose run as & control
in both experiments. .

(1) |Hydrolysis with Acid

Fraction B (ga«1 mge.) was hydrolysed with N-
sulphuric acid, neutralised with barium carbonate, and exam-
ined chromatographically in Solvent A, and ionophoretically
in borate buffer at pHiO0. In both cases only & spot correspond-
ing to glucose could be detected.

(11) Enzymio Hydrolysis

Fraction B (ga.2 mg.) was incubated in water with
a P-1,3 glucenase at 36° for 24 hours. Chromatographic exam-
ination of the enzymic hydrolysate revealed only glucose.

(iii) E tion of the De £ Pol

The degree of polymerisation of Fraction B was
estimated by the method previously described (Expte33, p«83 ),
and found %o be 2.1.

Experiment 42
Examination of Fraction C

(1) Isolation

Fraction C crystallised from 50% aqueous ethanol
a8 colourless prisms, with a melting point of 260-262°C
(8light decompe ).

(i1) Chromatogra

Fraction C had Rg in Solvent A of 0.67, and reacted
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readily with Spray 3, but not at all with Spray 1 In borate
buffer at pH10 it had an Mg of 082 A sample of the C-
methyl inositol, laminitol, kindly donated by Dr. Lindberg,
was run as control and had exactly the same chromatographie
and ionophoretic mobilities.

(i1i) Characterisation

The melting point is similar to that of laminitol

(266-269°C), and a mixed melting point did not give a

depression.

Experiment 43

B i o D
(1) Chromatography

Fraction D had an Rg of 1.15 in Solvents A, B and F,
and gave a brown colour when heated with Spray 1« When tung-
state impregnated chromatogrephic peper was used at pHS in
Solvent F, Fraction D had an Rg 0s33. Ionophoresis in borate
buffer at pH10 showed this material to have an lig O« 82,

(11) Hydrolysis
Fraction D (ga.10 mg.) was hydrolysed with N-
sulphuric acid at 100°C for four hours. After neutralisation,
echromatographic examination revealed (Solvents A and B, Sprays
1 and 3) two spots with the mobilities of xylose and glucose.
(ii1) Reduction
Fraction D (ca.10 mg. ) was treated with sodium
borohydride (10 mgs) in 0.05M boric acid (ca. 1 ml.) according
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to the conditions described on page 108,

After concentration to & syrup, the reduced material was
hydrolysed with N-sulphuric acid. Chromatographic, (Solvents
A and B, Sprays 1 and 3), and ionophoretic, (borate buffer
pH10, Spray 3), examination of the neutralised hydrolysate
revealed xylose and an unidentified non-reducihg substance
with Rg 1.0 (Solvent A), 0.81 (Solvent B), Mg 0.86,

Experime _
Exa n _of Fraction E

Chromatography

In Solvent A, this fraction had an Rg value of Oe«45
(Spray 3)s It did not give any colour with Spray 1. 1In
Solvent P it had Rg 0«35 on ordinery lio.1 paper, and on tung-
state impregnated paper at pH8 it had Rg 0. 30.

Ionophoresis in borate buffer at pH10 revealed two
components with Mg values 0.04 and 0,46 (elongated spot),
(Spray 3)e In ersenite buffer (0.2M) at pH9:6 (142) only one
spot was detected with the same mobility as myoinositol. 1In
this case, the substances on the chromatogram were detected
by (a) dipping the dried ionophoretogram in a mixture of -
coneentrated nltric acid and ethanol (1:9) and heating at 95°C
for 10 minutes, and (b) spraying with a solution of caleium
chloride (5%) in 50% aqueous ethanol and heating at 95°9C for
15 minutes. Fraction E showed up as a pink spot, as did the
controls, myoinositol and (+)-inositol.

