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ABSTRACT




PART I

Investigation of the Carbohydrates gynthesised by the marine

groarl alea Acetabularia crenulata.

By means of sequential extraciions with different

solvents the following carbohydrates were isclated and

characterised,

1.

2.

a)

From an alcoholic extract  D-glucose, D-fruciose, allulose,
myo-inositol and an alcohol tentatively identified‘as
allo-quercitol. This is only the second time-allulose has
been found in Nature and the first time in any alga. An
homologous series of fructose-containing oligosaccharides
were alsc separated and characterised as 2,1—1inked units
terminated by a molecule of suérose at the poteﬂtial reducing
end.

Aqueous extraction gave a mixture of a fructan (major) and

a sulphaved heteropolysaccharidé.

These two polysaccharides were separated on a column of
DEAE*ce;lulasef Using the classical techniques tﬁe‘fructan
was characterised as an inulin type polysaccharide,

(i) The.sulphated polysaccharide contained D~glucuronic acid,
D-galactose, L~rhamnose and small proportions of xylose and
A-O-methylgalactoze. Each of the sugars were separated and
characterised, The presernce of the last sugar has not been

reported.as a constituent of any green algal polysaccharide before.
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{ii) By extraction of stalks and caps  separately with cold

and hot water and elution from the DEAE-~cellulose with 0.5

and 1.0 ¥ potassium chloride similar sulphated polysaccharides
with variable proportions of the different sugars ande;;rtions
of sulphate were separated,

(iii) Structural studies by partial desulphation, methylation,
periodate oxidation and partial hydrolysis establighed the'
essential similarity of these fractions and that-the main
structural features are: highly branched molecules containing
1,3-linked D-galactose, 4~su1phate (majorL and 6~sulphate,
1,2-linked Lfrhamnosejand glucuronic acid, galactose and
rhamnose all present ag end groups. Glucuronic acid is linked

to both rhamncse and galactose and galactose units are

mutually linked in the macromolecule.

A B~(1 >4)linked mannan was extracted with alkali. Methylation,

e
pericdate oxidation and gellfiltraticn studies proved this
strubturg and indioated some degres of branching and a higher
molecular weight than those of previously reported for mannans
from green algae.

PART II

Fhotosynthetic studies on 1. Acetabularia mediterranea, 2.Fucus

vesiculosus and 3, Ulva 1actuoa.

1. Pulse labelling experiments with

1 .
4602 on A.mediterranea
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followed by ethanolic exiraction led to the separation of
labelled sucrose, glucose, fructose and the first three
oligosaccharides characterised in Part I (1). A possible
biogynthetic interconverfion of these carbohydrates is

described from the results cf these experiments.

4

. . . 1 .
a) Pulse labelling experiments with COz'on Fucus vesiculosus

a marine bzrown alga, show that of the low molecular weight
carbohydrates formed by photosynthesis, mannitol is formed first
The possible conversion of mannitol into 1amiﬁaran via mono-and
di- glucosylmannitol is discussed.

b) The polysaccharides, laminaran, xylogalactofucoglucuronan (A),
xyloglucuronogalactofucan (B), fucoidan (C) and alginic acid

were extracted and separated by various fkactionatioa techniques.
The radicactivity in each was measured as was the radiocactivity
in the constituent sugars of the fucose-containing polyseaccharides
(all of which are sulphated).‘ From the changes in the radiocactivity
of these polysacchérides in different samples it is postulated
that (A) is synthesised first and transformed into (C) via (B).
Low molecular weight carbohydrates present in the acid extract

are suggested as precursors for the acid polysaccharides. The
residval material after acid and alkali extraction was hydrolysed

aitd the radicactivity of the sugars in the hydrolysate was



3.

iv

measured, Glucose was the major radiocactive sugar.

Ulva lactuca, a marine green alga. Similar experiments on

U.lactuca wWere carried out.

a) BxaninZation of the 80% ethancl extracts showed that sucrose
is the first sugar to be synthesised and this is followed by
glucose and fructose. Xylose, ribose(?) and myo-inositol also
incorporated radiocactivity.

b) Starch and a sulphated glucuronoxylcrhamnan were gxfracted
and their radicactivities were measured. The formef appears to he
synthesised most rapidly and to be an active metabolite and the
sulphated polysaccharide is laid down as a long term storage
product or as part of the skeletal structure of the alga.

¢) The residual material after ethanolic‘and agueous extractions
was examined in the same way. Glucose ig again the major sugar
and the results indicate that the carbohydrate is laid down in

the cell wzll after other constituenis.
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PART I

L

STRUCTURAL STUDIES OF CARBOHYDRATES IN ALGAE




Most of the plants‘growing in the sea belong to ths
class known as algae. They are ons of the most primitive groups
in the plant kingdom and evolved e%rly in the earth%t history,
and morphologically‘they.differ very littie from those found as
fopsils.,  Although there are some freshwater species, they are
mainly found in marine waters. They vary.in form from unicellular
plants, free~floating in the sea, to species whiéh are several
metres long and are fastened to rock with a root-system called a
rhizoid, The'algae are not differentiated into roof, stem éﬁd
leaves as are the land plants. Instead they have a thallus which
y&ries in form from species to species, some locking almost like
' flowers with a "etem" and "leaves", and others loocking like lettuce,
for example, tﬁe éea lettuce, Ulva lactuca.

The algae are clagsified mainly according to their colour,
as the difference in pigmenis generally coincideé with important
morphologicél distinctions. They.are divided into thé following
groups:  Brown (Phaeophyceae), réd (Rhodophycese), greén (Chloro-
phyceae), and biﬁe~green (Cyanophyceae).. They'all possess chloro-
phyll and photosynthesise as do the land plants. Generélly the
green and brown ssaweeds gfow nearest to the surface of the sea,
while the red ones are found further down, but examples of all
types can be found at all levels from the surface.

Brown weeds were early collected for production of iodine,



soda and potash; but now there are other cheapsr ways of getting
these producte. Brown and red weeds have been used as food both
for human beings and for animals, particularly in Asian countries,
Industries using algaé for production of gelling materials such

as alginaterand égaf cah'be found in several parts of the world.
The carbohydrates of the red and brown weeds have received the
most atiention because of their economic imporiance. It is only
duiing the last few decades that interest has arisen in the carbo-
hydrates of the gfeéh algae, Few chemical studies have been

carried out on those of the blue-green algas.

The carbohydrates present in algae can be roughly divided
into three groups according to their solubility in various golvents.
I Low molecular weight carbohydrates, (soluble in 80% ethanol)

II Other soluble carbohydrates (mainly water-soluble)
a) Food reserve material ‘

b) Other soluble polysacchafides.
III Cellwall material or structural polysaccharides. :

I. Low molecular weight carbohydrates.

The algae, like landplants, photosynthesize and it was

shown by Bean and Hassid (1955) that the first product’of photo-

synthesds in the red weed Iridaea flaccidum, is 3-phosphoglyceric
acid. This, is also the first product of pﬁotosynthesis in certain
landplants (Bassham and Calvin, 1957). Bach of the groups of

algae contain characteristic low molecular weight carbohydrates.



Most of these compounds are present in véry small amounis,; except
in a few instances where they accpunt for a considerable proportion
of:the dry weight of the alga.
| PHAFOPHYCEAR

D-Mannitol occurs in large amounts in the brown weets,
e.g. up to 25% of the dry weight in some ﬁaminaria species is due
to mannitol (Black, 1950), and this is believed te¢ be a storage
product and also a-subatraﬁe forrespiration in these plants
(Bidwell 1967). |

D-Volemitol has been found in Pelvetia qanaliculata and

- 1-0-D-mannitol-8-D-glucopyranoside, and 1,6-0-D-mannitol-di(-B-D
—gluGOpyranoéidaf has been reported in several brown algae (Lindberg
and Paju, 1954). Laminitol has been found in Laminaria—-species
(Lindberg and McPherson, 1954) and sucrose, galactose and mannose
have been found in (ladostephus speciés (Fanshawe and Percival, 1958).
Eloridoside, 2¥Q~g1yceroluafnrgalactoside, is present in
most species of'the Rhodophyceae (Majek et al, 1966),Aand seems t0
be an end-product of photosynthesd#s and a reserve material in the
red algae (Bidwell, 1958). In species lacking flofidoeide,'
2-D-glyceric acid-e-D-mannopyranoside seems fo be the most important
sugar-derivative, e.g. in Polysiphonia (Colin and Augier, 1939).

In addition to thess, 3-0-floridoside~a~D-mannopyranoside and
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iﬁomflaridomi&e.(1ﬂg-glygemcl«afgwgal'ctcpﬂkranoside) has been
isolated from several red alges (Majak gi‘gi, 19668 )and a small

quantity of mannitol has also been found (Craigie et al, 1966).

v | " _CHLOROPHYDEAR, -

The}nain‘iow molécular carbohydrate of photosynthesié in
green algae'seems to be sucrose (Craigis et 3&,1966b). Sucrose,
glucose and fructose have all been found in all the species
ihvestigatai. In addition =mall gquantities of other suga}s,
some polyébcchols"éndlgggfin0$iﬁoh have been found in a‘few
species, E@éently~a.new sugar, sucrosélactate, has been found

S P S A 400 By

' $ladophora lastevirena (Parcival and Young, 1%71).

1. Soluble, higher molecular weight carbohydrates.

a, TPMood reserve material.

' Laninaran, a B+{1—p 3) linked giuc;m (B3chli and Perciﬁal,

1952) is present in most of the hx.;own algae (Quillet, 1958).

.In the Eﬁggﬁgggggitha amount present varies from 20~36% oé the
dry weight of the fronds inbautumn and winter ~ to only a small.
percentage in spring (Black and ﬁ@W&r; 1949). Seasonal variations
are not so great in the fuciia. .

Laminaran yields glucose as the main reduciﬂg sugar

prezent aftar acid hydrelysis (Baattie‘gg'gg, 1961} but small

| proportions (0.2%) of manuose have been reported ( Smith and

“Unrau 1959),  Peat et ak (1958) found 1.7% and 2.7% of mamnitol
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in insoluble (from }_:gzgerborea)mad soluble (from L.digitata)
laminarsn respectivaly. Froxﬁ the proporiions of mannitol
present, it was calculated thatb 40% of the moleculss have mannitol
as “the terminating c'a.rboh};dr-ate at the potential reducing end of
the molaculse, lvinked at AC-1 or C-f, and the rest of the molacule
terminated by a reducing glucese unit linked at C~3. A small
quantity of gentiobiose is a.lqsd obtained when the laminaren is
sﬁbjgcted to mild acid hydrolysis, indicating the _presenc:e' of
(1 — 6) linkss - There is still some dispute a8 to whe;thez'
this is due %o a true branch point or to (1 -3 8) intemz
m” But there is a g;z;e-ater evidence for (1 - 6) branch
iy rosidie — .
points than for (1 — 6) linkages in the samples of insoluble
laminaran from Mﬂw@g};gﬁ and the svoluble -.liaminaran from
Lvdigitata (Percival and McTowell, 19673.

Floridean gtarch. This reserve polysaccharide was first

isolated from Furcellaria fa.‘stibgz.i»a,ta by Kyiin in 1913, and shown
to be a giuca.n Whi,éh is related :B‘tructui‘a.lly to starch since it
was hydrolysed by malt diastése.. Floridean starch from Dilsea
edulis was studied by Fleming et al ‘(1956) who found an average
chainlength of 2 g:luwseweaid{xes and the presence of (1 — 6)
branch-points. This pélysaccharide is #n amylopectin-glycogen~
type polyéaccha.ride. Peat et al (1959) have shown that floridean

starch ig closely related to amylopectin of land plants. A



small proportion of a (1 —3 3) linkages are present as shown
by the isolation of nigerose:from a partial acid hydrolysate.

Floridesn starch is universally present in the red algae.

- " CHLOROPHYCEAR,
| m_@; '){-r*a;] diﬁ‘fraction patterns of starches from
various species of green algee closely resemble those of
starches found in land plante (Meeuse and Kreger 1954). They
comprige approximvately 2’}5 of the dry weight of the algae. The

first to be invent iﬁigaa-te;ﬁ was the glucen from Caulerpa filiformis

(Mackie and Percival, 1960). | Fractionation of this starch was
uneucecessful, but any anylose present might hawa beeala dentroyed

_ during the fairly drastic pretreatment of the weed during this
extraction vc»f‘ the '— polysaccharides. Methylaf:}c»n showad the
presence of {1 —3 4) and {1 — 6) linkages, and an average
cha,inleri.gt‘h of 2,3 uwnits., These Gata ghow that the glucan'i's
isolated starches f'n:'t:m. a number of green seaweeds by érecipimti(m
as their sta;m:h«ioc‘l:imea complexes from the agquouws exiracts 'o.f
these we«ad;s.‘ ALl except that from Caulerpa wers separated into
amylose and amylopsciin, Thers seems 1o be a great similarity
between the sitarch Frowm: green seaweeds and that from land plants,
although starchey {rom the Chlorophycese are more re‘a‘dily
hydrolysed than these of land plants (Meeuse and Smith, 1962) and

appear to hawve a lower molecular weight,



1.

Imictans, thought $0 be of the inulin-type, i.e.
(2 =¥ 1) lirked, have been found in various green algae, (du Merac,
1955, 1955; Percival and Young, 1971). As the study of fructans
represent a part of this thesis, they wi}i be discussed in more

detail later.

b, Other seluble polysaccharides,

According to Preston (1958), these polymaccharides arse
mainly constituents of the continuona amorphous phase of the
cellwalls and comprise 30-70% of the dry weight in different algae

{Myers and Preston, 1959).

e piosare e

by Kylin (1913). It is thought to occur in the intercellular

tigsues or mucilaginous matrix (Black, 1954) and has been shown to

be present in the excudate from the fronds of Laminaria digitata

(Lunde and Heen, 1937), Ascophyllum nodesum (Dillon et al, 1953)
and Magrooystis (Schusiger, 1962). Hydrolysis of fucoidan gives
mainly fucose, but galactose, xylose and uronic acid have also been

found. In a highly purified sample from Himsnthalia lorea, the

fucose content was 56.7%, 38% sulphate, 9% galactoss, 1.5% xylose
and ca.3% uronic acid (Perciwval and Ross, 1950).  Fucoidan

extracted from Pucus vesiculosus and Ascophyllum nodosun when

subjecmaa to free boundary electrorhoresds (Larsen and Haug, 1963},
gave rise to three different bouﬁdaries, indicating that this

fraction comprises mors than one polysaccharide. A fucan, free
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from any oﬂﬂer sugar unite has so far ﬁever baén isolated.

The fuceidan from F ve s,lt,ulos;us, m,th fucose~content 38%
and sulphate content 32.8%, has been studied (Percival and Ross,
19505 Ccnchie‘ar;d Percival, 1952). | This high sulphate content
oorre;ponds to about ene sulphlai;e group péxf- fucose unit,
Methylation studies combined with the fact that most of the sulphate

ig astabls to alkall, indicate that the main structural feature of

this polysaccharide is (1 ...; 2} hnlrecls‘rut,os@—umts, sulphated

o on C4.--'
/,:»—--«—c; Qe -
. CHy ﬂ
“0,56 N
O#

Mfter complete methylation of the fucoidan, free fucose was found
in the hydrolysate imdicating the presence of either a disulphated

residue or a branchpoint with one sulphate.

"Ilucurenoxyiofiacanst  Bxtraction of brown algae with
dilute alkali, follow:mg the removal of acid-soluble carbohydrates,
yields a mixture of cLillgiznib acid and a sulphated polysaccharide.

.

Thie polysaccharide fraction from Ascophyllum nedosum (Haug and Larsen,

1963, Larsen gt al, 1956) was called "Ascophyllan" and contained
ca.25% fucose, 260 xylose, ]9% sodinmuronate, 13% sulphate and 12%
protein. Attempts t0 remove the protein moiety from this polysscchar-

ide were unsuccessful, ‘and it was thought that a chemical linkage



nust exist betwéen it and the carbohydrate.

When this polysaccharide was subjected o 0.5N-oxalic acid
hydrolysis at 100%¢ - and dialysed - there remained inside the
dialysis tube a soluble poiysaccharide'whicm contained almwost all
of the uroﬁic écid yregsent in the orig;nal material. The authors
-therefore concluded that the héckbone'uf the polysaccharide gonsists
of & glucuronan, with relatively long sidecﬁéins of sulphated fucose
and xyiose resi&ues.

When. Ascophyllum nodosum was extracted with ammonium oxalata/

oxalic acid at pH 2.8, after acid and alkali extractions, poly-
saccharides consisting of 17-20% alginic acid and a "glucuronoxylo-
fucan" which contained = fucose, xylose and glucuronlc acid, in
nolar proportibné 5:1:1, 20% sulphate and 3.Sa protein were obiained
{Percival, 1968)., 4is auto-hydrolysis of the latﬁer in a dialysis
tube resulted in a degraded ﬁolysagcharide containing fucose, xylose
and glucuronic acii in the melar proportions of 3,5:1:2.5, it was
concluded that this pmlysacéharidé»does not have & glucuronic acid-
backbone. A magor olzgosaccharlde pregent in & partlal acxd
-hydrolysate of thls polysaccharide was charauuerlsed 3-0—{ gD~

glusopyruronosyliL~fucose:

CH
3 0 HOH
00+ : ;ﬁ

H M
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Recent studies in>this laboratory indicate that "glucuronoxylofucans"
comprise a wholé family of‘poljmaacharidas containigg various
proportions of fucose, xylose, galactose, glucuronic acid and sulphaﬁe;
ranging from those with high uronic.acid, low fucose and sulphaje-
«oenﬁents tbvlmw uronic acid and high fuaéée and sulphate contents
(Mian, 1971). | |

Alginio ggii is located mainly in the middle lamella and in
the primary cell wall of most brown algase (Kylinp 1915, Anderson, 19%6).
~ The alginate is baligved to act as a cation exchanger and as such
quickly comes imto equilibrium with the salts in the surrounding
seawater (Wassermann, 1948, 1949). The alginate is present as the
salt of a mixture of cations, but the calcium-content is high enough
té render it insoluble. Thé alginic acid content varies with the
season (Black, 1950) and seems t¢ be smaller'whén the algae undergo
rapid growth and yice versa. Alginic acid is normally extracted
with diluﬁe‘sodium carbonate at phd and purﬁfi@d by precipitation as
the calcium-salt.

Alginic aci@ consists of ménnuronic acid (Nelson and Creticher,
1929, 1930) and gﬁluronic acid units (Fiséﬁer and Ddrfel, 1955, Drumnond
et al, 1958 and 1962). FPeriocdate andAbromine oxidation of alginic
acid follow?d by bydrolyeis gav@ both thresric and erythraric

asid, which shows that both uromic acid residues are {1 —p 4 ) 1imkﬁdi¥@31)



N

\ooH H
lea

COOH COGH
“H EOH : | H !COH
H (lZOH o ' HO éH
éOOH A ' ' ClZOOH
. Erythraric anid | Threaric acid
Fig 1.

When alginic acid was sﬁhjec{ed to hydrolysis with
1,M~oxalic acid for 10 hours at 100°C (Haug et al, 1966) part of
the polysaccharide was readily hydroljseél to oligosaccharides
leaving an inssluble residue. The hydrolysis was repeated, and the
regidue from this hydrolysed a third {time. The first hydrolysis
gave a more 1‘apld depolymerisation than the othﬂr two. From this
the authors vouclux:led 'bhat the polysaccharide had been split

rsmc‘tmly in the first hydrolysis, and that the two later hydrolyses



aftauked at the eﬁds.of thé chains. The resistant polysaccharide
wag separatéd inte %wo fractions by precipitation of one containing
mainly guluronic residues at pH 2.85 and the other one that remained
soluﬂie consisted mainly of manmuronio aci& residues.

in the supefnatant from the first hydrolysis guluronic and
mannuronic acid were found in addition to two diuvronidss. The
samevdiuronides were probably aléo obtainnd after the other
bydrolyses. Based on these observations, the structure of alginic
anid is thought to bé a molecule built up of blocks of mannuronic
scid and guluronic acid units, separated by sections of alternating
goluronic and mannuronic acid residues. The homogenous sections
afe fhought to be protected from hydrolysis by their crystalline
character. |

The ratic of mannuronic acid to guluronic acid in alginic
acid vatiaﬁ‘in differenﬁ species of brownjalgae (Percival and MqDowelI;
1967y,

The watemﬁsaluble polysaccharides from the red algae are -
nainly sulphated galactans. They are essentially iinear polymers
of alternating (1 — 3) and (1 —3 4) lirked galactose units.

This simple pattern is oftén magked by other features, depending
on the alga from which the polysaccharide has been isolated. The
éiffarences are due to the presence of both D and L-galactose,

3,6-anhydro-D and L-galactose, monomethylgalactoses and various
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degrees of sulphation {Peat and Turvey, 1965, Rees, 1965).
The sulphated galactans can be divided into three distinct
types of polymers:-

1. ths agsr-typs
2,  the carrageenan-type

3. the porphyran-type
although recent studies have revealed polysaccharides related to

more than one type, e.g. the galactan from Polysﬁphonia faptigiata

(Peat and Turvey, 1965).

éﬁﬂg,is synthesised by a wide variety of species of the red
algae, generallylcalle& agarophytes. It is the common name far a
mixture of polysaccharides, whidh ériginally were thought to consist
of two polysaccharides only, namsly the neutral polysaccharide agarose
and the sulphateﬁ.pélymer agaropectin (Araki, 1537, Araki and Hirase,
41960)" The structure of agarose has beem studied extensively; both
chemically'and enzymically, and these results show that the pélysacch— ‘
aride ié mainiy composed of altermating ﬁ(a — 3} linked m~g~lac£osa
and a~(1 % 4) linked 3,§ anhydro-L-gnlactose units. 61QrMethyl—£}-
~galactose has also besn found. I

Enmymic hydrclyﬁis (Araiki and Arai, 1956) of the rolysacch-
aride gave the two oligasacchariﬁes,_ggé»ﬁgarosbiose.@Q~3r6wanbydron
~g~L-galactopyranosyl-{1 .y 3)-grlactose and the corresponding
tetrasaccharide. No fres D~ or L- galactose could bé detected,

which indicates that the 3,6-anhydro-L-galactose is present at the



14

non-reducing end of nhex polysaccha,ratde chains.  Methylation did not
give rise to .'2,3,4,6-~tetra—%—methyl-—galamtose, further confirming

o

these findings. The general formuia for agarose is believed to be:

}F&OR
H %
.EtH
L R=H01~CEI3 41

Apgaropectin. This poolysacrhamda is sulphated and contams

f&C‘R i . CH}!OR
- Q } "i\ HZ L-O-—

TiiH \k—d ‘_é/H ‘ |

nnainl;,j;'-rl»g ralackose and 3, 6-—anhydm-—h—-galactos~, as in agarose, but
some of the 3,6 aphydro-L-galactose residues are though‘t 1o be replaced
with L~galactose~sulpbate(Araki, 1956) and some of the I-galactose in
%33_111_'1 species 1s replaced with the pyruvie acid acetal, 4,6-0-
(l—carbexyethylidene )-D-galactese (Hiraae, 195‘71‘&rai (1961) reported
the presewce of arahinose and glucuronic acid in the agaropectin from

timfaltia pliceta.

Bizymic sbudies have shown fhat ‘agaropectin has mome features
in commen with agarose, as net)-agar'ose, tetracse and hexanse can be
obtained oncleavage of the polysaccharide,. The site of the sulphate
group is 1ot yst kno-wn v

Recent fractionation studies on DEAE-Sephadex A3 (Duckworth
and Yaphe, 1971) have indicated that agar is not made up of opne

newtral and one charged polysaccharide, but is composed of a complex

seriss of related pelysaccharides ranging from an almost nsutral
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polysaccharide fo a highly charged gaila,c‘ban. It is found that
4,6—-_Q§1«0ar"z>onqye;thy11dém)Q:—galaatqse is_present in that part of
the monlecules where there is low sulphate content. Puarther -
evidence of heterogenelty was obtained by fractionation on Dowex

1 x 2 icn exchange columas (Izmi, 1971). .

Q_@j‘_é_«g}m.' !I‘he‘ red algae, Chondrus and gg;_g_@gﬁp_% are
the species mostly utilized for preparation of carragesenan. It
differs from agar mainly in that 3,6-axfnydrol;g~géla,ctese repla,ce.s
the 3,6 anhydro-L-galactose of agar (Perciva.l, 1954, 0'Neill, 1955)
and in that it has a Ahig’he‘»r content of, mainly alkalistabls, ester-
aulphates. ‘

Smith and Cook (1953) separated the carrageenans hy
fractional precipif&tion with potassium c}alcnride into arsinsul’ul'ﬂe
fraction, HG-carre:geénan., and a sc»lubie fract ion‘,_ A —carragaenan.

K-carrageenan is mainly a linsar polymer, of alternating

[ —— .ljs.hked D-galactose, and a~(1 — 4) linked 3,6 anhydro-D-
g&.iactosze, some of the umits o which are sulphated. The d‘:i_saccﬁarides
carrabiese, _(_)~B---_}2~galac»"t¢§pyranosy1 ( 1- - 4) -3,6-anhydro-_lq-»ga1a§tcse,
and _r;@_q--carrabif}&se-ﬁsulpima.‘t:e’, Q;»:x«_’;,6-—a.nhydro»ga1actopy.ranosyil-i1 — 3) -
v _I}»galactose-»ﬂ,—-;sazlphate; have been isolated by mercaptolysis (O‘Neil.lv,
1955) and 'enzymfic.hydml;svrs;is -z-espesci;iveiy (Weigl et g,}_., 1965)

Ailj:ali trezatment of }G-éa»ri*ageenan removed some sulphate and
mere 3,6~m111ydr<>-§»gé,lac'tc:se was formed (Rees, 1961) i;zdic_a.i‘:ing the
presence of_' (.1 - 4} Linked D-galactose sulphated at 06 in the

original material., The 1 —» 3 linked units are thought to have
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. 4-sulphate and the (1 2 4) linked 3,f-anhydro sugars are associated
with 2-linked sulphate (Anderson et al, 1968). The (1 —34) linked
D-galactose is probably sulphated at £-6"or c;.?éﬂ‘c-'}é.

