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ABSTRACT 

Two notable features o f  previous work on lipid 
biosynthesis by isolated chloroplasts have been:- (a) The 
inability of chloroplasts to incorporate more than small 
amounts o f  ac e tat e  into the main constituent fatty acids o f  
the chloroplast lipids, namely linoleic (18:2) and linolenic 
(1 8:3)  acids. (b) The poor incorporation o f  fatty acids 
synthesized into galactolipids, which are the main chloroplast 
lipi ds . Bo th o f  these  aspe c t s  o f  lipi d biosynthesis were 
investigated using chloroplasts i solated from spinach, maize 
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and sweetcorn. Initial att emp ts to improve the synthesis o f  
polyunsaturated fat ty aci ds from [ 1- 1 4c ]ace tate were not 
success ful . Consequently the main ob j e c t  o f  the investigation 
was directed towards increasing the incorporation o f  long chain 
fatty acids into galac tolipids in the hope that increased 
galactolipid synthesis might also lead to increased desaturation 
o f  oleate  to linoleate and l inolenat e. 

Factors affecting the rates  of ac e tate incorporation 
into lipids by spinach, mai ze and sweetcorn chloroplasts were 
investigated. Optimum concen trations of acetate, ATP and CoA 
were found to be about  0.5mM-acetate (spinach somewhat hieher 
at  0.75rnM-acetate), 0.5mM-ATP and_0.25mM-CoA under the 
incubation conditions used in the pre s ent s tudy . Acetate 
concentration had a ma jor effect on  the rate of incorporation; 
optimisation of  ATP and CoA concentrations gave only small 
enhanc emen ts  of acetate incorporation. T.he ef fect o f  dival ent 
cations was also investigated for spinach chloroplas t s .  
Optimum Mg++ was 3.0mM; addition of l mM-Mn++ i n  the presence  
o f  1mM-Mg++ gave a comparable stimulation of  acetate 
incorporation . Ac etate  incorporation by spinach chloroplasts 
was also en hanced by the addition of Triton X-100, sn-elycerol-
3-phosphate and UDP-galac tose . 

Maximum incorporation rates obtained for maize and 
sweetcorn chloroplasts were 20-30nmol of ac e tate/mg chlorophyll/h 
which are up to 10-fold higher than previously reported rates  
for maize . Rat es of u p  to 500nmol of acetate/mg chlorophyll/h 
were ob tained for s pinach chloroplasts which compare favourably 
wi th the rates obtained  by o ther workers usine chloroplasts 
i so lated from younger l ea f  tissue. 

Oleic and palmitic acids with small amounts of stearic 



acid were the main fatty acids synthesized from acetate by 
isolated chloroplasts from all three sources. Little synthesis 
of linoleic and linolenic acids was achieved and changes in 
acetate, ATP and CoA concentrations had no significant effect 
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on the synthesis of polyunsaturated fatty acids from acetate. 
Triton X-100 and divalent metal ion concentrations also had 
little effect on the synthesis of polyunsaturated fatty acids by 
spinach chloroplasts. 

The synthesis of diglycerides (DG) by isolated 
chloroplasts from spinach, maize and sweetcorn was enhanced by 
the addition of E.£-glycerol-3-phosphate (G-3-P). Synthesis of 
monogalactosyldiglyceride (MGDG) was enhanced by the addition 
of UDP-galactose particularly if G-3-P was also present. 
Triton X-100 greatly enhanced the synthesis of DG and also 
(in the presence of UDP-galactose) MGDG by spinach chloroplasts. 
Spinach chloroplasts gave higher rates of DG and MGDG synthesis 
than either maize or sweetcorn chloroplasts. 

The synthesis or MGDG from DG by spinach chloroplasts 
was investigated by double-labelling experiments, using 
[1 (�3HJ�-glycerol-3-phosphate and (1-14c]acetate, fatty 
acid analysis and positional distribution o f  the incorporated 
fatty acids. The synthesis of MGDG was shown to occur without 
prior modification of the fatty acid composition of the DG. 

It was evident from the incorporation of oleate and 
<alrnitate into DG (and subsequently into MGDG) and from the 
positional distribution of these t�o fatty acids that a specific 
acylation of G-3-P occurred synthesizinB mainly 1-oleoyl, 2-
palmitoyl-sn-glycerol. The effects of altering the proportions 
of oleate and pal�itate synthesized on the relative a�ounts of 
these fatty acids incorporated into DG (and MGDG) were 
investigated. The results suggested that palmitate was 
incorporated into position 2 first followed by oleate into 
position 1. If there was more palmitate than oleate synthesized 
some palmitate could be also incorporated into position 1. 

he rates of DG synthesis calculated from [1 (3�
3H)

�-glycerol-3-phosphate incorporation were considerably 
greater than those calculated from [1-14c)acetate incorporation 

indicating that a considerable dilution of the label from 
[1-14c]acetate had occurred and that a major proportion of the 
fatty acid carbon had come from an alternative source. 
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Bicarbonate, present in the reaction medium, was found to be 

utilized by spinach chloroplasts for the synthesis of fatty acids 

and lipids. Thus bicarbonate was probably the alternative 

source of fatty acid carbon. The fatty acids and lipids 

synthesized by spinach chloroplasts from exogenous acetate and 

bicarbonate were very similar. 

Although high rates of DG and MGDG synthesiG have 

been achieved in the course of the present s tudy by  the addition 

o f  appropriate metabolites, stimulation of synthesis of these 

lipids did not alter the rates of synthesis of linoleic and 
linolenic acids from acetate. Other attempts to increase 

polyunsaturated fatty acid synth esis from acetate by isolated 

chloroplasts were al so unsuccess ful. The use o f  chloroplasts 

i sola t e d  from developing maize l ea f  sections  had l i t t l e  effect 

on the rates o f  linol eic and linolenic aci ds synthesized from 

acetate. The addi tion of a 100,000 X� parti culat e  preparation 

from leaf homogenate to isolated maize and spinach chloroplasts 

though stimulating overall incorporation of acetate, gave only 

minor increases in the proportion of linoleic and linolenic 

acids synthesized. The stimulation of phosphatidylcholine 

synthesis by the particulate fraction, in the presence of 

isolated chloroplasts, failed to result in any dramatic 

increases in the proportions of polyunsaturated fatty acids 

synthesized. 

These finding s are discus sed in relation to the 
current understanding of fatty acid and lipid synthesis and 

recent in vivo and in vitro studies of plant lipid synthesi s. 
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N OMENCLATURE 

For the s p e c i fi c s truc tural designation o f  c ompl ex 

l i pi d s  c o n t aining a gly c erol moi ety , the nomenc l atur e 

sugge s t e d  by the IUPAC-IUB Commi s sion  on Bio c hemi cal · 

Nomen c l atur e ( Eur . J .  Bio c hem . (196 7 )  �' 1 27- 1 31 )  has b e e n  

fo l lowe d . However , t h e  trivial names  o f  c ompl ex l i pi ds are 

us e d  when i t  is mor e  appropriat e . Widely used abbreviations, 

e . g . HGDG for mono galac tosyl di gl y c eride , have al so be..en us e d  

f o r  t h e  s ake o f  br evi ty . These  are de fined on pp . xxi -xxi i . 

x xi ii 

Fat ty acids  are d e s i gnated  by t he sho r t hand no tation 

o f  number o f  carbon atoms:number of  doub l e  bonds , e . g . 18:3 
refers to l inol eni c aci d .  

O ther abbreviations  and the format for t h e  figur e s  

and tabl es i n  t h i s  thesis  followed  the guide l i n e s  s e t  down 

by the Bi o c hemi c al Journal (Bioc hem, J, ( 1 975 ) ill, 1-20 ).  
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Chapter 1 
INTRODUCTION 

General Introduction 

Lipids, principally phospholipids and galactolipids 

comprise up to 10% of the dry weight in photosynthetic tissue. 

A large proportion of the total lipid is located in the 

chloroplasts (Kates, 1970) which contain nearly all of the 

galactolipid found in the leaf tissue from beet and tobacco 

(Wintermans, 1960; Ongun et al., 1968). 
Monogalactosyldiglyceride (MGDG) and digalactosy

diglyceride (DGDG) are the two major galactolipids found in 

plants (Sastry, 1974) and their structures were determined by 

Carter et al. (1961) on MGDG and DGDG isolated from wheat flour 

(Fig. 1-1, p. 2). Sastry and Kates (1964a) confirmed that the 

MGDG and DGDG from runner bean leaves had identical structures 

to those from wheat flour. The distinctive feature of lipids in 
photosynthetic tissues, par:ticularily the galactolipids, is 

their high content of polyunsaturated fatty acids, mainly 

dienoic (linoleic (18:2) and hexadecadienoic (16:2)) and 

trienoic (linolenic (18:3) and hexadecatrienoic (16:3)) fatty 

acids with very small amounts of the fatty acids commonly found 

in animal lipids (palmitic (16:0), stearic ( 1 8 : 0 )  and oleic 

( 1 8 : 1 ) )  (Sastry, 1974). Linolenic acid can constitute up to 90% 

of the fatty acids of HGDG. 'rhere is little opportunity for 

fatty acid positional specificity, but i� plants, such as 
spinach, which contain a considerable amount of c

16 
fatty acids 

(mainly 16:3), these show a preference for position 2 of the 

MGDG molecules (Safford and Nichols, 1970; AuU.ng et al. , 1971). 

The presence of galactolipids in all photosynthetic 

tissue capable of o
2

-evolution (James and Nichols, 1966), the 

observation of increases in galactolipids containing poly

unsaturated fatty acids with increasing levels of chlorophyll 

either in developing leaf tissue ( Appelqvist et al. , 1 968a; ,1968b; 

Leech et al., 1971) or in the greening of etiolated tissue 

(Bishop and Smillie, 1970) and the high galactolipid content of 

the chloroplast lamella (Mackender and Leech, 1974) led to the 

suggestion that they may be involved in the photosynthetic 

process (Constantopoulos and Bloch, 1967). The direct involvement 

of galactolipids in the light reaction or electron transport 



1 , 2-di acyl-(,8 -]t-gal act opyranosyl ( 1 ' --+ 3 )  J -!,!!-glycerol 

C�OH 
{0-C·O-R3 

R4-0· C-0 
0-----{ 

0 

1, 2-diacyl[c(-]!--galactopyranosyl-( 1 � 6' )�-]t
galactopyranosyl ( 11 � 3)] -!!_!!-glycerol 

Fig. 1-1 .  The st ructures of MGDG and DGDG 
( R1, R2, R3 and R4 are long chain fatty acyl residues (Carter 
et �. , 1961 ) ) 
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rea c tions is unlikely since l arge amoun t s  o f  gal a c t olipid can be 

removed from pho tosyntheti c membranes , by treatment wi t h  lipases 

wit ho u t  marked e f fec t s  on elec tron transport ( An der son et al . ,  

1 974 ) .  I t  has been pro po sed that t he ro le o f  galac tolipids i s  to 

pr o vi de t he correc t environmen t for the assembly of t he 

pho t o sy n t hetic pi gmen t s  and pro tein complexes all o win g only  

limi t e d  mo bility of  pigmen t mo lecules necessary for 

p ho t o s y n t h e t i c  a c tivity ( Ni c ho l s  and ,James , 1 968 ) . 
Pl an t s  provide animal s w i t h  their o n l y  so urce o f  

l ino leic and linolenic acid s , since t hey c an no t be s y n t h e s i z e d  

b y  animal s .  They are req uired b y  animal s for the syn t h e sis o f  

long c hai n polyunsaturated fatty  a c i d s  such as arac hidonic aci d  

whic h are e s sen tial for no rmal gro wth an d development 

( Guarniere and Jo hnson , 1 970 ) . Arac hidonic aci d  and the o ther 

l o n g  c hain polyunsaturated fat ty acids are prec ur sors  for the 

syn t hesis o f  pro s tagl an dins ( van Dorp et al . ,  1 964 ; Bergs trom 

et al . , 1 964 ) .  
1 . 2 

1 . 2 . ( a ) 
Fat ty Acid Bio syn t hesis 

De novo Biosyn t h e sis 

M u c h  o f  our d e t ailed knowled ge o f  fat ty a c i d  

bio syn t hesis has c ome from s t u dies o f  bacterial  and animal 

sys tems (Vo l p e  and Vagel o s , 1 973 ; Kat iyar and Po r ter , 1 977 ) . 
Two dis tin c t  fat ty acid sy n t hetases are recognizable . One type 

is a mul tien zyme pro tein c omplex foun d i n  yeast  and animal 

t i s s u e s . In yeas t ,  the f a t t y  ac i d  syn t�e tase c an b e  r e s o l v e d  

i n t o  t w o  pol y func tional c o mpo n e n t s , e ac h . a poly fun c tio nal 

po l y p e p tide ( Sc hweizer et al . ,  1 973 ) . The sec on d  type i s  t ha t  

foun d in Es cheric hi a  c o l i  (� . coli ) where the enzymes o f  the 

fatty  acid syn t hetase are o b tain e d  a s  indivi dual pro tein 

componen t s  from ruptured cel l s . The individual e n zymes and 

rea c ti on s  o f  the E ·  coli syn thetase have been exten sively 

s t udied and the pathway determi ned ( Fi g .  1 -2 ,  p .  4 ) .  A fea ture 

o f  t he � ·  coli  syn t hetase i s  the involvemen t o f  a free c arrier 

pro tein for the growing f a t ty acid c hain called acyl c arrier 

pro tein ( AC P )  ( Majerus an d Vagelo s , 1 96 7 ) . In c on tras t , the yeast 

" ACP1 1  like pro tein represen t s  a region o f  one o f  t he multi

fun c tional polypep t i de c hains o f  fat ty a c i d  syn t he tase 

( S c h wei zer et al . , 1 973 ) . 
The � ·  c o li syn t hetase utili zes the ACP t hioes ters o f  

acetate an d mal onate as subs trates for t he syn t hesis o f  fat t y  

acid s . These are synthesized from t heir respec t i ve c oenzyme A 

( Co A )  deri vatives by t he ac tion o f  transacyl ases ( Fig . 1 -2 ,  p .  4 ) . 



( 1 . ) 

( 2 . ) 

CH3 CO-S-CoA + HS-ACP ......, CH3CO-S-ACP + CoA-SH 

acetyl CoA-ACP t rans acyl a s e  

CH3 CO-S-ACP + HS-E d -t CH3C0-5-E d + ACP-SH con con 
acetyl t rans feras e 

HOOC-CH2 C0-5-CoA + HS-ACP -7 HOOC-CH2CO-S-ACP + CoA-SH 

mal onyl CoA-ACP t rana acyl a s e  

4 

HOOC-CH2CO-S-ACP + CH3CO-S-Econd -7 co2 + HS-Econd + CH3cocH2co-S-ACP 

( 4 . ) 
£Onden s i ng enzyme* 

CH3coCH2Co-5-ACP + NADPH + H+ � NADP
+ 

+ CH3CHOHCH2CO-S-ACP 
( 5. ) 

.8-ket oacyl-ACP reduct ase 

( 6 . ) 
)?-hydroxyacyl-ACP dehydras e 

CH3CH= CHCO-S-ACP + NADPH + H+ -7 CH3 cH2CH2co-s-ACP + NADP+ 
( 7 . ) 

enoyl-ACP reduct ase 

Fig. 1-� The react i on s equence cat alyzed b� the fatty acid slnthet ase 
syst em of E. coli 

St eps 4 to 7 are repeat e d ,  further mal onyl-ACP being i nc o rporat ed , unt il 
palmityl-ACP is synt hes i z ed and rel aes ed by t h e  act i on of palmityl-ACP 

t h i oest eras e (Maj erus and Vagel os , 1 967 ) .  
¥-ket oacyl-ACP synthetase 



Unlike t he mul ti enzyme compl ex system , whi ch  has a spe ci fic  
requirement for NADPH , th e  � ·  c o li sys t em can utilize  bo t h  
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NADH an d NADPH for the reduction s teps in fatty a ci d _ biosynthesis 
( Vage lo s e t al . ,  1 966 ; Weeks and Wakil , 1 96 8 ) . 

Smirnov ( 1 96 0 )  was the firs t  to demonstrate the 
capaci ty o f  i solated spinach chloroplas ts  t o  incor porate 

[ 1 - 14c] ac e tate i n t o long chain fatty acids . He fo un d that ATP , 
+ +  CoA an d Mn were r equir ed  and light was s h o w n  to s t imulate 

s e v e r a l - f o l d  the incorpo ration  o f  a c e t a t e . These  o b s e r v a t i o n s  

w e r e  c o n f i r m e d  and ex t e n d e d  by o ther workers , al l o f  whom 
s ugg e ste d that t h e  c hl o r o p l a s t was t h e  major s i t e  o f  fat ty 
acid  biosyn thesis i n  the l eaf (Smirnov ,  1 962 ; S t u m p f  an d James , 
1 963 ; M u d d  an d McManus , 1 962 ) . Yam a d a  and Nakamura ( 1 97 5 ) 
dedu c ed f r o m  

3u2o incorporation s tudies  that 83% o f  the fat ty 
acid bio syn the ti c capaci ty o f  the spinac h l ea f  resided in the  
c hloroplas t . 

Mudd and McManua ( 1 962 ) showed that , in  broken 
c hloroplast  preparations , ATP , CoA , NADH and NADPH are essential 
c omponents  for fatty acid biosyn thesi s from ac e tate . They al so 
n o ted  that bicarbonate enhan c ed the incorporation o f  acetat e . 
U sing l e ttuce  c hloroplasts , Brooks and S tumpf ( 1 96 5 , 1 966 ) found 
t hat t he fatty acid synthetase was lo cated in the s troma , thus 
indicating a solubl e synthetas e .  Frac tiona tion p r o c e d u r e s  

demonstrated  that the synthe tase required a heat s tabl e frac tion 
( crude ACP )  and that this could be  replaced by � ·  soli ACP , 
as found e arlier by Overath and S tump f ( l 964 ) with a solubl e 
syn thetase from avo c ado mesocarp . The acyl carrier pro teins 
i solat ed  from avoc ado meso carp and spinac h c hloroplas ts  were 
found to be  very similar in amino ac i d  c ompo si tion  t o  that o f  
E . coli ACP ( Simoni e t  al . , 1 967 ; Simoni and S tump f ,  1 96 9 ) . 
This finding together wi th the observed s timulation o f  
c hloroplast fat ty acid biosyn thesis by ACP and the solubl e 
nature o f  the chloroplast syn the tase , has led  to the 
conclusion that the plant synthe tase i s  of the � · coli type 
( Stump f ,  1 97 5 ,  1 976 ) .  
1 . 2 . ( b )  The Sour c e  o f  Ac e tyl-Co enzyme A in Plant Leaves  

The  primary source  of  carbon for fatty acid synthesis  
in  plants  i s  from co2-fixation ,  but early attempts to obtain 
signi fi can t  fatty acid synthesis from C02 ( as Hco3- ) by 
i so lated chl oroplas t s  were unsu c c ess ful and l ead to the proposal 



that c hloroplasts  di d no t p o s s e s s  a sel f- contained  pathway 
for the syn thesis o f  a c e tyl-CoA from co2 ( Everson an d Gibbs , 
1 96 7 ; Sherratt  and Givan , 1 973 ) . 

Y amada and Nakamura ( 1 975 ) found that labe l from 
3H2o was inc orporated  into the fatty aci d chain in the pre s en c e  

o f  unlabell e d  3-phosphoglyc erat e (3-PGA ) , pho spho eno lpyruvat e 

( PEP ) an d pyruvate . Thi s was indire c t  evidenc e . that a pathway 

for  the utilization o f  3-PGA for the biosynthesis o f  fat ty acids 

exi sts in i so lated spinac h c hl oroplasts . They al so showed that 
PEP or pyruvate  carboxy latio n , the c i trate lyase reac tion 
and the malate synthetase reac tion were not i nvo l v e d  in the 
formation o f  ac etyl-CoA used  for f a t ty acid  b i o synthesi s .  

Yamada and Nakamura ( 1 975 ) propo s ed  that 3-PGA was conver t e d  
t o  ace tyl-CoA in the chloroplast by  t h e  following path�ay : 

3-PGA � PEP -� pyr uv a te � acetyl-CoA , b e fore utilization 
for fat ty acid b i o syn t he s i s .  

Murphy and L e e c h  ( 1 977 , 1 978 ) demon strated 
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c onclusively that i sola t e d  spinach c hloroplasts could incorporate 
H 1 4C02 - i n to fatty acids . They attributed their su c c ess to 

.:; 
using c hloro plasts c apable o f  hi gh rates o f  pho t o syn t h e t i c  
c arbon r e duc tion comparabl e to those  fo und in t h e  intac t  l eaf . 
They dedu c e d  from t he incorporation o f  [u- 1 4c] phosphogly c erat e , 
[2-

1 4c] pyruvat e , [ 1 4c] bi carbonate and [1 - 1 4c ] ac etate as well as 
from i so tope c ompe ti tion experimen ts t ha t  the pat hway invo lved 
was that proposed  by Y amada and Nakamura · ( 1 975 ) . 

The enzymes required  for the p a t hway : phosphoglyc ero
mu tase ( 3-PGA -'> 2-PGA ) and phosphopyruvate hydra tase ( enolas e , 
2 -PGA ---..:::> PEP ) hav e been found in  c hloroplasts  from Vi ca  faba 
and Zea mays (Leese , 1 972 ) ,  Pyruvate kinase has been found in  
tobac c o  c hloroplasts ( Bird e t  al . , 1 973 ) and pyruvate 

d ehydroeenase in  spinach c hloroplasts  (Yamada and Nakamura , 

1 975 ;  Murphy an d Leec h ,  1 977 ) .  The rates 

o f  [ 1 4c ]bi c arbonate i n c orporation intolipids by i so l ated spinach 

c hloroplas t s , observ ed by Murphy and Leech ( 1 978 ) , were 

approximat ely 36% o f  the rates o f  1 4co2 i nc o rporation into  lipi d s  

o b s erve d wi t h  intac t l e av e s . 

Mo st  o f  the s t u d i e s  o f  fat ty aci d  b i o synthesis  in 
c hl oroplas t s  and indeed in leaf , leaf  s e c tions , seeds and o ther 



p l an t  preparations hav e  utilized ac e tate  as t h e  s o ur c e  o f  c arbo n 

( Hi t c h c o c k  and Ni c ho l s , 1 972 ; S tump f ,  1 97 5 ; Harv1oo d ,  1 97 5 ) . 

A c e tate  is rapi d l y  taken up by i s o l a t e d  chloroplas t s  �Jacobson 

and S tump f ,  1 972 ) an d conver t e d  to a c e tyl -CoA by  a c c ty l - Co A  

synthetase  whi ch i s  l o c a t e d  in the s troma (Roughan an d S l ack , 

1 977 ) . 

Ace tyl -CoA c arboxyl ase , whic h i s  ass? c i at e d  wi t h  b o t h  

t h e  s troma and t h e  l am e l l ar membranes o f  spinach  c h l oropl as t s , 

c onv e r t s  a c e tyl-CoA t o  malonyl-CoA  utilizing bicarbonat e  an d 

A'l'P ( Kannan gara and S t urnp f ,  1 972 b , 1 973 ) .  Kannangara and 

S tump f ( 1 972 b )  have shown that the bio ti n  carboxy l  c arri er 

pro t ei n  ( BCCP ) c ompo n e n t  o f  the enzyme is l o c a t e d  in the 

l am e l l ar membrane , where as the c arboxy l a s e  and tran s c arboxylase 

a c tivi ti e s  are asso c i a t e d  wi t h  the  stroma . S tump f  ( 1 97 5 )  has 

s ugge s t e d  that  the l o c ation o f  BCCP in the  l amell ar 

membrane ensures i ts proximity t o  t h e  si t e  o f  syn t h e s i s  o f  

ATP whi c h  i s  require d  for the  forma t i o n  o f  c arboxy-bio ti n .  

A c e tyl-CoA and malony l -CoA are t hen converted  to their 

r e spe c ti v e  ACP derivatives  by tran s ac y l ases  be fore u ti l i zation 

for  f a t ty acid bio syn thesi s  ( Fi g .  1 -2 ,  p .  4 ) . 

1 . 2 . ( c )  The Ef fe c t  o f  Light on Fa t ty Acid Bio syn t hesis  

The  special f eatur e  of  fatty acid  bio syn t hesis  in  

t h e  c hloroplast  i s  the  s timul ati o n  b y  l i ght f o u n d  by . Smi rno v  

( 1 960 ) , S t ump f and Jam e s  ( 1 962 , 1 96 3 ) , Mudd an d McMan u s  ( 1 962 ) 

a n d  S tump f e t  al . ( 1 96 7 ) .  Th e s timulator� e f f e c t  o f  l i gh t  

w a s  a t t r i b u t e d  to the produc ti o n  o f  ATP an d NADPH f r o m  
p ho t o sy n t h e sis ( S tump f and James , 1 962 , 1 963 ) . Later s tu di es 
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b y  S tump f e t  al . ( 1 96 3 )  using inhibi tors o f  pho to pho sphory l ation , 

s u c h  as f - c hlorophenyl dime thylurea an d NH4
+ , l e d  them to the 

c on c lusion  t hat a c e t a t e  incorporation into fat ty acids by 

c hl oroplas t s  was dependent o n  non- c y c lic pho topho sphory l a tion . 

Non-cyc l i c  p ho topho sphorylatio n , whi c h  resul t s  in ATP . N ADPH and 

o2 pro duc tion , could  no t be r e plac e d  in fat t y  a c i d  bio syn thesis 

by c y c li c p ho to phosp ho ry lation , whi c h  pro duc e s  only  ATP, However , 

t h e  addi tion o f  ATP , NADPH and 02 t o  c hl oro p l as t s  in the dark 

d i d  no t promo t e  a c e t a t e  in corporation to the s ame l ev el as 

o bserv e d  in the  l i gh t  ( S tump f et al . ,  1 96 7 ) . 

Nakamura and Yamada ( 1 975 b )  reinv e s tiga t e d  t h e  ro l e  

o f  l i ght in  fatty acid bio syn thesis and found t hat 

3 - (3 , 4- dichl o rophenyl ) - 1 , 1 -dim e t hylurea ( DCMU ) an e l e c tron 



transport inhibi tor and carbonylcyanide 4-tri fluoromethoxy
p he n y l hy drazo n e  (FCCP) a photopho sphorylation u n c o upl er , both 
i nh i b i t e d  fat ty a c i d  synthe si s . However , they found that 

8 

NH
4
C l  and phlori z in , at c o n c e n t r a t i o n s  s u f f i c i e n t  to s p e c i fi c al l y  

inhi b i t ATP formation , only partially inhibi t e d  fat ty 

a c i d  syn t h e si s . S i n c e  FCCP a c t s  di r e c t l y  on the high energy 
interme diate  ( o r  s tate ) i n volv ed i n  driving ATP syn t h e s i s 

whi l e  NH
4
Cl an d p h l ori z i n  p r e v e n t  ATP synt h e s i s  wi t ho � t  

di s si p a ti n g  t h e  hi gh ene r gy s tate ( Gros s  and S a n  Pi e t ro , 1 96 9 ) , 

i t  would appear that fat t y  a c i d  syn t h e s i s  may b e  di r e c t l y  

l i nked to t h e  h i gh en er gy int ermedi a t e  ( or state ) .  Nakamura 
an d Y am a d a  ( 1 975 b )  also f o u n d  that the addi tion  o f  N , N ' - di cyclo
h exy l c arbo diimi d e  ( DCCD ) , whi c h  has b e en f o u n d  to  s t abi l i z e  

t h e  h i g h  energy i n t ermedi ate ( M c Car thy an d R a c k e r , 1 96 7 ) , i n  

the  presence  of  NH
4
Cl and p hl orizi� res tored fa t ty a c i d  

bio syn t he sis to f u l l  ac t i v i t y  whi c h  s up p o r t s  t h e  propo s e d  

linking of fatty a c i d  syn t� esi s t o  the high e n e r gy i n t e r m e d i a t e . 

1 . 2 .  ( d )  Elo ngation o f  Palmi tate by Chloroplasts  
The final pro duc t s  o f  ac etate  i ncor porati on by 

isolated c hloroplasts are pal mi tat e , o l e a t e  an d some � t ear ate 
wi t h  o n l y  smal l  amo unts o f  l i no l e a t e an d l in ol e nat e ( J am e s , 1 962 ) . 

