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ABSTRACT

A method, based on the isolation of pure compounds
by a combination of DEAE-cellulose and thin-layer
chromatography, has been developed for the rapid and
quantitative estimation of the major glycerolipids of
plant tissues. The method has been used 1) for the
analyses of the major glycerolipids of a wide variety
of plant species and 2) as part of a detailed chromato-
graphic analysis of the glycerolipid constituents of

the green alga Mesotaenium caldariorum during which

two unknown lipids, probably glycerolipids, were
isolated.
On the basis of the incorporation of radiocarbon

1uC

from -labelled precursors into the glycerolipids of
both Mesotaenium cells and pumpkin leaves, the likely-
hood of relatively low turnover rates for the various
glycerolipids, with the poésible exceptions of phos-
phatidyl glycerol in Mesotaenium and phosphatidyl

choline in pumpkin leaf, is discussed.

The unusual growth requirements of Mesotaenium

caldariorum in liquid culture is discussed briefly.




PREFACH

In this study, a considerable amount of time has
been spent on the development of techniques for the
routine separation and analysis of all of the major
glycerolipids of plant tissues. These techniques were
considered an essential prerequisite for obtaining
the type of results envisaged in the planning of the
topic., Time limitations have subsequently dictated
that a lesser period than would have been desired was
available for metabolic studies, so that the isotope
incorporation experiments reported here should be
regarded as preliminary in nature. Nonetheless, these
experiments do point the way for further investigations
which could provide relisble measurements of the turn-

over of the individual glycerolipids of algae and leaves.
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R.D. Batt for his advice and guidance during the course
of this work and to Dr K.J. Mitchell for his constant
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A man would do nothing if he waited until he
could do it so well that no one could find

fault with what he had done.

Cardinal Newman.



PART A1
==

SEPARATION, IDENTIFICATION AIND AMALYSIS
O PLART GLYCZ2QLIPIDS

INTRODUCTION

Glycerolipids of Photosynthetic Tissue.

Stmdtics | o | ithe inatukre o the lipid constituents &f
photosynthetic tissue have been undertaken only recently.
Benson and co-workers have been the major contributors
in this field since 1958 and the group has been respons-
ible for the discovery of plant sulpholipid (Benson,
Daniel and Wiser, 1959), phosphatidyl glycerol (Benson
and Maruo, 1958) and first reported the presence of
diphosphatidyl glycerol in plant tissue (Benson and
Strickland, 1960). Phosphatidyl choline, phosphatidyl
glycerol, phosphatidyl etharnolamine and phosphatidyl
inositol were found in all leaves examined but phos-

phatidyl serine was encountered only rarely (Benson,

Wintermans and Wiser, 1959). The two galactolipids,

which had been discovered originally in wheat flour
(Carter, McCluer and Slifer, 1956), were shown to be

the major constituents of lesaf, chlorovnlast and algal
lipids (Benson, Wintermans and Wiser, 1959; TFerrari snd
Benson, 1961 ) and sulpholipid has also been found in

all photosynthetic tissues so far examined (Renson,

1963; James and Nichols, 1966).
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Ixtraction of Linids,

a) Using Zthenol.

A wide variety of methods have been used for the
extraction of lipids from fresh plant tissues. Eenson
and co-workers (RBenson et s, 4 1959) normally extracted
with hot ethanol while Wintermans (41960) has followed
boiling ethanol with repetitive ethanol/toluene extrac-
tions until the residue was colourless, 2ill and
Harmon (1962) extracted spinach lesves with boiling
ethanol and followed this with an acetone extraction at
room temperature. In this instance the residue was
finally extracted with chloroform/methanol (2:1).
Bailey (1962) and later Russell (41966) used boiling

80% ethanol for extracting grasses and clovers.

b) Using Isopropanol.

Kates énd Eberhardt (1957) extracted runner bean
leaves with boiling isopropanol followed by isopropanol/
chloroform after first powdering the leaves under ligquid
nitrogen. This procedure is said to eliminate artifacts
such as the formation of phosphatidic acid from phospho-
lipase activity known to occur during other extraction
procedures (Jordan and Chibnall, 1933; Hanahan and
Chaikoff, 1948; Smith and Chibnall, 1932). Extraction
with hot isopropanol was later used by Nichols (1963)

with leaves and by Nichols znd James (196&) with



narcissus buliz but in each of these cases the freezing

step wes omitted.

c) Using Chloroform/Methanol.

In subsecuent reports (Wood, Michols and James,
1065; Nichols, 1965) algal cells were extracted with
chloroform/methanol (2:1) and this solvent mixture has
also been used by O'Brien and Benson (196L4) for the
extraction of alfalfa and Chlorella lipids. Allen et
al. (1964) extracted spinach leaves with mixtures of
methanol in chloroform (41:2, 1:4) and finally with
chloroform alone. MNore recently Heverkate and Van
Deenen (1965a, 1965b) and Allen et al. (1966) extracted
algal and leaf lipids into chloroform/methanocl (1:1) by
the method devised.by Bligh and Dyer (41959) for fish

muscle,

Eemoval of non-linid material.

a) Acgueous washing of organic phases.

A considerable amount of non-lipid material is

extracted with the linids by all of the methods described

above., XZarlier procedures for the removal of these non-

lipid compounds involved concentration of the extrsct to

an agueous emulsion, partitioning with chloroform (Eenson

et al., 1959; Wintermans, 1960; ZEberhardt and Kates,

1957) or diethyl ether (Weenink, 1964), and repeated

3



water washing of the organic phase. DBoth of these
methods however, tend to produce difficult and persistant
emulsions and subsequent repetitive washing may lead to
lipid loss. The chloroform/methanol extraction and puril-
icetion procedures developed for brain (Folch et al., 1957)
and fish muscle (Bligh and Dyer, 1959) have the advan-
tages that no concentration of the extraet is required
eand separstion of aqueous &nd organic phases 1is sharp
and rapid. These methods have been used with plant
tissues (Zill and Harmon, 1962; Nichols and James, 1S6lL;
Hichdls, 1965; Haverkate and Van Deenen, 1965b).

In 1962 a radically different procedure was reported
by Bailey and later used by Russell (1966). An 80%
ethanol extract of pasture plants was evaporated to a
thick syrup which was subsequently diluted with water

end the lipids recovered by centrifugation.

b)  Column partition methods.

Separstion of 1lipid and non-1linid material by
column partitioning on cellulose (Lea and Rhodes, 1953)
or Sephadex (Wells and Dittmer, 1963; Siakatos and
Rouser, 1965; Wuthier,1966) have been used infrequently
for the removal of ncn-lirid components from leaf ex-
tracts. Rouser et al. (1967) used a Sephadex column

to purify a spinach leaf extract.
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c) Column adsorption method.

Rouser et a2l. (1963) thoroughly dried an unwashed
chloroforn/methanol extract of brain tissue and extract-
e¢ the residue .with c¢hlorofoim. The chlePoform selution
was placed on a column of DEAZ-cellulose and neutral and
zwitterioniec lipids were eluted in mixtures of methanol
in chloroform. HNon-lipid material was then eluted from
the ¢olumn 15 nethangl end the eeidie lipid subseguently
eluted in chloroform/methanol/ammonia mixtures. Al-
though not specifically stated this technigue was prob-
2bly tsed by Allewm E©F a1, (1964) with spinach leaf

Linid cilraeks,

Qualitative analyses.

a) The deacylation technigue.

In this technigue, the washed lipid is sub jected
to a controlled, mild-alkeline hydrolysis which splits
fatty acids from glycerol lesving the rest of the mol-
ecule intact. The resultant weter-soluble glycerol
esters or glycosides -Gan then be separsted from *he
fatty acids-by partitioning between acueous and chloro-
form phases snd from each other by two-dimensional paper
chromatography (Benson and Maruo, 1958). It wes with
this technicgue and the ‘use of isotopically labelled

lipids that Benson.and co-workers identified the new



glycereolipides of photegytthetic tissue referred to

nreviously.

b) Paper adsorption chromatography.

Kates (1960) adapted the silicic acid impregnated
paper chromatographic technigue of Narinetti and Stotz
(1956) for the separation of runner bean leaf lipids into
eleven components and similar papers were used by Ferrari
and Benson (19641) in a study on the composition and

turnover of Chlorella glycerolipids.

¢) Column adsorption chromatography.

i) Silicic acid.

The earliest attempts to separete intact leaf
linids were made on silicic acid columns, Kates and
Eberhardt (1957) separated runner been leaf lipids into
four fractioﬂs on columns of silicic acid/celite, Zill
and Harmon (41962) applied the Hirsch and Ahrens (41958)
silicic acid column technicue to the separation of
spinach leef lipids but could achieve only a limited
resolution of the more polar glycerolipids. DBetter
separation of the acetone insoluble lipids ( a mixture
of galacto-, sulpho- and' phospholipids) from cabbage leaves
was obtained by Wheeldon (1960) using silicic acid
columns and chloroforn/methanol mixtures for elution.

Vorbeck and Marinetti (1965) have separated glyco-



lipids from the phospholipids of Gram positive bacteria
by eluting silicic acid columns with acetone/chloroform
and acetone. TPhosphatides were retained on the column
and could be eluted with chloroform/methanol mixtures.
This technique was adopted by Rosenberg et al. (1966)
for the separation of the galactolipids of ILuglena and
by Rouser -et al. (1967) for the separation of spinach

glyco- and phospho- lipids.

ii) Florisil (lMagnesium silicate)

Florisil column chromatography was employed by
O0'Brien and Benson (196L4) for the separation of glyco-
lipids of Chlorella and alfalfa from phosphatides. By
using a combination of Florisil, DEAE-cellulose and
silicic acid column chromatography these authors were
able to obtain the galactolipids and sulpholipid in
pure form., A batchwise Florisil procedure was later
used by Russell (1966) for the separation of glycolipids

and phospholipids of pasture species.,

d) Ion-exchsange chromatography.

i) On paper.

The major phosphatides of Chlorella have been
sepcrated by Mumma and Benson (1961) using aminoethyl

cellulose paper chromatography and the technigue was

also used by Zimmerer and Hamilton (1S65) for the



separation of the phosphatifes from Avena coleoptile,

ii) On columns.

AE-cellulose column chromatography, modified for
the separation of brain glycerolinids (Rouser et al.
1061), was applied by a) Nichols and James (1S6L4) to
the separation of Narcissus bulb lipids b) Allen et al.
(1964) to separzte spinach leaf lipids and c) Weenink
(1964) for the fractionation of the acetone insoluble
lipids of red clover leaves. The main a@vantage of this
technigue is the clear separation of meutral and dipolar
lipidé f'fom @cidic lipids, = Separation wiiich <€aghot be

achieved with silicic acid columns.

e) Thin-layer chromatography.

Thin-layer chromatography of plent glycerides was
Tigst descriﬁed by MNichols (1¢63) who separated 19 com-
ponents from cabbage and lettuce leaf lipid extracts.
'As mentioned previously, Xates (1960) resolved 11 com-
ponents from runner bean leaf lipids by paper adsorption
chrometography. Subsecuent reports by Hichols (4S64)
describe extensions of the thin layer technigue to two
dimensicons giving a élear Ssparetion of the 19 componernts
of lettuce leaf, ILa Page (1964) has also described a
tvio-dimensional thin-layer method which seperated 17

lipid components from potato tuber.



Quantitative Analyses.

In a recent review of plant lipid metabolism, Kudd
(1967) has pointed out thet there are few complete
guantitetive analyses of glycerolipids 'in either plant
tissues or subcellulsr fractions. In 1966, James and
Hichols had collected informstion on the occurrence of
particiular glycerolipids in & veriety of photosynthetic
organisms but could not list relative concentrations,

B Ract, only four reperte havwe atfempted to give figures
for the glycerolinid concentrations in leaves, algae or

subcellular fractions.,

a) . Leaves and chloroplasts.

Total lipids,isclated from lesves of spinach, beet,
eléder and bean seedlings and from chloroplasts of
spinach and beet, were subjected to mild alkaline
hydrolysis and the water soluble, deacylation products
separated by two-dimensional paper chromatography
(Wintermans, 1960). The separated glyceryl compounds
were eluted from the paper and estimated by phosphorus
or sugar content. Recoveries of phbsphoryl compounds
were variable (60 to 90%) and it is possible that the
sugar estimations were complicated by contamination of

eluted spots with cellulose fibres (Wintermans, 1962).
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b) Algse.

Chlorella pyrenoidosa was grown in the presence of

10,

O2 to give uniformly lsbelled lipids which were then
deacylated and senarated by paper chromatography (Perrari
and Benson, 1961). TFhosphoryl compounds were estimated
by neutron activation (Benson et 2. , 1958) and the
concentration of the glycosyl comnounds were calcuvlated

14

from C contents compared with the values in known
phosphoryl compounds. While considerable accurecy might
be expected with this procedure, it is unnecessarily

complicated for routine use 2nd probably could not be

used with higher plants.

c) Bean chlorgplast and pepper fruit plastids.

Pean chloroplast and pepper fruit plastid lipids
were fractionated by silicic acid column and silicic
acid impregnated paperlchromatography and estimated by
sugar or phosphorus content (McArthur et al., 196L4).
This chromatographic procedure cannot adequately separate
a1l the glYyeerolipi@e of & photogynthetdie tissue. however
(Kates, 1960), and results were given in percentage
composition rather than in relation to fresh or dry

weight of tissue or chlorophyll content.

d) Spinach chloroplast lamellae.

Ty

The glycerolipids of spninach chloroplast lamellae



1

were separated on a column of DrAll-cellulose and molar
concentrations derived from the weights of column
fractions (Allen et &l., 1966). Reliable results might
be expected with those components present in high con-
centrations (monogalactosyl and digalactosyl diglycerides
and phosphatidyl glycerol! but other fractions (weighing
3 to 4 mg) would be extremely difficult to determine
accurately in view of the hygroscopic nature of polar
glyecerolipids., It is not Cclear from this report whether
anmonium acetate, eluted along with the acidic lipids,

was removed before weighing the individual fractions.

e) Partial analyses.
In 195S, Eenson et al, measured the relative con-
centrations of phosvhatides in a variety of leaf and
algal species by neutron activation of the chromato-
graphically separateddeacylated lipid. C'Brien and
Benson (1964) gave values for the concentrations of
the two galactolipids and sulpholinid which had been
isolated by a combination of Florisil, DEAE-cellulose
and silicic acid column chromatography. Semi-cuan-
titative measurements of gealactolipids from runner sean
leaves were reported by Sastry and Xates (1964). Bailey
(1962) described a method for the messurement of linid

bound galactose andé Russell (1966) later reported a



10\

method for the estimation of both lipid-bound galactose

and sulphocuinovose.

Summary.

The resulile reported by Wintermanse represent the
only complete comprehensive analysis of the major gly-
cerolipnids of whole leaves and chloroplasts. The need
for & rapid and reproducible method for the gquantitative
analyses of the major glycerolinpids from plant tissues
is apparent from the literature reﬁorts. The information
aveilable suggested that lesf lipids might be separated

ffectively by two-dimensional thin-layer chromatography
(iichols, 1964) or by unidimensional thin-layer chromato-
graphy following preliminary fractionation into a) glyco-
and phospholipids by Florisil column chromatography
(O'Brien and Eenson, 1964) or b) acidic and non-acidie
lipids using DEAE-cellulose (Nichols and James, 1964).
Althcugh the silicie acid/acetone procedure described
by Vorbeck and Marinetti (41965), Rosenberg et al. (1966)
and Houser et al, (1967) might® be wsed, the.large volumes
of acetone reculred and relatively slow flow rates
(Rouser et gl., 1967) would be disadvantages in a

technigue speeifileally designed fo? routine enalyses.

12.



Aim of the vpresent investigations.

The aim of the present investigation was firstly,
to eveluate existing methods for the extraction snd
separation of' the glycerolipids of phoﬁosynthetic
tissues eand then, with methods judged satisfactory on
the basis of recoveries and convenience, develop a
technique specifically for rapid, routine separations.

In addition, simnle and repid methods for cuantitative

chemicel analyses of the separated linids would also

] The following section describes the development
of methods for the rapid and accurate estimation of
the major glyco- and phostho- lirids from photosyn-
thetic tissues., The results of the application of

the new technigue to a wide variety of species are

also presented.
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LETTODS

Selection of pnlant material.

Wherever possible only young, fully expsnded leaves
were sanpled and extraction was begun within 2 to 5 min
after harvesting. Ho attempt wa2s made to disseet out
e vEs@wlal tisswe hut MBS litidle petiole as mossible
was included in the sample. IFor the comparison of gly-
cerolinid ecomcentratieny 1R & Wwristy ©f Species the
youngest fully expanded leaves were taken from a number
of plants in the snring and early summer of 4967-1968.
In the cese of ryegrass and cocksfoot, flag leaves were
taken from plant®s in which the infloresczence was just
emerging from its sheath., With compound leaves, only
leaflefs were taken., PFine needles, 5 to 6 cm in length,

were gethered from the bases of new shoots of about 10

cm in length. The liverwort, Marchentisa, was grown in

a mist house under natural daylength. A4As much of the
rhyzoid material as possitle wes removed from thalli
before weighing &nd extrecting. The green alga,

&)

lesotsenium czldariorum, was grown in liguid culture at

o) . . . . .
18%C under continuous illumination from fluorescent
tutes. This organism was harvested in the miédle of the

log phase of growth and the resultis given in terms of

ct

fresh weight are besed on the assumption that 41 ml of

packed cells weighed 1 g€. The moss used, wes a mixture



of ecual amounts of Furoria and Leptobyvrum pyriforme.

Tt

Parsnip root was washed free of soll before samples were

gt Crom theé @gites FoR weighing and exfraching

IZxtraction and purification of lirid.

a) Technicue adopted in this study.

Fresh leaves were weighed and homogenized with 10

volumes of methanol/chloroform (7:3) in a 'Waring blendor'

(10 to 50 g leaves) or in a high-speed, overhead blender
(0.5 to 5 g). Smaller amounts (0.25 to 0.5 g) were
normelly homogenized manuslly in a glass tissue grinder,
The homogenate was filtered under reduced pressure and
10 volumes of chloroform were used to rinse out the
homogenizer and to wesh the residue on the filter.

After this treatment tlie residue wee colourleéss,.

The combined filtrate wes shaken with 0.2 voludmes
of 0.73% Wall end stored in the freezer while the phases
sennr:ted If #Re€ EtRaet- was réduired impelildiely theé
phases wers separsted by ceatrifugation. The lower,
chloroform phase was recovered, evaporated under reduced
pressure and traces of weater were removed from the lipid
residue by adding absolute ethanol/benzene (90:10) and

re-gva

n

orating, This dry linid wes then redissolved in

ap L K X

chloroform so that 1 ml of solution was equivalent to 1 2

Fal

ftEesh weldhi, o opiigidal Veel Ciseue.
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Tnis procedure is a slight modification of that

described by Folch et 2l. (1957} for brain tissue.

b) Other methods tested.
For purposes of compariscn, lipid extrected (but
not washed) by the method outlined above was freed of
non-lipid material by the Sephsdex method of Wuthier
(1966) and was also subjected to DEAB-cellulose column
chrematogravhy without any washing (Rouser et al., 1963),
The extraction and purification methods described X
by Bligh and Dyer (1959) for fish muscle and by Bailey

(1962) for pesture plants were also tested for their

recovery and convenience.

Preliminary senaration of glycerolinids.

a) DEAE-cellulose semi-micro column.
Diethylaminoethyl cellulose (DEAE-cellulose,
Whatman DE-11) was washed with HCl, ¥aCH, methanol and
chloroform as recommended by Rouser et al. (1963), and
cenverted to the acetzte form by standing overnight in
glacial acetic acid. The acetic acid wes replaced by

methanol and the adsorbent stored as a dilute slurry

’v

glass wool rlug and & teflon stopcock to meke a column



1.
3 cm in height. The column was washed with methanol
(5 ml) and the methanol carefully replaced by chlcroforn
D
(10 to 15 ml) before 1linid, (ecuivalent to 2 g fresh
weight of leaves) in chloroform was applied.
Heutral and zwitterionic lipids were eluted in 25
ml of chloroform/methanol (6:4) at a flow rete of 2 to
3 ml/min, and acidic lipids were eluted in 20 ml of
chloroform/methanol (6:4) containing 1.5 ml of concen-
trated ammonia solution (Fig. 1.1). ZPBoth fractions were
evaporated to dryness under reduced pressure, using
ethanol/benzene to remove water from the second fresction,
end finally made up to 2 ml (non-acidics) and 1.0 ml
(acidics) in chloroform.

-%hen it was considered desirsble to remove the
armenium acetate, generated in the lon-exchange process,
from the second frection the following method was used.
The linid and ammonium acetste were quantitative trans-
Tfemped Ug 2 cantrituge cube in 2 il of medthanel Tollowed
by 2 ml of. chloroform, and thoroughly shaken with 1.6 ml

s

(0)18

-

vater (Bligh and Dyer, 1959). The phases were separ-

ated by centrifugation and the lower, chloroforn layer
recovered by aspiration. A further 2 ml of chloroform
wes used to rinse out the evaporeting flzsk and to re-
extract the acueous methanol phase. The combined chloro-

form solutions were evaporeted to dryness under nitrogen
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Fig. 1,1, Thin-layer monitor of fractions from the DEAE-
cellulose column. Two ml (22 g fresh weight of leaf)

of a chloroform solution of white clover lipid were placed
on the column and 8 ml fractions of each eluting solvent
collected, Fractions were concentrated and made up to
volume in the same way as bulk eluates (see text); 25 nl
were streaked across 1 cm on Silica Gel G. Lanes 1 to 3

are sequential fractions of the chloroform/methanol (6:4)
eluting solvent while lanes 5 to 7 are sequential fractions
of the chloroform/methanol/conc. ammonia (6:4:0.75) solvent.
Lane 4 is the lipid before column chromatography. Develop-
ment, chloroform/methanol/acetic acid/water (85:15:10:3)"
detection and identification of separated components as for
Fig. 1.2, This chromatogram demonstrates phasic separations
at the solvent front.



~ 0

and the residue made up to 1.0 ml in chloroform.

b) Florisil cclumn chromatography.

Florisil (a highly activated magnesium silicate,
Floridin Co., Vest Virginia) was washed with water,
activated and stored under methanol as described by
0'Erien and Benson (196L4). When this washing procedure
was found to have 1littl e, 1IfE ey, eifeet lon the Sepans
ations of glyco- and phospholipids the adsorbent wes
also used unwashed., The adsorbent was originally
tested in column procedures which were essentially
one-fifth to one-tenth of the scale reported by O0'Brien
and Eenson (196&} but in later worlz this was scaled down
g¥en fumther ih ap atternfgt to decide wWietliee a Florisil
column could be used in a routine procédure. Pertinent
details on the preparation and elution of semi-micro
column of Florisil have appeared in a publication
(Roughian and Patt, 1968), a reprint of which is bound

in the back of this thesis.,

Thin-laver chromatography.

R

a) Activation and development.
Thin-leyer canromatography (TLC) was performed on
250 p layers of Silica Gel G, H and MR (lMerck, Darmstat,

Germaeny) snd one or two dimensional separstions achieved
/ D
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using the solvent systems recommended by Nichols (1963,
1¢6L). Layers were activated at 120°C for 30 min
immediately before use and develoopment was normally
carried out in tanks lined with Tilter paper.