Experiment 45
Examination of Fraction ¥

(1) Chromatography
In Solvents A, B and F, this fraction hed an Rg value
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of 1.0 Ionophoresis in borate buffer at pH10 revealed a
single spot at HG 1 0e
(i1) Characterisation of Glucose

a) Fraction F (ga. 5 mg.) was incubaited in water at
36°C with the enzyme glucose oxidase (ga. 0«5 mge ). Chroma-
tographic, (Solvents A and B, Spray 3), and ionophoretic,
(phosphate buffer, pH7.2), examination revealed complete
conversion of Fraction ¥ to gluconic acid, an authentic sample
being run as control.

b) Fraction F (ca. 5 mg.) was reduced with sodium
borohydride (g8.10 mg. )» Chromatographic examinat;on of the
reduced material (Solvent F, Spray 3), using tungstate impreg-
nated paper, revealed a strong spot with the mobility of
sorbitol. Ionophoresis in sodium molybdate at pH5 gave a spot

with maorbitOl 1.0
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DISCUSSION

The cold water extract, after removal of polysaccharide
material by alcohol precipitation (Exptel, pelil), 8till
contained carbohydrate in solution. This aqueous ethanoliec
solution (B), on concentration and freeze-drying, gave a
greenish coloured solid with a reducing sugar content of 20%,
(Expte37)s Chromatographic examination of Solution (B) at
this stage did not give good separations of the constituents,
due to the considerable gquantity of inorganic salts present,
and to contaminating colouring matter. The inorganic material
(10% of the original weight) was derived from the substrate on
which P. tricornutum was growns

Colouring matter was removed (Expt.38) with activated
animal charcoal, and the Solution (B) partially deionised by
concentrating to Bmﬁll volume and centrifuging off insoluble
salts which were precipitated. Complete deionisation was
effected by passing Solution (B) several times through columns
of IR 120(H*) and IR 45(0H") resinss Chromatographic exam-
ination then revealed at least seven substances, only two of
which were non-reducing.

Attempts to fractionate the mixture into individual com=-
pounds on & cellulose column were only partly successful (Expt.
39)s TElution with Solvent G failed to separate the constituents,
but Solvent A, which gave the best results with paper chromato-
grams, gave a partial fractionation. Final separation into
chromatographically pure substances was achieved on 3MM paper,

previously exhaustively washed with distilled water. Six
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different fractions (A-F) were isolated and investigated
individually.

Fraction A was a reducing compound with a chromatographic
mobility Rg 0.22, which on acid hydrolysis gave glucose and
galactose (Expt.s40(i)s ‘Enzymic hydrolysis (Expt.40(ii)) by a
fld,j glucanase gave glucose along with a substance with
Rg O+5 which was not hydrolysed on prolonged incubation with
the enzymes The fact that glucose was produced indicates that
there must be at leest two adjacent ﬁ}d.} linked glucose
residues in the molecule. When Fraction A was reduced with
sodium borohydride and hydrolysed with acid, chromatographic
examination revealed glucose, galactose and sorbitol. Since
this Fraction was found to have a degree of polymerisation of
3e1 (Bxpt.40(iv)), it would seem from these results that the
molecule comprises galactose, as the non-reducing end unit,
linked to leminaribiose.

Praction A was methylated (124), and then methanolysed.
Gas liquid chromatography examination of the derived methyl
glycosides revealed peaks with the retention times of methyl
2,535l4,6 tetra-Q-methylglucoside, methyl 2,3,4,6 tetra~-O0-methyl-
galactoside and methyl 2,4,6 tri-O-methylglucoside. After aecid
hydrolysis of the methyl glycosides, chromatographic examina-
tion revealed spots with the mobilities of 2,3,4,6 tetra-0-
methylglucose, 2,3,4,6 tetra-0-methylgalactose and 2,4,6 tri-
O~-methylglucose. In addition, fainter spots with Ry values
of 0«77 and O. 66 were detected, the former comparing closely
to 2,4,6 tri-Q-methylgalactoses
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The mixture of methylated sugars was applied to No.1l
paper and four bands were eluted.

Band 1 was identified as 2,3,4,06 tetra-0-methylglucose
by its chromatographic mobility and demethylation (100) to
glucose.

Band 2 had the exact chromatographic mobility of 2,3,4,6
tetra-0-methylgalactose. Demethylation gave a trace of
material with a chromatographic mobility of galactose.

Band 3. This materiel had Rz 0.85 and Mg 0.0 matehing
exactly authentic 2,4,6 tri-O-methylglucose run as coantrol.