H o w e v e r , early s t u di e s  by Haw k e  an d S t u�p f ( 1 96 5 a )  using 
bar l e y  s e e dl i n gs , Mac ey an d S t umpf ( 1 96 8 )  w i t h  p e a  s e e d l i n gs , 

ar s e n i t e  i n hi b i t i o n  o f  c 1 8  fatty ac i d  G y n t h e s i s  in ge r m i nating 
p e a  s e e ds an d av o c ado m e so c arp ( Harwo o d  an d S t ump f , 1 97 1 , 1 972 ) 

hav e e s tabl i s h e d  t hat pal m i t a t e  was t he e·n d - pr o d u c t  o f  
de � fatty acid  biosyn thesis . Kannangara an d S t ump f ( 1 972 c )  

found th a t i n  the pr e s e n c e o f  arseni te  t here was subs tantial 

i n hi b i t i o n  o f  c 1 8 fatty aci d  sy n t he s i s  c o upl e d  wi t h  a 3- f o l d  

rise  in palmi tate synthesi zed by isolated  c hloroplasts further 

indi c ating that palmi tate was the end-produ c t  of de .!!.Q.!Q 

synthesi s .  
Al t hough the presenc e o f  an elongation system has 

b e en recognized i n  avo cado mesocarp ( Harwood and S tumpf , 1 972 ) 

and saf flower s e ed preparations ( Harwoo d an d S tump f , 1 97 1 ) ,  fe� 

inv e s t i ga t i o n s  o n  the c apac i ty o f  c hloro plasts  to elongate 

acyl -ACP derivatives have been reported  ( Nagai and Bloc h ,  1 96 7 ; 

Jaworski et  al . , 1 974 ) . U s i n g  spinac h c hl o r o p l a s t pr eparations ,  

Nagai and Bl o c h  ( 1 96 7 )  f o u n d  that o c tanoyl-ACP , de c anoyl-ACP 

and l auryl - ACP were elongated in the p r e s en c e o f  malonyl-CoA 



to c 1 6 and c 1 8 fat ty aci d s . Similar r e sul ts were obtained wi th 
a preparation from Euglena gracili s , in addi tion palmi toyl-ACP 
was elongated  t o  c 1 8  f a t ty aci ds (Nagai and Blo c h , 1 96 7 ) . 
However , i t  was no t until the studi es  o f  Jaworski e t  al . ( 1 974 ) 
that the capac i ty o f  c hloropl a s t s  to e longate palmi to�l-ACP 
was demonstrate d .  Jaworski et al . ( 1 974 ) found that the 
elongation sys t em was l o c a t e d  in the s troma o f  spinac h 
c hloroplasts , i ndicating a solubl e en zyme sys t em l i ke that found 
in saf flower s e e d s  and avo cado meso carp  ( Harwo6 d and 3 tump f , 
1 97 1 , l g?2 ) .  

The l o c ation o f  both fatty acid b i o s y n t h e s i s  and the 
elonga tion s y s t em in the c hl o r o p l a s t  s troma ( Brooks and S tump f ,  
1 96 5 ;  Jawor ski � al . , 1 974 ) , the u t i l i zati o n  o f  ACP d e r i v a t i v e s  

by bo th s y s t ems , the pr e s e n c e  of thioe sterases capable o f  
hydrolysing ACP derivatives ( Shine e t  al . ,  1 976 a )  and the 
inabi li ty o f  plants  to synthesize ACP deriv a tives from l o n g  

chain fatty acids  o r  their CoA est er s ( Jawo rski e t  al . ,  1 974 ) 

all indi cate that there must be  some c lose asso ciation be tween 
the two en zyme systems . 
1 . 3 The Biosynthesis  o f  Unsaturated Fa t ty Acids  

Olei c acid  i s  the only  unsaturated f a t t y a c i d  

syn t h e s i z e d  to  any ext ent  from ac etate  by  isolated  chloroplasts 
f r o m  mai ze  ( Haw l<:.e et _?.l . ,  1 97 4 a ) , s p i n a c h  ( S t um p f  and James , 
1 963 ; Kannangara an d S tump f , 1 972a ; Nakamura and Yamada , 1 975a ; 
Murphy and Leech ,  1 977 , 1 978 ) and l e t tuce  ( Brooks and S tump f , 
1 96 6 ) .  Very l i t t l e  

1 4
c i s  in corporated  from [ 1 - 1 4c ]a c e tat e 

into polyunsaturated fat ty acids whi c h  ar,e the major fatty 
acids present in chloroplast li pi ds ( Sastry , 1 974 ) . 

9 

At t empts to improve  the bio synthesis o f  po lyunsaturated 
fatty acids by i solat ed  c hloroplasts have been made using 
chloroplasts  i so l at e d  from the d e v e l o pi n g  mai z e  l ea f  ( Hawke e t  al . ,  
1 974a ) , gre ening e tiolated p ea l ea f  ti ssue ( Panther and 
Boardman , 1 974 ) and immature spinach  l eaf tissue ( Kannangara and 
Stump f ,  1 972a ;  Kannangara et al . ,  1 973a ) . Spi n a c h  chlorop last s 

whi ch  had high pho tosynthetic  o2- evo lving capaci ti e s  coupled 
wi t h  high rates o f  acetate in corporation into fatty acids 
(Roughan � al . ,  1 976 ) or hi gh rat e s  o f  photosyn thetic  carbon 
reduc tion (Murphy and Leec h ,  1 977 , 1 978 ) failed  t o  giv e  any 
improvement o f  polyunsaturated fa t ty acid bio synthesis . 

The inabili ty o f  isolated  chloroplas t s  to synthesize 
polyunsaturated fatty acids at  the  hiGh rates t hat would be 



1 0  
expe c t ed from t he quan ti ties found i n  chloroplast lipids  has 
been described as ' an  o u t s t anding probl em o f  l i p i d  b i o c h emi s t r y  

i n  higher pl ants 1 ( Hawke et al . , i 9 ? 1ta ) .  Thi s consi s t en t  
i nabili ty t o  syn thesize  polyunsaturat ed  fatty aci ds has 

encouraged workers to examine the possible involvemen t o f  
o t her c el lular organelle s ,  par ti c u l ar l y  t he mi c r o som e s , a t  some 
s tage o f  the bio s ynth e ti c pro c e s s  ( Hawke et al . ,  1 97 4 a ; 

Tremol ier es  and Mazliak , 1 974 ; Slack and Roughan , 1 975 ; S l a c k  

et al . ,  1 976 ) .  

1 . 3 . ( a )  Bio synthesis of Oleic Aci d  
Nagai and Blo c h  ( 1 96 5 , 1 966 , 1 96 8 )  demonstrat e d  the  

presence of  a soluble  s t earyl a c yl c arrier pro tein desaturas e 
sys t em from p ho toauxatrophic Euglena gracilis . They w e r e able 
t o  show that the desaturase consisted  o f  three component s :  a 

f erredoxi n :  NADP+ r educ tase , the desaturase and a ferredoxin .  
All three c omponen t s , to gether vd. t h  02 and NADPH , were r equired 
for the d e saturation o f  s t � ary l - AC P .  However , the puri fi e d  

re consti tuted  enzyme system c o u l d  desaturate stearyl-CoA as 
rapidly as s tearyl-ACP , t h u s  the  nature o f  t h e  actual substrate 
for t h e  d e s a t ur a t i o n  o f  stearat e  t o  ol e a t e  was no t e n t i r e l y  

c l ear ( N agai and Blo c h , 1 96 8 ) . C hl o ro p l a s t  preparations from 
s pi nac h  l e av e s  could  al so desaturate s tearyl-ACP to o l e i c  

ac i d (Nagai an d Blo c h , 1 96 8 ) . 
J aco bson e t  al . ( 1 974 ) dem onstrat ed that the  s t earyl 

ACP desaturase was lo c a t e d  in the s troma of spinac h  c hloroplas t s . 
The desaturase was spe ci fi c for s t e aryl- ACP an d ,  as found by 
Nagai and Blo c h  ( 1 96 8 ) , requir ed o2 , ferredoxin and an e l e c tron 
donor . Various e le c tron donors could  be  used by t he chl or opl ast 
system :  N ADPH �� d f erredoxin-NADP reduc tase or illuminated 
pho tosys t em 1 in the  presence o f  ascorbate and dic hlorophenol 
i n dophenol ( Jacobson e t  al . ,  1 974 ) . The desaturase preparation 
was more ac tive when prepared from c hloroplasts obtained  
from imm a t u r e  spinach l eaf than from mature l eav e s . (Jacobson 
et al . ,  1 974 ) . 

S tump f and eo-workers have found stearyl-ACP 
desaturase no t only in spinac h c hloroplasts ( Jacobson e t .  al . ,  
1 974 ) bu t al so i n  solubl e extrac t s  from avo cado meso carp 
( Jacobson et al . , 1 974 ) , developing saf flower seeds ( Jaworski 
and S tump f ,  1 974a )  and developing and germinating soybean 
co tyl edons ( S tumpf and Porra , 1 9 76 ) .  



S tump f and e o-workers u s e d  enzymati c ally  prepar e d  

s t earyl - ACP ( Jacobson e t  al . ,  1 974 ; Jaworski an d S tump f ,  1 974a ; 

S tump f and Porr a , 1 976 ) whi c h  g�ve hi gher rat e s  o f  desaturation 

t han were o b s e r v e d  using c hemi c al l y  prepar e d  s t earyl -ACP 

( J aworski and S tump f , 1 974a ; Nagai and Bloc h ,  1 96 5 , 1 96 6 , 

1 96 8 ) . Tho u gh s t earyl-ACP was t h e  sub s tr a t a  for the d e s a t uras e ,  

free  o l ei c  ac i d  rather t han o l eoyl -ACP was t h &  pro duc� 

( Ja c o b s o n  e t  al . ,  1 974 ) . 'l'hi s was r e so l v e d  by S h i n e  e t  al . 
( 1 97 6 a )  to  b e  a r e s u l t  o f  the a c tion o f  acyl - ACP t hi o e s t e r a s e s  

w hi c h  r api dly hydro l y s e  o l eoyl -ACP t o  f r e e  o l ei c ac i d .  
1 . 3 . ( b )  The b i o syn t h e s i s  o f  Lino l ei c  and Lino l eni c Ac i ds 

1 1 

Ini ti al s tudi e s  on the  bi o synt hesis o f  linol e i c  a n d  

l in o l enic aci ds were  c on duc t e d  by Harri s ,  Jam e s  and e o -workers 

in the e arly 1 960 ' s using a vari e t y  o f  l eaf  t i s s u e s  and 

Chlo r e l l a  vulgari s c e l l s  ( Harris an d J ame s , 1 96 5 a ; Har r i s  e t  al . ,  

1 96 5 l  They demo ns trat e d  that  ( 1 -
1 4c ] o l e i c  a c i d  was desat urat e d  

t o  linol ei c and l i no l eni c ac i ds b y  i n t a c t  o r  c hopped  l eav e s  

fro� c a s t o r  bean , l e t t u c e  and who l e  c el l s  o f  Chlorel l a  

vulgari s .  

Harri s and Jarnes ( 1 96 5 a )  found that  o l e o y l - Co A  

was a b e t t e r  substrate  f o r  d e sa t urat i on , b u t  o l eoyl-CoA c o u l d  

b e  r e p l a c e d  b y  f r e e  o l e i c  ac i d  i n  t h e  presen c e  o f  CoA , ATP 

and Mg+ + . As o b s erved  wi t h  t h e  d e s a t uration o f  s t eara t e  t o  

o l ea t e  t h e  d e s a t uration o f  o l eoyl-CoA r eq uir e d  NADPH o r  

NADH an d 02 sugGesting a similar d e s a t ur � t i o n  m e c han i s m  

( Harr i s  an d Jam e s , 1 96 5 a ) .  I n  l a t er s t udies  wi t h  Anabaena 

v ariab il i s , [ 1 - 1 4 c] o l e i c  an d [1 - 1 4c ] s t eari c acids were 

desatur a t e d  to l i no l ei c  and l i no l eni c acids without  any 

appare n t  degradation an d r e synthesis  o f  the substrata  ( Harri s 

and Jame s , 1 96 5b ) . However , one feature  o f  these  s tu di es was the 

v ery long incubation time ( 36 - 72 h ) r e q ui r e d for any appr e c i ab l e  

syn t hesis  o f  l i no l e i c  a n d  l in o l eni c a c i d s  ( Harr i s  and Jame s , 

1 96 5a ,  i 965b ) . 

From the  l abel ling pat tern i t  was sugge s t e d  t ha t  

o l ei c  ac i d  was c onvert e d  t o  linol e i c  and linol eni c aci ds by 

s e quen t i al desaturation ( Harri s and Jam e s , 1 96 5a ,  1 96 5b ; Harris 

e t  al . ,  1 96 5 ) . Thi s was c onsistent  wi th the e arl ier s tudi e s  o f  

J ames  ( 1 96 3 ) , who interpreted from a c e t a t e  inco rporation s t udi e s  

wi t h  R i c inus c ommunis l eave s  t hat  o l e i c  acid was s equen t i al ly 



desaturat ed  to l i n o l ei c and linol eni c acids . 

A c onsi derable amo u n t  o f  work has been carried ou t  
sin c e  these  early s t u di e s  on the m e c hani sm o f  polyunsaturate d  
fatty acid  bio syn thesi s .  Some o f  this later work suppo r t s  

t h e  propo sed  pathway o f  s equential d e saturation o f  s t eara t e  

to lino l ena te via o l eoyl a n d  l inol eoyl j_ n t erme diates . Ho wev er , 

an al t ernative propo sal has been p u t  forward by S t um p (  and 

e o -workers s u gges ting that desa tura t i o n  o c c u r s  at  the c
1 2 

s tage and the polyunsaturated 1 2 : 3  pre c ursor i s  t hen elonga t e d  

to 1 6 : 3 and 1 8 : 3 ( Kann a n gara e t  al . ,  1 973b ) . 
Cher i f  e t  al . ( 1 975 ) using mi crodropl e t s  o f  [ 1 - 1 4c ] 

a c e t at e , [1 - 1 4c ) o l eate , ( 1 _ 1 L�c] 1ino l eate and [ u- 1 1+c] l i n o l enate  

1 2 

( as ammonj_ um sal t s )  on i n  tac t l eav es , see ds , flowers , seedlings , 
and roo t s  from bryophytes , gymnosperms and al gae , conc l u d e d  

from t heir resul t s  t ha t  l in o l e i c  an d linolenic a c i ds were 

synthesi z e d  by s equential desaturation . Tremol i eres and e o -workers 

( Tremo l i eres , 1 972 ; Cheri f et al . ,  1 97 5 )  found that t i s s u e  

un d e r go i n �  gre ening , developing pea l eav e s  an d youn g  l e a v e s  
o f  hi gh er plan t s  were more ac t i ve i n  the desaturation o f  c 1 8 -
fatty acids than mature t i s s u e . Fur t her suppor t  for the 

sequential desaturation o f  s t e ar a t e  t o  linolenat e ,  via o l e a t e  
and l inol eat e ,  has come from 1 4 co2 an d [ 1 - 1 4c ] ac e tate f e e ding 
experimen ts wi t h a wide vari ety o f  p l an t s :  p umpkin ( Ro ughan , 

1 970 ) , spinach and sorghum (Roughan , 1 975 ) , developing mai ze 

leaf ( Slack an d  Roughan , 1 975 ) broad b e an . ( Wi l l i ams et  al . ,  1 976 ; 

Heinz and Harwo o d , 1 977 ) an d Anthri s c u s , Chenouo dium , and 

spinach ( Sieber t z  and Heinz , 1 977 ) .  Si eber tz and Heinz ( 1 97 7 )  

dedu c e d  from the  l abell i n g  o f  c 1 6  fat ty acids that hexade c a

trienoi c  a c i d  ( 1 6 : 3 )  was al so synthe s i z e d  by s e q u ential  

d e s a t uration o f  palmi t i c  a c i d  ( via 1 6 : 1 and 1 6 : 2 ) . 

K annan gara an d S tumpf ( 1 972 a )  demons tra t e d  that 

c hloroplasts  i so l a t e d  from young spinac h l eave s  were 
much more active  in synthesizing l i n o l enic a ci d from [ 1 - 1 4c] 
ac e t a t e  than c hl oropl as t s  i solated from mature spinac h .  The 

propo r tions o f  linoleate and l i no l e n a t e  synt h e s i z e d  by 

chloroplasts  from immature ti ssues were di fferent  from the  

endo ge n o u s  pro por tions of  these fatty acids . Kannangara and 

S t ump f  ( 1 972 a )  f o und that the  syn thesis o f  lino l eate was 

inhibited  by eN- which did no t a f f e c t t he syn thesis  o f  o l eate 



and linol enat e and propo sed  that linolenat e was synthesized 
b y  a di f ferent pathway from the previously proposed  sequen tial 
de saturation route ( J ames , 1 963 ) . 

Jacobson e t  al . ( 1 973a , 1 973b ) found , using di srup ted 
c hl oroplasts and the s troma frac tion prepared  from spinach 
c hloroplas t s 1 that hexade catrienoi c  acid c oul d be elongated  

t o  linol eni c acid .  The elongation system in these preparations 
c oul d use either ace tyl-CoA or malonyl -CoA as the donor o f  
the 2- carbon uni t .  The addi tion o f  the 2-carbon uni t to the 
c arboxyl end o f  hexadecatrienoic  aci d ( 1 6 : 5) was confirmed by 
r e du c tive o z onolysis o f  the ( 1 4c ) linoleni c aci d  whi ch gave on 
g . l . c . a singl e  radioac tive peak coincidental wi th m e thyl 
azelate  s emi al dehyde , thus establi shing that the [ 1 4c ] label  

was in the  portion of  the  mol ecul e be tween the  carboxyl end 

1 3  

an d  the firs t  double bond ( carbons 1 -9 )  ( Jacobson e t  al . ,  1 973a ) . 
A ft er reduc tion  o f  the [ 1 4c ] lino l eni c aci d to [ 1 4c]':t eari c aci d , 
chemi cal �-oxidation showed that the [ 1 4c] label was lo cated  
i n  posi tion 2 o f  t h e  mol e c u l e  as  expec ted from the  utilization o f  
o f  [ 2 -- 1 4c] ace tate ( Jacobson e t  al . ,  1 973a ) . Kannangara e t  al . 
( 1 973b ) found this  pat hway to be operative in l eaf sli c es from 

spinach and barl ey , who l e  c el ls  o f  Chlorella  pyrenoidosa and 
Candida bogo riensi s .  Using spj.nach l eaf sli c e s , Kannangara e t  al . 
( 1 973b ) found  t hat ( 1 4 c ] l ab el l e d  8 : 0 ,  1 0 : 0  and 1 2 : 0  were utilized  
for linol eni c  acid synthesis , but not  1 4 : 0  or 1 8 : 0  and proposed 
t hat dodecatri enoic acid ( 1 2 : 3 ) was the  eatli st  permi ssabl e 
tri enoic aci d  which  is  then elongat e d  to linol enic ac i d .  

The s equential desaturation o f  do decanoic  aci d to 
dodecatri enoi c  aci d has yet to be demons trat ed , though the 
first  step has been shown to o c cur in the cytosol o f  spinach 
l ea f  and avo cado meso c arp  (So d j a  and Stump f , 1 976 ) . However , 
the  synthesis o f  1 6 : 3  by the elongation o f  1 2 : 3  via 1 4 : 3  i s  
inconsi stent wi th  the findings o f  Si ebertz  and Heinz ( 1 977 ) who 
d e duced  from t heir data that 1 6 : 3  was synthesized by sequential 
desaturation o f  palmi tat e after incorporation into MGD G .  

Linseed  seeds , unlike many o ther oil seeds , contains very high 
l evels o f  1 8 : 3 (>70% ) ( Oulaghan and Wills , 1 974 ) . However , 
fatty acid analysi s at various s tages o f  seed  development 
failed  to d e t e c t  any 1 2 : 3 ,  1 4 : 3  or  1 6 : 3 aci ds and from thi s 
Oulaghan and Wills ( 1 976 ) propos e d  that t he desaturation o f  



e l ongation pathway did no t operate in linseed . Slack and 
Roughan l 1 975 ) carrie d  out  degradation s tudies  on o l eate , 
whi c h  i s  ac tively desaturated a fter inco rporation into  
phosphati dyl choline , the propo sed donor o f  polyunsaturat ed 
fat ty aci ds ( Roughan , 1 970 , 1 97 5 )  and the  linolenat e of MGDG . 
They fo und that the dis tri bution o f  l abel in linol enate and 
o l eate were i dentic al and consi sten t wi th  the sequen tial 
desaturation o f  ol eate to l i n o l ena t e . 

Though there i s  c onsi derable  evi dence  for t he 
sequential desaturation o f  s t earate to l inolenate via oleate  
and lino l eate , Leech  and Murphy ( 1 976 ) have suggested  that 
un t i l  re duc tive o zonolysis has been c arrie d  out on the  
lino l enate synthesi ze d , one c an not concl usively di s t inguish  
be tween the  two al t ernative pathways . 
1 . 3 . ( c )  Subs trate s  for Desaturation o f  Oleate and Linoleate 

A further probl em of o l eate and lino l eate  
desaturation is  whe ther fat ty aci ds are desaturated  as the  
free  aci d ,  the  CoA o r  ACP derivative , or as  the acyl  moi ety 
o f  lipi ds su ch  as p ho sphat i dyl c ho line ( P C ) and monogalac tosyl
diglyc eride (MGDG ) . 

1 4 

As mentioned earli er , Harri s an d J am e s  l 1 96 5a )  found 
t hat o l eoyl-CoA was the pre ferred substrata for desaturation 
to linoleate  an d linol enate  by whole c e ll  homogenates and 
subc e l l u l ar preparations o f  C horella vulgaris .  Vi j ay an d 

Stump f ( 1 97 1 , 1 972 ) , using a microsomal preparation from 
developing saf flower seeds , found an o l eoyl-desa turase whic h  

was speci fi c for o leoyl-CoA and was inac tive wi th o l eoyl-ACP . 
Al tho ugh their mi cro somal preparation contained a very active 
acyl transferase whi ch  trans fered  oleoyl and linol eoyl groups 
to position 2 of PC , it was concluded that the oxygen ester 
did not serve as a substrate for de saturation . Suppor t for 
this has c ome from the work o f  Abdelkader et  al . ( 1 973 ) , using 
mi crosomes from aged po tato tuber s l i c e s , and Dubacq  e t  al . 
( 1 976 ) ,  u sing a mic ro somal and mito c hondrial preparation 
from pea l eaves , bo t h  these syst ems coul d desaturate oleoyl-CoA 
to linol eoyl-CoA b e fo r e subs equent incorporation into 
phosphati dylcholine . 

Harris e t  al . ( 1 967 ) s howed that i solated c hloroplasts 
from Chlorella vulgari s could desaturate [ 1 - 1 4c] o l eoyl-CoA .  



High l ev e l s  o f  1 4c from [ 1 - 1 4c] o1 eoyl-CoA were found in PC , i t  
was concluded t hat PC  may b e  involved in  the  desa turation 
r eac tion  ( Harri s  et al . ,  1 96 7 ) . Nichols et  al . ( 1 96 7 )  and 
Nic hols  ( 1 96 8 )  deduced  from their l abelling studi e s , also wi th 
Chlorella ,  that both  phospholipi ds and glycolipide could b e  
involved in fatty acid desaturation .  

Gurr and e o-workers ,  using C hlorella  vulgaris 
preparations , es tablished that oleic acid ( in the presence  
o f  ATP and CoA )  and o l eoyl-CoA  were  rapidly incorporated into  
PC  before  desaturation to  lino l eate whi ch  r emained  e s t eri fi e d  
to  PC ( Gurr e t  al . ,  1 96 9 ;  Gurr and Braun , 1 97 1 ; Gurr , 1 97 1 ) .  
These r e sults  indi cated that o l eate desa turation was tightly 
coupled wi th  PC me tabolism , bu t di d no t rul e out the 
possibil i ty that the acyl moi e ty could b e  transfered to the 
enzyme for desaturation ,  followed by reacylation to the PC 
carrier mol e cul e ( Gurr � al . ,  1 96 9 ) . 

Al though direct  desaturation o f  fatty acids o f  PC 
has been demonstrated  in bac t erial and mammalian syst ems 
( Talamo et al . ,  1 973 ; Pugh and Kates , 1 973 , 1 975 , 1 977 ) i t  

has yet t o  b e  demonstrated in plant preparations . Kates  and 
eo -workers ( Kates and Paradi s ,  1 973 ; Pugh and Kates , 1 973 , 
1 975 ) found that o l eat e  could b e  desaturated in C andida 
lipolyti c a ,  either a s  the CoA e s ter o r  as PC , indicating that 
two enzyme systems were op erative . Pugh and Kates ( 1 977 ) 
e x t ended these observations to rat liver microsomes and 
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found that eicosatrienoyl-PC was direc tly desaturated  to give 
arachidonoyl-PC . No deacylation or reacyl ation of the  acyl 
moieties  was evident in  the Candida or the rat liver mi cro somal 
s ystems s tudi ed  ( Pugh and Kat es ,  1 973 , 1 97 5 , 1 97 7 ) . 

In higher plants , Roughan ( 1 970 , 1 97 5 )  found that 
PC was rapidly l abelled  from [ 1 -1 4c ]ac e tate  and had the highes t  
speci fi c  ac tivi ty at  short time interval s .  Oleic ac i d  was 
rapidly l abelled  and was incorporate d  into PC , followed by 
desaturation to linol eate and l inol enate . The low l ev e ls  
o f  linol enate in  PC  and the ri sing l ev e ls  o f  bo th  l inoleate 
and linol enate in o ther lipids , par ti cularly MGDG , was 
interpre t ed  to indi cate  that PC was no t only the s i t e  o f  
ol eate desaturation , but a donor o f  polyunsaturated fatty acids 
for the synthesis of o ther polar lipids ( Roughan , 1 970 , 1 975 ) . 



Slack and Roughan ( 1 975 ) r eported simi l ar resul t s  
from 1 4co2 and [ 1 - 1 4c ]acetate feeding experiments wi th 
developing mai ze l eaf and found that the labell e d  phosphatidyl
c ho l in e  was associated wi th the mic ro somes . Aft er the trans fer 
o f  t he maize l ea f  from labelled  acetate to unl abel led  a c e tat e , 
there was a decrease in l abelled o l eate and linoleate o f  PC 
and a c oncomi tant increase in the amount o f  radioac tivi ty in 
linoleate  and l inolenate of  MGDG ( S lack  and Roughan , · 1 97 5 ) . 
During longterm experiments  wi th spinach leaves  the 
radioac tivity from the o leoyl moi e ty o f  mic rosomal PC was l o s t ,  
whi l e  radioac tivity accumulated i n  the linol enate o f  MGDG 
o f  the chloroplas t  ( S lack and Roughan , 1 975 ) . The utili zation 
of PC as the substrate for o l eate desaturation was further 
supported  by Slack e t  al . ( 1 976 ) using microsomal preparat1. ons 
from pea seedlings and immature maiz e  l eaf .  Oleate from 
o l eoyl-CoA was rapidly incorporate d  into PC followed by 
desaturation to linoleate  and linol enate (Slack et al . ,  1 976 ) .  

Williams  et al . -( 1 976 ) supplied 1 4co2 to Vi cia  faba 
l eaf di scs , and concluded that the trans fer o f  polyunsaturated 
acyl groups to MGDG probably oc curred  as diglyc erides derived 
from PC . Pulse-chase experiments ,  using { z-3H ] glyc erol and 
[ 1 - 1 4c ] acetate ( Slack e t  al . ,  1 977 ), demonstrate d  that simil ar 
amounts o f  1 4c and 3H lab e l  were lost  from PC ( 1 4c mainly as 
dilino leate ) and were ac companied by an accumul ation of l 4c 
and 3R l abel i n  MGDG ( 1 4c mainly as dilinol enate )  indicating 
that diglyc eri des derived from PC were u�ilized  for MGDG 
synthe si s .  