Consistent two dimensionzl thin-layer separaticns
were obtained (Fig. 1.2) when suiteble essential precau-
tions were taken. After development in the first direc-
tion (chloroform/methanol/conc. ammonia; 65:25:2) it
was necessary to reactivate the layers under high vacuun
for 30 min to prevent Bwericls phase seperetioh of the
solvent (chloroform/methanol/acetic acid/water; 170:25:
25:4) during development in the second direction. Fhase
separstion was sometimes encountered during development
with the solvent (chloroforr/methanol/acetic acid/water;
85:15:10:3) recommended for unidirectional chromatography
also and this was thought to be caused by deactivation
of the édsorbent during cooling of the activated layer
and applicstion of samples. It couwld be prevented or
controlled by ensuring that activated layers were not
exposed to the laboratory atmosphere for more than 20

min prior to beginning development.

b)  Application of samples.
For maximum resolution of components in one-
dimensional TLC it was better to apply samples as narrow

strealzs rather than zs spots and to ovtain sufficient of
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18, l.2. <Z-Dimensional vthin-layer chnromatdgram

of red clover leaf lipids after Nichols (1964),

Lipid equivalent to 20 mg of leaf was applied and
the separated compounds were detected with tlie acid

dichromate spray of Rouser et al, 1964 and charring

at 180 for 30 min.

PGTS, Pigments; MGD, Monogalactosyl diglyceride;

SG, Sterol glycoside; DPG, Diphosphatidyl glycerol;
PG, Phosphatidyl glycerol; PE, Phosphatidyl ethanol-
amine; U, Unknown; SL, Sulpholipid (sulphoquinovosyl
diglyceride); PC, Phosphatidyl choline; PI,
Phosphatidyl inositol; DGD, Digalactosyl diglyceride.
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each glycerolipid for chemical snelyses it was necessary
to apply 25 to 200 pl of solution across a 2 to 4 cm
streak, The search for a suitable method for making such
applications culminated with the construction of trough-
type streakers (Fig. 1.3) which were very much faster
than existing designs., An account of the construction
gnd testlng! of" @hese deviess las heen puhlished &S &
short communicetion (Roughan and Tunnicliffe, 1967),
a reprint of which is included at the end of the thesis.
Samples (25 to 50 pl, ecuivalent to 25 to 50 mg‘of
leaf) were applied as spots for separation bv two-

dimensicnal TLC,

c) Detection of separated compenentis.

Lipids sepsrated by TLC were detected and identified
by the use of a variety of spray reagents, Phospholipids
were identirTied with the molybdendum blue reagent of
Dittmer and Lester (1965) and glycolirpids with the
ot-naphthol/sulphuric acid reagent of Saikatos and
Rouser (1965), The most useful reagent for the localiza-
tion and identification of separated lipids however, was
a 50% sulphuric acid spray followed by heating in an
oven at 120°C. Sterols produced a characteristic pink
colouration in the first few minutes of heating and -

subsequently (10 to 20 min later) the glycolipids

showed asred-purple zones while phospholipids turned a
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Fig. 1.3. Some of the sample streakers in routine use

in this laboratory arranged on a (20 cm)” layer (250 p)

of Silica Gel H. The thin streaks produced by the devices
are displayed in front of each one.
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pale brown (Hichols, 1963, 196L). With prolonged heat-
ing all spots turned black or shedes of grey depending
on initial concentration., The sulphuric acid prefer-
entially reacted with unsaturated lipids§ methyl
stearate on Silica Gel G did not react while methy
palmitoleate, linoleate and linolenate gave quite strong
reactions, To obtain an indication of reiative amounts
of separated 1lipids therefore, the acid dichromate charr-
ing proceduye~of Rouser et al. (1964) was used.,

For foutine use and where guantitative analyses
were involved, iodine staining was used and identifica-
tions were based on chromatographic mobilities in acid
and alkaline solvents. Developed chromatograms were
placed in a tank containing iodine vapour until the
separated lipids had reacted; the stained zones were

outlined with a needle before the iodine evaporated.

d) Sepzaration for glycerolipid analyses.

For the routine analyses of all the major glycero-
lipids in an extract, a 20 cm2 layer of Silica Gel G
or HR was divided into five equal lanes. Duplicate
aligquots of non-acidic (50,p1 = 50 mg of leaf) and
acidic (100 pl = 200 mg of leaf) lipid fractions from
DEAE cellulose columns were streaked across 2 cm in the

four outer lanes while the middle lane was left blank.
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Chromatograms were developed with chloroform/methanol/
acetic acid/water (85:15:10:3) and separated lipids
were detected with iodine vapour. Appropriate zones
were quantitatively transfefred to digestion tubes
(phospholipids) or centrifuge tubes (glycolipids) for

analyses as described below.

Quantitative estimation of phospholipids.

a) Method currently in use.

Phospholipnids separated by a combination of DEAZ-
cellulose column chromatography and TLC (Fig. 1.4) were
analysed without elution from the adsorbent by a slight
modification of the method of Rouser et al. (1966).

The linid-loaded adsorbent was digested in the presence
of 60% perchloric acid (0.6 ml) at 180°C to 200°C in an
electrically heated aluminium block until the acid
became colourless (15 to 30 minutes). Ammonium molybdate
(3.5 ml of 0.31%) was added to the cool digests followed
by ascorbic acid (0.5 ml of 10%) and the contents of

the digestiontubes were transferred to centrifuge tubes
which were placed in a boiling bath for 5 min to complete
colour development. After cooling and centrifuging the
absorbance of the blue colour was measured at 660 mp.
Adsorbent blanks and standards were included with every

analysis.
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Fig. 1.4, Typical thin-layer separation prior to
quantitative glycerolipid analysis., In lanes 1 and 4,
50 ul (= 50 mg fresh weight of leaf) of white clover

leaf total lipid was streaked across 2 cm while in lanes

2 and 3, 50 pnl non-acidic and acidic lipid fractions (= 50
mg and 200 mg fresh weight of leaf respectively) from the
DEAE-cellulose column, were also streaked across 2 cm,
Development, chloroform/methanol/acetic acid/water (85:15:
10:3); layer, Silica Gel G; detection, acid dichromate
spray.



b) ¥ethod previously used.

* Since guantitative elution of polar 1lipids from
thin-layer chromatcgrams can be very time consuning
(Privette et al., 1965; Abramson and Blecher, 1964)
it was decided early in this study to adopt a method
which would permit chemical estimation to bte made in
the: presenee’ off Gdseorbent. Tn the Tirss instanee e
method of Marinetti (1962) was used for the digestion
of vhospholipids in the presence of adsorbent and for
the assay of libereted vhosphorus. Although this method
was cuite satisfactory in the gbsence of adsorbent very
high blanks were always obtained when silica gel was
present during digestion. These high blanks were
attributed to an interaction between perchloric acid
and silica gel and accordingly the digestion was
modified as follows.,

A mixture of sulphuric and 60% perchloric acids
(3:2 v/v; 0.5 ml) was added to the adsorbent in 1.5 x
15 cm digestion tubes and moderate hest was spplied
(electric micro-Kjeldahl rack) until the licuid turned
g2 pale yellow, High temperatures were then used until
the digest tecame colourless by which time most of the
perchloric ecid had been removed. To the cooled digests
were added & ml of water, 1.5 ml of 2.5% ammonium molyb-

date and 0.2 ml of an aminonaphthol sulphuric acid

27,
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reducing resgent (Bartlett, 1959). The tubes were placed
in a boiling beth for 7 min and the adsorbent removed by
centrifugation before the gbsorbance of the resulting
blue colour wss measured at 660 mp. Silica gel blanks
and standards were included with every analysis. This
method gave low blanks and a linear respocnse to added
phosphate but suffered from the disadvantage that bumping
frecuently occurred during distillation of the perchloric
acid. Such bumping could not be prevented by adding
alundum chips to the digestion mixture and wes presumably
due to a cowmbination of the high tempereture and the high
ratio of solids to liguid.

This procedure was discontinued when the method of

Rouser et al. (1966) became available,

Analysis of glycolipids.

Glycolipids, separated by a combinetion of DEAE-
cellulose chromatograpny and TLOC were also estimated in
the | presenee of adsorbent.

a)  Fhenol/sulphuric acid rezction.

i) Direct method.

Galactolipids, from the eguivelent of 25 to 50 mg
of leaf (Fig. 1.2 and 1..) were transferred on the
thin-lsyer adsorbent into strsight-sided centrifuge

tubes and 1 ml of 2% phenol added (Fig. 1.5). This
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Pig., 1.5. The effect of phenol concentration on the
colour produced by 50 mg of galactose (480 mu) and 30 pg

of sulphoquinovose (485 mp) in the phenol/sulphuric acid
estimation.
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was followed by I ml of concentrated sulphuric acid,
witich was added rapidly and directed onto the surface of
the acqueous phenol solution to ensure rmaximum mixing
and hezting. The reactants were thoroughly mixed
(vortex mixer) and the tubes were allowed to stand for
15 min before centrifugation. The sbsorbance of the
clear yellow-brown solution was mecsured at 485 mu
against water, corrected for blanks and compared with
standards contsining silica gel from a blank lane of |
the chromatogram (Roughan and Batt, 1968).

Sulpholipid, isolated from the ecuivalent of 200 mg
of leaf (Fig. 1.4) was analysed in the same way except
that 1 ml of 5%, instead of 2%, phenol (Fig. 1.5) was
added to the adsorbent and ebsorbances wére measured at
L90 mpu.

Sad ibrFaticon, ciiewes for Hoth galactose.and sulpho-
quinovose in these assay systems were linear up to at
lesst, ‘1oo pg (Fig. 1.6) and the presence of silica
gel in the reaction mixture had no effect on the colour

produced.

ii) Indirect method.

When the amount of galactolinid separated, exceeded
the equivalent of 0.6 jamole of gelactose (see results),
it was necessery either to scsle up the reagent volumes

or use a less direct method of analysis. In the indirect
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FPig., 1.6. Standard curves for galactose and sulphoquinovose and their

respective assay systems.
system is also shown.

The curve for galactose in the sulphoquinovose



method the galactolipid zones were scraped into eentri-
fuge tubes, 2 ml of 2% sulphuric acid was added and the
lichtly stopvered (glass marbles) tubes were placed in

a boiling bath with occasional shaking for 60 min.

After cooling and centrifuging, slicuots of the hydroly-
sete (0.6 ml) were added to 5% phenol (0.4 ml). Concen-
trated sulphuric acid (4 ml) wes then added, the reac-
tants thoroughly mixed, and after 15 min absorbances
were measured at 485 mu. BRlanks and standards were
always included.

Sulpholipid zones were also scraped up into 2N
sulphuric acid and the 1lipid hydrolysed as for galacto-
lipids, In this cese 1 ml alicuots of hydrolysates were
taken, 50 pl of 807 phenol was added followed by 5 ml of
sulphuric acid and sbsorbances were measured at 4S0 mp.

Both thé direet end dfdinect methcds produced

identical results.

b) Alternative methods.

Aéid hydrolysates of glycerolipids on the adsorbent
were initially analysed for reducing sugaer by the method
of Welson (41941 and later by the method of Dygert et al.
(1965). |

An anthrone method (Russell, 1%66) was alsoc used for
the aneglysis of glycoli-ids by direct and indirect
methods similar to those used for the phenol/sulphuric

acid procedure.
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Aprplication of the new method to a veriety of species,

Common pasture species (clovers, ryegrasses) and
squasih plants were tile nEin souree of lesves used in the
development of the methods described here. The amounts
of extract tsken for column chromatogrsphy and the
amounts of column fractions taken for TLZ apply to this
group of plants, However large variations occur in the
Lipid eehtent of differenk le@wes relatdveé to fresh
weight, and this is reflected in the chlorophyll content
of chie lezf. In Whe s5tudy oF theé gl yeerolinid Conpositien
of different species, the amount of an extract recuired
for column and thin-layer chromatography was judged from
chlorophyll content rather than fresh weight. Tor
exemple, an amount of extract containing 5 mg of chloro-
phyll (ecuivalent to 2.5 g of white clover leaflets,

5 g of scuash lesves ér 20 g of lettuce leaves) was
within the cepacity of the 3 x 1 cm (i.d.) DEAE-cellulose
column and an amount of the non-acidic lipid fraction
containing 100 to 150 pg of chlorophyll was as much as
could be applied as a 2 cm streak to a 25C p layer of
Oilica Gel G or HR without overlosding the chromatogram.

Total chlorophyll was measured in methanol
solutions of total lipids using the spectrophotometric

factors reported by Comar and Zscheile (1942).
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Chemicals,

Chloroform and methanol were either "Analar"
or redistilled commercial grade solvents. OCommercial
grade 95% ethanol wes refluxed over KMnOa/KOH and
redistilled. All other solvents were of "Analar"
quality as were reagents unless snother grade was
recommended in the appropriate references. Solvents
other than those listed sbove were of "Analaf"
grade,

Sulphocuinovose wss prepered by the method of

Kiyano and Benson, 1962..
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RESULTS

Lipid extrection and »purificetion.

a) Recoveries in the modified Folch et el. (1957)
procedure,

The modified Folch et sl. (1957) procedure for the
extraction and purification of leaf l1lipids as outlined
under METHODS was the simplest and most convenient of
the metheds tested. Re-cxitfactiofi of the Pesidue from
this trestment With boiling 95% ethanol and of the
aqueous methanol weshings with chloroform showed thst
the recovery of the meajor glycerolipids in the washed
chloroform nhase was essentially quantitative (Teble 144 )e
In this procedure the phases separated more repidly and
more sharply end there wes less interfacial material
compared with the similar technicue of Bligh and

Dyer (1959).

b) Effect of different washing procedures,

Since acgueous washing of chloroform/methanol
extracts has been criticised (Nazir and Rouser, 1967)
becsuse of possible lesses of polar Lipids, <the
recoveries of DGD and SL were measured (a) after two
different washing technigues and (b) when washing was
omitted. Analyses of DGD and SL were identical in
the Tolch-washed snd Sephadex-wsshed lipids but the
recovery of DGD was comparatively high (x 2) and SL

comparatively low (x 0.5) in the unwashed lipids wtaken



TABLE 1.1
Recovery of DGD, PG and SL from red clover leaves by the

modified Folch extraction and purification procedure

DGD PG S
Chloroform phase 08.5% 99 9¢
Aqueous lMethanol phase 0.5 1 1
Pesidue 1 Trace Trace

#* Analysed after DEAE cellulose and thin-layer
chromatography (methods).

+ Percent of total 1lipid recovered from the three
phases,

through the same procedure (Table 1.2). The low
recovery of SL was probably due to overloading of the
DEAE-cellulose column accentuated by the presence of
non-1lipid material in the chloroform solution., When
only half the cuantity of unwashed lipid (i.e. 1 ml) was
chromatographed, SL recovery became identical to that
obtained with the other two procedures (Table 1.2).

The recovery of DGD however, remained comparatively

high. This could have been due to the presence of water

soluble, sugar-like compounds that were eluted from the
DEAE-cellulose column with non-acidic lipids and
co-chromatographed subsecuently with DGD., Supporting

this supposition is the finding that DGD isolated by



TABLE 1.2
Effect of different lipid-washing procedures on

the recovery of DGD and SL from the DEAZ-cellulose

column
. amole lipid/g
Treatment fresh weight of leaves
DGD SL
Folch wash 34l 0.60
Sephadex column 3.40 0,58
Unwashed (2 ml on column) 7.50¢% O, 3l
(1 ml on column) 7.50¢% 0.58
(2=D»EC) L, 75%

A chloroform/methanol extract (300 ml) of white
clover leaves (15 g) was divided into three ecual
portions. One was washed with 0.2 vol of 0.73% NaCl
(Folch wash), one was concentrated and passed through
a Sephadex column (Wuthier, 1966) and one was
evaporated to dryness and the residue extracted with
chloroform (Rouser et al., 1963). The material from
each treatment was finally made up to 5 ml in chloroform
and 1 or 2 ml of this was placed on the DEAX-cellulose
column, DGD and SL were analysed after TLC.,

* DGD spot contaminated with sugar-like substances?

two~-dimensional thin-layer chromatography of the unwashed
extract gave a value for DGD that was less than 50%
higher than that obtained with the *olch and Sephadex
washed lipids, For its speed and convenience the Tolch
wash was preferred over the Sephadex method.

Large losses of glycerolinids were encountered
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during water washings in the method of Railey (1962)

which is discussed in deteil in Appendix 2.

Preliminary separations.

a) DEAR-cellulose column.

Sharp separations of non-acidic and acidic lipids
were achieved with comperatively small volumes of
eluting solvents on DIAZL-cellulose, semi-micro columns.
(Figs. 1.1 and 1..4).

Removal of ammoniun acetate (generated in the ion-
exchange process) from the acidic 1li»id fraction was not
essential but the insolubility of the salt in chloroform
made pipetting of the final acidic-1ipid solution
difficult on occasions. The washing procedure described
here for the removal of ammonium acetate was rapid and

the recovery of acidic lipids gquantitative.

b) Florisil column.,

Attempts to obtain a clear sepzration of plant glyco-
lipids from phospholipids by the Florisil column chrom-
atographic technicue of O0'Brien and Benson (1964) were
unsuccessful. The more poler glycolinids, DGD and SL,
tsiled through a lazrge volume of eluting solvent (Fig. 1.7)
such that in a large number of trisls, involving i)
variations of 1linid loading, ii} different solvent

volunes, ratios and *ypes and, iii) different degrees

Pl
S

13}

o) ctivetion of the adsSorbent, il was never possible to
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Fig, 1.7. Thin-layer monitor of fractions from a 20 g
Florisil column. White clover leaf 1lipid. T, total
lipid; 1, 100 ml chloroform (5% DMP); 2-6, 80 ml
fractions of chloroform/methanol (2:1 5% DMP); 7, 200
ml chloroform/methanol/water (1:1:0.2). Silica Gel H
with chloroform/methanol/acetic acid/water (85:15:10:3)
was developing solvent. Detection, 50% sulphuric acid.
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quantbites 1vely vecover “the gljeelipids Tree o

phrospholipid.

c) TFlorisil "batchwise" technique.

A thorough examinztion (Appendix 1) of the Florisil
batchwise technique of Russell (41966) for the cuantita-~
tive estimation of leaf galaclteolipids 2nd esulpholipid
showed that large losses of glycoliizids were to be

"glycolipid" fraction was retained

aexpeeted when only the
for aznalysis, Up to 60% of the sulpholinid and more than
507% of the two gelactolinids were lost even when great

care was taken with the technigue.

Thin-layer chromatography.

a) Two-dimensional TLC,

Teotal dumid egulvalent to 50 mg of clover leafl was
the maximum that could be applied to S8ilica Gel G for
wo dimensional TLC, This amount did not give sufficient
8L, DP&, PE or PI for accurate anzlyses znd weas only
marginel for PC and PG, However, analyses of MGD and

DGD separeted by two-dimensional TLC could be performed

by the phenol/sulvhuric acid technique.

b) One-dimensional TIC,.
With the solvent used for unidirectional TLZ, ¥GD
was sometimes localised with the pigments near the

solvent front (Fig 1.4) and could not be estimated by

¢he®

the direct phenol/sulphuric acid technicue. ITf demixing
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of the solvents was controlled so thzt the solvent fronts
wers 1 e ™ .5 om. apsi® Gt the efd of develeopment, the
pigments appeared beiween the two fronts and ¥GD immed-
iately tehind the seccond solvent boundary (Fig. 1.1).
Demixing occurred more readily on Silica Gel G than on
MR, When VGD was localised with the pigments, estima-
tions were performed by the indirect phenol/sulphuric

acild metnod.

b}

Quantitative analyses of phospholipids.

The amount of a non-acidic 1lipid fraction from a

DEAE-cellulose column reguired for accurate analyses of

'PC and PE was equivalent to 100 to 200 ng of leaf

aepending on the specles being examined., For this
reeson it was better to judge theiamount of this fraetion
reqguired for TLC by chlorophy11 content rather than by
fresh weight of leaf (cf Tables 1.3 and 1.4). In most
cases an alicuot containing the ecuivalent of 150 to 200
g dhlerophyll Containéd swfficient BC and FB Ter
reproducible phosvholipid asseys but some excentions

were found., ZXanthium, paspalum and lucerne conteined
low levels of P73 and PZ reletive to chlorophyll (Table
1.4) and an amount of column fraction ecuivalent to 300
to 400 ug of chlorophyll was recuired for these analyses.

In gercral, amountss of the acidiec 1ipid fraetlon,
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equivalent to four times thet of the non-acidic fraction
(in terms of fresh weight of leaf) were required for the
accurate analyses of glycerolipid components. The minor

component in this fraction was usually FI.

Quantitative analyses of glycolipids.

a)  Phenol/sulphuric acid method.

The phenol/sulphuric acid estimation (Dubois et al.,
1956) is one of the most sensitive methods for sugar
analysis. ‘When tested with standard sulphoquinovose and
galactose the sensitivity of this method was eqguivalent
to that of the wreducing Sugar procedure of Dygert et al.
(1965) and more than twice as sensitive as the anthrone
estimation (Russell, 1966). Silica gel markedly depress-
ed colour development in the reducing sugar assay but had
no effect on the phenol/sulphuric acid reaction.

Sulphocuinovose in phenol/sulphuric acid had a single
absorption peak (AmaX = 490 mu) while sulpholipid show-
ed two peaks, 490 and 425 mp (Fig. 1.8) of which the
latter, smaller peak was Ffound te be duwe te thé fatiy aeid
components of the sulpholipid (Fig. 1.8).

Galactose produced a major sbsorption peak at 485
mp and a smaller peak at sbout 420 mp (Fig. 1.9) in this
assay system. Absorption due to a fatty acid reaction
was superimposed on this minor peak when intact galacto-

lipids were reacted with phenol/sulphuric acid (Fig. 1.9).
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Fig, 1.8A, Absorption spectra of s:ulphoquinovose and sulpholipid in phenol/sulphuric
acid in the presence of Silica Gel HR: (A) silica gel blank; (B) 30 mg sulphoquinovose;
(C) sulpholipid isolated from the equivalent of 200 mg of red clover leaves.

Fig. 1.8B. Absorption spectra of deacylated sulpholipid in phenol/sulphuric acid: (A)
acid hydrolysis blank; (B) 30 ug sulphoquinovose; (C) sulphogquinovosyl glycerol from
the equivalent of 200 mg of the same red clover leaf extract as in Fig. 1,8A.
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Fig. 1.9.

Absorption spectra from the direct and indirect methods for
galactolipid analysis in phenol/sulphuric acid: (A) hydrolysis blank;
(B) silica gel blank; (C) hydrolysis standard (25 ug galactose);

(D) galactolipid, equivalent.to 50 mg of squash leaf, by indirect
method; (E) 50 ug galactose plus Silica Gel HR; (F) galactolipid,
isolated from 100 mg of squash leaf, by the direct method. MGD, mono-
galactosyl diglyceride. DGD, digalactosyl diglyceride.

—€+I_



- L -

T
)
|

51 B P

e ] P R AR

7% A i s

22 — A

o i P [an

< | e EEEE R AR IS pe B

. '1: 5 _T‘.' A & >§H‘F:/— f"/’
\ _ e : e | J

) izl T

VLN CWINGCHTIYD CNCIEINING TONI SINIWNELSNI NYwYDE ml-‘

Pig. 1.10. Absorption spectra of deacylatiorn
products of sulpholipid in phenol/sulphuric
acid: (A) silica gel blank; (B) hydrolysis
blank; (C) fatty acids from the.total isolated
sulpholipid on Silica Gel HR; (D) sulphoquin-
ovosyl glycerol from one-half of the isolated
sulpholipid (see text).



Glycerol did not interfere with the analyses and
fatty acids of intact lipids contributed to the
absorption at 485 or 490 mu to an extent of less than
2% for SL and DGD and less than 3% for MGD (Fig. 1.10
and Roughan and Batt, 1968).