234 36-Tri-0-methylglucose is distinguishable chromatograph-
ically from the 2,3,6 derivative (Rz 0.85 and 0.88 respectively).
Demethylation gave only glucose.

Band 4 had Rg 0«77 2,4,6 tri-0-methylgalactose, run as
control, had Rz 0«78+ Demethylation gave no positive results,
probably due to insufficient material.

These latter results indicate that Fraction A is probably
8 mixture of two trisaccharides, differing in the non-reducing
end unit, being galactose in one and glucose in the other. The
other two residues are.glueoae units linked B 1,3' as in
laminaribiose. The non-reducing end units are probably linked
1,3' to the second glucose_unit singce no 2,3,6 tri-Q-methyl-
glucose was detected in the methylated products. In addition,
jonophoretic examination (Molybdate buffer) of the reduced
enzymic hydrolysate (Expt.L0(ii)) revealed that the reduced
disaccharide had Mgoppitol O+0Os characteristic of a 1,3' linkage
(141)s The possible presence of tri-Q-methylgalactose could
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arise from slight undermethylatione.

Fraction B (Expt.41) was chromatographically and iono~-
phoretically identical to . laminaribiose. Acid hydrolysis
liberated only glucose, and the material was completely cone
verted to glucose by a p-1,5 glucosidase. Fraction B had a
DP of 2.1.

These results thus provide strong evidence that Fraction
B is the ﬁ—1,3'- linked disaccharide laminaribiose. The
presence of this disaccharide is interesting since it has been
reported to be synthesised by the brown alga Ls.cloustoni and
bgcauae it may be an intermediate product in the biosynthesis
of chrysolaminarin, the p—1.3'- linked glucan, already found
to be present in P.tricornutum (Part 1(a))

Fraction C was isolated as crystalline material which was
chromatographically and ionophoretically identical to the C-
methyl inositol laminitol (Expt.42). Although its m.p. was
slightly lower than that of laminitol, a mixture of the two
compounds did not give a depression in the m.pe.

- Preliminary chromatographic examination of Fraction D
(Expt.43) revealed a spot which, although it gave a brown
colour like & hexose when heated with aniline oxalate, did
not fluoresce under UV light, a characteristic of other |
reducing hexoses. Its slower mobility in solvent F on tung=-
state-impregnated paper, and on ionophoresis,(borate buffer)

suggested a possible compound sugar. This was confirmed by
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acid hydrolysis. Chromatographic examination of the hydro-
lysate tentatively identified xylose and glucose. However,
when Fraction D was reduced and then hydrolysed, Xylose was
identified chromatographically along with & non-redueing
substance which d4id not, however, correspond to sorbitol in
ionophoretic mobility.

Fraction E (Expt.lili), an apparently chromatographically
pure substance, gave two spots on ionophoresis, neither of
which were reducing; being revealed only slowly with the
silver nitrate reagent. The faster of the two had exactly the
same chromatogrephic and ionophoretic mobility as myoinositol
run as control, and, furthermore, gave the characteristic red
colour of an inositol when heated with concentrated nitrie
acid and caleium chloride (143)s The slower substance had the
same Mg as scyllitol, and failed to give a red colour with the
concentrated nitric acid reagent, an idiosyncrasy of this
particular inositol (142).

In view of the wide occurrence of myoinositol in algae,
ite presence in this diatom is of considerable interests Recent
work by Loewus (144, has revealed also its biélogioal importance
in the metabolism of the uronic acid and pentose containing
polysaccharides of the ¢ell wall of the higher plants. 1In
view of the presence of a glucuronosylmannan in P, tricornutum
it may well be that it fulfills & similar function in thia
diatom and in the uronic acid énd pentose containing poly-
saccharides of other algae. .

Fraction F (Expt.45), with chromatographic and iono-

phoretic mobilities identical to glucose, was characterised as
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such by its complete conversion to gluconic aeid with the
enzyme glucose oxidase. Using labelled glucose, Loewus (144)
also showed how this sugar was utilized in polysaccharide
synthesis through the sugar phosphates and nucleotides.