Co-operation between the c hl oroplas ts  and 
mi cro somes for the syn thesis o f  polyunsaturated  fatty acids 
has b een suppor t ed  by the investigations of Tremolieres 
and Mazliak ( 1 974 ) and Hawke et al . ( 1 974a ) . Tremolieres and 
Mazliak ( 1 974 ) ,  using developing pea l eaves and subcellular 
preparations , found eviden c e  for the desaturation o f  o l eate  
to linol eate in the mi cro some s , but  the  desaturation o f  
lino l eate  to linol enate was associated  wi th the chloroplast  

frac tion . Slack e t  al . ( 1 977 ) observed  that linol eate was 
lost  from the mi c rosomal PC ; but linol enate appeared in 
MGDG , suggesting that desaturation o f  linoleate may o c cur 
fol lowing trans fer from PC . A more dire c t  demons tration 
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o f  the co-operation between chloroplasts  and o ther c ellular 
organell es has c ome from the work o f  Hawke e t  al . ( 1 974a )  using 
i solated maiz e  c hloroplas ts  and crude mi tochondri al and 
mi cro somal preparations . The addition o f  the mi to chondrial 
and mi crosomal preparations , together or separat ely , stimulated 
t he synthesis of polyunsaturated fat ty acids , al t hough the 
levels obtaitied were still well below that exRe c t e d  from the 
endogenous l evel s of these fat ty aci ds ( Hawke et al . ,  1 974a ) . 

The po ssibility that lipids o ther than PC are 
involved in fat ty acid desaturation was proposed  by Ni chols  and 
eo-workers following ( 2- 1 4c] ac etate s tudi es wi th Chlorella 
v ulgari s  and o ther algae ( Ni chol s  e t  al . ,  1 96 7 ;  Ni cho l s ,  1 96 8 ;  
Nichols  and Moorhouse , 1 96 9 ;  Appleby e t  al . , 1 97 1 ) .  Their 
findings were consistent wi th those  of Gurr et  al . ( 1 96 9 )  
that PC was a substrate for desaturation o f  fat ty acids , but 
they deduced  from t heir resul t s  that MGDG and o ther lipids 
also served as substrat es for desaturation . Ni c ho l s  and 
Moorhouse ( 1 96 9 )  presented  evidence for the desaturation o f  
fat ty acids o f  monogalac to syldiglyc eri des in Chlorella 
vulgari s  following d e  novo synthesis o f  the monogalac to syl
diglyc eri des .  It would appear that in Chlorella parallel 
desaturation pathways , one using PC and the o ther using MGDG 
as substrates , may be pr esent ( Appl eby e t  al . ,  1 97 1 ) .  Appl eby 
et  al . ( 1 97 1 ) found that Anabaena variabilis , a blue-gre en 
alga whi ch lacked PC , utilized  MGDG as the subs trate for the 
desaturation of o l eate to l inol enate . 

Rec ently , eviden c e  t hat bo th PC and MGDG 
may serve as subs trates for desaturation has been obtained 
for higher plants  ( Heinz and Harwoo d ,  1 977 ; Siebertz  and 
Heinz , 1 977 ) . Heinz and Harwood  ( 1 977 ) following the 
incorporation of ( 1 - 1 4c] acetat e , 1 4co2 and ( 35s] sulphate into 
t he glycolipi ds o f  Vicia faba l eave s  interpreted  their data 
to indicate  that SQDG ( sulphoquinovo syl diglyceride ) , MGDG and 
PC could ac t as substrates for desaturation . However , they 
found that MGDG contained the highes t  speci fi c radioac tivi ty 
of linol enat e wi t h  smaller l evels  in DGDG and SQDG . After 
t he same incubation times linol enat e  was never found in more 
t han trac e amoun ts  in PC . Heinz and Harwood ( 1 977 ) interpreted  
thi s  to  suggest that PC was no t involved  in  the  synthesi s 
o f  linol enate in Vicia faba , incontras t to  the work o f  
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Wil l i ams e t  al . ( 1 976 ) and Roughan and e o -workers ( Ro u ghan , 

1 970 , 1 975 ; Slack and Roughan , 1 97 5 ) . Simi lar r e su l t s  were 

f ound by S i eber t z  and Heinz ( 1 977 ) from l 4co2 f e e di n g . 
e xperimen t s  wi th young l eaves from Anthr i s cus , Spi n a c i a  an d 

C henopo di um . Siebcrt z  an d Hei n z  ( 1 97 7 )  found that t h e  l abelling  

pat tern o f  c 1 6 - fa t ty a c i ds of  MGDG from  Anthris c u s  c ere fol ium 

and Spi n a c i a  o l era c ea were c onsi s t en t  wi t h  the . sequen t i al 

d e saturation o f  palmi tate  to hexade c at r ienoat e . A s i mi l ar 

l abelling pat t ern was al so observed  for  the desatur a t i o n  o f  

c 1 8- fat ty a ci ds o f  MGDG . 

I t  i s  appar ent  t ha t  s everal lipids may be  involved  

in  the  desaturation of  fat ty a c i d s  ( as well  as  CoA  an d ACP 

derivat i ve s ) and i t  has been propo s e d  that eac h c e l l ul ar 

o rganel l e  may have i t s  own part i cular substrata f o r  the 

d e saturation of fatty  acids ( Appl eby et  al . , 1 97 1 ; Heinz 

and Harwo o d , 1 977 ; S i eber t z  an d Hein z , 1 977 ) . A c c o r di n g  to 

t hi s  propo sal a PC m e di a t e d  d es aturation would  o cc u r  i n  the 

microsomes and a MGDG medi a t e d  de saturation wou l d  o c c u r  in the  

c hlorop l as t s .  However , the  exc hange of  fatty a c i d s , e i t her as  

di gly c er i d e s  deriv e d  f rom P'C or as PC , may o c c ur be tween sub

c ellular frac tions , al though t hi s  has not been demo n s t r a t e d  

wi th chloro plas t s  i n  v i tro ( Mazl i ak e t  al . ,  1 975 ) . 
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1 . 4 

1 • 4 .  1 

Diglyc eri de an d Monogala c t o syl diglyc erl ae Bio syn th e s i s  

Diglyc eri de Biosyn t h e s i s  

Di gly c er i d e s  c an be synthesi z e d  ei ther d e  novo from 

t he acyl a ti o n  of .§..!l- gl y c erol - 3- pho sphat e  followe d by the  

a c tion o f  pho sphati dat e pho spha t as e  or from the hydro lysis  

o f  o ther l i pi ds such  a s  pho spho l ipids an d gal ac t o l i p i ds . 

Cheni ae ( 1 96 5 )  and S as try an d Kates ( 1 96 6 ) 

d emons t r a t e d  the i n c orporatio n  o f  ( 32p] s n-glyc erol - 3 -phosphat e  

i nto pho sphatidi c a c i d  ( PA ) , l y sopho sphatidi c ac i d  ( lyso-PA ) , 

monogl y c e r i d e s  ( MG )  and di gl y c erides  ( DG )  by subc e l l ul ar 

p reparat i o n s  from spinach l eave s . The mi c ro somal frac tion was 

t he mo s t  ac t ive pr eparation wi t h  only a low ac t i v i t y  p r e s en t  

i n  t he c hl o roplas t frac tion ( Cheni ae , 1 965 ; Sastry and Kat e s , 

1 966 ) .  Do u c e  and Guil l o t -S al amon ( 1 970 ) found that i so l a t e d  

spinac h c hl oroplast s , mai ze c hloroplas t s  an d mai z e  e tioplas t s  

c oul d i n c o rporat e [ 1 , 3- 1 4d �- gly c erol -3-pho spha t e  i n to 

l yso-PA , PA , and DG as  well as into PC an d PG ( pho spha t i dy l 

glyc erol ) .  Further s tu di e s  b y  Joyar d and Do u c e  ( 1 977 ) 
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demo ns tra t e d  the pre s en c e  o f  two ac ylating enzymes i n  s pinach  

c hloroplas t s : a soluble (or  l o o sely boun d )  acyl -Co A :�

glyc erol-3-pho sphate acyl t rans f erase  and an env elope � embran e  

bound acyl -CoA : monoacyl -�- glyc erol -3-phosphat e  acyl tran s f er as e , 

bo t h  o f  whi ch are requi r e d  for the synthesis o f  pho s ph a t i di c 

a c i d .  The chloroplast envelope membrane was also  found to  

c o ntai n  the pho sphati di c a c i d  pho sphatas e  inf�r r e d  from the  

s tudi es of  Deu c e  and  Guill o t-Sal amon ( 1 970 ) to b e  pr e s en t  in 

the  c hloropl a s t  ( Joyard an d Do u c e , 1 977 ) .  

The mi c ro somal and c hloroplastic  acylases u t i l i z e d  

a c yl - CoAs - for the acylation o f  sn-glyc erol-3-p ho sphat e  ( C heniae , 

1 96 5 ;  Sastry and Kat e s , 1 966 ; Joyard and Deuc e , 1 977 ) . 

Bertrams and Heinz ( 1 976 ) observ e d  t ha t  the ac tivi ty o f  the 

acyl-Co A : �- gl y c ero l-3-phosphate acyl trans f erase var i e d  wi th 

the age o f  t he tissue . In young spinach and pea leav e s  the  

maximal ac tivi t y  was ass o c ia t e d  wi th the solubl e pro t e i n s  

from t h e  c hloroplas t , whereas i n  o l d er tissue , the high e s t  

ac tivi ty was a s so c i a t e d  wi th t h e  mi c ro somes ( Bertrams and 

Hein z , 1 976 ) .  The utili zation o f  acyl-Co As is consi s t e n t  wi t h  

the  l o c a tion o f  acyl -Co A s yn the tas e s  ·in  the c hloropl a s t  

envelope ( Jo yar d and Deuc e , 1 977 ; Roughan and Slac k , 1 977 ) . 

R e nkonen and Blo c h  ( 1 96 9 )  using a c el l - fr e e  ex tract  

from  green Eugl ena gracili s fo und that t he addi tion o f  sn

gly c ero l-3-p ho spha t e  s timulated the i n corporation of a c yl - AC Ps 

as well as acyl-CoAs i n to lipids . S hine  e t  al . ( 1 976 b )  found 

that mi cro somes from avo c ado meso c arp could  tran s fer acyl 

moi e ti e s  from CoA derivatives to  p o s i tion  2 o f  lyso-pho spho

l i pi ds , but wi th l i t tl e  tran s fer o f  acyl moi e t i e s  fro·m acyl-ACPs . 

Ho wever , Shine e t  al . ( 1 976 b )  foun d that acyl-ACPs were u t i l i z e d  

for trigly c eri de bio syn thesis b y  avo c ado meso c arp mi c ro some s , 

as  were the GoA derivati v e s .  A granal preparation from spinach 

c hloroplas t s  c ould i n c o rporate acyl moi e t i e s  from acyl-CoAs , 

b u t  no t from acyl-ACPs , i n to po l ar lipids  ( Shine e t  al . ,  1 976 b ) . 

I t  would app e ar that i n  higher pl an t s  the c hloroplas t s  u t i l i z e d  

acyl-CoAs , b u t  n o t  acyl-ACPs , for the acylation o f  �- gl y c erol•  

3- phosphate . Shine  et  al . ( 1 976 a )  have propo s e d  a pathway 

i n  whi c h  acyl-ACPs are c onverted  to their a c yl -CoAs by the  

ac tion  of  t hi o e s terases and t hiokinase s . 

I so l a t e d  c hl o roplas ts from mai ze ( Hawke e t  al . , 1 974a ) 

and spina c h  ( Kannangara and S t ump f , 1 972 a ;  Roughan e t  al . ,  1 976 ; 
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Murphy and L e e c h , 1 977 , 1 978 ) can i ncorporate newly s yn t hesiz e d  

f a t ty aci ds into  diglyc eri des , b u t  a l ar ge proportion o f  the 

f a t t y  aci ds synthesiz e d  r emained as free fatty acids . 

K annangara and S tump f ( 1 972a )  found that chloroplas t s  i so l a t e d  

f r o m  young spina c h  l eav e s  incorporat e d  more n ewly synthe si zed  

f a t ty acids into  di glycerides than did c hloroplasts i s o l a t e d  . 

from matur e tissue . The addi tion o f  �- gl y c ero l�3-pho spha te and 

or Triton X- 1 00 s timul a t e d  the incorporation o f  newly 

syn t hesized f a t ty a c i ds i n t o  digl y c eri des by s pinac h chloroplasts 

(Roughan e t  al . ,  1 976 ) . However , the digl y c eri des syn t h e si ze d  

b y  i solated c hloroplas t s , using [ 1 - 1 4c ] ac e tate  or 1 4co2 , 

were compo s e d  mai nl y  o f  palmi tate  and o l eate wi t h  low  l e v e l s  

o f  more unsaturat ed fat ty acids ( Kannangara an d S tump f , 1 972 a ;  

Hawke e t  al . ,  1 974a ; Roughan e t  al . ,  1 976 ; Murp hy an d L e e c h , 

1 978 ) .  Joyar d  and Dou c e  ( 1 976a )  r epor t e d  that t he 

endo genous di glycerides i n  the env elope  o f  spinach c hl oroplas t s  

w er e  very r i c h  i n  po lyunsaturat e d  fatty aci ds . 

A further s o ur c e  o f  diglyc erides i s  from the 

m e tabolism o f  o ther l i pi d s , par ti cularly p ho sphati dyl c ho line . 

Thi s had been sue;gest e d  b y  Wil l i am s  £!: al . ( 1 976 ) from 
1 L1-co2 

l ab el li ng s tu di e s  wi t h  Vi ci a  faba l eav es in whi ch PC was 

proposed  to be the donor of polyunsaturat e d  di gl y c eri d e s  for 

MGDG biosyn thesi s .  Slack  et al . ( 1 9 77 ) u si ng doubl e l ab e l l i n g  

t e c hniqu e s , f o und evi den c e  i n  developing mai ze leaf  t ha t  PC 

a c t s  as a donor o f  digl y c eri des to o ther lipids , pri n c i p al ly 

!-iGDG . Slack e t  al . ( 1 977 ) have sugge s t e d  t hat the di gly c eri d e s  

c ou l d  be l i b erated from PC by the c ombined  ac t ion o f  

pho s pholi pas e D to giv e  phosphatidic  a c i d  ( Quarles  and Dawson , 

1 96 9 )  whi c h  i s  then c onvert e d  to di gl y c eride by the a c tion o f  

p ho s phati di c a c i d  pho sphatase . 

1 . 4 . 2  Monogala c t o syl diglyc eride Bi o syn thesis 

Ferrari and Benson ( 1 96 1 ) proposed from 1 4co2 

l ab el ling s t u di e s  wi t h  C hlore l l a  pyr eno i do sa that MGDG was 

syn thesi zed  by the gala c t o sylation o f  di glyc er i de s  an d that 

MGDG was further gal a c t o sylated to  DGDG . They also pro p o s e d  

t h a t  UDP- galac t o se was t h e  mo s t  l i kely  donor o f  t he galac t o s e  

moi e ty f o r  the gal ac to syl ation o f  DG t o  MGDG an d MGDG to  DGDG . 

Ne ufield and Hall ( 1 964 ) demonstrated the u t i l i za tion o f  

U DP- galac t o s e  for galac tolipid biosynthesis by spinach 



c hloro plasts  and showed that o ther gal ac tose nuc l e o t i des 

coul d no t replace  t h e  requirement for UDP-galac to s e . Neu f i e l d  

and Hall ( 1 964 ) also found t h a t  UDP- glu c o se was u t i l i�ed  t o  a 

small ext ent for gal a c to l i pi d  synthesis  and sugge s t e d  that the 

U DP- gl uc o se was first conv er t e d  to U DP- galac tose  b e fore 

inc orpora ti o n . On gun and Mudd ( 1 96 8 )  found that the  

galacto sylation ac tivity was greater for chlor·oplas t s. i so l at e d  

from y o u n g  spinac h l eaves than t ho s e  pre pare d  from mature 

tissue . Two enzymes are involv e d :  one for the gal a c t o syl ation 

of  DG to MDG D  an d a second enzyme for the gal a c t o sylation  o f  

MGDG t o  DGDG . The exi stan c e  o f  these  t wo separate  enzym e s  

was fir s t  indi ca t e d  by Ongun and Mudd ( 1 968 ) w h o  f o u n d  t h a t  

the s e c o n d  enzyme w a s  easi ly ex trac t e d  from t h e i r  c hloroplast  

preparations . Furt her evi den c e  for  two  separate  enzyme s  has 

been provided by t he findings o f  Chang and Kulkarni ( 1 970 ) 

using sub- chloroplas t pr epar ations from spina c h , Mudd e t  al . 

( 1 969 ) an d Bowden an d William s  ( 1 973 ) using a c e tone powder 

preparations from spinach and maiz e  c hloroplasts  r e s p e c tively . 

The se workers foun d  that the two enzymes di ffered  i n  their 

pH o p timum and r e s ponded di f f erently t o  metal ions and 

inhibi to r s .  

I ni t i al s tudi e s  o f  the sub - c el lular di stribution 

of  the gal a c t o syl ation enzyme s  had i ndi c ated their presenc e 

in the mi croso me s , mito c ho n dri a , chloroplast s  an d soluble  

preparations ( Mudd e t  al . ,  1 96 9 ;  Chang and Kulkarni , 1 970 ; -- -- . 
Lin and Chang , 1 97 1 ; van Humm e l , 1 974 ) .  Thi s l ed t o  

consi derable c o n fusion a s  t o  t h e  si t e ( s ) o f  gal a c t o l i pi d  

syn the si s .  However , Dou c e  t 1 974 ) c l early demo ns tra t e d  that 

the c hl oroplast envelope was the si t e  of  galac t o l i p i d  

bio synthesis a n d  thi s was l a t er con firmed b y  van Hummel e t  al . 

( 1 97 5 ) .  Their work emphas i z e d  the eas e wi th whi c h  the env elope 

c o uld b e  released from the c hloropl a s t  and sugge s t e d  that i t  

was env elope  c o n tamination whi c h  l e d  t o  the appare n t  
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presen c e  o f  the transferase ac tivi ty i n  o ther c e l lular fra c tions . 

Joyar d and Do u c e  ( 1 9 76 b )  and van Hummel et al . ( 1 975 ) 

demons trated  that p uri fi e d  prep arations o f  mi crosomes  and 

mi to c ho n dria were i n c apable o f  syn t he s i zing galac tolipids  

from UDP- galac tose . 

The l o c ation o f  the  galac to syl tran s f erase in the 

envelope  ensures i t s  proximi ty to a l ar ge pool of d i glyc eri des 



( Joyard and Do u c e , 1 976a , 1 976 c )  an d t o  the s i t e  o f  di glyc eride 

bio syn thesi s ( Jo yard and Douce , 1 977 ) . The l o cation o f  t h e  

e n zyme wo uld a l s o  enabl e t h e  uti l i zation o f  di glyceri cl e s  

dona t e d  from PC for the syn thesis o f  HGDG (Wi l l i ams e t  al . ,  

1 976 ; Slac k e t  al . , 1 977 ) . 

1 . 4 . 2 . 1 Substrate  Spe c i fi city o f  the  Galac t o syl tran s ferase 

Di gly c eri de spec i fi c i t y  has been d em0nstra t � d  by 
pr eparations from many species of mi cro-organi sms which 

syn t h e s i z e  hex o syl di glyc eri des . For exampl e ,  the S trept o c o c c u s  

fae c Rl i s  enzyme i s  speci f i c  for unsaturated diglyceri de s 

( Pi eringer , 1 96 8 )  and t h e  Pseudomon as diminu t a  en zyme for 

unsaturated an d s horter c hain fa t ty a c i ds ( S haw and Pi eringer , 

1 977 ) .  
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Mu dd et al . ( 1 96 9 )  demons trat e d , using ac e to n e  powders 

o f  spinach c hl oroplas t s  as an enzyme source , that po lyunsaturated 

diglyc eri des were  b e t t er ac c eptors  o f  gal ac t o s e  from UDP

galac t o s e  than s aturate d  di�l y c eri de s . Similarly ,  Bowden and 

Wil l i ams ( 1 973 ) , using a c e tone powders  from mai z e  c hloro plas t s , 

found that dio l ein was a b e t t er ac c ep t er o f  gal a c t o s e  from 

U DP- galac to s e  t han dipalmi tin . However , the pre feren c e  f o r  

unsa turated di glyc eri des was n o t  found b y  E c c l e s hall and Hawke 

( 1 97 1 ) using a similar a c e tone preparation  to t hat o f  Mudd e t  al . 

( 1 96 9 )  • 
The possible r o l e  o f  MGDG as a sub s trate for 

desaturation  o f  fatty  acids , in  al gae as pro p o s e d  by Appl eby 

et al . ( 1 97 1 ) an d N i c ho l s  and Moorhouse ( 1 96 9 )  and i ts 

e x t ension t o  h i gher plan t s  by Heinz and eo-workers ( Heinz 

and Harwoo d ,  1 977 ; Sieber t z  and Heinz , 1 977 ) , woul d give rise 

t o  po lyunsatur a t e d  MGDG s wi tho u t  t h e  n e c e ssi ty for the 

gal a c t o sylati o n  of po lyunsatura t e d  di gl y c eri d e s . I t  was al s o  

apparent  that t h e  po s i t io nal spe c i fi c i ty o f  t h e  newly synthesized  

f a t t y  ac i ds i n c o rporat e d  i n to MGDG foun d  by  Si ebertz and Heinz 

( 1 977 ) for c
1 6  

and c 1 8  fat ty aci ds was consi s tent  wi t h  the  

p o si t i o nal di s tribution of  these f a t ty acids in the endo genous 

MGDGs ( Auling � al . , 1 97 1 ) .  

Deacylation and reacylation o f  MGDG af ter d e  novo  

synthesis  c o u l d  al so bring abou t  the  mo di fication of  the  

fat ty ac i d  compo sition  w hi c h  also would  redu c e  the n e c e s s it y  

for the  gal ac t o sylation o f  polyunsaturated  di gly c eri des .  
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T h e  presence  o f  gal ac t o l ipases h a s  b e e n  repo r t e d  i n  runner 

bean l eave s  and c hloroplas t s  ( Sas try and  Kat e s , 1 964b ; Helmsing , 

1 96 9 ) , spinach l eav e s  ( Helmsing , 1 96 7 )  and spinach c hloro p l as t s  

(Mc C ar thy and Jagendor f ,  1 96 5 ) . However , o n l y  l imi t e d  s tu di e s  

have b e en c arri e d  o u t  on t h e  reacylation capac i ty o f  l ea f  

homo genates an d c hloropl as t preparations (Safford  e t  al . ,  

1 97 1 ; Baj wa and Sas try , 1 972 , 1 97 3 , 1 975 ) .  Leaf homo g�na t e s  

o f  Spinacia o l eracea ( S a f fo r d  et al . ,  1 97 1 ) ,  Te tragonia 

expansa ( Ba j wa and Sas try , 1 972 ) an d c hloropl a s t  preparatious  

from Tetragonia expansa ( Ba j wa and Sas try , 1 972 , 1 975 ) c o ul d 

incorporate f a t t y  acids i n to MGDG i n  t h e  pre s e n c e  o f  ATP 

and C o A . Baj wa and Sas try ( 1 972 , 1 973 , 1 97 5 )  found that 

unsatura t e d  fa t ty acids were inc orporated  at hi gher rates  

t han saturated  fatty aci ds and the  highest  r a t e s  were  o b tained 

wi t h  l i no l eni c a c i d .  Enzymati c al l y  prepared mono galac tosyl

mono gly c eri d e s  ( MGMG ) were acyla t e d  t o  MGDG by l ea f  homo genates 

( S af ford e t  al . ,  1 97 1 ; Ba j w� and Sas try , 1 972 ) and ac e tone 

powders of  c hl oroplas t s  ( Ba j wa and Sas try , 1 97 3 ) I t  is  evident 

from these  o b s ervations that the c hl o ropl ast has the c apaci ty 

t o  m o di fy the fatty aci d  c ompo s i t i o n  o f  i ts MGDG s . 

The final fatty acid  c ompo s i tion o f  MGDG in the 

chloroplast  woul d be de termine d  by the type o f  di gly c eri d e s  

u t i l i z e d  f o r  galac to syl ation an d b y  subsequent mo di fi c ation , 

s u c h  as : desaturation and deacylation-reacylation , a f t e r  

d e  � bio synthe si s . T h e  r e l a t i v e  importan c e  o f  t h e s e  

al t ernativ e s  i s  no t known . 



Chap t er 2 

AIMS OF THE PRESENT STUDY 

This s tudy i s  an inves ti gation o f  t h e  bio syn the sis 

o f  polyunsaturated fat ty a c i ds and mono galac t o syldigl y c erides 

( MG DG ) by i so l ated c hl oroplas t s . I n  parti c ul ar the  work has 

b e e n  dire c t e d  towards two o u t s t an di n g  problems asso ciated  

wi t h  l i p i d  bio s ynthes i s  i n  pho t o syn thetic  tissue s : the  low  

i nc orporati o n  o f  acetate  into linol eate and l in o l e nat e by 

i so l ated  c hl oroplasts and al so the  low incorporation o f  t he 

n e wl y  syn t hesized  fat ty acids i n to MGDG . 

The i nitial s tudi es describe d  i n  this thesis  were 

c arri e d  out wi t h  the aim o f  impro vin g  [ 1 - 1 4c] a c e tate 

inc orporation  i nto fat ty acids  an d l ipids by i s o l a t e d  

c hl o roplas t s  from spinac h ,  mai ze an d sweetcorn . Thi s invo lved 

an inve s ti gatio n  of  c hl oroplast i so lation m e t ho ds , the  e f fe c t  
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o f  c o fac tors an d incubation c ondi tions on ac etate  incorporati o n . 

S everal lines o f  inves tigation were u s e d  in a t t empt s  

t o  i mprove t h e  inc orporation o f  ac e tate i n to polyunsaturated 

fat ty ac i d s  by i solat e d  spina c h  and mai ze chloroplas t s . Thes e  

i n c l uded a s tudy o f  t h e  biosyn the ti c c apacity o f  c hloroplasts 

o b tai n e d  from mai z e  t i s s u e s  at  di ff erent s tages of  dev el o pmen t . 

I n  view o f  the  curren t unc er tainty as to t he s i t e ( s )  o f  

d e s aturati o n  l eading t o  t he biosynthesis o f  the  polyunsaturat e d  

f a t t y  acid  c o n s ti tuen t s  o f  MGDG i n  pho tosyn t h e t i c  ti ssues . 

( namely ,  the  role o f  mi cro somal PC as a sub s trate for fatty 

ac i d  desaturation  fol lowed by tran s fer to ' MGDG ( Ro ughan , 1 970 , 

1 975 ; Slack an d Roughan , 1 975 ) and MGDG as a substrate for 

de saturat i o n , following de E£YQ syn thesi s , in the c hloroplast 

( Ni chol s  and Moorho u s e , 1 96 9 ;  Appl eby et  al . ,  1 97 1 ) )  t he rol e  

o f  o ther c el lular organ e l l a  was investigated using a non

c hloroplas t i c  c ell  frac tion  wi t h  c hloroplas t s  in a r e c o n s ti t u t e d  

s ys tem . T h e  ro l e  o f  MGDG as a subs trate for t h e  desaturation 

o f  fatty ac i ds was inve s t i gated  by s e l e c ting experimen tal 

c ondi tions whi c h  vari e d  the nature o f  the final acyl pro duc t 

syn thesi zed  from acetat e , namely free fat ty aci ds , di gl y c eride& 

and mono gal ac t o syldigl y c eride s . During the c o urse  of the lat t er 

s t udy , the i n c orporati o n  o f  n ewly s ynthesi z e d  fatty a c i ds 

i nto MGDG was also i nv e s t i gat e d . 