Deacylation of NGD (for analysis by the indirect
method) was necessary when this component was mixed
with the pigments after TLC (Fig. 1.4). Sixty minutes
at 100°C in 2% sulphuric acid was sufficient for the
complete deacylation of MGDa fatty acids and pigments
were retsined on the adsorbent while galactose or gal-

actosyl glycerol was liberated into aqueous solution.

b)  Anthrone method.

The anthrone method (Russell, 1966) could not be
used for the estimation of glyeolipids In The pressnce
of adsorbent. During colour development (7 min at 100
°¢), tubes contzining lipid turned a muddy brown colour
which was possibly caused by charring of the fatty
acids, The insensitivity of the method was a disadvan-

tage in the analysis of acid hydrolysates.

¢) Reducing sugar method.
Domparative analyses of acid hydrolysates of gal-
actolizids by the reducing suger method (Dygert et al.,

1965) and by the phenol/sulphuric acid method showed

L = : : : 0,
that, while dezscylation was complete in 60 min at 100732

L5,
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quantitative release of reducing sugar required at
least 90 min., ZFor reducing sugar &ssays, acid hydroly-
sates were neutralized with 2 sodiun hydroxide. The
sodium sulphate formed, further depressed colour form-
ation sé6 thel The sensitivity of the method wes only
63% that of the phenol/sulphuric zcid method.
Guantitative release of reducing sugar (sulpho-
guinovose) from the sulpholipid hydrolysed on the adsor-
bent was not obtained even after 3 hr at 100°C in 2W
sulphuric acid although it could be shown (Fig. 1.8)

that descylation was complete within 60 min.

Simultaneous analyses of glyco- and ohospholinids.

For simultaneous analyses of the glyco- and phospho-

lipids in the DEfZ-cellulose column fractions, an equiv-
alent of 200 to 400 mg of leaf (0.2 to 0.6 mg of chloro-
phyll} of the acidic lipid fraction and 50 to 100 mg

(about 100 nug of chlorophyll) of the non-acidic lipid

vy

fraction were.reguired for TLL, Where the concent¥ations

of PC and FE were low relative to the galactolipids
(Xanthium, paspalum, lucerne} it was necesssry to apply
the ecuivalent of 200 to 300 jpg of chlorophyll (200 mg
of leaf) @s a L4 cm streak to a thin-layer to obtain
sufficient of fhese glycerol inids For @ccuretg amalysis,
Galactolipids, in these instences, were determined by

the indirect phenol/sulphuric acid procedure.



Glycerolipid composition of variety of snecies.

9]

The method of analysis adopted in this study (
(a) 1lipid extraction and purification after Tolch et zal.

(1257), (b) DEAE-cellulose/TLS s ation of individusl

‘glycerolipids and (c) chemical an&lyses of the glycero-

licids in the presence of adsorbent) was used to exam-

ine the glycerolipid composition of a range of species.

Results are presented 'in terms of both fresh weight

(Teble 1.3) and chlorovhyll content (Table 1.4) of
tissue; the plants are listed in phylogenetic secuence
according to Hutchinson (1964).

Although there are considerable species differences
in the amounts of individual lipids present, the average
velues (in pmole/g) egree reasonably well with values
Calculated from the res:lts of Wintermans (1960) (Teble
1.5)., Varisbility between species was less rronounced
when the amounts were calculated relative to chlorophyll
(Teble 1.4) instead of fresh weight of tissue (Table
245). The excessively high values for camellia were due
to the very low chlorophyll content of young lesves,

Variations Dbetween species were considerable even
wnen chloroplast lipilds were considered separately. The
molar rstios of these lipids (MGD, DED, DG and SL) were
recalenla ted based on phosphatidyl glycerol ecuivalent

to 1.0 (Table 1.6) and while these lipids may be the



only glycerolipids of chlorcplasts (James and Nichols,
1066; %but see Allen et al., 1966), these orgenelles
show culte different molar ratios of the four compounds.
The lerge stendard devietions are due meinly to the
results for Xanthium which had a very low level of FG
but even when Xanthium was omitted from the analyses

the stencard devietions were still relatively high.

. MGD
The ratio 77/

DED
to 1.0 1in canellia and lettuce but DGD did not exceed

varied from 2.4 in the fern Rlechnunm

¥GD in molar concentration in any leaf sample.
HWo relationship between evolutionary status and

glycerolipid eomposition wes ebserved,

L8.



PLANT

Mesotaenium
caldariorum

Marchantia
berteroana

Moss
(see text)

Blechnum
fluviatile

Ginkgo
biloba

Pinus
radiata

Rose
Rosa

Rowan

Sorbus aucuparia

GLYCEROLIPID COMPOSITION OF PLANT TISSUES I

TABLE 1.3

1 Moles of lipid per gram fresh weight of leaf

MGD

10,00

5.60

Ll-o 70

2.80

5.60

10,20

DGD
5.50

0.66

1.50

2+30

2.80

(.

4.60

7416

SL

1.30

0.19

0.48

0.38

0.30

0.52

0.54

0.46

0.80

1.80

0. 81

PG
1 =67

0.16

0.40

0.60

0085

0.55

0.60

0.97

0.40

0.40

0.55

0.26

0.55

1.70

PI

0.80

DPG

Tr

0.16
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White clover
Trifolium repens

Lucerne
Medicago sativa

Poplar
Populus itilica

Camellia
japonica

Squash
Cucurbita pepo

Tomato
Solanum lycopersicum

Lettuce
Lactuca sativa

Xanthium
orientale

Cocksfoot
Dactylis glomerata

Perennial ryegrass
Lolium perenne

Paspalum
dilatatum

8.60

8.60

Ll'. 95

3410

L4e10

5.08

0.68

6.10

8.00

5.10

6.00

Tahle 1.3 (con

5.20

2= 20

5.80

3.10

2.70

2.46

0.68

5.90

P LC

3495

3.60

0.76

1ali2

0.62

0.23

0.30

0.31

062

0.62

0.95

0.62

|.
-

s )

1.

O0.75

1 .80

0. 31

0250

1.35

0.38

Oe

O.43

0.10

0.75

0.48

0.87

0. 50

0.80

015

0. 80

0.55

0.18

0.50

0.20

Ol

0.10

0.20

0.10

0.28

0.58

0.35

*0G



Table 1.3 (cont.)

Maize 3.10 O Bb O 35 0.45 O.L48 " 0.24 0.12 0.24
Zea mays ‘
RANGE - , 0.68 0.68 0.03 0.18 0.10 0.09 0.05 0.01
-10.20 =7.16 -1.72 -1,00 -1,67 -1,.70 -0,80 -0.90

These results are the means of duplicate and in some cases triplicate and quadruplicate
analyses of a single extract. For PE and PI duplicates that agreed to within 10%, were
considered acceptable but for the other components only those duplicates that agreed to
within 5% were taken,

olfg



PLANT

Mesotaenium
Marchantia
Moss
Blechnum
Ginkgo
Pinus

Rose

Rowan

White clover
Lucerne

Poplar

GLYCEROLIPID COMPOSITION OF PLANT TISSUES

TABLE 1.4

LI

1 Moles of 1lipid per mg of total chlorophyll

MGD
6,25

3¢25

2.60

3.08
2.90
5.10
2T
B:i95
3498
4.30
L4.20

SL
0. 81
0.53
0.47
0.21
0.19
0.95
0.38
0.18
0.35
0. 86
0.53

PE
@50
0.25
0.39
0.22
0.3L
0.5
0.39
0.67
0.40
0.25
0.68

PI
0.50
0.19
Ou1L
0.07
0416
0,67
0e19
0.15
0.12
0.14

0.43

DPG
iy
0.45
0.05
0.19
0.17
0.53
Ou1l4

0.11

0,3

0.28

0.50

Oag



Camellia

Squash

Tomato

Lettuce

Xanthium
Cocksfoot
Perennial ryegrass
Paspalum

Maize

RANGE

6.74
L4e10
5.08
2,76
3.80
3430
3.08
L U6
29 (6

2,60
-607u

‘Table 1.4 (cont.)

6.74
2.70
2.46
2.76
3.70
2.10
2.35
2. 70

2.05

1.26
-6074

0.50
0.30
O 2
0.12
0.39
0.24
0.58
C.L6

0«31

Cml12
-0095

LoLh
1.60
1.10
1.48
0¢31

0.46
0.81

0.28

0.40

on 2
-M.MM

1.95
0.90
0.43
0.40
0.16
0.46
O Ll
0.36
O0.43

0e16
-1095

0.09
=1 o1

OJLlt
Oty
(9% 9]
0.24
0.03
0.02
0.12
0.08

0.11

0.02
—Oouu

1.95
0.05
(0% Jlo]
B.52
0.03
0.11
0.10
0.13

0.22

0001
-1095



Present study#

Wintermans®

Y
Averages of 20

TABLE 1.5

COMPARISON OF RESULTS WITH THOSE OF WINTERMANS3

1 Mole 1ipid per g fresh weight of leaf

MGD
5.30
3.97

species

DGD SL PC PG PE PI

DPg
357 0.57 4 o1 2 0.69 0.57 0.22 0.25
1.79 0053 1.80 1.18 0973 0038 -

+ Averages of three species
Elder, beet and bean (8 hr seedlings)

Tl
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TABLE 1,6
MOLAR RATIOS OF "CHLOROPLAST" LIPIDS

(PG = 1.0)

MGD DGD SL PG
Mesotaenium 6.00 3.30 .78 1.0
Marchantia ' 6.70 b1 2 1.19 1.0
Moss 6.70 3475 1.20 140
Blechnum 9.25 35 0.63 440
Ginkgo 5.54 3.29 0.35 140
Pinus 5.10 3.54 0.94 O
Rose .9+35 7.65 0.90 1.0
Rowan 9:50 7,00 0.45 1.0
White clover 7.60 4,60 0.67 1.0
Lucerne 12,90 74 80 2 558 140
Poplar 4,50 Biw O 0.56 1.0
Camellia s 07 L.77 0.35 1.0
Squash : « Uep B0 2496 0.33 1.0
Tomato 11.80 5.72 O0.72 4 .0
Lettuce 6.80 6.80 0.30 1.0
Xanthium 24,10 2560 5n128 1.0
Cocksfoot 7.28 L.oh 056 1.0
Perennial ryegrass 6.80 B..218 138 1.0
Paspalum 12.50 7.50 1.29 120
Maize 6.35 4.80 ©73 1.9
Means 8.40 5.90 0.95
+ Standard Deviation +4.23 +4.67 40,80

Xanthium omitted from analysis

Means 7.05 L4.97 '0.83
+ Standard Deviation a1k #2..85 LSO DI



DISCUSSION

The New Technicue.

The alinh of this 'study ﬂas been to evaluate methods
for the separation and analysis of lesf linids. The
mnethed finzlly adopted is :eongidered to be the most
convenient, the most repid and provides the most accur-
ate analyses of the mejor glycerolipids of leaves, of
the nethods so far avsileble. The lipid washing and
extraction techniques are rapid and give excellent res-
uits. The chloroform/methanol extraction is preferred
over secuential extrsction schemes involving ethanol or
ecetone which do not breek lipid-protein associations as
effectively as methanol. The DIfZ-cellulose, semi-micro
column separation of neutrrl and dipolar lipids from
acidic lipids can be accomplished gquite rapidly and uses
a minimum of solvents. With the thin-layer step talkting
approximately 60 min, an experienced laboratory worker
can egpect to isolate the eight major glycerolipids of
lezves within 2 to 35 hr and to complete the glycolipid
analyses within a further 0.5 to 1.0 hr. The complete

m

enelysis of glyco- and phosnpho- lipids may recuire up
to L.5 hr if it is necessary to use the indirect method
for galactolipid anslysis.

The speed znd convenience of the separetions can be

judged from Hhe Etuiied on e InceRponsitioh of labelled

56.
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precursors into the glycerolipids of leaves and algae
reéported in Parts 2 and 3. For example, from 6 algal
samples tzken on one day, 60 glycerolipids were isolated
Tor counting by ®the end of the following day; an estima-

ted 8 hr of laboratory working time for one person.

The methods developed here for the separation of
plant lLipids are based on technigues which have been
used for the qualitative, but not cuantitastive study of
these lipids. In one instance (0'Brien and Benson, 196L4)
anglytice]l Tighires wele Fiven To¥ glyeolipids in alialfa
and Chlorella following a combination of TFlorisil and
DEAZ-cellulose column chromatography but the values for
Chlorella were in marked contrast to those reported
earlier f¥om the same laborztory (Ferrari and Benson,
1861)., Classic silicic =zcid column chromatography (Zill
and Harmon, 1962) proved unsatisfactory for the separ-
ation of plant lipids as did the silicic acid-impreg-
natednated paper technique of Marinetti and Stotz (1956)
(Kates, 1960; Ferrari and Benson, 19641 ), Bven careful
thin-layer chromatography on silica gel does not adequate-
ly resolve sore major constituents in a single develop-
ment (iTichols, 1963). In this procedure for instance,

PG co-chromatograpns with DGD, SG with DPG and P often
with SL in the thin-layer system used. Florisil column

chromatography has been reported to sepsrazte plant glyco-
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lipids from vhospholipids (C'Z2rien znd Denson, 196l4;
Dussell, 1966) but despite repested tests here Florisil
columns have nof heen Fonnd ke De sglisfaeterys Iv¥ LB
considered that the technique described by O'Brien and
2enson should give low recoveries of lGD, which would
account for the discrepancies reported by Ferrari and
Benson (19641) and O'Brien and Benson (196L4); in the
earlier report Chlorella was claimed to show a LGD/
DGD ratio of 2:1 while the later paper gave the ratio
as 1:2. Modificstions of the procedure gave cuanti-
tative recoveries of MNGD but no method was found to
Sorcet thic teiling of DGD and SL that was encountered.
Similar tailing with Tlorisil columns has been reported
in the separstion of polar lipids (Rouser, O0'Brien and
Feller, 1961) and even neuiral lipids (Zarroll, 1961)
of memmalian origin.

A recent method for the analysis of sulpholipid and
gelactolipids (Tussell, 1966) used a batchwise Florisil
technicue to concentrate the glycolipid but when this
was tested large losses of glycolipid was observed. Iz
v2s found that even when greet care was taken with this
"pbatchwise" chromatography procedure, losses of sulpho-
linid of up to 605 and gelactolipids of up to L4OH for

MGD and 50 for DGD were to be expected.

The technicgue of eluting silicic acid columns with



acetone (Vorbeck and Marinetti, 1265) has not been used

in this study in the separation of leaf Zlycolipid snd
vhospholipid (Rouser et al.,, 1967) but hes given

excellent results with Hesotzenium linids (Part 2),
However, even with very small columns, the slow flow rates
and relatively large volumes of eluting solvents reguired

are disadvantages for routine zanalyses.

DEAZL-cellulose column chromatography adapted for
the sepsration of polar lipids (Rouser et al., 1961)
proved of great value in the separetion of leaf lipids.
The components which co-chr-matograph on silica gel are
auickly and eagily sSepgrated gn the eolumi, IR esrflier
applications of the DEAL-cellulose column to the separ-
ation of lirids from plani tissues (4llen et al., 1%6L;
ichols &nd James, 1964; Allen et al., 1966), attempts
were nade to fractionate the individuel non-acidic lipids
by using increesing concentrstions of methanol in chloro-
forn. 'This precedure has pet been Followed In this study
since the fractionation wass more simply and effectively
accomplished by TLZ,

The main analytical sdventage in using DEAZ-cellulose
is the sharp and uneguivocal separetion of acidic from
non-acidic lipids; the method is both rapid and simple.
An additional adventzge is thet seversl of the more

minor components appear in the @cidic 1lipid fraction and



Ths results 1M'e weeiTl concentvation of these syh+
stances., It was pnossible to apply an amount of the
acidic lipid fracticn from 200 to 40O mg fresh weight
of lea? (depending on the source) scross a 2 cm streak
gnd this improved the convenience and economy of the
thin-layer step. 4&s a disadvantage, low levels of TE
sometimes complicated the simul taneous analysis of
phospho- and galacto- lipids from the non-acidic lipid
fraction (see Resuylis) but once the relative concentra-
ticns were known &pproximately, then the operation was
simplified by resorting to the indirect method of gal-

actolinid analysis,

Galactolipids of photosynthetic tissue have attrac-
ted & good desl of interest for a variety of reesons and
& number of methods have been used for their analyses
(Pailey, 1962; C'Prien and Penson, 196l4; Rosenberg and
Pecker, 196i4; TRosenberg et al., 1566; Russell, 1066;
Gray et sl., 1967). Some of these methods have been
examined in this study (Bailey, 1962; OC'Brien and
Benson, 1964; Tussell, 1966) 2nd they are referred to
in more detsil 1n Appendl 1 and 2. Some methods
have used hydrolytic cleavage of the whole lipid
(Rosenberg and Fecker, 1964), but in these cases there
cen be no indicstion of the relative amounts of MED and

DGD in the samples. Alternstively, ¥GD end DGD have
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been separeted by column chromatography (“osenbeﬁg et al.,
1966) or eluted from thin-layer chromatograms (Gray et
al., 1967) prior to hydrolysis. 'When galactolipid
analyses only were reguired it was Tound most convenient
to use the DR4AE-cellulose/TLC method or even 2-dimen-
sional TLZ although the latter took a little longer and
wes less convenient when dealing with a number of samples.
FPor examnle, up to nine lanes could be drawn on a single
20 cm2 layer of siliea gel amd 25 pl of D1 "streaked

T

across 41 cm in each of eight lanes, Up to four samples

iy -~

could be z2nalysed in duplicate on a single chromatogram.

In earlier attempts to measure galactolipids by
the reducing sugar method of Nelson (194L) it was noted
that the presence of silica gel during hydrolysis mark-
edly depressed the colour produced by galactose standards,
It was a2lso very difficult to get a measurable response
for the sulpholipid. Then the more reliable nethod of
Dygert et al., (1G65) became availsble this was also
tried but with essentizlly the same results. Because
of the sc¢id sisbility of the sulphocuinovose-glycerol
linkage (Benson, Daniel and Wiser, 195%) it seemed

unlilzely thst reliable results would be obtained by

ugar method in combination with

L

using the reducing s
acid hydrolysis of the sulpholinid. BRoth the phenol/
HZSQl and the anthrone/H oua reagents erfectively spliz

this bond however, and provided the vesis for the first



relisble estimations .of sulpholipid conecentrations in

lesves.,

Cf some significance and interest was the finding
thep adsorpTiom o silica gel enhanced the rate of
deacylation of the gelactolipids in 2H HZSOQ' farlier

work (Appendix 2) had shovn that deacylation of leaf

lipid samples in methanelie alksli prior to aeid

of gelectose than when the deacylation step was cmitted
(Bailey, 1962). O©On the basis of reducing suger and
phenol/HZSOu—reacting galactose differences in the acid
hydrolysates these low recoveries were considered to be
caused by the slow deacylation of the glycolipid,. This
in turn was atitributed to the tendency of the 1linid to
form globules into which the acid could not resdily
penetrate. Higher andreproducible recoveries of gal-
actose could zlsoc be obtained if the lipid was first
adsorlbed ontd elillca gel 2ad then sulijected te aekd

o
-“

hydrolysis. The pigments and other fatty materials
remained on the adsorbent while the glyceryl compounds

vere releesed into solution.

By Usshg Hhe phenol/HZSOu ascay 1t has been possible
teo show thet the gslactolipids of a leaf lipid sample
adsorbed on silica gel are completely deacylated in 2X

istu at 1OOO in less than 45 min., This does not mean



however, that galactozse would be released &t this rste.
ine hydrplysats 3% thie tine eouvld eonveilm a mixtupe of

digalactosyl glycerol, galactosyl glycerel and gslactose,

end measurement of the reducing suger in such a mixture
would lead to low estimetions of galactolinid concentra-
tion. It would seem that if &cid hydrolysis of a 1lipid
sample is to be followed by estimaiion of the reducing

sugar &s a meaesure of the origs

\..)'

inel glycolipid then at

a4

least 90 min should be allowed for the guantitative

L ]

release of reducing suger in 21 JZ

N

30, et 100°

The glycerolirvids of different snecies.

ClyegrolisidE, other than Thote listed N WELILes
1.3 and 1.4 mey have been present in some of the extracts
gand were eithe not detested By #he light *6dine-stain-
ing technicue or appeared in only trace amounts, Typical
Of Suelh eonstituents would be phosphatidyl Berine whrieh
has been found in sweet clover leaves (Zenson et al.,

1952), Lysophosphatidyl choline wss found in significant

h‘j

amounts only in Faspalun snd maize (0.14 and 0.17 pmole/

g respectively) and two unknown licids together with
triglyeceride were Pound I high concentrefRiaons 1n

llesotzenium. TFrom their charring rezcticns (Marsh and

Weinstein, 19 65) compared with known glycolipids and
phossholipids, the unknown lipids were estimated at 2.4

and 0.9 pmole/g and, from its glycerol content (Renkonen,



1662) the triglyceride wes estimated at 2,3 pmole/g.

The resulds. of this sbudy cxtend the vemge of
or whnich guantitstive and detvéiled glycerolipid
analyses ere aveilable from four (Chlorells, beet, bean
and elder leaves) to twenty four and in eddition vrovides
the f1rFs% anal¥ysis of redt Lissue.

The large veriations between species in the concen-
twatdons of” Eglycerolipids relbtive Ho chlerophyll
unexpected y especielly with respeet to the 1linids

ongidered te be eonfined to cehleroplests.,  Lven when
camellia is omitted TFrom considerstion (because of the
relatively low chlorophyll content of the sample taken)
ocnly the gelsctolipids show a reesonably constant dis-

tribution varying by approximately 50 from the sverage

over the renge of

pecies examined, Both of the

w
L5

remeining chloroplast glycerolipids, SL and PG, showed
variations around the mesn velue of nore than 100j.
Extrachloroplastic linids 2lso showed high veriations
but Shis might be expected with ehlorophyll eontent as
the basis for comparison since varieble amounts of non-
nhotosynthetic tissue {i.e. vascular tissue) would be
encountered in different leaves. The most variable of
the

glycerolinids was DF which was undetectenle in

&

Yesotzenium (cultured under continuous light) even by

v -

sotope technicrues &nd yet was 2 major phospholipid

Xl
i

l_Ja

o)

(&)
1



(by weight) of camellia leeves. It is not impossible thet
these varisticns nortent seasonal or diurnal varistions
in the concentrEtions of these @omponents in leaves

ly since analyses of red clover leaves have
suiggseted swlphel ipid lewel® im the eaply sorning ney

ce reduced three fold compered with later in the day

(Roughan, unnukclished),

"Chloroplast" lipids have been detected in potato
tuber (La Page, 1964) and it is possible that they are
nresent in roois (e.g. carrot) which have the ability to
become green iIn response to light. Mowever, parsnip root
does not develop chloroplasts and yet has relatively high
Levels of these lipids., &S Eccms likely ol ThesE
ipids sre loczlized in the proplastids of woot tisswe
gltheugh these orpgenelles do hot contain the prolesgells

P

bodies typical of chloroplast precursors in etiolated

jod)

lesves. Instead, roct proplastids are aspparently
involved with the synthesis of storage starch and, in
mature carrot root tissue, can be recognized only as a
thin membrane surrounding large starch greins (Toysma,
1¢67)., A similer situstion is likely to5 exist in meture
parsnip root cells.

