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Chapter One 

REVIEW OF LITERATURE 

1 • 1 Intr oduction: 

Gal actolipids occur in all cells capable of the photosynthetic 

evolution of oxygen . The main galactolipids a r e monogalactosyl dig lycer-

ide (MGDG) , di galactosyldiglyceride ( DGDG ) and sulfolipid (SL ) , NGDG being 

the most abundant . ~hese three together form the major nonpigment lipids 

in both leaves and green algae , a ccounting f or a bout 40~ of the total 

lipids . Nearly all of the cellular r~DG of plants is present in t he 

chloroplast s and is concentrated in the lamellae . 

Galactolipids contain unusually high percentages of polyunsatur-

ated acids (MGDG con tains greater t han 9 0 fo in some plants) , the major one 

being ~-linolenic acid (9 , 12 , 15- octadecatrienoic acid ; 18 :3) . T~us in 

higher plants most of the MGDG is monogalac tosyl dilinolenoyl glycerol . 

MGDG may be t he a ctual substrate of the desaturation reactions of 

~ -linolenic biosynthesis . 

Since t he chemical charact erisation of the galactolipids , many o_ 

the enzymatic reactions of their biosynthesis and degradation have been e] 

ucidated . An enzymatic transacylation which forms acylated galactol ipids 

not por mally present in leaves, has been discovered i n plant homogena tes . 

This complicates ga l actolipid metabolic s tudies using chloroplas t prepara-

tions • 

• As the pr incipal non- pigment lipid component of chloroplasts , 

galactolipids fulfil the usual structural role of lipids , being essential 

components o f the l amellae . Their specific association wit h the photo-

sys t em suggests that t hey may have other specialised ! unctions . They a r e 

thought to be necessary f or t he special a rrangement of chl orophyl l mol e -
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cules and associated enzymes in the photosyst em to give the optimum geome -

try for light t r apping and election transfer a nd the hi gh content of 18 :3 

may be a s sociated with this special ro l e . The fat ty acid portions of gala-

ctolipids in the lamella e p r obably provide the hydrophobic environment 

necessar y for election tra ns fer. 

Recently galactolipids have been reviewed by Eccleshall (1970) , 

Hawke ( 1971) , Kates ( 1970) and Tremolieres (1970) . 

1 . 2 Occurrenc e : 

In addition to the main galactolipids MGVG , DGDG and SL 

(Bens on , 1963) , minor amounts of s terol - and acyl - sterol F,l y cosides 

( Nichols , 1963 ; Eichenberger and Newman , 1)68) , polygal a ctosyl di-

gl ycerides (~ebster and Chang , 1g69; Galliard, 1969) glucocerebrosides 

(Carter and Koob , 1969) and a c ~mplex e l ycolipid c ~lled phytogl vcolipid 

(Carter~ al . , 196;) a r e pre s ent i n p l ant tissue. rhe str uctures of 

t hese are given in Fi ~ure 1 . 

The 6 - 0 - acyl deri va tives of MGDG ~nd DGDG h~ve been found as 

artifacts in aqueous sp i nach leaf l1omo e;enates (iieinz , 1967a ; He i nz 

and Tulloch , 1969 ; :Ji nte r mans et !'ll. , 1969) but are not detected in 

tota l lipid ex tracts of leaves . These have also been shown t o be lipid 

~obacte ~n4cate and 

Veerkamp , 1969) . Heinz demons trated that 6 - 0- acyl MGDG i s formed by an 

enz matic transacyl a t ion to MGDG as acceptor i n leaf homogena tes (qeinz , 

196 ) • 6 - 0- acyl MGDG has been isolated and cha r a cterised f rom wheat 

fl our of which it seems to be a normal constituent (Myhre , 1968 ; 

MacMurr ay and Morrison , 1970) . 3 owever this does not necessarily mean 

that it is present as a normal constituent of wheat s eed , as a 6 - 0-

acylating enzyme may be r el ea s ed during the mi l ling . 

Det ailed composition data of lipids in phot osynth tic tiss ue 

- .... ~ 
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are known fo~ very few plants e~en though MGDG and DGDG have been 

identified in numerous spec i es including higher plants, a lgae, some 

flagellates, and the blue green algae. The known data are summarised 

in Kates (1970), Bawke (1971) and Eccleshall (1970). Spinach leaf is 

the most completely analysed tissue and Table 1 gives the data for this 

species and some pasture species. 

The molar r atio of MGDG to DGDG for the leaf tis~ues of 

various species examined by Roughan and Batt (1 969 ) varied from 1.0 to 

2.4. Webster and Chang (1 9 6 9 ) found that the molar ratio of galacto -

lipids in Spinach ~as MGDG:DGDG:tr igalactosyl diglyceride (TUDG) : 

tetragalactosy l diglyceride = 60:30:5:1. 

Kates (1 970) makes the observati on that there appears to be a 

clear-cut distinction between the lipid compositi on of the photosynthe-

tic appa ratus of plants tha t evolve oxyg en during ph o tosynthesis ( Hill 

reaction) and those th a t do not . Leaf chl oroplas ts and green and blue-

green a lgae c ontain in common MGDG, DGDG, SL, and phosphatidyl glycerol, 

whereas photosynthetic bacteria which are incapable of the Hill r eaction 

have only phosphatidyl glycerol. 

From the d~ta for spinach in Table 1, it can be seen that much 

of the lipid of whole leaf is concentrated in the chloroplast (33-36% 

of its dry weight) and about half the dry weight of the chJ.oroplast . . . 

lallellae j. s lipid •• ' Dat on the ceJllul~r d:ts't'ririution of alacto -
~ ,.. ' ~ • f • ' f. . .• ,.. ' \ 

lipids are limited, as rel tively few studies have been m~de with cell 
.¥ .. 

fractions. .· • 
Those that h&ve been, arried out, show that 

.,1 

la~llae ,.contain most of _Iie cell ar galacto)ipid . (Tabl~ • 

loroplast 

2). 



T:lb le 1 . 
r 

Overall quantitative lipid compoA ition of photosynthetic tissues . ( 1 ) 

Total 

Phosphol ipids 23 

MGDG 20 

DGDG 13 . 
Sulpholipids 4 

St e r ol and sterol esters 1 

St er ol g l ycosides 0 . 5 

Cerebr osides + 

Chlorophyl ls 13 

Car ol enoids 2 

Quinones 2 

Waxes ~nd hydroca rbons 9 

Cer yl a lcohol 9 

Glycerides + 

Total lipi d 

(% of tissue dry weight) .. 9 

S . h 1 <2 ) pi na e eaves 

Chl or oplas t s Lamell:i.e 

10 12 

30 22 

15 15 

5 7 

0 . 2 0 

traces 0 

0 0 

23 21 

4 3 
1 3 

0 0 

0 0 

0 -
33- 36 49 

(2) 
~ed Clover 

lea ves 

21 

16 

8 

+ 

1 . 4 

o. 4 

2 . 1 

7 

?errenial( 3) 
~ye grass 

l eaves 

20 . 9 

12 . 8 

( 1 ) Expressed as % by wgt of total lipids . Ga ps indicate v~lues not determined . 
(2) Ka t es (1 970) . 
(3) Gray et a l. (1967). 
(4) Kuiper <1970) . 

(4) 
Alfa lfa leaves 
(Vernal , 20°c) 

40 . 4 

26 . 5 

24 .. o 
9 .1 

\JI 
• 
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Table 2 

Lipid composition of fractionated tissue . 

Phospholipids Galactolipids 

PI PG p 1" 
'" PC SL DGDG MGDG I 

! 
total l eaf 

( 1 ) 
5 . 2 9 .4 11 . 6 24 . 2 9 . 7 14 2 5 . 9 l 

chloroplasts 
( 1 ) 

sugar 
cyt opl asm( 1 ) 

beet( 2 ) 
chloroplas t 

(% of cellula r 
lipid). 

tobacco chloropla s t s(3) 

(% of c e llular lipid) . 

nd not determined 
( 1) % of total lipid . 
(2) ''linterm:i.ns (1 \' IS O) . 

2 . 4 9 ~ 6 

9.0 9.0 

27 60 

nd 74 

( 3) Ongun, Thomson a nd Mudd ( 1 ') 68) . 

3 . 9 9 . 6 5. 5 24 . 8 44 . 2 

22 . 3 44 . 3 15 . 4 0 0 

20 23 33 100 100 

nd nd 76 88 33 

Recently, Bishop e t al . (1 971) have examined the distribution 

of galactolipids in mesophyll and bundl e sheath chl oroplasts because of 

the different ph otosynthetic c a pabilities of these two types of chloro -

plasts ( Slack , 1970) . Thei r analyses show that the ga l a ctolipid content 

of bundle sheath ch l oroplasts is significantly higher on a chlorophyll 

basis than that of mesophyll chloropla~ts . They suggest that the molar 

r atios of galactolipid t o chlorophyll r eflect the de gree of grana 

formation in a chloroplast, as bundle sheath chloroplas ts show good 

grana formation in contrast to the agranal mesophyll chloroplasts . 

MGDG is present in nonchlorophyllous plant tissue such as 

dark-grown Euglena , etiolate d leaves, potato t ubers, wheat flour etc ., 

and also in mammalian nervous tissue (Eccleshall, 1970) . 



1 . 3 St ructure and Properties : 

(a) Characteris~tion of Galactolipids: 

Carter and c oworkers (1 956 , 1961a , b) elucida ted the struc -

tures of DGDG and MGDG obtained from wheat flour. They isolated a 

mixed glycolipid fra ction which gave t wo distinct c a rbohydra tes on mild 

alkaline hydrolysis (Carter~ al . , 1956) . Both of th ese we r e shown t o 

consist o f galac tose and glycerol only and t h e pr oportions agreed with 

those of monogal a ctosyl g l ycerol a nd digalactosyl glyc e r ol. The first 

(MGG) consumed 3 mol es of periodate to give 1 mole of formic acid and 1 

mole of form a ldehyde; the second (DGG) consumed 5 moles of per iodate 

to give 2 moles o f formic and 1 of formaldehyde . These r esul t s , a nd the 

ac ti on of~ and ~ galactosidases are consis t ent with the structures: 

~ -D -galactopyranosyl - 1 -glycerol 

a nd B -D-galact opyranosyl-(1--76)-0-~ -D galact opyranosyl - 1-glycerol. 

Later work (1961~ and b) gave saponification equivalents 

consistent with 2 acyl groups per molecule of both ~GDG ~nd DGDG . 

Complete methylation and a lkaline dea cylation gave products which in 

both cases consumed 1 mole of periodate a nd released formaldehyde . Acid 

hydrolysis of these deacyla t ed compounds yielded 2 , 3 , 4 , 6 - tri-0- Me - D

galactose and free glycerol for MGDG , and 2 , 3 ,4-tri-0 - Me - D- galactose , 

2 ,3,4, 6 - tetra-0- Me - galactose and free glycerol for DGDG . This meant 

that the two acyl gr oups were located on the glycerol for both MGDG and 

DGDG . 

Wickberg (1958a, b) synthesized a series of ~ and S galac to

sides of 1 and 3-0-~-glycerol which were found to have charact eristic 

and different infra red (IR) spectra . Collabor ation between 
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Wickberg , and Ca rter's e r oup established t he a bsolute configuration of 

the glycerol in the wh eat flou r .MGDG and DGDG as 3-0-~-glycerol . 

Support i ng evidence c omes from the r adiochemical experiments of Miyano 

and Benson (1 962) . 
14 

The C- l abelled gal~ct osyl glycer ols formed on 

dea cylation of the 

in the presenc e of 

lipid 

14co 
2 

produc t s o f Chlor e lla when pho tos ynthesis occurs 

wer e oxidised with nitrogen dioxide. The 

oxidation products were hyd r olysed t o vield glycer ic a cid. Cocrys tal -

lisation of this with salts of g l ycer ic ~cid of known configur at i on 

c on firmed the above assignment for the g l y c erol configur ~tion of MGDG 

and DGDG . 

Sastry and Kates ( 1964a) showed tha t the galactosyl diglycer -

ides fr om runne r bean leaves have st ructures identical with t hose from 

wheat f lour . Analysis gave the r equir ed mo l a r r at ios of ga l actose , 

Gl y cerol and f at t y ncid . Al kaline hyd r olysis gav e 1 mole of ~GG a nd 

DGG from 1 mole o f MGDG a nd DGDG r espect ively . These galactosyl 

glycerols had meltin~ points a nd infr a r ed spectra identic al with t hose 

of C1rt e r a nd ~ickberg , a nd r eact ed wi t h periodate to yield f or mal de -

hyd e in mo l ar r~tios close t o the the or etical values of 3 : 1 for MGG 

a nd 5 : 1 for OGG . 

Hence the s tructures of the pl a nt gal ac t olipids a r e : 

MGDG : 1 , 2 - di - O- a cyl , 3 - 0 - ( B- D galact opyranosyl)-~-glycerol. 

DGDG : 1 , 2 - ".:i. - 0 - ,,.cy l , 3 - 0 - (13 - D ga l a ctopyra nosyl - (1-?6) - 0 - '"t - D-

-galactopyr~noRyl) -~~-glycerol. ( See Figure 1 . ) 

Galli~rd (1969) i s olated triga l a ct osyl diglyc e ride (TGDG) 

This had a fatty a cid est e r to gala ctose r a tio 

of 1 . 53 :1 a nd a g~lPc t ~sc t o glycerol r a tio of 2 . 9 :1. Its i nfr a red 
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spectrum was similar t o those of MGD3 and DGDG , the OH peaks (about 

3400 cm -
1

) decreasing in size TGDG > DGDG > MGDG . The deacylation 

p r oduct s of these three when run in tw o solven t s , had Rf~s characteristic 

of an homologous s eri es . The molar r atio of periodate c onsumed to 

form a ldehyde lib e rated was 7 :1 for the deacylated TGDG and it was not 

hydrolysed by galactosidase . Thus the structure o f TGDG was shown 

t o be: 

112 -di-o~acyl , 3 -0-( ~-D -galac topyranosyl - (1-l-6) - 0-~-D 

- galactopyranosyl - ( 1....:;,.6 ) - 0-a-D- gab.ct opyranosyl ) -~ g lycerol . 

Webster and Chang ( 1 9 ~ 9 ) identified TGDG in spinach chl o ro~ 

plas ts. It had galactos e : glycerol : ester r a tios, pe rio date r eaction , 

and hydrolysis products from exhau s tive me thyl a ti on consistent with th e 

a b ove structure . An o ther galact olipid was a lso i s o l a ted . It behaved 

with MGDG , DGDG and TGDG as an h o~ologous series on TLC , bo th as the 

intact a nd deacyla ted li p ids . It was c oncluded tha t th e four t h 

ga l a ctolipid was tetraga l a ct osyl diglyc e ride. 

(b) Cha ract erisation of ~~~~~~!:._d_gal a ct oliP.ids: 

Heinz (1 967 ) isola t ed a n acy l ga l a ctosyl diglyc e ride fr om a 

spinach leaf homogenate whi ch was held a t 4°c for 6-8 hrs. It was 

not found when the leaves were plac ed int o boiling water before 

homogenation, indicating enzymic synthesis in the homogenate. The 

pure lipid was more hydrophobi c th a n MGDG and was composed of glycerol, 

galactose and fatty a cids in a molar ratio of 1:1:3. After deacyla-

tion crystalline galactosyl glycerol was obtained and identified as 

3 -0-( ~-D- .~~la c-+:n :'._J~·ra~osyl )-:-.:E_-cJ ycc rol by comparison of its melting 

point , optical rotation , and infra red spectrum with those of the 
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series of galactosyl glycerols synthesized by Wickberg (1958b). The 

stoichiometry of this MGG was consistent with attachment of the galac

tose at the 3 position of the glycerol. 

In order to determine the posi t ion of the three acyl gtoups, 

the glycolipid was methylated and saponified t o yield trimethyl 

galact osyl glycerol. On hydrolysis t his substance gav e a mixture o f 

65% 2 ,3,4-, 30% 2 ,3,6- and a small amount of 2 ,4,6-tri-O-methyl D 

galactose. This suggested that two a cyl g roups were at t ached to the 

glycerol and th e third to the 6 position of the galact ose . Heinz and 

Tulloch (1969) showed by nuclear magne tic r e sonance (NMR) spectroscopy 

that the third acyl group is wholly a t the 6 position. Presumably the 

two extra trimethyl galactoses ob t ained previously in t he me t hylation 

s tudy were artifact s produced by acyl migration . The NMR spectra of 

the acyl MGDG ~nd 6-0-acyl MGDG synthesized from spinach MGDG were 

indistinguishable. They differed from t he MGDG spectrum in that the 

signal due to the pro t on at galac t ose c6 was displaced downfield about 

0.5 ppm, which is cha r acteristic of a cylated primary alcohols. 

Corroborating evidence was obtained from the ~pectra of acetylat ed MGDG 

and acetylated a cyl MGDG , the latt er having no aceta te signal corre

sponding to c6 . 

Thus the st ructure o f this acyl3.ted MGDG is: 

1', 2 1 -di-O-acyl-3'-0-(6-0-acyl-~-D galactopyranosyl)-~-glycerol. 

Myher (1968) isolated and characterised this lipid from soft 

wheat flour. It contained fatty acids and galactosyl glycerol in the 

molar ratio 3:1, and methylation studies suggested th a t the third acyl 

group was at c6. Periodate oxidation studies confirmed this as the 

product was tri-0-acyl-dialdehyde a nd free f a tty acids were not 
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released. Reduction of the dialdehyde by NaBH4 followed by saponifi-

cation, a cid hydrolysis and a further reduction gave glyceritol and 

ethylene glycol as expected for the tri-0-acyl dialdehyde derived from 

6-0-acylated MGDG . 

Wintermans et al . (1 969 ) found three new galactolipids formed 
~ ~ -

by spinach chloroplas ts. On deacylation, two of t hes e were shown to b e 

derived from MGDG a nd one from DGDG . The es ter: gal a ctose ratios 

obtained were va riable . Howe v e r, it was suggested t ha t the digalacto-

lipid was monoacyl a ted (ratio of 1.6 or higher) and t ha t the most 

hydrophobic MGDG derivativ e may be th e acy l a t e d MGDG of He inz (r a tio 

u s ually well abov e 3). 

Ext e rk a t e a n d Veerkamp (1 969) identified monoacyl MGDG , 

diacyl MGDG and monoacyl DGDG in lipid extra ct s of the cell walls of 

Bifidobacterium bifidum. The identification was made on the basis of 

their deacylati on products a n d t hei r f at t y ac id: galactose : g lyc erol 

r a t ios . 

(c) Fatty a ci d c omposition: 

The f atty a ci d composi ti on of leaf tissues and galactolipids 

fro m various s ourc e s have been reviewed by Ka tes (1 G?O ), Hawke (1971) 

and Eccleshall (1970) . Table 3 gives data for spinach and some 

pasture species. '.'lhilst data f or fract ionated plant tissue are limited, 

most MGDG is present in the c h loroplas t and thus the composition of 

MGDG isolat e d from whole leaf should reflect the chloroplast composition . 

Plant MGDG i s generally ch a r a cterised by the fatt y acids 

18:3, 18:2, 18 :1, 1 8 :0 and 16:0. Howev e r the proportions of these 
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Table 3 . 

Fatty acid composition of lipids of leaf tissue. 

Fatt y a cids (%) 

S ource Lipi d 12 : 0 14:0 16 :0 .c.3t16:1 16 :3 18 :0 18 : 1 18 :2 18 :3 

Spina ch( 1 ) MGDG tr tr 30 1 1 6 7 

DGDG 6 3 1 4 3 8 4 

SL 2 7 6 39 28 

Al f a lfa ( 2 ) 1-lGDG 1 ~ 1 2 . 3 7. 0 2.2 1o.9 76 . 5 

(gr own a t DGDG 2. 6 3 . 2 21. 2 9.0 29.8 34 . 2 

30°C) SL o .6 2 . 0 30 . 4 7 .1 24.7 3 5 . 2 

p . 1 (3 ) e r ennia 
MGDG 0 . 2 3 . 4 0 . 9 1 . 9 3 . 2 90 . 4 

Ry e gr a ss 

Barl ey( 3 ) 
MGDG tr 4 . 8 1. 3 1 • 6 1. 0 85 . 6 

se e dlings 

Fesc u e 
(4 ) MGDG o.6 o. 1 * 0 . 3 0 . 3 1 • 5 97. 2 

DGDG 14 . 6 3 . 4* 1 • 1 1 . 3 4. 6 75 . 0 

( 1 ) Kate s ( 1970 ) 
( 2 ) Kuip e r ( 1970) 
(3) Gr a y et a l. ( 1967) 
(4) Hawke-Zunpublished ) 
* ,6 9 16 :1. 

are dependent on s uch v a riables a s l i ght en vi ronment, a g e of the tissue, 

and temperature , with genetic differences superimposed on these. Th e 

galactolipids a re extremely rich in triene fatt y acids , usually~-

linolenic acid, and are the most unsaturated of the leaf lipids. 

MGDG and DGDG may poss ess up to 97% and 93% respectively of their 
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fatty acids as ~-linolenic, with MGDG generally being more unsaturated 

than DGDG . 

Spinach MGDG has a characteristica lly high proportion (about 

30~ ) of a second trienoic acid, 7 ,1 0j13-hexadecatrienoi c acid (16:3) , 

whereas DGDG c on tains l ittle of th is . 

green a l gae and rape leaves . 

16:3 has also been fo und in some 

~-linolenic acid (cis 6 , 9 ,1 2 oc tadecatrienoic acid) which is 

usually assoc i ated with animal typ e metaboliam , is abundant in the 

Bora~inaceae family of herbaceous plants and present at lower levels 

(less than 3%) i n some membe r s of the Ca r ophyllaceae ( Jamies on and 

Re id, 1971). 1rhe latter also contain significant amounts of 18 :4. 

The f a tty acid composition of blue g r een algae c a n be quite 

variable compared with that of plants . Fatty ac ids such as oc-linol enic 

acid, 18 :4, and c20 and c22 acids have been found in va ri ous species. 

Ana<2y s tis n_:!:__9.u_~_;;t_~ ~~GDC is entirely l a ck ing i n polyunsaturated fatty 

acids and this fact may be relevant to a discussion of the r ol e of 

polyunsaturated fatt y acids in the chloropla s t. 