3 .  1 

3 . 1 . ( a )  

Mat erials 

Reage n t s  

Chap t er 3 

MATERI ALS AND METHODS 

C hemi c al s  used  in the present s tudy were o bt ain e d  

2 5  

f rom t h e  following so urc e s : ATP , C oA ,  di thio thre i t o l  ( DTT ) , 

�- glyc erol -3-pho sphate ( so di um s al t ) ,  uridine '5 1 - dipho sphat e  

D-galac to s e  ( UDP-gal acto se ) , cytidine 5 1 - diphospha t e  c holine  

( CDP- c holine ) ,  glu c o s e  6 -pho sphat e , bovine serum albumin

frac tion V ( BSA ) , sodium deoxy c ho l ate , Tri s ( hydroxym e t hyl ) amino

methane ( Tris ) ,  N-Tri s ( hydroxy m e t hy l ) me thyl glycine  ( Tri cine ) ,  

gly cerol kinase ( E . C .  2 . 7 . 1 . 30 , E ·  coli ) ,  pancreatic lipase 

Type I I  ( E . C .  3 . 1 . 1 . 3 ,  Ho g ) , ,O - Terphenyl and 2 , 5-P - di phenyl

oxazol e  ( PPO ) were obtained from Sigma C hemi c al Co . ,  S t .  Loui s , 

USA . [ 1 - 1 4c ] acetic  aci d , sodium sal t ( 58 . 1 mCi/mmo l ) ,  �1 1 - 1 4c] 
hexadecan e  ( 0 . 78 1  Ci/ g ) , �- ( 1 , 2 ( n ) -3� hexadecane ( 1 . 8  Ci/g) and 

[ 1 \ 3 ) ( n ) -3 H ] gl y c erol ( 2 . 3Ci/mmol )  from the Radio c h emi c al 

C entre L t d . , Amersham , England . 

Silica  gel  G and DG from Ri edel-De-Haen AS S e el ge 

Hannover , Germany a n d  MN300 c ellulo s e  from Mac herey and Nagel , 

Duren , Germany . 

1 , 4 bi s [2 - ( 5-phenylo xazo ly l )] -benzene ( POPOP ) and 

s ucro s e  from Ko ch-ligh t  Laboratories L t d . , Engl and . S trep tomyci n  

s ulphate from Gl axo Laborato r i e s , N . Z . and Mirac l o t h  from 

C al bio c he m , Cali forni a , USA . 

A l l  o ther r eagents were obtained from BDH C hemi cal s 

L td . , Poo l e ,  Engl an d or May and Baker L t d . , Dagenham , England .  

A l l  sol v e n t s  wer e redisti l l e d  b e fore use . 

3 . 1 . ( b )  Plant Mat eri als 

Mai z e  ( Z e a  mays var . Wis c o nsin 346 ) and swee t corn 

( Zea mays v ar . Gol den Cros s  Ban t am )  s e e ds were o b t ai n e d  from 

Arthur Yat e s  and C o . ,  L t d . , N . Z .  The seeds were s o ak e d  in water 

a t  approximately 2 0° C overni ght be fore s o wing in tray s  o f  

p eat/pumi c e  ( 1 : 4 ,  v/v ) po t ting mixture . Plants were grown for 

8 days a f t er sowing in a contro l l e d  environment a t  the  Plan t  

P hysiol o gy Divi sion ' s  Climat e L aboratory , DSIR , Palmers ton 

North , N . Z . Day/night temperatures , vapo ur pr e ssure d e fi c i t s  

and equival ent relative humi di t i e s  were 2 5°C/20°
C ,  1 0/5 

m i l libars and 6 8/78% r espectively . Day l ength was 1 2h and t h e  

p ho tosyn t h e t i c al l y  ac tive radiation o f  400-700nm r ange was 



1 70 watt per square metre . Hal f-strength formulation o f  
Hoaglands ' solution A ( Hoagland and Arnon ,  1 938 ) modi fied 
by the use of chelated iron was used as a nutrient solUtion . 

Fi e ld- grown spinach (Spinacia o l eracea )  was purchase d  
lo cal ly . 
3 . 2  Me tho ds 
3 . 2 . 1 . (a )  Preparation of E .  coli Acyl Carri er P�o t ein . 

Acyl carrier pro t ein from � · coli was parti ally 
puri fie d  by the method of Maj erus e t  al . ( 1 96 9 ) . 
Fro zen ]; .  coli pas t e  was suspended in  0 . 02M- tri ethanolamine
HCl buffer , pH7 . 5 ,  containing 0 . 0 1 M-P -mercap to e t hanol  ( 1 1/kg 

0 o f  frozen cells ) and thawe d  at 4 C with s tirring .  Cel l s  were 
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then ruptured  i n  a French pressure cell ( twice  through at  7-8 , 000 
p . s . i . )  which  resul t e d  in greater t han 85% rupture o f  c el l s  
( Presti dge , 1 978 ) . Intact cells and c ell  membranes were 
r emov ed  by c en tri fugation at 30 ,000 X � in a Sorvall RC2-B 
c entri fuge for 30min . The pro tein concentration was adj us t ed  
t o  1 5mg/cm3 by  the  addi tion o f  further buffer . S treptomycin 
sulphat e ( 1 g/g  o f  pro t ein ) was added wi th constan t  s tirring 
to preci pitate nucleic aci ds whi ch  were then removed  by 
c entri fugation at 30 ,000 X � ·  

Su fficien t  1 . 0H- triethanolamine-HC1 buf fer , pH7 . 5  and 
1 M-fi-mercapto e t hanol were added to the  supernatant to give  a 
final buffer concentration o f  0 . 1 M-trie thanolamine-HC1 buffer , 
pH? .  5 ,  containing 0 . O J  M-fl-mercaptoe thanol .. Sol i d  ammonium 
sul phat e was added to give 70% saturation and aft er s tanding 
for 1 5min at 4°C  the precipi tated pro t eins were removed  by 
c en tri fugation at 30 ,000 X �  for 30mi n .  The supernatant was 
adjust e d  to pH l . O  by the addi tion o f  1 0M-HCl , allowed to s tand 
overnight and the precipi tated acyl carrier pro t ein c o l l e c t ed  
by  c entrifugation at 1 0 , 000 X �  f or  20min . 

The p ar tially puri fied acyl carri er pro tein was 
resuspended in a minimum volume o f  0 . 05M-imidozo l e-HC1 buffer , 
pH? . O ,  containing 0 . 0 1 M-�-mercaptoe thanol and c entrifuged at  
1 5 , 000 X �  for  45min to remove insoluble pro t ein . 

The preparation contained 40�gACP/mg o f  pro t ein as 
det ermined by the malonyl-S-pantethein-co2 exchange reac tion  
(Maj  erus  et  al . , 1 %9 ) .  
3 . 2 . 1 . ( b )-;r;aration o f  [1 ( 3 ) -3H] sn-glycerol-3-pho sphat e  

[1 ( 3 ) -3H]�-glygerol-3-phosphat e was synthesi z e d  



enzymati cally from [ 1 C 3 ) ( n ) -3H ] glycerol by pho sphorylation 
wit h  ATP in the presen c e  o f  glycerol kinase ( E . C .  2 . 7 . 1 . 30 )  
according to  t h e ! pro c edure o f  Chang  and Kennedy ( 1 967 ) . The 
incubation medium consi s t e d  o f  0 . 05M-Tris/HC1 buffer , p H8 . o ,  
20mM-ATP , 20mM-MgC12 , 20mM;B-merc aptoe thanol , BSA ( 1 mg/cm3 ) ,  
glyc erol kinase (20unit s )  and 1 mCi- [ 1 ( 3 ) ( n ) -3H]glycerol ( 2 . 3Ci/ 
mmo l ) in a final volume o f  5cm3 • After incubation at 37°C for 
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3h , the incubation medium was heated for 5min i n  a boiling water
bath  and c en tri fuged at 1 , 000 X � for 5min to remove the 
pre cipi tated pro tein . 

The supernatan t  was layere d  on to a c olumn ( 1 6 x l . 3cm ) 
o f  Biorad-AS 1 -X8 (200-400 mesh ) i on- exchange resin ( formate 
form ) . Unreac t ed  glyc erol was eluted wi th 80cm3 o f  dis t illed  
water . Gradi ent  elution o f  the  [ 1 ( 3 ) ( n ) -3� �-glycerol-3-
pho sphate was b egun wi th the gradient  mixer vessels  containing 
2 50cm3 o f  dis ti l l ed water and 2 50cm3 of 4M-HCOOH respec tively . 
A singl e peak o f  radioac tivi ty was obtained from the c olumn 
between 285cm3 and 360cm3 o f  e fluen t collec t e d .  The 1 5cm3 

frac tions were pool ed and freeze-dri e d .  The produc t was then 
r e di s so l v e d  in 20cm3 o f  di s till e d  wat e r .  

The puri ty o f  t h e  pro duc t  was assay e d  by t . l . c . on  
MN300 c ellulose  developed in e thyl acetate/gl ac ial ace ti c  aci d/ 
water (3 : 3 : 1 , by vol . )  acc ording to the method o f  Lueking et al . 
( 1 973 ) as mo di fied by Hippman and Heinz ( 1 976 ) . No radioac tive 
glyc ero l was de te c t ed in  the preparation when the t . l . c .  plates 
were scaned or following autoradiography . 
3 . 2 . 2  I so lation o f  Chloroplasts 
3 . 2 . 2 . ( a )  Me tho d  1 

Mai ze an d swee t c orn plants  were harv ested  by c u t ting 
immedi ately above the po t ting mix . The coleoptile  and the first 
ou t er l eaf  were removed . Mai z e , swe e t corn and spinach l eaf  
t i s sue was washed in cold  water be fore use . 

Chloroplasts were i solat e d  according to the me thod 
of  Leese e t  al . ( 1 97 1 ) .  The  tissue was suspended  in the  
i so lating medium consis ting of  0 . 5M-sucrose , 0 . 2%-BSA , 1 mM-MgC12 
in  0 . 06 7M-pho sphate buffer , pH8 . 0 ,  a t  a ratio o f  4cm3 o f  medium 
per g o f  tissue . The tissue was homogenized using a Waring 
bl endor at full speed for 3s , followed by mixing and a further 
5s  homo genization .  The homogenate was fil tered through 1 0  layers 

o f  c o t ton organdie and 1 0  layers o f  2�m nylon  bolting cloth . 



The f i l trate was c en tri f ug e d  for 1 min a t  2 , 000 X �  in a 

Sorvall RC3 c e n t ri fuge , fi t t ed wi t h  an auto-brake , and t h e  

r e sul ting pell e t  resuspende d i n  a minimum volume o f  i so l a ting 

medi um . The r esuspended c hl oroplast s  were fil tered  t hrough 

one l ayer of Mirac l o t h  and the chloroplas t  suspension l ayered  

o nt o  2 0cm3 of  0 . 6M- su cro se -0 . 06 7M-p hosphat e bu f fer , pH8 . o ,  

c on t ai ning 1 mM-MgC 12 an d 0 . 2%-BS A .  The c hl o roplas t s  were 

c en tri fuge d a t  300 X �  for 1 5min i n  a HL-8 ro tor fi t t e d  w i t h  

s wi n g-out bu cke t s  in the So rvall RC3 c en tri fuge . The puri f i e d  

c hloro plas t s  w e r e  r esuspend e d  in the  i so lating medium an d 

u s e d  i mmediately . 

3 . 2 . 2 . ( b )  Me thod  2 

The p l an t  tissue  was treat e d  and washed as des cribe d 

i n  Method 1 .  C hloroplas t s  were i so l a t e d  a c cording to  the  

m e t ho d  used by  Jacobson e t  al . ( 1 973a ) . The  i so l ation medium 

c o n t ained 0 . 6M-sorbi t o l , 6 0mM-NaHco3 , 1 0mM-K2 HP0
4 , 1 mM-MgC1

2 , 

0 . 1 %-s o dium asc orbate an d o . 1 M-Tr i c ine/Na0H bu f fer , p H7 . 9 .  

A ratio  o f  i s o l ating medi um to ti ssue  o f  4cm3 o f  me dium p e r  

g o f  t i ssue w a s  used  as b e fore . The t i s s u e  was homo gen i z e d  

u s i ng a Waring b l e n der a t  full s p e e d  f o r  30s . The homo gen a t e  

w a s  fi l tered t hrough 4 l ayers o f  Mirac l o t h  an d the fil trate  

c en tri fuged for 45s  a t  3 , 600 X �·  The  c hloroplast pellet  was 

resu spended in t he i so l ating medium . 

3 . 2 . 3  Pr eparation  of  the  Non - c hlo ropl asti c Par t i c u l a t e  

Frac tion from Leaf  Homogenate 
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The non- c hloroplastic  par ti c ul a t e  frac tion was 

prepar e d  a c c or ding to  Hawke et al . ( 1 974a) . The supernatan t  

from t he c hloroplast  i s o l ation was c entri fuged for l Omin a t  

4 , 000 X � to r emove broken c hloro p l a s t  fragmen t s . T h e  resul ting 

supernatant was c en tri fuged for l h  a t  1 00 , 000 X �  i n  a B e c km an 

Ho d e l  L Preparative Ul tracentri fuge . The pell e t  was r e suspended 

i n  hal f the vo l ume of  the c hloropl a s t  i so lating medium u s e d  

f o r  t h e  c hloro plast  resuspension . T h e  par t i culate  frac tion 

was added to fre shly prepar e d  chloropl as t s  from t he same 

bat c h  of tissue i n  the experimen t s  described . 

Preparation o f  Mai ze Leaf S e c tions 

Leaf s e c tions were prepar e d  a c c ording to  t he pro c edure 

o f  Leese  e t  al . \ 1 97 1 ) .  Pr e-chi l l e d  mai ze l e a f  tissue , a f t er 

the r emoval o f  the c o l e o p t i l e  and t he fir s t  l e a f , was c u t  

i n to  5 se c tions . The four l ower s e c t ions ( A- D )  were each o f  



2 cm l o n g  whi l e  s e c ti o n  E c ompri s e d  t h e  r emai ning di s tal t i s s u e . 

3 . 2 . 5  Mi c r o s c opy o f  Chlo roplas t s  

3 . 2 . 5 . ( a )  Phas e - c on tras t Mi c ro s c opy 

Phas e - c o n tras t rn i c r o s c o py was used r o u tinely to 

as s e s s  the d e gr e e  of  i n t a c tn e s s  of  the c hlor o p l as t  preparati ons 

( Ri dl e y  and L e e c h , 1 96 8 ) . At  1 , 500 X magni fi c a t i on , o v er 

80% o f  c hloropl as t s  i s o l a t e d  from spinach an d mai ze Wf}re 

i n t ac t ( i e .  C l as s  1 c hl or o p l as t s ) whi l e  from swe e t c orn , 

general l y  50-60% o f  the c hl o roplas t s  were intac t .  

3 . 2 . 5 . ( b )  El e c tron Mi cro s c opy 

I so l a t e d  c hl o r o p l as t s  were f i x e d  by the me tho d o f  

Karnovsky ( 1 96 5 )  u sing fo rmal dehyde and glutaral dehyde i n  

0 . 1 M-pho sphat e bu f fer , p H7 . 2 .  The c h l o ro plas t s  w e r e  c en t r i fueed 

f o r  1 mi n  at 1 , 000 X �  an d l e f t  for 3 h  at 4
°

C b e f o r e  remo ving 

the fixative by washing the p e l l e t  t hr e e  time s  wi th 0 . 1 M- ·  

p ho spha t e  bu f fer , p H7 . 2 , for 1 0 , 1 0 and 30min i nt erval s .  The 

c hl o r o p l a s t  p el l e t  was po s t - fixed wi t h  1 %-0so4 in 0 . 1 M

p ho sphat e bu f f er , pH7 . 2 , f o r  3- 5h at 4°C .  The p o s t - fixat i v e  

was remo v e d  and the p e l l e t  was hed a s  d e s c ribed abov e . 

De hy drati on waG c ar1 i � d  o u t b y  washing t h e  p e l l e t  

wi t h  aqueous e t hano l  in four s t eps o f  inc reasing e t hano l 

c o n c entration from 2 5% to 1 00% , fo l l o w e d  by two t r e a tmen t s  

( 1 0  to  1 5min )  wi t h  propy l e n e  oxide . T h e  fixed c hl o ro p las t s  w e r e  

emb e d d e d  using a s er i e s  o f  sol u ti o ns o f  Fl uka e p o x y  r e s i n  

di s o l v e d  i n  pro p y l ene oxide : 2 5r� r e sin f o r  1 h ,  50%-re sin for 

l h , 7 5%- r e sin o v erni ght wi t h  a fi nal 1 00%-resin f o r  ?h . 

The embe dded c hl o r o p l as t s  w e r e  then p l a c e d  i n  

g e l a t i n  c apsul e s  b e fore c uring at 60° C for 2 t o  3 days . A LKB- 1 

m i c ro to m e  �as u s e d  for thin- s e c tioning . S e c ti o ns were p l a c e d  

on 400 -m e s h c op p er gr i d s  ( unsuppo r t e d ) . S e c ti ons were s tai n e d  

a c c ordi n g  t o  V enabl e and C o ggeshal l ( 1 96 5 )  wi t h  uran yl ac e t a t e  

f o l l o w e d  b y  l ead c i trat e . S e c t ions w e r e  o b serv e d  i n  a Phi l i p s  

EM- 1 0 0  e l e c tron mi c ro s c o p e  an d pho t o graphed ( Pl a t e  1 , p . 30 ; 

P l a t e  2 ,  p . 3 1 ; Plate 3 ,  p .  32 
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EXPLANATION OF PLATE 1 

El e c tron micrograph o f  spinach ( Spinac ia ol erac e a )  c hl oroplast s . 

Vi sibl e within t he c hloroplast s  are grana ( G ) , s troma ( S ) , s troma 

lamel l a  ( 1 )  and plastoglobuli ( P ) . Spinach c hloroplas t s  were 

isolated  by M e t ho d  1 and fixe d  using formaldehyde/glutaral dehyde . 

For fur t her detai l s  see text . Magnific ation X 26 , 600 . 
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EXPLANATION OF PLATE 2 

El e ctron mi crograph o f  mai z e  ( Zea mays v ar . Wi sconsin 346) 

chloropl as t s . 

Visible are developing mesophyll c hl o roplasts ( M )  containing 

grana ( G ) , s troma ( S ) , s troma l amella ( 1 ) and prol am e l l ar 

b o di e s  (Pl ) . Also visible are agranal bundl e sheath c hloroplas t s  

( BS ) , a disrupte d  m e so phyll c hloroplast ( DC )  and envelope 

f ragments ( Ev ) . Mai z e  c hloroplas t s  were i solated by Metho d 

and fixe d  using formaldehy de/glutaral dehyde . For further 

detai l s  see t ex t . Magni f i cation X 1 8 , 000 . 
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EXPLANATION OF PLATE 3 

El e c tron mi c rograph o f  swee tc orn (Zea mays var . Golden Cro s s  

Bantam )  c hloropl as t s . 

Vi sibl e wi thin the me sophyll c hloroplas t ( M )  are grana ( G ) , 

s troma ( S ) , s troma l amella ( 1 )  and prolam el l ar bo di e s  ( Pl ) .  

Al so visible  i s  a detac he d  pi e c e  o f  envelope ( Ev ) . S w e e tcorn 

chloropla s t s  wer e isolated by M e t ho d  1 and fixed using 

formal dehyde/glutaral dehyde . For further de t ails see t ex t .  

Magni fic ati on X 26 , 600 . 
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3 . 2 . 6  Incubation o f  Chloroplas t s  with Subs trates 

3 . 2 . 6 . ( a ) I nc ubation Me di um A 

This m e di um was that u s e d  by Hawke e t  al . ( J 974a ) 

and c on t aine d :  0 . 3M-sorbi to l , 50mM-Tri cine/NaOH bu f fer , 

p H7 . 8 ,  50�1-pho sphate buf f er , pH7 . 8 ,  2 . 5mM-DTT , 2 . 0mM-ATP , 

0 . 5mM-CoA , 30mM-NaHC03 , 1 . 0mM-MgC12
, 0 . 2 mM-NADPH , 0 . 2mM-NADH , 

and 0 . 1 cm3 o f  c hl oroplas t  suspensi on c o n taining 0 . 5M- sucro s e , 

0 . 06 7M-phospha t e  bu f fer , ·pH8 . o ,  1 mM-HgC12 and 0 . 2%-BSA , in  

a final volum e  o f  1 cm3 a f t er the addi tion of  subs tra t e s  and 

c hl oroplas ts .  

3 . 2 . 6 . ( b )  Incubation Medium B 

This m e dium was based o n  t h e  medium u s e d  by Jaco bson 

et  al . ( 1 973a ) . The medium c o ntai ne d : 1 . 0mM-DTT . 2 . 0mM-ATP , 

0 . 2 mM-CoA , 0 . 5mM-NADPH ( r eplacing t h e  NADPH generating s y s t em ) , 

0 . 5 mM-NADH , 20�g-! . c o l i  ACP , and 0 . 6  c m3 o f  c hl o roplas t 

s uspension contai ni n g : 0 . 6M-sorbi to l , O . l M-Tri cine/NaOH b u f fer , 

p H7 . 9 , 60mM-NaHCo
3

, 1 0mM-K2HPo4 , 1 . 0mM-MgC12
, and 0 . 1 %- s o di um 

a s c o rbat e i n  a final volume o f  0 . 8 c m3 a f t er the addi t i o n  o f  

s ub s trates and c hl oroplas t s . Unlike Medium 1 ,  the  sorbi to l , 

bu f f er , HgC12 , b i c arbonat e ,  pho spha t e and in addi tion to t h e s e  

s o m e  as c orbate were s uppli e d  b y  the  c hl oroplast  suspensi o n .  

Their final c o n c en trations were : 0 . 4M-sorbi tol , 7 5mM-Tri c in e/ 

NaOH b u f fer , p H7 . 9 ,  40mM-NaHC03 , 0 . 7 5mM-MgC12 , 7 . 5mM- K2 HP04 
and 0 . 0 75%- so dium ascorbat e .  

3 . 2 . 6 . ( c )  I ncubation C o nditions 

I ncubations were c arri e d  o u t  i� 1 5 cm3 s topp e r e d  

t u b e s  plac e d  i n  a pho to synthetic Warburg apparatus ( B . Braun , 

Mei sungen , Germany ) fi t t e d  wi th six t e en X 40 wat t  tun g s t e n  

l amps giving a l i gh t  intensity  o f  20 , 000 t o  2 5 , 000lx .  The 

t emperature o f  t he wat er-bath was main tained at 20°C ( :!:  1 . 0°C )  

durin g  t he incubatio n . The reaction tubes were agi ta t e d  a t  

7 8 c y c l e s/min . 

3 . 3  Analyti c al �1e t ho ds 

C hlorophyll De t ermination 

Chloro phyll was d e t ermin e d  by the  metho d o f  Arnon 

( 1 94 9 ) . 1 00� o f  c hloroplast suspension in  i so lation bu f fe r  

was adde d to 2 5 c m3 o f  80%- aqueous a c e tone , mix e d  well  and 
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f i l t e re d . The absorban c e s  were read at 645nm and 663nm ( Hi ta c hi 

Mo del 1 0 1  Spec tropho tometer ) .  Chlorophyll conc entrati o n  

w a s  giv e n  b y  the  following relations hi p : -



c o n c en tration ( m g/cm3 ) = 0 . 2 5  x ( 2 0 . 2  x A645 . +  8 . 02 x A6 6 3 ) 

where  A645 and A6 6 3  are the  absorban c e s  at 6 45 nm and 6 63nm 

r e s p e c tively . 

Lipi d Extrac t i o n  and Thin-Layer Chromatography 

Lipi d s  were extra c te d , a f t er the addi tion o f  0 . 1 cm3 

o f  6M-HC1 to s top the reac tion , ac c o r ding to the pro c�dure 

o f  Hawke e t  al . ( 1 974a ) . 6 c m3 of CHCl
3/MeOH ( 2 : 1 , v/v ) were  

added to the reac tion mixture and thoroughly di sper sing the 

phases  using a vor tex mixer . A fur t her 2 c m3 of  CHCl3 and 

3 c m3 o f  wat er were added and the two phases t horoughly mixe d .  

A f t er the phas e s  had s eparated the aqueous l ayer was remo v e d .  

T h e  c hloro form l ayer was extrac t e d  s u c c e s sively wi th e q ual 

v o lume s o f  1 %- ac e ti c  ac i d ,  0 . 1 M-NaCl an d  dis til l e d  wat er ( 3  

ex trac ti ons ) .  For eac h extraction the c hloro form layer was 

dispersed i n  the  extrac t an t by means of a vor t ex mixer . 

Finall y , the c hl o ro form was remo v e d  under a s tream o f  

ni tro gen an d the lipi ds redi s so l v e d  i n  1 crn3 o f  C HC l3 • Sui t abl e 

aliquo ts were removed  for radioac tivity measureme n t s  to 

d e te rmine t he incorporation of radio ac tivi ty into  lipi d .  

Lipi d s  were s eparated b y  t hin-layer c hromato graphy 

( t . l . c . ) o n  sili c a  gel G or  DG l ayers .  Glass plates  ( 5c m  by 

20crn or 20cm by 20cm)  were spread wi t h  a slurry of  adsorban t  

i n  di s ti l l e d  water ( 1 : 2 , w t/v ) to a t hi c kness o f  0 . 2 5rnm wi t h  

a c o mmerc i al spreader ( De saga , Hei dellbe�g ,  Germany ) .  Pl a t e s  

were  allowed to air dry f o r  1 5  to 2 0rnin at room t emperature 

b e fore ac tivation for l h  at 1 1 0°C .  

34 

Layers impre gnat e d  wi t h  AgN03 were prepar e d  by 

s lurrying the adsorban t wi t h  a 5%-AgN03 solution ( w t/v ) . Two 

c m3 of AgNo3 s o l u tion was u s e d  for every g of adsorban t , g1v1ng 

a 1 0%-AgN0
3 i n  sili c a  gel ( wt/wt ) ( Ni chol s  and Moorhou s e , 1 96 9 ) . 

MN300 c el l u l o s e  plates were prepared  by homogeni zing 

1 5g o f  MN300 c el l ul o s e  wi t h  80c m3 o f  dis ti l l e d  water for 30 s 

pri o r  to spreading t o  a t hi c kness  o f  0 . 2 5mm . The l ayers were 

all o w e d  to air dry a t  room t emperature for 2 t o  3 day s . 

The s eparation o f  neutral lipids and fatty a c i d s  o n  

s i l i c a  gel layers was ac hi e v e d  by developing wi t h  hexan e 

di e t hy l  ether- glacial ac e ti c  a c i d  ( 50 : 50 : 1 ,  b y  v o l . )  ( hexane 

s o l v ent ) .  The separation o f  galac tolipids was achi e v e d  by 
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d e v e l oping wi t h  t ol uene-e t hyl a c e tate- 95o/�ethanol ( 2 : 1 : 1 , by v ol )  

( to l uene solvent ) and the s eparation o f  indivi dual pho s p ho 

l i p i d s  by developing wi t h  C HC13-MeOH- glacial a c e t i c  a� i d-

water ( 85 : 1 5 : 1 0 : 3 ,  by vol . ) ( c hl o ro form solvent ) .  Pla t e s  

( 2 0 cm by 20c m )  were run in a mo di f i e d  two - dimensional manner 

( Fi g .  3- 1 ,  p .  36 ) .  The l i p i d  extrac t was added wi t h  markers as a 

spo t at the lower righ t  hand corner and devel�p e d  i n  .t h e  

hexan e  solven t .  A f ter drying t h e  p l a t e  was spray e d  wi t h  

0 . 0 5%-2 , 7- di c hl o ro f luoresc ein i n  m e t hano l  ( w t/v ) and viewed 

un der U . V . -ligh t . The  ar eas corresponding to TG , FFA , DG , 

MG an d the region between MG and DG ( po si tion o f  UK , unidenti f i e d  

c ompo und ) w e r e  trans fere d to glass c en tri fuge tube s , o r  t o  

c ounting vial s as requir e d .  The l i p i ds remai ni n g  at t h e  

o ri gi n  w e r e  then c hromatographed i n  ei ther t h e  toluene o r  

c hl oro form s o l v en t s .  T h e  positions o f  t h e  lipids were 

d e t e rmine d  under U . V . -l igh t  after spraying wi t h  di chloro

fluor e s c ei n  and the appropriate ar eas removed as abo v e . 

Lipi d s  required for furt h er analysi s were extrac t e d  

f r o m  t h e  si l i c a  g e l  using 5cm3 o f  CHC13-MeOH- di e t hyl e t her 

( 1 : 1 : 1 , by vol . )  foll owing the addi tion of a f ew drop s  o f  

water to deactivate  the silica gel . 

MGDG and DG were fur ther puri fied o n  silica gel  

l ay e r s  develo p e d  in hexan e - di e t hy l  e ther-glac ial acetic  aci d 

( 6 0 : 40 : 1 , by vol . ) and C HC1
3

-MeOH ( 9 : 1 , v/v ) respec tive l y . 