It b

m

s been suggested that the gelactolipids of
chlcroplasts may be involved in sugsar transport across

the chloroplest membrane (EBenson, 1963) and these



m
f—te
-
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PART 2
THE GLYCIROLIPIDS CF MESQTAENTUM

CALDARIORUN 41D TIZIR . TURIOVER

IR ODUSTTI QN

o 1“-‘1

FPew kinetic studies of the uptake of J-lebelled

precursors into the glycerolipids of leaves and algae
have been carried out, primerily through & lack of

suiteble methods for the routine separation of tae

Eal

glycerolipids of otosynthetic tissue. In 1957,

Eberhardt and Kates demonstrated the incorporation

i L}O L )"t‘r"! ! l-r-l

of label f@om 2=""C-pyruvate, 1- "C-acetate and

>52

2’

P-orthophosphate into the four "phosphatide" fractions

of runner bezn leaves. Subsecuently, Hates (1960)
dettected ineefpeorction of radicactivity Trem a similar
reqnge of precurscors inte more specifie glyeerclipid

Nl

fractions of

O

runner wesn leael, 1sing & moere eflfeetive

el

senaration procedure. A4ll of the labelled substrates
except 14 O2 were talzen up into whole lecves through
the cut petiole. VWhen rasdicactivity levels in the

separated 1inids were determined &fter 1.5 to 2 hr,

0

most of the activity was found in the pigment plus
(i.e. non-saponifiable) linid fraction and,
5; WED, DGD @nd PA skhewed e

highest level of lzbelling. TFrom incorporztion studies

67.



with 22T—

have the

68,

orthophosphate, I was found after 5

highest specific activity with decreasing

activities in PA, P&, PG and In 1265, Sasiry and
T ! 1 - ES Fal 3 2 —~

Xates Tollowed the incorporation of P-orthophosphate
into the phosphatides of Chlorella vulgeris for 42 hrs

After 3 hr PG and DPG showed the highest specific
activities with lower incorporations into PI and little
activity in BO and FE, The general pattern wes unchanged

at

to level

activities, which remained unchanged up to L2 hrs,

DFEG > PG
ralative
FI > FC,
phatides

has Treen

13

-+
&oes

)

(compared

5 y .
Jorking

€ lnef P il

- oL =)
1€ Buggeseea

sinee theee liwids edntained-r

and

Specifis aetivily of PG héegan

off and the order of decreasing specific

was

-
The ©

ST AV

= T\‘M’ > P = LI

hr results suggested

turnover rates in the order DFPG and PG > FE >

32,

m

The upteke of P-orthophosnhate into phos-

of elongating and non-growing Avena coleoptile

reported bhy Zimmerer and Hamilton (4965)
that PI and PG had the highest turnover

1tively nmore label

with PB and PC) at 8 ar than =t 24 hr. The
ehholipids detected Jd this stuldy were £X

ich contained relatively more letvel at 24t h

he Bul gedcing thadé they tock a Lohper time to

te with the orthophosphete in the medium.

fa b
ohlo

vg
l..l

war 1 .1 o - 3
with the green a.ga rrencidossa,

Tenson (4961) reported the nost detailed



study, to that date, on the kinetics of incorporation of
a labelled precursor into the glycerolipids of a photo-

yntiietic %issue. 4Llgil suspensiois were treated with

Mp

/

02 (es bicarbonate) and lizid extracts from sanples
which had been removed st different time intervals - were
desicylated fob ithe scpareEtion ©f the iIndividwal Blyceryl

compounds by paper chrematography. 4After 15 sec, radio-

activity was detected only in galactosyl and digelacto-

syl yeerols but within 30 seconds phospno¥yl glieerol
onG sulphocuinoWesyl glyeeFol mlso cantained appreelaeble

e}

amounts of radloactivity. T the remaining dezcylated
compcunds, glyceronpnosphoryl inositinl showed the high-
d- g qeame - 1L¥w = ) o .;_,, F -
est turnover of U and the glyeerol meletly % the
galactosyl glycerols was shown to become labelled more
tose moiety. For longer labelling
periods (up to 6 hr) culitures were connected with a
closed system and 500 uc of 002 in 50 COZ in air wes

circulated for the duration of the experiment. Intact

liggide were peg@iratcd by Siliecie €Cid phpesr chfomito-

nents wWere not ackieved, the resullts wePe 1In Feparal
e s

. " L RO A y Fal & ey e c L 3
agreenent Wth those for ths Gogerlavteld ecompoumnds.,

fsotope ineorporation into the Tractions was linear Teo¥
6 hr; radisactivity levels in the individual fractions
were in the order IGD Z TG > DGR > FG + 0 >E8L + PI>

BY., The fatty aclds of 41l feEectiens were tould te
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pecome lstelled at & much slower rate than the

nydrophilic nmoleties.

Vo)
o

I
{

More reccently, fichols et al, (1967), using tech-

~

nigues similar o these described in Part 1, followed
the incorporation of o—-acetate into the glycero-

<4

linids of derl-grown Chlorella vulgaris vroth in the

light and in the derix, Their resulis showed that the
lipids eould bé grouped in the Tellowing way, oh the
basis of turnover rates:- (a) these vhich showed a
high turnover rate of certain fatiy acids (including
IGD, G, P2 and 7G) and (b) those which had a low turn-
over of constituent Tatty acids (including DGD, SL, FI
and PE), These findings seemed to be characteristic
of both steady state conditions (i.e. dark-zrovn cells
incubated in the dark) and the developing chloroplest
rstem (dariz grown cells incubated in the light)

with the exception of this recent sivdy ol Michols
et al. (1967}, vhere 9-1'3-a:etate incorporation was
Pollowed into the sepsrate glycerolisids end into the

2 %~ o - g - ey *7 <7 - * ey -2
verious faetty acids of each glycerolipid, fa

Hawke and Stumpi, 1965; Harris and James, 1965; Harris
et al, 1965) has been studied indeneandently of glycero-

lipid metabolism. Tor the examinstion of fetty acid

biosynthetic mechanisms, labelled scetate has usually
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been Tound to be
Eal Ry e By il e 9 5 1
of Incorporation of

Leaves agid Frecn @lgae

his co-workers (
Michols
wes found to have the

[

activity within 60 nin of

i detmcheéed leaf, while

low

et
00;s

e detected in the acid. In

rate of lebelling is surprising.

vely 43l

predominant

synthetic tissue (see Tart 1).

¥ith twhe Limdings of Merrard aad 3

James {(1963), the vossibility is
remid Buenover 68 the gelechiose

3

supvlying

palwmdhid, Likhwlaie

ggecifte ‘sets

leaf, was lavelled very slowly;

sone

inolenyl
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precursors invo the glycerolinids of & photosynthetic
tissue, partly because no xinetic experiments using
leal” tissue had Deen reported pFevicusly. However,
technical difficulties arose in both the handling and

repiFeduciy ke perelning af lesyvies minied d' cted atten-

tion towards a photosynthetic micro-organisms, as the

test biological system. The green alga, Mesotaenium

aldariorum, was already being cultured in the laborae-

tory for other purposes end it presented several clear

o
acgvan

{3_:

afed FoF B8tudy, Eadh Peleled To The peesibilikies

bico

ot

of growing it in a licuid medium. Growth conditions
could e well deiined, uniform lebelling and sampling
of a culture could be effected readily and the cal-

culation of relative turnover rates from isotope

revious incorporation studies with algae had

shovn that was a2 good precu scr for both gly-

-

cerolinids (Ferrari and Renson, 1S51) and fatty acids

(Herris et al., 1665 while labelled acetste was

incorporated into Chlorella fatty acids to & lesser

1LM

extent that (pﬁf:ls et al., 1665},

It wes

(.’)

concidered that scme guantitative data Tor
turnever of glicerolipnids might be obtained frem

< "

experinents simil to theose descrived by Ferrari and

Eenson (1961) In such cases, a linear incorpor&ation



was denonstrated of C fron C

bl o

lirzids of Chlorells between 30 min and 6 hrs af

supplying 14302 at a constant specific activity. The

ratio of lebelling of gelactose to fatiy ecids in IGD
dic¢ nat ehange after 30 min whieh suggested earhon
wés bheing incorporated into the galactose and fatiy

dcid conpohecnts of the glycerolipdds &t the Same

!
rates. Kpowing that the incorporation of 1LC from

)
1450 is linesr for the individwsl glycerolipids and

[ |

\J\./2

) FE - 14 : ' g
given the speclific activity of uu 5 1N tne mediun

and the nurber ¢f carbon stoms in each of the glycero-
lipids, it should be possible to calculate rates of
replacement of eperbon atoms in the lipidsy assuming

1 . . .
if MCO in the medium

that the specific activity o

Trrey,

wed the sepe as the activity in the eells.
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METHODS

Growth Ccnditions.

iesotaenium caldariorum cultures were originally

obtained from the culture collection of slgze zt Indiane
University, where the organism hed been propagated on
unenriched sgar slopes. 1t had been demonstrated by

Dr Teylor (personal cecmmunication) that, although the
crganism is an obligste phototroph; naximum growth in
licuid culture is obtained only when the media is
enriched with glucose and yeast extract. Accordingly
cultures heve been rPomntl ihely subeultwWred vmde® sderile
conditions into 30 ml of enriched media in 100 ml conical
Tlasks fitted with cotton wool »lugs. OSContinuous
illuminstion (11 watt.meter 2 of shotosynthetic
irradiance) was provided by a bank of ("daylight")
fluorescent tubes in nmirror-lined growth cabinets main-
tained at 18°C. Flasks were not agitated during growth
excent Tor an occasional inspection of some cultures and
the non-motile cells normally proliferzted on the bottom
of the flask. The growth mediumn wes the same as that

~

described by Sager an

(@]

areniclkt (1953) for Chlamydomonas

reihhardii except for the addition cf glucose (4153) and

yeast extract (Difco., 0.253). In the present work,

Q

gtock cultures were rountinely meintained as described

while lzrger cultures (400 ml) were grown in 1000 ml
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culture vessels {Fig. 2.1) for experimentzl purposes.
These Tlasks Were placed on a rocking stage which was
designed to swirl the contents gently and prevent the

for

O

5]

“

cells from Béttling: Two proéedures were W
collecting slicuots of the cultures (Fig. 2.1);: an
egdrliér device comsisived of a glas® syvhom which Wwas
fixed into the flask through the cotton wool plug but
later it was found to be more satisfa ctory to use an
outlet fitted into the side of the flask near the base
so that larger aliguots (L0 ml) could be drewn off
quickly. Cells were harvested by centrifugstion &t
2500 rpm (1600 x g) for 10 min and washed once with
tap water. The packed cell volume was nmeasured by
using graduated centrifuge tubes and it has been
ssumed that 1 ml of pecked cells weighed 1 g.

Anslysis of Growth.

For growth enalysis, 10 ml of culture wes nornaslly

sanpled and centrifuged in a graduated, 10 ml Kolmer
tuce (Xontes, 7ineland, Iew Jersey). The packed cells
were extracted with 200-300 vol of methanol, centri-
fuged after a few minutes and the chlorophyll content
of the supernatant measured by applyinzg the spectro-
photometric factors of Somasr and Zschiele {1°4l).

Zlucose in the medis vwas normally measured in suitable

¥
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Fig. 2.1. Flasks (1000 ml) in which Mesotaenium
cultures were grown, showing the two types of sampling
outlets employed in these studies. Both flasks con-
tained 400 ml of media.



gilttions By the reducing suger methed of Dygert et 41,
(1965). In some cases the glucose was separsted from
other constituents in the media »y thin-layer chromato-
graphy on Silica Gel G using the solvent system n-but-
anol/acetic acid/water (5:4:1; Jacin and Mishkin,
1965} and estimated in the'presence of absorbent by the

phenol/d 50), method as outlined in Fart 1. Poth methods

T2

gave essentially similar results.

lleasurenent of FPhotosynthetic Fotentiel.

Photosyathelic oxygen ®volution was measured

menometrically by incubeting 1% (1 g wet weight of 08178/

100 ml buffer) suspensions of cells in 0.1 M IO /\aTC

3
. S S o} 5 ..

buffer, pd 8.3 (Pratt, 1943) at 25°C. Carbon dioxide

fixetion was measured at the same time by adding known

1L*COB o

5 fixed in a given time. Cells were thoroughly

auounts |©f HaH the incubeiions and measuvring the

1400

-~

derl adapted (12 to 48 hrs) before the addition of the
HaH14603 and were incubated in the derk.for 30 mins, to

esteblish dark CO,-fixzation rates to correct for photo-

2
Bl Clhedid uO2 fixation., Alicuots of the labelled

cultures were cuickly withdraevn under dim light and th
@ells cellected Under recduced press®ure on & péaper ik a

¥illipowe filter holder. The £Lells snd Tilbter were

washed repeatedly with water, freeze dried overnight
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and Tinally subjected to comuuscion in an 02 atmosghere
to give 'T0O0, which was collected in methanolic ethanol-
emine Tor scintilletion counting (Xelberer and Rutsch-
mann, 1961). Total CO, uptske was calculated from the

2 L

. - 1%, . .
prewortion ©F edded *3 pecovered in the cells.

lipid Analvses.

1o
o
(%)
A
O

For lLipid amalyses, euliungpes were harvested when
the cells resched a level of 1 to 1.5 g (wet weight)/
100 ml medium, which approximated to the midpoint on
the growth curve. The packed cells were extracted with
nethanol and chloroform as described Tor leaves in Part 1.

Total glycerolipids were imitially exEmined by
2-dimensional TLZ using the procedure of liichols (1964)
and by 1- and 2-dimensional TLC of the non-acidic end
acidic frsctions from DDAZ-cellulose coclumns (Part 1).
Seperated components were located and identified by the
nrocedures described in ¥Fart 4. As &n 2id in the
detection .and identificaetion of components present in

emall zmeunts, celils were greowm in the presemce of

52 = J5n

P-orthorhosphate a —sulphate, and the sxtracted
lipids were then sub jected to 2-dimensional TLC for the
preparstion of radiosutographs.

wualitetive column chromstogrephy was carried out

on & much smaller scale than that normally used. In



the present work, eolumn fractions were dried, made up
in chloroform to the volume of the lipid solution
dpplied to the column, and e2liguots were thea taken
Tor TLC., The most useful method for detecting
separated components was to spray developed chromnato-
grams with 507 sulphuric acid followed by charring of
the lipids in en oven et 12000. This provided a means
of distinguishing glycolinids from phospholipids as

iging 2l lipids on the layers end allowed

v}
(62}
[
O
Q
%)
=
'_1

for the snalysis of very small amounts of material.

Silicic =acid (Mallinckrodt, A.R., 100 mesh) was
washed to remove fines by the method of Galanos and
Yapoulas (1965), air dried and then activated at 120°
for 16 hr. TFlorisil (Floridin Co., Talahassee) was
washed Dy the method of O'Brien and Benson (1964) and
2lso air dried and activated at 120° for 16 hr immed-
iately before use.

Guantitztive analyses of the glycerolipids were
performed after TLC of DIZAE-cellulose and silicic acid
column fractions by the methods described in PFart 1.

Triglyceride, seperated by TLO from the non-acidic
fraction cf the Difl-cellulose column or from the
neutral lipid fraction of the silicic acid/acetone
colunn, was estimated by a colorimetric determination
of glycerol (Renkonen, 1¢62) released from acid hydroly-

sie of the material in the presence of silica gel,
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the fzity acids relecaseé were methylated by refluxing in

methanol/benzene/conc, sulphuric acid (150:75:10)

(ichols, 1965 a) for 60 min. Individual glycerolinids,

isolzted by TLLC, were transesterified by refluxing in

tte

CA

the methenol/benzene/sulvhuric acid mixture. The fatty
aoid methyl =atere formed in these Trsatments Nere
separated on an § inch x 5 £t column of ethylene glycol
succinate (17%) on Chrorebsorb W at a temperature of
155°C and using nitrogen (30 ml/min) as the carrier gas.
The response of the Tlame ionization detector was
deternined using 2 standard nixture of methyl linolen-
ate, linoleate, oleate, stecrate and palmitate (Applied
Science Laborstories), TRelative masses of individual
frections were estimated from the product of peak

height end pesl width (2t half peak height).

AS an additional aid to identification, the methyl

Silice Gel ¢ (Morris, 1964) into saturzted, monoenoic,
dienoic ond trienoic compounds prior to gas chromato-

graphy.

Yor anelysis of the totsl feittiy acids of }Mesotaenlun
by gas/licuid chromstography, weshed lipid extracts were
Saponified i@ opropanol/X0H (oll and Ploch, 1955) and
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S—Incorporztion Studies.
77 1L q ae (o © 1e) A4 '”’L
U= "C-glucose (2.9 mc/mmole), sodium 2- acetate
. 1
(27.4 me/nnole) and 4u~oo diun bicarbonate (26.7 nc/

mmole) were obtsined from The Radiochemical Jentre,
Amershem, IEngland and added to enriched, 400 ml
cultures which were nes®ing the midpoint of the growth

ervals aiter these additions, alicquots

*
ct

phase, At ir
(20-40 ml) of the cultures were drawn >ff and the cells,
recovered by centrifugastion, were washed once before
extraction with chloroform/methanol. After filtrstion
through & glass sinter, the chloroform/methanol extract

wes washed with dilute Hall (Folch et al., 1957)

a

S’

vielding a total of three fractions, namely (4
regidue fraction - the cell debris which represented

cell well materiel and most of ithre wmaeromelecular
constituents; (2) a water soluble fraction - the acueous
nethenolic phase of the Tolch-washed, chloroform/methanol
extzact Which mepresented the small melechlaf weight
substances in the cells and; (3) lipids - the chloroform

phase of the Folch-washed, chloroformn/methanol extract.

Radioactivity in alicucts of each of these fractions

1.

wes determined as outlined below. TInéividual
lebelled glycerolipids were separated hy 2 ccmbination

of DEAZ-cellulose column chromatography end TLC,
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Measurement of Radiocactivity.

The residue fraction recovered from the sintered
glass filter was burned in an atmosphere of O2 yielding
CO2 which was trapped in methanolic ethanolamine for
scintillation counting (Kalberer and Rutschmann, 1961).
Total lipids were plated at infinite thinness on
corrugated, copper planchets (Nuclear-Chicago Corp.,

Des Plaines, Il1l., U.S.A.) and counted at 25% efficiency
in a Nuclear-Chicago gas flow counter. Aqueous solutions
were added to a dioxane/naphthalene based solution
(Snyder, 1964) for counting. Glycerolipids, separated
by TLC, were transferred on the adsorbent to vials
containing 8 ml of a dioxane/naphthalene/water
scintillation fluid (Snyder, 1964) and counted at

55 to 60% efficiency in a Packard liquid scintillation
spectrometer., When using the scintillation method,
counting efficiencies were continually checked by the
channels ratio technique (Bush, 1963).

Radioautographs were obtained by laying developed
thin-layer chromatograms on double layered X-ray film
(10 x 8 in.) for periods of up to 48 hr for 32p_ ana

b))

7 days for S~ labelled lipids.
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RESULTS

Growth of Mesotaenium caldariorum in liguid culture.

a) Light requirement.

There was no discernible growth in glucose-yeast
extract media which were placed in complete darkness
immediately after inoculation while control cultures in
the light grew vigorously. Growth phase cultures ceased
growth upon transfer to total darkness. However,
inocula sufvived at least two weeks of total darkness
and established vigorous cultures within 4-5 days of

being transferred into light.

b) Glucose requirement.

Satisfactory growth rates were obtained only when
glucose was added to the basal salts medium (Table 2.1).
Sucrose supported a limited amount of growth while
galactose appeared to be slightly inhibitory. The sodium
and potassium salts of acetic, succinic and citric acids
completely inhibited growth. Experiments to determine
the optimum levels of yeast extract for growth stimula-
tion were not reproducible (cf experiments 1 and 4 in
Table 2.1). In general however, a level of 0.2% yeast
extract in the glucose-enriched medium was found to
produce a greater yield of cells than when the yeast
extract was omitted (e.g. Fig. 2.3). The growth promoting

effect of glucose is illustrated graphically in Fig. 2.2
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PABRLE 2.1

Growth of lMesotaenium caldariorum in enriched

and non-enriched media
Chlorovhyll per

Additions to Basal PEg el
’ SQIt:)m:diuru culture 16 deys aft
(= [») ey s

inoculation

Zxperiment 1% (400 ml cultures)

°
AN W

Hone )
Yeast extract 0.2
Glucose Eﬁﬁg

Glucose (15) + Yeast extract

o=
O WW N
[ ]

Experiment 2 (30 ml cultures)

None
Glucose (1:3) 1
Sucrose
Galactose
Glycine

X Lcetate
K Succinate
K Citrate

L 3

OO0OO0O—>0OF~0O
[ ] L]
\0 Co\O -+ O

Ixperiment 3* (400 ml cultures)

Teast extract (0.23)
9 Galactose (1%)
e i Sucrose é1u
! " + B3lucose (1%
" " (0.17%) + Glucose

+

+
° [ ]

U,

WP @OE G N
[ ]

oWl

Experiment L (LOO ml cultures)

Glucose  (15) Lo
" + Glycine (0.0173) 3l
! + Yeast extract (0. 0175) 45,0
% . " (o. osﬂﬁ 42.0
1] L [{] 1" A 20 1 .) 1.!.7.

()
3
Q

2 Cell inoculwn containing an eguivalent of 35-5
chlorophyll (from enriched cultures).

/

+ Zell inoculum containing an eouﬁv lent of 45 m
chlorophyll (from basal salis cultures).

(i}
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Fig. 2.2. Glucose-dependent growth of Mesotaenium.
The medium initially contained 0.1% glucose and,
after growth had stopped, glucose was added to give
a concentration of 1% in the medium.
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The medium in this experiment contained yeast extract
(0.2%) and a relatively low level of glucose (0.1%) so
that the culture ceased net growth when the cells reached
16% to 20% of the concentration normally obtained in 1%
glucose media. Six days after growth had stopped,
glucose was added to the culture to bring the level up

to 1% and after a lag of 3 days the culture resumed

exponential growth.

c) Glucose utilization.
Growth in media containing 1% glucose and 0.2%
yeast extract ceased when the ceil concentration of a
culture reached approximately 2 g wet weight/4100 ml media.
(8 ml of packed cells in a 4OO ml culture) and before all
of the glucose of the medium had been consumed (Fig. 2.3A).
It was noted that glucose utilization lagged behind
growth so that, up to about half way along the growth
curve, less than 1 g of glucose had disappeared from the
medium. In a subsequent experiment it was fdund that
the disappearance of 1.04 g of glucose from the medium
was accompanied by the production of 0,83 g dry weight
of cells. 8inee it could be shown that CO2-fixation did
not contribute significantly to the carbon_of the new
growth, at least in the upper half of the growth curve

(see below), this represents an assimilation of 80% of
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Fig. 2.3. Growth characteristics of Mesotaenium in 400 ml liquid
cultures. Left (A); growth in medium containing glucose (1%),
yeast extract (0.2%) and salts. Right (B); growth in medium

containing glucose (1%), sodium phosphate buffer (0.01M, pH 6.6)
and salts.
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exogenous glucose into cellular material+. This is a
much higher value than would be expected from simple
oxidative assimilation which would provide for the
conversion of 20-50% of the glucose to cell material

(see review by Gunsalus and Shuster, 1961).

d) Medium pH variations.
During isotope incorporation studies it was noted
that the pH of the medium varied with cell concentra-

tions. A comparison of glucose utilization with pH

88.

changes in the medium was therefore made (Fig. 2.3A). As

the culture entered the log phase of growth the pH
dropped from 6.5 to 4.3 but rose again to about 8.0 with
continuing.growth. The cessation of growth was also
accompanied by a subsequent sharp drop in the pH of

the medium from 8.0 to 4.7. These pH variations could
be reduced by including phosphate buffer in the medium,
at a final concentration of 0,01 M (Fig. 2.3B). Higher
concentrations of phosphate (0,05 M), completely

inhibited growth.