Galact olipids of nonchlorophyllous tissues of higher plants 

contain mainly linoleic and linolenic acids , but the levels of 18:3 a re 

lower than those for green l ea f MGDG . 

Heinz (1 967b) obtained a crude lipid free preparation of the 

spinach enzyme tha t synthesizes 6-0- acyl MGDG . He showed that the 

third fatty a cid attached to c
6 

of galactose of acyl MGDG was derived 

from which ever lipid was a dded t o the enzyme in the presence of MGDG . 

The third fatty a cid of acyl MGDG formed by a spinach homogenate was 

found to come from DGDG (Table 4). The acyl MGDG fatty acid compo-
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sit ion is inter :iediate bet i-1e cn the MGDG and DGDG compositions . The 

0. 2% 16 : 1 present in the acyl MGDG probably cam e f r om phosphatidyl 

glycerol which is the main phospholipi d of spinach chloroplasts and 

contains 30- 40% 16:1 . 

Table 4. 

Fatty acid composition of gal actolipids i solat ed 

f rom spi na ch leaf homogenate+ . 

Fatty acid MGDG DGDG AMGDG AMGDG* 

16 : 0 2. 4 8 . 2 2 . 7 
16 : 1 0. 2 

16 :2 o. 4 0. 5 0. 3 

' 16 : 3 22 . 8 3 . 1 1? . 0 16 . 3 
I 18 : 0 o. 4 0 .1 
I 

1 18 : 1 0 . 9 2.r:. 1 . 4 1 . 5 

l 18 :2 1 . r; 4. 2 2 . 0 2 . 4 

! __ -~~- : ~ ______ 7lf . 4. __ s_1_. _5 ___ 76_. 5 ___ 7_n_. 7_ ..... 

+ .. lfci nz ( 1967b) . Fatty a cid composition in %. 
Acyl MGDG f ormed during inc ub~t ion o f crude 

en~yme preparation wi t 11 : ·cDG and DGDG . 

( d) ~ ,,"'~ i fic __ cl""l,.,no .... "'.:_ tiri..:i__of_E;alactolipids : 

~ic~ols ~~~ ~cc-house (1969) used argen t a tion TLC to separa t e 

Ch_l_9r:_e_l l a MGDG into fi .. e mol ecular fract i ons c ontaining on e to five 

double bonds per molecule. Fatty ac i d analysis of these fra ctions 

demonstrated the significant fea t ur e that in each case the major compo -

nent a cics did not differ in degree of unsaturation by mor e than one 

d0uble bond . For in~tance , t he fra ction with two double bond s per 

molecul e was almost entirel y comp0sed of species wi th two monoenoic 



~ci~, per molecule a nd the only frac ti on which contained tri enoic acids 

was the one with five double bonds per molecule . 

Pancreatic lipase speci f i cally r emoves the fatty ac i ds from 

the glycerol 1 - position of galactosyl diglycerides and has been used to 

determine the positional a rra ngement of galactolipids obtained from 

algae and p lants. For a l gal MGDG ' s which g ener al l y have a more 

complex f a tty a cid composition than pla nt ~GDG's , t he major factor 

controlling the a rrangement of f a tty acid s is chain length ( Safford and 

Nichols , 1970). Thus c 18 acids are concentrated at the 1- position and 

c16 acids ~t the 2 - position . 

In pla nt l eaf i'GDG ' s c11ith the characteris tic a l l y 

high 18 : 3 content , it is obvious that the dilinolP.noyl molecular species 

i s p~=~~~i~ant and consequently po s itiona l tendencies are not p ro

:1ounced . ·:oda -'ind Fu jiwara ( 1967) concluded t!1at for !iC;DG f r om 

~rt r~i~i~ pri~cep~ leaves ~hi ch c on t a ins 94% 18 :3 , t he fatty acids at 

the 2 - position are more unsaturated than those a t the 1 - posi t ion. 

Th is is the t ype of specificity o~t ained in a nimal , plant ( Sast r y and 

Kates, 1964a) , and algal (oafford a nd Nichol s , 1970) phospholipids 

whi ch a r e more saturated than l:GDG ' s . However for ~GDG ' s f rom t he 

pla nt species whi ch contain significant levels of 16:3 besi des 18:3 

(e . g • .'pinach) , the algal t ype of specifici ty applies with the shorter 

chain 16 : 3 concentrated at t he 2 - position and 18 : 3 at the 1-position 

(Safford and Nichols , 1970 ; Auling et al ., 1971) . These 

ap,are~~ly cont r adicto r y r esult s c ould possibly b e due to the differ

ences in the overal l f a tty acid c ompositions of the MGDG ' s studied. 

For i nR +.;:ince ,. in Anchusa MGDG wh i ch con t ains about 40% 18 : 4 besides 

18 : 3 , there is no possibility of chain length specifi city as nearly 
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all of the fatt~ acids a re c18 • Safford a nd Nichols found that in 

t his case the 18:4 is concentrat ed at t he 2 - position in accordance with 

the unsatura tion specificity noted by Noda a nd Fujiwara . 

Aul i ng et ~· also used ga.s -liquid cl1 romatography of TMS 

ethers of hydr ogenated gal actol i pi ds to e xamin e the molecul~r spec i es . 

Galac tolip i ds with two c18 residues (c18;c18 ) and c16;c18 we r e present 

in p l a nt s but c16;c16 was absent as would be e xpected for posi tional 

specificity de t er mined by chain length . In s pinach MGDS there was 

about 50~ c16/c18 ; 50% c18/c18 a nd i n t he DGDG 27~ c16/c18 ; 73% 

c18;c18 in accord with t he much lower levels of 16:3 in DCDG compared 

10% c16/c1t) was present in the a l ga Anab~ w11ich is to 

be expec te d a.s it s W10G cont3.ined more t han 50·;;; C acids . 16 

with MGDG . 

Ga l actolipids from pl3.nts wi t11 mos tly 1·<3 : 3 v1e r e not examined in tJ.iis 

study . 

(e) Chemical synthesis and Physical properties: 

~ehrli a nd Pomeranz (1969) have r ecentlv developed a method 

for synthesizing optically active MGDG . It i nvolves acyla t ion of t he 

primary hydroxyl gr oups of 2 , 5 - methyl ene - D-mannit ol , c l eavage of the 

mannitol moiety between c
3 

a nd c4 us ing lead tetra-acetate , reduction 

of the r esul ting aldehyde, a ttachmP.nt of gal actose , hydrolysis of the 

acetal , acylation of the OH group a nd hydrazinolysis of the acetylated 

glycolipids. A simp l e r procedure in which the optical activity at 

c2 is lost, is also described . 

12 : 0 , 16 : 0, 18 : 0 and 18 : 2 . 

The a cy l groups used were 8 : 0 , 10 :0 , 

Heinz (1 971) prepared a s eries of semisynthetic MGDG ' s and 

DGDG ' s having identical or different acyl groups at tached to c1 a nd 
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c2 of the glycerol . He used na tu r al galactolipids as starting mate r ial, 

blocked the galactosyl hydroxyls wi t h 0 - 1- methoxyethyl groups , removed 

the acyl groups wi th sodi um methoxide , r ees t e rified with new f a tty acids 

and hydr ol ysed the p r otecting groups with boric ac i d . rhe acyl g r oups 

used were acetyl , 16 : 0 , 16 :1 , 18 : 0 and 1 8 : 1. 

Peinz and Tulloch (1969) , have described a method fo r synthe -

s izing 6 - 0-acyl MGDG i nv olving trimet hylsilyl~tion of t he galactosyl 

hydroxyl 's of h ydrog enated NGDG f rom spi nach, s pec ific hydrolysis of 

the 6 -0-methyl silyl g r oup wi t h po t ass i um carbonate in me thanol , a cy l a -

tion of t he 6 - hydroxyl nith stea royl chloride and hydrolysis of the rest 

of the blocking g roups with water . 

3ynthetic galactolipids wit h k nown f~tty ac i ds in definite 

positions wil l be use f ul substrates for s t udyine r,a lactolipid t r a nsfer -

ma tions such as the •cyl MGDG forming activity , espec i a llv i f the fatty 

14 
acids are C labelle d . Highly purified synthetic gal ~ctolipids a re 

also useful as s t andards in s t udying their 9hysical pr operties . 

Table 5 gives a s umm a ry of mel ting point and optical da t a for gal a cto-

l ipids from various sources. 

The sin t ering point is due t o a crystal structur e transition 

a nd c an be observed in a microscopic me lting poi nt apparatus, espec i a lly 

when polaroid optics a re used . Usef ul techniq ues f or s tudying t he r mal 

behaviour are differential therma l analysis ( DTA ) a nd differential 

s canning c a l o rimetry ( DSC) which were r eviewed by Ladbrooke a nd Chapman 

(1969) . In DTA the sample and an inert refe rence material a re heated 

or cooled a t the sam e rate and the difference in tempera ture between 

them is recorded . If the sample undergoes a thermal r eaction , a peak 

is obtai ned , i t s d irection indi cating whe t her the transition is 
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Table 5 

Melting points and optical rotations for some galactolipids. 

Lipid SP MP -721 5 Reference (OC) (OC) L~ D cone. 

Hydrogenated MGDG 91 -9.2 , 5 151.5-153 , 5 _? . 28° 5 .6 1 

from plants 122 149 
6 

2 

100-102 162-1 63 -1.97° 3 

Synthetic MGDG 
I 

acetyl 1l~2-143 I 
0 5 . 3 1 H1 = R2 = -3.19 

R1 = R2 = 16 :0 91-93 152-1 54 - 2 .04° 4 . 7 

R1 = R2 = 18: 1 - 2.27° 5 . 6 

R1 = 18: 1' R2 = 16:0 - 2 . 04 

R1 = 18 :0 , R2 = 16:0 93 - 94 152-154 - 2 .240 3.8 

H1 = 16:0, R2 = acetyl - 4 .1 7° 4 .5 

rac R1 = R2 = 16:0 54.5 4 

rac R1 = R2 = 18 :0 60- 65 

R1 = " -'2 = 16 :0 56 

6 - 0-acyl 67-69 
6 

s .237 HGDG 79 -1.30 3 

1. Heinz (1971) 2. Sastry and Kates (1964a) 
3 . He inz and Tulloch (1969) 4 . Nehrli and Pomeranz (1 969 ) 
5 . Conc2ntra tion in pyridine for !.~_7 determination 
6. 1._;__7D5 
7. In chloroform. SP . - sintering point. 

endothermic or exothermic . In DSC the temperatures of a sample and a 

reference are maintained at an equal level or a fixed differential 

throughout the analysis and the variation in heat flow to the sample 

required to maintain this level during a transition is measured. Peak 

a rea gives a measure of th e ~eat of the transition. Very s mall 

amounts of impurities ( 0.5 mole %) affect the peak shape . This can 

be allowed for to give a correct heat of fusion and an estimation of 

puri ty based on an application of van't Hoff's equation. 
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Although polymorphic behaviour is common with lipids, no 

thermal analyses of galactolipids have been found in the lit e rature . 

Tr iglycerides and phospholipids have been studied extensively . As 

t he pol a r phospholipids are clos er in st r itcture to ga l ac tolipids , the 

th e rm9l behaviour of phosphatidyl cholines (PC) will be desc r ibed. PC ' s 

a re hyGroscopic and are normal l y ob t a ined from organic solvents in 

hydrated form. Anhydrous 1 , 2 - dibehe noy l PC (two 22:0 acyl g r oups) can 

b e ob t a ined by s low crvs t a llisati on from dry di ethyl e t her/chlorofo r m 

mixtures. Figure 2 gives t he DTA data for t h i s lipid . A lc:trge 

e ndothe r mic transition , manv deerees below t he mel t ins point (236°C) , 

occurs on heating , corresponding to transit ion t o a liquid - crystalline 

ph<.J.se (curve a) . If the l i pid is hea t ed above t h in t ra~sition , cooled 

t o r oom te~peratur e a nd r eheat ed a differ en t transiti.on occurs at 3 

101er temperature with n small e r heat chan~e due to trans i tio~ to the 

liquid-crvstallinc phase from a second polymorphic fo rm . 'l'his for m is 

ext r~mel· r hyµ:roscopic a nd forms t he mono'1yd r ate o~ exposur e to the 

atmosph ere wi t~ ~ furth e r r eduction in transitio~ t emper ature (not shown) . 

3evera l form s of the monohydr a t e have been obtained by crystallisation 

f rom differen t solvents . 

IR spe ctra for MGDG a nd DGDG fr om b o t h plant and synt~etic 

sources have been pub l ished (All en et a l., 1966 ; a einz, 1967a ; '/ehrli 

and Pomeranz, 1969) . Thes e spectra are s imila r with strong bonds for: 

OH ( 3400 cm- 1 , broad) , CH
2 

( 2940 , 2860 , 1460 and 7 10 cm-
1

) , ester 

( - 1) 6 -1 - 1 C = 0 1730 cm and ester C- 0 - (11 5 cm ) , alcohol C- 0 - (1070 cm ) 

a nd cis d oubl e bonds for unsa tura ted ma terial (3000, 1650, 690 (shoulder ) ) 

( Sas try and Kates 1964a) . 

The IR spect rum of acyl MGDG is simila r to these although 
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Heinz does claim tha t the OH peak is r e l a tively smaller th an that of 

MGDG as expected . However this is only a reliable difference if all 

traces of water are removed from the s amples . 

1:):J 150 2 0 

SA IJPI.£ l( MP[PATURC "C 

DTA curves for anhyd r ous 1,2-dibehenoyl-PC crystallised 

f rom CHC 1
3

/ e th e r. 

(a) Cryst a lline mat e ri al heated from r oom t empe rature. 

(b) Mate rial p r eviousl y he3 ted to 16o0 c, cool e d to room 

temperatur e and r eheated. The origin of the small 

trans ition near 170°c i s not know n ( Ladb rooke a nd Chapman, 

1969). 

Fi gur e 2. 

Mass spe ctroscopic analysis of MGDG has n ot been d escribed 

in the literature . Trimethyl silyl (TNS) ethers of polar and nonpolar -

lipids have be e n used to increase their volatility and to give more 

characteristic fragmentation modes in mass spectrometry . For example, 

the molecular species of sterol glycosides were separated by GLC as the 

TMS ethers and identified by mass spectrometry (Laine and Elbein, 1971) . 

Howev er mass spectrometry of lipids is especially useful if the 
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u nblocked lipi ds g iv e cha r a ct erist i c a nd identi fi~b l e spec tr~ ~s t hey c ~n 

b e ex t r 3c t ed n nd i dentifi ed n ft e r rLC. 

Tr igl y c e rides h~ve been studie d (83r ber .£.!. 22:_ ., 1964) 

inclu ding t he mol e c ul ~r wei gh t r 3nge t r ip3l mi tin th¥ ough to tribehenin . 

In a ll cases 3 par ent mo l e cul3r i on was obt~ined and i t W3~ p ossi ble t o 

dist i ngu i sh t he a cyl ~roup a tto ched 2 t position 2 fro m t h ose at 

posit ions 1 3 n d 3 of t he g l ycer o l moi e t y . 

1~ecentl <.T Kl e i n (19710.) has des c ribed fragmentation p?.tterns 

fo r unblocked dip~lmityl -, diol e oyl - a n d 1 - s tea roy l, 2 oleoyl -

~lyc erophosphoryl cholines . ~>ign i fi cont dif fe r ences betweer:. these were 

observed, 3nd f r n3ment ions ~er e ident ified b· high resolution mass 

measu r ements . Jons ~ssoc iated with t he hydrocnrbo~ chains , g l yce r ol 

es t ers and ph osphor y lch o l ine w0 r e identifiert . Fo r dioleoyl PC a 

small peak corr esponding t o the molecular i on wns o~t3ined . Subsequent ly 

~ mor e det~ll ed desc r ipt ion of t he f r agmen t ation sequence has been 

published (Klein , 1971b) . ~v observing me t a8to.ble transitions in the 

firs t f i e ld f r ee r esion of ~ doubl ~ f ocussing spectromet er it was shown 

tha t t he ma j o r ions i n t he spectrum were p r oduc ed by elec ti on i mpac t 

pro c esses a nd n ot by pyr o l ys i s . Many of t h e ions were r e l a t ed to each 

other by me t as t abl e p r oc e5s es . 

NMR spe ctra o f MGDG a nd DGDG i n pyridine or CDC1
3 

h a ve 

been d escr i b ed ( Heinz , 1971 ; Heinz and Tulloch , 1969 ; Wehr l i a nd 

Pome r a nz , 1969) , MGDG in pyridine gives the fol l owi n g si gna ls down-

f i e ld f r om t he p r oton signal of tetram et hylsilane i n t erna l sta ndard . 

s i g nal s f r om acyl g r oup s : t e rminal -ctt
3

, triple t a t 0 . 88 ppm ; bulk o f 

in~ernal - CH2 - a t 1 . 28 p pm . a nd - CH2 - triplet a t 2 . 33 ppm. 
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otte r si~nals: gal a ctose H1 , doublet a t 4. 73 ppm; g lyc e rol H
2

1 
, 

Mult iplet a t 5. 53 ppm . 

6 - 0 - a cyl MGDG in pyridine has t he same a c y l signals as MGDG 

(Heinz and Tulloch, 1969) but th e signal from ga l actose H1 i s a doublet 

cuperimpos ed on the gal ac tose H6 multip l e t a t 4 . 70 ppm . The use of 

~MR in de termining t he position of at t achment of t he third acy l 

Gr au, of acyl-MGDG was described i n Section 1 .2 (b). 
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1._4~~~~~B_i_·o_s_y_n~t_h_e_s_i_s: 

(a) The overall synthetic pa thway: 

Most of our present knowledge of galactolipid biosynthesis 

:1as come from studies on Chlorella , spinach or Euglena using radioactive 

Rubs trates. 

Studie s on the i nc orporation of co2 into the lipids of 

Chlorella (Ferrari and Benson , 1961) showed that MGDG was the most 

r api dly labelled, followed by DGDG , suggesting that the l at ter was 

synthesized by galactosylation of the MGDG . They assumed that UDP 

~ala ctose (UDPgal) was the immediate galactose don or and proposed the 

fol l owing reacti on scheme: 

co
2 
~ phosphoglyceric ~ ~ ~ UDPglucose ~ acid 

sn-1,2-diglyceride 

UDPgalactos e t > 

UDP 

Incorporation of Galactose: 

UDP gal 

MGDG --t--->
UDP 

DGDG 

Neufield and Hall ( 1964) tested this scheme by incubating a 

14 
chloroplast prepara tion from spinach leaves with UDPgal C. This 

~ esulted in the incorporation of 
14c into mono-, di-, tri- and possibly 

14 
+~tra- galactosyl diglycerides. Incubation with UDP glucose C also 

7ave incorporation into galactolipids but as it was at a lower level it 

was attributed to the UDP galactose epimerase present in chloroplasts. 