MGDG s o f  di f fering degr e e s  o f  unsaturation were  

s eparated on 1 0%- AgN03 s i l i ca gel  l ayers using C HC13-MeOH

H20 ( 6 0 : 22 : 4 ,  by vol . ) as the dev e l o ping solvent ( Ni c ho l s  

and Moorhouse , . 1 96 9 ) . 

Gas-Liqui d Chromatography o f  Methyl Esters o f  Fat ty 

Acids  

3 . 3 . 3 . ( a )  Pr eparation of  Methyl Es t er s  o f  Fat ty Acids 

Methyl e s t ers o f  fatty acids were prepare d  by the 

m e t h o d  o f  van Wyngaarden ( 1 967 ) . An aliquot o f  lipid 

extrac t to b e  anal y s e d  was plac ed in a 20cm3- tube wit h  a 

gro und gl ass n e c k , the solvent was remove d  by a s tream o f  

nitrogen and 2 cm3 o f  0 . 5M-m e thano l i c  NaOH was added .  The tube 

was at tac hed  t o  a water  condens er and re fluxed o n  a s an d  bath 

for 2min . 2 c m3 o f  1 4%-boron tri fluoride i n  m e thanol ( wt/v ) 

was added through the c ondenser and re fluxing continu e d  for a 
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further 2min . 5 cm3 o f  hexan e  was added through the condenser 
and this mixture allowed to reflux , o ff heat , for a fur ther 
2min • After cooling , su f fi cient wat er  was added to bring the  
hexan e  layer t o  the top of  the  tube . The  hexane layer was 
t ransf erred to a glass-stoppered c entri fuge tube using a 
Pas teur pipett e .  The hexane was removed wi th a stream o f  
ni trogen and the  methyl es ters redi ssolved in an appropriate 
volume of hexane . A standard methyl ester mix ture containing 
1 6 : 0 ,  1 8 : 0 ,  1 8 : 1 and 1 8 : 2  was added for c o - c hr o mato graphy , 

since  li ttle  o f  these fat ty acids are present in chloroplast 
l i pi ds (Sastry , 1 974 ) .  
3 . 3 . 3 . ( b )  Gas-Liquid Chromatography 

The me thyl esters o f  fat t y  aci ds w e r e  analysed 
u sing a Varian-Aerograph Mo del 1 520 gas chromatograph fi t t e d  
wi th  a flame ioni sation det ector . The glass column ( 1 83cm by 
0 . 3cm i . d . ) was packe d wi th  9%-di e thylene glycol succinate 
polyes ter ( DEGS ) ( Annlabs , Conne c t i cut , USA) on Chromosorb Q 
( 60-70 mesh ) ( Appli ed  Sc iences Laboratories , Cali fornia , USA ) . 
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The co lumn was fi tted  wi t h  an e f fluent stream spli t t er 
diverting i o f  the sampl e t o  the coll e c tor j e t  and the remainder 
passed  to the flame  i oni sation de te c tor . Sampl es were i n j e c ted  
on  to the  c o lumn using a 30�1-SGE mi c roli tre syringe \ S ci en t i fi c  
Glass Engineering Pty . Ltd . , Melbourne , Australia ) . 

The co lumn was held at 1 85°C with the in j ec to r  and 
0 0 de t e c tor t emperatures  at 205 C and 235 C respec tively . The 

carri er gas was oxygen- fre e  ni tro gen , flowing at 47-52 cm3/min , 
wi th  hydro g e n  and air supplied to the  de tector at 22cm3/min 
and 2 50cm3/min respec tively . 
3 . 3 . 3 . ( c )  Col l e c tion o f  Radioac tiv e Effluent 

Samples  of the radioactive e f fluent were coll e c t ed  
i n  a pyrex tube loosely packed wi th 0 . 1 -0 . Zg o f  glasswool 
mois t ened wi th  scintillation sol ution . The me thyl esters were 
e luted  from the col l e c ti on tubes by two 5cm3 aliquo ts  o f  
scintillation solvent into counting vials . A small han d-operat e d  
air-pump was u s e d  to flush the solvent through the glasswool  
and aid  draining .  Each fat ty acid was  c o l le c t ed  in  a s eparate 
c o l l e c tion tube as they were eluted  o f  the column as moni tored 
from the c hart recorder . 



Measurement o f  Radi o ac t iv i ty 

1 0c m3 o f  Tri ton X- 1 00- to luene scintillation solvent  

( 9g-PPO , 0 . 3g- POPOP and 1 1  of  Tri t o n  X- 1 00 added  t o  2 1 · o f 

t o l u en e ) was u s e d  for the counting aqueous solu tions and 

t he non-vo l a t i l e  pro duc t s  from H 1 4co3
- fixati o n . 1 0c m3 o f  

Tol uene s c i n t i ll ation solven t  ( 6 g- PPO , 0 . 24g-POPOP added 

t o  1 1  of  t o luene ) or  0 . 5%-f - terphenyl i n  toluene ( w t/v) were  

used  for  the  c o unting lipid  s ampl e s  a f t e r  the removal of  CHC13 , 

m e t hyl e s te r s  o f  fatty  aci ds an d radioac tive areas from t . l . c .  

- si l i c a  gel  l ayers . 

R a di o a c tivit y  was d e t ermi n e d  using ei ther a Packard 

Tri c arb Mo d e l  3375 scintillation c o u n t er or a Beckman LS- 350 

l i qui d s c i n t i l l ation sys t e m . Pre s e t  mo dul e s  were u s e d  for 

c o un ting 
l 4C - i so top e .  When 3H-i so to p e  and 1 4c - i s o t o p e  were 

c o un t e d  t o g e ther di s criminator s e t tings of 0 - to 200 for 
3 H and 300 t o  1 , 000 for 

l 4c were used on the Beckman LS-350 . 

Counting e f fi ci encies  were det ermined by m eans o f  an au tomati c 

ext ernal s tandard c alibrated agai n s t  radioactive  hexade c ane . 

Thin- layer c hromatography plates  were scanned  for 

r a di o ac tivi t y  using a Packard Radi o c hromatogr am S c anner Mo del 

7200 . The c o un ting c o ndi t i o ns were : 1 . 26%-i so -butane in helium 

( v/v ) at  1 50 cm3/mi n ;  vo l tage , 1 . 1 5k v ; slit-wi d t h , 2 . 5mm ; 

time cons t an t , 30s wi th a s c anning rate o f  0 . 5cm/mi n  t o  l . O cm/ 

min . 

Auto radio gr aphs o f  t . l . c .  l ayer� were o bt ained  by 

expo sing the  plates  to  Ko d ak RP Royal X-Omat X-ray film for 

2 to  1+ we eks in a light-pro o f  box . Films were devel o p e d  and 

fixed wi t h  Ko d ak Liqui d X -ray dev e l o per and fixer . 

3 . 3 . 5  The De t ermi nation o f  the Pos i t ional Dis tribu ti o n  

o f  Radioactive  Fatty Ac i d s  i n  MGDG and DG 
Synthesized  by Spinach Chloropl a s t s  

Hy dro lysis o f  MGDG a n d  D G  b y  p ancreatic  l i p a s e  was 

c arri ed o u t  e s s en tfally by the method  o f  Safford and Nichols  
0 ( 1 970 ) .  Pan c reatic  lipase was extrac t e d  at  0 C wi t h  a c e tone , 

di e t hyl e ther-MeOH ( 2 : 1 ,  v/v ) , f o l l o we d  by three washings 

wi t h  di e t hyl e ther to remove endo genous lipids and air-dried 

(No da and Fuj iwara , 1 96 7 ) . 
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The i ncubat i o n  m e dium consi s ted  o f :  1 0 cm3 o f  0 . 2M

Tri s/HC1 bu f f er , p H7 . 6 , O . l cm3 o f  1 %- s o dium deoxy c ho l a t e  ( wt/v ) 
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and 0 . 3c m3 o f  45%-CaC12 ( wt/v ) .  The MGDG or DG to  be hydroly ze d , 

i n  0 . 1 cm3 o f  hexane , was added t o  the incubation m e di um , t he 

hexane was r emo v e d  b y  a s tream o f  ni tro gen and t he r e a c tion 

m i xture soni c a t e d  for 5min using a 1 00wa t t  ul trasoni c 

d i si nt egra t o r  i n  the au t o-mo de a t  a power output o f  abo u t  

6 - mi crons p eak t o  peak ( M . S . E .  L td . , London , Englan d ) . 

The reac tion was s tar t e d  by the addi tion o f . 50mg

p an creat i c l ipas e and the  MGDG an d DG hydrolyzed for 3h and 

2 mi n  resp e c tively  at  40° C .  

Fol l o wing t he incubation t he li pids were extrac t e d  

i n t o  CHC13 u sing a n  equal volume o f  c hl oro form to r e ac t i o n  

mix ture ( 2  ex trac tions ) .  The p o o l e d  c hloro form extra c t s  was 

e vaporated  to dryn e s s  under a s tream o f  ni trogen and r e di ssolved 

in  l cm3 o f  chloro form . 

The separation o f  MGDG , MGMG and FFAs on sili c a  gel 

l ayers was a c hi ev e d  by developing with CHC13-MeOH-Ac e to n e  

( 80 : 1 6 : 4 ,  b y  v ol . ) .  The l ipi ds were  l o c a t e d  and extrac t e d  from 

the si lica gel as described in S e c tion 3 . 3 . 2 .  The m e t hy l  

e s t ers o f  t h e  f a t t y  acids were pr epared  and g . l . c . as 

d e s cribed in S e c tion 3 . 3 . 3  ( pp .  35 to 37 ) . 



C hapt e r  4 

RES ULTS 

The I ncorpo ration o f  [ 1 -
1 4c]ace tate i n t o  To t a l  Lipi d 

a n d  Cons ti tuent Fat ty Aci ds by I so l a t e d  C h l o ropl a s t s  

I ni ti al l y  t h e  s t udi e s were aimed  a t  i mp r o v i n g  t h e  

i n c orpo r a t i on o f  a c e t a t e  i n t o  l ip i ds and fat ty a c i ds . T h e s e  

s t udi e s  i nv o l v e d  a c o mp ari s o n  o f  i so l a t i o n  m e t ho ds a n d  

i n c ub a t i o n  c o n di t i o n s  an d a n  i nv e s t i ga t i o n  o f  t h e  e f f e c t  o f  

v aryi ng ATP , C o A  an d a c e t a t e  to o p t i m i z e  the c o n c en t r a t i o n s  

f o r  maxi m u m  i n c o r p o r a t i o n  o f  a c e t at e .  I n c o r p o r a t i o n  i n t o e a c h  

o f  t h e  m a j o r  c o n s t i t u e n t  f a t ty a c i ds was e xami n e d  i n  t h e  

h o p e  o f  f i n di ng c o n d i t i o ns t h a t  wo u l d  gi v e  i n c r e a s e d  

i n c orpora t i o n  i n to po lyunsaturat e d  fat ty aci ds . 
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4 .  1 • 1 A Compari s o n  o f  Chloroplas t I so l ation Methods and 

I n cubation Condi tions on ( , _ l 4c] acetate I nc o rporation 

into Lipi d . 

Two p ro c e du r e s  o �  c h l oro p l a s t  i so l a t i o n , n a m e l y  t h e  

m e t ho d  d e v e l o p e d  by L e e s e  � al . ( 1 97 1 ) f o r  Zea mays ( M e tho d 1 )  

an d t h e  i s o l ati o n method  used by Jacobson et al . ( 1 973a ) for 

S n i na c i a  o l erac e a  ( Method 2 ) , w e r e  c o m pare d  t o  e s tab l i s h  whi ch 

m e t ho d  was t h e  mo s t  s ui tabl e for t h e  i so l a t i o n  o f  c hl o r o p l as t s  

f r o m  bo t h  t y p e s  o f  t i s s u e .  

I so l a t i o n  M e t ho d  1 i n v o l v e d  two br i e f  homo geni z a t i o n s  

o f  t h e  l e a f  t i s s u e  ( fo r  3 s  an d 5 s wi t h  mixing b e t w e e n  p e r i o d s ) 

i n  0 . 5M- s u c ro s e- pho s p h a t e  b u f f er , p H8 . 0 , c o n t ai n i n g  BSA and Mg+ + . 

T h e  c hl o r o p l a s t s  were puri fi e d  u s i n g  a o n e - s t e p  gradi e n t . Me t ho d  

2 u t i l i z e d  a s i n gl e 30s homo geni z a t i o n  i n  0 . 5M- s o rb i t o l - Tr i c i n e/ 

NaOH b u f f e r , p H7 . 9 ,  c o n t ai n i n g  b i c arb o n a t e , a s c orbat e ,  K
2

HP0
4 

++ ( a n d  Mg s e e  M e tho ds s e c tion 3 . 2 . 2 , p .  27 ) .  

T h e  i n c u b at i o n  media used  by Hawke � al . ( 1 974a ) 

a n d  Jac o b s o n  et  al . ( 1 97 3a ) ( M e d i um A and M e d i um  B r e s p e c t i v e l y ) 

c o n t ai n e d  t he same range o f  c o factors , but at di f f e r e n t 

c o n c entrations , also � ·  c o li acyl carri er pro t ein ( AC P )  was a 

c omponen t o f  M e di um B but no t o f  Medium A .  The bi c arbonat e , 

b u f fer and o smo ti c requiremen t s  for Medium B were suppli e d  by 

the addi tion of the chloropl as t s  r esuspende d  in the i s o lating 

me dium ( s e e  Methods s e c t i o n  3 . 2 . 6 , p .  33 ) .  

C hl oroplas t s  i solat e d  by Metho d 1 from Spi n ac i a 

o l e rac ea ( spinac h )  and Zea mays var . Wi s c o nsi n 346 ( mai z e )  

i n c orporat ed more [ l - 1 4c] acetate  i n t o l i pi d when i n c u b a t e d  in 



Me dium A t han in Me dium B ( Tabl e 1 ,  p .  42 ) The much l o wer 

inc o rporation o bs erve d  when Medi um B was used in c on j un c tion 

wi t h  isolation Metho d  1 c oul d b e  a c count ed for by the _absence  

o f  bicarbonat e .  Spinach chlorop l as t s  showed c omparab l e  rat e s  

o f  acetate  i n corporation i n  i n c ubation Me dium A when i so la t e d  

b y  b o t h  m e t ho ds . However , mai z e  c hloroplasts s howed  poor  rat e s  

o f  ac etate  i n c o rporation when i s o l a t e d  by Me tho d 2 in b o t h  

i nc ubation m e dia ( Tabl e  1 ,  p .  42 ) . 

Examination o f  mai z e  c hl oroplas t s  i solated  by 

M e t ho d  1 by phase- c ontrast mi c r o s copy s howed that 

approximately 75% were intac t whereas mai ze c hloropla s t s  

i so lated b y  Me thod 2 were only 3 0  to 40% intac t .  When mai ze 

c hloroplas t s  were i so l a t e d  by Me thod 1 ,  but extendi n g  the 

homo genization time to 30s , they po s s e s s e d  only 2 5% o f  the  

bio syn the ti c  ac tivi ty of  chloroplasts  i so lated by the bri e f  

homo geni zation ( 3 s  an d 5 s  wi t h  mixing be tween burst s ) pro c e dure 

( 3 . 5nmo l - ac e ta t e/mg c hlorophyll/30rni n  c ompared  wi t h  1 5 . 4nmo l 

a c e tate/mg c hloro phyl l/30min) .  The l onger homo geni zation 

time al so r e sul t e d  i n  a 40 to 50% decrease in the degree 

o f  intac tness  o f  the mai ze c hloroplas ts . In contrast to 

mai z e  chloroplas ts , no o bvious al t eration in the  de gr e e  o f  

i n tactness  o f  spinac h chloroplas t s  or their rates o f  

a c e tate incorporation ari sing from the di fferent i sol ation 

m e t hods was found when incubat e d  in Medium A ( Tabl e  1 , 

p .  42 ) .  

Oh the basi s  o f  these r e s ul t s  i �olation Me tho d 

\ Le e s e  et  al . ,  1 97 1 ) and the incubation Medium A as u s e d  by 

Hawke et  al . ( 1 974a ) were routinely used in subsequen t 

exp e riment s . 

4 . 1 . 2  The E f f e c t  o f  ATP and CoA Conc entration on [ 1 - 1 4c)-

ac e ta t e  Incorporation i n t o  Lipids and Const i t u en t  

Fatty Aci ds by I s o l at e d  Chloropl as t s  

T h e  addi tion o f  l o w  c o n c en trations o f  ATP s t imul a t e d  

a c e tate incorporation i n t o  lipi d s  by iso lated spinac h ,  mai z e  

4 1  

a n d  swe e t c o rn c hloroplas t s  ( Fi g .  4- 1 , p .  44 ) .  Maximum s t imulation 

o f  a c e tate incorporation was a c hi ev e d  at 0 . 5mM-ATP for  s pinach 

and mai z e  and a t  l . OmM-ATP for s w e e t c orn c hloroplas ts . A t  

c on c entrations  o f  2 . 0mM-ATP and abo v e  the incorporation o f  

a c e tate by i so l a t e d  c hl o roplas ts from all thr e e  ti ssues  

d e c reased as t he ATP conc entration increased . 



Tabl e 1':. A compa ri s on 

condi t i ons on 

is ol at i on methods and incubat ion 

i ncor orat ion int o  l i  i ds 

Chl or oplasts were isolat ed from spinach and maize  l eaf t issue . 

42' 

I s ol at i on :  ��ethod 1 .  The tis sue was homogeni z ed for 3s and 5s with  mixing 

b etween burst s , in O . SM-sucros e-0 . 067M-phosphat e  buffer ,  pH8 . o , cont aining 

0 . 2%-BSA and 1 mM-¥.gC1 2 • Chl o ropl asts  w ere further purified on a one 

st ep gradi ent us ing 0 . 6¥.-sucros e-0 . 067Y.-phos phat e buffer , pH8 . 0  l ayer. 

Method 2 .  Tiss ue was homogeni z ed for 30s in 0 . 6M-s brbit ol-

0 . 1 M-Tri cine/KaOH buffer , pH7 . 9 ,  cont aining 1 mM-KgC1 2 , 1 0mM-K
2
HPo

4 
and 

60mM-NaHco3 • For further det ails  s ee Met hods and J>!at erials ( s ect ion 

3 . 2 . 2 ,  pp.  27 t o  28 ) . In  both methods the  chl oropl as t s  were resus pended 

in the isol at ing medium and us ed immediat ely.  

Incubat i on :  Medium A.  300mM-s orbi t ol , SOmM-Tri cine/IIaOH buffe r ,  pH7 . 8 , 

SOmM-phos phat e buffer , pH7 . 8 ,  2 . 5mK-DTI' ,  2 . 0mM-ATP , 30mM-NaHC03
, O . SmM

CoA , 1 . 0mM-MgC1 2 , 0 . 2mM-NADPH , 0 . 2mM-NADH and 1 00 1 (  1 30 t o  1 80pg of  

chl o rophyll )  of chl oroplast s us pens i on i n  a final volume of  1 cm
3 

aft er  

the addit i on of  subst rat es . 

!·�edium B. 1 . 0rnJ.l-DTT, 2 . 0rnJ.!-ATP , 0 . 2mM-Co A ,  O . SmM-KADPH, 

0 .  5rn111-NADH , 40)-lg of E· col i-ACP and 0 . 6 cm
3 

( 7 00 t o  900� o f  chl orophyll )  

o f  chloroplast sus pens ion in  a final volume of 0 .8cm
3 

aft e r  t he addit i on 

o f  subst rat es . 

20nmol ( 1 . 27�Ci ) ( 1-
1 4 c ]acet at e was added t o  bot h incubat ion 

media and i ncubat ed as described in  f•let hods and Mat erials  ( s ect ion 3 . 2 . 6  

3 . 2 . 6 . ( c ) ,  p .  33 ) .  

Inco rporat i on of acet at e int o l i pi d  

I s olation Chl oroplast ( nmol/mg chl orophyll/h )  

medium s ource Incubat i on Medium A Incubat i on Medium B 
1 Zea mays var . 

Wis cons in 346 28 . 8  1 8 . 3 

( mai z e )  

1 Spi nacia ol eracea 

( spi nach ) 57 -4 4 . 6  

2 Zea mays var .  

His cons in 346 s . o 6 . 6 

( mai z e )  

2 Spi nacia oleracea 

( s pinach ) 57 . s 3 1 . 1  



O l ei c  acid was the maj o r  fat ty aci d syn th e s i z e d  by 

i so lated c hloroplas t s  from al l t hr e e  tissues studi e d .  The 

amount synt h e s i z e d  from a c e tat e , when ATP conc entration was 

i nc reas e d , c l o s el y  followed the  variation in acetate 

i nc orporation into t o tal lipi d ( Fi g .  4- 1 ,  p .  44 ) .  At  hi gher 

ATP conc entrations the de crease in o l ei c  acid ac coun t e d  for 
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a l arge proportion o f  the  decrease in t he tota� incorporation 

o bs erv ed i n  al l c hloroplast preparations . The relative c hange s 

i n  the inc orporation for the o ther maj or fatty acid  c o ns ti tuents , 

w h e n  ATP c o n c entration was vari e d ,  were much small er t han for 

o l eic aci d , but the  patt erns were generall y  similar t o  t hat 

o f  the to tal l i p i ds ( Fi g .  4- 1 , p .  44 ) .  The levels of a c e tate 

i n c orporation  into l i nol eic and l inoleni c  aci ds were l o w  a t  

all ATP c o n c en trati ons used , al t ho ugh at hi gher ATP 

c o n c entrations an increased porportion o f  the to tal l abel was 

presen t  i n  t he s e  fat ty acids since the i ncorporation rates into 

t hese fatty ac i ds did no t d�crease to the same extent as 

t hat observ e d  for o l ei c aci d .  

The addi tion o f  C o A  s t i mulat e d  acetate incorpo ration 

i n to l ipi d ( Fi g .  4-2 , p .  46 ) .  However , i ncreasing the 

conc en tration  of CoA  beyond 0 . 2 5mM- CoA resul t e d  i n  only minor 

i n c r eases i n  inc orporati o n . 

I n c reased i ncorporatio n  into o l e i c  ac id ac c o un t e d  for 

m o s t  of the s timulation o f  ac e ta t e  inc orporation by CoA i n  

t h e  case o f  mai ze and sweetcorn c hloro plasts . A two - fo l d  

i n crease i n  the l evel  o f  labell e d  lino l e i C  and linol en i c  ac i ds 

was also achieved by adding CoA , but the  l evels were s ti l l  

l o w  ( Fi g .  4-2 , p . 46 ) .  However , w i t h  s pinach chloropla s t s , 

o l eic , palmi t i c  and stearic ac i d s  all con tribu ted to t h e  

i n c reas e d  i n c orporation o f  a c e t a t e  in to to tal lipi d whi l e  

t h e  l ev e l s  o f  label i n  linoleic  and linol eni c acids were 

u n c hange d by t he addi ti o n  o f  CoA ( Fi g .  4-2 , p .  46 ) .  

4 . 1 . 3 The E f f e c t  o f  Acetate C o n c entration on the  

I n corporation of  [ 1 - 1 4c) acetate into Lipi d and 

Consti tuent Fatty Aci d s  by I s olated Chloroplas t s  

I n c reasing ac e tate c o n c en tration from 0 . 02 mM- ac e ta t e  

t o  0 . 52mM-ac e tate r esul t ed i n  a t hr e e  to four- fol d  increase  

in  the  i nc orporation of  acetate into  lipid by  spi n a c h  

c hl oropla s t s  an d a f i v e  to six- f o l d  i ncrease in  the case o f  

mai ze and swe e t corn c hloroplas t s  ( Fi g .  4- 3 ,  p .  4 8 ) . Maxi mum 
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Fig. 4-1 .  The effect of ATP concentration on _ the incorporat i on o f  
[ ,-14c)acet at e int o l ipid and constituent fatty acids by is olated 

chloroplasts 
Chloroplaats were isolated from spinach , maize and sweet corn l eaf t issue 
by Method 1 and incubat ed in Medium A ( refer Table 1 , p .  42 )  for 30min 
with 20nmo l  ( 1 . 27�tCi ) [ 1-14c ]acet at e .  
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Fig. 4-2 . The effect of Coenzyme A concentrat i on on the incorporat i on 
of ( 1-14c]acet ate into  l ipid and const ituent fatty acids by isolated 

chl oroplaats 
Chloroplasts were isolated by Method 1 and incubat ed in Medium A ( refer 
Table 1 , p. 42 ) ,  except that the ATP concentrat i on was O . )mM .  20nmol
( 1 . 26pCi ) [ 1-1 4c] acetat e was added. 



-.� 
E 

0 M 
........ 

� 8-L-0 

40·0 

-5 1 6·0 

c -
Ill "'0 
0 0 
>.. --
.E 

Ql -0 -Ql 0 0 

c 
.2 -
2 &. 12·0 
L-0 0 

s 

.J>P.inac ia oteracoo (spinach) 

18: 1 

----X -- X 1.6 : 0  
- x -

� � v ar .  Wisconsin 346 
( maize ) 

1 ·00 

5 ·0 

;::, () 0 -, "'0 0 -, 0 -
o· ;::, 
0 -

R 10 -0 -10 
;::, -0 
-0 -
g_ 

"'0 
a. 

;::, 

8 
' 
3 <0 

g. 
0 a "'0 ::r 

15· 0 � 
........ 
w 0 

10 ·0 �. 
Cross Bantam ;::, 

(sweetcorn l 
__..,j.,__ _ ___. 1M 

5 · 0  

0 

l Co A 1 ( m  M )  

47 



c: 
. E  
0 
t( 
--
� 

.£:. 
0.. 
e 
0 -

.!::. 
u 
(1) 
E ' 

-
0 
E 
c: 

""0 · -
0.. 

a 
..... 
0 

........ 

0 
........ 
c 

(l) 
........ 
a ........ 
a> 
u 
0 

,._ 
0 
c 
0 

........ 

� 
0 
0.. '-
0 
u 
c 

48 

s pi nach 

60·0 

40 · 0  
matze 

20·0 
sweetcorn 

• 

0 0 · 2  0 · 6  1 ·  0 
[ Ace tate  ] (m  M )  

Fi g .  4-3 . The effect of acet ate concentrat ion on the incorporat ion of 
[ 1-1 4c]acet at e int o l ipid by isolated chloroplaste 

Chl oroplasts were isolat ed by Method 1 and incubat ed in Medium A ( refer 
Table 1 , p. 42 ) ,  except that O . JmM-ATP and 0 . 25mM-CoA were used. 20nmol
( 1 , 26foCi ) [ 1-14c]acetat e was added with appropriat e  amounts of unlabel l ed 
acetat e t o  give the required concentration. 



i n corporation was obtained  at abo ut 0 . 5mM-acetate  for mai z e  and 

s w e e t corn c hl o r oplas t s  and abo u t  0 . 75 to l . OmM-ac etate  for 

the  more active spina c h  c hloroplas t s  ( Fi g .  4-3 , p .  48) . 

Varying the c o n c entration o f  acetate  had l i t t l e  

e f f e c t  on  t h e  relative proportions o f  t h e  fat t y  a c i ds 

s yn t hesized  from acetate  by isolated  chloroplasts  ( Tabl e  2 ,  

p .  50 ) .  O l ei c , palmi ti c and s t eari c  acids cons� i tu t e d  80 to 

90% of t he l ab e l  incorporated  from [ 1 - 1 4c ] ac e tate  whil e o nly 

small amoun t s  of label were inc orporated  i n to lino l e i c  and 

l i no l eni c aci ds .  

4 . 1 . 4  Rat e s  o f  [ 1 - 1 4cl acetate  I n c o rporation i n to Lipi d 

an d Constituent Fat ty Acids  by I so l a t e d  

Chlo roplasts  

The incorporation o f  ac e ta t e  into  to tal lipid  was 

approximately  l inear for the fir s t  20min of i n c ubation for 

i so la t e d  c hl o ro plasts from all thr e e  sour c es ( Fi g .  4-4 , p.  5 1 ) .  

The rate o f  incorporation qy mai z e  an d swe e t c o rn c hloro plas t s  

d e c reas e d  consi derably a f t er 3 0  to 40min , b u t  t h e  more a c tive 

spinach c hlcroplasts main t ained l i near incorporation up to 

45mi n .  