* A conversion factor for weight of glucose into weight
of cellular material of 1.09 was calculated using the
generalized composition of green plants given by
Buckman and Brady (1960).
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e) Oxygen evolution.

In the small culture systems (30 ml) cells prolif-
erated on the bottom of the flasks and could reach a
thickness of several millimeters. There was rarely any
sign of effervescence. A sample of mixed algae (obtained
from an open drain), which had been cultured in the basic
salts medium under the same conditions as those employed

for Mesotaenium effervesced vigorously at cell concentra-

tions much lower than those of the Mesotaenium cultures.

However, Mesotaenium cells did evolve oxygen, when

they were incubated in the presence of high concentra-
tions of bicarbonate (Table 2.,2) even at light inten-
sities (15W lamps, expt 3) close to those used in the
growth cabinets, and with glucose concentratioms the

same as those in normal culture media.

f) CO,-fixation and growth rate.

The COQ-fixation rate measured in cell suspensions
incubated in the presence of high concentrations of 002
(Table 2.2) was sufficient to account for the observed
growth rate of cultures in the glucose-yeast extract,
enriched media. However, isotope incorporation studies
during growth in enriched, 400 ml cultures did not show
a comparable utilization of exogenous CO, (see below).

Under normal growth conditions, exogenous 002 would be
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TABLE 2.2

Oxyzen evolution and Carbon Dioxide

Fixation in ¥esotaeniunm

1 mole/mg chlorophyll/hr

O2 evolved 002 fixed

Experiment 1@

-Glucose 120 160
Bxperiment 2]

-Glucose 200

+Glucose 220 250
Experiment 3* (15W Lamps)

-Glucose gl

+Glucose 59
Experiment 3* (LOW Lamps)

-Glucose 140

+Glucose 126

The reaction mixture (final volume, 2 ml)
consisted of 1.6 ml of 0.1 M NaICOB/KHCO3 buffer,
pd 8.3, containing approximately 1% (wet weight) of
cells together with (a) 0.2 ml of 10% glucose or 0.2
ml H2O and (b) 0.2 ml Nan’CO2 (1 pc) or 0.2 ml H,0.
The temperature was maintained at 18°C and flasks

2

were illuminated from below by 4OW lamps unless
otherwise stated (Braun Photoszynthetic Warburg

apparatus).

* Cells from the post-growth phase.
+ Cells in the growth phase,
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available almost exclusively from the atmosphere and it
can be calculated thaf the amount of CO2 dissolved in the
medium and being replenished from the atmosphere under
these conditions would be insufficient to provide a

significant source of carbon for the observed growth.

The lipids of Mesotaenium caldariorum.

a) Lipid content of the cells.

The average yield of waShédllipid from log-phase
Mesotaenium cells was 26 mg/g fresh weight and the ievel
of chlorophylls a + b was 2.0 to 2.2 mg/g (2.75 mmole/g).
Slight variations in these values were encountered poss-

ibly as a result of the packing characteristics of cells

- of different physiological status. For instance, cells

from cultures, which had ceased growth could not be packed
into a compact pellet, even at 5000 x g for 20 min, but
formed a watery, Jjelly-like precipitate. The most reliable
and consistant results were obtained with cultures that

contained 1 g wet weight of cells/100 ml medium.

b) The glycerolipids of Mesotaenium.
i) 2-Dimensional Thin-Layer Chromatography.

A typical 2-D thin-layer chromatogram of the total
lipids of Mesotaenium is shown in Fig. 2.4. For
convenience, the two unknowns have been labelled U1 and

U2. The mobilities of U1 suggested that the compound
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Fig. 2.4, 2-Dimensional thin-layer chromatogram of
the glycerolipids of Mesotaenium caldariorum after
Nichols (1964), An amount of lipid in CHC1
equivalent to 50 mg of packed cells was app%ied at
the origin. Spots were located by spraying the
chromatogram with the dichromate/sulphuric acid
reagent of Rouser et al. (1964) and heating in an
oven at 180°C for 30 min. Layer, Silica Gel G.
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was only slightly more polar than MGD. By contrast,

U2 had a much greater mobility in acidic as distinct

from an alkaline developing solvent and presumably it

was an acidic lipid. Neither of the unknowns contained
phosphorus or sulphur. Figure.2.5 shows both a chromato-
gram and radioautograph of the lipids from cells which

32

had been grown in the presence of P-orthophosphate.
Apart from the fopr major phosphafides only traces of
PA, DPG and an unknown material, with high mobility in
both solvents, were observed. Similar findings had been
obtained using TIC with a phospholipid spray. A radio-
autograph (Fig. 2.6) prepared from a 2-dimensional
chromatogram of lipids from cells grown in the presence

of 35S-sulphate showed only one spot, which correspondéd

to sulpholipid.

ii) DEAE-Cellulose Column Chromatography.

A thin;layer chromatogram of the non-acidic and
acidic lipid fractions from a DEAE-cellulose column is
shown in Fig. 2.7. This is typical of the chromatograms
on which quantitative analyses were carried out (see Part
1) and althowh the unknowns did not react significantly
with either the phosphorus or sugar assays both gave
good responses with the charring assay of Marsh and

Weinstein (1966). U2 reacted as a glycolipid both to

the H2SOh/charring method of detection and to the

-
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labelled lipids of Mesotaenium (right) and the radioautograph of the same
chromatogram (left). Lipid equivalent to 25 mg of packed cells was applied
at the origin., The X-ray film was exposed to the chromatogram for 12 hr.
Separated lipids were Visgalized by spraying the chromatogram with 50%
H?SO,1 and charring at 120 C. Layer, Silica Gel G,

Pig. 2.5. 2-Dimensional thin-layer chromatogram of 32P~orthophosphate

“h6
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Fig. 2.6. Radioautograph of 2-dimensional, thin-
layer separation of 35S=sulphate-labelled,
Mesotaenium lipids. Lipid equivalent to 50 mg of
packed cells was applied at the origin. The X-ray
film was exposed to the chromatogram for 48 hrs and
the single spot corresponded to SL on the stained
(50% H2804 and charred) chromatogram.
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Fig., 2.7. Separation ot Mesotaenium total lipids
(lane 3) and of the non-acidiic (lanes 1 and 4) and
acidic (lanes 2 and 5) lipid fractions from a DEAE-
cellulose column by a single development with
chloroform/methanol/acetic acid/water (85:15:10:3).
Lipid equivalent to 25 mg of packed cells was
streaked across 2 cm in lanes 1, 3 and 5 and
equivalent to 100 mg in lanes 2 and 5.

Visualization: Iodine vapour. Layer: Silica Gel G.
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a&-napthol/H2SOu spray of Saikatos and Rouser (1965)
although it did not respond significantly in the
phenol/HQSO}4 assay.

When a DEAE-cellulose column was eluted with
CHCl3 and increasing concentrations of CHjOH in CHCl3
the results (Fig. 2.8) were as expected from the results
obtained by TIC (see Nichols and James, 196L4) except
that U1 appeared to elute from the column before MGD.
This elution property was later used in an isolation

procedure for the compound.,

iii) Silicic acid column Chromatography.

"Neutral" and "polar" lipids were separated on a
column of silicic acid using stepwise elution with
solvents of increasing polarity and partial resolution
within the classes was obtained (Fig. 2.9). The "neutral"
lipid" fraction contained a comparatively large amount
of triglyceride which was characterised by its glycerol
and fatty acid content and by ﬁass spectrometry. In
these separations, U1 was retained on the column more
strongly than would have been expected from its mobility
with 2-dimensional TIC (Fig. 2.4) and on DEAE-cellulose
columns (Fig. 2.7). The effect was shown even more
markedly with the silicic acid/acetone column procedure
of Rouser et al. (1967) (Fig. 2.10A). Using this

technique, the acidic 1lipid U2 was eluted with MGD in



e

Pig. 2.8. Thin-layer chromatographic analysis of
fractions from an 8 x 1 cm (i.d.) column of DEAE~
cellulose. Mesotaenium total lipid (85 mg) in
chloroform was placed on the column and fractions
collected corresponding to elution with 1. 25 ml
chloroform; 2. 25 ml chloroform; 3. 25 ml 5%
methanol in chloroform; 4. 25 ml 5% methanol in
chloroform; 5. 25 ml 10% methanol in chloroform;
6. 25 ml 40% methanol in chloroform; 7. 50 ml
chloroform/methanol/conc. ammonia (6:4:0.75).

Each fraction was evaporated to dryness, the
residue redissolved in 2 ml chloroform and 20 ul

of this spotted for TLC. Development: chloroform/
methanol/acetic acid/water (85:15:10:3).
Visualization: 50% HZSOA‘ Layer: Silica Gel G.
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PGTS
MGD

Carotene

TG E & = i< PG

Fig. 2.9. Thin-layer chromatographic analysis of the
"neutral" (A) and "polar" (B) lipid fractions from a
silicic acid column. Mesotaenium total 1lipid (46 mg)
in benzene was placed on a 12 x 1 cm (i.d.) column
and fractions collected corresponding to elution with
1. 30 ml benzene; 2. 40 ml benzene/chloroform (1:1);
3. 40 ml chloroform; 4. 40 ml chloroform; 5. 40 ml
5% methanol in chloroform; 6. 40 ml 10% methanol in
chloroform; 7. 50 ml methanol. Each fraction was
evaporated to dryness and the residue redissolved in
2 ml chloroform., 20 pl of this solution was then
spotted. Developmenit: A, Benzene and B, chloroform/
methanol/acetic acid/water (85:15:10:3).
Visualization: 50% H2SOA. Layer: Silica Gel G.



Fig. 2.10A. Tnin-layer analysis of column fractions obtained by the
silicic acid/acetone technique. Mesotaenium lipid (25 mg) in chloro-
form was placed on a 3 x 1.5 cm (i.d.) column and fractions.collected
corresponding to elution with 1. 42 ml chloroform; 2. 32 ml chloro-
form/acetone; 3. 180 ml acetone; 4. 55 ml methanol. All fractions
were dried and finally made up to 1 ml in chloroform. 20 ml of each
fraction was spotted. Development: chloroform/methanol/acetic acid/
water (85:15:10:3). Fig. 10B. 2-Dimensional lhin-layer separation of
the phospholipids (fraction 4). Visualization: 50% HZSOQ'

*00T
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chloroform/acetone (1:1) while U1 was strongly retained
during prolonged development with acetone and was finally
removed, along with the phospholipids, by using methanol.
The phospholipid fraction obtained from this procedure
was subjected to 2-D TLC (Fig. 2.10B) to give better
separation of the components for identification. Unknown
1 behaved as a less polar compound than MGD with DEAE-
cellulose column chromatography but like a phospholipid

using the silicic acid/acetone column procedure.

iv) Florisil Column Chromatography.

In spite of its limitations for quantitatively
separating phospholipids and glycolipids (Part 1), the
property of Florisil to adsorb phospholipids strongly
made it useful as a column packing for checking the
results obtained from the silicic acid/acetone technique.
Both U1 and U2 were strongly adsorbed on the column and
were eluted with the phospholipids (Fig. 2.11A). The
U1-U2-phospholipid fraction was subsequently separated
on a DEAE-cellulose column (Fig..2.11B) as a further

step towards compound identification.
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Fig, 2.11A, Thin-layer analysis of fractions from
Florisil column chromatography of Mesotaenium lipids.
Total 1lipid (25 mg) in chloroform was placed on an

8 x 1 cm (i.d.) column and fractions collected corr-
esponding to elution with 1. 20 ml chloroform; 2.

25 ml chloroform/methanol (85:5); 3. 60 ml chloroform/
methanol (6:4); 4., 25 ml chloroform/methanol/water
(1:1:0.2). All fractioms were finally made up to 1 ml
in chloroform with 20 pl taken for TLC. Development:
chloroform/methannl/acetic acid/water.

Visualimtion: 50% HZSOM’

Fig, 2,11B., Fraction 4 from the Florisil column
subjected to DEAE-cellulose column chromatography. All
of this fraction was placed on a 6 x 1 cm (i.d.) column
and fractions collected corresponding to elution with

1. 20 ml chloroform; 2. 25 ml chloroform/methanol (6:4);
3. 20 ml chloroform/methanol/conc. ammonia (6:4:0.75).

All fractions were made to 1 ml in chloroform and 20 pl
taken for TLC.
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c) Quantitative analysis of the glycerolipids of

Mesotaenium,

The molar concentrations of the various glycero-
lipids of Mesotaenium are shown in Table 2,3. The
results are the means of five determinations made on
separate cultures harvested near the middle of the
growth phase. Two of theée were analysed by both the
DEAE-cellulose/TIC and the silicic acid/acetone/TIC
. techniques which gave almost identical results. The
most accurate measurements of phospholipids were obtained
by TLC (Silica Gel G; chloroform/methanol/7M ammonia,
65:25:4) of the phospholipid fraction from the silicic
acid-acetone column; SL was best measured after TLC
of the acidic 1lipid fraction from the DEAE-cellulbse
column. On the assumption that both of the unknown
lipids were of the d,B-diglyceride type (an assumptioﬁ
based on fatty acid and glycerol content) approximate
molar concentrations of U1 and U2 were obtained by
comparing their response in the charring assay of
Marsh and Weinstein (1966) with those of known amounts

of phospho- and glycolipids.

d) Fatty Acids of Mesotaenium.
Growth phase cells contained more polyunsaturated

fatty acids (39%) than cells from non=-growing cultures



TABLE 2,3

Concentrations and fatty acid compositions of the glycerolipids

of growth-nhase Mesotaeniim

n mole/g % of total fatty acid
Glycerolipid wet weight 412:0 14:0 16:0 1621 16:2 16:3 18:0 18:1 18:2 18:3 (417:3)
aells
MGD 2,6 s 2 5 y o 25 _ 5 48  LO
DG 5.9 - = 21 Tt 5 = 4% 2. 35
U1 2.4 = - 50 o= - w9 "7 6 18
TG 2.3 - - 16  tr - tr 66 17 -
G 162 - - U9 o) - B B 28 qdv
SL i.2 10 1 43 - - 1. 6 19 18
vz e 61 - - tr 3 26 10
e Sles) L o te 47 - - tr 15 30 > y
PI O & tr - L8 - - tr 23 29 tr
PI 0.7 - = WG - - e A% B 2

® 418:1 = 18:1 + 16:3 for all lipids except MGD.

*to b



105,

(8%) (Table 2.4; cf also Figs. 2.12 and 2.13). The
decrease in the proportion of polyunsaturated acids was
accompanied by an increase in the proportion of oleic
acid (18:1). The triunsaturated, 16-carbon fatty acid
ester was not separated from oleic acid on the EGS
column used in these studies but its contribution to the
oleic acid peak could be calculated by a comparison of
the'16:3 with the 18:3 peak after separation of the
methyl esters by AgNOB-imppegnated silica gel TIC. A
minor component of the trienoic fraction had a retention
time consistant with a 17 carbon fatty acid (17:3)
(Korn, 196L).

Fatty acid components of the various glycerolipids
are shown in Table 2.3. The minor component listed as

17:3 was found predominantly in fraction U1.

e) Attempted characterization of unknown lipids.
Miliigram amounts of both unknowns were isolated

by a combination of preparative column (DEAE-cellulose,

silicic acid/acetone) and thin-layer chromatography

(Silica Gel G). Infra-red spectra were obtained from

(a) solid samples on NaCl discs, (b) carbon tetrachloride

solutions of the lipids (Fig. 2.14) and (c) from KBr

pellets containing the substances. The pellets, however,

tended to be waxy in appearance and scattered or absorbed

a good deal of the shorter wavelength energy. The spectra



Growing

Non-Growing

ESaturated
. Monoenoic
Growing :
Di
Tri
Saturated
Non- Mono

Growing Di

Tri

TABLZ 2.4

Patty acids of growing and non-growing
Mesotaenium cultures

% of total fatty acids

14:0 16:0 16:1 16:2 416:3 18:0 18:1

Tt 22 Tt 3 13 T 12
tr 28 an tr 3 tr 39
2 98 1
12 88
12
by
95 1
2 98
15
30

18:2 18:3 (417:3)

oly 06
25 L
88

62  (7)
85

51 (19)
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Front

X:3

1 A4 B 4 5
Fig. 2.12. Thin-layer chromatograph of Mesotaenium

(post growth phase cells) fatty acid methyl esters
AgNO
on Ag 3

relatively low proportion of polyunsaturated fatty

~-impregnated Silica Gel, showing the

acids. 1. Methyl stearate; 2. Methyl palmitoleate;
3. Mesotaenium fatty acid esters; 4. Methyl
linoleate; 5. Methyl ¥-linolenate. Development:
Benzene, Visualization: 50% HZSO

4.
Layer: 2.,5% AgNO., in Silica Gel H.
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Front

X:0

e e i A — e 438, S it == = Wl —

Fig, 2,13. Separation of fatty acid methyl
esters from growth-phase cells of Mesotaenium

on silver nitrate impregnated Silica Gel H

(as in Fig, 2.12). In lanes 1 and 3 are the
esters prepared from Mesotaenium lipids and in
lane 2 is a standard mixture of equal weights

of palmitic acid (16:0), palmitoleic acid (16:1),
linoleic acid (18:2) and A-linolenic acid (18:3).
(Mann Laboratories). This chromatogram shows the
relatively high proportion of polyunsaturated
fatty acids in growing cells,
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of the two unknowns were similar and unlike those
published by Rouser et al. (1963) or Allen et al. (1966)
for a variety of gl&cerolipids. Both possessed bands
characteristic of the estér carbonyl group (5.70 - 5.75
n), methylene group (3.45 n) and hydroxyl group (3.00 n)
and the relative heights of the ester carbonyl band and
the methylene band were comparable with those obtained
for glycerolipids. Unusual features of the spectra were
the two compléx groups of bands with peaks at 6.2 - 6.4
p and 7.1 - 7.2 p; the former could indicate an amide
group (Rouser et al., 1963) while the latter appears to
be characteristic of ammonium salts of acidiec lipids
(Rouser et al., 1963; Allen et al., 1966). . The assymetry
of the hydroxyl band indicates the possibility of
additional absorption at 3.15 p which would be consis-
tent with ammonium salts (Rouser et al., 1963) even though
U1 behaved as a non-acidic lipid on DEAE-cellulose columns.
- Attempts to detect nitrogen in perchloric acid
digests of the unknown lipids by Nesslerization or by the
recent method of Sloane-Stanley (1968) were unsuccessful,
Of the water soluble, acid hydrolysis (4-48 hr at
1OOOC) products, only glycerol has been positively
identified as a constituent of both unknown lipids.
Glycerol was identified both by the method of Renkonen
(1962) and by paper and cellulose thin-layer chromato-
graphy in combination with a periodate/permanganate

spray reagent (Sastry and Kates, 196L4).
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Fig, 2.14, Infra-red spectra of the unknown glycerolipids of Mesotaenium.
1. Ul as a film (2 different thicknesses) on a NaCl disc; 2. Ul in
carbon tetrachloride solution; 3. U2 as a film on NaCl disc, and

4L, U2 in carbon tetrachloride solution.
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Isotope incorporation studies.

a) Incorporation into whole cells.
i)  Using NaH1uC03.

Rates of incorporation of 1L"C from NaH1uCO3 into
the three cell fractions obtained after chloroform/
methanol extraction of washed cells recovered from an
enriched culture are shown in Fig. 2.15. Ninety
minutes after adding the labelled substrate, 75% of the
1L“C recovered in the cells was in the residue fraction,
16% was in the aqueous phase of the chloroform methanol
extract and 9% was in the lipids. The sum of the
activities in the fractions corresponded to an uptake
of 1L4% of the added radioactivity in 30 min, L46% in
90 min and 89% in 6 hrs.

A COz-fixation rate for the culture was calculated
from the measured uptake of 1uC02 in the first 30 min.

The maximum amount of 002 which could be retained by

the medium was calculated to be 230 ug and the culture
at that point contained 3g fresh wt (0.6 g dry wt). of
cells. Fourteen percent incorporation of the added
1L‘COZ in 30 min corresponds to a fixation rate of 107 pg

002/g dry wt cells/hr so that, using the empirical

formula,

002 + H2O - CH20 + O2
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12+
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2- Lipid
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Pig. 2.15. Incorporation of C from NaH" 'CO

3

into the three fractions recovered after
chloroform/methanol extraction of Mesotaenium
cells. 9 mc (0.33 m mole) of NaHlL*CO3 was added
at zero time. when the glucose/yeast extract-
enriched culture (400 ml) was nearing the mid-
point of its growth phase. Samples (40 ml) were
taken at the times indicated and cells recovered

by centrifugation. Ordinate; total radio-

activity recovered 1n each fraction of each sample.

111,
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as a close approximation, 002 contributed 73 pg/g dry
wt cells/hr. However, the growth rate of the culture
was L%/hr or LO mg/g dry wt cells/hr. Accordingly,
002 contributed a maximum of only 0.18% to the dry

wt increase of the culture.

ii) Using U-1MC-glucose.

Incorporation of 1“0 into the three cell fractions
after the addition of 20 mc (7 umole) of U-1uC—g1ucose
to an enriched culture at mid-growth phase is shown
in Fig. 2.16. Twenty-four hours after addition of
the label, when the culture had reached the end of
the growth phase, 84% of the 1L‘C recovered in the
cells was in the residue, 10% in the aqueous phase of
the chloroform/methanol extract and 6% was in the
lipids.

The rate of assimilation of glucose was calculated
from the 1LlC recovered in the 24 hr sample, which was
equivalent to 2.2 nc 1“0 for the cells of the whole
culture. The specific activity of the glucose in the
medium at zero time was estimated to be 6.0 uc/g (Fig.
2.3) so that the 1L'C recovered in the cells after 24

hrs represents an assimilation of 0.36 g of glucose.
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Fig. 2.16. Incorporation of ~'C from U-" "C-

glucose into the three fractions recovered from
chlorof orm/methanol-extracted Mesotaenium cells.
At zero time 20 pc (7 p mole) of radioglucose
was added to a culture in which the cell concen-
tration had reached 1% (wet wt/volume) and
aliquots of the culture sufficient to give

0.5 — 0,6 ml of packed cells were drawn off at
the times indicated. Ordinate; total radio-
activity recovered in each fraction of each
sample,

113
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During this period however, the cell mass increased
by 0.7 - 0.8 g dry weight and, since only half of this
is new growth, glucose contributed 90-100% of the
weight for this increase. This figure provided addi-
tional evidence that growth of the alga was by thg
assimilation of exogenous glucose rather than by CO2

fixation,

b) Incorporation into glycerolipids.

L
CO3°

The various glycerolipids incorporated !

i) Using NaH
uC at a
linear rate between 30 min and 2 hr (Fig. 2.17) after
adding NaH“‘CO3 to an enriched culture (same experiment
as for Fig. 2.15). A feature of these results is the
relatively high incorporation into PG and TG and the
low incorporation into the galactolipids. During

the 2 hr in which the specific activities of these
lipids increased from zero to the values shown in

Fig. 2.17, the total amount of each 1lipid in the
dulture would be expected to have increased by a
constant amount in parallel with the growth the

culture i.e. by approximately 8%. The different

rates of 1“0 incorporation may therefore indicate

the relative rates of synthesis of the various

glycerolipids from the supplied, labelled precursor.
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Fig. 2.17. Rate of incorporation of qu from

NaHlb'CO3 into the glycerolipids of Mesotaenium.,
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It was calculated that lipid contributed 12.5%
of the dry weight of Mesotaenium cells so that the
specific activities of the "residue" plus "HQO
soluble" fractions and of the lipid fraction were
the same at 30 and 60 min after adding the 1L‘CO2.
It seemed likely therefore, that the cellular
constituents were uniformly labelled within 30 min
and that if turnover of the constituents was taking
place, the turnover rates would be of the séme order

as incorporation rates.
ii) Using U—1“C-g1ucose.