Generel formula for K-carrageenan:

g GH,OH " - CHy y CH030,H
R O 0 . — @ —0— 4 ©
G K
L S : _____,mi)/ — \ 0—
L0 .
L S H SR R Jn R
) ' A -

R=EHor 30'3' R

A—caprrogseaenan, the soluble fraction cbtained by potassium -

- 4 and B are alternatives.

c¢hloride fractionation, represents a very complex system‘. It is
kighly sulphated, c@ntaﬁns mainly D-galactose, but also s;')me 3,6-anhydro~
D-galactose. The polymers may be fractionated further by precipitatimn
with ethanol, thus giving a polymer containing only D-galactose (Smith
et al, 19535') . This consists of higf;ly sulphated alternating (1 -~ 3) |
Eﬁnd (* = 4) linked galactose units. Sowe of the sulphate is alkali-
“

labile, indicating some.sulphate on C~3 or C~6dihen subjected to
precipitati.oni with po-'ta,ssium chloride (Anderson et al, 1968) this gave after
wlkali treatment an insoluble p-carrageenan, containing all the
(1 =2 3) Linked D~galactose-4-sulphate units and most of the 3,6-anhydro-
D-galactowe wunits, which probably were the D-galactose~6-sulphate
unita in 1:}14;4 umodified form.  The soluble polysaccharide,from
modified A-carregeenan, had all the 3-linked D-galactose-2-gulphate

. e

units and a High propoertion of the 4-~linked 3,6-anhydro-J~galactose-

2-gulphate unif;s..' - The lattar is probably the {-linked D-galactose-
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2,6~disulphate unit in the original matsarial

(ﬁow CH, oqo

!’”’" -—o-— J |

_i( a}\ ; l//L-—*O«——- | ?sfc‘arrageenan
SOH 35(33H

HEDH !‘50 :l%H : :

H 03 —0— ™ ,bt.. —-carrageenan
,f i 4 M o
éH I |

v / Som, b03 may be
replaced by H.

Porphyran  This type of pélysaccharide' is mainly found

im Porphyrs and Laurentia gpp. Porphyran resembles agarose in

centaining 3,6-anhydro-L-galactose and 6-0-methyl-galactose and
regonkles carrageenan in contalning ggé.‘lact;;sen-»é-su'lpham (Turv«ey

and Rees, 1961, Bu and Ela_,ssid, 1962). The polymer consists mainly
of £ fe(1 ~n 3) liriked D-galactose or B-0-methyl-D-galactose fes;dues
alternating with a~(1 —3 4) linked _Ii-—é:alauc‘;bose—-éwsulphate or 3,6- '
anhydro ga‘l.a.c:'};asra,' (Turvey and Williams, 1961 and 1964) tine
proportions of the sugavs varying from season to season and in
differsent environmamt (Fees and Ccvnway, 1962). "".he sun of L-sugars
BESmE alway&a ’to be esqual to 'Lhe gum 0f D-siagars and the galactose—6~

‘ smlph.aﬁ;e a.c:c:oum;s for the total sulphate content of the polysaccharide.
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When an alkalimcdified porphyran was methylated, n
nolecule with the same coné%itution ag methylated agarose was
preduced, and this‘on methanolysis gave methylated'agarobinse
{Anderson and ﬁees, 1965). . ‘

There seems 1o be a great similarity between agarpse
and porphyran, the main difference being the degree of sulphation

of L-galactose and methylation of the D-galactose.

CHLORCFHYCEAR

Sulphated wateranluble polysaccharides are found in
all the green marine algae¢ which have been investigated. UThey
can roughly be divided into groups:

1. Containing mainly galactose, arabinose and xylose.

2. Covtaining rhamnose, xyleese and glucuronic acidl.
The foliowing species belong to Group 1; Cladéghggg (Fisgher
and;Percival, 1957) Chastomerpha (Hirst et al, 1965), Qégggzgg'
(Mackie and Percival, 13€1) Codium {Love ‘and Percival, 1964)
and Rhizocleniwn {Percival and Ybuﬁg, 1971}, The polysaccharides
have a sulphate ester content of 15-20% and arabinose and galactose
are in most sample; the major sugers in the polysaccharide,‘ Alﬁhough
D-galactose, L-~arabinose, D-xylose and traces of L-rhamnose have been
found in these polysaccharides, all attempis to fr&;tionata ‘them into
homo-polysaccharides have been unsuccessful(ﬁf§$b&9rand Percival,1957,'

Johnson and Percival, 1969). Cladorhora rupestrié was the first

seaweed in this group to be studied chemically (Fis¢her and Percival,

. 4 .
1957). The sulphate esters were found to be stableoalkali and
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methyiatioﬁ and periodate oxidation studiaa,gave.evidénce for.
xylosé and galactose as non-reducing end groups, The rest of the
xylose seemed to be present either as (1 -~ ) linked units or
as 4-sulphated end g&oups, and galactose as (1-a_3) linked
galactopyranose and 1,6 linked galactofuranose. There are also
indications that arabinose and rhamnose are present as (1 — 3)
linked pyrancse residues. #&fter Barry-degralation which removed‘
81l the xylose {D'Donnelland Percival, 1959&.511 the sulphate is
believed to be located nn arabinese and galastose. Laxer studies
(Birst et 2l, 1965) gave an increase in xylose content aftér alkaline

desulphation, indicating sulphate at C~2or (-3 ofarabincse. Treatment

-with sedium-methoxide gave 3-0-methyl-L-arahinose and 2-0-methyli-L-

%ylose, indicating sulphate on C-3of arabinnse units, Recent studies
(Eourne et al, 1970)‘ have shoﬁn that tha'poﬂysaccharide from C.rupesiris
is comprised to a considarable extent of bluexs.of at least eight
(1 =5 4) linked arabinose units, some sulphaied at C.3and linked
jogether by single galactose units. ,

Studies on the water 3olub1ébpolysa¢chafide from ghaetomorth
(Hirst et al, 1965) indicate that its struqtura is very similar to

that of Cladophora. The main differsnce is s lower galactose content

in Chaetomorpha. The polysaccharide from Codium fragile is also similar
to the atove mentioned polysaccharides (Love and Psréivai, 1964). It
containe galactose and arabincse as the major sugars, with smaller
amounts of nannose, xylmée and glucose. The mannosé is probably due

10 contamination with some of the cell-wall msnnan.
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When:fractionated on a DEAE~cellulose column, a small
amount of pure sulphated arabinogalactan wag cbtained as one of
the fractions.. After alkall ireatment of the polysacchariae, an
increase in 3,6-anhydro-galactose occurred, indicating sulphate-ester
on B3 or G%Sof gaiactose. Partial acid hydvdlysis'gave two disécchar~
ides, galactose (1-ﬁ4 3) galactose and arabinose (1 By ) arabinose.
Galactose-6 sulphate and galactose-i-sulphate were also isolated.

No arabinese-sulphate was found. ‘

The water soluble polysaccharide from Caulerpa (Mgckie and
Percival, 1951)'has not been studisd ext&hsively. Apart from that
from Codium, it differs from the other pelysaccharides in containing
zﬁmannose and having a wery small proportion of arabinose. In fact
in one sample arabinose wae sbsent, the iylose-present is probably:
due to a low molecular weight P~{1 - 3} linked xylsse which i known
to be preéent in the alga.

| Yo s%ructural gtudissg have'been reported on the polysaccharides

£rom Rhizoclonium sp.

Group II The following green algas have been shown to synthesize

sulphated polyuronides: Ulva }gﬁiggg.(Brading et al, 1954} Enteromorpha

compressa (McKimel and Percival, 1962) and Acrosiphonis arcta
(0'Domnell and Percival, 195%.

' The watersoluble polysaccharides from these three species
contain the same SUgETS énd have many similar properties. The uronic

acid content is 18-20%, sulphate content 16~17.5% in Ulva and
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Enteromorpha and 7.8% in Acrosiphonia. Enteromorpha and Ulva

polysaccharides eomtain si@ilar ratios of L-rbamnoss:Bexylose’and D-
glucose, while that frem Acrosiphonia contaiﬁs relatively less
rhamnose. No frgctiongtion into hoﬁc~polysaccharidas has been
$uccessful,'hut a fractionation of the peiysaccharide from Ulva
{Percival and Wold, 1963) on DEAE-~cellulose gave three fractions,
which on hydrolysis wers shown to contain the séme sugars but
a different proportion of sulphate. Ultra centfifugatiom of
one of the fractiamsfamd of the mixture, revealed one band. for
the first and indicatiens of heterogeneity in the latter,
suggesting that {the mucilage from'glgg‘lggzggg consists of poly-
disperse heteropolysaccharides. All these polysaccharides give
: é'high proportion of 4-D-f-D-glucopyrurconosyl-L-~rhamose (C'Donnell
and Percival, 1959 McKinnel and Percival, 1962)ax Of: partial
hydrolysis Methylation studies (Brading et al, 1957, O'Donuell
and Percivai, 1959 confirmed (1 - 4) linked rhamnose and
indicated (1 .3 4) lirked xylose as well as xylose end gromps.

The polysaccharide from Ulva lactuca has been most
extensively'ﬁﬁudiéi. The position of sulphate esfer has been
deduced from the following experimenis to be at Cﬁgdf rhamnose and
Gj?of.xylwse (Percival and Wébd, 1963).  When the polysaccharide
was subjected to psriodate oxidation before and after désulphation,
nore rhammusg was <leaved in the latter case, ¥When periocdate:

exidation was performed on the desulphated material at +ZQC, rhamnore
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was still cleaved, -indicating free cisvicinal hydroxyl groups
conf_irming C~4 linkages. An infrared spez{:ft;,rum of the polysé,ccharide
‘gave a peak at §50 cm"‘l indicating sulphate on an axial hydroxyl group.
When L-rhamnose is presant in a polysaccharide it is ‘thought fo be
more stable in"th‘e 'IC conformation, where C-2 is exial., The sulphate
is therefore thought to be on the C-2 position of rhamnose.

After alkaline desulphation, arabinose and lyxose were found
in the hydrolysate of the desulphated polysaccharide, and 2-_Q—-.methyl—
xylose was formed after treatment with sodium methoxide, thus ‘indicating

sulphate on Csz2of xylosetl

Aoy BN o—

|
]

OMe

Partial acid hydrolysis '(}élax,g and Percival, 19664 gave two glucuronoxyloses
thought to be glucuronic acid {, 14 3) xylose and glucuronic acid (1 - 4)
xyiose, Hydrolysis of thué desgulphated reduced polysa.cché.ride from Ulva
gave the following oligomaccharide: . | '

rhamosyl {1 + 4) xylosyl (1 - 3) glucose. (glucose being derived

from the glucuronic acid). |

An acidic oligosaccharide (A) was isolated after a Smith degradation of



the polysaccharide (Hag and Percival, 1966%).
CH_,OH
Gled (1 “94)Rha(1*0 k;%‘fJ\ O3 xy1(1 = 4)Rha(1 - 3) u;ﬁ(? ﬁ'o‘\kicﬂ hq
SH0h %‘Dl’l» 25 .
Methylaticn studies and gas liguid chromatography (g.l.ce) on this
together with ﬁhe si£e of sulphate estefs indicate the following
structure for the oligosaccharide.
GlcA{1 3 4)rha(1 = 4)01cA{1 9 3)xy1(1 = 4)kha(l = 3)@10(1 > 4)xyl
235 28 23 65
This must be a major structural feature of the'polysaccharide.‘
Although the Ulva polysaccharide is the one that has
been most extensively studied in this group, it is believed that
the others have a similar structure, They are all highly branched,
sulphated, contain the same sugars, and give glucuronic acid {1 - 4)
rhamnose on a.partiai acid hydrclysis.

111 Cell wall materisl or siructural polvsaccharides.

The main orgaaic substances in cell walls are
pelysaccharides, but it has been proved that proteins and lipids

are also present {Northcote e

ek

al, 1958, 1960). The carbohydrate part
of the cell wall in algae has normally a less complicated strucﬁure
than the scluble polysaccharide, They cen be divided into three
'groups, aécording to their constituent sugar:

glucan (cellulose), xylan and manaan.

Cellulose has been found in a number of algae. Its

presence in brown algae was pomitulated as early as 1915 by Kylin,
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and structural studies hdve been carried out on samples from

Laminaria hyperborea, L.digitata and Fucus vesiculosus. (Percival

and Ross, 1949). Evidence for f{1 = 4) linkages was obtained
and the average chainlength found to be about 160 units.
Cellulose has been postulated in various species of

red algae (Ross, 1953) but that from Celidium amansii (Araki and

Hashi, 1948) is the only one whose structure‘has been stu@ied.
This cellulose was found to be similar to that of cottog except
for its c§lloida1 broperties.

X»fay diffraction studies suggest that cellulose is
present in various families of the 8hlorophyceae, but no structural
studies have been carried cut as it has not been possible to
isolate puzecéllulose. |

Xylans have been found mainly in red and green algae,
but evidence for the presence of a: xy;an in browmtaigae has been
obtained (Lloyd, 1960). The xylan of'green algae is compoéed of

B{1 9 3) linked D-xylose units, as found in Caulerga filiformis

(Mackie and Percival, 1959). This was proved by methylation
studies, negative rotation and a 96% recovery of the starting
material after periodate oxidation. The average chainlength was
found to be 42-43 units. The xylan of the red alga Rhodymenia
Palmata has been extensively studied and found to contain hoth
{1 9 3) and B{1 3 4) linked xylose, mainly the latter {Percival

and Chanda, 1950, , Manners and Mitchell, 1963).  Recemtly it



has been shown that this xylan can be separated into two
polysaccharides by extréction with water and dilute acid. The
éssential structures of the two xylans are similar, but the
proportions of ﬁ(1:? 3) and f{1 - 4) -linkages differ. (Bi%rndal
ot al, 1965). |

Mannans-have been found in the cellwall of Rhodophycean
and Chlorophyceaen algae only. All mannans s0 far investigated
comprise B{1 2 4) 1inked§hanncﬂe—units, with an average chainlength
between 12 and lévunits. Small proporticns of glucose. do occur
in scme mannans, but only once has there been found evidence for
a true glucomannan (Love and Percival, 1964).

As studies of a mannan comprise a part of this thésis,

they will be discussed in more details later.
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General methods

. . o
Bvaporation was carried out under reduced pressure ab ca.40 C.

Bbecific rotations were measured in a 10 cm. long polarimeter
tube in a Perkin Elmer 141 polarimefter, Unless otherwise stated,
water was used as molvent.

Dialysis was carried out in cellophane tubes against distilled
Water. Toluene was added inside the dialysis tube to preventi

inicrobial growth.

Parbohydrate content was determined by the phenoksulphuric acid

al, 1956) Stendardgraphs were made either of

method (Dukiois &3
a monogaccharide, or of a synthetic mixture of sugars resembling
the polysaccharide being investigsted.

Ketoge content was determined by the method of Arni and Percival,

(1951).

Sulphaie content was measured by the method of Scotd (1960 ).

Uronic acid conteni was determined sither by ths method of Scott,(cpe),

[1960 ) or the modified carbazole method (Bitter and Muir, 1662).

Melting point was determined on a Gallenkamp micro meliing point

apparatus.

Water used was either distilled or deionised.

FPericdate oxidation was carried cut according to the spectirophoto-
metric method of Aspinall and Ferrier (1957).

Degree of polymerigation (DP).  This was deternmined by the method

of.Pimell (1960).



Acid hydrolysis

1,.Formic acid hydrolysis

Thé sample (5-10 mg) was dissolved in 90% formic acid
(1 ml) and heated in a sealed tube in a carbondioxide atmosphere
at 100°C for 6 hrs. The hydrolysate was diluted with water
(5 vels.) and heated for another two hours at 16000 1o hydrolyse
‘the formylesters. The soclution was evaporated fo dryﬁess and
all formic acid was removed by repeated evaporatioﬁ after addition

of methanol,

2e Oxalic acid hydrolysis

The sample was dissolved in 2% oxalic acid solution,
D . . ., .
heated at B8U°C for 4 hours and neutralised with calcium carbonate.
The neutral hydrolysate was filtersd, and evaporated 1o dryness.

Paperchromatography was normally carried out on Whaiman MNo,1l paper.

Preparative paper chromatography was carried out on Whatman No.3 M

papex‘ L] M

Solvent systegs:

A, Ethylacetaée: ALcetic acid: Pormic acid: Water - 18:3:1:4
B. E;—Butanol: Bihanol: Water: 40:11:19 . .
Ce Ethylacetate. Pyridine: Acetic acid: Watsr - 5:5:123
D._ErButanol: Pyridine: Water — 6:4:3

E. Ethyl-methyl-ketone,half saturated with water + 1% @HB

F. Chloroform: Acetone: S'MFNHB -1:8:1

Ge Benzene: Ethancl - 2033 or 9: 1.
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Sugars and alccholis were located by means of one
121

of the following reagents:

1e

24

3

7.

AnilifPxalate, seturated in 50% ethanol. After spraying,

the paper was heated at 105°C for 5-10 min. (Hough et al,

1950).

Urea~hydrochloride. After spraying, heated at 105°C for
5-10 min. (Dedonder, 1952).

2 parts 2% sodium metasperiodate mnd 1 part 1% potassium
permanganate wer: mixed prior to spraying. The papers
were allowed to.dry at room temperéture (Lemieux and Bauer,
1959)

Glucoseoxidase (Salton, 1960).

Silvaﬂniufatq,sodium hydroxide dip. (Trévelyan et al, 1950)

Hinhydrin.

Pericdate-benzidine, (Gordon et al, 1956)

Thin-laver chromatography was carried out on silicggel plates,

C.25 mm thick, in either sclvent system F or @.

»

Distance travelled by "unknown" compound
Distance travelled by reference sugar X

§i

Rx values

Distance travelled by compound.
R, values ; RN )
£ Distance travelled by solvent front.

1

Elscirophoresis was performed in a Shandon High Voltage

Electrophoresis Apparatus, model L24 on Whatman No.3 MM paper.



29

Buffers:
(a) Pyridine acetic acid buffer, pH 6.7
( 6 ml glacial acetic acid + 923 ml pyridine), at
| 3000 V for 2 hourse.
(b} Borate buffer pH10 [ 17.8 g boric acid + 8 g sedium
hydroxide in 2 litre water]

Distance travelled by "unknown® compound
Distance travelled by reference compound y)

M- values =
y

Preparation of DFAE-celluloge column _ .

Digthydaminogthyl cellulose (DE 52 microgranular,
Whatman} (50 g.) wes suspended in 1 1‘0.5 K HCl and de-~afrated
for 20 minutes, The supernatent was decanted off, the oelluloée
filtered and washed with water till neutral. The cellulose was
then suspended in 1 1 0.% N potassium hydroxidé end treated as
above,  This Qas repeated three times, and cellulose waz then
’transferred to a column and washed with water until free of
chleridse icns.

?he polysaccharide sclution was applied to
the top of the column and gradient elution was carried out
with potassium chloride (0 - 1.0 M). Fractions of 20 ml
ware collected and testedlfor carbohydraie content, and thus
the strength of the potassium chlofide golution which was reduired
for elution of the various fractions of ‘the polysaccharides was

determined.
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Gas ligquid chromatcgravhy (g.l.c.)

A Pye Argon gas chromatograph with an Argon
ionipation detector using dry argon as carrier gas was used.
The gas flow and temperature was adjusted to get the desired
conditions accarding'to the samples being analysed.

Columns used we?e: ‘

1. Butane-diol-succinate pclysster  15%.

2.  Polyphenyl ether [ m-bis-(a~phenoxy~phenoxy) benzene] 10%
3; Apiezon K 7.5% Chremospeb W

4, S.E. 30 3%

5. HCNSB-M 3% Chromosorb W

6. Ethyleneglycol adipate polyester 10%
The liguid phases waere coated on Celite or Chremosorb W which had

been acid and alkali washed and precoated with dimethyl dichlorosilane.

Preparation of Trimethyleilyl ethers (TMS derivatives) [Sweeley el al,
1963}, |

The material (5-10 mg) was dried, dissolvsd in 1 ml
pyridine,and to the solution was added C.1 ml trimethylmilylchloride
and 0.2 ml hexamethyl disilazane. After shsking for mavéral minmates,
the mixture was evaporated to dryness. This residue was then dissolved
in n-hexane before analysis by g.lec. on columns 3 and 4. Heteniion
times T, for sugars and their alcohols, is relative to that of the
trimethylsilyl derivative of xylitol,
Methylation of polysaccharides was carried cut after Ejﬂrnd&l and

Lindberg's (1969) modifieatien of the Hakomori method (1564). The
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methylsulphinylcarbanion was prepared as described by Sandford
and Conrad (1966).

Methylglycosidation.

The dried hydrolysats was refluxed with dry methancl
using methanol treated Amberlite 1 K 120 (H') resin as catalyst
(Bollenback, 1963). After filtration the mixture was evaporated to
drynessg. The syrup was dissolved in chloroform and analysed by'g.l.c.,
using columns 1,2 and 6. Retention values T, are relative to that

of methyl2,3,4,6-tetra~0~methyl B-D-glucopyrancside.

Alditol acetatss were prepared by the method of‘Bjﬁrndal et al

(1967). After digsolving in chloroform, the mixture was analysed
by g«l.c. on column 5.

he retention values T arse given relative to the acetate of
2,3,4,6~tetra~0-methylglucitol.

Demethylation. The method of Bomner gt al (1960) was used.

Proportions of supars present in polveaccharides were determined by

g+1leCse  After hydrolysis of the polysaccharides, the sugars were
. " horo—

reduced to their respective alcohols with potassiun/ hydride: The
reaction mixture was left over-night and excess borohydride was

. s . ot . .
destroyed by adding Amberlite 1R 120 {#") resin which would also
remove potassiuwm ions. Borate was then removed by evaporation
after addition of methanol. The derived alcohols were amalysed by
g.lec. ag their trimethylsilyl ethers en column 3. The areas under

each peak wers measured, and the amount present was read from

appropriate standard graphs.



Measurement of radicactivity{ilLigquid scintillsticn counting,

- A measured aliquot of the samble was placed on a
filter paper — 2 x 4 cm; after drying, the paper was blaced in
a counting vial éﬁd ca. 12 ml 6f a scintillant was added. CGCounting
wag carrisd out to an accuracy of + 3% in a Tracerlab |
machine, Scintillants weres either
A, PPO (2.5-diphenyl-cxazole) 5 ge
Dimethy1POPOP . (1,&»di»i2(4mmethy1n5—phenyl~0xaz&ly1}]benzene 0.3 B
Toluene 1 1. ‘
or B. p-Terphenyl 6 g.
Dime thylPOPOP 0.3 &,
Toluene 1 L.
To measure the radiocactivity in the different sugars
of a pol&gaccha?ide, the hydrolysate waz chromaiographed on paper
in appropriate solvent systenms. AGuide;strips were used for the

location of the monosaccharidés and the appropriate areas were cut
ut and counted as described above. ‘
(iiJ Scanning  of paperchromatograms and electrophoretograms‘waswh
carried out in a Panzk thinlayer Radiéchromatograu Scamner, after
cutting thie paper io the right size to fit on top of a thinlayer

plate.

{iiiJd Radicavntogravhy was carrisd out by placing a Kodak Microtex

X-ray film on the peperchromatogram and leavingit for ca. 1 week.

After development of the film the radiozetive components could be
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located on the paper chromatogram.

Conditiens for the culture experiments.

\ | \.

A % c B A

A. 4 200W. bulbsg,incandescent.
B. Waterscreen with constantly changing water

Ce Culture vessel.

The culturing experiments were carried out in the

systen shown in the figurs. The light intensity at the centre
of the vessel was 1800 footcandles. T™he water screens were

used to prevent heating.of the seawater in the culture vessel.



CARKOHYDRATES DF ACETABULARIA sp.
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Acetsbularia is described by Prescott (1969) as
a "gracefully stalked, saucer~like disc with the romantic
common name of Mermaid's Wineglass™. The alga can bs up to

10 cem.tall, grows on shells and corals and is calcified when

growing in the sea. It is relatively easy to culture
Acetabularia, but then it is not caleified. I is a giant

unicellular alga, and because éf its abnormal eize and the.

fact that the alga survive for long periods following such

operations as enucleation and transplantation, it is probably one of
the algaewhich has been most extensively studied both from a
biological and a physiclogical viewpoint.

Acetabularia is regarded as -a subsfamily of the
Dasycladaceae, order Siphonocladalesand claes Chlorophyceae
(Sweiger, 1969; Keck , 1964). The mature cell congists of
rhizoid, stalk and cap. The rhizéid is a ball of entangled
branches,; one of which contains the cell nucleus. The cap
can be up to 10 mm in diameter and is the reproductive orgén.

In the main phase of its life cycls, Acetabularia
is mononucleate and diploeid. After formation of the zygot the
alga starts growing. At'one end, the rhizoid is formed, which
holds the nucleus, and at ithe other end a stalk starts growing.
As the‘stalk is growiﬁg, whorls of hairs develop, which fall off

after a short time leaving a ring of small scars on the stalk.
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When this reaches a certain stage, fertile "whorls", i.e. the

cap, start forming. At this etage, the nucleus starts dividing

in the rbizoid and a oytoplasmic streamipg takes place, transporting
the secondary nuclei and the stalk cytoplasm inte the now fully—grouwn
cap. After a certain period the spores (cysts) are formed. After
a resting period, gametes are produced whiéh fuse and form the
zygote,

The important findiné by Hammerling (1931) that the alga
is uninuclear and that the nucleus is located in the rhizoid dduring
the vegstative phase, made it possible to dewelop techniques for
amputation and cther operations on the alga. It wasg found that on
a 2 cm.long sample at the time of enucieation it was capabls of
contipuing the growth of the stalk, forming whorls énd finally
producing a cap (Himmerling, 1932)* Various pecple have reviewed
this type of work and other manipulations carried out on the
alga (Schweiger, 1969; Keck, 1964; Brachet -and Benotto, 197C).

ggetabularié has been studied biochemically, mainly
to see whelher 0% not there are any differencesz between nucleate-

and enucleate cells, and if there are, which parts of fthe metabolism

are congerneda Very few chemical studies on the carbohydrates
present in Acetzbularis have been done. Claass and Keck (1959)

found that the ethanol extract of Acetahuiaria mediterranea

contained fructose, glucose, sucrose and six other ketose-containing
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oligosaccharides which tﬁey postulated were fructans, because
du Merac (1953, 1955) had shown that the reserve polysaccharide
was a fructaﬂ. X~ray powder photographs and a rotation of -39O
indicated that the frucian was probably gf the Inulin type.