Ongun and Mudd (1 968) and Mudd !i ~· (1969) confirmed 

- ~~~ studies • They also showed that MGDG isolated from chloroplast 

• ~ ~. ~s the acceptor for the second galactosylation to give DGDG and that 
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DGDG possibly gives TGDG. Some evidence was ob tained for the presence 

of two separate enzymes for the s ynthesis of MGDG DGDG which would 

be likely because of the different na ture of the two linkages involved. 

Optimum c onditions for i ncorporation into galactolipids were pH 7 . 2 in 

Tris 0 or phosphat e buffers at 37 C . Hi gher pH fav oured MGDG rat he r than 

DGDG or TGDG s yn t h esis . 

14 14 
The i n c o r po r ation of C fro m UDPga l C i n t o galactolipids 

has been dem ons trat ed in sever a l other s peci es suggest ing the g enerality 

o f t h i s reacti on for MGDG -c on t3 ining organisms . Eu g l e na g r ac ilis has 

some significant differences from the spinach sys tem (Lin and Chang , 

1971 ) . About 70% of the galact ose inc orporated in one hou r was actually 

transfe rred in two minutes . Th e MGDG : DGDG r at i o was 1:2, c ompared wi th 

ab ou t 3:1 for spinach (Chang and Kulkarni, 1970) . Pho toauxotrophic 

1 Lt 
and pho toheterotrophic Eu~l ena incorporate UDPga l C but stric t 

h eterotrophs do not ( Ma t so n e t a l., 1970 ) . 

ry egr a ss, fog and phal a ris a l so syn~hesi ze e3 l ac tolipids using UDP 

galactose ( Eccel eshall and Hawke , 1971). 

An important step towards a mo re complete un derstanding of 

galactolipid biosynthesis was th e prepa ration of a so luble s ub-chl oro

plast fraction from spina ch l eaves which cou ld incorporate UDPga1
14c 

into galactolipids - mainly MGDG a nd DGDG (Chang and Kulkarni , 1970 ). 

This had pH and temperature optima s imil ar to the intact chloroplast 

enzyme of Mudd. Different ~M values for MGDG and DGDG we re obtained 

and this could indicate separate enzymes for t he two galactosylations . 

Some stimulation of the r eact ion by light was observed. 

Recently Chang (1 970) published data fro m experiments in 

which sulfhydryl inhibitors were a dded to incubations of spinach 
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1 l+ 
chloroplas t s with UDPgal c. The results suggest tha t the gal a ct osyl 

tra nsfer enzymes contain one or more sulfhydr yl groups . 

Parachloromercuribenzo~te , iodoacetat e a nd low l evels (0 . 5 µ mole) of 

Hg2 + inhibited the inc o r por a tion of 
14c i n to galactolipi ds a l mos t 

comp l e tely . The r educing agent , mercaptoethanol , r estored more than 

60% of th e a ctivi t y present before the addition of Hg2+. Similar 

result s h~ve been obtained with ~ugl~ chl oroplas t s (Lin and Chanp, , 

1971 ) • 

It is ~enerall v a ccepted that DGDG ' s a re synthesized from 

l~GDG ' s by ga l ac tose addi ti on via UDP galactose . On gu n and Mudd (1968) 

were able to derncnqtr~~e s uch a precur sor-product relati onship using 

r~dio J.c ti v e llGDG and chloroplasts , the e ndogenous lipids o f whic h were 

remov ed by acetone e~traction. Howev er , in a simila r experiment wi th 

_r.:111; l P~ no su ch r elationship was observed ( Lin and Chan g , 1971) . 

These workers sugces t ed that a sepQrate biosynthetic pathwav involving a 

A furt he r compli -

cation i s the consistent difference in the fatty acid composition of 

:1GDG and DGDG isola t ed from the sam e tissu P . If DGDG i s fo r med fr om 

MGDG , then the ga~ac~o~ylation must be ver y specifi c f o r MGDG of a 

particular fatty~~~~ r0rnposition , or some sort of deacylation-reacyla-

ti o n must occur. 

Incorp,-~~ ~ on of fatt v acids a nd identification of - -- -
diglyc e ride as galactose acceptor: 

Knoryled~9 of the pathway of f atty acid i nc orporati on into 

galactolipids has c ome from the experiments with photoauxotrophic 

They s howe d that cell - free 

~Y~~~c~s c~taly~e t~9 ~ re,sfer of oleoyl and stearoyl (but not palmi-
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toyl) groups from acyl ca rrier protein ( ACP) thioesters into MGDG , but 

not phospholipids or DGDG . Fatty acids fro m coenzyme A (CoA) thioesters 

are incorporated into both MGDG and phospholipids. The incorporation of 

the ACP esters was stimulated by n-glycerophosphat e and UDP galactose t o 

a lesser extent . These r esults suggested th e following r eactions in 

whi ch ~-glyc erophosphate accepts fa tty acid groups from ACP a nd possibly 

CoA, to form phosphatidic a cids, followed by dephosphorylation to 1, 2 

di glycerides be fore r eac tion wi th UDP galactose : 

CH20H 2RCOSACP CH
2

0COR P. CH
2

0COR ]. 

I + I - _L I -
HOCH / RCOOCH 0/ RCOOCH 

I 
0 

I I I I 
/ / 

CH20P- O 2ACPSH CH20P- O CH20H 
I I 

OH OH 

CH20COR 

I 
UDP galactose 

RCOOCH 

I 
UDP CH2o gal actose 

Support for such a sys tem has c ome from experiments with 

isolated chloroplasts a nd etioplas ts of spinach and maize (Douce a nd 

Guillot-Sal omon , 1970) . Thes e incorporated label fr o .1 ~-glycerol-3-

- phosphate-
14c into MGDG in the presence of CoASH, ATP and UDP galactose. 

Exogenous f a tty acids were not required. There was no incorporation 

into DGDG and these workers c onsider that the enzymes responsible for 

galactosylation of digl ycerides and MGDG's a r e spatially separated . 

Evidence for diglyceride being the initial gal actose 

acceptor, has come from work with acetone extracted chloroplas ts. 
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These acetone powder preparations require the readdition of the acetone 

extract before they will incorporate UDPga1
14c into MGDG. Ongun and 

Mudd (1968) were the first to show that the addition of diglyceride could 

give the same stimulatory action as the a cetone extract. They also made 

a crude fractionation of th e acetone extract. Of the three fractions 

obtained , only one, containing all the MGDG , most of the DGDG and a small 

amount of the phosphatidyl g lycerol of the extract, s timulated the 

incorporation into MGDG . Eithe r the gal a ct olipids we re degalactosylated 

by galactosidase in the acetone powder, or the incorporation obtained 

with this fracti on was due t o exchange r eacti ons. Very little free 

diglyceride was i n f a ct present in the total acetone extra ct. 

Active acetone powders could not be prepa red from Gramineae 

chl oroplas t s ( Eccleshall and Hawke , 1971). The ace t one powder of 

Eu~lena chloroplasts (Lin a nd Chang, 1q71) was ac tiv e when the extract 

was added . No attempt t o add diglyceride t o the powder was r eported. 

(b) Fatty acid desaturation_a~d the pol_,v_un~~-t~rated fatty 

acids of MGDG : 

It has been shown that the chlo ro plas t is the major s ite of 

fatty acid synthesis in leaf tissue (Harris £i al., 19h7) and that 

isolated c~loroplasts can s ynthesize long chain fatty acids up to and 

including stearic acid . This synthesis is stimulated by ACP and 

probably involves a sequence similar t o that worked out in detai l for 

bacteria (Nagai and Bloch, 1967). However, while leaves or tissue 

slices will efficiently incorporate 
14

c-acetate into monoenoic and 

polyenoic acids~ and can convert ol eic acid directly to linoleic and 

linolenic acids by oxygen a nd light dependent rea ctions , repeated 

a~tempts to demonstra te formation of polyunsaturated fatt y acids by 
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isolated chloroplasts have been unsuccessful (Harris et al., 1967 ). --
This is a major gap in our knowledge of fatty acid biosynthesis in the 

plant leaf. As the chloroplast contains mos t of the polyunsaturated 

fatty acids of the l ea f, it seems unlike ly that the site of desaturation 

is outside of it. Thus the desaturase must be very sensi tive t o the 

procedures used for disrupting leaf tissue. 

The a ctual form of the acyl group in the substrate required 

by the desatur ase is also unknown . Furthermore, in the particular case 

of the fatty acids of MGDG , it is s till unc ertain whether their character-

istically high unsaturat ion is determined before diglyceride galacto-

sylati on , or whe th e r des a turat ion occurs within the MGDG molecule 

following its synthesis. 

Acetone powder exueriments: 

Studi e s i n whj.ch di glyc erides of known structure were added 

to spinach aceto11.e powders to determine whe th er or not the galactosy-

lating enzyme is specific for more unsaturated diglycerides, have given 

conflicting r esults . 

Ongun and Mu dd (1 968) showed that diolein stimulates i ncor

poration from UDPga114c into MGDG, whereas dipalmitin does not. Mudd 

~ al. ( 1969) used diglyceride fractions of varying degre e of unsatura-

tion prepared from spinach and egg phospholipids. It was found that 

the more unsaturated diglycerides gave the greater stimulation of 

incorporation, dilinolenin being the best. These results suggest that 

the galactosyl transferase does exhibit selectivitv for unsaturated 

diglyceride acceptors. In contrast, a separate investigation using 

synthetic diglycerides, failed to show any selectivity, although this 
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conclusion may be dependent on the weight ratio of diglyceride to acetone 

powder ( Eccleshall and Hawke, 1971). At present , the local concentra

tion of diglyceride at cellular enzyme sites needed f or comparison, is 

unknown. 

It is difficult to c ompare th ese experiments . The 

synthetic diglycerides c on t a ined both the 1, 2 - a nd 2 ,3- isomers, whe reas 

those prepared enzymatically fro m natural s ou rces would be predominantly 

the 1,2- isomers. Moreover, the triunsaturated fatty a cid used in the 

synthetic diglyc e rides was ~-linol enic a cid, whereas the natural one is 

«-linolenic acid. However the mo s t s ign ifican t difference is pr obab ly 

in the method of addin g the diglyceride t o t he incubation. 'Nhi le Mudd 

et al. added the diglyceride as a suspens i on in Tr is buffer containing 

detergent, Eccleshall a nd Hawke added it to th e a c etone powder dissolved 

in a cetone , which was then removed under nitrogen. F.c cleshall (1 170) 

suggests th ~t t he o r gan ic solvent aodition is preferable as it should 

a llow maximum interaction b e tween enzyme and subst r ate, thus minimizing 

the influe nce o f differences in di glyc eride water solubility on the 

inc orporat ion. 

Comparative experime nts using a cet on e prepa rations of 

spinach chloroplasts , both methods of diglyc e ride addition and natural 

and synthetic diglycerides are required to explain these discrepa ncies. 

If it is active with diglyceride as ga lactose acc eptor , then similar 

studies using the acetone powder of Euglena would be us eful. If the 

soluble subchloroplast preparation of spinach (Chang and Kulkarni, 

1970) could be further purified so that diglyc eride had to be added for 

activity, this system could be investigated as an alternative to the 

acetone powder. 
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Othe r experimental approaches: 

Eccleshall and Hawke (1 971) found that when MGDG synthesized 

from UDPga1
14c by whole chloroplasts was fracti onated acc ~rding to the 

nature of the c on s t i tuent fatty acids , the radioa ctivity was dist ributed 

widely am ong t he ~GDG ' s of diff erent f a tt y a c id c ompos iti on, suggesting 

tha t the galactosylati on is nonspecific wi t h r esp e ct t o th e d i g lyc eride . 

An ea r li e r study of MGDG synthesis by Chlorella (Ni c hols a nd 

Moo rhouse , 1969 ) indic a ted signific a nt changes oc c urring in the f a tty 

a c i d c ompo.si ti on follo wing de ~ synthes is. They inc u ba ted c ells 

with 2-c14 
sodium a c e t ate and ex tra cted the MGDG whi ch was fra c tionated 

into speci es of varying unsatura ti on using argentation TLC . When th e 

f a tty acids of these fra ct ions we r e subjected t o rad ioch emical a nal ysis , 

it was found tha t t he s pecific a ct ivi t y of a ~ ~ ngle f a tt y a c i d va ried 

c0nsider ably amon~ the v a rious species in w~i c h it occurred. The re was 

a lso a time dep endent increase in the s pec i fic acti vit v of any one fa tty 

a cid in th e more unsaturated sp~ ci es. I n lat e r experiments ( Safford 

a nd Ni chols, 1970 ), the positional c omposition of these :1!GDG species 

was determined using pancrea tic lipase . These workers suggested th a t 

the c ompositional 3nd ~e taboli c dat a f or Ch l or ella are c onsist ent wi th 

the theory th ~ t sequential desatura t ions occur following de ~ 

synthesis of MGDG. 

t 
18: 0 

16:0 

gal 

They envi sage a series of events such as : 

18 :2 

16: 1 

gal t 
18 :2 

16:2 

gal 
[ 

18:3 

18 :2 

gal. 

Even if d esaturati on does occur after MGDG s ynthesis , MGDG 

may not be the actual substrate form of the acyl groups acted on by the 
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desaturase. Phosphatidyl choline is considered by some to be the true 

substrate for desaturation (Roughan, 1970; Gurr, 1971). Vijay and 

Stumpf (1971) have shown that oleoyl CoA is the substrate for a micro-

somal desaturase in cas tor seeds. If acyl groups are desaturated 

either attached to phosphatidyl choline or to CoA , then there must be an 

acyl transfer to MGDG. No evidence for such a transfer exists at 

present. 

(c) Control of Ga l a ctolipid biosynthesis: 

It is well documented that the ~ ction of ligh t on e tiola ted 

leaves or dark-grown heterotrophic algal c e lls r esult s in rapid synthesis 

of chlorophyll, carot enoids, gal actolipids, sulfolipids a nd phosphatidyl 

glycerol associated with th e formation of functio nal chloroplasts (Kates, 

1970). Su ch li gh t dependence of chloroplast formation results in a 

positive correlat ion between ga l a ctolipid 3nd chlorophyll conc entrations 

in plants. This is true eve n during g re ening under abnormal c ondi tions 

such as with Euglena in t he pres ence of protein inhibitors (Bishop and 

Smillie, 1970) or manganese deficient Euglena ( Cons tantopoulos, 1970). 

Bishop~ al. (197 1) comm en ted t ha t the mola r r a tio of ga l a ctolipid to 

chlorophyll for chloroplasts o f a particular type, appears to reflect 

the degree of grana formation. An increase in the 18:3 content of 

galactolipids also occurs during greening (Appelquist et al., 1968). 

Unser and Mohr (1970) obtained evidence for phytochrome 

mediated galactolipid synthesis in mustard seedlings under far-red 

light, which appeared to be independent of the normal light stimulated 

membrane synthesis. Newman (1971) studied the effects of red and far

red light on fatty acid desaturation in barley leaves and concluded 

that desaturation as such was not phytochrome mediated. 
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The effect of temperature on alfalfa leaves from cold-sensitive 

and cold-hardy varieties was examined by Ku iper (197 0). The MGDG and 

DGDG content of the leaves was fo und t o be inversely related to the 

temperature in the range 15 to 30°c. Cold-hardy plants had generally 

higher galactolipid contents than cold sensitive plants. Changes in 

fatty acid comp osition with tempe rature were small, the main differences 

occurring in t he levels of 18 :3 i n the MGDG , being h i gher a t lower 

tempe ratures in bo th v~ri et ies. 

detail. 

Seasonal v a ri ation in gal a ctolipids has not been studi ed in 

Jam ieson and Reid (1969) observed a vnria tion in the content 

of c18 polyenoic ac ids of My osotis scorpioides with t he time of year. 

A seasonal var i ation which was independent of plan t maturity, occurred 

in the level of lipid-bound su ~ar clover leaves (Bailey, 1964). 

Galactolipid transformat ions: 

In the l i ving plant cell the gala ctolip i ds exist in a dynamic 

state of equilibrium as has been s~own wi t h studies using radioisotopes 

(Ferrari a nd Benson , 1961; Sas try and Ka tes, 1965). To maintain the 

required level of ~al actolipids, the s teady state cycle of degradative 

and synthetic reactions must be under sensitive control. Enzymic 

compartmentalisation probably gives this control (e.g. synthetic 

enzymes located in the chloroplast; hydrolytic enzymes located in 

cytoplasmic particles analagous to the lysosomes of a nimal cells). 

Homogenisation of leaf tissues disrupts t h is compartmentali

sation and a number of highly active enzymes are released which rapidly 

degrade and transform the principal lipid components. Consequently in 

the isolation and determination of leaf lipids, these enzymes must be 
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initia lly i nac tiva t e d by h eat or solvent trea tmen t. However, for 

ga l ac tolipid studies using me t a bolica lly ac tiv e chloroplast prepar at i ons , 

this i s not posRi b l e a n d incubation condit i ons must be found to elimina t e 

or minimise these r eactions so that the rea cti on of interes t can be 

s t ud i ed . 

The main enzymes effecting gal ac tolip id transforma ti ons a r e 

gal a ctolipases , gal a ctosidases and acyl transferases . 

(a) Gal actolipases : 

Al t hough galactolipases are present i n a wide range of plant 

spec i es t hey have not ~een studi ed extensively in speci es othe r than 

Phaseolus where they a r e p~rticularl v ac tive ( ~aat ry and Kates , 1964b ; 

'.felmsing, 1969) and i n spinach C:Iclmsing , 1 96: ; .'!interm::i.ns tl a l., 

1969) . Partially purified galac tolipase p r eparations behave diffe r ent ly 

towards ;;rrnG and JIJDG, e . g . pH opti.ma are '7 . 0 and s.6 r espective l y , t heir 

affini ty for DGDG is higher than that for NGDG and th e two 3ct iviti es 

ha ve different stab i lities on storage at 4°c ( Sast r y and Kates, 1 964b) . 

qowe ver Helmsing (1969) obtained a single protein f r ac tion containing 

both a ctivities whose speci fic ac tiv i ties we r e in t he r a tio 2 : 1 (MGDG: 

DGDG ). Cysteine compl e tely i nh i bit ed the enzyme . 

Mono- and di - F,al a ctosyl glyc e r o l s acc umulate d uring gal acto-

lipid breakdown but lyso gal a ctolipids ha v e no t been detected . It is 

assumed t hat thes e are tra ns i e nt intermedia tes and t he second acyl 

group must be removed much faster than the first . 3astry a nd Ka tes 

found tha t the runner bean enzyme was a ctive towa rds t he unsaturated 

plant galactolipids but not towards saturated gal a ctolipids. Thi s 

could reflect solubility differe n ces in th ese substra tes rathe r tha n 
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substrate specificity. 

The potato tub e r cont a ins a general lipolytic a cyl hydrolase 

which a ct s on sev e r a l classes of lip ids (Galliard , 1970 and 1971). Its 

gal a ctolipase a ctivity i s similar to t hat of spinach in sev e ral r espect s 

but for this enzyme the lyso gal ac tolipid is detected . An a cy l tra n s f e r 

a ctivity wh ich trgns f ers a cyl moieties fro m lip id to alcohols present in 

th e mixture, i s associa ted with t he p ot a t o tub e r lipase . 

Ga l actolipases i mpair th e qi ll reaction of i s ol a t ed c h loro 

plasts (Bamberger and Pa r k , 1966). The r e is also a p a rallel uncoupling 

of pho tophosphory l at ion (hntermans e t al., 1969) which appears to be an 

indirect effect of linolenic a cid released by th e lipases . 

(b) Ga l a ct os idases : 

a. - and ~ - ga l a ctosi dase a ct iviti es have been i so l at ed from 

spinach leaves (Gatt and Saker , 1970). The two enzymes we re separated 

from each other and th e a. ga l a ctosidase purified 30 times; ~ 1000 times . 

p-nitrophenyl gal a ct os i dases we r e used as the assay subst r a tes and 

a cidic pH optima ( a. 5 . 3 ; ~ 4 . 2) we r e obtained . Hyd rolysis of MGDG b y 

~ gal a ctosidase was mu c h slower than t h e p -nitrophenyl substrate a lth ough 

the rate was similar to that for the a ction o f gal a ctolipase on MGDG . 

Ne ither enzyme hydrolysed DGDG . This could be becaus e the DGDG used 

was more saturated than spinach DGDG. Anoth er pos s ibility i s th a t t he 

enzyme does not hy drolyse the native lipid, but will split off galactose 

from the deacylat ed lipid. 

The acidic pH optima obtained are similar to t h ose of the 

corresponding animal enzymes which are located in lysosomes. Although 

most of the galactosidase a ctivity o f spinach was in the supernatant 



a ft e r bl ending t he l ea f t i ssu e , grinding di d g i ve a h i gher p r oportion in 

particu l ate fr actions . I f pl~nt fala c tos i dase i s present i n 'lysosome -

like ' pa rt icles , memb r a n es o f t hes e ~ust be ve r y f ragile and t he 

en zymes easily released eve~ on gentl e grindi ng i n i so t onic ou ffe r ed 

med i um . 

The g~lact olipases a n d galactosidases of p l ants a r e the 

enzymes necessarv fo r complete hydrolys i s uf galactol i p i ds. Thes e 

reac t ions can be summar i sed as follows : 

f,ql~ctol ipase 

DGDG 

~alqctol ipase 

MGDG 

(c) Tr ansacyl at i on: 

dig~lactosyl glycerol + 2 f a t ty 

I 
acids 

(~ g~lqctosidase) 

·~ 
[ oalactose 

monogalactosyl 
glycerol 

+ 2 f~tty 

~cids 

I (~ gal~ctosidase) 

~ealactos e 
glycerol 

I n experiment s involving incubation of chloropl as t pr epara

ti o ns with UDPga1
14c , i t i s commonly not e d that bes ides the usual 

i n c o r p ora ti on i n t o MGDG , DGDG and polygalactol i p i ds , smalle r amount s 

of s e vera l othe r r ad i oac tive lip i ds are f o r med ( ~ebst er and Chang , 1969 ; 

Ongun a nd Mu dd , 1968 ; Chang and Kulkar ni , 1970) . Mos t o f t hese are 

pr obably a cy l a ted deriva tives o f gal actolip i ds . 
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Heinz (1967b) pa rtially puri fied the enzyme responsible for 