CONCLUSION
P ac tricornutum has been shown to metabolise a

wide and biologically important variety of low molecular weight
carbohydrates. In addition to glucose, laminaritriose and
lamineribiose, & second trisaccharide, O-D-galactopyranosyl-
(1—»3)-0-D-glucopyranoayl—(1—93)-F5-D-gluoopyranoae was partly
characterised. A second disaccharide comprising xylose as the
non-reducing entity was also separated, but the identity of
the reducing moiety was not establisheds Three non-reducing
substances tentatively identified as laminitol, myoinositol
and scyllitol were also separated.

In view of the wide occurrence of mannitol in the
Phaeophyceae, its apparent absence inthis and other diatoms
is somewhat surprising. However, in keeping with this, it
must be borne in mind that whereas thc%p 13- linked glucan
laminarin of the Phaeophyceae contains a proportion of mannitol
terminated chains, the chrysolaminarin isolated from diatoms
(82) appears to be devoid of mannitol.
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Part II

Introduction

Monodus Subter e Peterse

M. Subterraneus is a non-motile unicellular member of the
Xanth ae (Fige1). This class of alga is quantitatively
important in the mioroflbraa of freshwater and soils (145).
Monodus subterraneus was first described from & sandy egri-
cultural soil in Denmark (146). The sample used in the
following investigation was isolated from wet rocks in a
stream near Marion, Connecticut, by Dr. R. A. Lewin, and grown
in bacteria-free culture by Dr. Fogg and Dre liller in Londone

Previous investigations (147) have shown the presence of
an essantiallyF}-1-&’-11nked glucans The presence of a small
proportion of 1,3’ linkagea was suggested from the inter-
pretation of a gas-liquid chromatogram of the methanolysed
methylated polymer.

It is the purpose of the following investigations to
confirm the presence of this minor linkage.
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Experimental

er 6

Extraction of lM.Subterrancus
METHOD (A)

The organism was extracted in batehes of 3 g. (a total
of 9 g.), 88 this was considered to be the most suitable
quantity for efficient extraction.
(1) Cold Water Extraction
The colouring matter was removed from the cells
(3 go) by stirring overnight with dimethyl sulphoxide (240 ml. )
in an atmosphere of nitrogen. The cell residue was isolated
by centrifugation, freed from dimethyl sulphoxide by rapild
washing with cold water, and then ground with sand and pro-
cessed in a homogeniser with water in order to rupture the cell
wallss The disintegrated materiasl was centrifuged off.
(2) Hot Agueous Extraction
The cell residue from the cold water extraction
wae treated with water (500 ml.) for 3 hours on & boiling
water-bath under nitrogens The hot mixture was centrifuged,
and the colourless supernatant iiquid set aside.
(3) 50% Agqueous Alcoholic Extract
The residual Monodus was refluxed with 50%
aqueous ethanol (500 mle) for 3 hours on a boiling water-bath
under nitrogen. The cell material was separated and the super-
natant concentrated under reduced pressure and set aside.

(4) Chlorite Treatment of the Residual Monodus (103

The residual materiel in agueous acetic acid
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(0«25 ml. glacial acetic acid in 70 ml. water) was treated
with so0lid sodium chlorite (3 x LOO mg.), added at hourly
intervals, on a water-bath at 70°C under nitrogen. This treat-
ment bleached the e¢ell residue.
(5) Alkaline Extraction
The colourless residual material was treated with
Lz sodium hydroxide (100 mls) in an atmosphere of nitrogen for
five minutes at room temperatureo. Undissolved cell material
wes removed snd the supernatant neutralised with glaciasl acetic
acide The white precipitate deposited was removed, and found
to contain negligible carbohydrate (97). The supernatant, con-
centrated at 4O®C under reduéed pressure to ga.15 ml., was
treated with ethanol (10 volumes), causing the depoaition of &
white precipitates This was separated, dried, dissolved in
water, and freeze-dried. (Yield ca.400 mge) The glucose content
of this material, called hereafter glucan 'A', (determined
cuprimetrically) (97) varied in the three extractions from 4O%-
70%, '
E r nt
Pur n lucan ‘A’
(1) Dislyeis

Glucan 'A' (100 mg. ,40% carbohydrate) was dissolved
in water and dialysed against running water for two days, and
then against distilled ﬁater for twelve hours. The solution,
after concentration, was freeze-dried. Glucan 'A' recovered,
weighed ges 90 mge , carbohydrate content L5%.