Olei c , palmi ti c an d s t eari c aci ds were t he ma j o r  

fat t y  ac i ds synthesi z e d  with  o nl y  low  rates o f  i n corporation 
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into linol ei c and lino l en i c  aci d s  ( Fi g .  4-4 , p . 5 1 ) .  The rel ative 

importan c e  o f  each fat ty acid vari ed wi t h  the c hl oroplas t s  

un der inv e s ti gation , wi th o l e i c  and p almi tic  a c i ds being the 

maj o r  fatty a c i ds lab e l l e d  in spinach an d mai z e  chloro plas t s , 

whereas i n  swe e t corn , o l e i c  aci d  was the predo mi nan t fatty 

ac i d  l ab e l l e d . 



Tab l e  2 .  The effect of acet at e concent rat i on on the i ncorporat i on of 
[1-1 4c] acetat e int o fat ty aci ds by i s o l at ed chl oropl a s t s  

For experiment al det a i l s  s ee Fi g. 4-3 ( p .  48 ) .  

I n corporat i on of 
Acet at e acet at e i nt o  l i pi d  Di s t ribut i on o f  l abel betwe en 

concent rat i on ( nmol/mg fat ty acids (%) 
mM chlorophrllL30min) �1 6 : 0  1 6 : 0  1 8 : 0  1 8 : 1  1 8 : 2  1 8 :� 

Spinach chl oroplas t s  
0 .02 20 .0  1 2 . 7 30 . 1  1 0 . 6  4 1 . 1  0 . 6  4 · 9  
0 . 1 2  48 . 2  7 . 6  28 . 0  1 2. 2  4 5 . 3 1 . 6 5 . 3  
0 . 52 71 . o  1 1 .8 22 . 9 1 3 . 5 4 5 . 9  2 .4 3 . 5  

Mai z e  chl oropl ast s  
0 .02 5 .9  2 . 2 29 . 2 18 . 9  47 · 5  0 .8 1 .4 
0 . 1 2  22 .4 1 .8 29 . 7 1 7 . 2  49 ·4 0 . 8  1 . 1  
0 . 52 32 .8 2 .4 26 . 1 1 7 . 3  48 . 5  1 . 6 4 . 1  

Sw eet corn chl oropl as t s  

0 . 02 3 . 2  7 . 6 23 . 6  1 5 . 6  4 1 . 8 5 ·4 6 .0 
0 . 1 2  1 2 . 5  3 . 9 28 . 7 14 . 8  48 .4 1 . 6 2 . 6  
0 . 52 1 9 . 0  4 . 7  27 . 7  1 5 . 0  44 . 8  2 . 7  5 . 1  
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Fig. 4-4 . The rates of and 
const ituent fatty acids by isolated chloroplasts from spinach, maize 

and sweetcorn 
Chloroplasts were isolat ed by Method 1 and incubat ed in Medium A with 
ATP and CoA concent rat ions of 0 . 5mM and 0 . 25mM respectively ( refer 
Table 1 , p. 42) . 1 07nmol ( 6 . 7�Ci ) [1-14c] acetat e was used as substrata 
in a final volume of 1 cm

3 • 
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4 . 2  At t empt s to Improve Polyunsaturated Fat ty A c i d  

Bio synthesis  by Isolat e d  C hloroplas t s  
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In the experim en t s  report ed i n  s e c tion  4 . 1 , � nl y  v ery 

l o w  rates  o f  ac e tate i nc orporation i n t o  linoleic  and l i no l eni c 

a c i d s  were o b tai ne d . Therefore at t em p t s  to improve the 

i ncorporation o f  ac e ta t e  into these fatty acids were made 

using o t her approache s . The fir s t  approach was . to  inv e s t i ga t e  

i f  pol yunsaturat e d  f a t t y  acid  biosynthesis was a f fe c t ed by 

the s tage of c hl oroplast development .  Developing mai z e  l ea f  

t i s su e  was u t i l i z e d  a s  a sour c e  o f  c hloroplas t s  a t  di f ferent  

s tages of  developmen t . S e co ndly , the  po ssible invol v emen t o f  

o ther c el l  o rgan elle s ,  c o -op erating wi t h  the c hl o ro pl as t s , i n  

polyunsaturat e d  fat ty aci d bio syn thesis  was inv e s t i gat e d  

by the addi ti o n  o f  a par ti c ulate  prep aration from l ea f  t i s s u e  

containing mi c r o somes and mi to chondria to isolated  chloro p l as ts . 

Final l y , the a c y l  end pro duct was al tered  by the addi tion  

of  sn-glyc erol -3-pho s phat e �n d UDP- galac tose to i mprov e  

di gl y c eride and mono galac to syldi gl y c eride biosyn t hesis  

respec tively , to  see  if  thi s  a f f e c t e d  the syn thesis  o f  

p o lyunsatura t e d  fat ty acids . 

4 . 2 . 1 The I n fl u en c e  o f  Chloropl a s t  Development on [ 1 -
1 4c)-

ac e ta t e  Incorporation into Lipi d and Consti tuent  

Fat ty A c i d s  

L e a f  s e c tions from dev e l o pi n g  mai z e  l ea f  were 

prepar e d  ac cording to the pro c e dure of Leese et al . ( 1 97 1 ) 

and t h e  c hlorop l as t s  i so lat e d  by Me t ho d 1 '  and i n c ub a t e d  in 

reac tion Medium A ,  but using 0 . 5mM- ATP and 0 . 2 5mM-CoA whi c h  gave 

the o p timum i nc o rporation o f  ac e ta t e . The estima t e d  c h l o ro phyll 

c o n t en t  o f  1 50 x 1 06 -plas tids ( c hl oroplas ts )  i s  45 , 50 , 7 5 , 

1 25 ,  2 00�g o f  c hlorophyll ,  r e spe c ti v el y , for plastids i so l a t e d  

from A ,  B ,  c ,  D . and E s e c tions o f  mai z e  l eaves (Leese  e t  al . ,  

1 97 1 ) .  These  v al u e s  were used to e s timate the number o f  plastids  

pre se n t  so t ha t  the  rate s  o f  acetate  incorporation p er p l as tid 

c o u l d  be c ompar e d .  On this bas i s  t h e  chloroplas t s  i so l at e d  f rom 

s e c tion D were twi c e  as active in a c e tate incorporati o n  a s  

chloro plas t s  i s o lated f r o m  s e c tions A+B and C a n d  abou t  six

fol d  greater t han the rat es observ e d  for c hl o ro plas t s  i so l a t e d  

from s e c tion E ( Tabl e  3 ,  p .  54 ) .  T h e  expression o f  t h e  rat e s  

o f  ac etate i n co rporation p e r  m g  o f  c hlorophyll  giv e s  a c o mp l e t el y  

di f f erent r e s ul t ,  wi t h  t h e  c hlorop l as t s  from s e c tions A+B being 



Table 3 .  The incorporat i on of l 1 - ·�cjacet at e  int o  l ipids and fatty acids by isolat ed chl oroplasts from maize l eaf sect ions 
Maize  l eaf sect i ons were prepared according t o  the proceedure of Leese et al . ( 1 97 1 )  and the chloroplasts isolated by 
Method 1 .  The isolat ed chl oroplasts were incubat ed in Medium A ,  but with ATP and CoA concent rat i ons of 0 . 5mM and 0 . 25mM 
respect ively. 20nmol ( 1 . 26f'Ci ) [ 1-14c ]acet ate Nas added in a . final volume of 1 cm3 aft er the addition of substrates and 
chloroplasts . For definition of leaf sect i ons see Methods sect i on 3 . 2 .4 ( p .  28 ) .  

Incorporat i on of acet at e int o 
l i pids Dist ribut ion of label between lipi ds Dist ributi on of label between 

leaf (nmol/ ( nmol/1 50x ( %) fatty aci ds ( %) 
sect i on mg chloroEhlllLhJ 1 06 -olas t idsLh) FFA DG UK� MG MGDG DGDG d others < 1 6 : 0 1 6 : 0  1 8 : 0  1 8 : 1  1 8 : 2 1 8 : 3 

A+B 42 . 5 2 .02 60 .4 1 2 .4 5 .6  7 -4 1 .9 0 . 9 1 1 .4 2 . 5 34 .0 6 .0 55 .6  0 .8  1 . 1  

c 33 . 3 2 . 50 6 1 . 6  1 2 . 3 7 . 2 3 . 6 1 . 1 1 . 1  1 3 . 1 3 . 7  45 - 9 7 . 0  4 1 - 5  0 .9 1 . o  
D 30 .4 4 - 1 3  63 . 5 1 1 . 8 1 0 . 3 2 . 2  1 . 8 1 .4 9 . 0  1 . 5 58 .0  7 . 2 3 1 . 5  0 . 5 1 . 3 
E 3 - 7 0 . 73 64 .4 8 . 6  5 . 6 4 . 3  3 . 5  3 . 6 1 0 . 0  3 . 1 52 . 0  7 . 0  36 . 0  1 . 0 0 . 9 

c:r more polar l i pids (mainly phospholipids ) .  * UK ,  aru uni den,t i fie d  l abell e d  compo un d  

� 



abou t  45% more  active t han the c hl o roplas t s  from s e c tions  

C and D and abou t  t en- fo l d  greater than the  c hl oroplas t s  

f r o m  s e c tion E ( Tabl e 3 ,  p .  54 ) . 

The di s tribution o f  l ab e l  be t ween t he l i pi d · c l as s e s  

di d no t var y  apprec i ably w i t h  the s tage o f  developmen t 

o f  t he c hloroplas t .  Fre e  fat ty a c i ds and diglyc eri d e s  

c o n s t i t u t e d  6 0  to 64% and 8 to  1 2% re spec tively o f  the  l abel . 

i n c orporat e d  i n to l i pi d .  Mono galac t o syl di gl y c er i de an d  
di gal ac tosyldiglyc eri de were poorly labelled  in all c hl o roplas t 

preparations wi th only 1 to  4% o f  the l abel appearing in 

these  lipids  ( Tabl e  3 ,  p .  54 ) .  The remain der o f  the l abel was 

l o cated  in monoglyceride ( MG ) , an unknown ( UK )  and mo re polar 

l i p i ds . 

A t  all s tage s o f  devel o pment o l ei c , palmi ti c and 

s t e ar i c  aci d s  cons ti t u t e d  mos t  o f  t he fatty acids  synthe sized  

from a c e t a t e  by the c hl o roplas t s  ( Table 3 ,  p .  54 ) .  There 

was a progr e s sive decreas e  in the proportions o f  o l e i c  acid  

synt hesi z e d  as t he maturi ty of  the chloro plas t increased 

( s e c tions A+B to E )  and thi s was ac compani ed by an increas e d  

proportion o f  label incorporat e d  i n to palmi ti c  aci d .  Only 

0 . 8 to 1 . 0% and 0 . 9  t o  1 . 3% o f  the l abel incorporated appeare d 

i n  l i no l ei c  and lino l en i c  acids respec tively . The s tage o f  

c hl oroplas t development di d no t al ter the pro portions o f  

linoleic  and l inol eni c acids syn thesized  from ac e tat e . 
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4 . 2 . 2 The E f f e c t  o f  a Non- c hl oropl as t i c  Particulate  Frac tion 

o n  t he Incorporation o f  [ 1 - 1 4c).acetate  i n t o  Lipid and 

C o n s ti tuent Fat ty Aci ds by I so l at e d  Mai z e  Chlo ropl as t s  

The addi tion o f  a non-chloroplas t i c  parti c ulate  

frac t i o n  ( se dimented at  1 00 , 000 X � ) ,  isolat e d  from the mai ze

l ea f  homo genat e remaining after s e dimen tation of  the c hl oroplas t s , 

s t imulat e d  the  incorporation o f  a c e tate into lipid  ( Fi g .  4-5 , 

p .  56 ) .  The particulate  frac tion i ts el f  showed only a very l imi t e d  

c apacity to  in corporate ac etate  i n to lipi d ( 0 . 0 1 nmol o f  a c e tate/ 

l Orl o f  par t i c ulate suspension/30mi n ) .  The par ti c ul a t e  

prepara tion  con tained c hloropl ast fragment s , but  no intac t 

c hloroplas t s  were de t e c t e d  by phase-contrast mi cro sc opy . 

I n c reasing the  par t i c u l at e : chloroplast  ratio u p  to  

1 . 0 increas e d  the  inc orporation of  ac e tate  into  lipids , but  

further increases  in the  ratio had no furt her e f�e�� on 
� 

i n corporation (Fi g .  4-5 , p .  56 ) .  
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18 : 2  + 1 8 : 3  
0 0 ·5 1 ·0  1 -5 2 · 0  

Ra t i o of par t i culat� add�d to chloropla st s 

Fig .  4-5 .  The e ffect  o f  the particulate fraction : chloroplast 
ratio on the incorporation o f  [ , _ l 4c) ac e tate into total lipid 
and consti tuent fatty acids by isolated maize chloroplasts 
Maize chloroplasts were isolated by Method 1 and incubated in 
M e dium A (re fer Tabl e 1 , p. 42 ; Fig . 4-4 , p. 5 1 ) .  Various 
volumes of the particulate frac tion suspension , prepared from 
m aize l eaf homogenate ,  were added to the incubation medium 
giving the required range o f  par ticulate frac tion : chloroplast 
r atios ( see sec tion 3 . 2 . 3 ,  p .  28 ) .  620nmol (6 . 73)Ci ) [ 1 - 1 4c]
a c e tate was added in a final volume of  l cm

3 after the addition 
substrata , chloroplasts and parti culate fraction . The particulate 
frac tion : chloroplast ratio is defined on p. 58 . 



The increased  incorporation was due to  the  increase d 

synthesis  o f  o l eic  ac i d .  Only minor c hanges in the l ev e l s  o f  

t he o t her maj o r  fat ty a c i ds were o bserv e d . The l evels  q f  

l i no l e i c  and linol eni c acids synthesi zed were low a t  all 

p ar t i c ul at e : c hloroplas t ratios ( Fi g .  4-5 , p .  56 ) .  
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The s timul ation o f  ace tat e in co rporation by the 

a d di tion o f  the parti c ul a t e  frac t i o n  was c o n firmed by time

c o ur s e  s tudy o f  ac e ta t e  inc orporation into lipi d by c hloroplas t s  

( Fi g .  4-6 , p . 58 ) . I n  t h e  abs en c e  o f  t h e  par t i c ulate  frac tion ,  

t he pro portion o f  ace tat e  incorpo rated into o l e i c  aci d  decrease d  

a s  time pro gressed ( from 5 7% a t  1 5min t o  40% a t  1 20min , o f  the 

i n c orporat e d  a c e tate ) .  Thi s was a c c ompani e d  by an increase 

in the pro portion of a c e tate  incorporate d  into palmi t i c  acid and 

t o  a l e s ser extent  into s t eari c ac i d . However , the propo r tions o f  

l inol e i c  and linoleni c acids were unc han ge d .  I n  t he presence 

o f  the par t i culate frac tion ( par ti culat e : c hloroplast ratio = 1 )  

t he propo r tion o f  o l e i c  aci& r emain e d  constan t  a f t er 1 5min 

i n c ubation , as di d the  propo r tions o f  palmi t i c  and s t eari c a c i ds . 

Again no s ti mulation o f  t he relativ e pro po r tions o f  linol ei c 

an d lino l en i c  aci ds was observ e d  over the  2 h  incubation 

( Fi g . 4-6 ,  p . 58 ) . 

4 . 2 . 3  The Effe c t  o f  sn-glyc erol -3-pho sphate an d U DP-gal a c t o s e  

o n  t he Incorporation of [ 1 - 1 4c]acetate  i n to Lipi ds and 

Cons t i tuent Fat ty Acids by Chloroplasts  

I n fluen c e  of  sn-glyc erol-3-pho spbate and UDP-galac t o s e  

Conc entrati o n s  

F r e e  fat ty a c i ds \ FFA ) constituted  up to  7 5% o f  the 1 4c 
i n c orporat e d  from a c e t a t e  by i solat e d  chloroplasts  from spina c h , 

mai z e  and s we e tcorn using i nc ubat i o n  Medium A ( Fi g .  4-7 , p .  6 0 ; 

Fi g . 4-8 , p .  6 1 ; Fi g .  4 - 9 , p .  62 ) .  Di glyc er ide s , mono gal ac to syl

d i glyc eri d e s  and di gal a c t o syldi gl y c erid e s  c o n s t i t u t e d  1 0  to 1 5% ,  

1 t o  8% and 1 to 4% r es p e c tively o f  t he incorpora t e d  label . The 

r emainder o f  t he lab e l  was incorporated i n t o  mono gly c erides ( 1  to 

6% ) an d more polar l i p i ds . 

I n cr easing t he concentration o f  �-glyc erol-3-

pho sphate  ( G-3-P ) up t o  5mM , increased the incorporation o f  

a c e tate into l ipi d b y  s pinac h c hloroplas t s  t Fi g .  4-7 , p . 6 0 ) : 

c on c en trations above this  l evel  resul t e d  no further 

s timulation o f  ac e ta t e  incorporation .  However , the i n corporation 
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Fi g .  4-6 . The e f f e c t  of the  parti c ul a t e  frac tion o n  t h e  rat e s  

o f  [ 1 - 1 4c]ac e t ate incorporation i n to l ipi d and consti tuen t 

fat ty acids by mai z e  c hl o ropl a s t s  

T h e  experimental pro c edure was t h a t  de s cribed i n  Fi g .  4 - 5  ( p .  56 ) 

w i th a parti culat e : c hloroplast ratio o f  1 .  The final reac tion 

volum e  was 1 cm3 a f ter the addition o f  6 20nmo l ( 6 . 73�Ci ) [ 1 - 1 4c ] 

ac eta t e , chloroplasts and par ti c u�ate  frac tio n .  The par ti c u l a t e  

fraction : chloroplast  ratio i s  d e f i n e d  as the ratio o f  2 x 
volum e  o f  the  particulate  frac tion suspension added/vol ume 

o f  c hl oropla s t  suspension added , where a ratio o f  1 is when 

the amount o f  particulate  frac tion adde d i s  that amo unt whi c h  

was i solated  from the same weight o f  t issue as the amount o f  

c hloroplas t s . 



(J) 
� 0 
0 
� 1 00·0 
� 

s 
c 
Q) 
Q) 
� � 
Q) 

..0 
-
Q) 

..0 
_g 
� 
0 

80·0 

60·0 

§ 40·0 
...... 
::J 

..0 
L. 

...... 
(J) 

·-"'0 

� 0 

I 

- - - - - -

total l i pid ( +  Parfcu late ) 

A-
- - - - - - ll :J 

0 
0 -, 

ll 
- - - - - - - - -

... 
- -tt- - - - - - - - -

ll 
; " "  ll 

; ----------
------���

--------------

� 
, , / � b 

total lipid ( Chloroplasls orly 1 b 
'U . 

50 ·0 - Q 

I 

/ 
I 

I 
40 ·0 

_.__ _.__ - - - ...._ _ _ _ _..__ _ _ _ _ _ _ _ _ _ - - - - - - - - -6 18 =1 ( +P) -130 ·0 

� 
X x--- x / - - - - - X  16 : 0  ( + P) _ _  x _ _ _ _ _ _ _ _ - x - - -

- - - --e 18:0 ( + P) 
-x - - - -x- -

•== - - e 1 8 :o 
X -

- -
-

- -X,. - • - - --- -- -- .....-- -- ---

- - - - - -

1 5  3 0  4 5 60 

Time ( mi n )  

- -
- - -

9 0  

18:2+18:3 
18 :2 1 8:3 

1 20 

20 ·0 

10 · 0  

:J Q 
........ 3 o· 

O :J -

' o  3 �  
(.Q 

0 n o 
:::T (O - ........ o o -, ........ 0 (0  

"'0 
:::T - ·  

'< :J  
- ........ - o  -

........ 
0 
........ 
0 -
-

-o .  
a. 

� 



Chl oropl asts  were isolat ed by Method 1 and incubated in Medium A ( refer 
Fig. 4-4 , p. 51 ) containing 1 09nmol (6.73�Ci ) ( 1-14c]acetate and 
with appropriate amounts of �-glycerol-3-phosphat e t o  give the 
required concentrat ion .  
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o f  a c e tate i n t o  l i pi ds by mai ze chloroplas t s  was no t s timul a t e d  

by t h e  addi tion o f  G-3-P at  any o f  t h e  c o n c entrations u s e d  

( Fi g . 4-8 , p .  6 1 ) .  The addi tion o f  G-3-P t o  swe e t c orn 

c hl o r o p l n s t s  l e d  to a de crease in the i n corporati o n  o f  ac e tate 

i n t o  l i pi d s  ( Fi g .  4 - 9 , p .  62 ) .  

The addi tion o f  G-3-P to c hl o r o p l a s t s  prepar e d  froo 

al l three  t i s s u e s  i n c reas e d  the  i n c o r poration o t  l abel  _ i n t o  
d i g l y c eri des and d e c r eas e d  t he pro p o r ti o n  o f  l abel in FFA 

\ Fi g .  4 -7 , p .  6 0 ; Yi g . 4-8 , p .  6 1 ; Fi g .  4-9 , p .  6 2 ) .  The 

6 3  

maximum increas e i n  t h e  proportion o f  digl y c eride  bio sy n t h e s i s  

w a s  o b t ained  at  5mM-G-3-P for spinach a n d  mai z e  chlo ro plas t s  and 

at  7 . 5��-G-3-P for  swe e t c o rn c hloroplast s .  The l ev e l s o f  

mono gal ac t o s y l d i gl y c eride synthesi z e d  from acetate  were n o t  

s i gn i f i cantly al t e r e d  b y  t h e  addi t i o n  o f  G-3-P to t h e  i nc ubation 

m e dium . 

Incre asing the c o n c en tration o f  UDP- galac t o s e , up t o  

7 5�M i n  the pre s e n c e  o f  5 . 0mM-G-3-P , gave a small i n c r e a s e  in 

a c e t a t e  i n c orporation into to tal l i p i d  by spinach  chloroplas t s  

( Fi g .  4- 1 0 ,  p .  6 4 ) , b u t  similar responses were n o t o b s erve d  

wi t h  mai z e  and s we e t c orn c hloro p l as t s  ( Fi g .  4- 1 1 ,  p . 6 5 ) . 

The addi tion o f  U DP-gal ac t o s e  to the i n c ubation 

m e dium stimula t e d  the  syn thesis o f  mono galac to syl digl y c eride 

from acetate  by chloro p l a s t s  prepared from eac h  o f  the thr e e  

t i s su e s  and w a s  a c c o mpani e d  b y  a d e c rease i n  the  l evel s 

o f  digl y c eride • .  A small addi tional dec rease in the  l ev el o f  

FFA , abov e  that o btai n e d  wi t h  G-3-P , was al so observ e d  wi t h  

spinach  c hloro p l a s t s  but no t wi t h  mai z e  o r  swe e t c orn c hl o r o pl as t s  

( Fi g .  4- 1 0 ,  p .  6 4 ; Fi g .  4- 1 1 ,  p .  6 5 ) . 
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6 4  

Spinach chl oropl ast s  were isolat ed by Method 1 and incubated in  Medium A 
( refer Fig. 4-4 , p .  51 ) cont aining 5 mol �-glycerol-3-phosphat e ,  1 04nmol

( 6 . 7�Ci ) ( 1-14c] acetat e and the required amounts of UDP-galact ose  in 

a final volume of 1 cm3 aft er t he addit i on of subst rates and chloroplasts .  



4 . 2 . 3 . 2  Incorporatio n  Rat e s  o f  [ 1 - 1 4c]ac e ta t e  in the 

Presence  o f  sn-glyc erol -3-pho sphat e  and UDP

gal a c t o s e  

4 . 2 . 3 . 2 . ( a )  R a t e s  o f  A c e t a t e  Incorporation into Lipi d 

The incorporation o f  acetate  into lipid by 

c hl o roplas t s  at  di f ferent i ncubation times , when G-3-P or 

G-3-P + UDP- galac tose were added to  the  inc ubation medium , 

ar e detai l e d  i n  Tabl e 4 ( pp .  6 7  to 6 9 ) . In 60min incubations 

the addi tion o f  G-3-P and G-3-P + UDP- galac t o s e  s timulated  

ac e t at e  i ncorporation by spinac h c hloroplas t s  by  40% and 52% 

respec tively . The s timulation by G-3-P was apparent after 20min 

and t h e  furt her s timulation by U DP- gal a c to se i n  t he pre sence  

of  G-3-P was  appar ent after  30min ( Table 4 ,  p .  6 7 ) . As observed 

abo v e  ( Fi g .  4 . 8 ,  p . 6 1 ) ,  t he incorporation o f  a c e ta t e  into  

t o t al lipi d  by mai z e  c hl oroplas t s  was unaf fec t e d  by  the  

addi tion of  G-3-P or UDP-galac tose  in the pre senc e of  G-3-P 

( Tabl e  4 ,  p . 6 8 ) .  The i nhibi tion o f  a c e tate i n c orporation 

into t o tal lipid by G-3- P , wi th or wi t ho u t  add e d  UDP- gal a c tos e , 

was eviden t early in incubations wi t h  swee tcorn c hloroplasts  

( Tabl e  4 ,  p . 6 9 ) . 

4 . 2 . 3 . 2 . \ b )  I n fluen c e  o f  sn-glyc ero l - 3-pho sphat e  and U D�

gal a c to s e  o n  t h e  Lipi d s  Synthesi z e d  by 

Chloroplasts  

The  addi tion of  G-3-P s timulated the  synthesi s 

66  

o f  di gl y c eri des  wi th a c o rr e sponding decrease i n  the pro portion 

of free fatty aci ds ( Tabl e  4 ,  pp . 6 7  t o  69 ) . The great e s t  

c han ges in t h e  propor tion o f  diglyc eri des ari sing from G-3-P 

addi tion were observed a t  i n t ermedi a t e  incubati on times in 

all c hloroplast  preparation s .  The reduc tion in free fatty 

aci d s  an d increase in digl y c erides was great e s t  for spinach  

c hl o roplas t s . The  addi tion of  UDP- galac tose to the  incubation 

medi um containing G-3-P i n creased t he proport i o n  o f  

mono galac tosyldigly c eri d e s  syn thesi zed and reduc e d  the 

pro p o r tion o f  l abel in digl y c e ri de s . Small er i n creases in 

mono gal a c to sy l di gl y c eri d e s  aros e  from the addi tion o f  

U DP- gal a c t o s e  wi t h  mai z e  and swe e t corn c hloro pl as t s  than wi th 

spinach  c hl oroplasts , but the proportion of label i n  

mono galac to syl di gl y c erides increased wi th ex tended  inc ubation 

t im e s  ( Tabl e  4 ,  pp . 67  t o  6 9 ) . 



rat es of incor orat i on i nt o l i  

chl oropl as t s  

67 
UDP-gal act ose on the 

i s o l at ed 

Chl o ropl as t s  w e re i s o l at ed by Method 1 and in cubat ed i n  Medimn A ( refer 

}� g. 4-4 , p. 52 ) .  The final concent rat i ons o f  �-glycerol-3-phos phat e 

and UDP-gal act ose were 5 . 0mJtl and 0 . 1 5m1o1 res p e ct ively, w i t h  1 04 nmol

( 6 . 7 2pCi ) ( 1 - 1 4 c] acet at e i n  a final volume of 1 cm3 aft e r  t he add i t i on 

o f  chl o ropl ast s and s ubst rat es . 