the form a tion of a cyl-MGDG in spinach l eaf homogenates . He s h owed that 

:J. cyl-MGDG is formed mainly by a cyl transfer from DGDG to HGDG . The pt.I 

optimum was pH 4. 6 and acvl - MGDG accounted fo r about 20~ of the leaf 

lipids af t er a 3 hour incuba tion at t his pH . The aci d pH opti~um is in 

common ~ith those of the galactolipases a nd gal a ctosidases . No attempt 

to determin e the cellular distributi on of th~ enzvme was made and the 

crude enzyme ws5 isolated from the 20 , 000 xg s upernatant of t he homage-

na te. Tbis does no t preclude th e pos5ibility of it s loc ati on with in a 

membran e bound or ganelle simila r to t he lysoso~e of an imals as it may be 

r eadily r e l eased during homogenisation. 

In view of the formation of o th e r ~cyl derivatives of ~alacto 

lipids ('.'! int erm.sns tl ~. , 196q) a nd ac ~· l ::i. t ed s t erol f lucos ide ( On gun 

a nd Mudd, 1970) by spinach l eaf homogen::i.tes it i s in t e r es ting to specu 

l ~t e on the possible existenc e of a Rene r 3l transacvl~tin~ ac tivity i n 

plant l eaf cells. ~hil s t these acyl~ted derivat ives ha ve not been foun d 

a.:; no r m-3. l constituents of l eaves , their form3.tion co 11 ld be import ant 

i n pla nt cell decomposition . I t i s mo r e l i kelv t~~t they a ri5e as 

a rtifacts of homogenisa tion such as ~n al terati o~ in 5pecificity o f a 

norma l a cylating enzyme ca used by t he chQnged environment ( pH, polarity 

e tc.) in the l ocalit y of the enzy~e . In t his r egard the transacJlat ing 

activity ass ociated wi th t he lipolyt ic acyl hydrolase of pot a to tub er 

(Gall i a rd , 1970) may be of sig nificance . 

1 . 6 Possible functions of the galactol ipids : 

The chloroplast contains a highly organised membranous 

system in which are localised th e light trapping systems r esponsible 
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for the photochemical reactions of photosvnthesis . In e l ec t r on micro-

g r aphs these membranes r esemble doubl e p lasma membranes and are known as 

thylakoids . In the chloroplssts of most higher plants the t hylakoids 

are a rranged in stacks to form g r ana ~hich a r e inter - connected through 

the stroma by si~gl e thylakoids (l~mr,ll~e) . The chlorophylls and other 

pigments associated with the photosvst~m ~r e confined to th e thylakoids 

and a r e particularly conc en tra ted in t he g r ana (~eier and Benson , 1966) , 

Studies with chloroplast fragments iniicate that about ~~ of the 

chlorophyll a is str ongly oriented a t p~rticul~r sites and the r est is 

relntivelv unoriented . Ap~rt f r om the ~ igments, the g~lactol ipi<ls are 

the major lipids present in the thyl3koids and as such must b e funda -

mental .st r uctur'll co~po ncnts of th0se me·1b r 3.nes . This is emphasised by 

the morphologic3l changes i11 thyl~koids observed ~ft cr prolonged treat -

men t with ~~lactolipase ( Jambcr~er and f~rk , 1966). The surfactnnt 

n~ture of the g~lactol ipids wit~ their neutr3l hydrophilic r egion and 

~iehly unsaturgted ~yd rophobic region , ~akes them ideal for stabi lisin~ 

the sheet -like st ructure of membrnneG in an aqueous environment ; a 

r ol e f ulfilled bv phospholipids in other membranes . 

Various models of the detailed molecul~r structure of th e 

thyl~koids have been pron osed , a nd like ~11 membrane models they are 

mainly speculativ e at this s t age of our k nowledge . le i er and Benson 

(1 966) h a ve reviewed these models and other dat a r e levant to the mole -

cular nature of the chloroplast membrane . They conclude that the 

evidence of s tudies using polarised light , low angl e Xray diffraction 

and the e lectr on microscope , favours a subunit structure rather than 

a l eafl e t structure . They propose their own model based on the 

s urfac tant na ture of the galac tolipids and th e structure of the 

branched paraffin chains of th e chlorophylls a nd plastoquinones . 
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Subun its of lipoprotein a re a rranged in l ayers and stabil ised oy th e 

hydrophobic association of branched and unsaturated hydrocarbon chains 

with the hydrophobic internal structure of the lam ellar protein. It 

is pos tula t ed that the surfaces of the membrane exposed to the st roma are 

lined with the hydrophilic groups of the galactolipids with the linoleni c 

a cid chains embedded within the subunits. ~he r egions of contact 

between thylakoids (e ~ g . in the ~rana) 3re thou~h t to be highly 

hydrophobic and c apable of binding chlorophyll , carotenoids and quinones . 

Hydrophobic association b etween the linolenoyl chains of g~lact olipids 

a nd the proteins is c onsidered to be strong as the 3 aoub le bonds give a 

twisted configurati0n to th e chain conducive to close association with a 

single protein chain and the double bonds may associate stronglv with th e 

w orbitals of the ~romatic am i no a cids of the membrane protein. An 

entropic s tabilis~tion would ~ris e from the dis r uption of hyaration 

shells surro1rndinP-; the grouns concerned. Some support for such 

hydrophobic association has come from experiments i n which l~mellar 

prot~ins and c. loroplast lipids were combined (Ji and Jens0n , 1968) . 

Recombina tion of ~~lactolipid 3 and chlorophyll with prot ein in the 

presence of lipid co~petitors w~s dependent on the n~ture of th e 

hydrophobic groups and not the hydrophilic groups of t he compntitor . 

Ga l actolipids may ~ive the optimum orientatinn of t he enzymes involved in 

electr on transfer and photophosphoryla tion by sue~ interaction . 

The interdependence between chlorophyll l evels and the degree 

of unsaturation and level of galact olipids has a lready been established 

(section 1. 4 (c)) . This suggests that a close physical association 

between gal a ctolipids and c hlorophyll may exist. Trosper and Sauer 

(1968) demonstrated that purified MGDG and DGDG form r e l a tively strong 

one-to-one complexes with chlorophyll even in the presence of water . 
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Also chlorophyll i s randomly dispersed by MGDG in monolayers . These 

worker s suggested that t he bulk fraction of th e randoml y oriented pigment 

in the lam ellae may be associated with MGDG . Rosenberg (1967) 

pr oposed a mo r e specific assoc i at ion be tween ~alactol ipids and chloro-

phyll. The 16 carbon phytol chain o f c h lorophyll bears fou r methyl 

groups at positions 3 , 7 , 10 and 15 which introduce t wis t s in t he c hain 

similar to t he pocket s or twists in th e linolenic ~ci~ chains . Gpace 

filling molecular models show th~t the two chains are compl ementar y and 

fit togeth e r close l v in a space saving a rrangement. London - Van der 

Waals dispersion/attracti on forces would stahilise such a close fit. 

Furthermore t he fit of th e phytyl methyl groups into th e linolenyl 

pockets would allow stabilisation of the orde r of a hyd rogen bond 

because of induc ed pol ~r inter~cti on between the double bonds a nd t he 

methyl groups . It has be en shown tha t a fil~ of chlorophyll i s much 

more stable superimposed on a film of oleoyl alcohol than on a film of 

steQroyl a lcohol . The smal l group of highlv oriented chlorophyll 

mol ecules in the photosystem i s thought to provide an ' e l ec t r on sink ' for 

th e ' light trap ' and to be t he ultimate electr on donor for th e elect r on 

transfer ch-'.lin. It is possible that th e galactoli9i ds a r e important in 

arranging these chlorophyll molecul es in order to maximise the electron 

tra nsfer . 

The occurrenc e of galactolipids in al l photosynthetic organ

isms capable of the Hill r eaction has been mentioned (section 1.2) . 

Gal actoli p i ds give a st i mulator y effect on t he rate of cytochrome c 

photoreduction by spinach chloroplasts (Chang a nd Lundi n , 1964 ) . A 

Scen edesmus mutan t that was de f e ctive in the Hil l r eaction had 

morphologica lly normal chlorop las ts but its ~ - l inolenic ac id content 

was very much l ess tha n i n th e parent wild type; otherwise it had a 

--· 
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normal f a t ty acid spectrum. This suggested that the degree of 

unsaturation of galac tolipids may be import an t in electron transport; 

especially the ~ill r eac tion . Howev e r Anacvstis ni du l ans does not 

contain polyunsaturated fatty acids and yet is c apable of the hill 

r eaction. It seems likely that th e hydrophophic portion of galac to-

lipids provides the medium of low dielectric constant required for 

effic i ent electr on transport r a t her t han being d irec tly involved as a 

redox compound in electro n transport . 

An earl v proposal for a function for the gql~ctose mo i ety of 

galactolipids was as a ~etabolic~lly ~ctive c a rbohydrQte r eservoir 

exchan~eable with pho t osynthetic intermedia tes ( 3e~son c t a l . , 1959) , 

14 
The gal actolipids of pl3n~s and algae readily incorporate C when 

· th r 1 '1-co
2

• grown in e preGence o ~owever tur~over experiments Nith 

fully expanded pumpkin lea v e s show th~t the specific a ctivity of the 

~hospholipids i;, greater tha n that of galactolipids wh ich would not be 

expec ted if 
14

Jo
2 

fixed in pho tosynthesis passed through the galactose 

moiety . 

The possible involve~ent of ~alactolipids in ~-linolenic 

acid biosynthesis has been d i scussed (section 1.4 (b)). This would not 

be a primarv role for gal ac tolipids as ~ost of the linolenic a cid 

synthesised by the chloroplast is loca t ed in the galactoli pids . 
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Chapter 2 

THE AIM OF THE PRESENT HO~K 

In studies of gal a ct olipid me t ab olism using isolated 

c h loroplast prep a r at i on s fro m plants , a numb e r of lipids a r e f o rmed 

besides MGDG and DGDG . The work r eported i n t h i s thesis was undert ~ke n 

t o fi nd t he c onditions for maximum form a t i on of ~GDG an d DGDG by Red 

Clov e r (Trifolium pra t ense ) ch l o r op l as t preparations . The structure 

and significance of gal ~ ctolipids other than MGDG and DGDG was a lso 

investig~ted . 
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Chapter Three 

MATERIJ\LS AND '1ETifODS 

Materials and Analytical Techniques : 

3. 1 Flant rissues : 

Spinach (Spinacea oleracea) lea ves were obtained f r om 

commercial sources . 

Ryeg r ass (Lolium perenne) a nd Fescue ( Fest ica elation) leaf 

t i ssue was h a r veGted fro~ clones in a field . 

l'he fir s t samples of :?ed Clover ('~ri foJ 11Jm pratense) le'lves 

~ere cut from clones grown in t he open and lat er ones ~er e harve5ted from 

pure Red clover pastur e . 

Re agents a nd Solvents: 

All chemicals used were analvtical , Labo r atory or Technical 

reagen ts . 

Solvents were distilled before use . 

3 . 3 Radioactive Materials : 

The following were obtained from the Radiochemical Cent r e 

( Am~rsham, England) : 

14 
D- Galactose- 1 - C, specific activ ity of 55 . 7 mC/mM . 

14 
~-Hexadecane-1- C, specific activity of 0 . 781 µ C/gm . 

Uridine diphospho- (D- gal a ctose-
14

c(U)) ammonium salt , specific 

14 
activity of 240 mC/mM . ( UDPgal C) . 



3. 4 Chromatography : 

(a) Thin-laye~ chromatogr aphy (TLC): 

Glass plates (5 cm x 20 cm, 10 cm x 20 cm or 20 cm x 20 cm) 

were spread with a s l u rry of Silica ge l G (Merck) with wa t er (2:1 , v/w) 

at a thickness of 0 . 25 to 0 . 5 mm using a spreader made by Desaga 

(Heidelberg, Germany) . Th e pl ates were allowed to settle at room 

temperature and then ac tiva ted by heating at 110°c fo r a t least one 

h our . 

Solven t s used to separate galacto-lipids we r e : 

Toluene/ ethyl acetate/ 95,6 ethanol (2 :1 :1; v/v) . 

Chl oroform/ methanol (C/M) (10:1 ; v/v ) . 

~ater saturated diethyl ether / isopr opanol I methanol 

(100:4 . 5 : 3 ; v/v) . 

Hexane/ diethyl ether/ gl~cial ace ti c aci<l (70 : 30 : 1 ; v/v) 

a nd Hexane / diethvl ether (80 : 20 ; v/v) were used for free f a tty acids 

and fatty acid methyl esters r espec tively. 

Lipids were detected by spr aying. t he plate with 2 , 7 -

dichloro (R) f l uorescein (0.2%, w/v i n methanol) and viewing under 

ultraviolet light , wavel ength 360 mm , or by spraying with H
2

so4 / 

dichromate (50% cone H
2
so4, 0 . 5% po t assium dichromate) and charring in 

an oven a t 120°c. 

(b) Column chromatography: 

Silicic acid columns were used in the purification of MGDG 

a nd unknown gal a ctolipids . 

Fine particles were removed from the silicic ac i d 
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(Malinkrodt), by suspending about 120 gms in distilled water in a tall 

measuring cylinder and allowing it to settle. The water and fines were 

decanted and the residual slurry activated in an oven at 110°C for at 

least twenty four hours . The activated silicic acid was suspended in 

hexane a~d held under vacuum in a dessicator for several minutes to 

remove air bubbles. To pack the column (2 . 5 mm diameter), it was filled 

with hexane and the silicic acid slurry spooned in carefully until a 

packed height of 35 to 40 cm was reached. 

The mixed lipid sample (1.0 to 1.5 gms ) was applied to the top 

of the column in a minimum (4 to 5 mls) of hexane/ chloroform; 1:1 v/v). 

Eluting solv ents were passed through the column via a reservoir consist-

ing of a one litre separating funnel fitted to th e top of the column . 

Fractions (10 or 15 ml) ~ere collect e d automatically in test-tubes and 

assayed using TLC with the total mixed lipid extract as standard. 

(c) Gas-liquid ch~omatography ( GLC) : 

Methyl esters of the fattv acids from lipids were prepared for 

GLC analysis by hydrolysis a nd reaction with boron trifluoride-methanol 

reagent (BF
3 

14% by weight in methanol obtained from Applied Science 

Laboratories) . The solvent was removed from the lipid sample iP. a 

stoppered testtube under a nitrogen stream, and 0. 5 ml of o.5N methane -

lie NaOH added . After several minutes refluxing until the lipid had 

dissolved, 0 . 7 ml of BF
3 

reagent were added through the condenser and 

reflux continued for another 3 minutes . Hexane (approx. 2 mls) was 

added and the reflux tube removed from heat . After about a minute of 

further reflux off the heat , to facilitate extraction of the methyl 

esters, the tube was cooled and the hexane floated to the top on 0 . 1M 

NaCl . This hexane layer was removed with a pasteur pipette and 



injected straight into the GLC column after concentration to about 50 1 

under a stream of dry nitrogen . 

The methyl esters were analysed on a Packard Gas Chromato-

graph using a 2 mm x 6 ft column of 12% diethylene glvcol succinate 

(DEGS ) on Chromosorb W, at an oven temperature of 165°c and on a Varian 

Aerograph (model 1520) chromatograph usin g a ~ inch x 5 ft column of 12% 

DEGS at a temp e rature of 165°c. Both these c h romatographs were fitted 

with flame ionisation detectors a nd used nitrogen as carrier gas. 

Radioact ive fatty acid methyl esters were analysed on the 

Varian Aerograph with a stream splitter attached prior to the detector 

4 
so that /5 of the gas flow was diverted into a Nuc l ea r Chicago radio-

a ctiv e flow counter. Helium carrier gas was used. Mass peaks and 

radioactive peaks were traced onto a single chart output. 

Peaks were identified by comparing retention times with mixed 

fatty acid methyl ester standards obtained from the Bermel Institute a nd 

3ritish Drug Houses . 

3. 5 Radioisot op e scannin~ and counting: 

Duplicate aliquots of radioactive extract in chloroform were 

evaporated to dryness under a stream of nitrogen and 10 mls of toluene 

scintillation fluid (2,5 - diphenyloxazole (PPO, 0.6%) and 1,4 bis 

L2-(5-phenyloxazolyll7 - benzene (POPOP, 0.05%) in toluene) added to 

the counting vial. 

For aqueous radioactive samples 10 mls of Bray's scinti-

llation fluid (naphthalene (60 gm), PPO (4 gms), POPOP (200 mgm), 

methanol (100 ml), ethylene glycol (20 ml) and p-dioxane to make 
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1 litre) were used. 

The vials were counted using the preset 
14c channel in a 

Packard Tri-carb Liquid Scin tillation Sp ectrometer model 3375 . The 

counting r ates had a p e rcentage standard error whi c h was less th an 2% . 

~uenching of scintilla tion was corrected for bv dividing the counts pe r 

minute by the Automatic External Standardisation (AES) valu e . A plot 

of AES agains t counting efficiency, constructed by count i ng a measured 

weight of n-hexadecane-1-
14c in the p resence of increasing am ounts of 

total lipid extract, showed that AES and effici ency were equivalent in 

th e AES range 0.2 to 0.65. All lipid samples counted fell in this range. 

TLC plates (5 cm x 20 cm) we re scanned for radioactivity using 

a Pa ckard Radio-chromatogram scanner, model 7200 , with a mixture of 1.3% 

isobutane - 98 .7% helium as c a rri e r ~as . Optimum conditions for 

scanning were: gas f low 110 cc /min , high voltage 1 . 15 kv , time constant 

30 se c., slit width 2 .5 mm . Speed of counting was in the ran g e 5 t o 20 

cm/hr, and the sca le usual l y 0-300 cpm. Re l ative peak a r eas were 

measured on the scans using a planimeter and expressed as percentages 

of the total radi oactivity present. 

The res olution of radioactive peaks by the scanner was checked 

by making radio autographs of the TLC plate s . Xr ay films were held 

over the plates in light tigh t boxes for t wo to three weeks a nd then 

developed. 

Experimental Procedures: 

}.6 Leaf-slice incubat .~o~_and l _i..E1i._ ex·t ·raction: 

Wh ole fescue and clover leaves were harvested, washed with 



water and blotted dry. Fes cue leaves were cut into one mm . slices with 

a razor blade. Clover leaves were sliced longitudinally to give approx. 

5 mm wide lengths which were th en cut into 1 mm slices. 

The incubation mixture was composed of: 

0 . 5 gm sliced l eaf tissue 

0.2M phosphat e buffer, pH7.4 (1.0 ml for fescue, 1 . 5 ml for clov er) 

50 µmol es KHC0
3 

100 µmoles Sod ium acetate 

1 µmole Sodium diethyl di thiocarb~mate (NaDEDTC) . 

2.5 µ moles cysteine hydrochloride (cys-HCl). 

The volume was made up with wate r to the minimum required to 

we t all the tissue (about 2 .2 ml for fescue and 3 ml fo r clover). 

14 
Radioactive ga l actose-1- C was added and th e incubation per-

formed at 30°c with shaking, in room light, for four hours. 

The r eaction was stopped by addition of sufficient C/M(1:2) 

to give one phase a nd the solution r efluxed for one hour. The solution 

was transferred to a separ ating funnel through a wad of gl ass wool in a 

filter funnel to r e t ain the leaf residues which were washed with C/M 

(2:1). The chloroform extract was washed 3 times with 0 . 1M NaCl (1 % in 

galactose). Galactose was added to the wash to dilute out any radio-

active galactose which may have remained i n the chloroform phase. The 

chloroform layer was taken to dryness on a rotary evaporator and the 

total lipids redissolved in 1 ml of chloroform. Aliquots were taken 

for radioactive counting a nd scanning. 
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3.7 Chloroplast isolation, incubation a nd lipid extraction: . 

Chloroplast suspensions were prepared by two methods. All 

operations were carried out at 0-4°c. Chlorophyll content was estimated 

using 80% acetone solutions, according to Arron (1949). 

Method I (after Spencer and Wildman, 1 964). 

This me thod was used in preliminary experiments to compare 

three methods of disruption of the p l a nt tis sue for r e lease of chloro

plasts. 

Leaf tissue was chilled in a cold room for 1 to 2 hours, then 

7 gms net weight were hom ogenised by one of the three methods in a 

medium (3 volume s v/w ) consisting of: 

( 1 ) 

(2) 

(3) 

25 mM Tris- HC l buffer pH 7.4 

250 mM sucrose 

1 . mM magnesium a c e t a te 

4 mM cyst e ine-hydrochlori d e 

2.5% Ficoll 

5% Dextra n 40T 

Th e three homogenising techniques were: 

3licing - the tissue was minced as finely as possible with 

dewaxed razor blades. 

Grinding - the tissue was ground with acid-washed sand in 

Blend in~ - the tissue was homogenised in a small blendor. 

a mortar. 

The resulting brei was strained through one layer of Mira

cloth and centrifuged for 2 min. at 30xg and 2x10 min. at 3020xg . 

The crude chloroplast pellet was suspended in 0.1M Tris-HCl buffer 

pH 7.4, containing 1 mM cysteine -HCl. 



Method II: 

This method was developed for preparation of clover chloro

plasts which would give maximum incorporation of radioactive UDPga1
14c 

into the galactolipids . 

It involved grinding or slicing prechilled and washed leaf 

tissue in a medium (2 to 3 volume s , v/w) consisting of: 

0.01 M Na2HP04 - KH
2

Po4 buffer, pH 7 . 4 . 

0 . 2 M sucrose 

4 mM cyst e ine - HCl . 

0 .1 mM sodium diethyl dithiocarbamate ( NaDEDTC ) 

1% polyvinyl pyrrolidine (FVP) . 

The homo g enate was strained through one lay e r of Miracloth or 

two layers of ch eese cloth and c entrifuged for 2 min. at 120 xg and 10 

min . a t 3020 xg. The crude pellet was suspended in 0 . 1 M Tris - HC l 

buffer (1 mM in cysteine - HCl) pH 7 .4. 

For r adioactive experiments, aliquots o f the chloroplast 

preparation in Tris - HCl we re incubated wi th microlitre a liquot s of the 

UDPga1
14c solution, at 38°c with shaking in room li ght. 

The reaction was stopped by adding sufficient C/M (1:2) to 

give one phase and by boiling for 5 ~inutes. After low speed centri-

fugation, the supernatant was decanted, and the residue washed twice 