Studies of the growth zone of A.mediterranea, combined
with hisiochemical studies, indicated that part of the cellwall
was composed of anionic polysaccharides, probably of the polyurcnide
type (Wertz, 1960). Culture experiments involving incorporation of
358 inte the alga suggested that sulphale esters were present,in
the cellwall, probably as sulphate-containing polysaccharides
(Clauss, 1961).

ZdEche  (1967) studied the composition of the cellwall
of caps and stalke separately., These were ex?racted first with
" acetone, followed by O.IM scdium desoxycholate. The residue was
hydrolysed and analysed by paper chrqmatography. It was found
that cap and stalk contained various proportions of the‘carbohydrates.
Galactose, glucose and mannose were the main sugarz in both, caps
and stalks, but ihamnose and traces of x&lose ware only found in
the hydrolysata from the caps.

The cellwall itself, from A.calyculus was thought by
Iriki and Mive (1960) to be a mannan with {ajDz ~50.6 {C = 1.54 in
50% ZnCle). Periodate oxidation suggested a (1 <+ 4) linked mannan
with an average chainlength of 16. Ho further studies concerning

the structure of ihe carbohydrates in Acetabularia sp.have to the

anthor's knowledge been carried out.
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EXPER IMENTAL




39

Acetabularia crenulata (identified by the Marine

Biological Station at Discovery Bay, Jamaica, West Indies)

wags obtained from various shores on Jamaica. Baich I was
collected around Christmas 1968, Batch II ih-March 1969 and
Batch IIT in September 1969.  The alga was contaminated with
other algas and sand, and after thesir removal and separation of
the alga into caps and stalks, the following amounts were

available for analysis:

TABLE I
Stalk Cap
Batch I 2.1 g 6.9 g
Batch IT 9.5 ¢ 24.5 g
Bateh III 8 g i1 ¢

As Zetsche (1967) had found a difference in the carbohydrates
present in ihe cellwall of caps and stalks, it was decided 1o

investigate the fwo parts of the alga separately.

Extraction of ths alga,  The caps and stalks were
separately ground to a fine powder in a mortar in liquid niﬁrogen,
transferred to a Soxhlet apparatus and sﬁcoassively extracted wiﬁh
I Light petroleun (q§>60~80°), II Benzene, III Chloroform. Each
extraction was repeated until the extract was c¢olourless. The
purpose of this pretreziment was to remove chloérophyll, lipids
and other colcured material, which in a preliminary experiment

had been found to interfers in paper chromatography of components
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soluble in 8¢% ethaﬁcl. ‘All these extracts were discarded,

The preiraated alga was than extracted as follows:

(a) With 80% ethanol, refluxing for 3 periods of 60 minutes each.

(b) The residue from.(a) was exhaustively extracted with col&
wafer f;r several hsurs.

{¢) This was followed by exhaustive hot water extractions (90%),

(d) The residue from (c) was e#tracted with 4% sodium hydroxide
at room jemperature under-g. nitrogm atmosphere for four hoursf

(e) This was followed by an extr;ction with 20% sodium hydroxide
at TOOC under a nitrogen atmosphere for nine hours.

{(f) After washing free from alkali, part of the residue was
hydrolysed with formic acid.

Extfac%ion (2) was carried out on all batches of
Acetabularia separately, but batch I and IT were combined for
extractions (b) to (£). Extraction (b) was omitted for batch III,
which was extracted firet with hot.80% athanol an&rthen with hot
water, |

Determination of the carbohydraie and ketose content in the varions

fractionsg
The carbohydrate and ketose content of the combined 80%
ethancl extracts were measured. Preliminary studies showed that the
water—goluble carbohydrates could bhe separated into neutral and
charged materials which after separation were dialysed, freeze-dried

and weighed. Extract (e) was purifisd and weighed. The amounts of

* Hydclyeis showed the presence of galactose, mannose and rhamnose.
No further studies were cerried oul on this fraction.
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the various types of carbohydrates in the alga are
sumnarised in Table II.

The samples of alga collected in Jamaica werse
highly‘calcified and the extent of calcification was estimated
by two methods. |

(a) 5.00 ml 1.0 N-»H2804 was added to 211.9 mg of
caléified whole Acetabularis cells and the mixturs sei aside
until evolution of carbon dioxide had ceased. The ;mount of
sulphuric acid left was then deterﬁined by titration with
N-KaOH (3.58 ml) i.e. 1.42 ml 1.0 H~HZSO4 was used to release
czrbon dioxide from the calcium carbonata deposited on the alga.
Thig is eqﬁiv@lent 10 140 mg calcium carﬁonate. Therefore the
amount of calcium carbonate deposited on tne alga is ca.65%
of the toltal dry weight.

{1) Tﬁe calcified_whcle:alga, 133.3 mg, was coverad
with 4.274 ¢ N—su%phuric acid. This was left in the refriger-
ator and weighed at intsrvals, When the weight was éonstant,
carbon dioxide, equivalent tc 66 mg calcium carbonate had
evolved, A control to correct’for any evaporation of water
containing the same amount of acid was se? ups - The content of

calcium carbonate wag found o be 50% by this method.
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TAPLE TI

Total carbohydrate and ketcse content present
in the different fractions of the alga.
(as percentage of the dry weight of the alga*)

Fraction : Stalk Cap

"80% Ethanol extract

Cerbohydrate content 0. 8% - 2.6%

Ketose content 0.7% 0.9%
Cold water extract

Neutral polysaccharide 0.08% C.T%

Sulphated polysaccharide 0,46% 1.5%

Bot water sxiract

Neutral pelysaccharide 0.4% 10.3%
Sulphated polysaccharide 0.8% 1.6%
20% NaOH extract 0.95% 1.1%

* If based on non~calcified zalpa, these percentages
would be at least dowbled. ‘

Low molecular weight fraciion

Prelisinary studies involving paper chromatography
in solvents A,B and U, and location with reagents 1,2,5 and
pe27
6,/iﬂdicated, in additiom to sugars and alcohcls, the presence
of inorganic salts and amino acids, and also the presence of
oligo-ketomes. The charged compounds were removed by

passing the concentrated sxtracts: . successively through

columns consisting of Ambarlite 1R 120(H+} (17x 2 om ) and
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Amberlite 1R 45(HCO0™) (20 = 2 cm), and elution with water.
Tha carbohydrate and ketose contents of thase derived neutral
extracte were mesasured (see Table IL ).

The neutral extracts were sep&rated irto monosacch-—
arides and oligésaccharides by preparative paper chromatography

on Whatman No.3MM paper, using solvent A.

The following'componen%s were separated and ch&racterised;;
D-Glucogs., This had the same chromatographic mobility
ae authentic glucose in several solvent systems and was confirmed
with the glucose—oxidase spray. ' ) ' .
pogaphic
D~Fructoge. The paperchromatic mobility was the
. same as that of authentic fructose, an@ it gave a blue colour
with spray 2. ' Tﬁe crystalline 2,3%4,5-di-0-isopropylidens
deriyative was prepargd and had mp and mixed mp 93—9500 {Cadette
2t al, 1'952)-(&13.3,01’ compenentl. -

Allulose This sugsr had R values of 1.45

glucope”
. \ . .
(solvent B), 1.74 (solyent A) and 1.31 (solvent D). Mélucose

in borate buffer, 3000V for 1 hour was 0.76. These values were
identical to those of an authentic sample of allulose. This

allulose was isclated from the 1eavesvof Itea.virginiéna (kindly

supplied by the University of London's Botanical Supply Unit),
and was purified by the method of Hough and Stacey,(1963).
This is the only known natural source of allulose.

G.1.c. of the trimethylsilyl derivatives of the

unknown and of the authentic material both gave three peaks with
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identical retention times on column 3 at 175%¢; 1.74 (strong)
1.93 (weak) 2.0 (strong). On column 4, under the same conditions,
they each gave a single peak with retention time 1.46.

M&p«lnositol An alcohol wit@ the same chromatographic
mobility as myo~inositol in solvents A,B and D,’w&s separated.
When analysed by g.l.c. as the trimethylsilyl derivative on
column 4, both the unknown and the ggg&iaoéitol gave a single
peak, T w 4.55.

Unknown alcohol When the total neutral extract was

left, crystals formed. These had a mp. of 262-263°C and
rent Th i i & 1 r

Rglucose 1.40 {solvent A). The melting point was nct depressed

bty mixing with authentic allo-quercitol {1,2,3,4/5). Due to

lack of more weed, further studies on this were not poasible.

Ketogewcontaining oligomers.

Of these, the fastest moving compound, ran like
autheniic sucrose in all paper chromatography solvents. The .
syrup obtained, afier separation and purification, was norn-
reducing and gave on hydrolysis with oxaliccesid glucose and
fructose in equ;l guantities.

The lower oligo~ketoses wefe separgted‘by preparative
paper chromafography in solvent B. Their r&spective Hsucroae

values were ( see Table III):
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‘TABLE III
Sojvent A B D
Coﬁpoun@i |
' F ¥ ' 0.47 T 0.61 0.72
F4' | .22 0.40 0.53
F5’ 0.10 0.26 039
F6 0.04 0,14 O.}Q

* The oligoosaccharides are given the symbels
F3, 34, etc, according to the number of sugar

uniis present.

A slower moving fraction contained higher homologues

of the same type of oligosaccharides. This mixture was chromato-

graphed in sclvent B with F5 a8 refeienoe comﬁound. After 19
days the paper chromatogram was taken out of the tank and oligo=~

mers up to F,. had separated. As F5 had been used as a

15

reference compound znd the R, value for this had been found

£
previcusly, the Hf_vaiﬁes of the higher oligomers could be .
calculated. :

| The formula R = log ( 1/Rf - 1) was appiied t§ this
serﬁes (Bate~8mith and Westall, 1950}. whenan we.s plotted

against the assumed DP, a straight line was obtained (Fig.2 )

indicating. that the compounds form & true homologousg series.
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Aligquots of F}’ F4, FE and Fé were hydrolysed with
“oxalic acid. The syrupmgave glucose and fructose upon
paper chromatography. The awount of fructose relative to

glucose increased from P, to Fé.

3

4

Thease two oligcsaccharideé were separately methylated

Methylation of P and F_.
2

by one Haworth and two "Furdie procédures (Hiréi and Percival,
1963, a) and b)). After hydrolysis with oxalic acid, the
resultant syrup wh#n éhromatographed in.solvent % spray 2,
revealed two ketose~conta;ning components. ng—D.GQ () and

0.8¢ (B}, Theses compounds wers separaied by preparative paper

' 4
chromatography and an aliquot of each was converted intce the

methyl glycosides and analysed by g.l.c. Column 1 and 2
c .
were used at 175 C. Compound (4) gave peaks with the

retention time of those given by methyl 3,4,6~tri~D-methyl-
fructofuranosides and compound (B) peaks corresponding to
those given by methyl 1,3,4,6=tetra-f-methyl-fructofuranosides

and methyl 2,3,4,6~tetra~0-methyl-glucopyranosides {Table IV).
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TARLE IV i
Compound ' ’ Column 1 Column 2
Methyl 3,4,6*trifg*methyl- 0,99 1.49 0,92 1.C7°
fructofuranoside 1.88 2.13 1.27 1.53

Methyl l,3,4,6-tetra#g-methyl~
fructofuranoside {1.00)* 1.27 {1.00) 1.19

Methyl 2,3,4,6~tetra~0-methyl- ’ ,
glucopyranoside {(THG) {1.00)  1.40 (1.00) 1.35

T-values are relative to methyl-2,3,4,6~tetra-O-methyl=f=D-
glucopyranoside (TMG) :
* Retention times in parenthesis corresbond to incompletely

resolved peaks.

Another aliquot of compound (A) was subjected to
electrophoresi% iﬁ horate Buffer at 3000V for 2 nours. 1,3,4~Tri-
O~-methylfructofurancse and 3,4,6~tri~O-methylfructofuranose were
run at the same time. (Tetramethylglucose and glucose weré used
as markers). The 1,3,4~trimethyl derivative does not move,'
as no complexing with the borate ise possibie, whereas the 3,4,6-
derivatives haveqffee hydroxyl groups at C1 and 62 availabie for
complex~formation and therefore moves under the descrived conditions.

of elsctrophoresis. The tri-O=-methyl fructose isolated, moved to

the same extent as the authentic 3,4,6~tri~O-methylfructofuranose,
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thus confirming the resuits from the g.l.c. analysis, that the
tri~Q-methyl=fructose is 3,4 ,6~tri-Q-methyl<fructofurancse

(Mg = 0.52).

Discussion

Athanolic extracts‘from both caps and stalk of Acetabularia
crenulates were separately investigated, Neutral fractions,
obtained after removing amino acids, inorganié salts and other
chérged compounds by ion-exchangers, contained monosaccharides, alcohocls
and oligosaccharides.

The following monosaccharides were identified: Allulose,
D-glucose and D-fructose {p. 43 ). This is the second natural source
where allulose has been detected, the first being in Iltea e, (Hough
and Staoey,\q535wv The alcphol myc-inositol, was shown %0 be present .

~and another alcchcl was tentatively identified as allo-quercitol.

A homologous series of non~reducing oligofructans of the
Inulin-type was also present in both ca?s and stalks. The presence
of 3,4,6-tri—9~methylf:uctose, 1,3,4;é-teﬁra~g~methylfructose and
2,3,4,6 tetra-O-methylglucose afterlmethylation of F4 and F5 (p. 47 )i
proved that the fructofuranose residues were (2 -3 1) linked and a
glucopyranose residus was present at the poteniial reducing end.

When log ( %; - 1) was plotted against DP of the oligofructans, a
straight line was obtained (fig. 2  p. 46 ) confirming the

presence of a true homologous series.
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THE FRUCTAN
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Introduction
Fructans are widely distributed throughout the
plant kingdonm. Among land plants they are mainly found in
the G:amina&eae and Campositae familiés, where they are known
1o act as reserve carbohydrates either élone or with starch.
Among the algze, fructan has been f§und only in the Chlorophyceae.
All known fructans contain D~frﬁoto$furanose«residues
linked either (2 4+ 1) or (2 5 6} to cther D-fructofuranose residues.
Most of them terminate with (2 = 1) linkage to D-glucopyranose at
the potential reducing end, and are non-reducing poiysaccharides.
Three main fypes can be found:

1. Inulin - containing (2 + 1) linked B~D-~fructofuranose residues.

[ah]

. Levan - containing (2 ».6) linked f~D-fructofuranose residues.

3. Higzghlv bhranched fructané - containing both types of linkages.

Inulin has been found in Dahlia and Jerusalem artichoke
tubers (Hirst et gi,l@ﬁo)g Wethylation of the dahlia Inulin gave
344 ybmtri-O-methyl-D~-fructose as the main product, showing that

this fructan is {2 =+ 1) linked. Du Merac (1953) reported high

molecular weight Ioulin in the algae, Acetabularia mediterranes

and Batophora oersiadi, wherszas lower molecular weight "Inulin"

was found in other species of the order Dasycladales (du Merac, 1956).
Her characterisation was based on the optical rotation of this

i : N .
"Inulin® found %o be =397, and the presence of fructose in a

hydrclyéate of the polysaccharide.
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Recently fructans of the Inulin type have heen
found in various species pf the Cladophoralss and in soms
Rhizoclonium speciea (Percival and Young, 1971},  All these
algae contain a homoiogaas series of linear oligofructans
containing (2 + 1) linked fructofuranose.residues attached to
the fructose moiety of sucrose.

- The levan type &8 mainly found in éraeses, I?

consists mainly of linear chains of 20-30 units terminating

in gucrose molecules, It is pessible that some grass levans
gontain single branch points {Bell and Palmer, 1952). The

levens from bacteria are probably far more branched than those

of plants, and have a much higher molscular weight (Bell and
Dedondar, 1954}. The branch point was found to be at the l-position.

HBighly branchad €ructans are mainly found in cereals

and plam%s {gchlubach, 1961}, They also termihate.in a sucroge
unit, Monbtgomery and Smith (1957) studied the fructan from the
wheat endosperm and proposed the following structure. (The
distribution between(2 = 1) and (2 - 6) linkages has so fa; not
bsen determined:

Fruf(2 -3 6)Pruf(2 4 6)Pruf(2 - 6)Fruf(2 - 6)Fruf(2 4.1)Glup
1

1 .

t )

2 2
Fruf v Fruf
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Experimental

The mixture of polysaccharides obtained after
dialysis and freezedrying of thé cold and hot water extracis
of the stalks Qnd caﬁs of Acetabularia (see p. 40 ) contained
both neutral and acidic polysaccharides.

Total weight of water soluble polysaccharides (crude}

from 11.6 # and 31.4 g respectively.

Stalks Caps
Cold water soluble 100 mg 1180 mg
Hot water soluble 225 mg 6100 mg

The diaslvsable fraction

During dialysis of the water extract, carbohydrates
passed thgough the dialys;s 8as, After the éialysate had been
deionised with biodeminrolit-resin in carbonate form, the
carbohydrate fraction obtainéd after precipi{atian with ethaneol,
gave on hydrolysies mainly fructose with a trace of glucose..

The vatio betweeA glucose and fructose wés determined by measuring
the total carbohydrate content and the total fructése content and
was found to be 1:33. | 7

Attempted separation of the volysaccharides using Sephadex .75,

A column of Sephadex G.75 (2 x 58 cm.) in 0.5 M sodium
sulphate. was made. The void volume was 55 ml, determined by

passing Blue Dextrandown the column. The total exclusion volume



was 185 ml determined by passing sucrose through the columm.

10 mg of the cap polysaccharide was applied to the

top éf the column and eluted with 0.5 M godium sulphate.

Fractions of 1 ml were collected and tested for carbohydrate

and ketose (Férs&the, 1948). The main peak came off just after
the void volume. The first 13 fractions, (the main peak (Fg)) did
not appear to contain ketose. The second peak (Fg), fractions
1940, gave a positive ketose test. The carbohydrate content of
the two peaks was 5;3 mg and 2 mg reépectively. After dialysis
against distilled water, the two fractiéns F1 and F2 were hydrolysed.
Papar chromatography in solvant A-and D gave for F1 the following
sugars when developed with spray 1): Glpcurcnic acid, galactose,
xylose and rhamﬁoée and some oligosaccharides. Spray 2) revealed
the presence of fructose in this fraction. F2 gave mainly fructése
with & trace of glucose.

As fructose vas present in F1; this method of fractionation
of the polysaccharides was not satisfactory, but this experiment
indicated a passiblé'upper molecular weight of the fructan gf 50,000,
if one can apply the saume rules to the fructans as o dextrans.

A p;eliminary experiment using Sephadéx 3.50 showed that all of the
polysaccharide applied to the column was excluded from it, indicating

a lower molecular weight of the fructan of 10.000.
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Separation by DEAT - cellulose column

The column was prepared as described in gensral methods, (p;29>
After application of a solution of the polysaccharides to the top
of the column, the neﬁtral fraction was eluted with deionised
water, and in this experiment, followed by elution of the acidic
polyaaqcharide with 1 ¥ potassium chloride.  The neutral polysacch-
aride was isolated by precipitation with 80%»ethanol after concen—
tration of the eluates, and the acidic polysaccharide. was freezé—
dried after dialysié.

| TABLE ¥

Weight of polysaccharides obtained from batph.l endlII

B Stalk Cap

' Cold ~ Hot - Cold Rot
Feutral polysaccharide 8 mg 44 mg 365 mg 3200 mg
Acidic polysaccharide 55 ag 89 mg - 290 mg SOO mg

Examination of the neutral frecticn

HBydrolysis, followed hy paper chromaﬁcgraph& of a1l
four neutral fractions gave fructose as the main sugar, with traces
of glucoss. The amount of glucose relative to fructose appeared
to be greater in the fractions from the stalk than in those from
the cap. Iodine test forlsﬁa:ch was negative. As there was too

little material available from the stalks, no further studies were

carried out on this fraction.
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The fructan from the caps.

The fructan [a]y - 26.3°

(e, 0.5 in HEQ) was hydrolysed
with oxalic éciﬁ and analysed by paper chromatography using
sclvents A and B. When desveloped withHSpray 2, ons blue spot
with the same mobility as fructose was visible. Spray 1 sﬁowed
ths presence of glucose. The lattsr was confirmed with glucope-

oxidase spray. The fructose obtained after hydrolysis was purified

by preparative paper chromatography and identified as itg 2434 5~

-

di-Q=iso-propylidene derivative, mp and wixed mp 93—9500.

The average ratioc between glucose and frucfose determined
by measuring the totai carbohydrats content and the total fructose
content, was found to be épproximately 1:61.

Infrared spectrum of the fructan in a KBr disc in a Unicam SP1O00

-l
Infrared Spectrophotometer gave bands at 930, 870 and 815 (cm )
(see fig. 3 ) which is characteristic for a speectrum of Inulin
{(Verstrasten, 1964).

Methylation of the fructan was carried ocut as for the oligofructans

described on p. 47 » Analysis of the methylated fructan gave
identical methyl sugars to those obtained from the oligofructans.
The 3,4,6~tri-O-methylsfructose was present in a relatively greater

emount.



The neutral water-soluble polysaccharides, both
from caps and stalks, seems 1o be a frucian, It has previously

besn reported that starch samyloplaste have beaen observed in the

chloroplasts of Acetabulariz mediterranea (Shephard 1970), but no
positive starch test was obtained on thé present samples. If any
starch 1s present, it might be in such small éuantities that it
would e difficult to detect. It is proposed that the highef
ratio of glucoss to fructoss in the fructan from the stalk, than
in that from fhe caps, may indicate tha£ there is socme glucah in
this fracticn, or it may be that the frucian in the stalks has a
relatively smaller molecular weight than that of the cap fructan.
The'oﬁfica; rotation of the fructan from the caps,
[a]E = —36.30, ig in quite good agreement with what has previously
teen reported for Inulin ( m39°, du Merac, 1953). Methylation
§tudies and the infrared spectrum of ithe polysaccharids, both
;anfirmed that this fructan is of the Inulin type, i.e., linear
(2 4 1) linked fructo-furanos: wunits termirating in a molegule of
SUCTOSE . This agrees with du Merac's conclusions after comparison
of X-~ray powder photographs of hexr ffuctan with authentic Inulin.
The averags molecular size of tae fructan ellited: from the dialysis
sac was found o comsist of 33 wuits, while that remaining inside
the dialysis sac had approximate.y 62 units per molecule. The

results obtained by gelfiliration of the latter, indicate a
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polydisperse polysaccharide with a lower molecular weight of
10,000 (i.e. €2 units per chain) and an upper limit of asbout

50,000 (i.e. 300 units per chain).

HO N L r = number of fructo-

IA® Turanosse units.

Formula of Inulin
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ACIDIC POLYSACCHARIDES
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Experimental
The following sulphated polysaccharides obtained earlier

(pe 40 ) were now subjected to structural studies.

Cold water soluble polysaccharide -~ stalk (CS) 55 mg
Hot ™ » " " (HS) 89 mg
Cold % f " caps (CC) 290 mg
Hoy v " e v (HG)" 500 mg

Genersl properties of the different extracts

The optinalArotations, the carbohydrate contents~(calculated
from a galactose~graph), the sulphate and'uronic acid content of the
four polysaccharides were measured (Table I) and the protein content
of the HC fraction calculated from the nitrogen conient {determined

by Alfred Bernhard's laboratory), is given.

TABLE T
[a]D Carbohydrate - Sulphate Urcnic acid
content content content Protein
o ¢pc  carbazole
cs -14.8 54% 2435 - = 4.0% ~
HS ~13.6° 75% 17.6% - 5.0% -
ce ~4.5° " 57% 27.8%  T.6% - -
HC ~13.8° 56. 5% 21, 3% 6.8% - T 7%

411 results bared on the freezedried weight of the

polysaccharides.
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Characterisation of the sugars present.

Hydrolysis - (a)

i Preliminary hydrolysis with formic acid and paperchromat-~
ography of aliquote of these polysacéharidés (5 mg) indicated that
the same sugars were present in each, but in different proportians.

(p)
The cold water extract of caps (100 mg CC) was hydrolysgd
_with formic acid and the derived syrup was subjected to preparative
electrophoresis in buffer (a) {3000 V, 25 mA, 2 hours) The compounds
present were located by spraying guidestrips with spray (1). Glucuronic
soid was used as a reflference compound with gluccosge as endosimetic
marker.  Four bands were obtained. Three moved under the described

conditions and had M _

= 1,06(1); 0.87(2); 0.69(3); respectively
g.LCA .

and »one band (4) remained at the starting line,

Saparation of ascidiz and neutral fractions

The four bands were eluted off the paper with déipuised
water and the eluate filtéred through Millipore filter (pore size 25,#»)
The following amounts wers obtained: (1) «‘5 mg; (2) 5 mg; (3} 10 mg;
(4) 35 me,

Each of the chargei fractions was tested for sulphate
(Ricketts eb al, 1959). (1) wae positive and (2) and (3) were
negative.

Separation of the Asidic fractions.

Paper chromategraphy in solvent A, spray 1, revealed

compounds with the following mobilities:




Fraction 1 Spots with R 05 0.13; 0.36; 0.89; .75
Fraction 2: Spots with Rglc 0.22; 0.92 (major) 1.61

Fraction 3 Spots with Rulo 0.333 0.70; 0.92.
: [}

Fraction 1‘

Visual examination of the chromatogram indicated
that the five constitvenis of this fraction were present in
equal quéntities, and that with Rglczc’ &ontained sulphate
(tohidine blue  spray).
Fraction 2

The major constituent (Rglc 0.92) which had the
chromatographic mobility of glucuronic acid (solventsiA and C)
was separated by preparative paperchromatography (solvent A).
Both it and standard glucuronic acid when subjected fo electro-
phoresis in borate buffer gave 2 spots with MgibU A1.00 and 0.76;4
It wés converted into the m;thylester—methylglycosidg, and reducéd
with borohydride. After hydrolysis, paper chromatography of the
products showed glucose (major) and glucwronic acid {trace)
(epray 2). T A seéond paper sprayed with glucosé oxidase gave a
pink spot with identiéal mobility to that of glucose run as a
control. G.lec. of the derived TMS derivatives of the reduced
materiél on column 3, gave a single peak with the same retention
time (T, 2.54 ) as the first peak given by a standard
glucose, but the second peak given by glucose (T, 4.55) was

absent.