(2) Repreecipitation
Glucan 'A' (gca. 90 mg. , 4O% carbohydrate), was
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dissolved in water, and reprecipated with ethanol (10 volumes).
A white precipitate of Glucan 'A' was obtained with unchanged
carbohydrate contents After redissolving in water, addition
of a few drops of ﬁ—hydrochloric acid gave a white precipitate
of non-carbohydrate material. Treatment of the supernatant
with ethanol (10 volumes) gave a white preecipitate of Glucan
'A' (ga+ 60 mgs) with a carbohydrate content of 50

(3) Attempted Purification wgtg DEAB-Cellulose (104)(105)

A column containing DEAE gellulose was prepared as
previously described (pe47)s Glucan 'A' (570 mg. , c8e 50%
carbohydrate) was suspended in water (20 c¢.ce), @applied to the
top of the column, and allowed to sink in before elution
commenced. A gradient system was useds Initially, the eluent
used was from water up to O.Sﬁ KCle (1¢11s of each soiution).
This system failed to elute any appreciable carbohydrate
material (see graph 8 )¢ A second gradient system of O¢ 5 KC1.
up to Os3M KOH (1 l.of each solution) eluted polysaccharide
material of a purity less than thet of the material applied %o
the column. Aliquots (41 ml.) of the eluent were analysed by
the phenol/sulphuric acid method (98), and the polysaccharide
isolated after dialysis and concentration by freéze-drying.
Four fractions were collected :

Fraction Tube Nose Wte of p/sac. (mg.) fage carbo-

hydrate
1 109-120 106 26
2 121-132 76 45
3 133-140 62 23
i 141-148 67 12
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Isolation of the material from the neutral eluent gave a white

solid (81 mg. ) ,of carbohydrate content 10%,

Experiment L8
X of Mo s Subterrs
METHOD {BJ

(1) Decolourisation

Monodus subterraneus (ca. 6 g.)was frozen with

liquid nitrogen, then ground thoroughly. The pulverised cells
were extracted exhaustively with p-butenol (6 x 100 ml.), till
no more colour wes removed by the solvent.
(2) Cold Water Extraction
The decolourised material was extracted thoroughly
with water (3 x 200 mls) for two six-hour periods, then finally
for twelve hours: The residuel material was then sequentially
extracted with (3) hot water and (4) chlorite as before (pe121).
(5) Alkaline Extraction
The bleached residue was stirred with 4% sodium
hydroxide at room temperature under an atmosphere of nitrogens
The residual material was centrifuged down, and the supernatant
neutralised with glacial acetic acide The white precipitate of
non=carbohydrate material was separated from the solution, which
on concentration and treatment with ethanol (10 volumes) yielded
& white precipitate (770 mg.) (Glucan 'A') of carbohydrate
content L0,

Experiment QQ
Purification of Glucan 'A' using Phenol

Glucan 'A' (770 mg.) was dissolved in water (19 ml.)s An
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aqueous solution of phenol (90%,19 ml.) was added, giving
final concentrations of 2% w.r.t. Glucan 'A', and 45% W.D.te
phenols The opaque solution was shaken vigorously for thirty
minutes before storing in the refrigerator overnight to allow
the two layers to separate. Emulsion at the interface of the
two phases was dispersed by warming with butyéie acid (gas1 ml.)
The aqueous layer containing the polysaccharide was run off,
Phenol contaminating the solution was removed by shaking with
ethers Glucan '"A' wes finally isoclated as a freeze-dried,
white, solid (163 mg. 80% carbohydrate). Overall yield = 42%.
Hydrolysis, and chromatographic investigation (Solvent A, Spray
1 and 3) revealed only glucose.
Experiment 50

a on (10 an 'a'

(1) Pe ate Oxid n of Glucan 'A'

Glucen 'A' (135.5 mge ,80%) was dissolved in sodium
metaperiodate (20 ml. ,0.14 ﬁ) at room temperature, in the darke
Aliquots (1 ml.) were withdrewn and their optical densities

measured at 223 mp.