more with C/M (2:1) using agitation on a vortex mixer. The bulked 

extracts were washed 2 or 3 times with 0 .1 M NaCl and the chloroform 

layer evaporated to dryness . The total lipids were taken up in 

chloroform. Suitable aliquot s were taken for radioisotope counting 

and scanning. 
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3.8 Galactolipid purification and hyd!..ogenation: 

Silicic a cid columns were use d in the preparation of MGDG 

and the unknown galactolipids by a modification of th e method of He inz 

and Tulloch (1~69) . The polarity of the eluting solvents was increased 

at a much slower r a te than that used by Heinz to pr e v en t band mixing on 

the column which was loa ded wi t h lipi d close to its absorbing 

capacity. 

( a ) Prep ~rat i on of hydrogenated MGDG: 

Hydro genat ed MG DG was prepared as a c ont rol a nd gui d e for the 

identi fi cation of th e two unk nown ga l a ctolipids . 

144 gms of washed clover l eaves were boiled for ten minut es 

in ethanol to denature enzymes (ga lactolipases a nd galactosidases) . 

Wa t e r was a dded a nd t he leaves homogenis ed . C/M (1:2) was added to the 

h omoge nat e to give on e phase and th e mixtu r e r efluxed for 1 hour to 

extract th e lipid::; . 'rhe l ea f residu e was fi l tered on a !3uchner filter 

and washed wi th C/M (2 : 1) and ether. The combined extracts we r e washed 

t wice wi th 0 .1 M NaCl a nd t ~ken t o dr y ness in a rotary eva porator (yield 

3.1 gms). Approximat e l y 1.2 gms o f t he lipid was dissolved in 6 ml of 

chloroform/ hexane (C/H, 1:1) for appl ication to th e silicic a cid 

column. Column fr a ctions were a ssayed by TLC using the toluene / ethyl 

a cetate/ e thanol (2:1:1 v/v) s olvent. MGDG was identified by compa ri-

son with the total extract as TLC standard. MGDG appears as the maj or 

clover lipid component with a chara cteristic Rf when sprayed with 

dichlorofluoresc ein a nd viewe d under U.V. li ght. 

The followin g solvent e lution scheme was used. 



H/C/DE 

H/C/DE 

C/A 

C/A 

C/A 

C/M 

C/M 

H/C/DE 

C/A 

C/M 
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(10:10:5) .500 ml 

(10:10:9) 500 ml Pigments and neutral lipids 

( 9: 1) 400 ml removed 

(9:2) 440 ml 

(9:3) 480 ml J MGDG r em oved. 

(9:3) 400 
ml J Other galactolipids (DGDG and TGDG) 

( 2: 1) 300 ml and some MGDG removed. 

hexane / chloroform / diethyl ether . 

chloroform / acetone . 

chloroform / methanol. 

The diethyl ethc~ was di s tilled, dried over calcium hydride and 

MGDG was obtained in fractions 205 to 224 (10 ml each) free 

of DGDG or other lipids but with a E~ 1ll proportion of one pigment. 

Thes e fra ctions were bulked (yield 167 ~ gms) a nd 139 mgms immediately 

hydrogenated . 

For the hydrog ena tion, the lipid was dissolved in about 20 mls 

of methanol. 400 mgms of cat a lyst (10% palladium on charcoal) were 

added and the tube shaken under 40 psi of hydrogen on an hydrogenator 

(Parr Instrument Co .) for 18 hours. The tube was centrifuged and the 

supernatant decanted from the charcoal which was extracted twice more 

with warm chloroform. The combin ed extracts were taken to dryness on a 

rotary evaporator (yield 82.5 mgms). The product consisted of a white 

powde~ ~hich gave a single spot on TLC corresponding to both the MGDG in 

the column fractions and the MG DG in the total clover lipid extract . 

The pigment was probably absorbed onto the charcoal . 35 mgms of the 

hydrogenated MGDG were twice crystallised from C/M (1:9) (Final yield 
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28. 9 mgms). 

(b) Preparation of hydrogenated, unknown galactolipids: 

A crude chloroplast preparat ion was obtained f~om 150 gms wet 

weight of clover leaves using method II. The leaves were homogenised 

with a Waring Blender in 500 mls of suspension medium without the PVP. 

The lipids from a small portion of the chloroplast suspension were ex

tracted for a zero time control, whils t the rest of the suspension was 

held six hours at room tempe r a ture in the dark. The lipids were then 

extracted with chloroform/ methanol (1:1 v/v), the extract washed twice 

with NaCl and evaporated to dry ness on a rotary evaporat or (yi eld 1.1 

gms). 1 gm of this total lipid was dissolved in 5 ml of chloroform / 

hexane (1:1) and applied to a silicic acid column. Column fractions 

were collected automatically and assayed by TLC using C/M (10:1) as 

solvent, and the zero time and six hour lipid samples as standards. 

The followin g solvent elution scheme was used: 

Fractions 25 to 48 (15 ml each) were composed of free fatty 

acids (FFA) and a small amount of pigment. The FFA was identified by 

(a) methylation using· diazomethane which gave long chain methyl esters 

as shown by TLC with hexane/ diethyl ether (80:20) as solvent, ~b) by 

infra red spectroscopy and comparison with the IR spectrum of palmitic 

acid and (c) by its behaviour on TLC in chloroform/ methanol / NH4oH 
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(85:15:2) solvent. In this solvent FFA runs very close to the origin 

as it is in a predominantly ionized form due to the alkaline ammonia. 

Lipid esters, especially MGDG, have a much higher Rf. 

The mixed galact olipid fra ction (approx. 100 ml; fraction 122 

collected in a flask) cont a ined a c onsiderabl e amount of pigments, MGDG , 

and smaller quantities of at leas t two other lipids. Two lipids r an 

ahead of MGDG in TLC with C/M (10:1), and their Rr 's corresponded to 

those of radioactive lipidn r unning ahe~d of MGDG in UDPga114c incorpor-

ation experiments. 

Most of fraction 122 was hydrogenated by the method used with 

MGDG. This removed the pigments . The hydrogenated lipid fracti ons 

corresponding to the unknown r adioac tive lipids were then purified by 

preparative TLC with C/M ( 1 0: 1) as solvent. These purified lipids 

samples were used for identification by mass spectrometry. 

3.9 Chemical analysis of MGDG: 

The f ollowing procedure was used to analyse the gal actose, 

glycerol and fatty acid ester content of the hydrogenated MGDG . Fat ty 

acid esters were estimated on the whole lipid and as free fatt y acids 

(methyl esters determined by GLC) liberated by alkaline h ydrolysis. 

To keep weighing errors to a minimum approxima tely 5 mgms of 

MGDG were weighed out on a six figure balance, made up to a known 

volume with ethanol/ diethyl ether (3:1) and suitable aliquots taken 

for triplicate acyl ester determinations and for triplicate hydrolyse5. 
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(a) Fatty acyl ester determination: 

The reagents and procedure of Morgan and Kingsbury (1 959) were 

used: 

The MGDG in 4 ml of ethanol/ diethyl ether (3:1) was estimated 

along with a series of standards of palmitoyl-distearoyl glycerol in the 

range 0 to 4 µequival ents of fatty acid ester. In this method, reac-

tion with hydroxylamine forms the hydroxamate of the acid part of the 

ester. The hydroxamate is then chelated with trivalent Fe3+ to form 

a brown coloured complex with a n absorption maximum at 515 mµ. 

R-C 

0 
II 

RCOR
1 

+ NH20H 

ester 

NHOH 
/ 

~ 
0 

> 

0 
II 

RC - NHOH + R
1

0H 

hydroxamate 

N-0 
/ 

R-C 
~ 

0 

"' Fe 
3 

The absorbance at 515 mµ was read on an Hi tashi 101 Spectra-

photometer. Visible spectra of the reacted standards and MGDG showed 

that their wavelength maxima were coincident at 515 mµ . 

(b) Hydroly~i~ of Mn~n: 

( 1) Mild alkR1 i.ne hvdrol:v:_~_~s.: 

After addition of a suitable known weight of methyl 

heptadecanoate (Me 17:0) as an internal fatty acid standard, the 
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solvent was removed from the MGDG aliquots by a stream of nitrogen. 

5 mls of 0.5 M NaOH in methanol were added and the lipid 

refluxed for one hour. 

5.5 mls of 0 . 5 M HCl were added at the completion of reflux. 

The liberated free fatty acids were removed from the acidified 

hydrolysate with hexane washes. It was found that one wash was suffi-

cient as the presence of the internal standard obviates the need for 100% 

extraction of free fatty acids . Res idua l free fatty acid in the aqueous 

methanolic phase did not interfere wi th the galactose and glycerol 

determinations. 

The hexane was saved f or fatty acid estimation. The methan-

olic phase was taken to dryness on a rotary evaporator for acid hydrolysis. 

(2) Acid hydrolysis: 

5 mls of 2N HCl were added to the residue of the alkaline 

hydrolysis and refluxed for 4 hours . 

The hydrolysate was made u p to 10 ml with wa ter and 2 ml 

aliquots taken for glycerol and galactose determinatio~ . 

(c) Galactose determination: 

The reagents and procedure of Dubois et al . (1956) were used. 

To the 2 ml duplicate acid hydrolysis samples and a series of 

standards (0 to 100 µgms of galactose) were added 30 µl of 80% phenol 

and 5 ml of cone. sulphuric acid (rapid). The tubes were stood 10 

0 
min. at room temperature, shaken, an~ held at 27 C for 15 min. The 

absorbance of the light brown colour was read at 487 mµ. 
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Visible spectra of standards and sample showed that the wave

length maxima at 48? mµ were coincident. 

Prelimina ry work also showed that the presen ce of equimolar 

amounts of g l y cerol in the standards did not interfer with the esti

mation. 

(d) Glycerol determination: 

The reagents and procedure of Hanahan and Olley (1958) were 

used. 

Glycerol is too volatile to use as the standard for this 

estimation. As th e recommended standard, mo nom ethyl dimethyl hydantoin 

was not available , mannitol was used. 

The method depends upon the r e lease of formaldehyde from 

glycerol on addition of periodate. Subsequ ently th e f o rmaldehyde is 

rea cted with chromotropic a cid. Mannitol releases t he same weight of 

formaldehyde per mole as does g lyc erol. 

4 ml aliquots of standards in the range 0-50 µ gms equivalent 

of glycerol were estimated along with the acid hydrolysate samples made 

up to 4 ml. 

The purple colour was read at 570 mµ and spectra showed that 

the wavelength maximum is 570 mµ for both sample and standard. 

Hanahan and Olley found that 1 mgm of glucose gives the 

equivalent reaction of 19.0 µgms of glycerol. This is less than 2% 

interference. Hence the effect of the presence of galactose in the 

acid hjdrolysate ~PP ~ 0~l igible. 
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(e) Estimation of f a tty acids as methyl esters using GLC: 

The hexane was removed from the total fatty acid sample under 

a stream of nitrogen . The fatty acids were methylated using 0 .1 ml 

BF
3 

- MeOH reagent in a centrifuge tube fitted with a teflon lined scr ew 

cap by heating for about 5 min in an oven ~t 110°c . On cooling approx-

imately 2 mls of hexane were added . The hexane was f loated up to the 

top of the tube by addition of 0.1 M NaCl. After shaking and settling , 

the hexane layer was removed using a Pasteur pipette and injected straight 

into the GLC column after c onc entration to about 50 µl under a stream of 

nitrogen. The t otal f atty a cids i n the MGDG sample were calcul~ted from 

the rat io of hexadecanoate plus octadecanoade methyl esters to Me 17: 0 . 

Physical Techniques : 

3.10 Melting point det e rmina tion: 

The melting points of galactolipids were deter mined on a 

Reichert hot stage mic r oscopic melting point apparatus fitted wi t h 

polaroid optics. 

3 . 11 Differential Scanning Cal orimetry (DSC ) : 

This sensitive technique for examining the melt ing behaviour 

of compounds was used with the hydrogenated MGDG as a check on purity . 

The sample was placed in a crimped aluminium pan of 20 µl 

capacity (approx ~ inch in diameter) designed for use with volatile 

samples and fitted with a lid which was her metically sealed to the pan 

under pressure. The instrument was a Perkin Elmer Model DSC 1B, 
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temperature calibrated with high purity melting point standards. The 

nitrogen gas flow rate was 30 ml/min . 

3.12 Infra red spectrosco_EL: 

Two instruments were used, a Beckman IR20 and a Pe r k in Elmer 

137 . 

Lipid samples were run as potassium bromide disks. Ab out 

2 mgms were ground to a fine powder with about 250 mgms of KBr (British 

Drug Houses Laboratory Reagent) . The disks (1 cm in diameter) were 

formed in a piston-cylinder device under a pressure of 20 to 25 tons 

provided by an hydraulic press . 

Mass Spectrometry: 

An AEI model MS 9 instrument was used . The galactolipid 

samples were i nserted into the source ch amb e r on a solid sample p robe . 

3~14 Electron Microscop2: 

Chloroplast preparations were prepa red for exam ination by 

members of DSIR staff. The micrographs were taken with a Phi lips 

EM 200 electron microscope. 
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Chapter Four 

RESULTS 

4.1 Comparison of grinding , slicing and blending techniques 

of chloroplast preparation: 

The preparation of chloroplasts for incubation with UDPga1
14c 

to show incorpor~tion of radioactivity into the galactolipids requires 

disruption of the pl3nt leaf tissue. To examine the effect of the 

disruption technique on the abilitv of chloroplasts to form r adioactive 

galactolipids , chloroplasts were prepared f r om spinach and r yegras s 

leaves using the three methods described in Section 3 . 7 , method I and 

incubated as follows: 

(a) Spinach: 

The fina l volume of the chloropl~st suspensions was 2 ml . 

Duplicate 0 . 2 ml aliquots were incubated with 4 14 
1 of UDPgal C 

(59,000 dpm) made up to a final volume of 0 . 5 ml with 0 . 1M Tris - MCl 

buffer , pH 7. 4 for 1 hour a t 30°c . The amount of radioactivity that 

was incorporated i n t o the total lipid extra cts of the chloroplasts is 

given in Table 6. When the total lipids we r e· separated by TLC in 

toluene/ethanol/ethyl acetate (2 :1: 1) (tol/EtOH/EtAc) and sc~nned for 

radioactivity , several peaks in addition to MGDG and DGDG were obtained 

(Figure 3) . The perc e nt contribution of each peak was ca lculat ed f rom 

the peak a reas a nd these data a re shown in Table 7. 
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Technique 

Slicing 

Grinding 

Blending 

Table 6 

Incorporation of radioactivity fro m UDPga1
14c into 

the total lipids of spinach chloroplasts prepared 
using 3 homogenising techniques, 

* t Incorpora tion Chlorophyll dpm 

(µ gms) per 
Tot a l % Average 50 µgm 
(dpm) 

10,000 17.0 31 16 ' 100 

9,600 16 .3 16.6 31 15 ,500 

13 ' 500 22 .9 49 13,800 

8 ,700 14. 8 18 .9 49 8 ,900 

13,900 23 , 5 39 17,800 

9 ,400 15.9 20 . 2 
39 12,000 

t 
tot a l chlorophyll in incuba tion mixture. 
incorporation on chlorophyll basis. 

Table 7 
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Average 

15,800 

11,400 

14,700 

Incorporation of radioactivity from UDPga1 14c into lipid comp onents 
of spinach chloroplasts prepared using three homogenis ing 

techniques. Results expressed as percentage of total. 

Peak numb er (See Fi g . 3) and Identity 

Technique 
1 2 3 4 5 6 

TGDG DGDG x MGDG y 

Slicing t - 3 3 70 24 

Grinding t t 9 11 62 16 

Blending 1 4 9 4 60 21 

t - trace. 
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(b) Ryegrass: 

15 gm samples of leaf tissue were used and the final volume of 

the chloroplast suspensions was 6 ml. Duplicate 1 ml samples were 

14 0 
incubated with 5 µl UDP~al C (56,200 dpm) for 1 hour at 30 C. The 

radioactivity incorporated into the total lipids extracted from the 

chloroplasts is given in Table 8. Table 9 records the percentage 

incorporation into the lipid fractions s eparated by TLC using tol/EtoH/ 

EtAc solvent. 

For both spinach and ryegrass chloroplasts the % incorporation 

into total lipids was about the same for the grinding and blending 

techniques and s omewhat hi gher than the incorpora tion for slicing . 

However the chlorophyll l evels we re also much lower for slicing. 

~hlorophyll levels give an indication of t he numb er of chloroplasts or 

chloroplast fragments present. Th us slicing disrupted the tissue the 

leas t of the three tec hni ques and so gave t h e lowest yi eld of chloro -

plasts . On this basis the order of decreasing ha rshness of the three 

techniques was: grinding, blending , slicing . The best comparison of 

the incorporation figures is on a chlorophyll basis as given in the last 

two columns of Tables 6 and 8. Note that these fi gures are based on 

50 µgms of chlorophyll for spinach and 500 µgms for ryegraas a~ the 

latter had a much lower galactolipid synthesising activity. On a 

chlorophyll basis slicing and blending gave similar incorporation 

figures and grinding incorporation was somewhat lower. Presumably 

the harsher techniques removed more of the galactolipid synthesising 

enzyme from the chloroplasts and chloroplast fragments so that more was 

lost in the supernatant during the centrifugation steps of the prepara-

tion of the chloroplast suspension. 
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Table 8 

Incorpor at i on of radioactivity f r om UDPga1
14c into total lipi ds 

of r y egraes chlor oplasts prepar ed using 3 homogenising t echni ques . 

Incorpor ation Ch l or ophyl l dpm 
Technique Aver age 

To t a l ( µgms) per 

(dpm) % Aver age 500 µ gms 

Slici ng 9 , 600 17 . 0 210 23 , 200 

9 , 200 16 . 4 16 . 7 210 22 ' 100 
22 , 700 

Grindi ng 29 ,800 53 . 1 ?60 19 , 700 

16 , 800 29 . 8 41 . 5 760 1 '1 ' 100 
15 , 400 

Blending 21 , 300 3; . 9 500 21 ,200 

21 , 000 37 . 5 37 . 7 500 20 , 900 
21 , 000 

Table 9 

% incorpor at i on of radioact ivity from UDPga1
14c into lipid 

components of ryegrass chloroplas ts prepared using 
3 homogenising techniques . 

Technique Lipid ComponP.nt 

TGDG DGDG x MGDG y 

Slic i ng t 15 13 61 7 

Grinding 6 16 17 42 19 

Bl endi ng 3 22 18 41 6 



Lipids X and Y are referred to later in the thesis. 

Incorpor at ion into X was resolved from the MGDG incorporation by the 

scanner only for the ryegrass chloroplasts, although the radioautographs 

for the spinach chloroplasts showed that low levels of X were formed . 

TGDG is thou~ht to be trigalactosyl diglyceride because of its low Rf and 

by compa rison with the incorporation pattern of nebste r a nd Chang (1969) 

for spinach chloropla8ts . 

For both plants the patterns of incorpor~tion into specific 

lipid component s were similar for the blending and grinding techniques 

aPd these techni qu es gave more complex patterns than sl icing. This 

difference probably arose b ecause the harsher techniques made the 

enzymes r esponsibl e for synthesis of DGDG , TGDG , and Y more a ccessible 

to substr~tes such as UDPgal
14c a nd MGDG than did slicing . 

Although these r esults suggest th~t slici~~ ~ives the most 

intact and active chloropl~sts , the l evels of i~corpor3tion obtained 

with the other methods are sufficient for r adioactive exp0riments . 

Grinding was found to be the most convenient technically and was used 

for preparation of clo~ er cbloroplasts . Prelinin"ry expe!"inir>nts showed 

that for clover little difference in the pattern of incorporation occurr~( 

between chloroplasts pr~ryared bv grinding and by slicing . 

(a) The effect of PVP and NaQEDTC_on_svnthesiR of radioactive 

galactolipids bx_chloroplasts: 

First attempts to demonstrate incorpcrr:irn cf radioactivity 

!~om UDPga1
14c into th e lipids of Red Clover chloro~lasts w~re 
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unsuccessful. These c h loroplasts were prepared by grinding or slicing 

leaf tissue in a suspens i on medium of phosphat e buffer (pH 7 .4) and 

0.1M sucrose and straining, centrifug ing, resuspending in 0 .1 H Tris - MC1 

as in Method II, Wection 3 . ~ . It was found th~t the addition of 0 . 1mM 

NaDEDTC and 1% P . V. P . gave significant l evels (greater than 5%) of 

incorporation into the total lipids. An experiment was deRigned to 

e xamine the effects of th P.se two add itives on th e incorpor~ti on . 

Chloropl~~ts we r e prepa red from 5 gm samples of l eaf tis s ue 

using Method II ( 3ection 3 . 7) according to the protocol shown in Table 10 . 

The final volume of each ch loroplast susp e ns ion was 1 ~l in I'ris-HCl 

buffer pH 7 .4. 1 µl of UDPRal
14c (92 , 000 dpm) was ad~ed to each for 

0 incubation for one hour a t 30 C. r he incorpor~tion into the tota l 

lipidR e~trected from t~n chloropl asts is ~iven in Ta~le 10 . 

I'ab l e 10 

The effect of PVP and NaDEDTC on incorporation from CTDPga114c 
into the total l i pids of Red Clover c~loroplnsts . 

Pr otocol Incorpora tion dpm 
Chlorophyll 

1% 0 . 1mM Total 
(mgm) 

per % 
% PVP NaDEDTC (dpm) mp;m 

- - 9,900 1o. 7 0 . 92 10 , Boo 12 . 7 

- + 10,000 10. 8 0 . 61 16,400 17 . 8 

+ - 17,300 18 . 8 0 . 8 1 21 , 400 23 . 2 

+ + 19 , 300 20 .9 0 . 92 20,900 22 . 7 

In this particula r expe riment an incorporation of a bout 11 % 

into the total lipids was obtained with neithe r PVP nor NaDEDTC present, 

whereas the first attempts gave less than 2% incorporation . Although 



similar quantities of plant material and grinding were used for prepa ra

tion of the chloroplasts for each incubat ion of the protocol , there was 

significant variation in the l evels of chlorophyll . This a rose because 

of variations in the extent of grinding (e.g. differ e nces in quantities 

of sand , vary ing pressure on th e pestle), a process which is d i fficult to 

standardise. The last column of Table 10 gives the % incorporation per 

mgm of chlorophyll . 7he best incorporat i on figures for comparison 