Fraction 3
These thrse components were separated snd purified
by preparative paper chromatography in solvent A, Hydrolysis

of aliquots indicated that these compoands were oligo-uronic

acids and will be dealt with later (p. 77 ).

Separation of the nentral fraction (fraction 4).

Paper chromatography (solvent A) revealsd four
compounds which were separated by prsparative paper chromato—
graphy .« |
D-galsctose, Paper chromatography showed the same mebility
as authentio galactose in gll solvants. It had [a]n = £58°
¢ = 0.3 (HQO) determined by the phenol-sulphuric acid method)

Literaﬁure;§~galact058u{a]D = +80?L The TMS derivatives of

the sugar and the derived alcohol had identical retention times
to thdse of standard galactose; T “42'06 and 2.7, and galactitol,
T = 2.84 (column 3) run as control. The 2,4~dini£rophenylhydrazone
@erivative gave mp:and mixed mp 117~118OC (Dominguez; 1951).
Xylose A syrup which had *he same péper chromatographic mobility
as authentic xylose in all solvent aystems was obt ine&. When
-subjécted t0 g.l.c. {(column 3) as its THS derivative, it had

T = 1.4 end 2,07 (Standard xylose T = 1.43 and 2,0?). The TMS
derivative of the reduced sugar gave T = 1,00, identical to that
of standard xylitol trimethylsilylether.

4~0-methylgalactose., = A sugar giving a brown colour when located

by spray 1 had the following paperchromatographic mobilitiess
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Sclvent A, Rgal ~ 1.75; Solvent B - Rgal - 1,39; Solvent D, Rgal” 1.42.
(uf. 4~0-methylgalactone h\Rgal 1.75; 139, and l.42 in the respective
golvents). The TMS derivative of the sugar had T ~ 1.66 and 1.87 (coluan
3) and that of the derived alcohel was 2,05, An aliquot on demethylation
(Bonner st al 1965) gave only galactose.

Preparation of authentic 4-O-methylzalactose. a-Methyl 2,3,6-tri~0-

benzoylgalactopyrangﬁﬁg(kindly given to us by Dr.Turvey, Bangor) was
methylaied after the method of Purdie (Hirst and Percival, l§63). The

‘ methylated product was dizsolved in anhydrous methanol, aﬁ&onia was
passed through the solution for 45 min, aﬁd then allowed to stand at
0% overnight, followed by evaporation to dryness (Thompson and W<l from,
1963). This residue was hydrolysed to get 4-O-methylgalactose.
I~Rhamncse Papér chromatographic mobility as authentic g—rhamnose.

in all solventz. The TMS derivatives of the sugars and the derived
alcohol héd'the pame retention times as authentic samples (Rhamnose

~ T =085 ~ 1.25, Ruamitol — 1.45) on column 3. [a]y .= +7.9°(C = 0.33,
HZO;determined by the phgnol sulphuric acid method) Liferature +8.90.h
The 2,4mdinitrophepylhydrazone derivative had mp and mized mﬁ 165?
(Dominguen, 1951).

The Relative Molar Proportions of the Sugars in the four Extracts.

An aliguot (ca. 5 mg) of each of the four polysaccharides
was hydrolysed with formic acid, and after feduction, the TM3 derivatives
of the derivad mixture of sugar alcohols were prepared, and analysed
by g.l.ca.on column 3. The amount present of each sugar was found by

measuring the area under each peak and converted into the weight by
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reading the corrssponding area on a standardgraph prepared under

the same conditions (Table II) ‘

TARLE IT
C3 HS Cce HC
Galactose 5S¢0 4.75 2.09 3.0
Xylose 2.0 1.0 0.59 0,55
4~0-methyl~galactose 0.2 0.55 0.59 55 -
Rhamnose - 1 1 1 o
Glucuronic acid* 0.5 0.45 “ 0,6 0.7

¥ caloulated from the uronic goid content Table I.
Due to lack of material, no further studies wers carried

out on ths polysaccharides from the stalks.

Gel Blectrophoresis on the Hot Water Acidic Exiract of the Caps (HC)
(Steward et al, 1965)

a) Analytical gelelevtrophoresis. . The hot water scluble acidic

polysaccharide (HC) was subjected to analytical gelelectrophoresis
{Shandon analyticai polyacrylamide electrophoresis apparatus, model
SAB 2734} using tris-glycine buffer pH 8.3. One gel was stained with
toluidine blﬁe (1) for location of sulphated material (Ricketts et al,
1954), one with Amido black (2) for location of protein and a third

with "Stains all* (Serva) (3), which will stain any charged material

pressnt. - The following patterns were observed:
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2
glycoprotein
= A .
t T
sulphatad Bromophenolblue used as
polysaccharide  markere

b) Preparative gelelectrophoresis was performed in a Shandon

preparative polyalcrylanide electrophoresis apparatus, model SAE 278 .,
using tris»glyoipe'buffer, pH 8.3,  The polysaccharidelHC) {15 ng) wasA
applied to the tep of_the column, and fractions of two ml were collescted.
The absorption of every other tube was measured at 280 nm for location
of protein.k A prdtein fraction was obta;ned hetweeﬂ tube 2 and 14
after eslution of the bromophenol blug applied as marker. The ‘tubes
were also tested for the presegce of carhohydrates EBven af@er 160
fractions had beern collested no carbqhydréte had been eluted. The
elution was stopped aud the gel was remaved from the tube, and washed
with watler, The washings gave a positive carbohydrate test, but even
after dialysis of this golution, the polysaccharide was contaminated with

scme polyecrylamide.
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Attempted desulphation of the Cold Water Acidic Extract of the Caps (CC)

(ees, 1961},

25.2 mg polysaccharide CC (p.61 ) was dissolved in 5.0 ml water. 6 mg
sodiumborohydride was added and this Qaé allowed to stand at room
temperalure for 48 hr. 0.2 g sodium hydroxide and 30 mg sodiumporo—
hydride was added. The flask was loosely stoppered and kepi at 80°¢
for 4 hr, 30 mg sodium@oroﬁydride was then added, and aftef 10 hours,
the mixture was cooled, dialysed and freezedried. ‘ Weigﬂt of recovered
material - 24,0 mg. Carbohydrate sontent 49.3%, sulphate content 24.0%
uronic acid content 11.9% (cpe method). A3 seen the ratio between
carbohydrate conient and sulphate content is almost the same, both
tefore and affer alkali treatment (ca 2:‘1}.

fupther preparation of Acidic Polysaccherides from the Caps.

Caps {11 g), afier extraction with hot 80% ethanol, were
extracted exhaustively with hot water on a steambath (5 times)a The
comvined extracts were centrifuged, and the supernatant was dialysed,

cencentrated and freededried (weight 1.8 g).

Fractionation of the Polysaccharide,

Poertions of polysaccharide, ca.0.5 g, were applied %o
the top of a DEAE cellulose column in chlcride from ( ca. 2.5 x 30 cm)
and eluted successively with water, C.3 M qu, O.§'M KCl and 1,0 M KC1
(500 ml of each)s’ The following weights were obtained after dialysis

and freezedryings
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Water (fructan) 920 mg
0.3 ¥ KC1 50 mg
0.5 M KC1 105 mg
1.0 M KC1 310 mg .

Eydrolysis of thg.four fractions showed tﬁat the first two fractions
contained mainly fructose and the latter itwo were devoid of fructese.
No further studies were carried out on the former. The latter two
fractions gave on hydrolysie the same sugars, but in different
proportions (visually on paper chromatograms).
0.5 M ~ galactose } glucuronic acidA)xy@ose=4-§-methyh:galactbsezrhamnose
1.0 M ~ galactose ) rhamnose = glucuronicacid ) xylose=4-O-methylgalactose.

Analysig of the two fractions 0,5 ¥ and 1.0 M,

The‘mqlecular ratios of the sugars in the two fractions
was measured by two methodsa,

a) An aligquot {10 mg) of each polysaccharide was hydrolysed with formic
acid, réduced with sodiuﬁborchydfide,_converted into the respective
THS derivatives and analysed by g.l.c. on column 3. .The relative
amounts of sugars were determined as described on PG5

b) The hydrolysates were paper éhramatographéd in solvent B, the areas
corrasponding to each sugar cut onm, eluted with‘water, the eluite

“filtered through’Milliporé filter and the amount of sugar present
in each determined by *the phenol gulphuric acid method.

The results of these measurements are presented in Table IIIl.
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TABLE ITI,

0.5 M - 1.0 M
8 ko) average a b - average | 1.0M-5

Galactose 3.50 3.40 3.5 . 1.25 1.0% 1.15 1.3
Xylose 0.42 0.6 . 0.5 0,13 0.16 0.14 -
4-C-methyl-

: Gzlactose .40 .65 0.5 0.1 Q.1 -0 -
Rhamnose 1 1 1.0 | 1 1 1 1.0
Glucuronic acid* 1.1 . c.9 Q.3

¥ calcunlated from the uronic acid content of the polysaccharides, Table IV,

The specific rotations, carbohydrate,protein,sulphate and urcnic acid

o

contents are given in Table IV,

TABLE IV,

Carho~ : Uronic acid
{a]D ~ hydratz  Protein .Sulphate  Carbazole epc.
0.5 M -21.6° 32.4% 20% 6.5% 5. 7% 5.1%
1,04 -6,8° 53.5% 4.7 27% 13,39 10.2%

Investigation of ths 0,5 M Fraction

Methylation and Identification of the Derived Mathylated Sugars.

i

The polysaccharide 0.5 M (15 mg) was subjested to
methylation after the modifisd Hakomori method. Aftsr this methylation
ona spot was oblained upon analysis cf.the methylated polysaccharide
by TLC, solvent G, which indicated a fully msthylated polysaccharide

{Hasmmer, 1970). The methylated polysaccharide was hydrolysed with

formic acid, and the derived hydrolysate subjected to paper chromato-

s
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2.9

Column 1 Column 2 Column 5 Ceorresponding to
#.10 73,61 (2.47)> 2.4 1.80 Galactose 2,4,6-tri-O-methyl {M)
6,20 3.18 ~ (2.47) {2.96) 243 4~tri-0~nethyl (¥)
1.78-(1.65) 1.63 1,53 1.18 2,3,4,6~tetra~O-methyl
- {4.8) 5,17 2,4-di~0~me thyl
- - 3.0 6-O-methyl (7)
- - 6.55 2-0-methyl
- - 8.85 free galactose
1.65 2 1.02 (0.63) 0 8 Rhemnose 3:4-di~0-methyl {(m)
0.50 C.46 0.46 M,wgks»npsaasmﬁsww ()
- (1.01) 1.63 4-Q-methyl
- - 1,03 243~0r 2,4~dixQemathyl
0.58-(0.50) (0.486) 0.64 Lylose 2,3,4~tri~O-methyl
1.35-(1.65 Q.763 C.71 - 3 y4=di-O-methyl
1.42-(1.65)~(1.75)  (0.63)~(0.76) - 2, 3-di~O-methyl (?2)
1.35 (1.01) - - 2,0-methyl
2.37 = 3,02 (2.47)-(4.8) - Glucuronic acid 2,3 ,4-tri-O-methyl.
- (4.8 (2.96) 2,3,~di- O-methyl
T3-0e96-1.17=2,04-2.42 2.25 7.78 Unidentified peaks.

(M) - major i

heaks wwW ures in brackets indicate

incompletely resoclved peaks.
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graphy in solveni B, and the compounds detected with spray 1. Free
galactoss was detected in addition to several compounds with Ré
0.25, 2,29, 0.43, C.52, 0.59, 0.68, 0.80 (major) 0.93, 1.03. The Ry
of Rhamncse is 0.29. |

ne half of the hydrolysate was converted into the

corresponding nethylglycesides and the other half converted into the

and 2
alditol acetaies. Boih were analysed by g.l.c., columns 1 at 175 %
5 o . .
gnd column 5 at 156 °C, The results are presented in Table V.

Investigation of the 1.0 ¥ Fraction

Dasulphation by methanolic-hydrogenchloride {Kantor and Schubert, 1957)

a) Preliminary B Nk, The polysaccharide 1.0 M fraction (25 mg)

{varbohyﬂfafa content 53.5; sulphate 27#1 was shaizen Tor 48 hours at room
temperature with 0,08 M methanclic-hydrogerchloride {5 ml). Undissolved

matariagl was centrifuged of f and washed with methancl and ether.

(=]
¥
,,
U)

ups rné ant was hydrolysed, and paper chromatography revealed
rhamnose as the major compound, The insoluble material (1.0 M - 38)

waa dissolved in water and freezedried (Yield }G mg. Found: carbohydrate
content 73&5' sulphate 6.4; uronic acid 9.35% %)e The loss of carbo-
hydrate by this traatmgnﬁ is caloulated o be 2 mz (i.2. 15%);

©} Large scale desulvhation.. Preczedried polysac§haride (97.5 mg)

was ghaken with 0,08 M methanolic hydrogenchloride, 20 ml, The
iasoluble material (1.0 M-8) was rucevered as previously described.
(Tield 53.3 mg Found: carbohydrat: content 88; sulphate 6.9;

.

nronic acid 10.6)e  The ratic of rlucuronis acid: rhamnose: galactose

in this polysaccharide (1.0 M~8) is given in Table IIL (pe ¥ie )
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Infrared spectra before and after Desulphation of 1.0M Pelysaccharids.

Infrarad spsctra were taken of the two polysaochafides
separately ip a KBp disc, using Unicam SPLO00 Infrared Spectirophotomster.
Pelysaccharide 1.0M gave a breoad band aty 1240 cmﬂ1, another at 850 cm"1
and a weaker at 520 cmﬁi. "The spectrum of 1.0M-3 gave a very small

i . w1

‘ - | . . - . .
band at 1240 cm  and the one at 850 em  had almost disappeared,

Mothylation of the Desulphated Polysaccharide (1.0 M-3).

Tdentification of the darived Methvlated sugars. . -

The methylation and analysis of the derived mefhylated
sugars were carried out as degceribed for the 0.5 M fraction p. 70
The methylated sugars were mainly the s%me,‘hut evidence for the
galactose and 2«C-methylxyleose was not obiained, The proportions
of the methyleted sugars were different from those of the 0.5 M fraction.

9,

Pericdate Oxidation Studiss on the 0.5 M, 1.0 ¥ and 1.0M-8 pclvsaccharides.
<. b3 &

' © . Bach of the polysaccharides were dissolved separately in
0.2 ¥ acetate buffer, pH 3.6. An excess of sodium metasperiodate

(see Tsble VI)} was added to all three solutions, and the reaction

was carriéed out in the dark at room temperature. The reduction
- . . - !
of periodate was measured at intervals. An aliquot (0.1 ml) of each

golution was removed and diluted to 100 ml with deionised water
vefore reading the optical density at 223 nm agaiﬁst a waterblani
(Aspinall and Ferrier, 1557}, The amount of pericdate reduced
was found from a calibration graph obtained by reading tpe optical

densities of identical dilutions of eguimolar sclutions of sodium



metalperiodate and sodium iodate respectively.

amcunts of sodium meta - psriodate
were identical to those
polysaccharides.

The reactions were
of an excess of ethylenaglycol (1.0 ml).

for two hours. After dialysis, the polyalde

The respactive
and sodium jodate for these graphs .

asod for the pericdats oxidation of the

stopped after 24 hours by the addition
This was allowed to stand

ydes were reduced to

the respective polyalechols by addition of potassium borohydride

(20 mg).
adjusting the pH

were dialysed over-night,

wora frsezasdried and redissolved in 10,00 ml water, the carbohydrate -

contents of the polyalc

by

carbokydrate, the theoretiw{reduction of pericdate per

was caloulated (i.e. if 1 mole 104~ wasg
unit {Table VI}. The polyalcchols

TARLE VI

After 10 hours, excess borohydride was destroyed by
to 7.0 by addition of acetic acid, and the solutiuns

After concentration, the polyalcchols

chols 'were measured, and bhased on the loss of
Céuanhyiro unit
reduced per cleaved C anhy rdro

were [reezedried agaln.

0.5 M 1.0 ¥ 1.0 M-8
Starting uw‘er¢al ) Te4 mg 16.4 mg 16.7 mg
wt. carbohydrate ) (0,046 mi) (0.1 mM) (0.1 mM)
Nall,K6 acdded 21l.4 ng 3.5 ng 53,5 mg
4 {0.1 m) (0.25 ml) (0.25 nit}
Buffer, wolume 25 ml 25 ml 25 ml
Fecovered carbohydrate 5.1 mg 2 mg 11 mg
Theoretic reduction of 104“ 0.30 104/0, 0.27 1 'n/Ce 0.34 1 Z""’é
Bxperimentally found reducticn 0.25 7 .52 " “0.52 ¢
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Analyegis of ths polvalceohols from the three polyalcohols.

L

" a) Polvalconel 0.5 M. This was hydrolyzed and examined by thin

layer chromatography (TLG) as for the other two polyalcohols (p.76 )

In this case glycercl was the major fragment followed by threitel

and a little glycolaldehyde. No propylensglycol could be detected,

The ratic of uncleaved neutral sugars in the hydrolysate determined
~mathod

by g.l.c.{a} and the phenolsulphuric aci&((b)'(p. 69 ) are given

below (Table VII).
TABRLE VIT

Before owidation After oxidation
* a b average a b average
Galactose 3.50 3,40 3,50 6.0 5¢65 5.4
Xylose 0.5 C.6 0.5 0.582 0.8 0.9
4~Q—methylgaléot* . _
o5e 0.6 05 0.5 0.95 0,8 0.9
fhamnoge 1.0 1.0 1.0 1.0 1.0 1.0

b) Polyaloohols 1.0 M and 1.0 M-S

Complete hvdrolysis. An aligueot of sach polyalecohol was subjected

to formic acid hydrol&sis, aod the resultant hydrolysate was analysed
by paper chromatography in eolvents 4,C and D, No glucuronic acid or
xylose could be detected. The main sugar left in bath polyalcohols
was galactose, with smaller amounis of rhamnose.  The molar ratic

between galactcse and rhamnose was determined by g.l.c. and by the
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uric acid method {p. 69, ) {Table VIIT).

Bhamnose ¢ Galactogae

Polyaloohol from 1.0 M 1 : 1.5
Folyalcohol from 1.0 #-8 1 : 2.0

Gelocs analysis of the THMS derivatives of the reduced

. ) o . - . 4
hydrolyssates on column 3 at 164 °C revealed small peaks with retention

times relative 1o xylitel 1.0 of C.71; 0.90; 0.97; 1.15; 1.98 in

addition to the largs peaks T = 1.45 and 2.85, given by rhamnitol
Y
and galactitol respectively. The peak 0.97 ie probably due to

£ylitcl and that of 1.98 %o 4-O-methylgalactitol. Analysis at 155°C
gave two agditional peaks with T = 0.47 and 0.6%. The former cprrssponded
to that gzven by authentic threitol.
Thin layer ehromatography of the hydrelysate, solvent T,
spray 1, revealed the presence of a teiritol, glycercl and propylene~
glyeol as the major alcchols. Glycolaldehyde did not appear 1o be
pfesené in as lérga amounte as the alcchols, bhut some might have
been lost on evaporation.

¥ild acid hydrolysis Pu'"alcobol 1.0 ¥-8 (5 mg) was dissclved in

1wl 1 N H.80, and allowed to stand at room temperature for PlVe

2774

hours. After neutralisation with barium carbomate, the filirate

was evaporated to a small volumes. Upon addition of ethanol, no

apparent precipitate was formed, indicating that the polysaccharide
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had been extensively cleaved. Paper chromatography solvents A
and B, showed the presence of threitel and glycerol in addition
to small amounts of slower moving fragmentg. No free sugar could

he detected.

Partial acid hydrolysis. The polysaccharide 1.0 M (200 mg) was

hydrolysed as previously {p. 62 ) and fraction 3, containing the
oligouronic acids was eluted from the electroﬁhoretogram. _ Paper
chrematography (sclvent 4) gave three spots (3a, 3b and 3c¢) which
were sgeparated andﬂﬁurified. The yields, optical rotations,
chromatographic and electrophoretic mdﬁilities and constituent
gugarg of each of thess fractions are givan in Table IX,

Degrea of polymerisation (Timell, 19601,

Smali measured aliquots of 3a, 3k, and 3c wersg dissolved
in water and subjected to this procedure.
fraotioﬁ 3a. From its chromatographic mobilities it was toought
to be a trisaccharide, consisting of either {a) GlcUA ~Gal-Gal
or (v} G aﬁémGlcUauaal; Staﬁ&ar& phenol~sulphuric acid graphs
were made of tha following synthetic mixtures l)h GléUAsﬁél - 1:2,
2) 3=EA-GloUi-Galel: 1 3) GlcUA. 3Gal- 1:1,

If {a}) represents the structure then the aliquot contained
41 mg of carbohydrate and it was calcoulated that the derivad alcchol
shouilld correspond to 27.2 mz of glucuronic acid and galactiope.

I+ was found expsrimentally to be equal to 26 mg. If {b) represents



TARLE TX.

Fraction Yield m@uu Paper chromatographic Blectrophoretic Sugar constituents
: mobilities mohilities .
Solv.A« © Solv, G, Borate tuffer
mmwo mmwom» ﬁmwe . EWHOGP
- 3a 6 mg | +2.3°(C=0.3){ 0.38 0.77 . | 0.89 0.75 Glucuromic acid
& Gtalaciose
3b 8 mg | +6.0°(C=0.4) ©.75 1.13 0,95 6,75 Glucuronié acid
alactose
3o 8 mg | + 27(C=0.4) | 0.89 1.39 - . 0.57 Glucurenmic acid

Rhsnnose




the structure the alicuot contained 56 mg, whose corrésponding
dinronic acid alcohol ghould contain 38.9 mg of uronic acid.
Experimentaily the value obtained was 39 sag. When calculated on
the basig of aldcbriuronic acid, the theoretical and experimental
values were very.different.

Fraction 3b.  This oligosaccharide could be either on aldotriuronic
acid as in 3a or an aldobiuronic acid., 3b cannot be triurunié acid
(a) as the calculated and experimental found carbohydrate content
for the derived sldotriuronic acid alcohol weré very different.
Considsring trisaccharids (b) the aliquot is eqguivalent to 37 mg
which theoretically coniained 25,3 g diuronic acid. The ekperimentm'
ally found value is 21 &g. If 3b is an aldcobiuronic acid, the
amount preﬁént in the sample corresponds to 344mg and this containe
theoraticaily 17.7 pgg glucuronic acids Tha experimentally found
amount is 20 fgg.

Praction 3c. This oligeosaccharide had the chromatographic mobility

ok

of an aldobiurcnic acid. If this is so, then the amount present in
the unreduced aliguot is equivalent to 79 mge. This should theoretically
contain 43 mg of glucuronic acid. The experimentally found value

is 45 nge.

Structural studies of the oligourdnic acids.

'

Chromatographic analvsis. The oligosaccharides were tested for

the pfasence of (1 4+ 2) linkages by staining with the triphenyltetra~



80

zolium reagent (Feingéld et al, 1956) No colour was developed
for 3c, indicating a (1 4 2) linkage between the two sugar units.
Both Ja and 3b gave pink colours with this reagent.

When development with #iphenylamine~aniline reagent
(Harris and MacWilliams, 1954) 3a produced a bluish spot which
could indicate (1 » 4) linkage between the two sugars nearest
the reducing end. The other itwe oligosaccharides gave bréwn and
yellow colours respectively,

Beductien of the acidic moiety.

The thiee oligouronic acids (3a,3b and 3c) were converted
into their respective methylesters - methylglycosides (Bollenback,
1963) followed oy reducticn of the acid to the corresponding sugar
with potassium borohydride. An aligquot of each was hydrolysgd and
.analysed by paper chromatography in solvent D and the sugars present
located with spray l. 3a and 3b gave glucose and galactiose while 3e
gave glucose and rhamnope. ‘

Methylation. . An aiiquot of the derived neutral oligosaccharides

was each subjected to three Purdie methylations. The oligosaccharides

were dissolved in a small amount of methanol for the first methylationa
N .

After the third methylation, TLC was run of the derived product, solvent

G One spot occurred for each methylated oligpsaccharide Rf-0.47;

0.75 and 0.65 respectively., After hydrolysis the mixtures were

subjectéd to paper chromatography in solvents B and B (p. 27 ).

’



la gave three spots, 3L and 3¢

o
Py

gave two spots.

The methylglycosides of the hydrolysed, metihylated oligo-

saccharides were prépared and

2 {(Table ).

Retention times of
peaks chtained

analysed by g8+l.c. on columns 71 and

TABLE X,

Corresponding to

Col.1 Cols2 -
3a 1.00 = 1,36 1.00 - 1,34 methyl 2,3,4,Smtatra~2wmethylgluoosidas
1.65 - 1.82 1,52 - 1.61 methyl 2,3,4,6~tetra-O-methylgalacto-

2000-2.5-3045~3. T4 1.77~2.01~

-4.14

sides

Unidentified pesks

b 1,00 -

’- =
x

o
o)
et
¥

@

) ~ 1,33 methyl 2,3,4,6-tetra-O-methylglucosides

1.65 - 1,82 1,51 - 1.61 methyl 2,3,@,S—tetrafg—methylg*lacto—
sides
5.3 Unidentifisd pesk
3¢ 1,00 - 1,36 1.00 - 1.34 meihyl 2,3,4,6~tetra~-0-methylglucosides
T G5 ’ methyl 3,4~di~0-methylSrhamnosides
.36 2.02 Unidentified peaks .

* ha g,l,c. was unfertunately stopped scon after this peak came off.

The results obiained for 3a and 3b iadicated that

hydrolysis had occurred during reduction and mathylation of these,

as both teira-O-methylglucose

4aa

and tetra~O-methylgalactose were obiained.:

e product after reduction of 3a was checked by paper chromatography

and this revealed two spots, which indicate that a hydrolysis takes



place during this reaction.