When 20 juc of U—1uc-g1ucose was added to a mid-
growth phase culture, 1L'C was incorporated slowly
into the 1lipid fraction. Only after 24 hr had
sufficient label been taken up into the glycerolipids
to give reliable specific activities for many of the
compounds (Table 2.5). However, it was possible to
demonstrate a linear incorporation of 1uC into MGD
between 6 and 24 hrs.

Although there was little growth between 24 and
L8 hrs it was notable that radioactivity continued
to be incorporated into all of the lipids and into
some at a much higher rate than into others. This

continued incorporation of 1L'C is probably associated

with changes in the intracellular concentrations of
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PG
U2
MGD
PC
PT
SL
U1
DGD
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PE
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TABLE 2.5

14

from U~ "C-glucose into

the glycerolipids of Mesotaenium

Specific activity (dpm x 10_3/pmole)

24 hr L8 hrt
7.2 8.8
&S 8.6
ol L.0
2.8 (™
2.8 Jadh
245 36
2.3 Greb
2e1 6e2
1.1 12.2
161 19

Post-growth conditions. Apparent specific

activities calculated using glycerolipid

concentrations measured in growth phase cells.

these components as the cells adapt to post-growth

conditionse.

It was obvious from the relative

intensity of staining on chromatograms, for instance,

that the concentration of TG was higher in the post-

growth than in the growth phase.



o incorporation experiment PG and

U2 had the highest specific activities in the shorter

As in the 'Xco

time intervals and PE and DGD were among those
components with the lowest specific activity.

The high relative labelling of MGD from U-1MC—
glucose compared with that from 1L"COZ was consistent

with the incorporation sequence proposed in Fig. 2.18,

but the high incorporation into PG and very low

incorporation into TG are more difficult to understand,

118%

The incorporation into PG is consistent with the sequence,

glucose —» G-6-P —> Triose-P —» Glycerol-P
Acetyl-CoA —> PG-Tatty acids PG-glycerol
and suggests that glycolysis may be a major pathway

for glucose assimilation in the cells but this scheme

should also lead to high labelling of TG.
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Rig, 2:48

Probable routes of carbon from labelled precursors

into glycerolipids

Co, Glucose
Acetate l j
L PGA G-6-P
l /

Acetyl-CoA« Triose-P ¢s— G-1,6-P &~ G-1-P—> UDP-Glucose

| \ J

Glycerol-P G-6-P UDP-Galactose
Fatty Acids l lPP Shigng Z
Glycerolipid, PG Glycine Galactolipids
Serine
J
Ethanolamine —» PE-
N

Choline — PC

iii) Using 2-'Yc-acetate.

Five hrs after adding 40 mc (1.6 umole) of oMo
acetate to a growth phase culture (0.75% with respect
to fresh weight of cells), 20% of the added The was
recovered in the individual glycerolipids separated
by TLC. Specific actiVities of these glycerolipids
were determined at 5, 17 and 24 hr after addition
of the labelled precursor. The results (Table 2.6)
indicated that all of the added acetate had been
taken up by the cells within 5 hr since, at 5 hr, all

of the glycerolipids had their highest specific



activities which were subsequently diluted by the
growth of the culture. The 1uC—acetate was incor-
porated predominantly (> 90%) into the fatty acids
of the glycerolipids so the rate of dilution of the
specific activities gave an indication of the turn-
over of the fatty acid moieties of the individual
glycerolipids. In this respect the fatty acids of
PG and TG had the highest turnover rate; their
specific activities were diluted 2.5 fold while the
growth of the culture increased about 2 fold. In
both U2 and PI too, the specific activities were
diluted at a slightly greater rate than the growth
of the culture. The constituent fatty acids of the

two galactolipids had lowest turnover rates probably

as a result of the relatively high concentration in
these comounds of o(-linolenic acid which has been
shown to have a low rate of synthesis (James, 1963;

Harris and James, 1965).
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TABLE 2.6

Specific activities of glycerolipids after
adding 2-1MC—acetate to a growing culture.,

dpm x 10-5/ﬁmole

5 hr 17 hr 24 hr
PG 13 6.4 L.9
TG 12.5 6. AL
U2 - 54 2.9 2 O
PI 5.0 2.5 2.1
U1 T 2.8 2.6
PE L.6 55 2.7
PC 4.0 2.6 235
SL DD 2.2 19
MGD SreM 1.9 1.8
DGD 13 1.0 148

Cell concentration
of culture 0613
(% wet wt, w/v)

-
°
\}
-
°
W
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DISCUSSION

Growth of Mesotaenium caldariorum.

The glucose and light requirements for rapid

growth of Mesotaenium caldariorum cultured under

conditions of relatively low 002 concentrations

have been confirmed in this study. Although cell
suspensions were capable of high rates of 002

fixation and O2 evolution when incubated in the
presence of O.,1 M bicarbonate buffer, it appeared

that 002 fixation was not a significant source of
carbon during growth in the normal, glucose enriched
media. In fact, under the growth conditions used

here (i.e. low 002) the cells were incapable of

fixing sufficient CO, to support any growth (eiE. 2.2),

This lack of utilization of CO, was probably due to

2
the low levels of 002 available in the medium,

although some algae (e.g. Chlorella vulgaris; Nichols,

1965; Sastry and Kates, 1966) can apparently be

grown successfully in unenriched media with atmospheric
CO2 as the sole carbon source. Attempts to grow cells
in 0.1 M bicarbonate buffer plus basal salts resulted
in the rapid death of the inocula. Aerating cultures
with mixtures of 5% 002 in nitrogen or in air may
provide a means for determining whether rapid rates of

autotrophic growth of Mesotaenium are possible.
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The absolute requirement fie@ | 1i.gh# #ér “the
assimilation of glucose in supporting growth is
noteworthy (see review by Danforth, 1962). Several
diatoms have been found to grow in the light, in
COz-free environments and in the presence of sub-
strates which would not support dark growth (Lewin,
1953) and it has been suggested that the obligate

phototroph, Chlamydomonas dysosmosS, is incapable

of coupling the oxidative release of energy with
assimilation (Lewin, 1954). These findings suggest
that an adequate supply of ATP can be produced in

these cases only by photophosphorylation.

Glycerolipids of Mestoaenium,

All of the glycerolipids normally found in
photosynthetic tissues (Ferrari and Benson, 1961;
Allen and Good, 1965; James and Nichols, 1966)

were detected in Mesotaenium caldariorum. Tri-

glyceride, which is not normally found in sig-
nificant amounts in legves, was present in
Mesotaenium in concentrations in excess of any
of the phospholipids and there was some evidence
to suggest that its concentration increased in
post-growth cultures. In addition to the usual

glycerolipids, two unknown compounds appeared



during chromatographic analysis. The first of

these (U1) was the most aﬁundant lipid, apart from
galactolipids, in growing cells and appeared to be
only slightly more polar than MGD in the 2-dimen-
sional TIC system; it was less polar on DEAE-
cellulose and yet behaved like a phospholipid on
silicic acid and Florisil columns. The second
unknown (U2) was present in concentrations compar-
able with the major phospholipids and behaved as an
acidic 1lipid in 2-dimensional TIC and on DEAE-
cellulose columns. Since this compound could be
eluted from DEAE-cellulose columns in chloroform/
acetic acid (4:1) it seemed likely that the functional
acidic group in ion-exchange chromatography was a
carboxylic acid. In the silicic acid/acetone column
technique this compound chromatographed as a glyco-
lipid But on Florisil it behaved as a phospholipid.
Although U2 stained as a glycolipid with the
oL—napthol/H2SO,4 reagent, neither unknown gave a
significant response in the phenol/HZSOu glyco-
lipid assay and neither contained phosphorus or
sulphur. The presence of glycerol in acid hydroly-
sates and of fatty acid esters in transesterification
mixtures indicated that both unknowns were glycero-

lipidse.
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Apart from the triglyceride, the concentfations
of the various glycerolipids of Mesotaenium were
similar to those measured in some leaves (Table 2.7),
although "chloroplast" lipids were relatively more
concentrated in Mesotaenium. Diphosphatidyl glycerol
was not detected in Mesotaenium, even by radiochemical
methods which did however, reveal traces of phospha-
tidic acid (PA) and two other phospholipids demon-
strating high mobilities during TIC in acid developing
solvents (Fig. 2.5). The only other green alga for
which comparable glycerolipid figures are available

is Chlorella pyrenoidosa (Ferrari and Benson, 1961).

In this organism, the values for the lipids MGD, DGD,
SL, PE and PI were about twice as high as the wvalues
for Mesotaenium on a cell fresh weight basis, while
the value for PG was five times as high (Table 2.7).
The percentage lipid yield from Chlorella was three

times that from Mesotaenium.

1283
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TABLE 2.7

Comparison of Glycerolipid Concentrations
(mmole/g fresh weight)

Glycerolipid White Clover Mesotaenium Chlorella

MGD 8.6 ~10.0 25
DGD 5.2 5451 10
TG tr 2.30 25
PC 1.4 1.10 3.9
PG 1413 1.60 8.6
PE 0.87 0.80 1.7
SL 0.76 131 25
PI 0.25 0.8 2.0
DPG 0.28 0 ~

Lipid content

mg/g fresh wt 1.5 2.6 Te1

Fatty Acids.

Growth phase Mesotaenium cells have relatively
more linolenic and oleic acids and less linoleic

acid compared with Chlorella vulgaris (Nichols, 1965),

but the proportion of trienoic fatty acids to total
fatty acids is lower in Mesotaenium than in leaves
of higher plants (see Part 3). The relatively high
level of polyunsaturated fatty acids, compared with
autotrphically grown Chlorella (Nichols, 1965), is
in agreement with the theory linking functions of

polyunsaturated fatty acids with photosynthetic
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oxygen evolution (Erwin and Bloch, 1963) but the very
low level of trans- A3 - hexadecenoic acid in phos-
phatidyl glycerol is in contrast,to the amounts
normally found in algae (Nichols, 1965; Haverkate

and van Deenen, 1965) and higher plants (Allen et al.,
1964; Weenink, 196L4; Haverkate and van Deenen, 1965 b;
Nichols, 1965). This acid which has also been
implicated in the photosynthetic process, is found
only in the photosynthetic tissue of higher plants and
algae but is absent from some blue green algae (James
and Nichols, 1966). The unknown polyunsaturated fatty
acid has been tentatively identified as 17:3 (Korn,
196L4), and could presumably arise from o-oxidation

(Hitchcock and James, 1966) of ok-linolenic acid.

Glycerolipid, 1uC—incorporation studiese.

The incorporation figures for all three 1b’C—
labelled precursors into the glycerolipids of
Mesotaenium suggested a relatively high turnover
rate for PG and U2, while, with 1h002 and 1l“C—
acetate, relatively high rates also were obtained
for TG. The incorporation patterns obtained with
1L‘COZ and 1“C—acetate were remarkably similar but
differed from that obtained using ' “C-glucose

(Table 2.8). It is possible that 1“002 assimilation

had been biased towards the formation of acetyl-CoA
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opecific activities of glycerolipids after

addition of labelled precursors
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-
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rather than hexose phosphate (Fig. 2.18). The
relatively low incorporation of 1“0 from 1h002 into -
the galactolipids does not correlate with the
proposal of Benson (1963) the galactolipids are
involved in the transport out of the chloroplast

of galactose produced in photosynthesis. Had the
1hCO2 fixed been passing through the galactose
moieties of the galactolipids it seems certain that
the galactolipids would have had specific activities
at least higher than those of PC and PI and probably
higher than those of any other glycerolipid, parti-
ularly at shorter time intervals. In their study of

the photosynthesis of Chlorella pyrenoidosa glycero-

lipids from 1“002, Ferrari and Benson (1961) stressed
the high turnover of the galactolipids and phosphatidyl
glycerol. However these interpretations were based on
gross 1“0 incorporations into the lipids and when
relative specific activities were calculated from
their published data (Table 2.8) it was found that
MGD had less than half the specific activity of that
for the most highly labelled 1lipid, namely, PE.

A convincing demonstration of the turnover of the
fatty acid moieties of the individual glycerolipids of

14

Mesotaenium was obtained in the C-acetate experiment
where the initial, high specific activities, 5 hrs

after the addition of the labelled precursor, subse-
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quently decreased, partiaily through the growth of

the culture and partially by turnover. In the cases
of PG, TG ahd , to a lesser extent, U2 and PI a net
turnover of fatty acid carbon must have occurred since
the specific activities of these lipids decreased at
a greater rate than could be accounted for by the
growth of the culture. At the other end of the scale,
MGD and DGD fatty acids must have had a very slow
turnover since the decrease in specific activities
proceeded more slowiy than the growth of the culture.
In these cases there would have been a continual slow
incorporation of 1L“C into the fatty acids had the
culture been a stady state, non-growing system such
as a leaf.

In a recent study on the incorporation of 2-1uC-
acetate into the individual glycerolipids of Chlorella
vulgaris, Nichols et al., (1967) found that the turnover
rate of each lipid varied with the fatty acid content
of the lipid. The decreasing order of turnover rates
of the fatty acids was stearic, myristic, oleic,
palmitic, palmitoleic, linoleic, linolenic and the 16
carbon, dienoic acids. From a consideration of the
relative proportions of palmitic, oleic and stearic
acids in the glycerolipids of Mesotaenium (Table 2.3)

it might therefore be expected that the order of
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decreasing specific activities of these glycerolipids

5 hes sfter adding the @ C-aretate would be T@; PEy UP,
rc, PI1I, U1, PG, SL, DGD and MGD. That this sequence
does not agree with the results obtained with
Mesotaenium could be due to Mesotaenium cultures being
fully light-adapted while the Chlorella cells were
still developing functional chloroplasts. Alternatively,
an individual fatty acid of a glycerolipid may not
exchange readily with the metabolic pool of that fatty
acid so that a particular fatty acid may have different
turnover rates depending on the glycerolipid to which
it is attached.

Although the results of this study have shown up
large differences in the relative turnover of the
different glycerolipids, there is a general impression
that the glycerolipids as a class show low turnover rates.
To enlarge on this briefly, consider the incorporation of
U—1uC—glucose into PG. At the time of the addition of
the 1hC-glucose to the culture the specific activity of
the glucose in the medium was calculated to be 1.1 uc/m
mole. After 24 hrs the speéific activity of PG was found
to be 3.3 x 1072 pc/umole which is equivalent to the
incorporation of 3 umole glucose/pmole PG. On a carbon

for carbon basis this incorporation accounts for most



of the carbon required for the synthesis of new PG in 24
hrs. Had there been a significant turnover of the carbon
of PG as suggested by Benson (1963) a much higher level
of radioactivity would be expected in the lipid. How-
14

ever, the results obtained with -acetate indicated

that the fatty acids of PG did undergo some turnover.
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TURNOVER OF THE GLYCEROLIPIDS OF
CUCURBITER LEAVES

INTRODUCTION

In the early stages of this work, before
analytical techniques had been refined to the degree
described in Parts 1 and 2 of this thesis, attempts
were méde to introduce radiocarbon from 1L'C-labelled
precursors into the glycerolipids of leaves. In the
first instance these experiments were confined to the
uptake of the labelled precursors via cut petioles
(Kates, 1960; James, 1963) but it was later found
simpler, with squash leaves in particular, to intro-
duce the precursors by applying their aqueous solutions
to the upper surfaces of intact leaves. From experience
gained during studies on the incorporation of labelled

precursors into the glycerolipids of Mesotaenium

caldariorum (Part 2) it was realized that it would be
possible to isolate sufficient of each of the glycero-
lipids of a leaf, sufficient for counting and analysis,
from as little as 0.5 g (wet wt) of leaf tissue. It
should be possible, therefore, to perform incorporation
studies using single, large leaves by applying the 1“C-
precursors to the leaf surface and, at suitable intervals

thereafter, repeatedly and representatively sampling
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(8-12 discs of about 1 cm diameter) the leaf for
extraction and separation of the labelled glycerolipids.
Providing the 1uC-precursor could be applied uniformly
over the surface of the leaf, such an experimental
system should give reliable measurements of the

physiological turnover of the glycerolipids of leaves.

This section describes the experiments which were
performed in an endeavour to obtain results which could
be iidterpbetied ih terms of glycerolipid turhover in

intact leaves.
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METHODS

Squash leavese.

Squash plants (Cucurbiter pepo; variety butternut)
were grown in glasshouses under natural lighting.

14

Labelled precursors (1- and 2- C “-acetate,
01U _natonate and U-1YC-palmitate, all as the sodium
éalts) were initially taken up into detached leaves via
the cut petiole (Eberhardt and Kates, 1957; James,
1963). The detached leaves were then placed in growth
cabinets at 20°C under a bank of fluorescent and tungsten
lights, delivering approximately 80 watt.metre2 of
photosynthetic irradiance at the leaf surface (Dr D.
Scott, personal communication. This figure is to be
compared with the 550 watt.meter2 produced by full
sunlight in the New Zealand summer), for the duration
of the incorporation period. Whole leaves were
extracted and individual glycerolipids separated by
2-dimensional TLC (Nichols, 196L4) or by DEAE-cellulose/
TIC (Part 1). |

Difficulty was experienced in preventing cut leaves
from wilting, even when the petioles were cut under
water. Some cut leaves recovered after an initial wilt
but othersremained flaccid and could not be used.

When the fate of the added radioactivity was to be

followed over several days, labelled precursors in
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aqueous solution were spread over the surface of the
leaves. Two techniques were used for this: a) The
solution was applied as evenly as possible to the
upper surface of a leaf in a large number of minute
drops and, b) the solution was streaked along the
lines of the major veins on the upper surface of the
leaf.

Fifty to one hundred ul of solution was used to
treat a leaf of about 80 cm2, this volume being
considered the minimal amount for even application.
Solutions spread best when traced along the lines of
the veins; when 100 ul was applied in this way and
the plant returned to the growth cabinet no visible

evidence of the application was apparent after 15 min.

Pumpkin leaves.

Pumpkin plants (Cucurbiter pepo, Whangaparaoa

strain) were grown in the open in the season of
1967-68. The leaves used were at least 33 cm in width

and had surface areas of approximately 880 cm2.

a) 1L‘COZ labelling experiment.
For the 1L'Coz-labelling experiment an air circu-
lating system, consisting of a reservoir (a 250 ml

flask) in which the 1“002 was generated, two rubber

1364
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tubes and a rubber bulb ("Pro-pipette"), was set up.
The leaf was enclosed in a large plastic bag (35 x L5
cm) which was attached around the petiole and the two
rubber connecting tubes. One of the tubes ran through
onto the upper surface of the leaf ("input tube'") and
the other terminated under the lower surface ("outlet
tube"). The tubes were connected to the reservoir
through a rubber bung. The "Propipette" was attachéd
in the "outlet tube" and provided the means for
circulating air through the system. At zero time 2N
sulphuric acid (2 ml) was tipped from a vial in the

reservoir onto 50 ul (200 pc) of NaH1uCO and for 10

3
min the air was cifculated around the system by means
of the hand operated pump.

This experiment was conducted in the early
morning (8.30 a.m.) to avoid the excessive heating of
the enclosed leaf which could occur in full sunlight.
The =2ir temperature at this time was 1800 and rose

to 2500 by midday. From 8.50 a.m. the leaf was

exposed to full sun for the remainder of the day.

b) Ths_acetate experiments.

The leaf was sprayed with a fine mist of 0.001%
Tween 80 in water until the upper surface was uniformly
wet (2 to 3 ml). When the leaf had dried 0.5 ml (100

pc) of 1-1uC-acetate was evenly and carefully spotted
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about the leaf surface giving very even spreading. The
tracer was applied at 1.00 pem. in full sun with the

air temperature at 26°C.

c) Sampling.

At intervals, three discs (1.4 cm dia.) were taken
from each gquadrant of the leaf, the selection of sites
being random except that care was taken to avoid cutting
a main vein. The 12 discs, weighing approximately 0.5 g
were ground with methanol (3 ml) in a glass tissue
grinder, chloroform (3 ml) was added and the slurry
filtered under reduced pressure. Chloroform (3 ml)
was used to rinse out the grinder and to wash the
residue on the filter and the filtrate was washed with
0.2 vol of 0.73% NaCl.

All other preparations and manipulations were as

described for Mesotaenium lipids (Part 2).
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RESULTS
The lipid composition of squash leaves was
determined in young, fully expanded leaves which had
been exposed to continuous light in a growth cabinet
(ZOOC) for 24 hr. The results are shown in Table 3.1
which also shows the fatty acid composition of the
individual glycerolipids. The molar ratios of these
lipids were similar to those found in squash leaves

grown in the open (Table 1.3).

TABLE 3.1

The glycerolipids of squash leaf and their
fatty acid composition

Glycero- pMoles/g % of total fatty acid
lipid fresh We. 12:0 14:0 16:0 9651 96:Q 1821 1822 18:3
MGD L.0 1 tr 5 tr 1 tr tr 93
DGD 2w 3 tr 14 tr 3 tr tr 79
SL 0.3 tr tr 4O B 11 7 tr L2
PC 1.5 1 1 27 tr 9 tr 8 54
PG 0.9 2 tw 335 28 8 11 5 15
PE 0.9 1 1 28 tr 5 2 8 L)
PI O.14 [ L 47 tr 17 & e A7
DPG 0.08 1 tr 32 tr 9 tr 8 49
‘l’}i‘;ﬁ;f 1 1 114 3 2 2 5 P

+ . . . ‘
means of six determinations on separate leaf extracts.
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Incorporation studies using squash leavese.

a) Detached leaves.
1) O="o-pmimitate.

Attempts to induce U-1MC—palmitate incorporation
into squash leaf glycerolipids were unsuccessful. When
the compound was fed to detached leaves via the cut
petiole no activity was found in the leaf lipids even
after 24 hr. Slices of the petiole, however, were
found to be radioactive, with the activity concentrated
around the cut region. Lipid extracted from this
portion of the petiole was chromatographed on Silica
Gel G using the solvent petroleum ether/diethyl ether/
glacial acetic acid (90:10:1). Radioautographs of
these chromatograms showed that most of the radio-
activity was in the free fatty acid spot but that some
of the activity remained at the origin and possibly
represented incorporation of palmitic acid into polar
lipids.

When the incorporation period was increased to 3
days there was still no activity in the leaf but
considerably more than half of the 1uC in the 1lipid
fraction from the lower region of the petiole was
present as polar glycerolipid. The remainder was as
fatty acid and in none of these experiments'was any
activity detected in the region of chromatograms
where triglyceride would be. Labelled, polar lipids

from petioles were separated by 2-dimensional TIC



and radioautographs showed that most of the activity

was in MGD; 1label could also be detected in PC and PG.

i1) VMc_acetate ana 'Yc-malonate.

1- and 2- 1hC—acetate and 2—1hC—malonate were
incorporated into leaf glycerolipids when supplied via
cut petioles. Within 2 to 3 hours the major phospho-
lipids (PC and PG) had incorporated the bulk radio-
activity in the glycerolipids but of the remaining
glycerolipids only MGD possessed detectable (by
radioautography) label. A greater proportion of 1“0
from the supplied acetate than from malonate was

incorporated into the lipid fraction of leaves.

D) Intact leaves.
1) oepdimssate.

U—1MC—Palmitate penetrated slowly into squash
leaves when applied as an aqueous solution to the
upper or lower surface. Eight hours after application
25% of the original activity could be recovered from
the leaf surface in a petroleum ether rinse (10 ml)
followed by 50% aqueous methanol (10 ml). Lipids
extracted from treated leaves were subjected to
2-dimensional TLC but only one radioactive spot was

ever observed and that corresponded to free fatty

acid.