Addi t i ons Incorporat i on of D i s t r i but i o n  of l abel between 

Ti me t o  i n cubat i on acet at e i nt o  l i pi ds l i pi ds ( fa) 
m i n  medi um (nmolLmg chl ororh;zl l � FFA DG M GDG DGD G  ot 

ot hers 

Spi nach chl o roplasts 

1 0  none 20 . 5  6 3 . 1  1 0 . 7  6 . 9 1 . 3 1 8 . 0  

G-3-P 1 9 .  1 29 . 4  34 . 1  3 . 0  1 . 1  3 2 . 4  

G-3-P + 
UDP-galact os e 20 � 8  27 . 1  1 2 . 0 27 . 8  1 . 1 3 2 . 0  

20 none 49 . 8  6 3 . 9 1 3 . 7  2 . 3  1 . 2 1 8 . 9 

G-3-P 64 . 2 2 5 . 5 44 - 2 3 . 8 1 . 4 2 5 . 1 

G- 3-P + 
UDP-galact os e 6 2 .8 23 . 3  1 0 . 5  4 5 - 4  1 . 6 1 9 . 2  

30 none 74 - 1  5 5 . 2 1 2 . 4  5 . 6 2 . 6 24 . 2  

G-3-P 8 3 . 2  2 1 . 4 · 4 5 . 3 6 . 0  3 . 0 24 . 3  

G-3-P + 
UDP-gal a ct os e  9 5 .8 1 6 . 9 7 . o 54 . 1  2 . 8 1 9 . 2 

4 5  none 8 3 . 7  48 . 1  1 5 . 8  5 - 9 3 . 4  26 . 8  

G-3-P 1 23 . 4  1 7 . 5  44 . 8 8 . 6 3 . 6 2 5 . 5 

G-3-P + 
UDP-gal a ct os e 1 ] 2 . 4 1 2 . 9  6 . 2  52 . 5  4 . 6 23 . 8  

60 none 1 08 . 7 40 . 6 1 2 . 6  6 . 8 3 . 8  36 . 2  

G-3-P 1 4 3 . 7  1 4 . 1  36 . 2  9 . 3  6 . 1  34 . 3 

G-3-P + 
UDP-gnl a ct os e  1 56 . 7  1 1 . 1  5 - 9  49 . 8 3 . 1 30 . 1  

cont i nued on p .  68 
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Tabl e 4 .  cont inued from p .  67 

Addit ions Incorporat ion of Dist ribut i on of label between 

Time t o  incubat ion acetat e int o  l i pids l ipids ( %) 
(nmolim� chloroEhlll L � 

m in medium FFA DG MGDG DGDG others 

Maize chl oropl asts  

1 0 none 8 . 2 66 . 4 9 . 6 4 - 7 2 . 1  1 7 . 2  

G-3-P 7 - 5 54 . 3 1 4 . 8 5 - 3  1 . 8 23 . 8  

G-3-P + 
UDP-gal act os e 6 . 7  52 . 4  1 1 . 8 5 - 5 2 . 5 27 . 8 

20 none 1 0 . 5 68 . 6 9 - 4 2 . 3  1 . 7 1 8 . 0 

G-3-P 1 0 . 2  52 . 1 1 8 . 6  2 . 8  3 . 6 2 2 . 9  

G-3-P + 
UDP-galact ose 1 0 . 8 46 . 8  1 3 . 6  8 . 4 4 - 4  26 . 8 

30 none 1 6 . 5 67 . 5  1 2 . 0  2 . 4  1 . 3 1 6 . 8 

G-3-P 1 5 - 4 4 5 - 9 26 . 0  2 . 7  2 . 1  23 . 3  

G-3-P + 
UDP-galact ose 1 5 . 6 47 - 7 1 9 . 3 1 1  • 1 1 . 4 20 . 5 

4 5  none 21 . 0  6 5 . 4  1 3 . 1  2 . 5 2 . 1  1 6 . 9 

G-3-P 1 9 . 2  47 - 9 27 . 6  1 . 8 2 . 0  20 . 7  

G-3-P + 
UDP-gal act os e 1 8 . 5 43 - 7 1 8 . 9 1 1 . 7 1 . 6 24 . 1 

60 none 21 . 0  62 . 1  1 3 .0  2 . 1  0 . 7  22 . 1  

G-3-P 1 9 . 4  4 1 . 9  32 . 0  2 . 9 1 . 2 2 2 . 0  

G--3-P + 
UDP-gal act os e 20 . 5 40 . 3  1 6 . 3  1 2 . 1  0 . 9 30 . 4  

cont inued o n  p .  69 



Tabl e 4 .  cont inued from p .  68 

Addi t i ons I n corpo rat i on of Dist ribut i.on of l abel between 

Time t o  i n cubat ion acetat e int o  l i p i ds l i p i ds ( %) 
m i n  medium (nmo lLmg chl oroEh�l l } FFA 

oc 
DG �:GDG DGD G  others 

Sweet corn chl o ropl ast s 

1 0 none 1 0 . 0  7 5 . 4 5 . 2  1 . 4 0 . 1 1 7 . 9 

G-3-P 8 . 0 6 1 . 7 1 1  . 6  2 . 2  2 . 4 22 . 1  

G-3-P + 
UDP-gal act ose 8 . 1  ss . 7 7 . 3  5 . 7  3 . 2  2 5 . 1 

20 none 20 . 0 76 . 8  6 . 0  1 . 6 0 . 8 1 4 . 8 

G-3-P 1 6  .. 0 57 . 7  1 4 .8 1 . 8 2 . 3  23 . 4  

G-3-P + 
UDP-gal a ct ose 1 6 . 0 5 5 . 4 1 0 . 7 7 . 6  2 . 2 24 . 1 

30 none 24 . 3 7 5 . 6 ? . 6  1 . 2 1 . 2 1 4 . 4  

G-3-P 1 6 . 6 53 . 5 1 9 . 9 3 . 2  1 . 9 2 1 . 5  

G-3-P + 
UDP-galact os e  1 8 . 6 53 . 5  1 2 . 8 1 0 .4  2 . 5 20 . 8 

4 5  none 26 . 6 7 2 . 1 ' 8 . 3 2 . 7  1 . 8 1 5 . 1 

G-3-P 22 . 0  5 1 . 8  23 . 5 3 . 0  2 . 2 1 9 . 5  

G-3-P + 
UDP-gal act os e 22 . 5 50 . 0 1 3 . 5 1 1 . 7 1 . 3 23 . 5  

60 none 28 . 1  70 . 0  1 0 . 3  1 . 2 0 . 7 1 7 . 8 

G-3-P 22 . 2 51 . 7  2 1 .9 1 . 6 0 . 8 24 . 0 

G- 3-P + 
UDP-galact os e  23 . 1 52 . 8 1 4 . 6 1 2 . 2 0 . 8  1 9 . 6 

� more polar l i pi ds ( ma inly phos pho l i pi ds ) , MG and an unknown compound ( UK )  . 



4 . 2 . 3 . 2 . ( c )  I n fl ue n c e  o f  sn-glyc erol -3-pho sphate and U DP

gal a c tose o n  the Fat ty A c i ds Synthesized by 

Chloropl a s ts 

De t ai l s  o f  the  rates o f  synthesis o f  fatty a c i d s  

from ac e tate by spinach ,  maiz e  and swee t c orn c hloroplas t s  

and t he e f fe c t s  o f  G-3-P and U DP-gal ac tose  are given i n  

Fi g .  4- 1 2  ( p .  7 1 ) ,  Fi g .  4- 1 3  ( p .  72 ) and Fig . 4- 1 4  ( p .  7 3 )  • . 
O l e i c , palmi ti c and s teari c acids were the major fatty aci ds 

synthesized from a c e tate by i solated c hl oroplas ts . Only very 

low r at e s  of syn thesis  of linoleic and linolenic acids were 

achi e ve d .  I n  t he absence  o f  added G-3-P and G-3-P + UDP
gal ac to s e , chloroplasts from all three ti ssues synthesi z e d  

5 0  t o  1 00% mor e  o l ei c  aci d  t han palmi t i c  aci d after  60min 

( Fig .  4 - 1 2 ,  p .  7 1 ; Fi g . 4- 1 3 ,  p .  72 ; Fi g .  4- 1 4 ,  p .  73) . 

The a ddi tion o f  G-3-P s timulated the synthesis o f  palmi t i c  

aci d  b y  spinach and mai z e  c hl oroplas t s  and sligh t l y  de creas e d  

o l e i c  a c i d  synthe s i s  ( Fi g .  4- 1 2 ,  p .  7 1 ; Fig .  4- 1 3 ,  p .  72 ) .  

S ti mula tion o f  palmi t i c  ac i d  synthe s i s  was great e s t  wi th 

spinach c hloropl a s t s . However , wi th swee t corn c hloropla s t s  

t h e  addi tion o f  G - 3 - P  to t h e  incubation medium decreas e d  the 

syn t h e s i s  o f  bo t h  oleic  and p almi t i c  acids ( Fi g .  4- 1 4 ,  p .  73 ) . 

The addition o f  both G-3-P and UDP-galactose  to 

spinac h  chloroplasts  s timul at e d  sli ghtly the synthesi s o f  

o l ei c acid  abov e  that observed in the  pres enc e o f  G-3-P alone 

wi t h  the  rate of p almi tic  acid synthesis  remai ning unal t er e d  

( Fi g .  4- 1 2 ,  p .  7 1 ) .  The synthesis o f  o l ei� and palmi tic  a c i ds 

by mai ze and swe e t corn c hloroplasts was no t al t er e d  by the  

the  fur t her addi tion  of  UDP- galac t o s e  to  the  inc ubation 

medi um c ontainin g  added G-3-P ( Fi g .  4- 1 3 ,  p. 72 ; Fig .  4- 1 4 ,  

p .  73 ) .  

Al tering the nature o f  the  acyl end-pro duc ts  

synthesized  by the  addi t i o n  of  G-3-P and UDP- galac tose d i d  

no t a l t er the synthesis o f  l i noleic  and l inolenic acids 

( Fi g . 4- 1 2 , p.  7 1 ; Fig .  4- 1 3 ,  p.  72 ; Fig . 4- 1 4 ,  p .  73 ) . 

The synthesis o f  s t eari c acid  was unaffec t ed . 

by the addi tion o f  G-3-P and UDP-gal a c to se .  
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4 . 3  Diglyc e ri de and Monogalactosyl diglyc eri de 

Bio syn t hesis  by Spinach Chloroplas t s  

The In fluence o f  sn-glyc erol-3-pho sphat e  and UDP

gal a c t o s e  o n  t h e  Incorporation of Fat ty Acids  into  

Diglyc eri des and Monogalacto syl diglycerides 

In the pr evious experiments ( Fi g .  4- 1 2 ,  p .  7 1 ; 

Fig . 4- 1 3 ,  p .  72 ; Fig .  4- 1 4 ,  p .  73 ) the  addi tipn o f  G-3-P 
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a f fe c t e d  the syn thesis of o l e i c  and palmi tic acids  from a c e ta t e , 

but had l i t t l e  o r  no e f f e c t on the syn thesis o f  o ther fatty 

ac i ds . The l evel s o f  label l e d  o l eate  and palmi t a t e  in the 

MGDG , DG and FFAs synthes i z e d  by spinach c hlorop l as ts a f t er 

60min , re ferr e d  to  in Tab l e  4 ( p .  6 7 ) , are given in Tabl e 5 

( p .  7 5 ) . In t he abs ence o f  G-3-P and UDP-galac to s e  eq ual 

amount s  o f  o l ea t e  and palmi t a t e  were inc orpora t e d  into MGDG 

whi l e  s l i ghtly l es s  oleate t han palmit a t e  was inc orporat e d  

i n t o  D G  ( Tabl e  5 ,  p .  75 ) .  The free f a t t y  acid frac tion was 

ri c h  in o l e i c  ac i d  giving a 1 8 : 1 / 1 6 : 0 ratio o f  1 . 9 .  I t  i s  

c l ear from t he o l eate : palmi tate rati o s  t hat the  pro portions 

of  o l e ate  and palmi tate incorporat e d  into  MGDG and DG are 

no t n e c ess arily de t ermined by the pro por tions o f  these  two 

fatty acids syn t hesized from ac e tat e . 

When G-3-P was added to the incubation medium 

more p al mi tate t han oleate  was synthesized  ( 1 8 : 1 / 1 6 : 0  ratio 

of 0 . 6 , Table  5 ,  p .  7 5 ) . S i mi l ar o l e at e : palmi tate ratios 

were o b taine d for MGDG and DG with a s l i ghtly lower ratio 

for the FFAs ( Tabl e 5 ,  p . 7 5 ) .  Simi l ar t rends were observ e d  

when b o t h  G-3-P an d U DP- galac to s e  w e r e  presen t in the incub a tion 

medi um . I t  wou� d appear that in the pre s ence o f  G-3-P , wi t h  

o r  wi thout  UDP-galac to s e , that the proportions o f  o l eate  

an d palmi tate  incorporated  into MGDG and DG re fl e c t  the 

propo rtions o f  these  two fatty acids synthesi z ed from ac e t at e . 



Table 5 .  The effect of sn-glycerol-3-phosphat e and UDP-galactose on the oleat e :palmitat e  rat i o  o f  l ipids 
synthesized by spinach chl oropl asts 

The t ot al l ipids synthes i zed by spinach chl oroplasts aft er 60min incubat ion with and without added G-3-P or UDP
galact ose , were fract i onat ed by t . l . c . ( s ee Methods sect ion 3 . 3 . 2  pp . 34 t o  3 5 ) .  The levels of radioact ivity in 
ol eat e and palmit at e  of t ot al l ipids ,  MGDG, DG and the free fatty acid fract i on were determined by g. l . c .  of the 
methyl esters and collect i on of t he radioact ive effluent fol lowed by scint i ll at i on count ing. For further det ails 
see Methods s ect ions 3 . 3 . 3  ( pp .  35 t o  38 ) and 3 . 3 . 4 ( p .  38 ) . The data in this t abl e represent fatty acid 
analys is of t he 60min samples of spinach chloroplasts already referred t o  in  Table 4 ( p .  67 ) .  

Incorporat i on of acet at e int o 1 6 : 0  and 1 8 : 1  (nmol/mg chlorophyll/h ) 
Addit ions t o  incubat ion medium none G-3-P G-3-P + UDP-galact ose 

Tot al l ipid 
Monogalact osyldiglyceride 
Diglyceride 
Free fatty acids 

Total 1 8 :  1 Tot al 1 8 : 1  Total 
l ipid 1 6 ;0 1 8 : 1  1 6 : 0  l ipid 1_g:O _j8Jj_ _ 1 6 : 0 l ipid 
* 1 08 . 7  32 . 5 52 . 0  1 . 6 143 . 7  70 . 0  43 . 8  0 . 6 1 56 . 7  

7 . 4 2 . 8 2 . 8  1 . 0 1 3 . 7  8 . 2 4 . 8  0 . 6  78 . 0  

1 3 . 7 6 .8 5 . 2 o . 8  50 . 5 25 . 0 14 . 6  0 . 6  9 . 2 

44 . 2  1 ] . 0 25 . 0  1 . 9 20 . 2  1 0 . 5 5 . 0  0 . 5 1 7 . 3  

1 6 : 0  1 8 : 1  

68 . 8  56 . 3 

33 . 5 24 . 0  

3 . 8 2 . 8  

� . 8 4 · 5 

* Total lipid unaccounted for by MGDG, DG and FFA fracti ons i s  largely phospho li pid ( see  Table 4 , p. 67 ) .  

1 8 : 1  

1 6 : 0  
0 . 8  

0 . 7  
0. 7 
0. · 5 

-.J 
VI 



The I n fluen c e  o f  Tri ton X- 1 00 Concentration on the 

Incorporation o f  [ t - 1 4c]a c e tate into Lipi d 

The e f f e c t  o f  Tri ton X- 1 00 on the incorporation o f  

o l eate and palmi tate  i n to DG and MGDG was inves tigate d 

since  S t ump f and Boar dman ( 1 970 ) had demonstra t e d  that o l ei c  

acid  syn thesis  b y  spinach c hl oroplas t s  was s timul a t e d  by thi s 

d e t ergen t . Thi s ini tial experiment was aimed at f i n ding the 

Tri ton X- 1 00 c o n c en tration whi c h  gave the optimum s timul ation 

o f  acetate  i n corporation into l i pi d  an d i ts e f f e c t  o n  the 

l ipids syn the si ze d . 

I ncreasing �he Tri ton X- 1 00 c o n c en tration up to 

1 60AM doub l e d  acetate  incorporation i n to lipid ( Fi g .  4- 1 5 , 

p .  77 ) .  At  higher c o n c en trations ( 500jtM )  Tri ton X- 1 00 was 

i nhibi tory . 

A five- f o l d  s timulation o f  di glyceride syn thesis  was 

observed at optimal Tri ton X- 1 00 c onc entrations , whi l e  a 

small inc rease in the  l evel o f  free fat t y  aci ds syn thesized  

was obtai n e d  using l es s  than o ptimal Tri ton X- 1 00 

c on c entrations ( Fi g .  4- 1 5 ,  p .  77 ) .  The increase in DG a c c o un ted 

for over 80% of  the  inc rease i n  to tal incorporation wi th 

t he remai n der being ac coun ted for by the increase i n  free fat ty 

acids and phospho l i pi d s .  The i n c orporation o f  long c hain 

fatty aci d s  into  MGDG was no t signi ficantly increas e d  by 

t he addi t i o n  of Tri ton X- 1 00 ( Fi g .  4- 1 5 , p. 77 ) . 

4 . 3 . 3 The E f fe c t o f  Tri to n  X- 1 00 o n  t he Rat es o f  [ 1 - 1 4c] -

ac etate  I nc orporation into Lipi ds and Consti tuen t 

Fat ty A c i ds 

4 . 3 . 3 . ( a )  The Incorporation o f  [ 1 - 1 4c]ace tate into Lipi ds 

The addi tion of 0 . 1 6 mM-Tri ton X- 1 00 to the  

76 

incubation medi um s ti mulated t h e  rat e o f  ac etate i n c orporation 

i n to l i p i d  ( Fi g .  4 - 1 6 ,  p . 7 9 ) . The rate of ac e ta t e  incorporation 

observe d  in the pr e s e n c e  of Tri ton X- 1 00 was approximately 

twi c e  t he rate observed when 5mM-G-3-P was added to  the  

incubation me dium . The addi tion of  both  Tri ton X- 1 00 and 

G-3-P re sul t e d  in rates  o f  a c e ta t e  incorporation only 

slightly hi gher than tho s e  o btained in the pre s en c e  of Tri ton 

X- 1 00 alo n e  ( Fi g .  4- 1 6 ,  p .  7 9 ) . The s ti mulation by Tri ton X- 1 00 

was apparent  at shor t er incubation times than the e f f e c t of 

G-3- P .  

When Tri ton X- 1 00 was added the rates o f  DG and FFAs 
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300 400 
[ Triton X - 1 00 1  ( � M l 

Fig. 4-1 5. The influence of Triton X-100 concentration on the incorporat ion 
of [1-14c]acetate into lipids by spinach chloroplasts 

Spinach chloroplasts were isolated by Method 1 and incubated far 1h in 
Medium A ( refer Fig. 4-4 , p. 51 ) containing the required amounts of Triton
X-1 00 .  109nmol ( 6 . 73�Ci ) [ 1-14c]acetate was added in a final volume of 1 om3 

aft er the addit ion of substrates and chloroplasts .  No G-3-P or UDP-galactose 
was present in the incubation medium. 



synthe s i s  were greater than in the c o n trols o r  i n  the presen c e  
o f  G-3-P alo ne . The addi tion o f  both Tri ton X- 1 00 and G - 3 - P  

to the i n c ubati on m e dium gav e gr eater r a t e s  o f  diglyc eri de 
synthe si s t han Tri to n X- 1 00 alo n e , whi l e  the l ab el lin� o f  
the  free fatty aci d frac tion was considerably reduc e d  
( Fi g .  4- 1 6 ,  p .  7 9 ) .  Tho ugh ac e tate  incorporation into o ther 
l i pi ds ( HG an d more polar lipi d s )  increased with the 
addi tion o f  Tri ton X- 1 00 ,  the  proportion of  l a� e l  inc0rporated  
into these lipi ds decreased from abo u t  40% o f  the to tal 
1 4c in c orporated in the contro l s  to 20% o f  the to tal 

1 4
c 

in corporated in the presence  o f  Tri ton X- 1 00 or Tri ton X- 1 00 

an d G- 3-P ( data not  shown ) . 
4 . 3 . 3 . ( b )  Th e I nco rporation o f  [ 1 - 1 4c] acetate i n to Ol e i c  and 

Palmi t i c  A c i ds 
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The e f f e c t o f  the addi tion o f  Tri ton X- 1 00 on the 
rates o f  ac e tate incorporation into o l ei c  and palmi tic acids 
is  shown i n  Fig .  4- 1 6  ( p .  7 9 ) . There was a six- fo l d  and a 
f o ur- fold stimulation o f  palmi ti c aci d and ol ei c aci d  
syn thesis respec tively and the rate o f  o l ei c  acid synthesis 
was about  twi c e  that o f  palmi ti c ac i d ,  whi ch i s  in  sharp 
contras t  to the e f fec t o f G-3- P .  When Tri ton X- 1 00 and G-3-P 

wer e  bo th present in the inc ubating medi um , the rates  o f  
o l eic  an d palmi ti c acids synthesis were the same , but  the 
rate o f  o l e i c  acid synthesi s was l o wer t han when Tri ton X- 1 00 

alone was added ( Fi g .  4- 1 6 ,  p .  7 9 ) . 

S tearic aci d  ac counted  for mo s �  o f  the remaining 
label  inc orporated ( 12 to 1 9% o f  the  to tal label ) ,  wi th 
linoleic  and l inol eni c aci ds c ontributing to ge ther only 
4 to 6% o f  the to tal l ab el . 

4 . 3 . 3 . ( c )  The I n c o rpo r a t i o n o f  Oleate and Palmi tate into 
Lipi ds 

Fi g .  4- 1 6  ( p .  7 9 )  al so shows that Tri ton X - 1 00 an d 

G-3-P have v ery di f ferent e f f e c t s  o n  the rat e s  o f  o l eate  
an d palmi tat e  incorporation i n t o  di gl y c erides . Wi th adde d 

G-3-P , palmi tate i n c orporation into di gl y c eri de s  was abo u t  

twi c e  that  o f  o l eate a f t er 60min . The addi tion o f  Tri ton X- 1 00 

s timulat e d  the  rate o f  incorporation o f  b o th o l eate  an d 

palmi tate i n to diglyc eri de , wi t h  eq ual pro por tions o f  these 
t wo fat ty acids being incorporat e d .  The addi tion o f  

Tri ton X- 1 00 and G-3-P t o g e t her , gave the greate st rate o f  
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Fig. 4-16 �  The effect of Triton X-100 on the rates of [1-14c]acetate 
incorporation into lipide and constituent oleic and palmitic acids 

by spinach chloroplasts 
Chloroplasts were iacl ted by Method 1 and incubated in Medium A (refer. 
Fig. 4-4, P• 51 � containing 109nmol (6 . 7�Ci ) [1-14c]acetate in a final 
volume ot 1 om3 atter the addition ot substrates and chloroplasts .  The 
final concentrations ot �-glycerol-3-phosphate (G-3-P) and Triton X-100 
were 5.omM and 0. 16mM respectively. 
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b o t h  o l eate and palmi tate i n to di glycerides and again 

e qual proportions o f  o l eate and p almi tat e  were incorporate d 

( Fi g .  4- 1 6 , p .  7 9 ) . 

However , in the free fat ty aci d  frac tion , 

Tri t o n  X- 1 00 l e d  t o  muc h  more o l e i c  aci d  remaining as fr e e  

fat t y  a c i d  whi l e  having l i t t l e  e f fe c t  on palmi ti c ac i d . 

In c o n tras t ,  G-3-P l e d  to l es s  o l e i c  aci d  remaining as free 

fatty  acids . The presen c e  o f  bo t h  Tri ton X- 1 00 an d G·3-P 

r e s u l t e d  in l e s s  o l ei c  and palmi t i c  a c i ds remaini n g  in the 

fre e f a t t y  aci ds c ompar e d  wi th the c o n trols ( Fi g .  4- 1 6 ,  

p .  7 9 ) . 

The e f fe c t  o f  Tri t on X- 1 00 ,  wi th an d wi t ho u t  G-3-P , 

on the o l e at e : palmi tate ratio s  are summarised i n  Tab l e  6 

( p .  8 1 ) .  I t  i s  apparent from the ratios o f  o l eate : palmi tat e 

incorporated i n t o  digly c eri des a f t er 6 0min ( Tabl e 6 ,  p .  8 1 ) ,  

t hat the fat ty a c i d  compo s i tion o f  the  diglycer i d e s  

syn thesi zed i n  t h e  control ( in t h e  absence o f  Tri t o n  X- 1 00 

and G-3-P)  or i n  t he pres�n c e  o f  Tri ton X- 1 00 alon e , do e s  

no t r e fl e c t  the propor tions o f  these two fatty acids 

syn t he s i z e d  from ac e tat e . Ho wever , when G-3- P ,  wi th  o r  

wi tho u t  Tri ton X- 1 00 ,  w a s  a d d e d  to the  i n c ubation medium , 

the propor tions o f  o l e a t e  and palmi tate incorpo r a t e d  were 

i denti c al to t he propor tions o f  t h e s e  fatty a c i ds 

synthe s i z e d  from ac e tat e ( Fi g .  4- 1 6 ,  p .  7 9 ;  Tabl e  6 ,  p .  8 1 ) .  
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Table 6 .  The effect of Trit on X-1 00 on rat io  of total l ipide, diglycerides and free fatty 
acids a theaized from acet at e b s inach chloro lasts 

Ol eat e : palmitate ratios were calculated from the 60min incubat ion data from Fig. 4-16  ( p .  7 9 ) .  

Total 

Incorporat ion of acetate into  1 6 :0 and 18 : 1  ( nmol/mg chlorophyll/h ) 

Additions t o  incubat ion medium 

none G-3-P Triton X-1 00  G-3-P + Triton X-1 00  

18 : 1  Total 1 8 : 1  Total 1 8 : 1  Total 1 8 : 1 
Lipid l ipid 1 6 :0 1 8 : 1  1 6 :0  l ipid 1 6 :0 1 8 : 1  1 6 : 0 l ipid 1 6 : 0  18 : 1  1 6 : 0  l ipid 1 6 : 0  1 8 : 1  1 6 : 0 

Total 1 10 .0  34 . 5  53 . 0  1 . 5 180 . 9  82 . 2  52 . 1  0 .6  426 . 1  1 26 .8 238 . 8  1 . 9 435.8 1 76 .8 1 80 . 1  1 .0 

DG 14 .8  6 .4 7 . 0  1 . 1 72. 2 46 . 1  22. 0  0. 5 221 .0 95. 2 1 02 . 1 1 . 1  324 . 7  142 . 5 140 .0  1 . 0 

FFA 44 .8  1 1 . 9 25.0 2 . 1 23 . 7  1 2 . 2  6 .4 0. 5 1 20 . 7  8 . 0  94 . 1  1 1 .8 23 . 0  4 . 0  1 2 . 0  3 . 0  

CO 
.... 



The Effe c t  o f  UDP-galactose on the Rates of [ 1 - 1 4c] 
ac etate Incorporation into Lipids and Consti tuent 

Fat ty Acids 

82 

This  investigation was essentially the same as that 
d escribed in the previous section ( 4 . 3 . 3 ,  pp . 76 to 8 1 ) ,  exc ept  
that 0 . 1 5mM-UDP-galac tose was added to  all incubation 
conditions used , to enhance the synthesis o f  M�DG and to see 
what effec t this had on the l evels o f  oleic and palmi tic acid 
synthesized .  
4 . 3 .4 . ( a )  The Incorporation o f  [1 - 1 4c] acetate into Lipids 

The e f fects  of Triton X- 1 00 and G-3-P on ace tate 
incorporation into lipids in thi s experiment are very similar 
to those described in the previous experiment . The r esul ts 
show that in the presenc e of UDP-galactose much o f  the 
s timulatory e f fe c t  of bo th Tri ton X- 1 00 and G-3-P is  due to 
increased incorporation into MGDG ( Fig .  4- 1 7 ,  p .  83 ) . The 
addi tion o f  Triton X- 1 00 t� the incubation medium gave 

a rate o f  MGDG biosynthesi s twi c e  that obtained when G-3-P 
was added .  The addi tion of G-3-P and Tri ton X- 1 00 resulted  
in the mos t  active synthesis o f  MGDG at  all  incubation times 
with very low rates of DG and FFA synthesi s .  However , in thi s  
experiment the synthesis of  free fatty aci ds i n  the presen c e  
o f  Triton X- 1 00 was approximately the same as that observed  
in the contro l . This was in c ontrast t o  the e f f e c t  o f  
Tri ton X- 1 00 i n  the absenc e  o f  UDP-galac tose (Fig.  4- 1 6 , p .  79 ) .  