Time (hours) Moles.periodate

reduced per
06 epiydie
n

6 0. 60
12 0. 85
24 0s 99
LG 0s 99

Excess periodate was destroyed by bubbling sulphur dioxide

gas through the solution for several minutess The oxopoly-
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seccharide was precipitated by addition of ethanol (10 volumes),
washed several times with ethanol, and dried.
(ii) Reduc of Glucan 'A' Ox sacchari

The oxopolysaccharide was dissolved in 0.05M boric
aeid (10 mls ) Sodium borohydride (200 mgs ) in water (5 mls)
- was added to the polysaccharide solution; and the reduction was
allowed to proceed at room temperature for twenty-four hours.
Excess sodium borohydride was destroyed by dropping glaecial
acetic acid into the solution until it was just neutrals

(1i1) Mild Hydrolysis

Sulphuric acid was added to the solution to give a
coneentration of 1N werste the sulphuric acides After allowing
the mixture to stand at room temperature for two days, addition
of ethanol (10 volumes) failed to precipitate any polysaccharide.
The solution was neutralised with barium carbonate, followed
by shaking with IR 120H*,(borate was removed by repcated evap-
oration with methanol (six times)),before concentrating to
small volume (g8 Co5 mle) and investigating the carbohydrate
mixture chromatographically (Solvents A and B, Sprays 1 and 3).
Substances detected were glycollic aldehyde, erythritol, and
a slower moving spot with Rg = 0.89 (Solvent B, Spray 3),
Mg = 0e2 (borate, pH 10, 750 v.).

The hydrolysate was separated on large sheets of
Whatman Noe1 paper (Solvent B, Spray 3). Side strips were cut
and sprayed, and the appropriate areas of the chromatograms
eluted with water. Hydrolysis and chromatographic investigation
of the material Ry 0.89, showed spots with mobilities of glucose

and erythritols Treatment with the specific enzyme glucose
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oxidase gave spots with mobilities of gluconic acid and
erythritol (Solvent B, Spray 3 and phosphate buffer (b),Spray 3),

Ko residual glucose could be detected.
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Discussion

Two methods were investigated for the preliminary pre-
paration of the Monodus cells for extraction of the polysacch-
aride, and extraction of colouring matter. Method (A) (Expt.l46)
(148) involved decolourising the organism with dimethyl sul=-
phoxide followed by processing the cells with silver sand and
water in a homogeniser. The ruptured cells were then sequentially
extracted with hot water, hot 50% aqueous ethanol and sodium
chlorite. Subsequent treatment of the bleached residual material
with 47 sodium hydroxide at room temperature led to the isola-
tion of impure polysaccharide material.

Method (B) (Expt.48) involved freezing the lonodus
organisme in liquid nitrogen, grinding thoroughly and decolour-
ising the ruptured cells with p-butanols After cold water, hot
water and sodium chlorite extractions, treatment of the residual
material with dilute alkali, as above, led to the isolation of
polysaccharide material of similar purity and amount.

Several methods of purification were investigated (Exptel7).
In this case DEAE-gcellulose, suceessful in the fractionation of
the glucan from P.tricornutum (Part 1(a)), gave no improvement
whatsoevers This is in keeping with the evidence that Glucan

'A' is a linear polymer (105). It was eventually purified
with phenol (Expt.49).

When Glucan 'A' was oxidised with sodium periodate (Expt.
50), 0«99 moles. of periodate were reduced per Cg anhydro unit,
indicating that a high proportion of the glucose residues had

been c¢leaved. Reduction of the derived oxopolysaccharide
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followed by mild hydrolysis and chromatographic examination
revealed the presence of erythritol, glycollic aldehyde and
a small proportion of glucesylerythritol. The mixture was
separated, and the latter material isolated and hydrolysed to
glucose and erythritols Glucose was confirmed by glucose

oxidesey showing the presence of uncleaved glucose, (i.e.

1,3" 1inks), in the polysaccharide.
Conelusion

Glucan 'A', an essentially p-1,h'- linked glucan, has

thus been shown to contain a small proportion of 1,3' links.
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