Methylation after the method of Bishop andAPerila (1 61). Casl mg

la was suspended in 0.2 ml redistilled dimethylformamide, cooled

to 070 before addition of 0.2 ml methyl iodide and 0.2 g silver
oxidz, fThis was shaken at 0°C for 2-3 hr followed by 1820 hr at
room Lemperature. After Tiltration and washing with echleroform,

the combined filtrations and wasbings were svaporated under réduced
pressurs, hydrolysed and converted into the methylglycoéi&es.

Cae l'mg b was treated the samse ways. -The resuliﬁ obtained by Z.l.c.

analysis, cols? and 2 are given in Table XI.

TARLE XI,
Retention times of :

peaks obtained Corresponding to

Cioled Cols2
1.75 ~ 1.90 1.50 -~ 1.62 methyl 2,3,4,6-tetra~0-mathylgalacto-

. ' sides
3a : methyl ester
2,32 -~ 3.00 ) 1.79 = 2,20  methyl 2,3,4,~tri-0O-glucuronogides
}.4,6“‘3'86“%2015" 0074"’2’10"‘ '
4.40 : 2.44 Unidentifised pesks

1,67 - 1.82" 1.49 - 1,60 methyl 2,3,4,6-tetra~C-methylgalacto~

sides

s
c’

- methyl ester
2.6 ~ 2.86 1.75 = 2.20  methyl 2,3,4~tri-O~glucurcnosides.
Q

3.96 - 4.17 2,40 ~ 4.7 Unidentified peaks
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Neuilral oligosacchariden
The neuvtral fraction obiainac
showed ths presence of o gOaaPCh¢T11’
in zolvent & (R . = 0.29(4) and G.5
Yeal
<
separation of these two areas, and analysis in sclvenis B and D,
{4) gave one spot (Rgal 0,23 and 0.17 respectively), and gave
rise to three compounds: B, (R ~ C.18 &and 012}, B, (R -0
pe 1 ( zal: b )1 2 ( gal 39
- . \ Ny
nd 0,43} and B, (major; (R 1~ 0«57 and 0.613%*
S ga
They each gave & red colouy on & paper chromatogram when
sprayed with triphenyltetrazoliuvm hydroxide {(Feingold et al, 1956}
indicating the asbsence of {1 = 2} linkagss. . When trzated with
diphenylamins-aniline~reagent (Harris and Mackilliam , 1;54) BE

the only one which pgave blue

Was

Linkage,

sontain (_1 -+ 4 '}

The four neuiral elig

purified by prepvarative paper ch

degree of polymerisation was mea

and gave the following resulis:

Formic acid hvurﬂlytls

saccharides showed on paper chro

A -~ Qalactoss, traces

e, traces

By Ga’acbu

B2° Galactose, traces

B.~ Galactose, traces
3

Mo et ,
No further avi

goloury indicating that this wmight

obtained.

caccharidss arated and

a

=

romatography in sclvent Be Th

sured by the method of Timell

B B
2 3

four oligo-

A b ‘grrfO’ B,I”" 108, - 2‘0, - 2|O4~:

the

oi aligquots of
matography the following constituents:

of xylose

of xylose
of xylose and 4»0»mmthy1g@1dobobe.

* ( £y 1 Emliniced éalaotonzﬁsc, R

* (ef

o 1,3-linked galactobicse,

,=0+39 and 0.43)
.57 and 0.61)

v,

R

f.‘

gal
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Freparation of the 20idic polysaccharida.

&s mentionsd on p 37 , Zetsche {1967) found different
propovtiens of sugars in bydrolysates of stalks and caps, and dus

thig finding, the water solubl

&
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et
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were extracted rom the caps and stalks separately. The
extractions were carried eut with cold and hoi water, and the
sulphated polysaccharides were separated from the neutral fructan
on a DEAE-cellulase column {p. 55  J. )

The four polysaccharides fthus cbiained, had a somewhatl

different nu"*tﬁva gpecific rotation,; and they contained different
D6l
vroportions of sulphate and uronic acid. {Table L&. Acidic
also

polyaaccharidg was obtaina u/b/ initial extractions of the aleohol
extracted caps with hot watsr (p. 40 ) and this wes separatad into
two fraciions hy comnsecutive elution cf the DEAE cellulose column
with 0.5 M ¥C0! and 1.0 M KC1, The two fracﬁisns‘agﬁnihad different

nd urcnic acid contents

.

T specific rotatio sulphat d
negative ifi ctationg lphate and
(Table IV, p. 70 ) from the above four polysaccharides.

Neverthelessz all six fractions contain the same sugars

namely: De-glucuronic acid;~Dwgalactose,; D-xylose, 4~O-methylgalactose

and Lerhamnose. The glucuronic acid was identified bj having the
same chromatographic and electirophoretic mobilities as an authentic

Al
sample. When reduced to the ceorresponding sugsar, glucose was

e L . o ) .
chtained, which was confirmed by glucose oxidase spray.



The galactose ﬁreseﬁt ig kelieved to be D-galastose
as the optical rotation was +55
amount of galactose present in the sample was measursd by
the phenolsWphuric acid method, and oﬁe must allow for some

4

3 - - - ™
experimental errcr in the measuremsnts.  If La} +58% were the

exact valus for the galactose, this could be a mixture of D~ and

ly
L]
i
[
ha
o
S
o
O
w
&
t“'
t"'
4]
5
iy
ot
=
5
(o]
oy
a9
at
Py
3%
o
o
Q
@
@
¥
™~
=]
[
pes]
|
{
-1
o

celculated that the Degalactose in a sample of this specific
rotation would ascount for S6% of the mixture. Due to ithe
high propurtion salculated, and the fact that the 2,4-dinitro-

b}

considered that the

w

H
r{s

phenyidrazone was sasily formed, it i
galactose presenZt is only of the D-configuration, and the lower

specific rotation obiained iz due to experimental error.

Iis identity was confirmed by demsthylation which gave galactose,

and its paper chromatmg:aphic mobilities and retention itimes by
gs1lsce which were laentl“&l to those of a prepared standcard sampls
of dugnmathylgalactose.

The xylose was identified by its mobllity onm paper and
r.l.c. chromatography aund alsce by reduction to xylitol and
enalysis on g.l.c. ’

mehgm ncee wag characterised in the same way and also

by the formation of the crystalline 2,{~dinitrophenylhydrazone,



Analytical gel electrophorssis of the unfractionated hoi water

extract from the caps (p. 66 ) asecrarated a major slow moving
B

sand of sulphated polysacchiride and a small band of fast moving

nmaterial which appeared to comprise sulphated polysaccharide

and protein, it is puseible that this ig a sulphated glycoprotein

'

but the gquantity is certainly very small. An altempt to

Yrazctionate the itwo materials by preparsiive gel electrophoresis

53

was unsuccessful. The gulphated material appeared to react with
the polyacr,

pplied te the column, It was only sfter extrusion of the gsl

o

and exiraciion with water that any carbohydrate could be recovered

and even after dialysis fthisz was contaminsted with polyacrylamide.

Analysis for nitrogen on the hot wéter extract (7.7%
protein), 0.5 M {20% protein) and 1.0 ¥ (proiein 4.8%) showed that
post of the protein was concantrated in the 0.5 M fraction,
confirming the presence of protein by the gel electrophoresris
regults, and also explains the low carbohydrate conternt of ihe

0.5 M fraction {Tabls IV p. 70 3,

Belative molecular proportion of the sugars in the various

¢

axtracts and Tractions, These ware determined by g.l.o.

as the TMS derivatives of the derived alcohcls by measuring the

Y

)

peak areas and conversion inte weights by reference to standard



e
1

graphs {(see Tabls II, p. %6 ;and Table III ¢ 70 ). In

t the accuracy of this technique tha two fractions

order to tas

4')

0.5 M and i.O ¥, were also analysed by eluting from papef '
ahr@matuérams the aress corresponding to the sugars present in
the respective hydrolysates and determining the amount present
with phanol sulphuric acid, The two seis of results are given
in Table III and it can be seen that they are in reascnable
agreement,

The proporiions of glucurcnic acid wezs obtained by -
calculation from the percentage of uronic acid found by the
modified carhozole method or cpc method, and the total carbohy-

L .

drate countent of the polysaccharides.

large

[6:]

It can be seen (Tables IT and III) that thers ar
variaﬁicuﬂ in the molar proportions of the sugars present in the
different sxtracis, particularly in the éroporticns of galactone
to rhamnose which varies from 5:1 in the cold exiract of sialks
to Just cover 1:l in the 1.0 M fraction from the hot walter.extract
of thc CAPE . Apart frem the 0.5 M fraction the ratio of
glucuronic acid to rhamnose is in the region cf 1:2.- The'xylob:
although on the whole a mihor constituent, is présent in greater
proportion than the glucuronic acid in the hot sxiract of stalks.

In the 1.0 W fraction of the caps,; the material obtained in largesi

amount and therefore investigated most fully, the xyloss is only



present to ihe extent of

The A-~U~ucthyl galactose

appsars %o be pregent in

extract from th

Desulphaiion

to carhohydrate on ire

&
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hydroxyl groul, i.€. whe

o ey " sulyhate.

Freliminary experiments with

/

{ Y Zs) .
chloride {(p. 72 affe
6.4% with a logg of ocnly
desulphation of this w

2~ d Lot %
He9% with a 10% loss

-
on

[se

1.4 partsin 24 parts of total su

ig also a wr congtituent and

mir

largest proportions in the hot water

was no reduction in sgulphate relative

I
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2

f the cold water extr ) drkth
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act (

o not

o

e R

TG 5 GeeE

¥

0,08 M methanolic hydrogsn

cted reduction of sulphate from 27% ic
15% nf carbohydrate. rgs scale

reduction of sulphste io

Analysis of ihe molar

croporticn of the sugars in the desulphated materials (Table III)
showad a small reduction in the rooortlnn of rhamnose. Only
trace qguantities of xyloze and 4-O-methylgalactose could be
detectad.

Infra red examinativ of the 1.0 M fraéction before aznd

after desulpihation confir

o
1240 om

1z

characterisiic

giked band st 850 om

med these findings. A large band at

for &=0 gtretohing vibration and a moderats

charscterigtic of axial salphate was



sy
A

present in the initial material, the former had been very much
redused, and the latter had virtually disappearsd in the partially
- o -1 .
degulphatsd material, A small band al 5Z0 om indicative cf
a sulphated pl; ary hydroxyl group (Lloyd ef al, 1931; Lloyd and
Dodggon,1961; apparently remained unchanged afier desulphaiion.
From thess results 1t may be deduced that a large

ur e axial hydroxyl groups,

iege Cmd of galactose and/or (-2 of Lerhamnose (in IC conformation,)
and that a smaller proporiicn resisfant to hydrelysis with sethanclic
bydrogerishloride, are located con Cw-f of galactose units, It

ghould be pointed out that the sulphate countent (27%) of the 1.0 M

fraction is teo high to be

of a small proportion of (1 -+ 3 }

also indicated.

Pericdste cxidation (p. 73 ) The three volysaccharides 0.5 M,

and 1.0¥-3 were ezch subjected to pericdate oxi

D.
i
-
[y
Q
:3

1.0

I::

The reduciion of paricdate for the 0.5

syuivalent to 0.25 moli per Com ar hydro unit {Table VI, p. 74 ).

The celculated value, from less of carbohydrate, (2.3 mg) by this
reaction was 0.30 mol 10, per Cgmankydro unit, This was based
4 A :

on the reduction of 1 mol 10, per sugar unit degraded, and as the

4
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caloulated and experimentally found veluss are in fairly good

6]

agreement, 1% is likely that megt of the sugar units cleaved,

are sualphated end groups or interch&in.residues which cnly reduce
ons mole periodate per unit of éugar.

The reduction of periodats for the 1.0 M and 1.0 M-S
materials (Table VI) was each equivalent‘to,0052 mel per C}»
ardiydro unit. The calcoulated vaiues, based on loag of carboe
hydrate by the oxidation, if 1 mol 10; was reduced per’ cleavsad
sagar wnit wag found to be 0.27 and 0u34 mcl IOE per Céwanhydro

unit respectivaely. These values do not zgree with thoze

experimentally found, which then indicate that a considsratis

[1%]

mol 10, each,

4

have been

proportion of the sugar units oxidised reduced
thug indicating that many of The sugar units cleaver
end units,or 1,6~linked §iaatose‘residues.

It was surprising that the eame amount of periodate was
reduced by lhese two materials. This can only he explained if
the hydroxyl groups which carry a sulphaie ester in the initial
pélyﬁaacharide; labile tc mathanolic hydrogen chloride, are not
adjacent t¢ a fres hydroxyl group. The loss of rheuucse,
probably as end Broups during the desulphation, has produred a
new end éroup vulnerable to periocdate oxidatiocn to the same extent

' t
as the initial rhamnose.

Analysis of the two polyalcohaels show that the ratio of
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rhamnose to galactose (p. 74 3 is smaller in both polyalochols than .
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in the starting materia

praferentially to gslactoss in both samples, Xylose and glucuronic

acid. bcthlappeared {0 have been completely clesaved by the cxidation.
Paper, thinlayer and gas liguid ghromatography analysis

of the fragments obtained on hydrolysis of the polyalcohols indicated

the preegence of threitol, glycerol, propylensglycol and glycﬁxalweh\ae

in all three polyalcohnols s .uepu that propyleneglycol could not be

the 0.5 M fraction. Threitol could be derived from

vee or end group galactoge-d-sulphated
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{Fige 4b. j« Glyocercl is derived from end group galactose and/or
1,4-linked xylese {Fig.4a,d ). Propyleneglycol can be derived from

1,2-linked rhamnose (Pig.4¢ } and glycchldehyde is derived from

the raducing end of the cleaved units, excapt from 1,2-linked

veercse {Fig. 4c ). 'This LPtCT*“ﬁmuely

o

rhatneae which gives gl

has the sams chromatographnic mobility as glycerol and would

.

therefore ba maskeda
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Prom theze Etudrda it can be deduced that ithe gal*ctcee
ig mainly 1,3~linked and sulph ated at C~4 and tha’t gome of the
units may be end gyoxgg paW?lally sulp“ated at C=4, That a
prgportion,of‘raamncse i either i,4~0rfl;&»1iﬂked and that
z@rt is probabtly triply linked.  Had it peen 1,4~lirked wit!

sulphaxe on C=2, then thezs units wouid have been vulnsrable

in the desulphated material. It ghould be emphasized héwevar,
that thare exﬁerzmamts wers carrisd out on emall gusntities of
ﬁmaté ial and the presence of a amall pavrcentage -of tﬁis siructural

unit oould well have encapad detection, Since the glucuronic

©
<
oS
b
TJ

z,

-

and xyloee wers completaly cleaved in the two 1.0 M materi&is,
jbf? must.be pyggeﬁt a8 enid groups orfl;d~}iﬁkad units. The fact
that the 0.5 ¥ fraction conizins a rx*h»r proportion of gluéursnic
acld and yyleoce can possibly szplain why all the XV1Q ge is nol
cieaﬁéd én pericdate oxidation. ‘Studies by faimiér and Larsan {‘0*0)
wave shown ihat polysaccharides conteining these sngers are very
izble to form ascetal linksgas betwsen cleaved and nwn—clgawad
units (Figs 5 &Aand complets oxidation of potentially valnerabls

- s

ﬁits is himndered.

-
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HO OOH
HO H 0 0
HO HO Q—
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OHCQ?_OH/O
\I' o

HO
H.OH

Fig s

It is interesting that the 1,0 M and the 0.5 M fractions
give vepry similar results on periodate oxidation and it can only
be aséﬁded that they have a veny‘similar macrdwmolecular structure.
These interpretations of the ?esults of periodate
oxidation must be viewed with a cértain amount of caution since the
quantities involved did not permit complete characterisation of all
the fragments, particularly the slower moving, non-reducing fragments

obtained from the mild acid hydrolysis of the polyalcohols.,

Methylation studies (p. 73 ) Methylation of the 1.0 M
fraction was attempted, but due to the high sulphate content
complete methylation proved impossible. However, after partial

ldesulphation, permethylation was achieved. The methylated product
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after hydrolysis was analysed on g.l.c. as the methylglycosides
and as the methylated alditol acetates. Methyl 2,3,4,6-tetra-a-3
'~2,4,6 tri-0-(major), 2,3,4, tri-0- and 2,4~di-O-methylTgalactosides
were indicated. Confirmation of these derivatives was obtained
as the alditol acetates in addition to 2~ and 6-mono-O-methylgalactose
alditol acetates., From this it can be éoncluded that galactose is
mainly 1,3-linked with a smaller proportion of end-group and 1,6-linked
galactose. The 2,4;difg—methylga1actose is probably derived from
1,3-linked é~sulphated units and the mono-methyl derivatives from
sulphated galactose occurring at branch points. No hexaacetyl
galactitol could be detected proving the absence of free galactose
in the methylated polysaccharide.

The main methylated rhamnose derivétiva was 3y4-di=-0~
methylrhamnose, but a considerable amount of tri-O-methylrhamnose
was also present. Evidence for a monc-methylrhamnose, mosi
probably 4-O-methylrhamnose was'also obtained. Rhamnose is therefore
present mainly as ond groups and 1,2~1fnked or 2 sulphated units.
Di—gfmethyl rh;mnose derivatives are difficult to characterise and
the presence of 2,4~di-O-methylrhamnose (i.e. 1,3-linked units)
is not ruled out from these resultis. |

End group glucuronic acid and xylose’Were found to be
present, and evidence for either 2,3 or'3,4 di-0-methylxylose

(i.e. 1,4- or 1,2-linked xylose units) was obtained.
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The most surprising fact that emerges from these
methylation studies is the high proportion of end group units,
indicating é large number of single unit branches.

Methylation of polysaccharide 6.5 M gave thé same
overall picture as for the methylated &esulphated polysaccharide,
1.0 M-S, The main difference is that this methylated polysacc—
haride contained free galactose and a relatively greater amount
of mono=~ and di-O-methylgalactose, indicating sulphate on these
units, The amount of di-O-methylxylose seemed also to be
greater.

There is a general agreement between the results obtained
by periodate and methylation studies, but no evidence for 2,3,6~tri-
O-methylgalactose (arisen from end group galactose-4—sulphate) was
obtained, but the presence of emall amounts of this methylated sugér

would be masked by other compounds present.

Acidic oligosaccharides Partial acid hydrolysis of the cold water
exfract of the caps, polysaccharide CC, gave rise to three, acidic
oligosaccharides (p. 77 ). One of them, 3¢, was identified as.
2-0-B~D-glucuronosyl~L-rhamnose. The uronic acid was identified

as glucururcnic acid by ifs chromatographic and ionophoretic
mobilities, and as glucose after reduction. When a paperichromatogram

of the aldobiuronic acid was sprayed with the triphenyltetrazolium

reagent, no colour developed, indicating a (1 - 2 ) linked disaccharide.
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Methylation and hydrolysis of the reduced oligosaccharide gave
rise to 2,3,4,6 tetra-grmethylglucose and 3,4-di~O-methylrhamnose.
These results together with a negative rotation, and a DP of 2,

indicated the ahove mentioned structure for this aldobiuvronic acid

(Fig.5).

Hs H.0H

OH

OligOSaochagides Ja and 3b both have low specific
rotation end give glucuronic acid and galactoée on hydrolysis.
From its chromatographic mobilities and DP determination, 3a
appears to be a trisaccharide and its most probable structure
is glucuronosylgalactosylgalaotosé. It was methylated hoth
before and after reduction (p;80,82) and»gave on hydrclysis the
two'methylated p;oducts 2,3 4~tri-O~methylglucuronic acid and
243,4,6-tetra~0-methylglucose respectively, indicating that

the glucuronic acid residue occupies the non-reducing end.

However in each case tetraggymethylgalactOSS was also obtained

L)
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Four neutral oligcsaccharides/gfff;ved from their.
chromatographic mobilities to te three disaccharides and one
trisaccharide. Unfortunately on hydrolysis each proved to be
a mixture consisting mainly of gélactose with traces of xylose,
rhamnose and AFQrmethylgalactose. All indicated the absence of
(1 92 ) linkage and one the presence of (1 34 ) linkage (p. 83 ).

mainly
Disaccharides B2 and B3 are tentatively identified as/galactosyl
(1 9 6) galactose and galactosyl (1 —3) galactose respeoiively,
due to the same chromatographic mobilities as authentié sample.
.This shows the presence of mutually linked galactose units in
the macromolecule.
Summary

The present studies on the green alga Acetabularia

mediterranea show that it metabolises a whole family of sulphated

uronid acid containing polysaccharides. Depending on‘the method
of éxtraction of the aiga and the fraétionation prooedufe, poly~
saccharides with different content of sulphate, glucurdnic acid,
gglaﬁtose, xylose, 4-O-methylgalactose and rhamnose are obtained.
Methylation and periodate oxidation show however that they are all
~built up on the same general plan and can be regarded as a family
of relaied polysaccharides. This type of polysaccharide has not
been found before in Nature, and the most suitable name would te

sulphated glucuronoxylosrhamnogalactans.
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The main features of these polysaccharides are
(14 3) liﬂked galactose units sulphated mainly on {=4 and to
a lesser extent on C-6. Rhamnose is mainly (1 »2) linked or
possibly sulphated, and xylose, glucuronic acid, galactese and
rhamnose are all present as end groups. Due to the evidence
for a relatively high proportion of end groups found by methylation
studies, the polysaccharide is thought to be highly branched with
very short branches.

Glucuronic acid is linked both to galactose and rhamnose
units, and evidence for mutually linked galactiose units was

obtained from partial hydrolysis studies.
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THE MANNAN
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Introduction..

Pure mannans are not found widely distributed in
nature. The only ones among higher plants which have been
studied,come from ivory nuts (Phytelphas macrocarpa)

.(Aspinall et al 1953 ; 1958) and from coffee beans (Wolfrom
et al, 1961). They are all highly insoluble and consist mainly
of {1 » 4) linkednhannopyranose residues. |

Among the algae, mannan has been shown to be preéent
in the cellwall of certain Rhodophyceae and Chlorophyce;e.

The mannan from Porphyra, wrbilicalis is the only one

which has been chemically studied of those from the red algae
(Jones 1950). This mannan was subjected to methylation and
periodats oiidation studies, The results together with a
negative rotation ([a}D= -41° in formic acid), indicated a

B-(1 9 4).lirked mannan with an average chainlength of 12-13 D=
mannose residues, This mannan had the same insolubilit& as
was found for the ivory nut mannan. Miwa and Iriki (1960) did
a survey of the nature’of the cellwall of various green aléae,

and found that the cellwalls of Codium, Acetabulsria and Halico;yne

consisted of mannan. On the basis of periodate oxidation and
negative rotation, they tentatively concluded that the cellwall
of these algae consisted of A{1 -+ 4) linked mannose units.

The cellwall of Codium fragile has been extensively

studied by Love and Percival (1969). The polysaccharide was
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extracted with 20% sodium hydroxide and purified by precipitation
as its copper complex.' After decomposition of this complex, the
polysaccharide, [a]D= -41°, contained 95% mannose and 5% glucose.
‘Enzymic hyérolysis of this polysaccharide yielded an homologous
series of p{1 5 4) linked mannose oligosaccharides and a trace
quantity of a disaccharide which on hydrolysis gave mannose and
glucose, This was tentativély identified as mannose (1 2 4)
glucose. Periodate uptake was 0.87 mol/bs-unit, and the polyalco-
hol still showed traces of mannose on paper chromatography after
hydrolysis of an éliquot. Methylation studies showed the presence
of 2,3,6~tri~0-methyl mannose, 2,3,4,6 tetra-O-methyl mannose

and a mixture of two di-O-methyl sugars. Since no chemical

studies of the mannan from Acetabularia have been reported other

than those mentioned above by Miwa and Iriki (1960), it was
decided to study this mannan in more detail.

Isclation of the Mannan. The residual weed .

(originally 31.4 g caps and 11.6 g stalks) after exhaustive hot

water extraction and 4% sodium hydroxide extraction (see p. 40 )}

was extracted with 100 ml and 50 ml 20% sodium hydroxide
respectively at 70°C for 9 hours under nitrogen atmosphere with
-continuous mechanical stirring. The.extraction mixtures were
centrifgged, and after cooling, the supernatants were filiered
through giasqwool. Fehling's solution was thgn added to precipitate

the mannans as their copper complex. After complete precipitation
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had occurred, the precipitated polysaccharides were filtered
off and washed thoroughly with water. The precipitates had
a blue colour. After washing, 100 ml 1% hydrochloric acid

. in ethanol was added on to each filter.to break the complexes
and the precipitates changed colour to white, Thege white
residual precipitates were washed on the filters with ethanol,

acetone and ether and left to dry.

Stalk Cap.
Weight of mannan 194 mg 341 mg
[a]D -37°(c=0.19 -38.1%e=0:25
in 90% H.COOH) in 90% H.COOH)

Jdentification of the sugars present. An aliquot

of each of the two mannans wagk hydrolysed separately with formic
acid. The derived hydrolysates were analyéed by paper chromato-
éraphy and by g.l.c. Paper chromatography in solvents A and D
showed mainly mannose with a faint trace of glucose. The

latter was confirmed by glucosddxidase. G.l.c. analysis of

the irimethylsilylated hydrolysates gave on column 3, both for
the caps and tké stalks, two peaks only at T 1.70 and 2.90
identical with the retention times of the peaks of authentic mannose.
An aliquot of the hydrdlysates was reduced, and then converted to
the trimethylsilylethers before analysis by g.l.c. Both caps

and stalks then'gave one peak only, T = 2.45 identical to the

retention time of the peak from authentic mannitol.
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A hydrolysate.of mannan, 10 mg, was subjected to
preparative paper chromatography in solvent A. The mannose
fraction wag eluted off the paper with water filtered through
Millipore-filter and evaporated to dryness. The mannose had
[a]D = +17.5°(C = 0.04 in water). The derived phenylhydrazone
had mp. and mixed mp.199-200°C (Bourquelot and Herissey, 1899).
fhe mannan from the caps and from the stalks 41.9 mg and 39.6 mg
respectively, were each dissolved in 10.00 ml 90% formic Qcid.
An aliquot of each solution was withdrawn for estimatioﬁ of the
carbohydrate content, which was found to be 93.1% and 102%
respectively.