would be somewhere be twe en the values correct ed and uncorrec ted for 

chlorophyll as the extent of g rinding introduces two opposing effects. 

Harsh grinding r e leases more chloroplasts fr om the leaf tissue but also 

gives greater disruption of the chloroplasts and loss of the grt lactolipid 

synthesising enzymes in the supernatant during the centrifugation than 

does mild grinding . 

Table 10 shows that the presenc e of PVP and NaDBDTC ~pproximatel~ 

doubles incorporation , the effect of PVP being g r eatest , 3oth NaDEDTC 

and PVP were added in subscquen~ chloroplast preparations as in Method II 

(Section 3. 7) . 

Radiochr~rnatograms of the total lipids , using C/M (10:1) 

as solvent, showed tha t incorporation into MGDG was very low (lesB than 

4%) and there was no incorporat ion into DGDG . Nearly all of the r adio-

a ctivity was present in two peaks ; one with an Rf slightly gre~ter 

than MGDG (lipid~) ar~ one with an Rf slightly l ess (lipid X). These 

lipids are not normally detectable in Red Clover chloro~1~~·~ ~~ there 

were no fluoresce~+. ~~~+~ ~ ~rrc~,on0ing to the X a nd Y peaks after 

spraying the TLC plate with dichlorofluorescein. The pro~ortions of 

these two peaks in th~ four parts of the p rotocol were ap~-~~4 ~~~~1y 

the same, i.e. 70-75% Y a n d 20-25% X. 



(b) Fractionation of c~1 ~~roplast r adiolipids to check the 
14 

pattern of incorp oration from UDP~al C: 

66. 

In the first exp e riments with Red Clove r chloroplas t s the 

levels of incorporry. ti on wpr e so low t ha. t the TLC plat es had t o be 

overloa ded with the tot ~l lipid in order to give measurahle pea ks on th e 

radiochr omatogra m. Th e tol/Et OH/EtAc solvent gave i ns ufficient 

separ a tion of t he r~dioli pids a nd onl y one peak correspon din~ t o a MGDG 

standa rd was obta ined . Exami nation of the autor :;.di ogr a ph sh owed t ha t i:i 

fact th ere wer e t h r ee radiol i pi ds X, MGDG and Y. 

Fi gur e 4 gives the r aatoc h r omatogr a m s c ans of lipid from Red 

14 Clover chloropln~ t R prep-red b y Me t hod II a nd i ncubated with UDPgal C. 

l'he sepa r a tion obtained wi t h t !le to l /Et OH/EtAc solvent i s s lrnwn , as is 

This second s olvent was found 

to be t he bes t f or res ol v ing X, MGDG , Y and fo r sep•r•ting thes e from t h e 

p i gments . The fou r fr~ctions 3 , b, c and d, we r e sc r a ped off the TLC 

ul a t e run in C/M ( 10 : 1 ) , t he lip i ds extr3cted and r e - chr omat ogr 3phed wi th 

a ga l 3ct olipid stan~a~d usi n~ t ol /Et OH/Et Ac to c onfi r m that i nc or por a ti on 

i n to MGDG wa s minimal. Fr ac ti on b conta ined all the MGDG f r om t he 

total lipid and yet no significant r adioa ctivity w~s de tected i n the 

radiochromat ogr~m . Fractic~ s a r ~d c cont a ined th e t wo radioactive 

peaks X a nd Y r e2::-,,,..+: ; '' " ly . Fr ac t ion d c ontained all the DGDG w~ich 

was not radioa ctive . 

phing s~8nn ~rnA o~ ~he 5 x 20 cm TLC pla tes needed to fit the scanner . 

The standards are s~ott ed close t o the edges of the plate where differ-

ences i n the solvent due t o evapora tion, and differences in the thickness 

of the silica e el s ometime s occur . Thes e cause unpredictable 
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variations in the Rf's of the standards as illustrated by the MGDG 

sample and standards rechromatographed in fraction b. 

This experiment also shows that the 2 major radioactive peaks 

do not correspond to any major lipid components of the Red Cl over sample 

that could be detected with dichlorofluorescein. 

(c) Comparison of r ad ioactive i ncorpora tion into ga~actolipids 

of Fescue and Red Clover chloroplas ts incub a ted with 
1 

UDPp.:al C: 

As the pattern of incorporat i on observed with Red Clover 

chloroplasts was unusual, it was compared with the patt e rn of Fes cue 

chloroplasts. 

Chloroplasts were pr epa r ed fro m 20 gms of each of the two 

plant tissues usin g Me thod II . The fin a l volu r.: : , .- ~: .: . ·: .. -:>j:: ~: :::::ions 

was 1. 5 mls and 0 . 5 ml samp l es we r e incuba ted with UDPga1 14c 

(121,000 dpm) for 1 hour a t 30°c . Incorporation into the total lipid 

extracts is given i n Tab l e 11, and r a dioch romatogr am scans of the 

component lipids sep a r a t ed hy TLC in C/M (1 0 : 1) a re shown i n Fi gure 5. 

Table 11. 

Incorporation into the total lipids of Clov er a~~ P~Qcu e 

chloroplasts after incubation with UDPg~i 1 ~C. 

Chlorophyll Incorpora tion 
Tissue (mgms) 

Total 
(dpm) % 

Fescue 0.210 43,200 36 
Clover 0.220 8 ,300 7 
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Considerable differences occurred, both in total incorporation 

(36% for Fescue; 7% for Red Clover) and in the pattern of incorporation. 

For Fescue MGDG was the main radiolipid and in addition there was 

incorporation into Y, DGDG , diacyl MGDG (identified later in Section 4 

a lipid at the origin and a small amount into X. In contrast Y was the 

principal radiolipid for Red Clover wit h a smaller peak for X and a very 

small amount of incorporation into MGDG. 

(d) Comparison of radioactive incorporation into galactolipids 

of Fescue and Red Clover l eaf slices incubated with Ga1
14c: 

The method outlined in Section 3.6 was used. The radio-

lipids were extracted, counted and separated on TLC using tol/EtOH/EtAc 

solvent. Table 12 presents the data for th e incorporation into the 

total lipids and the radiochromatogram scans are shown in Figure 6. 

Table 12 

Incorpo r ation of radioactivity into total lipids of
4

Red 
Clover and Fescue lea f slices incubat ed with Gal1 C. 

Radioactivity Incorporation 

Tissue added Total 
(dpm) (dpm) % 

Fescue 890,000 24,ooo 2.7 . 
~ 

Red Clover 4,400,000 4~,000 1 

The levels of incorporation for this type of incubation were 

much lower than those for incubations of chloroplasts with UDPga1
14c. 

14 This is to be expected as the gal C must be transported through the 

leaf tissue to the chloroplasts and the UDP derivative formed. In 



Figure 6 

Radiochromatogram scans of lipid extracts of Fescue and Red Clover 
leaf slices after incubation with I Gal- 14- C 
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contras t UDPga114c is readily availa~le to the enzyme for galactolipi d 

synthes i s in chloroplast i ncubat i ons . Table 12 shows tha t Fescue l eaf 

slices gave greater incorpor~tion than Hed Clover leaf sli ces which i s 

consistent with the chloroplast incubations . 

The r adiochromatograms show th~t the patterns of incor poration 

for Red Clover ~nd Fescue leaf slices w~re similar and rather differ ent 

from the patterns obtained wit~ the UDPga114c incubations ( , ect i on 4 . 2 

( c) ) • Incorporation was mainly into ~GDG and DGDG with slightly ~ore 

into DGDG . There wn~ more incor~or~tion into a lipid at the ori gin for 

Red Clover cornp~red with Fescue . The radioautographs show some f urther 

fine differences between the two plant~. For Red Clover there was 

slight incorporation into lipids correspondin~ to X and Y. However 

this incorpor~tion wns insufficient for detection by the scanner . 

(e) ~o~p3ri~on of sodium chloride a nd SJcrose based 

suspension media for chloropl~st prepar~tion: 

Chloroplasts were prepared by i'ethod II using two different 

suspension media ; one W5S the normal 0 . 2 M sucrose based medium of this 

method and in the other the sucrose Nas replaced by 0 . 35 ~NaCl s o 

that the effects of the two media on galactolipid synthesis could be 

compared . 

20 gms of leaf tissue were used for each chl oroplas t prepar• 

a t ion . The f i nal vol ume of the chloroplast sus pensions for incubat ion 

14 
was 0 . 5 ml containing 0 . 25 mgms of chlor ophyll. 5 µ l of UDPga l C 

(42 , 400 dpm) wer e added a nd t he incubation performed for one hour at 

30°c . 

Table 13 gi ves t he data for incor pora tion into t he lipi d 
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extracts of the chloroplasts. 

Table 13 

Incorporation of radioactivity into Red Clover chloroplasts 
prepared usin g NaC l and sucrose based sµspension media and 

incubated with UDPga l14c. 

Incorporation % Incorporation into 
Suspension into total lipids lipid comp onents 

Medium 
dpm .I x MGDG y ,'v 

NaCl 3,200 7.5 41 . 8 4 . 5 53 .7 
Sucros e 3 , 100 7.4 26 . 5 4 .5 69.0 

With in the limit s of experimental measurement t he incorporations 

into the total lip ids and MGDG were the same for both suspension media . 

Most of the radi oactivity was in lipids X and Y and the r e l ati ve p roper-

tion of these was slightly different for the two media , 

(f) Galactolipid transformat ions in aged Re d Clov e r ch loroplasts: 

In the r adioc hemical expe riments wi t h Red Cl over, fluor es cent 

spots corresponding to the radioactive peaks X and Y were not usually 

detected after spraying th e TLC plates with dich loroflu orescein. 

Chloroplasts were aged for 5 h ours without the ad dition of UDPga1
14c so 

that the non-radioactive galactolipid trans formations could be detected. 

Two separate experiments were performed; one to compare c h loroplasts 

prepared from fresh leaf tissue with chloroplasts from tissue stored 

overni gh t at 4°c (A),and the other to compare washed and unwashed 

chloroplasts (B). Zero time controls were included for each 

chloroplast preparation. 
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Chloroplasts for part A were prepared by grinding 5 gms of 

tissue in the suspension medium of Method II. Ch loroplasts for part 9 

were prepared similarly with P . V. P . excluded from the suspension medium. 

The homogenates were str ained and centrifuged at 120 x g for 2 min . 

Nashed chloroplasts were prepared from the 120 x g pellet by two further 

centrifugat ions a t 3020 x g for 10 mins . The four chloroplast pellets 

from centrifugation were each resuspended in 30 ml of the suspension 

media and two 10 ~l aliquots t aken : one for the zero time control from 

which the lipids were extracted immediatelv, and the other for the aged 

chloropla~ts which were stored 5 hrs in the dark at r oom temperature 

before lipid extraction. Equal quan tities of the total lipid extracts 

were applied to TLC plates , developed in C/M (10 :1) a nd charred . Photo-

graphs of the TLC pl ates are shown in Figure ? . 

Figure 7A shows that overnight storage of leaf tissue before 

chloroplast preparation did not affect the galactolipid trans formations. 

Three lipids were formed a t t he expense of i·:GDG and DGDG during the 5 

hour aging period for chloroplast s from both fresh and stored tissue, as 

' .. 

shown by the relat ive intensities of the lipid spot s. The positions of two 

of these rel ative t o MGDG corresponded to th e positions of the radioactive 

peaks diacyl MGDG and Y observed in t he r adiochemi cal experiments. 

The quantity of Y was much greater than X, which is the r everse of the 

radioactive peaks . The third lipid formed did not correspond to any of 

the radioactive peaks and was l at er identified as free fatty acid . 

As P .V . P . is partly soluble in chloroform and was extracted 

with the lipids (appearing as a streaking effect from the origin in 

Figure 7B) , it was excluded in the preparation of chloroplasts for 

part B. Comparison of the lipids from the unwashed chloroplasts in 

Figure 7B with the lipids of Figure ?A shows that the absence of P . V. P. 
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and tissue stored overnight at 4°c. 
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slightly reduced the amount of the three lipids formed during aging. 

Rashing of the chloroplasts stopped the formation of these three lipids. 

(g) The pH dependence and the effect of washed chloroplasts on the 

formation o f radioactive galactol ipids by Red Cl over 
14 

chloroplasts incubated with UDPga l C: 

In an attempt to incr ease incorporation into MGDG , the pH 

dependence of the incorpora tion of radioactivity from UDPga1
14c into Red 

Cl over chloroplasts was examined using incuba tions at 4 pH 's ( 6 .2, 6.8, 

7 . 4 and 7.8; the effective r ange of the phosphate buffer used for 

chl oroplast preparation). At each pH washed and unwashed chloroplasts 

were compared t o see if th e was hing decreased formation of the lipids X 

and Y as observed in the previous sect i on (4.2 (f)). A further sample 

of washed chlorop l asts was incubated with UDPga 1
14c in parallel with 

these and a t compl e tion , excess nonradioactive 0DP gal actose was added 

to dilute the UDPgal
14c for a further incubation. 

10 gms of l eaf tissue were used to prepare c ~ loroplasts at 

the different pH's by grindin g in the medium of Method II with the 

phosphate buffer at the appropriate pH. After straining and centrifuga-

tion at 120 x g for 2 min the supernatants were divided into two parts. 

One part was centrifuged at 3020 x g for 10 min ( 'unwashed ' chloroplasts) 

and the other centrifuged twice at 3020 x g for 10 min ('washed' 

chloroplasts). The pellets were resuspended in 1 ml of 0.1 M Tris-HCl 

buffer containing 1 mM cysteine at the correct pH 's. They were 

14 0 
incubated with 15 µl UDPgal C (35,000 dpm) for 1 hr at 38 C after 

0~1 ml samples were taken for chlorophyll determination . 

At the completion of the incubation the lipids were 

extracted. The second sample at pH 7.4 was not extracted after the 
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incubation; instead it was incubated with 25 µl of a stock solution of 

non radioactive UDPgal (2.5 mgm/ml) for a further hour and the lipids 

extracted. The i ncorporation into the total lipids of all samples is 

presented in Table 14. The % incorporation into specific lipid compo-

nents calculated fro m r adi ochromato gram scans (samples of which are shown 

in Figure 8) is given in Table 15. 

The r esults of a simi l a r, separate experiment in which Mci l-

vaine buffer ( 0 . 1 M citric a cid/0 .2 N Na
2

HP0
4

) a t pH 7 . 4 was used to 

prepare and susp end washed a nd unwashed c h loroplas ts are also i n cluded in 

Tables 14 and 15 . The r adi oa ctivity of the UDPga1
14c added for this 

part was not determined . 

--L· 

Table 14 

Incorporation of radioactivity i n to total lipids of washed and 
unwashed c hloroplasts incubat ed a t va rious p H's with UDPga114c. 

Unwashed Chl oropla sts ~ashed Chloroplasts 
- ··· 

Chlorophyll Incorporation Shlorophyll Incorporation 
pH 

Total ;{, Tot a l ~1 

(mgms) (m gm ) 10 

(dpm) (dpm) 

Ph osphate Bu ffer 

6.2 1.4 1, 500 4 1.2 1,800 5 
6 . 8 1 . 3 8 1 000 23 1 . 0 10' 800 31 

7 .4 1 • 1 4 ' 100 12 0 . 7 8,ooo 23 
7.8 o . 8 7 , 300 21 o.6 9 , 400 27 

7.4• 8 , 400 24 

Mc ilvaine Buffer 

7.4 0 .7 12,400 o.6 11,500 

• Lipids from washed chloroplasts incubated with UDPga1
14c for 1 hour, 

then diluted with nonradioactive UDPgal and reincubated 1 hour. 
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Table 14 shows th ~t for both the wash ed and unwashed chloro-

piasts~ the lowest pH ( pH 6.2) gave loN i ncorpora tion (4~ ) whilst the 

other pH's gave muoh h i ghe r incorporation (2 0 to 30%). ·rhe chlorophyll 

concentrations decreased with increasin~ pl[ so that on a c hlorophyll 

basis the highest pH's gave the hi ~he st incorporation into the total 

iipids although the v ~ri ation b et ween pH 6.8-7.8 was no t l a rge compared 

with the variation between pH 6 .2 and pH 6.8. Incorporation into th e 

total washed chloropl as t lipids was slightly higher t han that for unwashed 

chloroplasts at each p~ using the phosph~te buffer. 

I'ab le 15 

~ incorporation of radioactivit y i nto component lipids of washed 
and un~ashed chloroplasts from Red Clover incubated wi th UDPga114c 

a t various pH's • 
. 

Unwas hed Chloroplas ts Washed c111oroplasts 
.. ~---pH DGDG x MGDG y DI.:i.CY L DGDG x i1GDG y DIACYL 

MGDG MGDG 
-- ---

Phosphate Buffer 

6 ... 2 ·- - - 100 - - - - 7'4 26 
6.8 - 16 2 75 7 - 11 39 34 16 

7 .• 4 ... 28 - 72 ... 3 18 30 40 9 
7 .. 8 3 21 19 56 6 - 16 48 27 9 
?-.4· 2 13 17 '59 9 

Mcilvaine Baf're·r 

7 .• 4 : 13 21 29 29 8 9 8 '58 5 20 : 
' ' 

* see Table 14 for details. 

Table 15 shows that 'f·0!' bo'th wash~d ·a:nd unwashed chloroplasts 

the % l.ncorporat.ion into ·MGDG and X 'increased with pH and that there 

was a cot"tesportding d.eet-ease in in·corporati·on int(0 .X and ·dia:-cyl MGDG .• 

I 

I 
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At pH 7 .4 the results were sligh tl y inconsistent with this trend , 

p r obabl y because of variation in the grinding of the t i ssue . Mcilvaine 

buffer at pH 7.4 gave the highest % i ncorporation i n to MGDG both fo r t he 

washed (29%) and unwashed (58~ ) chloroplasts. The r e was little 

incorporation into DGDG (l ess t han 3%) f or any of the phosphate buffer 

samples . However the Mcilvaine buffer gave about 1 0~ i n cor poration i n to 

DGDG . ~ashed c~loropl~sts pr pared using bo t h buffers at pH ' s greater 

than pH 6 . 2 gave muc~ higher ~ i~corpor~tion into ~GDG than did unwashed 

chlor oplasts . This is well illustrated by comparing th e scans in 

Figure 8. 

From t hese r esult s i t can be concluded that the c ondit ions fo r 

optimum incorporation into MGDG nere : washed c~loroplasts prepared using 

Mcilvain e buffer at pH 7 . 4 to pH 7. 8. 

A comparison of t he i~co rporstion patterns for the wa shed 

chloroplasts at pH 7 . 4 before and after reincubation with nonradioactive 

UDP gal act ose s hows tha t the r a dioact i vity in Y increased from 40% to 

59% during the second incubation (demonst r ated qualitatively in Figure 8 

a nd qua ntitatively in Table 15 ). There wgs also a decrease in the 

r adioac tivity in MGDG from 30~ to 1 7~ and a much smaller dec r ease for X 

from 18% to 13%. Incorporation i nt o the total lipids during the second 

incubation was negli gibl e (Table 14) because t he spe cific act ivity of the 

UDPga11 4c was decreased a t l eas t 200- fold on a ddition of the nonr adio-

a ctive UDP galactose. Thus the change i n the p a tt e rn o f radioa ctivity 

which oc curred during t he second i ncubation must be due t o synthesis of 

14 1 4 Y -C from MGDG- C. 
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The incorporation of radioactivity into the galactolipida 

of washed c hlorop l ast s incubated wi t h UDPga1
14c in the presence 

of a particulate fraction obtained from the washings : 

Th i s experiment was designed to test whethe r the changed 

i nco rporat i on pattern caused by washing chloroplasts was due t o the 

removal of one (or more) enzymes in a particul ate fraction of t he washings . 

15 gms of Red Clover le~f tiss ue were ~round in the medium of 

Method II with the phosph~te buffer at pH 7. 4. Af ter straining a nd 

centrifuging at 120 x g for 2 min the c~loroplast suspension was d ivided 

into t h ree equal part s a nd each part centrifug ed at 3020 x g for 10 

minutes. Two of these pellets were resuspended in suspension medi um a nd 

again centrifuged at 3020 x g for 10 mi n . Al l t h r ee pell ets (i.e. one 

unwashed , two washed ) were th en resuspended in 0 .1 M Tris - HCl pH 7.8 for 

incub a tion . rhe supernatant from the final centrifugation of one of t he 

washed samples was centrifuged at 10 , 000 x g for 10 min, the pellet 

suspended i n 0 . 5 ml 0 . 1 W Tris - £iCl pH 7.8 1 and added b~ck to the 

chloroplasts . The fin a l volume of all three chloroplast s uspensions was 

1 ml . 14 
UDPgal C was added to each a nd then incubated for 1 hou r at 

38°c with shaking. 

The lipids wer e extracted 1t t he end of the incubation . The 

incorporation data are presented in Table 16 and the radiochromnt os r ams 

are reproduced in Fi gur e 9 . Hydrogenated diacyl MGDG prepared by the 

method described in Section 3. 8(b) was developed on the TLC plate 

together with the radi oactive lipids in two of the r adiochroma tograma 

using two solvents : C/M (10:1) a nd wa ter saturated diethyl e ther/ 

isopr opanol/ methanol (100:4 . 5 : 3) . Comparison of C with D i n F i gure 9 

shows tha t this secona solvent ~as not as e ffective as C/M (10:1) in 

separating neithe r MGDG from X nor Y from dia cyl MGDG , but it did give 
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Table 16 

Incorporation of radioactivity from UDPga1 14c into Red Clover 
galactolipids by: (1) unwashed chl oroplasts, 

14C 

Type of Added 
to Chloroplasts s ample 

(dpm) 

Unwashed 438,000 

Washed 141'.J,ooo 

Washed + 
1o,000 x g 146,ooo pellet from 
washings 

(2) washed chloroplasts and 
(3) washed chloroplasts plus a particulate 

fraction from the washings. 

Incorporation % Incorporation into into total 
lipids component lipids 

(dpm) % DGDG x lJGDG y DIACYL 
r·fGDG 

76 , 000 17 - 24 6 67 3 

63,000 43 7 11 20 35 27 

101'000 70 5 15 23 41 16 

a good separation between MGDG and Y. 

If enzymes removed in washing were contained in the particulate 

fraction, the pattern of i nc orpo r at ion for wash e d ch loroplasts in the 

presence of this fracti on should have been similar to that for unwashed 

chloroplasts. (e. g . incorporation i nt o MGDG would be closer to 6% than 

to 20%). In fact the difference between the patterns for washed 

chloroplasts in the pres ence and absence of the particulate fraction was 

very small and the incorporation into MGDG actually increased slightly. 

Hence the changed patt ern of incorporation into the galactolipids of Red 

Clover chloroplasts caused by washing is not due to the removal of 

anzymes in this particulate fraction. 
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(i) El ectron ~icrographs of Red Clover chloroplast preparations : 