11,
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i1) 'Ho-Acetate.

1-1hC-Acetate was rapidly incorporated into the
glycerolipids when applied to the upper surface of the
leaf in aqueous solution. In periods of up to 4 hours
most of the activity was again concentrated in PC and
PG with MGD the only other component with a significant
contribution. It was noted that 6 to 8 hrs after
application of the labelled acetate to the leaf surface
13% of the original activity could be recovered in the
leaf lipid fraction when plants were subsequently placed
in growth cabinets.

Two to three hours after application of 1-1uC-acetate

the monoenoic fraction of leaf fatty acids had the high-

est activity.

Turnover studies using pumpkin leavese.

a) Labelling with ' co,.

When a large pumpkin leaf was treated with 200 nc of
1“C02 approximately 1% of the recovered activity was
located in the lipids after 60 min (Fig. 3.1). It was
calculated that the 12 discs taken at each sampling
represented approximately 2% of the total area of the
leaf and, with an original level of 200 pc of 1L"(‘JOZ,
slightly more than 4 juc should be recovered in the 15

min sample. In fact, L.8 uc was detected in this
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Fig. 3.1. Radiocarbon recovered in the three
fractions of pumpkin leaf at intervals after

labelling the leaf with 14002.
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sample (Fig. 3.1) and the bulk of this activity was
found in the residue from the chloroform/methanol
extraction. The 1uC level in both the residue and
the water-soluble fractions declined steadily over
the 11.5 hr of the experiment but the labelling of
the 1lipids 4did not change significantly after 1 hr.

Of the individual glycerolipids, PC and MGD were
distinctive in incorporating a high proportion of the
total activity in the fraction (Fig. 3.2). In contrast
to the findings of Ferrari and Benson (1961), DGD and
PG respectively incorporated less than half of the

amount of 1MC

which appeared in PC.

The pattern of uptake was the same for all glycero-
lipids except DPG. There was an almost linear incor-
poration of 1uC over the first 60 min followed by a
slight drop and then further incorporation with
maximum labelling being reached in about 7 hr. DPG
was the only‘component to show a decline in activity
between 15 and 60 min; from chromatograms this seemed
to be due to a decrease in the concentration of this
lipid over that period.

Analyses were performed on the acidic lipids
separated from the eguivalent of 100 mg of leaf for

each sample. The results (Table 3.2) showed that

there was a considerable variation in the concentrations



TABLE 3.2

Variations in the concentrations of acidic

lipids during the day (1MCO experiment)

2

Time Egolegsample

PG DPG St
8eU45 ae.me. oL al® 36
9.00 93 16 .66
9.30 97 more 55
10.00 .90 g «19
10.30 97 16 <41
A 230" .90 11 e3%
3¢30 peme 91 «05 19
7.00 .98 <01 27

of DPG and to a lesser extent SL; PG wds maintained
at a fairly constant level over the same period.
Concentrations of MGD and DGD varied by 10% and
15% around their respective mean values during the
course of the day. In addition, it seemed likely
that the drop in labelling of MGD between 2 and 3 hrs
was not due to a decrease in the total amount of the
lipid during this period.

Deacylation of MGD, DGD and PG by acid hydrolysis
in the presence of adsorbent (Part 1) was used to show

14

that 95% of the C of MGD in the 15 min sample was in

the water soluble portion of the molecule. By 60 min

this percentage had dropped slightly to 90%. The

1464
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figures for DGD were 92% and 90% respectively while at
60 min 85% of the radioactivity of PG was recovered in

the aqueous hydrolysate.

B)  Gebeliding FIER 15 Tesaestaiton

Thc_acetate (100 pc; 2.25

Incorporation of 1-
mole) into the three fractions of pumpkin leaf is shown
in Fig. 3.3 where it can be seen that the lipids took up
the bulk of -the 1uC. This was in contrast to earlier
experience with squash leaves where only 13% of added
1-1MC-acetate was found in the 1lipid fraction after
4L hrs. A likely explanation for this difference was
differing light intensities (e.g. see Eberhardt and
Kates, 1957; Mudd and McManus, 1965). The squash
experiments had ﬂeen carried out in growth cabinets
where the light intensity was about one-seventh of
that of full sunlight.

From Fig. 3.3 it can be calculated that almost
35% of the 'YC which should appear in the sample (assum-
ing no translocation of isotope) was recovered in the
lipid fraction after 5 hr. However, if it is assumed
that there has been no translocation of 1uC away from
the leaf within 60 min of application and that there

had been a uniform spread of the labelled material

across the leaf surface then approximately 2 pc of 1L‘C
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Pig. 3.3. Radiocarbon recovered in the three
fractions of pumpkin leaf at intervals after

labelling the leaf with l—lAC—acetate.
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should have been recovered in the 60 min sample. In
fact it can be seen from Fig. 3.3 that after 60 min
0.7 and after 5 hr 0.8 pc were recovered.

These results suggested both an uneven application

14

of the labelled material since more C was recovered
at 5 hr than at 1 Hr and also some significant
translocation (or some other form of loss such as trans-

14 14

piration or evaporation of C-acetic acid) of C away
from the leaf since less than half of the theoretical
activity was recovered at either time.

14

Incorporation of 1- "C-acetate into the glycero-
lipids of pumpkin leaf was followed over 45 hr and the
results are shown in Figs. 3.4 and 3.7. As in the
experiments of Nichols et al. (1967) with Chlorella
two distinct groups of lipids could be distinguished.
The first group, consisting of PC, MGD, PG and PE,

had a high uptake of 1h

C while the second group (DGD,
PI and SL) had a relatively low incorporation rate.
An anomalous curve was again produced by DPG

(Fig. 3.4). Sometime between 17 and 21 hr after
application of the tracer (i.e. between 6 a.m., and
10 a.m. on the following morning) there was a sharp
increase in the labelling of DPG and this was accom-
panied by a sharp decrease in the labelling of PC.

Staining of chromatograms and the experience of the

previous experiment indicated that the increase in
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Pig. 3.4. Incorporation of l—lL+

C-acetate into the
glycerolipids of pumpkin leaf and the fate of the

incorporated label as a function of time.



labelling of DPG was probably a result of an increase
in the concentration of the lipid so analyses of the
individual glycerolipids in each fraction were
performed.

Diurnal variations in the concentrations of the
various glycerolipids are shown in Fig. 3.5. The most
significant variation was that of DPG which was
scarcely detectable at 10 p.m. but which was a major
phospholipid constituent at 10 a.m. the following
morning. Accompanying the increase in concentration
of DPG were significant decreases in the levels of PC
and PE and when the DPG concentration returned to its
normal low level the concentrations of PC and PE

increased.

Changes in the specific activities of the glycero-

lipids (Fig. 3.6) were calculated from Figs. 3.4 and
3.5.. Several important features of these results are
as follows.

1. Of all the glycerolipids only PC showed a
significant decline in specific activity during the
experiment.

2. The major glycerolipids of leaves MGD and DGD
had relatively low specific activities which increased
very slowly during the experiment.

3., After reaching maximum specific activity PG

(in 1 hr) and PE (in 10 to 15 hr) did not alter

151,
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(qu—acetate experiment). The values of DPG
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almost twice the size of the other glycero-
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significantly for the remainder of the experiment.

L., The specific activity of PC increased
immediately prior to the decrease in the concentration
of this glycerolipid but other than this the concen-
tration and radioactivity changes observed in DPG, PC
and PE (Figs. 3.4 and 3.5) combined to produce relatively

smooth curves in terms of specific activity.

Labelling of fatty acids in PC and MGD.

1hC-acetate

In view of the slow incorporation of
into the linolenic acid fraction of leaves (James,
1963) it was of some interest to determine the distribu-
tion of radioactivity among the fatty acids of PC and
MGD. The bulk of the radioactivity in these lipids was
in the fatty acids (Table 3.3) but a relatively high

proportion of 1uC

in the polar region of MGD at 5 hr
compared with 17 hr may‘be an indication of a high
turnover of the galactose moiety of this molecule
(Ferrari and Benson, 1961).

Methyl esters of the constituent fatty acids were
prepared from PC and MGD isolated by TIC from the 5, 13,
17, 21, 33 and 41 hr samples. These esters were separ-
ated according to their humber of double bonds on silver

nitrate impregnated Silica Gel G and the 1“0 content of

each fraction determined by scintillation counting.



Proportion of label from 1-1

5
17
21
LA

PC

B
17

MGD
21

Iy

+sum of the counts in the various fractions
separated by silica gel/AgNO3 TLC .

Of the fractions the trienoic (X:3) and dienoic (X:2)
were the most homogeneous consisting almost exclusively
of linolenate (18:3) and linoleate (18:2) respectively.
The monoenoic (X:1) fractions consisted of almost equal
mounts of palmitoleate (16:1) and oleate (18:1) and

the saturated (X:0) fractions consisted of palmitate
(16:0) and stearate (18:0);

PC and 83 and 17% in MGD (Table 3.1).

Five hours aftersgpplication of the tracer the linolenic

acid fraction of MGD contained 66% of the 1L‘C

hr
gL
hr
s

hr
hr
hy
hr

polar

302
L95
105
324

2360
176
176
310

fatty acids.

TABLE 3.3

fatty acids+

57000
L7600
31500
20000

25800
33500
36400
41500

-acetate in
polar and fatty acid regions of PC and MGD

% in polar

53
1.04
« 50
68

9.2
19
21

«75

75 and 25% respectively in

By 41 hr this had increased to 91% which

155.

The results of these analyses are shown in Fig. 3.7.
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Pig. 3.7. Distribution of radioactivity among the
fatty acid fractions of PC and MGD isolated from
pumpkin leaf at intervals after labelling the leaf

with 1—140—acetat e.
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was very close to contribution by weight of this acid
to the total. At all times linoleic acid had a higher
specific activity than linolenic acid and from the
shapes of their respective curves the former appeared
to be the precursor of the latter. The saturated fatty
acids of MGD (16:0 and 18:0) had much lower specific
activities at all times than the monoenoic acids and
lineleiec -acid.

The contribution of 1“C by the saturatedAfatty
acid fraction of PC changed very little from 5 to L
hrs while that of the monoenoic acid fraction declined
steadily. As had been the case in MGD the tendency was
for the proportion of 1“0 in the linoleic acid of PC
to decrease while that of linolenic acid increased.
However, coincident with the drop in concentration
of PC between 17 and 24 hr (Fig. 3.5) there was a
sharp reversal of this tendency, i.e. the proportion
of 1uC in linoleic acid increased while that of
linolenic acid decreased.

From a consideration of Table 3.1 and Fig. 3.7 it
was calculated that the monoenoic fatty acid fraction of
PC had the highest specific activity. The ratios of

specific activities at 5 hrs were monoenoic, 78;

dienoie, 21; trienocic, 1.2 and satursted, 1.0. These
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results suggested that 1“C—acetate incorporation into
the fatty acids was a result of the chain elongation
mechanism rather than de novo synthesis and are

consistent with the sequence

1uC—acetate

<+
16 carbon fatty acid — oleic acid — 1linoleic acid —

linolenic acid

Even if all of the 1MC in the saturated fatty acid

fraction of PC at 5 hr was in stearic acid, the specific
activity of that acid ﬁould be only 25% of that of lino-
leic acid which suggested that stearic acid was not the
direct precursor of oleic and linoleic acids in PC.
However, Nichols et al. (1967) produced evidence for a
very fast turnover of stearic acid in PC of Chlorella
and it is possible that, at shorter periods, the

stearic acid in PC of pumpkin leaves may have had a

higher specific activity than oleic or linoleic acids.



DISCUSSICN

The results of this study, while preliminary in
nature, indicate that the glycerolipids of leaf tissue

undergo a relatively slow turnover.

a) 1L'Coz-labelled leaves.

1uc

The O2 labelling experiment was expected to

provide information on the turnover of the hydrophilic
portions of the glycerolipids (Ferrari and Benson, 1961

14

) Distribution of ~C in leaf fractions.

Fifteen minutes after beginning the administration

14

of CO2 to a large pumpkin leaf the radioactivity was
recovered almost quantitatively in the residue and H20
soluble fractions while the lipid fraction contained a
small part of 1% of the recovered 1“0 (Fig. 54). Mhe
1L‘C in the residue wQuld be mainly in macromolecules
A(protein, starch, nucleic acids) and the rapid dilution
of the label in this fraction is probably due to the
turnover of these constituents. Translocation would be
responsible both for the loss of radiocactivity from the
water soluble fraction (i.e. the small molecular weight
substances) and for the overall loss of label from the
‘leaff. The l1lipid fraction, on the other hand showed no
significant change in 1“0 content between 1 and 10 hrs
following treatment with 1uC02 in spite of the fact

that photosynthesis would be proceeding at maximum

189,

).
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physiological rates for most of this period.

ii) Distribution of 1“0 in glycerolipids.

This apparent low turnover of the total lipid was
also evident in the labelling of the individual glycero-
lipids (Fige. 3.2). Apart from some small variations,
which may have been a result of experimental error, the
labelling of the glycerolipids did not alter signif-
icantly between 1 and 10 hrs. This suggests that the
polar regions of these lipies do not participate directly
in the CO2 assimilation processes of the leaf.

In terms of gross 1L"C incorporation the results
with pumpkin leaves show some significant differences
compared with those for Chlorella (Ferrari and Benson,
1961). On the basis of this gross 1hC incorporation
from 1“002 into Chlorella lipids, Ferrari and Benson
(1961) emphasised the metabolic importance of the
galactolipids, phosphatidyl glycerol and sulpholipid
whereas for leaf, sulpholipid becomes of minor importance
and phosphatidyl choline assumes a major role. More
significantly, the specific activities of all of the
phospholipids were higher than those of the glycolipids;

PC had the highest specific activity and DGD the lowest.

b) I eseetate 1amelled leaves.

Using 1-1uC-acetate, the fatty acid moieties of the
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glycerolipids became preferentially labelled leaving

the hydrophilic regions of relatively, very low activity.

i ) Distribution'of 1“0 in leaf fractions.

Répid assimilation of the labelled acetate was
indicated by the proportions of the recovered 1L'C in the
leaf fractions at 60 min (Fig. 3.3). A puzzling feature
however, was the retention of label in the residue

14

fraction considering the rapid loss of CO2 labelled

materials from this fraction in the previous experiment.
Slow loss of 1“C from the lipids between 5 and 30 hrs

indicated low turnover of this fractione.

ii) Distribution of 14 among glycerolipids.

In the labelling of the glycerolipids some
similarities to the 1uCO2 results were evident.
1) Low turnover rates for all glycerolipids, except PC,
were indicated by the retention or by the continuous slow
incorporation of label over prolonged periods.
2) Phospholipids had higher specific activities than the
glycolipids; PC and DGD distinguished themselves by their
very high and very low specific activities respectively.

14

The slow incorporation of C into the glycolipids was

not simply a function of their 18:3 content (i.e. James
(1963) had demonstrated the very slow incorporation of
1L"C-ace’c,ate into linolenic acid of castor leaves) since
SL had a lower proportion of 18:3 than any glycerolipid

except PI.and FG.
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AN EXAMITATION O A RLSENTLY PUBLISHED
METHOD POR THE QUANTITATIVI Z3TIMATION

OF PLANT SULPHO- AID GALACTC- LIFPIDS

IITTRODUST ION

The major plant glycolipids, monogalactosy
diglyceride (1GD), digalactosyl diglyceride (DGD)
and the sulpholipid (sulphoguinovosyl diglyceride,
SL) along with phosphatidyl glycerol (PG) are
restricted to and are probably the only glycerides
occurring in chloroplasts (Hichols, 1963; James and
liichols, 1966). These lipids and chlorophyll constitute
the budle ef the lipid phase of ehlofoplast membranes
(Benson, 1964; RBenson, 1966). Until recently analyses
of these compounds in verious leaves and chloroplast
preparations reported in the literature always show
the SHlphelipid to be the mEncer compenent of +the ghotp
(Table I).

The ratio HGD to BED is eof the order of 2 Hto 1
(see also Weenink, 1961 for red clover) and the
ratio galactolipids to sulpholipid is almost 417 to 1
for elder lepves, beet chloroplagis and ehlornella

and 27 to 1 in bean leaves,



iii

TABLE I

MOLAR RATIOS OI" .PCLAR LIFIDS Iif LIAVIS,

CHLOROFLASTS ATD CHLOROPLAST LAMELILA

w2

Starting Material MGD DGD el Bt
Beet Leaves (1) Y2 7 g 5
Beet “hloroplasts (1) 12 7 23 155
Zlder Leaves (1) 44 ) 3 1
Bean Leaves (1) 240 R 5 1
Alfalfa Leaves (2) Ly, 7o .3 - 2. e
Chlorella (2) 24 3 L - 1
Chlorella (3) 12.5 5 L.,3 1.3
Spinach Lamellae (4) 7 2 2.7 2
w2 2.6 2.4

Spinach Lamellae (5) 17.3

#These results almost certainly are too low (see below).
(1) Wintermans, 1960; (2) O'Brien ond Zenson, 1964;

(3) Ferrari and Benson, 19613 (4) Allen et al., 1966;

(5) Lichtenthaler and Park, 1963,

In a recently published method for the cuentitative
analyses of plant sulpho- and galacto- lipids:(Russell,
1966) a much higher rstio of sulpho- to galacto-
lipdel then Mikght Be efpeeted fregm the Toregeoime

evidence is reported. Data in this paner have been



iv

recalculated in molar concentrations (Teble II)

by assuming a WNGD to DGD ratio of 2 to 1 in the

species analysed so that both compounds contributed

egually to the 1linid bBeound gslactese.

TABLE II
ECALCULATION OF RUSSELL'S RESULTS TO GIVE
MCLAR CONCENTRATIONS OF GALACTOLIPIDS

AIlD SULFHCOLIPIDS

pM gal-
1ipid/10g P§r§L41gg
dry wgt J g
Lolium 2.10.64 53 25
Bl CITE 10.12.64 60 16.4
L.perenne x 2L 110 6l 94.5 53
UL FLEEOTEN o] 2nlbl 61.0 18.8
Trifolium 2& Q, 61 186 2l
repens
Trifolium 30.9.6L 125 33
PRelEcHsc 11.10.64 212 36.5
2L4.410.64 158 Bl
19.11.64 230 28
22, 6ly a1 28 150 8
14,4 .65 155 37

Ls 2 GIE 2 20

=

w

= F 00 oo F Uy W
L]
O D NN Y O



This low ratio of galectolipid to sulpholipid (or
high ratio of SL to gal-lipid) reported (Russell, 1966)
i edrprisfing, and the variatien of EonecentBation
encountered is also unexpected. Separetions performed
in this laboratory using the same species and established
techniques (Wlichols, 1964; INichols and James, 196L4) gave
resﬁlts in accordance with the genersl body of evidence
in the litersturfe, InEicatimg that SL eoncermbraticon was
but a small proportion of the combined galactolipid
concentrations (e.g. Fig. 1.2). It has been possible
to perform quantitative analysis on galactolipids
separated by 2-dimensional thin-layer chromatography but
we have not been able to apply sufficient 1lipid at the
origin to get relizble @analyses of sulpholipid without
overloading the chromatogram. This also points to a
high galactolipid to sulpholipid ratio. Since large
variations (2- or 3- fold) within a species have not
been observed in this laboratory, a close evaluation
of the exmperimental technigue was made,

The method involved extracting the leaf lipid by
the procedure of RPailey (1962), dicsolving the water-
weshed 1lipid in chloroform and fractioneting the glyco-
Lipids .with Florisil weing the batchwise technigue of
Stirring the edsprocnt dnto tie CHDl3 solution. In

the published flow diagrem, psrt of which is reproduced



below, it is easzsumed that the seperaticn of glycolipids

is the same a&s that achieved by O'Brien and Renson {1S64)
using Florisil eolumn chrometography. In achieving
this separction, however, O'Brien and Bencon used
Reprroduction of part of Russell's flow diagram
Igpiid | Gm CHClB
Treat with Tlorisil
e ) 1 -~ r T
Yash with J..I 1 444 1
' 3 3
GHZl . Selufiien CHE il CR.0H Selution ™lorisil \
— - I “hosphatides)
{Weutral lipids) (Glycolipids) (Fhosph :
and pigments $

highly activated Plorisil and zdded dimethoxyprorane
(DMT) to their sclvents as a water scavenger, since

Rouser et al. (1961) had reported optimum sepzration

o
P
3
O
H
o
L
LJ .

ids or Florisil only vwhen this adsorbtent

was highly activated ané water excluded from the solvent

In this laborztory it has bteen found that quantitative

recovery of the glycolipids in the CHG1,-CH,OM (2:1 + 55
>

DMP) eluzte from a FTlorisil column prepared accordin

to O0'Brien 2nd Renson is unsatisfactory even when these
precautions are teoken as gsome MGD is lo in the JLCIBH
CH,OM (9:4 + 55 DNP) Ffrzction ond the DED tails so badly

3\

S
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that significant cuantities rem=ain on the adsorbent.

This loss of IGD in the first fraction probably explains
the conflicting results from Benson's laboratory
concerning the ratio of INMGD to DGD in chlorella, Ferrcri
and Benson (1961) found a ratio of 2 to 1 using silicic
acid impregnated peper chromatogrephy, but in 19064
O'Brien and Benson using Plorisil column chromatography
regortied the ratie teo e 1 to 2,

Since no information was provided by Russell (1S66)
as to the activity of the Florisil nor of the cuality of
the CHZC 3 used in the batchwise scheme it seemed likely
that MGD could have been lost in the CH015 solution.
Alssp, DED eculd have beem lost by retention en the
adsorbent. Assuming cuantitative recovery of the sulpho-
lipid in the CHCIB—CHBOH eluate, losses of this nature
could account for the low galactolipid to sulpholipid
paties, The batchwiée and column Tlorisil methods have
been repeated in this laboratory and the results

eveluated by thin-layer chromatogrephy.

MATGRRIALS A1D IMETHODS

Florisil (Floridin ZTo., Tallahassee, U.3.4.) was
washed with water zccording to C'Brien and Penson (41S6L4),
.- o i
dried at 120°C for 16 hours and had been stored in a

glass—-ctoppered bottle for 5 months. Chloroform was
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'AYALAR' reagent grade containing 25 ethanol or this
reagent washed with water, dried over anhydrous NaZSOu
and redistilled. lethanol was 'AINATAR' reagent grade.
Dimethoxypropane (DIMP, added to some solvents as a water
scavenger) was supplied by Distillation Products. All
solvent mixtures given are volume/volume,

Lipids were extracted from 10 g (fresh weight) of
leaves and washed free of non-lipid material by the
method of Pailey (1962) or that of Folch et al. (1957).
The latter method was slightly modified as follows:

Fresh leaves were sliced into hot (50°C) methanol (70 ml)
and after 2-3 minutes, homogenized in a Waring blender.
This materiél was filtered on a Buchner funnel. The
blender was washed out with 70 ml of chloroform which was
also passed through the residue on the filter. Finally

a further 70 ml of CIC 3 was used to wash the residue
giving a CH?lB—CHBOH solution of lipids according to the
recommendat ions of Folch et al. This extract was shaken
against 0.2 vol. of 0.73% NaCl and either allowed to
scnaretal evernight in the pefrigeraior, or, i@l the extwEact
was recuired immediately, centrifuged. The lower CHCl3
layver was collected and dried on a rotary evaporator
using benzene-atsolute ethanol (S:1) to remove traces of
water. Linids prepsred by the method of Bailey (1962)

were dried in the same wey. The dry lipid residues were
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taken up in 25 ml CHClB, 5 g Mlorisil added and the
sepaeration of the glycolipids performed according to
Russell (1966). TFiltration was carried out over a
solvent-washed, glass wool plug in a glass filter-
funnel. Since we heve found 03013-CH30H-H20 (1:1:0.2)
to strip the phospholipids from a Florisil column, 75 ml
of this mixture was used to wash the adsorbcent following
the CHC1;-CH;0H (2:1) treatment. Three fractions, 1,

2 and 3 were thus obtained and these were equivalent to
1. 02313 solution (neutral lipids and pigments),

2. CHSlB—CHBOH solution (glycolipids) and 3. Florisil
(phosphatides) in Russell's (1966) flow diagram. Each
off the fractions ‘'was dried in a rotary evaporator using
benzene-ethanol to remove the water from fraction 3.
Residues 1 and 2 were redissolved in 5 ml CHCl3 and
residue 3 redissolved in 5 ml of CHClB—CHBOH (2:1).
These solutions were stored at -15°C.