Methylation of the mannan. It proved difficult to

. : -Ej@m
methylate the mannan completely by the method of Gsaézzﬁ-and
Lindberg,(1969), but the procedure devised by Unrau and Choy (1970)
of-Hawbrth-methylation,followed by Hakomori's,proved successful.

Haworth methylation. 100 mg polysaccharide was

dissolved in 20 ml 30% sodium hydroxide by stirring and.slight
heating in an atmosph;re of nitrogen. . The mixture was cSoled
to 0°C in an icebath and 80 ml 30% sodium hydroxide and 30 ml
dimethylsulphate was added dropwise over a period of 6 hours.

The reaction was carried out at 0°C and with continuous stirring.
This was followed by stirring at room temperature oﬁernight. The

pH of the reaction mixture was adjusted to 8 by dropwise addition
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of 8 N-H2804. The partially methylated polysaccharide was then
extracted with chloroform and the solution taken to dryness.
The partially methylated polysaccharide was.then dissolved in

5 ml dimethylsulphoxide in an atmosphefe of nitrogen with
continuous stirring. 1.(ml of the carbanion (Sandford and
Conrad, 1966) was added. The solution turned turbid, but
after 15 minutes stirring it became clear, aﬁd stirring was
continued for another 4 hours. Methyliodide (0.3 ml) was

then added dropwise, keeping the reaction-mixture at 20°C and
continuous stirring until a clear solution occurred. After
dialysis overnight, the methylated polysaccharide was extracted
with chloroform.‘ TLC of the methylated polysaccharide in
solvent § gave one spot.

Hydrolysis and examination of the methylated sugars.

The meth&lated mannan was hydrolysed with formic acid and
chromatographed in solvent A, three brownish-spois appeared

after spraying the paper chromatogram with spray 1. R% —'0.82

- 0.74 - 0.60; ‘the compound with R§-0.74 was the major sugar,

and the other two were present in almost equal amounts (visual
examination on ~ paper or TLC chromatograms).

Thidlayer chromatography was performed on silicagel using solvent
6. Three compounds with Rs.0.33 - 0.16 - 0.05, were revealed with
spray 1. The compound with Rf.oflé was the major compound and

the other two were present in almost equal amounts.
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After methylglycosidation of the hydrolysate, the derived
methylglycosides of the methylated sugars were analysed by g.l.c. on

columns 1,2 and 6.

Results obtained by g.l.c. of the methylated mennan.
Column 1

Peaks obtained T = 0.97, 1.34, 1.79, 1.93%, 3.32, 4.22(M), 6.25
Methyl-2,3,4,6~tetra~0~methylmannoside -~ 1,30
Methyl-2,3,6-tri-O-methylmannoside = 1.29 = 2.27(M) 3.24
Methyl-2,3,4,6-tetra~Q-methylglucoside 1.00,1,38

Column 2

Peaks obtained T = 1.04, 1.28, 2.29(¥) 3.24 4.48
Methyl-2,3,4,6~tetra-Q-methylmannoside — 1.28
Methyl~2,3,6=-tri-0-methylmannoside = 1,294 2.27(M} 3.24
Methyl-2,3,4,6-tetra~0-methylglucoside 1,00, 1,38

Column 6

Peake obtained T = 0.99, 1.40, 1.82, 2.00%, 3.39, 4.42(M) 6.50
Methyl-2,3,4,6~tetra~0-methylmannosides 1.33 ,
Methyl=2,3,6-tri-O-methylmannosides 1,82, 3.34, 4.42(M)
Methy1-2,3,4,6—tetraﬁg-methylglucosides i.OO, 1.40

* unidentified'pe&k

(M) major peak

As can be seen, the following methylatgd sugérs were pregent:

methyl 2,3,4,6-~tetra~C—methylmannoside, meﬁhyl-z,3,6~fri—9~methylmann051de
and evidence for a very small peak of methyl 2,3,4,6-tetrafgumethyl B-
glucoside was obtained but any e—-glucoside would be masked by the mannosides.
On columnag 2 and 6 an unidentified peak occurred, T~ 4.48 and 6.50
respectively. | This is in the région of

diﬁgrmethylmannosideé. ' All standards ,except 3,6~difg—mathylmannose
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were available, but none of those gave any peaks corresponding
t0 the unknown.. It iz therefore tentatively concluded that the

di-O~methylmannose is 3,6~di~-0-methylcmanncse.

By measuring the areas under the pesks, the ratio of
tri-O-methyl to tetra~O-methyl sugar was found to be for Col.l,

13:1 and ceol.2, 17:1.

Periodate—oxidation. (Aspinall and Ferrier, 1957)

Periodate-oxidation in acetate-buffer. Periodate-oxidation

was -carried out in parallel on the mannan from Acetabularia caps

and the ivory nut mannan (a linear B (1 9 4) linked mannan)and

C.2 mM (32 ng) of each were treated with 0.5 mM-sodium periodate

in acetate buffer (pd 3.6~10 ml) in the dark.at 2%, The amount

of periodate donsumed, was measured by removing an aliquot (0.1 ml),
diluting to 100 ml with deionised water and reading the 6ptica1

density at 223 nam againet a watéﬂblank in a Unicam SP500 Spectropﬁoto—
meter. A calibratioA curve was obtained b§¥%§g~g%tical densities
of'0.5 mM-Nal0, and 0.5 mM-Nal0, under the same conditions. The

molar consumption of periodate per C6 - arhydrounit at different

time intervals could be found from this calibration graph. The

reaction wag followed at 2°C for 48 hours and then kept at room

temperature for arother 20 hours. The reaction at 2°C was complete



e

L

i takaly v

4

FE . . S

Uuep- -
A

vt sl

TETer



110

after ?O hours in both cases (0.94 mol 104/06 unit). That of -

the cap-mannan remained ﬁnchanged after transferring to room
tempergture, whereas that of ivory nui mannan increased to 1.05
mol 104/06 unit. {Fig. 7 ). The reactions were stopped by
adding ethyleneglycol. After dialysis dvernight, the derived
polyaldehyde was reduced with sodiunmfporohydride to its correspond-

ing polyalcohol. -

Analvsis of the nolvalcohol. A phenol-sulphuric acid test
§n the two polyalcchols showed that carbohydrate was still
present, in that derived from the cap-mannan, while that from
the ivory nut mannan was negative,

A few mg of the polyalcohol from the cap-mannan was
hydrolysed with formic acid. Thin-layer-chormatography in
solvent F and spray reagents 3 and 7/éiiz2d the presence of
glycolaldehyde, glycerol and erythritol. When paper chromato-
graphed iﬁ solvent A a faint spot corresponding to mannose was
visible after deve;opment of the paper chromatogram with spray 1.

The hydrolysate was analysed by g.l.c. as the trimethyl-
silyl ethers on column 3, at 156°C. The presence of erythritol
and glycerol was confirmed, and the ratio between the two alcohols
was found. The peak areas were measured and the amount present
found fro@ appropriate gtandard éraphs. The ratio bet&een

L]

erythritol and glycerol was ca. 14:1.
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. . . . . ) o
Periodate—oxidation carried ocut in water at 2 C.

Periodate oxidation of 0.2 mM-mannan (32 mg) was carried
o;t as previousl' described, but water was used instead of buffer.
The periodate oxidation was the same. After a reaction pericd of
24 hours, an aliquot (2 ml) was withdrawn, and the release of
formic acid was determiﬁed by titration with 0.005 M-godiumhydroxide
(carbonate-free). The excess periodate was destroyed with
ethyleneglycol bhefore titration. The formic acid released
corresponded to 0.072 amole per Cé—anhydro unit. As the reaction
was carried out at 200 the formic acid was most prebably only
derived from the non~-reducing end of the mannan, thus indicating
an éverage chaindength of 14. The polyalcohol from this periodate
oxidation was obtained as before (weight 24 mg.) {polyalcohol 2).
Polyalcchol 2, 5 mg, was subjected to a second periodate

oxidation in 0.01 M-NalQ, at room iemperazture. The reaction

4
mixture was allowed to stand for 15 hours, and no reduction of
periodate had taken place. The polyalcohol was recovered as before.

Mild acid hydrolysis of polyalcohol 2.

Polyalcohol 2, 11 mg, was hydrolysed with N-sulphuric acid,
1 ml, for 5 hours at room temperature. After neutralisation with
barium carbonate and filtration, the derived syrup was analysed by
TLC (=olvent F, and sprays 3 and 7)‘y Compoundé with the following
mobilities were detected: Ryp O.45~0.24—0.15~0.00; The three

first-mentioned compounds had the same Rf values as glycol-aldehyde,
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glycerol and erythritol respectively.
When subjected to paper chromatography in solvent D,

t E R s 'i, . “20"""- "‘nr)o ~\Je
he following spots were obtained Rmannoge 39=1.42-1.25-0,72=0.32

(trace). The three first mentioned had the same Rmann?%%lues as

glycolaldehyde, glycerol and erythritol respectively.
Erythritol was the major compound. The compound with
R = 0,32 was not studied further due to the small amcunt present.
mann ose

0.72 was purified by preparative
o e p y Brer

The compound with R = |
mann 08

paper chromatography and hydrolyced with formic acid, FPaper
chromatography revealed mznnose and erythritol.

An attempt to determine the molecular weight.

Stalk-mannan, 10 mg, was dissolved in 5% sodiumhydroxide
and dialysed. The mannan remained in solution. After concentration
it was applied on top of a coclumn of Sephadex G-100 (2.54 x 30 cm.)
Fractions-of 2 ml were collected, using an automatic fraction
collector., Every second fraction was tested for carbohydrate content.
Carbohydrate started to come off the column when Blﬁe Dextrandid,
i.e. after the 25th fraction, and ccntinued to appear for about 88 ml.
Three "fractions™, tubes 25-29, 31-49 and 51-69 were combined. A
part of all three were hydrolysed and all gave marnnose with a trace
of glucose. Fraction 31-49 was reapplied to the column and the

. for this fraci.....

elution pattern was similar to that obtained,previouslyj/ Praction

51-69 gave the same result., As soe of the mannan is excluded from

the column and some retarded, it aprears ihat the mannan applied to
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the column has a wide moiecular weight range, the upper limit
being somewhat larger than 100,000 ?y comparison with Dextran
(i.e. 550 uhits per chain)
Diséussion

Thas residual weed from both caps and stalke after exhaustive
hot water extractions, wés extracted with 4% sodiumhydroxide. This
treatment extracted some mannan in addition to a small amount of the
water-soluble polysaccharide. Extraction of the residual material
(p. 102_) with 20% sodium hydroxide at 80°C and isolation of the
polysaccharide via its coppencomplex, yielded a pure mannan from
both stalks and caps. Analysis of a hydrolysate of the mannans by
paper chromatography and g.l.c. gave méinly mannose, but a faint
trace of glucose was present, The polysaccharides had [QJD= --38.1o
(cap mannan) and [aﬂD = =37° (stalk mannan). The mannose had the
same chromatographic mobility on paper as authentic mannose, and
fhe TMS derivatives of the sugar and the derived alcohol had the
same retention values 'as authentic manmose and mannitol on g.l.c.
Mannose, purifiéd by preparative paper chromatography, had [aﬂD=.+l7.5°
(C = 0.04 in water) and the phenylchydrazone had mp and mixed mp
199—2OOOQ. The glucose present was confirmed with glucoseoxidase
spray.

Due to the high insolubility of the mahnan, methylation by the

i@
égagggf'and Lindberg method was unsuccessful, but when the mannan
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was first given one Haworth methylation which was followed by
one methylation by the Hakamori method, an apparently fully
methylated pglysaccharide gave on hydrolysis 3 compounds, which
could be tentatively identified(by paperchromatography and TLC)
as the tetrameth&lsugar, trimethylsugar and dimethylsugar. The
trimethyl sugar was present in largest amount, and the tetra- and
di-in almost equal quantities.' Examination of the methylgl¥cosides
by g.l.c. showed that the mixture consisted of 2,3,4,6 tetra~O-methyl-
mannose, 3,4,6~tri~O-methylmannose, probably 2,3,4,6 tetra-O-methyl
glucose, and one di~ © —methylmannose, which has been tentatively
identified as 3,6~di-O-methylmannose., Whether this di-O-methyl-
mannose hag arisen due‘to undermethylafion or comes from a true
branchpoint can not be said for certain, but there is : a strong
evidence for its beiﬁg a branch point. The average chainiength
found by measuring the peak areas under the tetra-methylmannose
tetramethylglucose
peak including any possibld/and the tri-methylmannose peaks was
14 to 18 mannose units.

When thé mannan was oxidised with sodium periodate, 0.94
mole of periodate was reduced per Csuanhyerunit. Periodate
oxidation was also oarried.out on the ivory nut mannan at the same
time in order to compare the two mannans. The periodate oxidation

)

pattern of the two mannans resembled each other when the reaction

was carried out at 2°C, but whep they were transferred to room
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temperature, no increase in the uptake of pericdate occurred for

the maanan from Acetabularia, while that of ivory nut mannan

continued to a reduction of 1.05 moles of periodate per 06~anhydro
unit. A& test for carbohydrate content of the two derived polyalcchols
gave a positivé test for the cap mannan, while that of the ivory nut
ménnan was négative. These resnlts show that the mannan from the

cellwall of Acetabularia is not identical to the ivory nut mannan,

although they have fairly similar properties, both phys%cally and
chemically.,

Both measurement of the releaée of formic acid and the
ratio of erythritol to glycerol formed during periodate oxidation,
indicated an average chainlength of 14 mannose units, which is in
good agreementAwith that found from measuring the peak areas of
the methyl sugars derived after methylation and hydrolysis of the
mannan.

The products after pericdate oﬁidation,, reduction and
hydrolysis of the polyalcohols,erythritol and glycerol, were
identified by paper chromatography, TLC and by g.l.c. GL}cqlaldehyde
which was also present, had the some mobility both by paper
chromatography and TLC as an authentic sample but g.l.c. proved
impossible as it is too volatile. The amounts obtained were
insufficient to separate and prepare crystallins derivatives.
Mannose was shown to be present after formic acid hydrolysis
of the polyalcohol. When subjected to mild acid hydelysis, a

non-reducing compound was separated which gave erythritol and
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mann ogse on hydrolysis,. -

In an attempt to determine the molecular weight of
the mannan hy Sephadex-gelfiltration the elution patiern indicated
a considerable pelydispersity with an upper limit of molecular
weight about IO0,000 if, comparable to dextran. This polydispersity
might have arisen during extraction of the polysaccharide ag alkali
is known to degrade polysaccharides. Although no definite
conclusions can be drawn regarding the molecular weight ofAthe
mannan, it is probably at least IOD;GOO, which is equivélent to

ca.550 sugar units per molecule.

H,OH HOH 7 CH,OH
(}\ﬁ>{{} ' -0 ! : ///‘“""'13
H HQ C\%-’ OH HO \O\l\oﬁ 0
’ +-—-% 14 i 0 \\\

Proposed structures for the mannan.

This mannan from the cellwall of Acetabularia seems to be quite

gsimilar to the mannan of the cellwall of Codium (Love and ?ercival,
1964) although the periodate oxidation siudies by Miwa and Iriki

(1960) agree with the present findings)other resulis indicate that

the cellwall of Acetabularia consists of a branched mannan with an

average chainlength of ca.l5, rather than linear molecules consisting

1

of 16 sugar units as the above authors Propose.

The studies on the low molecular weight carbohydrates,

the fructan and the mannan from Acetabularis have been accepted for

publication in Carbohydrate Research.
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PART II

Photogynthetic studies on

Carbohydrates in algae,

1. ACETABULARIA MEDITERRANEA




118

Although Acetabularia sp. have been extensively

studied from biclogical and physiological viewpoints, relatively

few studies have been carried out regarding the metabolic and

photosynthetic rocle of the carbohydrates in this alga.
Shephard et al (1968) allowed both whole cells of

Acetabularia mediterranea and chloroplast preparations to

phoetosynthesise in the presence of 14002 for 10 minutes. The
samples were then extracted with 80% ethanol, and this extract
subjected to two-way papenéhromatography. The extent of
labelling was measured for all compounds detected, and it was
found that the carbohydrates acquired the main part of the radio-
activity in the 80% ethanol fractions. In all experiments except
one, sucrose was highest labelled, followed by glucose. No other
free suéars were reported, but their presence was masked by other
compounds present under the desc:ibed paper chromatographic
conditions,

The extent of labelling was almost equal in the 80%
ethanol goluble and intsoluble fractions. When chloroplasts
were agllowed to photosynthesise in the presence of 14002 for
70 minutes, the major part of the radioactiviiy was found in the
alcohol solubie fraction {of this 49% was present in free sugars).
A weak acid hydrolysate of the residue showed that of the radio-

activity detected in soluble compounds 56% was found in glucose
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and 44% in galactose.

Bidwell et al (1989) allowed chloroplasts from A.mediterranea

tc grow in the presence of 14002 in the.light, followed by a dark
and then a light period. Samples were taken freduently throughout
the experiment and applied to paper chromatograms which were
developed two-dimentionally.  The change of radiocactivity in the
various compounds was measured. The results showed that éucrose
attained the highest radicactivity,it was mainly formed auring the
\light periods, and did in these experiments not show any sign of
saturation. 'They conclude that sucrogse ig the major end product

of photosynthesis in chloroplast of A.mediterranea. No mention

of other sugars was made, which is strénge as their previous
paper mentioned the presence ¢f labelled gluccse in chloroplasts
from this alga.

To the author's knowledge no further photosynthetic studies
have been carried out on the 80% ethanol soluble carbohydrates of
fhis alga. ‘

General Methods.Experimental.

The Acetabularia cells were allowed to photosynthesise

in radiocactive synthetic seawater, This waéﬂierated prior to use
to reduce the. carbon dioxide content before addition of Naﬂ14003
{(ca.300 pt). After growth in radicactive medium, the alga was

removed and rinsed thoroughly, followed by growth in inactive
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medium for a certain pesriod. Samples were removed at time
intervals. ‘Each sample (10 cells) was transferred to 80%
ethancl at 7000 and ground up and extracted. After centri-
fugation, the radicactivity present in the ethanolic exiracts
was measured,

After deionising with Biodeminrolit resin (carbonate
form),and concentration of the derived neutral extract, an aliquot
was subjected to paper chromatography in solvent 4. The compounds
‘present were located by radioau%ography and the radioactivity
present in each compound wag measured by counting on hoth sides
of the corresponding part of the paper chromatogram, The
counting was performed by an ultra thin window gas flow Geiger~
Miller counter, and the average of the two counts per sample
used for calculations.

Experiment 1

Cells before cap initiation (A), caps only (B) and
celle with caps (C), were each allowed to photozynthesise in
radiocactive me&ium. After 10 min. this was followed by photosyn—
thesis in inactive medium.for 2-3 hours. Samples were taken
at time intervals and treated as described previously. The
inceorporation and change of radioactivity in the various compounds

can be seen from graphs 4,B-and C.



Experiment IT

Cells with caps were grown for 2 min,in the presence

2

1 .12 o s a
of 4002, followed by growth in “CC, containing medium for

2
2 hours. Samples were treated as previously described (Graph D).

Experiment I1I

Cells with caps were grown for 2 hours in the presence
1 . , . ..
of 44002 in the light, followed by 2 hour growth in the dark

14

. in the absence of COZ' In this case a sample of 15 cells
were taken after the light perioé and one sample after the
dark pefiod. The samples were treated as described (Graph E).
Discussgion
Studies on the relative molecular ratio ¢f the sugars
present in the peolysaccharide fractions of caps and stalks
separately (Zetsche, 1967), indicated that these two parts of
the algs symthesised different types of polysaccharides {see p 37 ).
.Due to this report, it was decided to cérry out bicgynthetic
studies on cells before cap formation, caps only and cellé with
caps (Exp.I), to see if there was any difference in the biosynthesis
of the low molecular weight carbohydrates in these three experiments.
As seen from graphs A,B and C, the main picture is the same for all

¥

three experiments.

Experiment II was performed to see if a shorter period

of growth in the presence.o? 14000 would give rise to a different
&

paftern, but as observed frem graph D, the main pattern is the



same as for the longer feeding pericd. - The only difference is
a smaller apount of radiocactivity present in glucose, relative
to the radicaciivity of sucrose, compasred with the other experiment,

In each experiment, the radiocaetivity of sucrose increased
rapidly during the feeding period. This increase continued for
a short while thereafter, followed by a rapid decrease of radio-
activity, which then gradually flattened off. Glucose followed
to a lesser extent the same pattern, but the uptake of fadioactivity
during the feeding period was small compared with that of sucrose.
In contrast to these two sugars, fructose acguired hardly‘any
radicactivity during the feeding period, but the radiocactivity
present in this sugar increased throughout the experiment.

The radiocactivity of the trisaccharide, F, (graphs A,B and C)

(see p.126-128), followed more or less the same pattern as sucrose
in all experiments. The maximun extent of labelling for both
occurred after ca.l5 mins.

Experiment Iil was carried out to find cut if a dark
period would gi&e a different pattern of radicactivity from those
already described. Graph E, (p. 130 ) shows that the pattern
for sucrose, glucose and fructose are similar to ghosé obtained
previously. From this experimané it was opsérved that the
;adioactivity of FB' dropped considerably during the last two

hours of the experiment, that of P, dropped less, while that of

4
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F5 remained almost congtant, It was also observed that the total
radioactiviﬁy of oligofructans, higher than F5, increased during
thig period.

The amount of radicactivity incorporated into myo-inositol
was very small, and only in experiment I, A and III could any
be detected. The amount of radicactivity present decreased
throvghout the experiment, indicating that it is being transformed
inzto other products.

Sucrose is clearly the first free sugar formed in

Acetabularia mediterranea. This is in agreement with what has

been found previously for other gresn algae (see p. 4 ).

Sucrose is not a storage product in this alga, as the radicactivity
decreases rapidly after transfer to inactive medium. It is an
active metabolite and is converted in to other products via

various routes. A.mediterranea contains a homologous series

of fructans.
Edelman and Jefford (1968) have demonstrated that the

same homologoug series of fructans present in Helianthug tuberosum

is built up from suerose, by transfer of fructogyranose from one

sucrose unit to the fructose moiety of another sucrose unit.

This reaction continues and thus forms the homclogous series in
)

the plant. It was showa that one enz&me system (SST) is

responsible for formation of the trisaccharide and another (FFT)
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for ths further formation of higher oliogmers. The glucose
released fr9m the one sucrose residue was believed to be

transformed into sucrose again. When studying the patterns
of changes in activities of the various carbchydrates pressnt

in the present 80% ethanolic extract of A.mediterranea, one can

see that there is a poseibility for the same reactions in this algs.
As seen from graphs 4,B,C and E, the pattern of changs in

radiocactivity of sucrese and ¥., follow each cther or can be gaid

3

to be in equilibrium with each cther., ~ Prom graph E, it can be

deduced that P, is transformed into ¥, which again is converted

3 4

to P, and so on, which ig the same type of reaction as was found

g

for the oligofructans from Helianthus tuberosum. Part of the

sucrose is probably hydrolysed by invertase to form glucose and
fructose. From both the synthesis of the oligofructans and from
hydrolysis of sucrose, glucose is met free. The change in
radioactivity of glucose follows almost the same pattern as sucrose,
implying that the gluéose is phosphorylated and transformed into
sUCTrose agail. If this was so, the amouni of glucose present

would be small which was found to be the case in this alga {p. 43 )
As mentioned in contrast to glucose the radioactivity of fructosa
increases throughout all experiments indicating that the fructose

is probably not metabolised further, or only very slowly.



The proposed pathways for the metabolism of the

low molecular weight carbohydrates are summarised in Fig.I.

Oligosaccharides Fructose
T "f,n
F, + Glucose & Sucrose <
3 e .
T Glucose
SucroseP F\‘gI
Polysaccharide g UDP-Glucose Fructose 6P« Glucose 6P

1‘=-..\ .
Tlucose 1Pe———""

[ H.Mahler and Cordes, 1969; Hassid, 1967; Bassham and Calvin, 1957)

"In other words:

I Sucrose —.p Glucose and Fructose
Sucroses — F3 ~» higher homologgy+ Glucose

sucrose
»-‘/'?

ITI Glucose —y phospbrylated -
» polysaccharides

III TFructose — 1is probably an end product and not metabolised

further.
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. 2 FUCUS VESICULOSUS




Brown algae are known to gynthesive D-Mannitol
(Black, 1950}, 1-0-D-Mannitol-fi~D-glucopyranoside, 1,6~0-D-
«ﬁﬁnnitcl—&i(ﬁfg-glucopvranu side (Bouveang and Lindberg, 1955)
laminaran, a (1 =2 3) linked glucan (Guillet, 1958), alginic

everal

[44]

acid (Black, 1950), fucoidan {Kylin, 1913, 1915) and

polysaccharides termed “glucuronogxylofucan” (Haug & Larsen, 1963;

arsen el al, 1966; Percival, 196#%; Bourne et al, 1969; Hian, 1971).

-

veral workers have shown interest in the biosynthesis, metaboliswm

d}

and respiratory role of these carbohydrates.