Unw~shed chloroplasts, washed c11loroplasts and the 10 1 000 x g 

pellet from t he washings were prepared for electron micr oscopy by D.S.I.R . 

staff. Difficulty was experienced in cutting sections of the unwashed 

chloroplasts because fine sand particles were present . There was much 

less sand in the other t~o sa~ples and sections of these were examined 

under the electron microscope for (1) the extent of chloroplast 

disruption (2) the pr~sence of organelles other th~n cLloroplasts and 

(3) the extent of re~oval of sue~ organelle$ by washing . l'he following 

selected electron micrographs arc reproduc~d in Fi~ure 10: 

• 

A. 

B. 

c. 

Int~ct chloropl~st . 

Chloroplast stripped of its outer 

~e~brane and strom3. . 

Chloroplast fragments and other 

organelles. 

l 
j 

D. Chlorop13.st fra~ments and other 

organelles from the particulate fraction. 
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Figure 10 Electron microgr aphs of chloroplast preparations 
Magnifications : A X18 , 000 . B X12,000 . C X12,000 

D X14 , 000. See text for Key . 
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The washed c~loroplast preparat ion contained ~nny inta ct 

chloroplasts (A) but most were stripped of their outer membrane and much 

of t heir stroma (B) . As well as chloropl~sts t here were many chloro-

~last fragments, peroxisomes and mitochondria . The particulate fraction 

from the washin~s consisted of chloroplast fragments , (;rana with 

associ ated lamellae) peroxisomes and mitochondria . It can be concluded 

that t he washing process removed many of these cont aminants . However 

•washing ' re~uired resuspensi on of the chloroplasts in the suspension 

medium aided oy disp~rsal of the pell et using a glass rod. It is l i kely 

th't this disrupted man? of the intact chloropl~sts to give ~ higher 

pr oportion of stripped c11loropla~t~ in the washed prepar~tion . 

4. 3 Analyses of <ed ':;lover g:ll«ctoli pids : 

(a) Fattv acid co~oosi~ion: 

(i) Red ~lover lipids: 

The f~tty ~cid composition of Red ~lover g~lactolipids and 

phospholipids determined usin~ GLC of the methyl esters is given i n 

Table 17 . MGDG , DGDG and total phospholipids were extracted from 

chloroplast lipids by prepar ative TLC using the tol/F.tOH/ZtAc solvent . 

Phospha tidylcholine (PC) a nd phosph~tidyl glycerol (PG) were separated 

from the total phospholipid by preparative TLC using C/M/H20 

(65/35/4 , v/v/v) solvent, Diacyl MGDG was extracted from an ~ged 

chloropl ast preparation using sil icic acid column chromatogr aphy and 

preparative TLC as described in Section 3. 8(b). The GLC chroma~ogrc.r!~:. 

of the fatty acyl methyl esters of t he galactolipids are reproduced in 

Figure 11 , 
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Table 17 

The fatty acid composition of Red Clover galactolipids and 
phospholipids. Results expressed as area percentage of the 

total fatty a cids. 

Lipid 12:0 14:0 16:0 16: 1 ;· 3t 16: 1 16:3 18:0 18: 1 18:2 18:3 .... 
MGDG t t 4 .2 t - - 1 . 0 1.2 5. 7 87.6 

DIACYL MGDG t t 6.9 - - - 1.2 0.9 3 .7 87 .4 

DGDG t t 8.o - - - 2 .1 1 .3 1.5 87.3 

HYDROGENATED t t 3 . 0 97 MGDG - - - - - -

PG t t 1l~.2 - 22 .9 2 .1 3.4 5.0 8 .2 44.2 

PC t t 23 . 8 t 3.5 t 3 . 9 3.7 21. 7 40.9 

t - trace. 

Table 17 shows that the three galactolipids MGDG , DGDG and 

diacyl MGDG have high cont ents (87 to 88%) of linolenic acid. The 

fatty acid composition of diacyl MGDG is intermediate between the 

compositions of NGDG and DGDG. The hydrogenated MGDG was prepared by 

column chromato~raphy as described in Section 3.8 (a) and contains 97/o 

stearic acid and 3% palmitic acid . 

The two phospholipids contained muc h lower proportions (40-

44%) o~ linolenic acid than did the galactolipids. Compared with the 

galactolipids, PC had a high content of 16:0 and 18:2. PG contained 

22.9% of the fatty acid .6,3t16:1 , which is characteristic of t his lipid. 

The fatty a cid compositions of the freee fatty acids formed during aging 

of chloroplasts prepared at t ~ o different times of the year were deter-

mined. These two compositions were different although both were 

intermediate between the galactolipid and PC fatty acid compositions. 

It is likely that both galactolipases and phospholipases were present in 



the chloroplasts and th e differences in the free fatty acid compositions 

were due to different proportions of these t wo enzymes. 

(ii) Radioactive Spinach gal act olipids: 

A radioactiv e tot a l lipid extra c t from spina ch was obtain ed a s a 

gift from Dr. Tapper of the D. S .I. R. Th e pott ed spina c ~ fro m wh ich it 

14 
was extracted had been exposed t o co2 for 24 hour s to form r adioactive 

plant p rotei n . The r e was c ons i derable r adioactivity in both t he 

galact osyl glycerol moi e t y a nd the f~tt y a cyl gr oups of the galactolipids . 

A r adio chromat ogr am of t he TLC of the tot a l lipid using C/M (1 0 :1) showed 

thnt mu ch r adioactiv e lipid Y had been form ed durin g the initial 

extraction of t he r adioa ctive plant protein . MGDG, DGDG and lipid Y 

were obtained from t he tot a l lipid by preparative TLC and their fatty 

acids analysed by a GLC fitted with a r ad ioactivity detector. The 

radioc ~ romatograms o f th e f a tt y a ci ds are r ep roduce d in Fi gur e 12 . 

Table 18 gives t he % r adioactive composition of t he fatty a cids . 

Tab le 18 

The % radio activity in fa tt y acids of Spina ch gat ac tolipids extract ed 
from l e~ves af t er they had been exp osed to 1 •co

2 
f or 24 hrs. 

Lipid 16:0 16: 1 16:2 16:3 18: 1 18:2 18 :3 

MGDG 3. 8 - 4.2 26 .2 1. 2 5.4 58 . 5 
LI PID y 8.3 - 4.5 10.2 7.7 23 .6 45.9 
DGDG 20 . 4 5. 9 - 9 .9 8.6 14.5 40.8 

The % radioa ctivity in each fatty a cid from lipid Y (labelled 

acyl MGDG in Figure 12) is intermediate between the % r a dioactivity in 

the same fatty acid from MGDG and DGDG for all f atty acids except 18:2. 

The % radioactivity in 18:2 for lipid Y is higher than that for both MGDG 

and DGDG. 
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(b) Chemical anal l sis of hydrogenated MGDG: 

MGDG was i sol ated f r om Red Clov er ch loropl as t s by silicic ac i d 

column chromatogr aphy and hydrogenated as described in the Methods Section 

3. 8 (a) . The pur pose of preparing this hydrogen::i.ted tiGDG (HGDGH) was 

to use it as a cont r ol for t he identification of the unknown lip ids 

formed by Red Clover chloroplasts . Relatively l a rge qu~ntities 

(appr oximately 80 mgms) of MGDG were isolated and as its c ontent of c18 

fatty acids was h igh, hydr ogenation yielded a lipid with 97% st earic 

aci d present. Hence :lGDG H was r eadily purified by r e peat ed crystalisa.-

tion from C/M (1:9). Its purit y , checked by a melting point determina-

tion and DSC analysis was found to b e high . It was used to test t he 

feasibility of ~pplying mass spectroscopic analysi s to the id entification 

of diacyl MGDG . It 5 IR spectru~ was compa red with t hat of d i a cyl MGDG . 

A c h emica l analysis fo r the ~al ~ctose, glycerol and f~t ty acid compo

sition was also made us i ng the me t~od described in section 3. 9 to check 

that MGDG had indeed been isol a ted a nd to t est t he feas ibility of using 

the same method for i dentifying di~cyl HGDG . 

The r e sults of the chemical analysis are shown in ·rable 19 . 

If the molar r ati os a re corrected t o t he nearest whole number 

it ca n be concluded th~t the c omposition of the hydrogenated MGDG is the 

theoretical value of 2: 1:1 : 1 for the ratio FA:gala ctose : glycerol: MGDG . 

Ho wever the variation in the determinations is l a rge (greater than 10%) 

despite the purity of t he galactolipid. Hence t~ is method was not 

applied to the analysis of diacyl MGDG whic h was ob tained in v e r y s mall 

quantities (5 to 10 mgms) a nd was impure . 
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Tabl e 19 

Analytical da ta for hydrogenated MGDG. 
Two separ~te analyses were made . 

-
Constituent Determina tion 1 Determination 2 

(µmol es) ( µmoles) 

MGDG analysed 1 . 0 1 . 0 

Fatty acyl esters t 2 . 0 1 . 8 

Fatty acids* 2 . 4 2 . 1 

c,,,. l a ctose 1 • 2 0 . 9 

Glycerol 1 . 2 o.8 

Ratios** 

FA : gal: glycerol 1 . 8:1 . 0 :1 . 0 2 . 2 :1 . 0 :0. 9 

FA :gal: glyc~rol:MGD3 

experimental 2 . 2 :1 . 2 : 1 . 2 : 1 . 0 2 . 0 : 0 . 9:0 . 8 :1. 0 

theoretical 2 : 1 : 1 : 1 2: 1 : 1 : 1 I 
t colorimetric t echni que . 

* 
•• 

determined from GLC of me t hyl esters ~i th inter nal s tandard . 

Fatty acid value used waR the average of th e 2 for each 
deter:nination . 

( c) Infra-red spectra of diacyl MGDG and hydr9genated MGDG : 

The IR spectra of hydrogenated MGDG and diacyl HGDG in K Br disks 

a re reproduced in Fi gure 13. 6 -1 A standard pol ystyr ene peak at 1 00 ~-

is shown on the top spectrum. Similar peaks wer e obtained for hydro-

genated MGDG as thos e r eported in the literature (see Section 1.2 (e)) . 

The diacyl MGDG sample was the nonhydrogenated lipid separated 

by preparative TLC in C/M (10 :1) from the mixed galactolipid fraction 

prep a red by column chromatography as described in section 3.8 (b) . Its 

Rf in C/M (10:1) corresponded to that of radioactive diacyl MGDG 
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obtained in the radiochemic a l exp e rim en ts. The spectrum of dia cyl MGDG 

is very simila r t o that of th e hydrogenated MGDG , with an additional peak 

6 -1 -1 
at 1 50 cm and a slight shoulder at 3000 cm due t o the cis double 

bonds . 

(d) Melting p oint de t e r mina tion a nd diffe r enti a l s c anning 

c a lorime tric analys is o f hydrogenated MGDG : 

As a measurement of pu rit y , the melting point of the hydr o ge -

nated MGDG was det er min ed us ing a ho t st age mic r oscop e . Vi ewed t h rough 

the microscope , t he dried MGDGH consist ed o f small broken crystals. On 

heating , t h is samp l e underw ent a transi tion t o l a r ger, more regula r 

facetted crys t als a t 100°C (sint e r ing po i n t ) . Furthe r heating r esulted 

in melting at 158°c. Cooling of t he me lt to 4o 0 c gave l a r ge irregular 

multi-facetted c r ystals and on r eheatin~ a new s intering p oin t at 75 °C 

w.g_s obse rved. There wa s no trans i tion a t 100°C on t ~ is s e c ond 

de terminati on and t he melting point was a littl e l o we r a t 153°c . 13oth 

determinations gave shar p mel ting p oint s with melti ng occ urri ng over a 

r ange of about o. 5°c indicating h i gh purit y . 

A furth e r sample of MGDGH was analys e d by DSC as a more 

accurate check on purit y and melting poi n t and t o study the polymorphic 

behavi our in mor e det a il. The melting curve s and a cooling curve a re 

reproduced in Figure 14. 'rhe same sample was used t h roughout a nd the 

c onditions for the analyses we re: 

scan s p eed: 8 . 34 degrees/min 

chart speed: 60 inches/hour 

range: 4.53 (curves 2-5) and 2 .35 (curve 1). 

Curve 1 is the first melt .s:i.ft()r intro'1nction of the sample 

(crystallised from C/M/H
2

0) into the sealed pan. There were two 
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endothermic transitions: a large one at 95°c (368°K) and a much smaller 

one at the melting point of 156°c (429°K). 

Curves 2 to 4 were obtained by cooling the melt to 53°c 

(326°K) and reheating after holding at this temperature for increasing 

periods. 'rhere were 3 endothermic tran sitions: the two observed in 

curve 1 plus another at 72 . 5°c (345,5°K). The size 0 of the peak at 95 C 

increased with holding time and the size of the peak at 72 . 5°c decrea sed. 

Curve 5 was ob tained by cooling the melt as r apidly as the 

apparatus would allow and r ehe ~t ing immediately. 0 The peak a t 95 C was 

completely absent . 

Cu rv e 6 was a typical cooling curve. Note t hat the peaks were 

shifted downscale as is usual with cooling curves. The transition 

equiva lent to th.3.t obt a ined at 95°c in the me lti'1 13 curv e ~ "TP. C' ..,,"'I C::I""\':"'" ·...... _J. \,.. • 

The three transi tions observed with DSC occur a t temperatures 

which are in good agr eement wi th t he tempe ratures observed with the hot 

stage microscope, ~nd the narrow, sharp peaks obtained indicate high 

purity (greater than 99%) . 

Th e polymorphic behaviour displayed by the MGDGH is similar 

to that of phosphatidyl choline described in Section 1.2 (e) and illu-

strated by Figure 2. It is most simply explained by postulating two 

crystalline forms of the solid MGDGH • The ~ form which transforms to a 

liquid-crystalline phase at 95°c, is the most stable form and is obtained 

by crystallisation from C/M/H20 (curve 1). The ~ form which transforms 

0 to the liquid-crystalline phase at 72 .5 C is the form obtained by rapid 

crystallization of the melt (cu~vc~ 5 ~nd 6). The melting point at 

156°c corresponds to a low energy (small peak area) transition from the 
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liquid-crystalline phase to the liquid. A slow tt to 13 transformation 

takes place at room temperature so that 13 accumul a tes when ~ is held at 

room temperature as shown by curves 2 , 3 and 4. Hence on heating solid 

crystallised from the melt and held for 1t hours as in curve 3, the a 

transforms to the liquid-crys talline pha se nt 72 . 5°c a nd t h e 13 which was 

formed during the holding period transforms to the liquid crystalline 

0 phase at 95 C. 

An a to 13 trans ition a lso occurs just above the melting point 

of a as shown by the exothermic trough b e twe en the a and 13 peaks in curves 

3 and 4. This was furth er demonstrated by 'tempering' the sample. 

was heated to jus t above the temper a ture of its tran s formation to the 

liquid crystalline phase a nd by holding P. t t his tempe r a ture for sufficient 

time, (approximately 1 hour) all the s ample was tra nsform ed into 13. 

On cooling a nd reh eating, the melting curve resembled curve 1. 

of this transition appeared to be dependent on t he a mount of 13 present to 

seed it, as the size of th e exoth ermic trough increased from curve 2 

through to curve 4. 

Little can l:Je n. cd1~ c,.,ri. a o01 ,i_ t th e structure of the two crysta-

lline forms, although considering the hy ~ ro9hillic nature of some of tho 

phosphatidyl choline crystalline forms (see Section 1.2 (e)), it is li~c l~-

that water of crystallisation is involved in these phase changes. 

( e) Map.5 spectros_cop~c .. analysis _o:f_~ydro_g_enated MGDG and 

hydrogenated diacyl MGDG: 

Mass spectroscopy was used to identify the structure of the 

lipid diacyl MGDG which was formed in radiochemical and aging experi-

ments with Red Clover chloroplasts. Hydrogenated diacyl MGDG was 

prepared from a total lipid extract of aged chloroplasts as described 



in Section 3. 8 (b) . Figure 9 parts B and C s hows radiochromatograms i~ 

which diacyl iiGDG 14c was chromatograpbed with the hydrogenated diacyl 

MGDG standard in two solvents ; C/M (10:1) and water saturated diethyl 

ether/isopropanol/methanol (100:4.5 :3. 0) . It can be seen t hat the 

radioactive peaks correspond with the hydrogenated lipid . 

Mass spectroscopic analysis of galactolipids has not been 

previously reported in the literature . As its purity and c~emical 

composition had been esta~lished, hydrogenated M3DG (97% 18:0 - see 

3ection 4. 3 (a)) was analyned first to test the feasibility of using 

unblocked galactolipids anJ to examine their general fragmentation patter- . 

A detailed description of the fragmentation sequence was not required and 

only intense peaks relevant to the identification of the diacyl MGDG 

were examined in the spectra . 

A stable spectrum with high molecular mass peaks of measur~:, _ 

intensity was o!1tained for ; :~mGH 
0 at high temperatures (250 C) . No 

molecular ion was detected and the ion of highest mass was at 768 m.u. 

wnich corresponds to t he molecular weight of HGDGH containing two 

stearoyl groups minus water . At t his h i gh mass , the spectrum was too 

weak for high resolution mass measurement . 1'here were intense peaks fo 

fragment ions at 606, 607 , 284 and 163 rn . u . The results of high 

resolution mass determinations made on three of these and calculated 

masses and formulae were as follows: 

peak measured mass calculated mass formula 

606 m. u . 606.5564 606 . 5581 C39 H74 04 

607 m. u . 607 .. 5632 607.5659 C39 H75 04 

163 m. u . 163. 0606 163. 0606 06 H11 05 



The most likely structures of these are: 

C39 H75 04 

i 0 l+ 
II 

CH2-0-C(CH2 )16cH
3 

0 
II 

CH ~O-C(CH2 ) 16cH3 

OH 

0 + 
II 

CH2 - 0-C(C H2 )16cn
3 

I ~ 
C -O-C(CH2 )16cH

3 
II 

90. 

The peak at 284 m.u.is at the molecul~r weight of stearic acid 

which made up 97% of the total fatty acids of the 4GDGH. There was 

also a series of peaks spaced at 14 m.u. at masses lower than 284 m.u . 

which are characteristic of stearic acid fragmentation. 

Hence the most abundant ions in the spectrum were associated 

with the hydrocarbon chains, glycerol esters and galactose of MGDGH . 

The absence of a molecular ion and the presence of the peak at 768 m. u. 

suggests that water was imme~iatPlv lost from the molecule; probably 

from the galactose moiety to give an ion of the type: 
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+ 

CH2 - 0 -

I 0 
II 

CH - 0 - c 

L OH 

An important fra gmentat i on occurred a t t he ethe r bond bet ween the gal a c-

tose and glyc erol moieties t o gi ve t he ions with mass es 606, 607 an d 163 

m.u. Fragmentation of t he glycerol est er bonds ~ust yi eld intact 

stearic acid . 

The most intense high molecula r we i gh t peaks obtained with 

diacyl 1GDG hea ted to 250° c , we re at 606 , 607 , 676 , and 677 m.u. The 

stearic acid fragmentation peaks noted fo r NGDGH we r e also present and a 

peak at 163 m.u. was of v ery low i ntens ity r el ative t o the st earic a cid 

peaks compared with t he 163 m. u . peak for MGDGH . As the .sample 

temperature increased to 250°c t he i ntensities of the peaks a t 606 a nd 

607 m. u. decreased in proportion to t he peaks at 676 and 677 m.u . 

Further analyses on recryst allised lipid would be required to determine 

whether this effect is du e to temperature dependent pyrolysis or due to 

the presence of two or more slightly different compounds of varying 

vola tility . 

The peaks at 606, 607 and 284 m.u. have been described for 

the MGDGH spectrum. High resoluti on mass measurements were made on 

676 m.u. and 677 m.u . : 



peak 

676 m.u. 

677 m. u . 

measured mass 

676 . 5596 

677 .5665 

ca lcula ted mass 

676 , 5638 

677 . 5719 

fo r mula 

C42H7606 

C42H7706 

Th e mos t acceptable st r uctur es for thes e two ions are : 

0 + 

CE 

0 

C··ir 0 c
11 

( C' T ) rqr -, + 
' 2 - - L'2 16v . 3 ~ 

OH 
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The positions of the 2 stearoyl gro up s on the ring can not be 

deduced from the mass spectra . 

On the basis of these results, t h e following structure for 

diacyl MGDG is proposed : 

1 , 2-di-O•acyl-3-0 ( diacyl - ~-D-g.alac tof;-,-:c .:.::o~y 1 ) -~-glycerol. 
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The fragmentation of t his molecule is similar to that of MGDGH 

except that cleavage of the et he r linkage betwe en t he gal a ctose and 

glycerol yields the f r agment ions at 676 and 677 m, u . , instea d of 

163 m. u ., besides the ion at 284 m. u . 
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Chapter 5 

DISCUSSION 

Incorporation of radioactivity into the ~alactolipids of 

Red Clover chloroplasts: 

P . V.P. and NaDEDTC were required in the suspension medium used 

to prepare Red Clove r chloroplasts for incorporation of radioactivity 

14 
from UDPgal C into the chloroplast galactolipids. P.V . P., which had 

the greater effect on incorporation, binds strongly with phenolic com-

pounds (tannins). Tannins are widespread in plants an d often occur in 

high concentrations. They have b een shown t o i nh ibit the activities of 

many plant enzymes and this effect has be e n r eview ed by Loomis and 

Battaile (1966). Phenols form very strong hydrogen bonds with N-

substituted amines and henc e with protein peptide bonds. Furthermore, 

tannins are readily oxidised by phenol oxid as3s which are common in 

plant tissues, to form quinones. These compounds can oxidise essential 

protein groups and also react to form cova lent bonds with SH groups, 

terminal amino groups and N-terminal prolines of proteins. P .V.P . forms 

hydrogen bonds with tannins to give stable insoluble complexes. 

The effect of P.V.P . on Red clove r chloropl ast inco~poration 

suggests that Red Clover has a high content of tannins. NaDEDTC 

forms a strong complex with copper and its effect on incorporation was 

probably due to inhibition of copper containing polyphenol oxidase. 

Red Clover chloroplasts were much less active in incorporating 

14 
radioactivity from UDPgal C than were Fc~c11n " ~ 1 s~r~1~s ~s. Furthermore, 

the principal radiolipids formed were lipids X and Y and sometimes smaller 



amounts of diacyl MGDG while the main component f or Fescue was MGDG 

with smaller a mounts of X, Y, diacyl MGDG and DGDG . Incorporation into 

X and Y was also observed for spin~ch and ryegrass chloroplasts in the 

experiments designed to compare different homogenising techniques. 

Synthesis of radioactive galactolipids by Red Clover chloroplasts has 

not b een reported previously, but incorporation i nto lipids other than 

MGDG and DGDG (including lipids with simila r Rr 's to X and Y) by 

chloroplasts isol ~ted from various plants has been obs e rved (Eccleshall, 