Separation of the components of each Traction was
achieved on thin layers (250 p) of silica gel G or H
(tierck) in tanks lined with filter paper using the
solvent CHSIB—CHBOH—CHBCOOH—H2O (85:15:10:2) for
development. Quantitative analysis of the 1GD and DGD
separated in this manner from 50 pl of each fraction

(applied as a thin streak along 5 cm) was performed

ef'ter deteching the Lipids withh lodine wvapowurs,



Appropriste zones were scraped into centrifuge tubes, then
1 ml wvater, 0.2 ml of 305> phenol in ethanol and 3 ml conc
H280u added. The tubes were mixed after each addition,
given 2  thereugh mix oh @ Vortex mixew, Uthen allowed
to stand at room temperature Tor 15 mins beflore
centrifugation., The gbsorbence of the resulting
solution was measured at 490 mp. EBlanks and galactose
standards were carried through the same modified Dubois
et al. (1956) procedure (see also Galanos and Kapoulas,
1965), which was chosen for its simplicity and speed.
Silica gel H gave somewhat higher blanks than did
Filica gel @, but the Ecperation echievied on the former
was nore satisfactory. Both silica gel G and H gave
somewhat variable blanks so it was found necessary to
take at least three blank zones and esverage the resulting
absorbences. However, in the present work the absorbences
produeed by the galactolipids were suffieiently high
that the blank variation eould be ignored.

Phosphorus was determined on 50 pl alicquots of each
fraction by the method of Karinetti (1962).

Florisil column chromatography was performed as
described by O'Brien and Benson (196lL), the absorbent
being stored dry after weshing and reactiveted at 120°C

for 18 hours immediately before use.



RESULTS AND DISCUSSION

Iy one-tenth sexle repelitions of tie eelumn
procedure (0'RBrien,. 1964) it has been found; 1)
the presence of even a Snall pPopoPtion of CHLOH
in the first eluting solvent (e.g. THSl, ”WBOH 7Sz

2

v,/v + 55 DUP) will cauce some MGD to be eluted with
the pigments. 2) DGD tails to such an extent that
passing a four-fold excess of 2H313-CH oY (2:4 + 5%
DMP) through the column will not elute the compound
guantitatively, and 3) phosphetides can be stripped

from the ecclumn wsing @ mixture of CHCIB-CHBOH—H2O
(1:1:0.2).

In Pig. 1.7 the tailing of DCD and SL through a
three-Told excess (compared with C'Brien and Benson 196L)
of the CHCIB—CHBOH (2:14 4+ 5% DMP) eluate is demonstrated.

The bullk of the pigments had first been eluted in CHZI1.

=
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ot e\
(+ 5:’5" '*P/'
The distribution of glyceclipids among the three
fractions recovered from the "Patchwise! Tlorisil

treatment (Ruesell, 1S966) of eight ceparaie lea’® lipid

H
.

preparations is shown in Fig,
details of extractleomns amd fracliomations afd &s

follows
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Fig. I. Thin layer chromatographic monitoring of the
three fractions from the Florisil treatment of eight
separate lipid extracts. 10 pl of fractions, 1, 2,

and 3 of each of 8 treatments were spotted in groups

of 3, numbering from left to right. Glycolipids were
detected with the e-naphthol-H,SO, reagent of Saikatos

and Rouser (1965). =
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Ixperiment 3.

Tolcih et al,
activated 16 hrs at 130°2 before use.

1« as for expt. 1.
2. 150 ml CHS1.,-CH.OH.
3 B

CHC1.—CH. OH-
53 75 ml UHJIB H3OH H20.

perennial ryegrass.

1

ns:

BPailey.
activated 4 hrs &t 17003.

.. aB For ewEpt). HL kBxecpt BNEE
CHCl, was redistilled and contained
5% (v/v) DME.

2. 75 ml CHClB—h” OH.

JL-3

Je 75 ml, SHZ1,-CH OH-H

3 73
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Tigsue: percennial ryegrecs,

Extraction: ®Folch et e&l.

: . : o)

Florisil: activated 14 hrs at 130 C.

Fiese b Dnhew 1. as for expt. 3, except that A) no

DMP in CH::l3 and B) absorbent stirred

into CII71, solution for 30 min prior
3

to Silsberiin g

= 11 _ =% i
5. 75 ml CHO 3 UJBOH H2O.

axperipent 5.
Tissue: recad clover leaflets,

Ixtrection: TFolch et al.

Florisil: no further activation.
Frzctions: 1+ Florisil stirred into CHC1,
-

solution (as in exwnt. 4) Tor 415 min.
70 wl cedd-geiteds

nl CHC1,-CH -H,0.
3. 79 mi % 3OH 120
Zxperiment 6.

As for expt. © excepnt that Florisil activation
o

2L hrs at 120°C.
Experiment 7.
Tiscue: white clover lecflets.

Lxtraction: RBeiley.
0

~
e

Tlorisil: 16 hrs at 120
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Practions: 1. as for expt. 5 except that 4O ml
only collected,
2 ° 5 —11 ‘JE{'-’.: q“'CIi—, OI:E .
5 x  Ba

- - AT _3‘:; TI_H s
e 15 ml JJJIS hBO_ 2O

Experiment 8.
L2 Tor cxpt. 7 clecept that red elover leaflets

were used,

Significant amounts of galactolipids were revealed in
2l]l three 'frzctions in most casecs. In every case had

"glycolipid" fraction alone been retained for

the
analysis serious error would clearly have resulted. The
sulpholipid spot also shows a varisble distribution
although tihls is more difficult to assess as it is
present in relatively low concentrations and co-chromnato-
graphs with phosphatidyl choline (PC).

Anzlysis of each frection for linid phosphorus
(Tevle III} confirmed the inefficiency of the batchwise
adsorption process. The phosphatides were more or less
randomly di=stribuled amorng the three frzetiens, the
highest recovery in fraction 3 ("phosphatides") being
43% (expt. 8). Nono- and di- gslaciocy
were analysed in the 3 fractions in every ccse (Fig. II),

and the results shown in Table III compare favoursbly with

a visuel essessment of Fig. I. The sulphclipid co-chromato-
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Fig, II, Thin-layer separation of the type from which
analyses of MGD and DGD performed. Zones detected with

1odine vapour and then photographed through a blue
filter, Expt. 4.



TAPLE III

DISTRIZUTIOH OF LIPID CCHPOIENTS BEIWLLIT THi THREDL

FRACTIONS FRON THE FLORISIL TREATMLNT

Lipid Phosphorus MGD

Fraction 1 2 3 | 2 3 1

Expt. 1. Oalt 287 1226 5.2 29,2 L6 4,8
2. 32,6 18.0 171 28.5 29,3 4.© 203
$i 6.8 160.8 435 %3 32.9 2.3 Lbe?
TR 1=® 2261 WB54H 8.8  19.6 3.9 11.C
5e LS B3,9 ©OF# el 8L 7 6.7 L.6
6. 19.0 192.7 17.1  12.3 .7 1.9 19,6
[ 21nS 16m8 um2 6.7 69.0 C 19.0
8. 1Mg8 68 B9 M1.6 75U 9B  TUM2

All resulis in pioles/fraction

TTAX



graphed with phosphatidyl choline in most czses (but see

Fig. II) and snalyticsl results using the glycolipid assay

e (3]

]

annot be given with any confidenc
The presence of sulpholipid in &2ll1 three Florisil
Tractions of red and white clover lipids was demonstrated
as followis., Lipids (= 10 g fresh weight leaves) were
fracticnated by the Florisil method (Russell, 1966)
using activated Tlorisil and adding DEY to the appropriate
solvenrts, 4 total of 100 ml of freetien 1, 5 ml of 2,
and 75 nl of 3 were collected, evaporated to dryness and
Tinally made up to 5 ml with CIIC 5 A 2 nml aliguot of
each froetion was then separated into neutral plus
zw1tterionic and acidic lipids on a2 column of DEAL
cellulose (see O'Brien asnd Benson, 196L; Ilichols and
Jenes, 196L). Thus each Florisil fraction was separated
into twe further Tractions, one of which contained KGD,
DGD, P2 and pvhosnhatlidyl ethanolanmnine &s najor components

=
4

while the other contained predominantly =G

“
w2

=)

phospiiatidyl inositol and an unidentified lipid. These

tsro -groups of compounds were essily resolved by & single

m

thin-layer run (Fig. III). The svlpholipid wes thus

nificent amounts in all three Florisil

"‘)
i )
c{.
e
O
—
=
n
.
.
o
-

¥
(6]
b
-~

rscs of the major components were

nerformed after TLC and the recults are shown in Table IV.
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Fig, III. Thin-layer chromatography of Florisil
fractions 1, 2 and 3 separated by DEAE cellulose
column chromatography into N, neutral (plus
zwitterionic) and A, acidic lipids showing the
presence of sulpholipid in all three Florisil
fractions, ©Spots in the neutral 1lipid fraction

are identified on the left hand side of the photo-
graph and those in the acidic lipid fraction on the
right hand side. Red clover 1lipid. Detection of
bands by acid dichromate spray and charring at 180°¢
for 30 min,
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TABLE IV
T HAJOR' COMPOIENTS IN THE
SIL FRACTIOIS OF RED AND
\JIJC- .Mu. J:l’iﬂ? LIPIDS
Component Plorlisid fireetian
1 2 >
1GD 8 61 51
oed 14 5 33
5L Ly Lo 16
BC L6 350 22
e 50 AV 6
LGD 22 7% 5
DGD 27 59 11
=i 25 L2 33
EC 9 38 B3
PG 26 55 26
CCHZI.USTIONS
sis of thiis evidence it is concluded that
must arise Trom the use of the batechwise
igue, Bven when the adsorbent is highly
good queolity solvents, containing
ne to ensure anhydrous conditions (Rouser
are used the adsorption of polar lipids
15 exbtrenely ineffieieml. Tods
suphorted by a conparison (Tsble V) of
lactose levels reported by Tailey in 1962
in 1966, 1In every case the values
onsiderably lower than those
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of Balley whose method did not include any
"ieation of the washed lipid extract.

L
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BATTLEY AMD 2USEELL

B Lipid-Ge

Bailey

Lolium jperenne

L., perenne x
multiflorunm

Trifolium repens

retense

-~ .

# llean of 6 determina

25 - 103 (66%) 12,

actose (mg/g dry wt.)

of 7 deterninations.



SOME NOTES O THE LIPID EXTRACTION
AD LIPID HYDROLYSIS METHODS USED IN A PUBLISHED

IETHOD FOm THED ARALYSIS OF PID-BOUND GALACTOSE,

In Appendix 1 exwperimeants arc descrited which show
thet the Florisil ehrsnatogrsvhic procedure, uvsed in
& recently published method for the cusntitative analyses
of plant sulpho- and gzlacto- lipids, is unsatisfactory.
It was found that up to 60 of the sulpholipid and 25-50%%
of the gzlactolipid were lost in this step (cf. Wables III
and IV of Appendix 1). W“hen exanining this chromcotographic
step, lipid extrasction zind purification was based on the
procedure of Iolch et al. IHowever, vhen it was found
that the Florisil seperation was giving unsatislaciory
reswlis, it became necesssyy to use the extraction end

11s anelytical

o

Purdification method used by Russell @nd
procedure o -felarrine mhether this influsnhced tihe resuld,
¥hite clover, red clover and perennisl ryegrass were
Xtracted by this method which proved to be less convenient
than older, more sophisticatcd technigues,
Among the properties that characterize the group of

biologiecal molecules commonly lnown ag lipids is that of

a specifie graevity of less than one., It is surprising
theFefore 10 Tind & method for tlie preparation and
purificetion of lipids from agueous °“~ncn ion by nigh
speed cecEntrirfugalion: OSlivee acteous selutions bave &

speeclific gravity of one or more (except in the case o
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agueous solution of scme organic solvents) it would be
expected that l1lipid material separated by centrifugation
would float on the suriace of the agueous phsse. That
the "1ipid" exiracted from leaves bty the method of Railey
does in fact sediment from acueous suspension at 25,000

* g has been confirmed in this laboratory. It is
concluded therefore, that the materizl separated by this
proecdufe IS newt ﬁﬁrified lipid but is an association

of lipid with some other material, probably protein, with
& speeific grayity greater’than one. It was noted that
in some cases, the supernatant solution remeining after
the sedimentation of the "1lipid" was clear but deep green
in colour. It was also found that significant guasntities
of lipid could Be extrected Trom this selutien.

The following describes a typicel extraction in
wvhich this occurred. ©Tive gm of white clover leaves were
homogenized in 100 ml of 80> ethanol, the slurry boiled
for 5 min end then filtered on a Buchner funnel. The leaf
residue was re-extracted into 60 ml of boiling 803
ethanol Tor b min and the slurey was agein filtered.
Finzlly 4O ml of toiling 80,5 ethsnol was poured over the
residue on the filter. The combined ethanol extracts
were concentrated on & rotary eveporator until only H2O
vas condensing on the cooling coil,. Lipids were

"

suspended rin the water with the aid ¢f g£lass beads and

the mixturd poure? inte a éentriPuge WEe. Ten ml of HZO
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were used to rinse out the flask and this was also
transferred to the centyrifuge tube. This was then

entrifuged at 20°7 for 30 min at 25,000 % g. The
clear, deep green supernctont was carelnll p Beoiireied,
the "1ipid" resuspended in 10 ml H,0 with the aid of
glass beads and the suspension re-centrifuged,

To the supernatant from the first centrifugation
(25 ml) was =added 28 ml CHBOH and then 28 ml CHO 3 The
nixture was vigorously shaken in a separatory funnel and
the lower CHCl. phase collected after separation of the
3

layvers. The CHClB vas removed by rotary evaporstion and
the 1ipid residue made up to 1 ml in CHT 3 This solution
is referred to as Weshings" in Table VI of this addendum.
The sedimented "1ipid" was transferred to an evavnorzting
flask in diethyl ether-methanol, the solvent removed

under reduced pressure and the dry residue extracted

with CH’Jl3 and finally made up to 5 ml in CHClB.

...

A CHC lB—insoluble residue in the flask which was
also largely insoluble in water was heated st 10003 or
60 min in 5 ml of W HCl, diluted with 5 ml HZO and the
soluble fraction tested for carbohydrate by a reducing
sugar method and by the method of Bath., The insoluble
residue was digested in 6N HC1 for 6 hours and the soluble
portion of this treatment gave a strong positive reaction
for eamino acids with ninhydrin.

Aliquots (50 ul) of the CHC1; solutions were

streaked across 2 cm in 4 cm lanes on layers of silica



gel G (Fig. IV) and the 1linid components resolved

with the solvent system CHClB-CH , QH-CI 3gOCrI—H2O
(85:15:10:3). One plate was sprayed with an acid
dichromate solution and charred at 180°C for 30 min

to show the presence of gnlactolipids (Fig. IV).
Another plate was stained with iodine vapour, the
galactolipid zones outlined with a needle and, after.
vaporation of the iodine, galactolipids were estimated

by a direct reaction with phenol and sulphuric acid.
TAELE VI

DCOVERY OF GALACTOLITIDS TFTROM THIZ WASHINGS

OF THE SEDIININTED "LIFIDY

ul Galactolipid found

"Linigd" Washings % Recovery in Washings
MGD 38,0% B 5 122
DGD 3140 3.3 9.6

Results are means of analyses performed on separate white
clov ® eExtracts nrepared on successive days. The results
greed to within 10j5 in the case of "1lipid" MGD and to

71th1n 5/ in the remaining measurements.

The losses reported here (11;3) are five times more
than those claimed fer the method. Figure IV shows a
thin-leyer chromatogrem similer to the type from vwhich
the resulls shown in Table VI were obbtzined, It ean Be

seen Trom this figure that the extraction procedure was
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essentially quantitative in that insignificant 1lipid

was recovered Trom the 8G% ethanol-extracted leaf residue
by a re-extraction into 100 ml of CHC1,-CHO0H (2e1).

The chromatogram also demonstrates the reproducibility

of the loss of lipid in the aqueous washings.

After hydrolysis in N HCl for 30 min at 100°C the
CHClB-insoluble residue of the sedimented "1lipid" gave high
sugar values by both of the analytical methods used. With
galactnse as a standard in botihh cases, the Bath procedure
gave a value of 966 ug galactose in this fraction and the
reducing sugar methcd gave a value of 1420 ug. From
Table VI it can be calculated that complete acid hydrolysig

k]

oi’ the galactolipids present in 5 g fresh weight of white
clover leaves would yield 20.0 mg of galactcse. Hence
the sugar liberated by the hydrolysis of the GHClB—
insoluble residue represents a 5 to 8% contributicn to the
"1ipid"-bound galactose value.

Acid hydrolysis of the lipid gave low and variable
results for lipid-bound galactose. Chloroform aliquots
of leaf lipids were placed in test tubes and the solvent
removed under nitrogen. Three to four ml of N H2804
were added and the tubes heated for 60 min with occasional
shaking in a boiling water bath. Lipids have a lower
specifiic gravity than, and hence float on the surfacc . of,

water. It was not surprising therefore, that the lipid

tended to rise to the surface of the acid and to

accumulate in a ring adhering to the wall of the test tube
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Fig. IV. Thin-layer chromatogram showing the
recovery of galactolipids from the water washings
of the sedimented "lipid". Lane 1 is the 1lipid
recovered from the 80% ethanol-extracted-leaf

residue by re-extraction into CHClB—OHBOH (2:1),

Tanes 2 and 3 and lanes 4 and 5 are the lipids
from the water washings and sedimented lipids
respectively of separate white clover leaf extracts,

Silica gel G was the adsorbent and CHClB—CHjOH-

CHBCOOH—HZO (85:15:10:3) the developing solvent,

50 pul of each fraction was streaked across 2 cm,

M = monogalactosyl diglyceride;

D digalactosyl diglyceride,
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Just @ébove tine surface of the aecid, which was thus in
contact with this lipid only wvhen the tubes were shalken.
In a few cases a globule of lipid would adnere to the
wall of the test tube below the surface of the acid and
would resist attemnts to dislodge it. It is difficult
to see how the ae¢id could penetPate this droplet &nd
hydrolyze the sugar residwues contained in it. It .is
worth mentioning at this point that Russell found that
a sulpholipid preparstion wos undergoing only 70%
hydrolysis in N HC1l when heated at 1OOOC (for 60 min). It
is our experience that the sulpholipid is readily deacylated
in ¥ HZSOu when it is adsorbed to silica gel but that the
glycerol-sulphoguinovose bond is extremely acid stable.
Since the anthrone procedure used by Russell would not
distinguish betvieen sulphocouinovose and sulphoguinovosyl
glycerol we interpret his results as implying an incomplete
deacylation of the sulpholipid rather than the incomplete
degradation to fatty acids, glycercl and sulphocuinovose
as was suggested. The varisble results we had obtained
were mostllikely caused by incomplete liberation of the
7ater soluble moieties of the lipids into the acueous phase.
This was tested as fTollows.

Chloroform solutions of leaf linids (0.2 ml) were

dried in test tubes, taken up in 1 ml of methanolic XOH
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(0.2 XOH in methanol) znd incuboted at 37°C for 15 min.
This procedure deacylated the lipids and et the end of
the incubation the methanol was removed under reduced
pressure. Normal ﬂz“ i (4L ml) was added to the tubes
and hydrolyses performed as usual. A& control set of
tubes in which the lipid had not been subjected to this
initial mild-alkaline hydrolysis were run concurrently.
After the acid hydrolysis 3 ml of petroleum ether was
added to each tube and the fatity a2cids, non-saponifisble
1ipid and unhydrolysed lipid extracted into the organic
phase, Analyses of the reducing sugar present in the
aqueous phase showed that prior deacylation of the lipid
resulted in a 25-50/% increase in the recovery of reducing
sugar and that only in the cases where deacylation was
performed was satisfactory duplication achieved.

In @ more specifiec experiment, 0.2 wWl of a Lipid
solution was deacylated in 0.8 ml of CHCl3 plus 0.2 ml
of 0.511 NaOCH3 in CHEOH for 20 min at room temperature.
The solvent wes removed on a rotery evaporator, 4 ml

O~ )
s for 60 min.

wH SOLr added and hydrolysis performed &t 100
A control group was set up in which no sodium methoxide
hydrolysis was performed initially. Tubes were shaken at
10 min intervals during the hydrolysis. Unhydrolysed
lipid amd Faity aelds were extracted into petroleun ethelr

as before and 1 nl aligquots of the aqueous phase were

analysed for reducing sugar. Rlanks and standerds were
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talten threugh the samg procgdure., In theose seses where
egcid hycdrolysis was not preceded by the sodium methoxide
treatment the values obtzined were 103, 165, 162, 170
and 157 pg of galactose in 4 ml of acid while the values
obtained when deacylation was performed were 278, 281, 286,
278 and 284 pg of galactose in 4 ml of acid., The same
type of experiment was performed ©ty an independent operetor
ing the Ohenol/H h sugar estimation as described in

the main report. The values obtained in this case were
226, 192, 21, 94 snd 233 EE galactose in ¥ ml of acid
solution when Geacyletion wes not first performed and
290, 295, 309, 260 and 310 when deacylation wes performed.
These results suggest that the lipid is only slowly
deccylated under the conditions described by Bailey
and hence the water soluble gelactosyl glycerol 1s slowly
liberated into acueous solution where the acid cen swnlit
the glycosidic linkage. Fhe relatively low vslueées
obtzined with the reducing sugsr method compared with
those obtained with the phenol/stou method would tend
to confirm this belief,

In 'his peper Bailley claimed ©that there was a marked
seasonal effect on the concentration of lipid bound

ctose (zalactolipids) in ryegrass, and thet the
concentretion of the suger could vary between cuite wide
limits (0.25 - 1.03%). However a glaince =t the published

table reveszls that in one month & fluctuation of from
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0.39 - 1,035 was encountered. The present evidence
indicates that differences shown up by this method are
more likely to he a result of anslyticel error than of

reel differences in the plant,



ABEBREVIATIONS

max Absorbance maximum

DEAE- Diethylaminoethyl-

DGD Digalactosyl diglyceride
DNE | Dimethony propeng | (mresws s
DPG Diphosphatidyl glycerol
EGS Ethylene glycol succinate
I 'd. Internal diameter

MGD Monogalactosyl diglyceride
NL NecuTteaw Ll

PA Phosphatidic acid

EC Phosphatidyl choline

PE Phosphatidyl ethanolamine
PG Phosphatidyl glycerol

)i Phosphatidyl inositol

PGTS Pigments

SG Steryl glycoside

SL Sulpholipid

TG Triglyceride

TLC Thin-layer chromatography

U1 Unknown neutral lipid from Mesotaenium
g2 Unknown acidic l1lipid from Mesotaenium

18:3 etc Shorthand notation for fatty acids.
The first figure denotes the number
of carbon atoms and the second the
number of double bonds in the
molecule. In this case the notation

stands for linolenic acid.
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