Kylin (1913) claimed that laminaran was a reserve
subgtance, MacPnerscn and Young {(1952) suggested on the basis

By

of seasonal variztions that mannitol and alginic acid are direct
products of pheleosynthesis, and Black (12954) on the same grounds
posiulated fucoidan as a main storage carbohydrate of the Fucaceae,
The application of radicaciive technicues in photosyrthetic
studies yielded more information about the function of these carbo-

hydrates in brown algae. Fucus sp. nave been most extensively
A > ¥

studied from this aspect, but some studies have alsc been carrisd

out or Eisenia bicyclis. Ridwell et al (19 5 showed that when

fucus vesiculosns was allowed tc photosynihesize in seawater

.. 1 .
containing 40 ,mann1t01 quickly bescame iabelled, In contrasti,

4
. oy . 14,
when fronds of F.vesiculosus were supplied with Mannitel-U-""C

oot




in seawater little of this was metaholised, and it was
concluded therefmre that mannitol was a storage product,
rather than an active metabolite (Bidwsll and Cosh, 1982).
Later work, however, indicated_ihat plants probahly respire
endogenous cellular mannitel in preference to exogenously

< ~

supplied mannitol (Bidwell et al, 1964). The large pool of

mannitol existing in F.vesiculosus would therefore make it

4

—

more difficalt for mannitol-l= "¢ supplied in the madium 1o

gerve as a substraite for respiration.
~ s PV N 3 i
Vamaguehi et al (1966) found that when the brown

) ‘ . ) . can M. .
alga Eisenia bicyclis was fed with ALU? in the light and was

©

allowed to coniinue growth in the dark in inactive medium, the

mannlitol acguired radicactivity quickly during the first

seried, followsd by a decrease in the activiity in the second

? '+

period. The total weight of mannitol increased in the light
and dsoressed in the dark. The decresase in radicactivity and

sted that

¢

amount of mannitol dufing the dark period, sugg
mannitol is an active metabelitie and is converted into other
gubstances through unknown pathways. On the other hand, the
amount present did not change as much as the radiocsactivity during
both the light and dark period, which indicates that of the

mannitol present, the recently formed moclecules appear 1o be



metabolized preferentially. This implies that part of the
mannitol is a storage product.

In a similar experiment with P.vesiculosus the same
changes in the radicactivity of mamnitél was observed by Bidwell

NP Y . . - .
(196(} as was feound in E.bicyclis.

The conclusions to be drawn about the role of mannitol
in brown algae are therefore as follows: Mannitol is a major
product of photosynthesis, part of it probably serving as a
subgtrate for respiralion and tha rest\serving as a storage
prodact.i

In the experiments carried out on B.biecyclis (Yamagushi
et al, 966) it was found that laminaran also guickly became
highly labelled in the light in presence of 14802, and that the
activity decrsased in the dark in the absence of 14602. The
anthors éoncluded that mannifcl and laminaran are intsrconvertible
in the same way as are sucrose and gtarch in higher plants, but
the metabolic pathway is not known. This is in agreemegb with
Nisizawa's (1938, 1940 a and b) observaticns of diurnal changes
as well as changes in seagonal growth in mannitol and laminaran
in E.bicyelis. The content of laminaran was highest in the summer
and that of mamnitol highest in the winter.

Whea F.vesiculosus was subjected to ﬁulse labelling

experiments (Bidwell, 1967) it was observed that the "fuccidan"

L}

(i.e. acid soluble polysaccharide) acquired radicactivity rapidly



135

during the supply of 14002, and slowly thereafter, tending to
increase more rapidly ih the dark than in the light. This
"fucoidan” consists of laminaran, and several sulphated fucose-
containing polysaccharides. As Bidwell did not fraciionate

the polysaccharides his conclusion that there is no relation
between mannitol and the polysaccharides in brown algae similar
to that found between sucrose and starch in higher plants is
inapplicable.

Goldenberg and Marechal (1963) have demonsirated
the synthesis of a B{1 - 3) linked glﬁéan from UDP-glucose,
using a transferase from the freshwater flageilate, Euglena.
Lin and Hassid (1966) have shown that UDP-gluccse is present
in brown algaé, and suggesi this as a precu%sor for laminaran,
and,£2¥:§lel seascnal variations of laminaran and mannitol may
indicate that mannitol has a biologicai re@ltionship to the
petyglucan.

As already mentioned, sulphated polysaccharides
containing fuéose, xylose, glucuronic acid and galactose ﬁave
been found both in the acid and alkali-extracts of brown algae;
the acid scluble sulphated polysaccharide can be fractionated
into several polysaccharides, see p. 10. Bidwell et Al
(1958) found in their early experiments that the polysaccharide

that acquired radioactivity most rapidly was the "alginic acid”



(i.e. alkali soluble poiysgccharides), and claimed therefore

that "alginic acid" was in a state of active metabolism,
undergoing breakdown and resynthesis at rates corresponding to
starch in plants. When fronds of F.vesiculosus were supplied
with radicactive pyruvate and acetate (Bidwell and Gosh, 19639
most of the activity in the polysaccharide fraction was recovered
in the "insoluble alginic acid" fraction, and hardly any was
detected in laminaran and fucoidan. This indicated different
precursors for the latter polysaccharides from those of "alginic
acid". Other experiments showed that the radicactivity of
"alginic acid" was increasing both in light and in dark (Bidwell,
1967), (this"alginic acid" contains all the alkali-soluble
polysaccharides) which implies that "alginic acid" is either a
long term storage material or is permanenfly laid down in the
weed. This interpretation of these results are however
questionable, as no separation was carried out of the polysaccharides
extracted with alkali.

Whenvg.gardneri Silva discs were infiltrated with
mannose-U-"4¢ (Lin and Hassid, 1966) they both gave rise to
labelled respiratory COQ,Afucoidan, "alginic acid" and
"residual™ fractions. Activity was also found in sugar phosphates,
sugarjucleotides and glyconic acids. A1l en;ymes regquired for
the trangformation of D-mannose to GDP-D-mannuronic acid and

GDP -L—~guluronic acid, which probably would be the precursors for



the synthesis of alginic‘acid were shown to be present.
Beth GDP-D-mannuronic acid and GDP~L-guluronic acid have been
found in E.éardﬂerigilva" (Lin and Hassid, 1966 b).

Yamagushi et al (1966) found én increase in the
radicactivity in the fucose of the "crude laminaran fraction"
(i.e. acid soluble polysaccharides) after E.bicyclis had been
transferred to inactive medium. From this it was considesred
that fuccidan or fucose-containing polysaccharides are stdrage
Acarbohydrates.

GDP-fucose has been found in F.gardueriSilva (Lin and
Hassid, 1966 b) and this may be a precursor for the fucose
containing polysaccharides although this biosynthesis has not yet
been demonstrated in algae. Ginsberg (1960) has shown evidence

for conversion of (DP-D-mannose to (DP-L~-fucose using an enzyme

system from Aerohacter aercgenes.

It has also been demonstrated that most of the
congtituents of brown seaweed polysaccharides are derived by
various reactioﬁs from the common precursor GDP-D-mannose, and
it has been proposed that this has the same role in brown algae
as UDP-D-glucose has in higher plants (Lin and Hassid, 1966 b).

Thé fucose containing polysaccharides are highly
sulphated, and Bidwell and Gosh {19639 found th;t the molar ratio

14

of incorporation of sulphate 348 tc C in "fuccidan" was 600:1

implying that there is a considerable turnover of sulphate in
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*fucoidan™, presumadbly without breakdown and resynthesis of the
carbohydrate chain. It is also prcbable that sulphation
follows pélysaccharide formation in the. synthesis of fuccidan.

Recent studies on carbohydrates in Fucus vesiculosus

(Bourne et al, 1969) showed that the "fucoidan" and "alginic acid"
fraction studied by Bidwell (1967) each consisted of more than

one polysaccharide. Black and Dewar (1949) had shown that

Egggg EPs synthesize up to 7% of laminaran .which togethér with
sulphated fucose-containing polysacchafides, is extracted with
dilute acid. As mentioned on p.10 , this sulphated poly-
saccharide can be further fracﬁionated into several polysaccharides,

The ‘alkali-soluble polysaccharides consist of alginic
acid and a sulphated polysaccharide called glucuronoxylofucan.
These could be separated by precipitation of the alginic acid
as its calcium salt., (Bourne et al, 1969).

With this knowledge and alsc the possibilities of
measuring the pyoportions cof the sugar residues and their '
respective radioactivitiss in the individual polysaccharides
it was decided to carry out further metaboflic stgdies on the

carbohydrates of Pucus vesiculosus.
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Materials:

Experiment I,

Sterile fronds, without vesicles (2-5 cm long) of

Fucus vesiculosus wers used., The alga was collected at Point

Pleasant, Halifax, Nova Scctia, Canada, in August 1969. The
fronds were cleaned and the surface wiped to remove epiphytes
etc,

Experiment II,

E.vesicuiosua fronds, as for experiment I, were used.
They were 1-2 cm long, and were collecled in Aungust 1970,
After cleaning, the fronds were stored in sterile seawater of
15°C over-night and used for growth experiments the feollowing
morning., |

Experimental and results:

EEE;E;(1) The fronds (50 g. wet, blotted weight) were placed in

10 1 seawater at 20°C, illuminated for 10 min. Then 1.0 m¥i
Na214003 was added, and the sample was illuminated for a further
10 min. The fronds were removed from the seawater, rinseé in
inactive seawater and pulverized in a mortar containing liquid
nitrogen, The resulting powder wés extracted as described below.
Exp.I.(2) was similar to exp.I (1), except that the fronds (50 g.)

were allowed to photosynthesise in 5.0 1 seawater containing 2.0

m Ci Na 140@

2 3 for 3 hours.
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Exp.II. - The fronds (35 g. wat, blotted weight) were allowed

to photosynthesise in sterile seawater, 1005 ml, that had been
freed from carbon dioxide by acidifying/ggg, purging with nitrogen
for 20 min. and readjusting the pH to 8 with 1 b!NaOH(COé~'frée)
The pH of the seawater was brought to &,3 by the addition of

and O.911nCiJ. After

NaH14CO equivalent to 0.18 m Mole CO

14

2

002 for 10 min, the fronds were

N
growth in the presence of

removed from the medium and rinsed thoroughly with seawater, 1.5 1,
to remove activity adhering to the surface. One sample II3
(8.8 g. blotted weight) was removed, and the rest was allowed to
continue‘growth under the same conditions as before in inactive
seawater, 1.8-1., After 30 min, another sample II4 (blotted weight
11.2 g.) was removed, and to the remaining saﬁple 115 (14.8>g.)
2m MGle_of NaHCO3 was added. Growth was stopped after a further
1.5 hours.

The temperature was maintained at (20.5 + 1.5°C) by
circulation- of cold filtered seawater.

To facilitate comparison, all results given are

calculated on 10 g. blotted weight.-

Extraction procedure.

1. 80% ethanol at 70°C, carried out 5 times for 2-3 hours each,
2, The residue from 1, wag extracted 5 times with HC1l, pH2.0, ai

7000, for pericds of 6-10 hours, with coniinuous stirring.
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3. The residue from 2.was exiracted with 3% NaECO, at 50°C
o
for 6-12 hour periods until negligible radioaciiviiy was
found in the extract

Extract 1. 80% ethanol extract.

The éombined extracts were filtered through glapswool,
concentrated to 120 ml, and ihe lotal radicactivity waz measured
(Table I). Charged materials, such as amino acids, organic acids,
sﬁg@r rhosphates etc., were then removed by treaiing thg extract
wi th Biodeminrolité—resin in carbonate form. The neutral filtrate
and washings, containing tane low molecﬁlar weight carbohydrates, were
concentrated to a known volume and the radicactivity measured
(Table I). The solutions were then concentrated to a minimum
volume, ethanoi was added and the mixture set aside overnight in
the refrigerator; Mannitol crystallised outs This was filtered
off, washed with cold ethanol and ether and dried. It was weighsed
and its radicactivity measured (Table I).

The alcoholic supernatant and washingsseparated from
Experimeﬁt 1I, were concentrated and subjected to paperchromatography
in solvent A. Radicautography revealed 3 radiocactive compounds
with mobilities corresponding to manﬁitol,ldfgnglucosyl—1—mannitol
and g-D~diglucosyl-(1 - 6-mannitol) (Bouveng and Lindberg 1955).

The respective radioactivities of these compouniis were.measured

by liguid scintillation counting. (Table I).
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. TABLE I

Radioactivity of the low molecular weight carbohydrates

in F.vesiculosus. (DPM x 1074 / 10 g. bloiled weight of weed.

Exp. I Exp.I1
Fraction 1 2 3 4 5
Ethanol extract 3300 16000 7600 9500 9800
Neutral part 1500 14000 5200 T200 7500
Mannitol (615 mg/10g.) 1200 11000 5100 7000 7300
Gluﬁosyl~1-mannitol - * - 72 23 17
Diglucosyl-1-6-mannitol - - 7 8 a

* not measured,

Extract 2,Acid soluble material.

The combined extracts were filtered through glasswool and

the toital radicactivity of the filtrate was determined (Table II).
1t was ?oured into ethanol to give a final concentration of 80%
ethanol, This was allowed %o stand at 400 over-night and the
precipitated polysaccharide was filtered off. After drying, the
precipitated pélysaccharides werehsepafated on a DEAE-cellulose
column (see p. 29 ).

The alcoholic éupernatant was concenirated and its

activity (Table II) was determined.
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Examination of the acid soluble, alcchol socluble fraciion from Bxp.Il.

Hlectrophoresis in nsutral buffer followed by scanning
for location Af radicactive compounds showed that less than 2% of
the total radiocactivity of the extract was presenl in charged
compounds, most of ithe radicactivity in ali three samplss retained
in neutral material on the starting line of the electrophoretogram.
After elution, this neutral material was subjected to paper chromat-
ography in solvent A and B, This showéd the presence of 4 oligo-
saccharides together with fucose and a fast moving'oomponent. The
radioactivity of each of the components was measured (Table II).
The oligosaccharides were separated by preparative paperchromatography
in solvent B and hydrolysed. Paper chromatography of the hydrolysates
in solvents A and B showed the presence of fucose and galactose in all
four compounds. The hydrolysate of the oligosaccharide with Rfucose
0.39 also gave a spot with the mobility of mamnnose; the fasiest
moving oligesaccharide, R = 0.57, contained an unknown with

fucose

R l.4. 'The immobile cligosaccharide contained all the.above
fucose

mentioned sugars, together with xylose and a trace of glucuronic acid.

Acid-goluble, alcohol-soluble polysaccharide

Previous studies by Black and Dewar (1949) have shown
that this extract contains laminaran and fuccidan. In the present
experiments separation was achieved on a Whatman DE52 microgranular

cellulose column by successive elution with water, 0.5 M potassium

chloride and 1,0 M potassium chloride. The three fractions were
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TABLE II

Radicactivity and chromatographic mobility (solvent A)
of components of the acid-soluble, alcohol-soluble

supernatant. { Activity in DPM x 10~4)

1 2 3 4 5
Total activity of
acid extracts 450 1600 580 250 383
Total activity of
acid supernatant 420 1200 440 170 83
Rfucose
Oligosaccharide 4 0.00 73 55 29
" 3 0,25 110 24 14
" 2 0.29 - - -
" 1 0.57 8 10 6
Pucose 1.00 85 32 18
"Fast spot"- 1;4 79 43 12
separately dialysed, freezedried and weighed. Their activities

were measured (Table III) and consiituents determined.

Fraction 1. Laminaran

Hydrolysis of an aliquot gave only glucose, which
was confirmed with glucose-oxidase spray. N

Fraction 2. XyloglucuronogalactoSfucan (B).

This fraction was slightly contaminated with .algiuic acid.
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The latter was removed by precipitation with 2% calcium chloride.
The weight, radiocactivity and carbohydrate content of the recovered,
purified, B, [Sulphate 18.9%] were measured. After hydrolysis, the
proporticns and radicactivities of the individual sugars were
determined (Table'V).p.143.

 Fraction 3.Fucoidan (¢). [Sulphate~content 23.3%). Hydrolysis

was carried out and the proportions and radicactivities of the
individual sugars wers determined as for fraction 2. This fraction,
in addition to fucose, also coniained glucuronic acid, galactose

and xylose,
TABLE III
Radiocactivity of acid soluble polysaccharides in
¥, veaiculosus fronds at intervals during (Bxp.I)

-

and following (Bxp.II) the supply of 14c02 {DPM x 10"4)

Exp. I Bxp.II
Weight of

carbohy- i -2 3 4 5

draie.

Fraclion ne.
1.Laminaran 1.5 18 27 9.4 1.6 5.4
2,Xyloglucaurcno- -
‘galactofucan(B) 128 2.9 298 19 97 a8
3.Fucoidan 53 0.39 g1 2.7 11 20

Extract 3. Alkali-soluble material. '

The extracts were combined and the radiocactivity measured
both vefore and after dialysis. The dialysed extracis were poured

into ethanol to give a final coneentration of 80% ethanol. This
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was left at 700 overnight and the precipitated polysaccharide
filtered off, washed with ethanol and air-dried. It has
previously been found that this supernatant somprises alkaline
degradation products of the polysaccharides (Bourne et al, 1969).
The radioactivity.in this supernatant was measured {Table IV) but
furthér investigations were not carried out.

The precipitated polysaccharide was dissolved in 1%
ammonia, and the alginic acid precipitated as the calcium salt
after addition of 2% calcium chloride.  This was filtered off,

washed with 2% calcium chloride sclution, ethanol and ether and

air-dried. This was then dissolved in 5% sodium carbonate,
dialysed and freeze-dried. The carbohydrate content and radio-

activity was measured (Table IV).

Preliminary studies suggested that the alkali soluble,
caleium soluble polysaccharide was contaminated with a f-{(1 = 3) linked
glucan. This was therefors incubated with a p=~(1 = 3)-
glucanaae, The reaction was carried out in deionised water, in
a dialysis/iicroom tempe?ature. After several changes of dialysis
water, and 24 hr incubation time, no more carbohydrate was reieased
from the dialysis bag. The enzyme was ihactivated by boiling the'
solution and removed by centrifugation; The resultant, pure
polysaccharide was freeze-~dried, weighed and gh% carbohydrate content
and radioactivity was measured (Table IV)./pngé polyéaccharide (a)

was hydrolysed and the proportions end radiocactivities of the

individual sugars were determined. (Table V). This polysaccharide



147

has prewviously been named .glucuronoxylofucan, but these studies
indicate that a more correct name is xylogalactofuccglucuronan,
and this name,kis used hereafter,

TABLE IV.

Radioéctivity in alkali soluble fractions and of

the polysaccharides present in this extract,
(P x 1074

mg.carb. 1 2 3 4 5
Alkali extract - 240 2100 890 490 . 580
Alkali ext.sup.after . V
. dialysis - 20 430 2.1 2.1 4.0
. Alginic acid 220 17 290 120 290 400
Xylogalactofuc o~
glucuronan 37 8.1 320 a8 64 60

Regidual material

The residue after the alkali'extractions was hydrolysed
with 72% H,80, in an icebath for 30 min (Blake and Richards, 1970).
After addition with ooéling of 50 times the volume of watery the
mixture was heaté& at 100°C for 3 hours, then neutralised with Ba(on)2
and BaCO3 and filtered. The radicactivity and carbohydrate contents
of the residual materials in this hydrolysate were'then measured
(Table VIII). The hydrolysates from experiment I were then treated

A )

with Biodeminrolit (in the carbonate form):to remove any amino acids

and glucuronic acid. The radio activity in the resultant "neutral®
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TABLE V

Galactoglucuronoxylofucan Rel.Prop,

Activities in 1 g Polysaccharide

Polysaccaride DPM x 1074
I I1
Rel.Prop. 1 2 3 4 5
Total wt. '
Xylogalactofuco=-
glucuronan (A)
Fucose 259 mg/g
Poly. 9.6mg. 1.1 97 3400 310 610 660

Galactose 1.0 21 - 890 160 270 260
Xylose 0.95 20 - 850 130 230 270
Glucuronic acid 1.2 59 2700 260 440 330
Oligosaccharide - 160 170 110
Xyloglucurono-
galactofucan (B)
Fucose 773 mg/g

Poly. 98 mg. T.8 6.6 824 49 340 430
Galactoge 1.0 3.3 1192 31 62 85
Xyloge 0.5 443 230 22 81 54
Glucuronic acid 0.8 7.1 958 10 120 67
Oligosaccharide - 32 79 130
Fucoidan (C)
Fucese 900 mg/g

Poly. 50 mg. 20 1570 34 160 270
Galactose 1.0 28 5.4 19 36
Xylose 009 35 2.6 : 6.6 17
Glucuronic acid 0.3 63 4.2 5.5 15
Oligosaccharide - 4.5 14 42




149

TABLE VI

Specific radicactivities in polysaccharides of

F.vesiculosus fronds at intervals during (Bxp.

and ‘following (Exp.II) the supply of 14002.
(DPM x 10“%/ mg. carbohydrate)

1)

1 2 3 4
Laminaran 55 140 58 19 40
Zylogalactofusoglucuronan
(a) 2.2 85 10.3 17.2 16.3
Xyloglucuronogalactofugan
(8)  0.23 23 1.5 6.8 7.6
Fucoidan (C) 0.09 17 - 0.5 2.0 3.8
Alginic acid 0.62 13 1.6 2.4 3.9
TABLE VII
Radioactivity and weight of the fucose-containing
polysaccharide present in 10 g. blotted (DPM x 10’4)
Polysaccharide Wt. of Carb. 1. 2 3 " 4 5
Lylogalactofucoglucuronan
(A) 37 mg. 8.1 320 38 & 60
Xyloglucuronogalacicfucan .
(B) 128 mg. 2.9 298 19 97 93
Fucoidan (C) ‘ 53 mg. 0.39 91 2.7 11. 20
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hydreclysate was measured. Paper chromatography in solvents A
and B showed that the neutral part of the residue consisis of
glucosa (major) together with galac.cse, xylose, fucose and an
unknown compound with Rfucose (sclvent A) 1.40. The activities
in the varicus sugars were measured.

TABLE VIII

Radioactivity of residual material after
extractions of 10 g. blotted weed.
(P x 1074)

1 2 3 4 5
Total residue 33.7 42% 141 211 251
Neutral material 6.5 51 - - -
Galactoue 2.0 11.3 - - -
Glucosé : 3.0 25.8 - - -
Fucose 0.7 Te5 - - -
Unknown 0.7 6.7 - - -

* not measured.

Periodate oxidation of Xylogalactofucoglucuronan (4), Xyloglucurono~

zalactofucan (B} and Fucoidan (C).

Experimental

A sample of each of the polysaccharides was oxidised with

0.C15 M 10; for 7.5 hours. The reaction was stopped by adding

excess ethyleneglycol. The oxidised pelysaccharides were then



o

[E

Regults

TABLE IX

Before periodate oxidation

After periodate oxidation

Starting Weight . Activity Periodate Wt.mge. DPy DrM Cleaved Calculated
material carbohydrate  DFM uptake carbo- polyal- diasly- carbo- upiake
sample aow\omsswﬁ kydrate cohol sate hydrate mol th\om
A Hm 4.85 mg 363,000 0.8 1.40 133,000 14.287 - 3.45 mg. 0.69
B HH& 6.3 mg 47,200 C.44 3.25 31,200 3.835  3.0% mg. 0.48
¢ TIIg 3,96 mg 16,680 0 2.45 . 11,730 768 1.51 mg. 0.38
TABLE X

Padioactivity present in the individual sugars of the initial polysaccharides

Sugar unit

Glucuronic acid

Galactose
Xyloze

Fucose

A

101.200
41.830
40.580

161.100

B

-~

9.440
4.840
6.290
26.630

4

740

1.770 .
885

13.260
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reduced to their respeétive polyzalechels by adding 2,
KEH4 in 0.05 M boric acid, and allowed to stand over-night.
Excess borochydride was destroyed with acetic acid and the
solutions dialysed. The polyzalcohols were freeze-dried,
hydrolysed, and the hydrolysate subjected to paper chromatography
ia solvents B and C, and to electrophoresis in neutral buffsr.
The radiocactivities and carbohydraﬁé contents of all the
samples were measured before and after each operation {Table IX).
The radicactivities of the individual sugars preseni in each
pelysaccharide were calculated from results in Table V, and the
radicactivity in the uncleaved sugars in the polycalcohols were
measured ag outlined in general methods (Table X). The periodate
uptake was measursed after the method of Aspinall and Ferrier (1957).
The radicactivity in uncleaved sugars after periodate
oxidatién is obtained from paper chromatography of the neutral
sugars and for glucuronic acid by paper chromatography in solvent

C and electrophoresis. (Table XI).
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Discussion

When Fucus vesiculosus fronds were grown for 10

4

minutes in the presence of | co, (ExpeI pe139 ) mannitol

became highly labelled, and its radiéactivity was tén times
higher after érowth for 3 hours in the presence of 14002(Table I,
exp.I). In experiment II, again the ;adioaﬁfivity of mannitol
was very high, but in the absence of 14002 in the medium,‘this
reméined almost constant, after a small'inofease duriné the -
first 30'minutes. The quickly acquired activity of mannitol

is in full agreement with the Findings of Bidwell (1967) and
Yamagushi et al (1966) and the pattern of change in radioactivity,
or rathér lack of change, in experimeﬁt IT, -supports the theory
that mannitol serves both as a storage.product and as a substrate
for reépiration.

The change in radioacfivitieé‘of the glucosyl-mannitol
and diglucosyl-mannitol suggests that the glucosyl-mannitol is
formed first! pFobabl& by transfer of a glucose unit to ménnito},'_'
and then another glucose unit is added to form the diglucosyl- .
mannitol. The extent of_labeiling'in the élucog&l-mannitol is
relatively high after the first 10 min., when one takes into
consideration the small'émounts.fresent; This activity decreases

during the 2 hour period in the absence of 14002, while that of



diglucoside-mannitol (also present in small amounts) appear to
be unchangead. The two oligosaccharides are probably built up

sequentially by the transfer of glucose to C~1 and C~6 of mannitol.

The amount of laminaran metabolised by Fuéus vesiculosus
is very small‘compared with that of manﬁitol, but it waé relatively
highly labelled (Table III)/,/p;';[:ZZh again agrees with the results
of Yamagushi et al (1966). These results indicate that mannitol
is érobaﬁly partly converted into 1aminaraﬁ via gﬂuaosﬁl—mannitol
and digiucosylmannitol; which suppofts the théory of.the Japanese
workers that mannitol and laminaran pfbbagly piay the same role
in brown algae as sucrose and starch do in green algae and higher
plants.

It was calculated‘from the ﬁptake.of 14CO2 and the
radiodctivity of carbordioxide supplied during the 10 minutes
metabolism in experiment-II, that the:alga would take about 1000
hr.to double its weight., TFor this reason any increase in weight
during the expgrimen%s would have negligible effect on thé weights
of the different polysaccharides, and therefore for simplicity and
to permit compariscﬁ, the average carbohydrate wéights of the
@ifferent polysaccharides in 10 g. of blotted wéed ié given
(Tables III and IV). P.145 and 147.