1970; Webster and Chang , 1969; Ongun and Mudd , 1968; Chang ~nd 

Kulka r ni , 1970), However in all these instances incorporation into 

MGDG was the highest, wh e reas Red Clover chloroplasts c onsist en t ly gave 

rela tively low % incorporation into MGDG. 

Incubation of Red ~lover leaf slices with Ga1
14c gave low 

incorpor a tion into the main lipid components MGDG and DGDG with only 

trac es (less than 1%) into X and Y. This was a similar pat t ern to 

that of Fescue and agreed with th e patterns obtained f o r Fescue and 

Barley leaf slices by Ecc lesh~ll (1970). P . V. P . was not r equired i n 

the leaf slice incubations. As t he l eaf tiss ue was l ~rgely intact the 

ga1
14c must have diffused or may have been tra nsported through the tissu e 

to the chloroplasts for formation of the UDPgal. derivative and 

galactolipid synthesis. The incorpor ation patt e rn observed this way 

should reflect the true proportions of the final products more than the 

chloroplast incubations . Thus the observance of th e formation of X, 

Y and diacyl MGDG is a function of the c hloroplast preparation. 

5.2 Identification of galactolipids formed _by_Re~__clover 

chloroplasts: 

In the chloroplast incubations with UDPga1
14c , little or no 

lipid was detected on the TLC plates at positions corresponding to the 
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radioactive peaks X, Y and diacyl MGDG . :Vintermans ~ al. (1969) 

studied the formation of similar lipids in nonradioactive aging experi

ments with spinac h chloroplasts. Red Clover c h loroplas ts gave a similar 

pattern of lipid formation in aging expe riments, the principal lipid 

formed being diacyl MGDG with small e r amounts of Y and X. Free fatty 

acids were also formed in quite large amounts d e spite the add ition of 

cysteine-HCl which Helmsing (1 969) found inhibited th e gal~ctolipase 

from runnerbean. 

Diacyl MGDG was i den tifi ed using mass spectroscopy and the 

structure was established as 1,2-di-0-acyl-3-0 (di-0 -acyl-~-D-

- galactopyranosyl)-££-glycerol. The positi on of at t achmen t of th e 

ga l a ct osyl acyl groups was not determined. Hydrogenated NGDG wa s used 

as a control comparison for th e diacyl .iGDG identific a tion and fr agmen 

tation between the galactose a nd glyc e rol moiet i es occurred for bo t h 

lipids . Thei r IR spect ra were v ery similar , with som e small differences 

in the fi ngerprint r egion . This is t he first r epo rt ed identification 

of diacyl MGDG from plan t ma t erial . It has been shown to be present in 

the lipids of 3ifidoba cterium bifidum ( Exterkate an d Veerk~mp, 1964) . 

Mass spectra of gal a ctolip ids have not been reported previously and the 

spectrum obtained with MGDGH shows that t he galactolipids are suffi-

ciently volatile to yield useful information. Hydrogenated lipids were 

used because hydrogenation ga ve a more homogenous structure, and also 

pigments which were not removed by column chromatography were removed 

during the hydrogenation . Details of fatty acid composition are lost 

by hydrogenation but the simpler spectra enable identification of the 

basic structure of the lipid. The principle of isolating hydrogenated 

lipids of unknown structure for identification by mass ~~ectrometry is a 

useful one, especially as this work with galactolipids a nd the studies 
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of Kl ein (1971a and b) with phospholipids show t hat polar lipids can be 

analysed without the blocking of active groups . 

The MGDGH prepared for us e as a standard for the identification 

of diacyl MGDG was shown t o be pure by its sharp melting point and 

the sharp penks in its DSC ~nalyses . Polymorphic behaviour was also 

observed and explained by postulating two crystalline forms for MGDGH 

which transform to a liquid crysta lline phase ~t different temperatures 

(95°c and 72 . 5°c) . 0 
rhe transition temperature (95 C) and mel ting 

point (156°c) obtained wit~ the DSC agree quite well with a sintering 

point of 91 - 92 . 5°C and a ~elting point of 151 . 5 - 153. 5 r c?ort ed by Heinz 

(1971). f-1 1 though r eµo rted melting paint d9.ta do not include a 

transition a t 72 . 5°c, Jehrli and ?omeranz (1969) reported a r .P. of 

60- 65°c for ch emi cally synthesized ~onogalactosyl distcar oyl glyceride 

a nd they had probably observed this transitio~ r a ther t han the true 

melting point . 

Insufficient Y was formed in 5-6 hour aged chloroplast 

preparations to enahle it s iAolation and iden tification by mass 

spectrascopy. ~owever its position r elative to MGDG in TLC using t he 

water satur ated diethyl ether/isopropanol/methanol (100 : 4 . 5:3 . 0) 

solvent, is simila r t o that of acyl MGDG identified by Heinz (1967a) . 

Also , Y was shown to be formed from MGDG in r adiochemical experiments 

with chloroplasts. More diacyl MGDG was formed in the 5 hour aging 

experiments relative to Y than was the case in the shorter 1 hou r 

14 
i ncubations with UDPgal C. This also suggests that Y was a precursor 

for diacyl MGDG. It is postulated that Y is monoacyl MGDG and thus 

MGDG , Y and diacyl MGDG form an homologous series as the equal spacings 

between these observed in TLC using C/M (10 :1 ) would suggest is the case . 
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Lipid X was not identified, althoug~ it could be monoacyl 

DGDG as it had a simila r position relative to MGDG after TLC in C/M 

(10:1) as did monoacyl DGDG identified by Nintermans (1969) in spinach 

c hloroplas t preparations. 

The free fatt y acids we re identified as such b y several methods 

outlined in Section 3. 8(b). 

5.3 Improved i n corpor a tion i n to MGDG of Red Clov e r chloropla sts: 

I n order to study the details of MG DG synthesis by Red Clover 

chloroplast s using UDPga1
14c, hi gh e r levels of i ncorporation into MGDG 

an d DGDG were r equired. He nce var ious c ondi tions for the prepa r a tion 

~nd i n cubati on of th e s e c h loroplasts were s tudied. 

It was found th a t t he highes t incorpora tion i ~ to MGDG was 

obtained if th e phosphate and Tri s -~C l buffers used for preparation a nd 

i ncubation of the ch lorop l as ts were in th e rang e pH 7.4-7.8. Th e use 

of Mcilvaine buffer for both pr ep~ration and in cu b~tion was even better , 

al though it was tested ~t only one pH value (pH 7.4). This pH effect 

could have been due to the pH dependence of the transacyla ting enzymes 

wh ich form X, Y and diacyl MGDG or it could hav e been due to the decrea sed 

binding of proteins by tannins with increa sed pH (Loomis and Battaile , 

1966). Heinz (1967b) found that the enzyme which synthesizes acyl 

MGDG by transacylation from DGDG to MGDG in spinach homogenates has a 

pH optimum of 4.5 and its activity rapidly decreases with increasing pH. 

Probably both e ffects were operating. 

Washing of chloroplasts removed peroxisomes, mitochondria and 

chloroplast fragments which were present in the unwashed chloroplast 

preparation. Washing also gave increased incorporation into the total 
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lipi ds a n d into MGDG . If the chan ge in incorporation pattern obtained 

by washing the chloroplasts was due t o the r emoval of transacylating 

enzymes in the particulate fra ction of the washings , then the incubat ion 

of washed c~loroplasts with the particulate fr a ction would have given an 

incorpor at i on p~ttern simi l ar to t h at of unwashed c ~loroplasts . This 

did not occur, although i n c or porati on into the tota l lipids was increased . 

It appears that the enzymes we re r emoved i n the Bupc rna tant fraction of 

the was~ings and were not c onstituents of contaminating organelles in 

the unwashed chloroplasts . The mos t likely explanat ion of the effects 

of washing is tha t the r esuspension of the chloroplast pellet disrupted 

14 
more chloropl as t s allowing increased contact between UDPgal C and the 

enzyme which synthesises the g~lactolipids. The transacyl3ting enzym es 

which a r e removed by th e washing must be r~l~tively soluble a~d easily 

accessib l e t o solvent (e . g ~ loc a ted in the stroma) . 

Winterm~ns et a l. (1969) found that c~loronl~sts isolated in - - . 
sucrose-containing med i a had high galactolipid transacylating activity 

whereas chloroplasts is ol ated in sodium chloride containing media did 

not . N~Cl r emoves s tromal protein and so t he transacylating enzymes 

were thought to be located in the str oma . In the present study no 

l a rge differences between these two media were observed for incubations 

14 
of Red Clover chloroplasts with UDPgal C. 

It can be concluded that th e best conditions for incorporation 

1 l+ 
from UDPgal C into Red Clover chloroplasts are to us e washed c hloro -

plasts prepared with Mcilvaine buffer in the pH r a nge 7 . 4 to 7. 8. 

LIBRARY 
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The nature of the galactolipid transacylating enzymes: 

Monoacyl MGDG, diac yl MGDG and a small amount of monoacyl 

DGDG were formed in th e aging experiments at the expense of MGDG and 

DGDG . It appears th ~t the synthesis of these acylated derivatives by 

Red Clover chloroplasts is s imilar to the synthesis of monoacyl MGDG 

i n spinach leaf homogenates (Heinz , 1967b) . That is, monoacyl MGDG is 

formed by transfer of an a cyl group from DGDG to MGDG and diacyl MGDG 

i s formed by a further transa c ylation from DGDG to monoa cyl MGDG. The 

fatty acid composition of the diacyl ~GDG was consistent with such a 

synthesis, as it was intermediate be twee n the fatt y acid compositions of 

MGDG and DGDG . Furth e r experiments are needed to c onc lusively establish 

t h is point. As insufficient monoacyl MGDG was formed in the aging 

experiments t o purify a nd make a fatty acid analysis, a similar 

comparison for this lipi d could not be ma de. Howe v er t he radi oactive 

monoacyl MGDG from spinach d id have a radi oac tiv e f a tt y acid 

compo s ition intermediate between MGDG and DGDG . 

The formation of fr ee fatty ac ids occurred at th e same time as 

these transacyla tions in th e aged c h loroplast preparations. The fatty 

acid composition of t his fr~ction was intermediate between t he fatty 

acid compositions of PC and MGDG . It is probable t hat both phospho-

lipases and galactolipases were active during the aging . 

activity was r em oved by washing of the chloroplasts. 

The lipase 

~Vintermans et al. ( 1969) observed that galactolipase ac tivity 

occurred at the same time as the transacylations. They assayed for 

free fatty acids using a colorimetric te chnique. However, in their 

published TLC of the lipids from chloroplasts befor e and after aging, 

there was no lipid labelled as free fatty acid . The TLC spot 
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c orr esponding to f r ee fa t ty acid was shown to contain an MGDG derivative 

by paper chroma togr aphy of the deacylated lipi d. However the authors 

did no t exclude the possibility th~t fre e fatty acid was ~lso present . 

In Heinz ' s (1 96?a ) study of acyl f~DG formation in spinach homogenates , 

no mention of f r ee fatty acid formation was made . However in h is 

p ub l ished TI~ using the water- saturated diethyl ether/isopropa nol/ 

methanol solvent , there is a major lipid with an Rf slightly less thRn 

that of acyl MGDG, which was probabl v free fatty acid. 

Acylated galactolipids have not been detected in the normal 

lipids o f plant leaf tissue . Thus the enzyme or enzymes responsible 

for their formation in leaf homogen~tes or chloroplast preparations are 

more likely t o be modified enzymes produced by th e disruption of the 

plant material , th ~n they are to be normal enzymes of gnlac tolipid 

~etabolism in t~e intact pl~~t leaf cells. There a r e two ways in which 

t h is could occur. Firstly the enzymes could have a function in the 

cell different from ealactol i pid synthes is, but capable of transacylating 

galactolipids when the tight compartmentalisation of t he cell is dis 

rupted s o that they are 1J~de a ccessible to this abnormal substrate. 

Secondly , the enzymes may ~ave a normal role in galactolipid metabolism , 

but disruption of the cell changes their specificity through such 

phenomena as local pH or polarity changes or binding r eac tions with 

tannins o r quinones . The lipase of general specificity i solated from 

potato tubers (Galliard, 1970) was able to transfer a cyl moiet ies from 

l ipi d t o a l cohols present in the incubation mixture . This provides 

a good example of the type of enzyme that could ac t on galactolipids as 

described above . 
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SUMMARY 

Leaf s lic es prepa red from Red Clover (Trifolium Era tense) and 

Fescue (Festica e l a tion) incorporated ga lactose
1 

C into MGDG and 

DGDG but acyl ated MGDG a nd DGDG were not formed. 

14 
Chl o roplast prepar ations fr om fescue i~corporated C ~al~ctose 

14 
from UDP- C galactos e into MGDG with only small amounts present 

in a cyla ted NGDG . Red Clover chl oropl ast pre p3ra tions require d 

the pr e sence of polyvinyl pyrrolidone a tannin complexing r eagen t 
1 Lf 

or sodium diethyldithiocarbamate before incorooration of C into 

galac t olipids c ould be measured . There was little inc or poration 

into MGDG and DGDG most o f th e r a d i oactivity being presen t in 

t h r ee acylated ga l actol i p ids . 

·,· i·t 11 hl l t f Ra ~1 · · t· r 14c c . o r op as s r om ,e v o ve r maximum i n c or i)ora ion o 
14 

from UDP C gal ac t ose int o MGDG was obt~ined using a citrate 

phosphate buffer p3 7.4 during preparation , wash i ng , a nd 

i n cub a ti on o f t he c hloropl as ts . 

4 . ;rhe mass spectrum of pure hydrogenated :1G1)G i solat ed from Red 

Cl ov e r l eaves is d escribed . Intense fragment ions d e rived fr om 

the hydrocarbon, gly c e r ol and galactose moietie s we r e pres e nt . 

The us e fulness of mass spectroscopy for identify ing lipids after 

hydroge na tion is discussed. 

5. On e of the a cylated galact oli p ids f or med by t he chloroplasts was 

hydrogenated and identified using mass spectroscopy. 

found to be consistent with the structure : 

It was 

1 , 2 - di - O- acyl- 3 - 0 (di -0-acyl -~-D-galactopyranosyl)

-~-glycerol . 

This lipid has not been pre viously identified in plant homogenates . 

6 . The other two acylated derivatives were t ent a tive ly ident i fied as 

monoacyl MGDG and monoacyl DGDG . The significance of the 



formation of the thr ee acylated galactolipids by transacylation 

reactions is discussed . 

7. DSC analysis of hydro genat e d NGDG showed that two cryst a lline 

forms of this lipid exist , e a ch having different temperatures 

of transition to a liquid crystal line phase. This polymorphic 

behaviour can e xp l a in s ome d~ffering melting point data 

reported in the lit e r ~ture . 



104. 

REFERENCES 

Allen, C. F ., Good, P., Davis, H. F., Chisum,~ and Fowler , S . D. (1 966) 

J. Am . Oil Chr''Jl, S11 c . _'.t~, 223 . 

Andersen, R.A. and Sow ers, J . A. (1 968 ) Phytoc hemistry z, 293 . 

Appelquist, L., Boynt on , J . E., S tumpf, P . K. a nd von Wettstein, D. (1968) 

J. L~pid R 0_ ~. . 2_ , 425. 

Auling , G., He i nz , E. a~d Tulloch , A. P . (1971) Hoppe-Seyler ' s z. 
Fhysiol. Ch~~ · ]L_~ , 905 . 

Bailey , R . '.'J . ( 1964) 

Bamberger, E. S . and Park , R. B. (1966) Pl ant PhysioL 41, 1591 . 

Barber, M., Merren, T. O. and Kelly, W. (1964) 

1063. 

Te trahedron Letts. ~' 

Benson , A. A. (1963) ~~v. Li pid Res. ~' 387. 

Benson , A. A., Wi n ter~~ns , J .F . G. M. a nd Wiser, R. (1959) 

34 , 315 . 

Bishop, D. G., Andersen, K. S . and Smill i e , R. M. (1971) 

Biophys . .Re_~o_m~ , 42 , 74 . 

Bishop , D. G., Andersen , Y . S . 2nd Smillie, R . M. (1971 ) 

Biophis. Acta ~l.2_ , 412 . 

Pl a nt Phys iol. 

Biochem. 

i3io chim. 

Bishop, D.G. and Smilli e , R. M. ( 1970) Arc h , 3iochem. Bio;ehys. 137 , 179'. 

Carter, U. E., Hendry, R. A. a nd Stanacev, N. Z. (1961b) 

223 . 

J. Lipid Res . ~' 

Carter, H. E. and Koob , J.L. ( 1969) J . Lipid Res . .2.£ , 363 . 

Carter, H. E., Mc Clue r, R. H. ~nd Slifer, E. D. (1956) 

~· 78, 3735. 

J . Am . Chem·. 

Carter, H. E ., Ohno, K., Nojima , S ., Tipton, C . L . and Stanacev, N. Z . 

( 1961 a) J. Lipid Res. ~' 215. 

Carter , H. E., S tro~ach, D. A., a nd Hawt h orne, J . N. (1 969) Biochemistry 

§.' 383. 

Chang, S . B . (1970) 



105. 

Chang, S . ~ . and Kulkarni, N. D. (1970) Phytochemistry 2' 927. 

Chang, S . B . and Lundin , K. (1965) Bi ochem . Biophys. Hes. Comm • .s!_, 424. 

Constantopoulos, G. (1970) Plant Physiol. 45, 76 . 

Daftary, R. D., Pomeranz , Y., Shogran , M. D. and Finney, K. F . (1968) 

Food Technol. 22, 327 . 

Douce, R. and Gui llot-Salomon, T. (1970) FEES Letts. 22, 121. 

Dubois, M., Giles, K. A., Hamilton, J. K., Rebers, P.A. and Smith , F. 

(1956) Anal. Chem. 28 , 350. 

Eccleshall , T.R . ( 1970) Thesis , Massey University , N. Z. 

Ecc leshall , T. R. and Hawke , J . C. (1971) Phytoc hemistry. (In Press) . 

Eich enberger, W. and Newm~n , D . ~ . (1968) Biochem . 3iophys. Res. Comm . 

32, 366 . 

Exterkat e , F . t. . a nd Veerkamp, J.H . ( 1969) 3i ochim. Biophys . .A cta 17(; , 

65 . 

Ferrari , rt . A. and Genson, A. A. ( 1961 ) Arc '.1. Jiochem . Bio;ehx:s. 93 , 

Ga l .liard , r . ( 1969) Bio ch em. J. 115, 335. -

Gnllia rd, T. (1970) Ph;ztoche m. .2' 1725. 

Galliard, m ( 1971 ) Biochem. J . 121, 379. j_ • 

Gatt, S. and Baker, E . .S . (1970) [3 ioc ~1im. Biophys. Act a 206 , 125. 

Gurr, M.I. (1971) Lipids~' 266. 

Hanahan and Olley, J . N . (1958) J. 3iol. Chem. 231, 813 . 

Harris, R.V., James, A.T. and Harris, P. (1967) In Bioch emistry of 

Chloroplasts Vol. II ( Goodwin T. W., ed.) p. 241. Academic 

Press, New York . 

185. 

Hatch, i''. . D . and Slac k , C . R . (1970) Ann. Rev. Plant Physiol. ~' 141 . 

Hawke, J.C. (1971) Revi ew chapter of book (In preparation) . 

Heinz, E . ( 1967a) Biochim..:_Bi.?Ph.y.s. Acta 144, 321. 

Heinz, E. (1967b) Biochim. Bi ophys. Acta 144, 333 . 

Heinz, E. and Tulloch, A.P. (1 969) Hoppe-Seyl~r's z. Physiol. Chem . 

350, 493. 

Helmsing, P .J. (1967) Biochim. Biophys. Acta 144 , 470. 



106. 

Helmsi ng , P.J . (1969) oiochim . Biophys . Acta 178 , 51 9. 

Holton, R. '.V. , i3lecker, H. H. a nd Stevens , 1' . S . (1968) Science 160, 545. 

J ami eson , G. R. and Reid , E. J . (1969) Phyto~hemistry ~ ' 1489 . 

Jamies on , G.R. a nd Re id, E .H. (1971) Phytochemistry 10 , 1575 . 

Ji , T. H. and Bens on , A.A . ( 1968) Bi ochim. 3iophys . Acta 22.Q, 686 . 

Kates , M. ( 1970) Adv. Li Eid Res . ~, 225 . 

Klein , R. A. ( 1971 a) J . Lipi d Res. _g , 123 . 

Klein , R. A. ( 1971 b) J . Li Eid les . ~. 628 . 

Kuiper, P .J. C. ( 1970) Plant Physi ol . 45 , 684 . 

Ladbrooke , r3 . D. a nd ~hapman , D. ( 1969 ) Chem. Ph,ys . LiEids _L , 

Lai ne , R.A . and Elbein , J'1 .D . (1971) 3iochemist r y .:!_Q, 2548. 

Lin , M. F . and Chang , .s .a. (1971) Phytoc'.'lemi st r y 10 , 1543 , 

Loomis, 1.D. and Battaile, J . (1966) Phytochemistry ~. 423 . 

304 . 

Mac Mur r ay , T . A. and Morr ison , ·:: .R. (1970) J, Sci. Food .C.gri c . ~' 520. 

;-btson , R. S ., Mei Fei ·3.nd Chang , ,S . 3 . (1970) Pla.nt Physi ol ogy 45 , 531. 

Miyano , M. and 3enson, A . A . ('1962) J . Am. Chem. Soc , ~4 , 57 . 

Horgan, D.M. and Kingsbury , K. J . (1959) The Anal yst 34, 409 . 

Mudd , J . B., van Vliet , H . lI.D . H . a nd van Deenen , I. . L . (1969) J. Lipid 

Res . .!Q, 623. 

Myhre , D.V. (1968 ) Can:ldi an J . Chem . 46 , 3071 . 

Nagai , J . a nd Bloch , K. ( 1967) J. Biol . Chem . 242 , 357. 

Newman , D. V: . (197 1) Pl -9.nt Physiol. !±.§_, 300. 

Neufield , E . F . and Hall , E.J . (1964) Biochem . Siophys . Res . Comm. 

2_i, 503 . 

Nichols, 3 . W. (1963) Biochim. Biophys . Acta 70 , 417 . 

Nichols , P,. W. a nd Moorhouse , R. ( 1969 ) Lipids ~, 31 1. 

Noda, M. and Fuj iwara , N. (1967) Biochim. Biophys. Ac ta 137 , 199 . 

Ongun , A. and Mudd, J . B. (1968) J . Biol. Chem. 243, 1558. 

Ongun, A. and Mudd , J . B. (1970) Plant Physiol. 45, 255 . 

• 

1 



107. 

Ongun , A., Thomson , .. J.iJ . and Mudd , J . T3 . (1968) J . Lipid Res • .2_ , 409 . 

Renkonen , O. and Bloch , K. (1969) J . ~iol. Chem. 244 , 4899 . 

'Rosenberg , A. (1967) Science 157 , 1191 . 

Roughan , P. G. (1970) Biochem. J . 117 , 1 . 

Safford , R. and Nichols, 1 . . 'I . ( 19?0) Biochim . 13iophys. Acta 210, 

:Jastry , P .S . And K;;ites , ~- . (1964:J.) i3iocher.listry 2_, 1271 . 

Sastry , p .s . and Kates , M. (1964b) 3iochernistry _L, 1280. 

Sastr y , p . :) . and Kates, ~; . (1°65) Canadian J. Biochem . 43 , 1445 . 

Spencer, D. and ·:i ldman , " .") • ..J • (1964) lioc:temistry 2, 954 . 

Tremolieres , A. ( 1970) Annee Biol. .2_, 11 3. 

Trosper , T. and Sauer , K. (1968) ~~iochim . Siophys. 1\cta 16.2, 97 . 

Uns~r ::i.nd ;:ohr . (1970) ~:~t...trwiss . 22, 3S8 . 

Vijay , I.K. and 3tumpf , r . r~ . (1971) J. 3iol. Che:n. 246 , ~910. 

1Vebster, D. I:, . and Chang , {~ . ~ . (1969) Plant Physiol. ~' 1523 . 

~ehrli, H.P. ~nd Pomer~nz, Y. (1969) CheM. bys. Lipids 2, 357 . 

57 . 

Jeier , T. E. ~nd 9enson , n . ~ . (11~~) In ~iochemistry of ~hloroplasts 

~ol. I (Goodwin T. : . , ed.) \c~demic Press , ~ew York . 

Wickberg , 1 . (1958.1) Act.:t. '.;hem. ~c-md. g , 1183. 

'/ickberg , 3. (1953b) 1\cta. Chem. Sc'lnd. g, 1187. 

Vintermans, .J . F . G . ~·~ . (1960) 1iochim . 3iophys. Acta 4u , 49 . 

Wi ntermans , J .F .G. M. , Helmsing , P. J ., Polm~n , 3 . J . J ., van Gisber gen, J . 

and Colland , J . 3iochim . 13iophys . A.eta 189 , 95. 