" The different samples of weed were extracted under

- identical conditionsby acid and by alkali and the two extracts
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were fractionated into their individual polysaccharides.
Hydrolysis of the precipitated polysaccharides from the acid
extract gaQQ on paper chromatography f§cose as the major sugar,
together with glucose, glucuronic acid, galactose, xylose and

trace guantities of a sugar with the moEility R 1,4 {Solvent A),

fucose
slightly fastér than 3-O-methyl-fucose (Bernardi and Springer, 19562). .
This indicated the presence of a glucan as well as a heterofucarn::.
The’ polysaccharides were successfully separated on ahDEAE—cgllulose—
column into (1) laminaran, (2) a sulphated xyloglucuroncagélactofucan
(B), with fucose content ca.78% of the.fotal carbohydrate content,
and (3) fucoidan (C) in which the fucose content was over 90% of

the carbohydrate content (Table V). A third sulphated polysacchar—
ide (A), also fucose-containing, was obtained from the alkali exiract
of the alga, ~ This has previously been named by Bourne et al (1969)
"zlucuronoxylofucan®™, but analysis of the constituent sug;rs of '
‘the present polysaccharide indicate that a more correct.qame is
xylogalactofuco®glucuronan (4). GCalactose was not reported to be
present by the ébbve authorg, although its preseﬂce was suspected
(Brush, 1970). It should be pointed out that separation by

paper chromatography of gélaétése and gluouronic acid is difficult
when the latter is in excess. A hydrolysate of (A) also contained

a trace of the material with R 1,4; but the amount present

fucose
wag too small to measure.
Fucose~containing polysaccharides comprising different

proportions of fucose, xylose, galactose and glucuronic acid, have
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already been reported (Percival and McDowell, 1967) and it
seems that the brown algas synthesise a wide variety of this
type of pol&saocharideﬁ.

The three above mentioned fucose-containing polysacchaf—_
ides are not therefore considered to be'three distinct polysacchar-
ides metabolised by the alga, but the result. of a somewhal arbitrary
fractionation of a family of polymers based mainly on fucose. In
thig framework, pclysaccharide {A) represents one end and polysacc—
haride (C) the other end of the family spectrums.

After precipitation of the pol&saccharides present in
the acid extracts, considerable radiocsctivity remained in the
supernatant. . It was first thought that this supernatant contained
mainly degradation products of the polysaccharides, but if that were
the case, one would expect the radiocactivity in the supernatant and
in the polysaccharide to increase with the same rate. However, -
the radicactivity in the supernafant decreased as the culﬁure
experimant proceeded whereas that of the polysaocharides increased
(Table II;T‘WQE% is probable that some of the radicactivity in the
supernatant is derived from degraded polysaccharides, but only a
“small fraction can he due‘to this. Paper chromatographic
examinétion of this supernatant revealed the pregence of fucose,

1

1,4, and four oligosaccharides (Table II).

the compound with R
fucose

If these substances had been present as such in the alga, they

would have been soluble in 80% ethanol. 4s they were not present



in the 80% ethanol extract they must therefore have‘arisen

from highly labelled, acid-labile higher oligosaccharides.
Because the radiocactivity of these oligosaccharides decreased
after the alga had been transferred io inactive medium, it is
pestulated that they are part of the metabolic pool for synthesis
.of the polysaccharides. The radicactivity in such a pool would
be expected to decrease after transfer to inactive medium because
4

€O, available. This concept of a

metabolic pool weould explain the rapid increase of radiocactivity

there would be rno new

in polysaccharides (B) and (C) in the first half hour in the

4

absence of ! 002 and the conitinued increase in radicactiviiy in
polysaccharide (C) in the following 1.5 hours. (Table III, P-145V
sample 5). |

The extent of' labelling of the three fucose-containing

. _/Pe149

polysaccharides (Table VII){ their high specific activity (Table VI),p.149
and the change of activity in ail three during the period of ihe
~experiment indicate ihat they are all being actively metabelised.
The activity in {A) was the highest of the three afier growing
for 10 minutes in radiocactive medium, it almost doubled during
the next 30 minutes in inactivé medium, and then deéreased slightly
during the following 1.5 hours. In contras?, the other two

polysaccharides, particularly fucoidan (), acquired relatively

little radioactivity, considering the respective weights of A, B
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p.148
and C,/during the 10 min. growih in 1400 . During the

2
following 30 minutes, however, the radicactivity of polysaccharide
(B) increased five-~fold and that of fucoidan (C) four-fold. The
radioactivity of polysaccharide (B) remained almost constant during
the following 1.5 hours, while that of fucoidan (C) almost doubled.
(Table VII). It seems that gome of the radicactive fucose~containing
metabolic precursors remaining in the metabolic pocl aftef 14002
was removed from the growing medium,were used to syntheéise poly~
saccharides (B) and (&),

The decrease in radioactivity of (A) (Table VII) and the
increase in the radiocactivities of the other fucose-containing
fractions during the last 1.5 hours, with copcomitant decrease of
radiocactivity in the "precursor pool" {acid supernatant} suggest
the foilewing tentative pathway for the biosynthesis of fucoidan (C):

xylogaiactefucoglucuronan (A} L xyiogluouronogalactofucan (B) =

fucoidan (C)

As would be expected from the high proportion of unlabelléd fucose
in the polyséccharides at fhe beginning of the experiments, the‘
fucose in polysaccharides (B) and (C) is relatively less labelled
than that of (A) after 10 minutés,.but radicactivity of fucése
in these two polysaccharides increased considerably throughout the
experiment. If there had been no relaticnship between the

'bicsjnthesis of these three polysaccharides, one would expect the



same changes in radiocactivity for each of them throughout the
experiment, but this is clearly not so.

in both experiment I and II{ there is a marked increase
in radicactivity in the alginic acid throughout the experiment.
The increase continues even afier transfer 1o inactive medium,
which indicates that there mugt be a pool of radicactive precursors
present in the alga, This may well be in the acid supernatant,
as only 78 x 107 DR (of the 270 x 10% DPM which was utilized from
the supernatant) was incorporated into fucoseacoutaining polysacchar-
‘ . . _ pe 144
ides during the first 30 min. in inactive medlum (Table I¢a, and
the difference is even more pronounced in the following 1.5 hours.

Yamagushi et al {1966) found that the radicactivity in
the "alginic acid" fraction increased during photosynthesis and
remained unchanged during growth in the dark - indicating that
"alginic acid" is probably a direct product of photesynihesis.
However, this "alginic acid" frac L ion probably also contained
polysaccharide (A). .

The gydrolysate'of the residual material after acid
and alkali extracfiqn was found te be highly radicactive, but a
a high proportion of this was removed by ionﬂexéhange treatiment

p. 150
(Tab’e VIIIY'and was th@refcre probably due to aminocacids,
A

peptides and uronic acids. Chromategraphic analysis of the

neutral material showed mainly glucose with less galactose, a
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little fucose and an unidentified compound (R, =0.60).
fucose
Glucose wag found to be highly labelled, but all the others
contained a certain degree of labelling.
The glucoese is probably derived from cellulosic
cellwall material. Yamagushi et al (1966) called this the

“Yeellulose" fraction and showed that it was completely hydrolysed

to glucose by a cellulose preparation from Trichoderma viride.

These authors found that this fraction acguired activi£y throughout
growth in presence of light but the cﬁange in activitiy during
growth in the dark was complicated. Bidwell (1967) found in

the "insoluble residue"™ an increase in activity in the dark and

a decreass in ths light, indicating active metabolism with probably
more than one compound involvad.

The periocdate oxidation of the polysaccharides A,B and C
was carried out in order to see which i1f any of the constituent
sugars resisted oxidaiion. If no radicacsivity was found in the
arsa on the paperchromatogram correspending to a particulér sugar,
this would indicate that tﬁis sugar was oxidised by periocdate and
a) was present ag& endgroups, or b) that it was present in the
inner part of the molecule linked to two other sugar units in such

a way that it was vulnerakhle t0 periodate oxidation, or it could

be present as a combination of a) and ). If one considered a)
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to be the case for the glucuronic acid and xylcse units, the
theory put forward concerning the biosynthetic relationships
among the pclysaccharides A, B and ¢ would he incorreci, butb if
b) or a combination of a) and b) was the case, the theory would
still be valid,

If after the periodate oxidation there siill remained
radioactivity in the areasg correéponding to all the constituent
suéars this would be further evidence for the proposed'theory,
assuﬁing that no acetal formation took place which hindered
complete periodate oxidation, As is evident from Teble XI,p.152,
all the sugars remained after periodate oxidation.

Their presence on paperchromatogrgms was checked in
several solvents and alsoc by ionophoresis. In each cage their
respecfive radicactivity was measured. This was to ensure that
the‘radioéctivity was actually present'in these sugars and not in
other breakdown products of oxidation. As the same counts were
cbtained in at least itwo different systems for each of the sugars,
one can consider that they are correctl,

Other investigations in this laboratory have provided
evidence that no acetal formation ocours with fucoidan (¢), but
that in a glucuronic acid rich material acetal, formation does occur.
From these results one can assume that no acetal formation has

taken place during the present oxidation experiments of fucocidan (C}
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and the results obtained therefore support the proposed theory
for the biosynthetic connection among pol&saccharideé A,B and C.
Summary

This_work supporits the earlief findings in Fucus

vesiculosusg and Bisenia bicyZclis, insofar that mannitol is

a major product of photosyntihesis of brown algae, that it is a
étorage product, and is partly converted into laminaran.

There also seems to be evidence for a relationship
in the biosynthesis of the fucose~cont§ining polysaccharides,
and the theory that xylogalactcSfucoglucuronan (A) is synthesised
first, and eventually transformed into fuccidan (C) via xyloglucur~
onogalactofucan (B) is put forward. . It is not prcposed ‘hat
these three polysaccharides exist as distinct individuals, but
that they are all members of a family of fucosesconiaining
polysaccﬁarides synthesised by the alga, with xylogalactofucos
glucurcnan (A) as one end of the family spectrum and fucoidan (C)
as the other snd. '

This theory is supporied by periodate oxidation studies
of the three fraciions.

- It is suggested that the low molecular weight carbo-

hydrates found in the supernatant of fthe acid extract are derived

from precurscrs for ihe biosynthesis of these polysaccharides.

This work has been accepied for publiqation in Canadian Journal

of Botany.
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Introduction

The metabolism of carbohydra£es in green
marine algae has received little attention, only a faw papers
concarned with this problam can be found in the literaturs.

Bidwell (1958) allowed the greesn seaweads

Cladophora and Ulva lactuca to photosynthesise in the presence

of.14002 for 5.5 hours and 17 hours respectivaly. After
extraction of the algae with 80% ethanol, 73% and 59% of the
radioactivity in this fraction from Cladophora and.glxé
respectively was found in sucros=z. The carbohydrate fraction
of the insoluble part accounted for 24% of the radiocactivity
from Cladophora and 14% in that from Ulva.

. Craigie et al (19668 carried out studies on the

green algae Chaétomorpha, Cladcphora, Enteromorpha, Monosiroma

BPPey and Ulva lactuca. They were allowed to photosynthesise

in the presence of 14002 for 2 hours. The algae were extracted
with 80% ethanol, and these extracts and the insoluble residues

were investigated separately. Sucrosae acquired the main propqrtion
of tha radioactivity in the 80% ethanol extracts from all species
except Cladophora, where most of tﬁa radicactivity was found in
ugidentified, nautral compounds. Fructose and glucoge also

became iabelled, fructose higher than gluoos;*in'all samples

except in U.lactuca. Cladophora also sythesised labelled mannitol.




166

The main part of the radiocactivity in the
"insoluble fraction" was present in the carbohydrate material.
In all samples, after hydrolysis, glucose had the highest

radicactivity.  The residu=z from Chaetomorpha had traces of

radicactivity in arabinose and xylose, Cladophora in arabinose,

xylose and galactose. Enteromorpha, Monogtroma and Ulva

all gained conside?able radicactivity in rhamnose, and the two
first mentioned acquired smaller amounts in mannose and xylose.
These authors concluded that the photosynthetic‘products of
these green algae resemble those of Chlorella and higher plants
in storing sucrose, glucose and fructose. The labelled
glucose derived from the polysaccharides was thought to have
arissn from starch.

The photosynthetic products from Ulva lactuca

.have recently beén gtudied in more detail by Patil and Joshi
(1970, 1971). These suthors allowed tha alga to photosynthesisse
for 6 hours in radioactives seawater (14002). Samples were taken
at 10 sec, 30 sec, 5 min, 30 min, 1 h. and 6 h. The extent of
labelling of most comgounds present in the 80% éthanol extract
were measured. The budioactivity of the various componants of
the residue was measu?ei after fotal hydrolysis of this. No

)

radiocactivity was fourd in any carbohydrates until after 5 min.
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Sucrose was thenlmost ﬁighly labelled, followed by glucose and
fructose. As the experiment proceeded, it was obsérved that
after 1 hour, glucose had the highest labelling and after 6
hours, fructose was the highest 1abelied sugar present in the
80% ethancl extract.

After hydrolysis of the résidues of the last
four samples, it was found that 34%, 32%, 38% and 50% of -the
radiosctivity respactively was in the carbohydrate fraqtion.
The radicactivity of the individual sugars in each sample was
measured. After 5 min, most of the activity was pressnt in
glucose, fecllowed by xylose and rhamnose, Little was found
in glucoronic acid. As the experiment continued for 30 min,
activity increased in glucose, while that of rhamnose and
xylose decreased. After 1 hour there was still increase in
the activity of glucose, and algo in that of xylose and
glucuronic acid. After 6 h, 80% of the radiocactivity in this
carbohydrate fraction was found in glucose, followed by xylose,
glucuronic acid and rhamnose. The radiocactivity of glucuronic
acid increased throughout the experiment.

When studying their results, i£ is observed
that the actual radiocactivity in the 80% ethanol extract of
U.lactuca does not increase‘throughouf the exéeriment. An

increase would be expected during an experiment of this kind
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as the weed has access to radicactivity in the medium during the
whole period. Patil and Joshi (1970) report a lower radioactivity
in this eitraot of the samples after 30 min. and 1 kr., than afier
5 min. |

For the "insoluble residue” (i.e. insoluble in 80%
ethanol) it is observed that the extent of labelling of rhamnoss
and xylose from the hydreclysate is smaller in the samples from
30 min. and 1 hr., than in that after 5 min. No attempt fo
fractionate the polysaccharides has been made. " It should be
pointed out that glucose, for instance, probably is present in
three different types of polysaccha;ides, and without any separstion
of these, conclusions about their role in the carbohydrate metabolism
intg.laotuca can not be drawn from rédioactive experiments.

Due to these discrepancies, interpretation of their
results is very difficult. Their oonclﬁsions, however, from
these sxperimsnts are that the synthesis of sucrose dominates up
to 30 min. from the start of the experiment, and this is followed
by domination bf glucose-synthesis after 1 hour, The glucose
ig thought to be the main constituent of the "insoluble fraction®,
and also that it serves és a metabolic pool for.synthesis of the
complex polysaccharides as well as for other fractions.

The pressnt experiments were carrieé out at the same
time as those of Patil and Joshi, and as will be shown, the

regpective results obtained are not in complete agreemant.



Material
The alge, Ulva lactuca, was collected at Point Pleasant,
Halifax, Nova Scotia, Canada, in August 1969. It was cleanad

. . . . . . o, .
for adhering epiphytes etc., and stored overnight at 15°C in
filtered seawatier.

Experimental and results.

Fig Ulvs lactuca (50 g. blotted weight) was placed in 1500 ml
filtered, sterile seawater at 18°C and illuminated for 15
minutes. 1.0 mCi_NaHmCO3 was a@ded and the sample
illuminated for a further 10 minutes. It was then taken
out of the medium, rinsed thoroughly in fresh seawater and
pulverised with liguid ritrogen by grinding in a mortar.

B. The weed (SO.g.‘aS for A) was treated similarly, except that
the amount.of seawaier was 6.0 1 containing 2.0 mCi.NaH14QO3.

The illumination period was for } hours.

Extraction of tha Alga

The finely gréund powder was exiracted with 80% ethanol,
by refluxing for 6 hours,repeatea 3 times), followed by exhaustive
extractions with hot water on a boiling waterbath in an atmosphere

£ carberdioxide. The’residue'after the agueous extractions was
hydrolysed completely with 72% sulphuric acid (Blgke and Richards,
1970). The radicactivities of these fracti;ﬁs were measurad

(Table 1).
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) TABLE I

Radicactivity of variocus fractions

ac
5 )

of Ulva lactuca (DPM x 10

80% Bthanol Hot water Residue

extract extiract
Sample A 783 242 602
Sample R 3135 1367 4307

80% Bthanol soluble fraction

The combined extracts were deionised with Biocdeminrol-
it-resin in carbonate form, to remove aminc-acids, sugar
phosphates apd other charged compounds and then examined by
paper chromatcgraphy in solvents A and D. ~ The components
present were identified by paper chromatography and g.l.c.
gnd theAradioactivity in the varioqs sugars and alcohels was
measured (Table II);pff?f.‘

Hot water extract

The total extracts were,dialysed. During dialysis
a precipitate formed inside the dialysis sac, which was removed
by centrifugation, before freeze-drying the pélysaccharide.
Previous studies had shown that this fractioq was a mixture of
starch and sulphated glucuronoxylorhamn@ns (Bfading et al, 1954,

Percival and Wold, 1963). The sitarch was removed by treatment



Difference
between total

TABLE II

Radiocactivity in the components of the 80% ethanol B

soluble, neutral fraction (DPM x 10

Total de- Oligo- Myo-

ionised

saccharide Inositol

Imv

Sucrose. Glucose Fructose Xylose Hibose Unknown.

and neutral axtract

extracts
350 315.9 35,65 2453 143.7 72.02 42.96 4.74 T.27 5632
950 2169.0 997.9 49.89  1054.0 366.6 ,uE,m 52.06 93,28 13.2
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of the polysaccharide with wu-amylase inside a dialysing =sac
in distilled water. The dialysing water was changed frequently,

and the reaction was stopped after 24 hours by heating the mixture

to boiling point. &fter cooling the precipitated enzyme was
removed by centrifugation.' The solution containing sulphated
polysaccharide,after concentration,was freeze.dried. The

carbohydrate content was measured of the polysaccharide mixture
and of the precipitate formed in the dialysis sac. The radio-

activity of the various fractionswas measured (Table III)
TABLE I1X

Radioactivity present in various parts of the hot water

fraction ( DPM x 1077)

Total Diaslysate Precipitate Polysace-~ Starch Glucurcno-~
extract in sac ¥y aride xylorham—
) fraction nans
X
A 242 127 32.6 77.9 35.4 24.9

B 1367 257.5 230.7 894.8 174.5  :555.3

x weight 805 mg, carbohydrate content 50% for both 4 and B.

¥y carbohydrate content, A = 3.44 mg, B = 16.7 mg.



Investigation of the sulphated polysaccharide

As the glucuronic acid is highly degraded by
normal acid hydrolysis (Haq and Percival, 1966) the polysaccharide
was e+ given a mild hydrolysis with 2.25% oxalic acid at 100°¢ -
for 4 hours. After neutralisation, the derived neutral and
acidic oligosaccharides were separated on Amberlite 1R-45 (HC0O )
resin and eluted successively with water an& 1 M formic acid.
The acidic fraction was converted into its wethylester—methyl
glycogides followed by reduction of the acid to the neutral sugar
with sodium vorohydride. After another hydrolysis of the neutral
and the reduced acidic fraction with 90% formic acid, an aliéuot
of the derived syrup was subjected 1o paper(chromatography in
solvent A and.the radicactivity present in each sugar was measured,
Another aliquot was reduced and the ratio of the alditols present
was determined by g.l.c. The results obtained from the two
fractions wers combined to find the molecular ratio of the sugars
present in the polysacchéride and the radiocactivity present in
each sugar {(Table IV).* The relative specific radicactivity per
sugar unit was calculated (Table V).

Residual material

The residue was hydrolysed with 72%.sulphuric acid
(Blake and Richards, 1970), deionised with Bio8eminrolit resin
in carbonate form, and an aliguot of the derived neutral syrup

was subjected 10 paper chromatography in solvents A and D.
*#No glucose was detected in a complete acid hydrolysis of the acidic
fraction. '
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TABLE IV

Sugar - Glucoge Zylnse Rhamnoge  Glucuronic acid
Rel.prop. 1 4.55 5«7 2,28
DPM . A 49.38 38,65 123.7 28.93
x0™4 B 313.2 1376 2417 1102

TABLE ¥V

 Relative specific radicaciivity

Glucose Xyloge Rhamnoge  Glucuronic acid
A 43.38 8.5 21.7 12.7
B 313.2 302 422 483

TABLE VI

: =
Radioactivity in the residual sugars (DFM x 10 )

¥

Total radio- Neutral Glucoge  Mannose Xylose Rhamnocose
activity fraction

A 602.4 378 251 87.7 22.0 17.4

B 4307 2950 2235 189.4 135,7  191.7
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Avother aliquot was analysed by g.l.c. after conversion of the
sugars to their corresponding trimethylsilyl-derivative, The
presence of glucose, mannose, xylose and rhamnoss was confirmed,
glucose being the wain sugar of this material, The radioactivity
of the respective sugars was measured as described previously

(Table VI).
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Discusgsion

When Ulva lactuca was allowed to photosynthesise in

4

the presencs-of NaH'4COB'For 10 min, (A) and 3 hours (B) respectively,
it was found that the low molecular weight fractiion incorperated a
higher percentaée of the radiocactivity afier 10 min. (&) than after
3 hr. (B), whereas ihe highest amount of radicactivity was found
in the residue after 3 hr.(B}, which agrees with the fact that the
nellwall is built up later than the soluble products,

In the neutral fractiion of the 80% ethanol soluble
material, sucrose was the highest 1abe1ied carbohydrate in both
experiments. The radiocactivity acguired by glucose and fructese
was also high, while that of the other ccmpounds were relatively
low.  The high content of radicactivity in sucrose afier 10 min.
agrees with the finding that sucrose is ihe firs:i free sugar 1o Ye
formed by photosynthesis (Bassham and Calvin, 1957). The increase
in the radicactivity in sucrose and frucitose between 10 min and 3 h.
was proportionally almost identical, while that of glucose was notl
so pronounced. .Patil and Joshi {1970) found sucrose to be the
highest labelled sugar after short periods of photiesynthesis of
U.lactuca. After 1 hour, glucose had the highest labelling and
after 6 h. fructose was the highest labelled sugar present in.theif
80% ethanol extract. Qur results agree with 'these observatiocns
for the short period of photosynthesis, but in our case after 3rhours,

sucrose was still:the highest labelled carbohydrate and the increass
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in radiocactivity was prcportionately somewhat greater for fruciose
than for glucose during this period, but the total radicactivity
of glucose cr fructose does not exceed that of sucrose,

The radiocactivity present in .the charged components of
the 80% ethanol soluble compounds was greater in (4) than in (B)
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(Table 11)/ indicating that charged compounds ars formed before
~neutral sugars; the same was observed by Patil and Joshi (1970).

The hot water exiracie contained 14.9% (A) and 15¢5%
(B) respectively, of the total radioactivity present in %he alga.
Losg of radioactivity during dialysis of these extracts was greater
for (A) than for (B), indicating that smaller molecules (precursors?)
are formed firsi and then are probably converied into higher melecular
weight compoﬁnds. One would therefore expect the dialysable material
to have relatively less radicactivity after a longer itime of growth
in radioactive medium and hence a greater fractiion of radioactive
non~dialysable polysaccharide.

The non-dialyssble fraction consists mainly of two
polySaccharides,'starcﬁ and a sulphated glucuronoxylorhamnan (Brading
et al, 1959; Percival and Wold, 1963). Starch is a storage product,
but possibly also an active meiabeolite, . It has the higher radio-
activity of the two in (4), but the lower in (B) indicating that it is
a more direct product of photosynthesis than the sulphated polysaccharides,
the laiter are probably synthesised via different precursors and are
eventually laid down in the alga sither as long term storage material

or‘as'part of the cellwall,



The radicactivity present in various sugars of the
sulphated bolysaccxaride, show that the glucose acquires radio-
activity quickest, followed by rhamaose, glucurconic acid and then
xylose (see Table IV)., Afier 3 h. growth (B), one can see that the
relative specifio radioactivity per sugar unit {Table V) is highest
for ihe glucuronic acid and lowest for glucose, but the diffsrence

_is relatively small comparsd with the differences in exp.Ai The

sugars are almest equally labelled after 3 he Glucose ?as the

smallest increase in radiocactivity which indicates that this part

of the polysaccharide probably has a hiéh "turn-over-rate" relative

to ihe parts containing the other sugars. t could be that gluccse

is transformed into some of the other sugars at the polysaccharide

level or that cbmparatively little gluscse is incorporated afisr the
initial stage. It appears.that rhamnose is laid down in the polysacchar-
ide befofe‘the other two sugars.

Gluéose contains ths highest émount of the radiocactivity
laid down in the insolgble residue and this is followed after 10 min.,
in decreasing order of activity by mannose, xylose and rhamnose (Table VI).
An even higher proportion of radioaétivity‘in glucose is found after
3 hours. The radiocactivity in rhamnose seems 1o have increased
proportionately to the same extent a&s glucose, while mannose and
xylose did not show such large increases. Thesneuiral fraction
(carbohydrates) of the residue conteins a higher proportion of the
radioactivity of the total fraction in (B) thaa in (&), which indicates

that the carbohydrates are a less direct product of photosynthesis

.
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than the other constituen&s of this insoluble residue.

Patil and Joshi (1971) investigated the total 80%
ethanol inscluble fraction as such and they found a decrease in
the radioaetivity of the xylose and rhamﬁose after a certain
period of their experiment. This cannot be so, as the alga has
access 1o 14002 all the time. The present results agree with
‘their observations concerning the increase of radioactivity in
glucuronic acid, but any further comparison is difficult as the alga
has been examined differenﬁbin their and the present studies. The
discrepancy in iheir results also make comparisons difficult.

It should be pointed out that one ought to separate the
polysaccharides'before trying to analyse them, in order to get as

true a picture as possible of the extent of labelling iu the various

sugars.  Glucose, for instance, is probably preseni in three

different polysaccharides of Ulva 1actucg; starch, sulphated glucuron-
oxylorhamnan and i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>