4 . 3 . 4 . ( b )  The Incorporation o f  [ 1 - 1 4c]ac etate into Ol eic and 
Palmitic Acids 

The p·atterns of  oleic and palmi tic aci ds synthesis 
( Fig .  4- 1 7 ,  p. 83 ) are very similar to those observed  in the 
absence of added UDP-galac tose ( Fig. 4- 1 6 ,  p.  79 ) and indi cate 
that the addition o f  UDP-galac tose had little e f fe c t on the 
proportions of oleic  and palmi ti c aci ds synthesized  from 
acetat e .  
4 . 3 . 4 . ( c )  The Incorporation o f  Oleate and Palmitate into 

Lipids 
The effe cts of  Triton X- 1 00 and G-3-P on the 

proportions o f  oleate and palmi tate in MGDG (Fig .  4- 1 7 ,  p . 83 ) , 

are much the same as on the incorporation of these fatty acids 
into diglycerides found in the previous experiment ( Fig .  4- 1 6 ,  
p .  79 ) . A similar pattern was found in the diglyc eride frac tion. 
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Experimental procedures were those as described in Fig. 4-1 6  ( p .  79 ) ,  
except that UDP-galact ose (UDP-gal ) ,  at a final concentration of  0 . 1 5mM, 
was added to all reaction mixtures .  



The e f f e c t s  o f  Tri ton X- 1 00 and G-3-P separately 

and together on the ratios o f  o l eat e : p l arni tate \ 1 8 : 1 / 1 6 : 0 ) , 

i n  the  pre s en c e  o f  UDP- galac t o s e , are s ummari s e d  i n  �abl e  7 

( p .  85 ) . I n  the control  ( no G-3-P or Tri ton X- 1 00 )  and in 

t h e  Tri t o n  X- 1 00 treate d  c hloroplas t s , the propor tions o f  

o l eate and palmi t a t e  i n  the DG and MGDG ( 1 8 : 1 / 1 6 : 0  = 1 )  

84 

do no t r e fl e c t  t he proportions o f  these fatt y  .acids syn thesized  

from ac e t at e .  However , in the  presence  of  G-3-P ( wi t h  and 

wi thout Tri ton X- 1 00 )  the proportions o f  oleate  an d p almi tate 

i n  DG and MGDG r e fl e c t e d  the pro portions of  these  fat ty ac i ds 

s yn thesi z e d  from ac e t at e  ( Tabl e  7 ,  p . 85 ) .  

I n  summary , i t  i s  appar en t from bo t h  experi�en t s  

( s e c tions 4 . 3 . 3 ,  pp . 7 6  to 8 1 , an d 4 . 3 . 4 ,  pp . 82 to 8 4 )  that 

Tri to n  X- 1 00 and G-3-P have di f ferent e f f e c t s  on the  synth e s i s  

o f  fat ty acids and lipi ds from ac e tat e . Tri ton X- 1 00 s timul a t e d  

t h e  synthe s i s  o f  f a t t y  acids from ac etate , b u t  di d n o t  al ter 

the proportions of  the  fatty a c i ds syn t he si z e d , c o mpared 

wi t h  t he c o n trol s .  However , G-3-P al so s timul ated  the 

incorporation o f  a c e tate , but G-3-P enhanced t he syn t hesis  

of  palmi t i c  aci d .  UDP-galac t o s e  had no  s i gni fi c an t  e f fe c t  

on the proportions o f  the  fatty acids synthesized  from ac e t at e . 

The pre s en c e o f  Tri to n  X- 1 00 and G-3-P s ep arat ely 

and toget her in t he inc ubation m e dium , enhanc e d  the  syn thesis  

of  DG and MGDG ( in the  presen c e  of  UDP- gal ac to s e ) . Equal 

proportions o f  oleate  an d palmi tate were incorpora t e d  into 

DG and MGDG under all  c ondi tions , wi th the exception being 

when G-3-P alone ( or wi t h  UDP-galacto s e )  was added to the  

i n c ubati o n  medium . In  t h e  presen c e  of  G-3-P , the proportions 

of  oleate and palmi tate incorporated  into  DG and MGDG , 

r e fl e c t e d  t h e  proportions  o f  these  fat ty aci ds syn t h e s i z e d  

from ac etat e . I n  t h e  c o ntro l s  ( no G-3-P or Tri ton X- 1 00 )  o r  

when Tri t o n  X- 1 00 was added t o  t he incubation medi um , more 

o l e ate than palmi tate was syn thesi zed , the  free fatty ac i d  

frac tion c ontained  predominantly o l e i c  aci d whi l e  e qual 

propor tions were i n c o rporated into  DG and MGDG ( when 

U DP-galac t o s e  was added ) . 



diglyoerides and free fatty acids synthesized from 1 1 - ·�Cjaoetate by spinach chl oroplasts 
Ol eate : palmitat e  rat i os were calculated from the 60min incubat i on data from Fig. 4-1 7  (p. 83 ) . 

Total 

LiJ2id liJ2id 
Tot al 1 75 . 3 
MGDG 39 -4 
DG 1 0 . 2  
FFA 7 1 . 5  

Incorporat i on of acetat e int o  1 6 : 0  and 18 : 1  (nmol/mg chlorophyll/h ) 

Additions to  incubat ion medium 
�3-P 

UDP-gal actose + UDP-galactose  
Triton X-100 

+ UDP-galactose 
G-3-P + Triton X-1 00 

+ UDP-galact ose 

18 : 1  Total 18 : 1  Total 18 : 1 Total 1 8 : 1  
1 6 : 0  1 8 : 1  1 6 : 0  li;eid 1 6 : 0  1 8 : 1  1 6 : 0  l i;eid 1 6 : 0  1 8 : 1  1 6 : 0  l i;eid 1 6 : 0  1 8 : 1  1 6 : 0  
51 . 0  85 . 5 1 .7 1 96 .8 1 05 .0  48 . 5  0. 5 3 18 . 2  92 . 9  1 78 . 5  1 . 9 368 . 3  160.0 1 68 . 0  1 . 1  
1 6 . 2  1 7 .8 1 . 1 109 .4 6 1 . 0  28 .8 0 . 5  1 77 . 2  76 . 1  77 . 5  1 . 0 274 .0 1 1 9 . 0  1 21 . 5 1 . 0 
4 . 2  3 . 8  0 . 9  1 4 . 2  6 .4 4 .0 0 . 6  22. 6  8 . 5  9.0 1 . 1 1 7 . 3 7 . 0  7 . 5  1 . 1  

1 7 . 2  43 .8 2. 5 28 . 7 1 0 . 5  1 2 .0  1 . 1  69 . 0  9 .0 47 · 9  5 . 3  14 .4 4 . 9  7 . 1  1 . 5 
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The Conversion o f  Diglyc eri des to Monogal ac t o syl 

diglyc eri des by Spinach Chloroplasts 

86 

In the  previous experiment s ( sections 4 . 3 . 3 ,  pp . 76 to 

8 1 , and 4 . 3 . 4 ,  pp . 82 to 84 ) ,  the mono galac to syldigl y c eri de s 

syn thesi zed  un der various c o n di tions contained the same 

proportions o f  o l eate an d palmi tate  as di d the di gl y c eri des 

synthesi z e d  under the same condi tions , but in the  abs e n c e  

o f  added UDP-gal a c to s e . I t  would appear from these  resul t s  

t hat t he di gl y c eride mo l e c ul e  i s  u s e d  as s u c h  f o r  MGDG 
bio syn thesi s  wi tho u t  any m o di fi c ation o f  the fatty a c i d  c o n t en t .  

The following experimen t s  were aim e d  a t  comfi rming t h e s e  

o b s ervati ons . 

4 . 3 . 5 . ( a )  The S timul ation o f  Monogal a c t o syl diglyc eri de 

Bio synthesi s by the Addi t i on o f  UDP-gala c t o s e  

Di gl y c eride was the ma j o r  produc t o f  ac e t a t e  

i n c orporation by spinach c hloropl as t s  in t he pr esen c e  o f  

a d d e d  G-3-P an d Tri ton X- 1 00 ,  but  wi thout UDP- galac t o s e  ( Fi g .  4 -

1 8 ,  p .  87 ) .  MGDG w a s  p o o r l y  l abell e d  under the se c ondi t i o ns . 

Mo s t  o f  the remaining label was present in the FFA fr ac tion 

( 1 0  to 1 7% of  the to tal inc orpo ratio n )  wi th small amo u n t s  in 

MG , DGDG an d more po l ar l i pids . 

The addi t i o n  o f  UDP-galac tose , 30min after the 

c ommenc emen t o f  incubation wi th a c e t at e ,  s timulated a c e tate 

i n corporation into  to tal l ipid ( Fi g .  4- 1 8 ,  p . 87 ) and r e s u l t e d  

i n  a twel ve- fo l d  s timulation o f  MGDG syn thesi s . The i n c rease i n  

MGDG was ac c ompanied b y  a correspondi ngly· rapi d decrease 

i n  the l evel  o f  digl y c eride ( Fi g .  4- 1 8 ,  p .  87 ) . 

The presen c e  o f  Tri ton X - 1 00 i n  the incubation 

me dium enhan c e d  the s timul atory e f f e c t  of  adde d UDP- gal a c t o s e , 

sinc e in o ther experimen t s  in whi c h  no Tri ton X- 1 00 was 

present there was l i t tl e  s timul ation of acetate incorporation 

on the addi tion  of UDP- gal actose  a f t er 30min incubat i on 

( Fig . 4-2 1 , p .  95 ) . 

4 . 3 . 5 . ( b )  The Incorporation o f  [ ,  (3t3H]sn-glyc erol-3-pho sphate 

and [ 1 - 1 4c]acetate  into Lipids by Spinac h 

Chloroplas t s  

I t  i s  evi dent from Fig .  4- 1 8  ( p .  87 ) that a p r e c ursor

pro du c t  relatio ns hi p  exi s t s  b e tween DG and MGDG . Sinc e the  

f at t y  aci d  compo si tion of  DG and MGDG were fo und to b e  s i mi l ar 

( s e c tions 4 . 3 . 3 , pp . 76 to 8 1 , and 4 . 3 . 4 ,  pp . 82 to 84 ) , i t  i s  
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Fig. 4- 1 8 .  The stimul at i on of monogal act oeyldiglyceride bi osynthes i s  by 

the addit ion of  UDP-galact ose 

Spi nach chl oroplast s were isolat ed by Method 1 and incubat ed in Medium A 
{ refer Fig. 4-4 , p .  51 ) cont aining 0-}-P and Trit on X-1 00  at final 

concent rat i ons of 5 . 0mM and 0. 1 6mM respect ively.  1 09nmol (6. 7 3�Ci ) ( 1 -
1 4

c]

acet ate was added in a final volume of 1cm3 after t he addit i on of subst rat es 

and chl oropl ast a . UDP-gal act ose  (20�1 of solut ion ) was added to one series 

of tubes , }Omin aft er t he commencement of. incubat ion,  t o  give a final 
r. oncent rat i on o f  0. 1 5mM , whil e  t he other series of tubes were cont rol s .  
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apparent that the diglyc erides are converted to monogalactosyl
diglyc erides wi thout deacylation and reacylation of either 
the diglycerides or the monogalactosyldiglyc erides anq the 
exchange of  labelled acyl groups wi th a non-labelled poo l .  
To confirm this the incorporation o f  [ 1  (3�3n] sn-glyc ero l-3-
phosphate and [ 1 - 1 4c ] acetate into lipids was inve stigat e d .  
Ini tally , the e f fe c ts o f  G-3-P concentration a�d UDP-galac tose 
on the incorporation o f  [ 1  Br3H] sn-glyc erol-3-pho sphate and 
[ , _ 1 4c ]acetate into lipide was inve stisated . 

Increasing the concentration o f  G-3-P increased 
the incorporation of  bo th acetate and G-3-P into lipid ( Tabl e 8 ,  

p .  8 9 ) . FFAs , DG and MGDG consti tu ted 70 to 80% o f  the label 
incorporated from [ 1 - 1 4c ] ace tate , wi th  the remainder of the 
label distributed between MG , DGDG and more polar lipids . 
Diglyc erides and MGDG contained over 70% o f  the incorporated 
label from [ 1 0r3n] sn-glyc erol-3-phosphate , wi t h  the remainder 
lo cat e d  in more polar lipids . 

Increasing the conc entration o f  G-3-P increased the 
proportion o ��label incorporated into diglyceride and was 
asso ciated with a decrease in the proportion o f\label in 
FFAs ( Tabl e 8 , p .  8 9 ) . The incorporation of G-3-P into 
diglyc erides decreased slightly wi th increasing G-3-P 
concentration and was ac companied by a corresponding incr ease in 
the incorporation o f  G-3-P into MGDG . 

The addi tion o f  UDP-galac tose had little effect  
on  to tal incorporation , but  s timulated the incorporation 
of label from bo th  [ 1 (3}3H] �-glyc erol-3-phosphate and 
[ 1 - 1 4c ] ac etate .into MGDG ( Tabl e  8 ,  p .  8 9 ) . This was ac companied  
by  a substantial decrease in the proportion of  l abel 
incorporated from both ( 1  0�3H]�-glyc erol-3-pho sphate and 
[ , _ l 4c ] ac e tate into diglyc eride . The proportions o f  bo th 
label s in the more polar lipi ds remained unchanged , though 
the proportions o f  label from [ 1 - 1 4c ] ac etate in FFAs were 
slightly lower when UDP-gal ac tose was included in the 
incubation medium . 

A similar patt ern o f  resul ts was obtained  when thi s  
experiment was repeated wi th  maize chloroplasts . The addi tion 
of  UDP-galac to se  to the incubation medium stimulated the 
incorporation o f  l abel from bo th [1 (�3H]�-glyc ero l-3-

phosphate and [ 1 - 1 4c) acetate into MGDG by maize c hloroplas t s .  



Tabl e 8 .  The of sn-glycerol-3-phosphat e concent rat ion on the incorpo rat ion of 
3H s inach chloro lasts 

Chl oroplasts were isolat ed by Method 1 and incubat ed in Medium A ( refer Fig. 4-4 , p. 52 ) containing 20 .9nmol
( 1 . 2?pCi ) [ 1 -14 c] acetat e and ( 7 . 86�Ci ) [ 1 (�3H]��glycerol-3-phosphat e , supplemented with unlabelled �-glycerol-
3-phosphate ( G-3-P ) in a final volume of 1 om3 aft er the addit i on of substrat es and chloropl asts .  To one series 
of tubes 0. 1 5�mol-UDP-galactose was also  added. 

Incorporation of Incorporat ion of 
G-3-P acet at e int o tot al Distribut ion of label G-3-P into t ot al Distribut i on of label 

con cent ration lipid  ( nmol/ between l ipide ( %) l ipid ( nmol/ between l ipi de ( %) 
mM � chloroEhlllLh} FFA DG MGDG others "' � chl oroEhll lLh} DG MGDG others � 

o.o  42 . 2  62 . 5 3 . 9  3 . 9  29 . 7  
o. s 49 - 3  3 1 . 0 34 . 2  5 · 4  29 -4 46 . 8  6? . 0  6 . 2  26 .8 
1 . 25 57 .8 21 .8 42 .8 6 . 6  28 .8 47 . 3  69 .4 8 . 0  22 .6 
2 . 5 57 · 5  1 7  .o  50.7  7 - 5  24 . 8  6 5 . 9  6 1 . 2  1 1 . 9 26 .9  
5 . 0 58 -4 1 5 . 5 51 .4 6 . 7  26 . 4  106 . 2  59 - 3  14 . 3 26 .4 

+ UDP-galaotose 
o . o  42 . 3  47 -4 6 . 3  1 7 . 1 29 . 2  
0 . 5 5(>.0 26 . 7 1 0 . 5 34 . 2  28 . 6  45 . 3  3 1 . 0  47 . 3  21 . 7  
1 .  25 52 . 7  1 8 . 0  8 . 2  48 .4 25.4 54 . 6  1 9 . 1 55 - 7  25 . 2 
2 . 5 60 . 7  1 4 . 2  1 0 . 0  51 .8 24 . 0  62 . 2 1 5 . 4 58 .8 25 .8 

s. o 58 . 1  1 2 .8 1 0 . 7  52 . 3  24 . 2  1 09 . 8  1 3 . 8  60. 7  25 . 5 

� more polar lipide (mainly phosphol ipids ) , MG and an unknown compound ( UK ) .  
CO 'D 



T h e  i n c r e a s e  i n  l ab e l  from bo t h  subs t r a t e s  in to MGDG was 

a c c o mp ani e d  by a c o rre sponding d e c r e a s e s  in bo t h  1 4 c an d 
3H l ab e l  i n  di gl y c er i de . 

As o b s er v e d  wi th s p i n a c h  c h l o r o p l a s t s , t h e  l e v e l  
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o f  G - 3 - P  i n c o r po r a tion i n t o l i pi d by mai z e  c hl o r o p l a s t s  was 

i n c r e a s e d  by i n c r e as i n g  t he G-3- P  c o n c en tra t i o n .  Ho w e v er , 

a c e ta t e  i nc o rp o r a t i o n  by mai z e  c hl o r o p l a s t s  w�s n o t  s t imul a t e d  

b y  i n c r e a s i n g  t h e  c o n c en t ration o f  G-3- P , i n  c o n t ras t t o  
spinac h c h l o rop l as t s . The r a t e  o f  G - 3 - P  i n c o r po r a t i o n  i n t o  

l i p i d b y  mai z e chloropla s t s  was c o mpar abl e t o  t h a t  o b t ai n e d  

wi th spinach c hl o r o p l as t s  ( 80nmo l o f  G-3-P/rng o f  c hl o r o p hy l l/h 

at 5mH-G- 3 - P , c o mpar e d  wi t h  1 06 nm o l  o f  G-3-P/ m g  o f  c hl o r o phyll/ 

h at 5mM - G - 3 - P  for spina c h  c hloroplas t s ) .  Howeve r , t h e  r a t e  

of  a c e t a t e  i n c o r p o r a t i o n  i n t o  l i pi d b y  mai z e  c hloro p l as t s , 

under t h e  s am e  c o n d i t i o n s , was c o n si derably l ower ( 1 0nmo l o f  

a c e t a t e/mg o f  c hl o r o p h y l l/h . c o mp a r e d  wi t h  58 . 4nmo l o f  a c e tat e/ 

mg o f  c h l o r o phyl l/h f o r  s p i na c h  c h l o r o pl a s t s  a t  0 . 02mM- a c e t a t e .  
The l o wer ac e t at e c o n c e n t r a t i o n  u s e d  i n  these  experi m e n t s  was 
t o  ai d t h e  d e t e c t i o n  o f  bo th l a b e l s toge ther , b u t  was found 
n o t  t o  b e  ne c e ssary i n l at e r e xpe r im en t s ) . 
4 . 3 . 5 .  (. c )  Rat e s  o f  I n c o rpo r a t i o n  o f  [ 1 (3)..3H]sn-glyc erol -.3-

n ho sphat e and [1 - 1 4 c ]a c e t a t e  i nto l ipi d s by 
Spi n a c h  C h l o r opl a s t s  

T h e  r a t e s  o f  G - 3 - P  a n d  a c e t a t e  i n c o rpor a t i o n  i n t o 

l i p i d  were s l i gh t l y  s t i m ul at e d  wi t h  the i n c l u s i o n o f  U DP

gal ac t o s e  in t he i n c ub a t i o n  m e d i um . The a d di t i o n  o f  UDP

gal ac t o s e  30mi n a f t e r  t h e  c ommen c em e n t  o f  the i n c u b a t i o n , 

s t i m ul a t e d  t h e . r a t e  o f  a c e t a t e  i n c o rpo ration s l i gh t l y , b u t  
t h e  r a t e  o f  G-3-P i n c o r p o r a t i o n  r emaine d un c hange d ( Tab l e  9 ,  

p .  9 1 ) .  
FFAs , DG and MG DG c o n s t i t u t e d  o v e r  70% o f  t h e  

i n c orpora t e d  a c e ta t e , whi l e  DG a n d  MGDG c o n t ai n e d  o ve r  50% o f  

t h e  G- 3 - P  i n c o rpora t e d  i n to l i pi d  ( Fi g .  4- 1 9 , p .  92 ) .  The 

a ddi t i o n  o f  UDP- gal a c t o s e  s timul a t e d  the inc o rp o r a t i o n  o f  

l ab e l  from bo t h  [ , - 1 4c ] a c e t a t e  an d [ 1 (3}.
3

H] sn-gl y c e r o 1 - 3 -
p ho sphat e i n t o  MGDG wi t h  a c o r r e s p o n ding d e c r e as e  in t h e  l ev e l s  
o f  bo t h  l ab e l s  i n  d i gl y c eri de ( Fi g .  4- 1 9 , p .  92 ) .  Ho w e v e r , 

s i nc e no Tr i to n  X- 1 00 was pr e s en t , t he l ev e l s  o f  a c e t a t e  

i nc orpora t i o n  i n t o FFAs w e r e  unc han g e d  by  the addi tion o f  
UDP- gal ac t o s e . 



9 1  

Table 9 . Rat es of [1-14c]acet ate and (1(}t3H]sn-glycerol-3-phosphat e int o 
l ipide by spinach chl oroplasts  

Chloroplasts were isolat ed by Method 1 and incubated in  Medium A ( refer 
Fig .  4-4 , p .  52 ) containing 2 . 5rmol ( 7 . 86�Ci ) [ 1 (�3H]�-glycerol-3-
phosphate and 104 . 5nmol ( 6 .37�Ci ) [ 1-14c) acet at e in a f inal volume of 
1 cm3 aft er the addition of subst rat es and chloroplasts . When UDP
galactose addit i on was requi red, 2�1 of solut i on containing 0 . 1 5�mol es 
was added aft er 30min. 2 . �mol es of G-3-P was used inst ead of the opt imum 
5 .0rcnol es because the dilut ion of the ( 3Hhabel at higher concentrat ions 
of G-3-P reduced the incorporat ion of 3H t o  levels whi ch were t ime
consuming t o  count . 

Incorpo rat ion of substrat e int o  l ipide ( nmol/mg chlorophyll ) 
no UDP-galact os e added LmP-gal act ose added 

UDP-galactose added aft er JOmin at zero t ime 
Time 

m in acet at e G-3-P acetat e  G-3-P acetat e G-3-P 

1 0 1 8 . 0  42.7 20. 0  57 . 2  
20 46 . 0  67 . 2  49 .9 86 . 0  
30 78 . 5  95 . 0  80 . 1  1 07 . 5  
35 90 . 0  1 o8 . 8  

40 99 . 8  1 36 . 8  
4 5  1 08 . 0  145- 1 1 1 2 . 0  1 38 . 2  1 1 6 . 0 147 - 5  
60 1 34 - 5 1 54 . 5 147 . 0  1 51 . 0  148 . 0  1 57 . 5 
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Fig. 4-1 9 .  Rates of [ 1-14c] acetate and [1lJC3H]sn-glycerol-3-phosphat e 
incorporat ion into monogalact osyldiglyceride, diglyceride and free fatty 

acids by spinach ohloroplasts 
The data in this figure represent lipid analysis of some of the total lipids 
referred t o  in Table 9 (p .  91 ) .  
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In the absenc e o f  added UDP-galactose , the molar 

ratio o f  G-3-P : ac e tate  inco rporated  into digly c eri des was 2 . 3 at 
1 0min after the c ommencement of incubation ( Fi g . 4-20 � p .  94 ) .  
Thi s value de creased wi th time to remain at approximately 1 . 6  
from 45 t o  60min . The mol ar ratio o f  G-3-P : ac e tate incorporated 
into MGDG was 4 . 6  at 1 0min after the  c ommencement o f  
incubation , but as wi th diglycerides the ratio decreas e d  t o  a 
c o n s t an t  value o f  a l i t tl e  less than 2 after 60min . when UDP
galactose  was included  in the inc ubation medium the same 
ratios  a fter l Omin i ncubation were a p pr e c i ab l y  lower for bo th 
diglyc eri des and MGDG than those  ob tained in the abs enc e o f  
UDP-galac to se . However , the di f f eren c e  i n  the ratio s when 
the in cubation was c ondu c t e d  wi th and wi t ho u t  UDP-galactose  
di sappeared after 20min , wi th similar ratios being maintain e d  
throughout t h e  remainder o f  the inc ubation peri o d .  Thi s  pattern 
appl i e d  to bot h  digly c eri des  and monogalac to sy l digly c eri des  
( Fi g .  4-20 , p .  94). It  wou ld_ appear from these  resul ts  that 
during short  i ncubation t i m e s  t h e  i n c o r p o r a t i o n  of G-3-P i n to 
DG and HGDG was more rapi d than the incorporation o f  fatty 
aci ds syn thesi z e d  from ace tate . 

The i n c o r p o r a t i o n  o f  label f r o m  bo th s u b s t r a t e s  into 
MG DG was stimulated  by t h e  a d di t i o n  o f  UDP-galac tose during the 
c o urse  o f  t he i nc ubation ( Fig . 4-2 1 , p .  95 ) .  Thi s  stimul ation  o f  
MGDG s ynthe si s  was a c compani ed by a decrease i n  the amoun ts  
o f  

1 4c and 3 H  i n  diglyc eri de . 
The mo lar ratio o f  G-3-P : ac etate incorporate d  into  

MGDG a f t e r  the addi tion of  UDP-galac tose was similar to the  
ratio  of  these substrates incorporat e d  into diglyc erides in 
the  absence of  UDP-galactose  ( Fi g .  4-22 , p . 96 ) . Moreover , the  
G-3-P : ac e tate ratios of  the diglyc erides remaining after the 
addi tion o f  UDP-galac tose were very similar , o v e r  the time 
range studi e d , to tho se  o f  MGDG an d t he diglycerides synthesized 
i n  the absenc e  o f  UDP-galactose . The simil ari ty o f  the ratios 
for monogalacto syldiglyc eri des and diglyc eri des indicate  
that t he diglycerides  are c onv erted to monogalactosyl
d i gl y c e r i d e s  wi thout any detec tabl e exchange of the l abelled  
f a t t y  a c i d s  wi t h  a non- label led  poo l  of  fatty ac i ds . 
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Fig. 4-20 . The molar ratio  of G-3-P: acetate  incorporated into monogalactoeyldiglyceride and diglyceride by spinach 
chloroplasts 

Ratios were calculat ed from the data presented in Fig. 4-19 ( p . 92 ) for monogal actosyldiglyceride ( MGDG)  and 
diglyceride (DG )  synthesized in the absence and presence of UDP-galact ose . 
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glycerol-3-phosphat e incorporat ion int o monogalactosyldiglyceride by 
UDP-galact ose 

The dat a in this figure represent l ipid analysis of some of the total l ipide 
referred t o  in Tabl e 9 ( p .  9 1 ) .  The unbroken lines represent the l ipids 
synthesized fol lowing the addit ion of  UDP-galactose (UDP-gal ) 30min after the 

commencement of the incubat ion .  



U> 
a_ ....... 

1 0 ....... <i> G>  
� g  4· 0 

0 · -
......... 0 L.. 

'-
0 2·0 

-
0 

:L 

0 

UDP - gal 

� � A 
. t 

. DG -.- :J - - - - MGDG -.- - - - - - - - - - a- DG 

10 20 30 40 50 60 
Time2 { m  in ) 

Fig. 4-22. The molar ratio of G-}=P : acet ate incorporat ed by spinach chloroplasts int o monogalact osyldiglyceride 
following UDP-galactose addit ion 30min after commencement of the incubat ion 

The molar rat ios were calculated from the dat a present ed in Fig. 4-21 ( p .  95 ) for diglyceride (DG)  synthesized 
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4 . 3 . 5 . ( d ) The E f fe c t  o f  UDP-gal act os e o n  the I nc o rpo ration 

of Oleate and Palmi tate into Diglyc eri des and 

Monogal a c t o syl diglyc erides by Spinach Chlo ropl as t s  
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The r esul t s  of the previous experimen t ( s e c tion Lt . 3 . 5 .  

( c ) , pp . 9 0  t o  96 ) showe d  that diglyc erides were conver t e d  

to  mono galac tosyl di glycerides  without any de t e c tabl e 

modi fi c a tion . Thi s finding would al 80 be expe c �e d  t o  be  

apparen t from the le v e l s  of  o l eate and palmi tate  in the  

digl y c erides  an d monogal ac to syldigl y c erides a f t er the  addi tion 

of U DP- gal ac to s e during the course of the incubation . Thu s 

t he l ev el s  o f  ol eat e and pal mi ta t e , syn t hesi z e d  from a c e t at e , 

were d e t e rmined for the  diglyc e rides and mono gal a c to syl 

di gl y c erides syn thesized i n  the  previ o u s  experi ment ( Fi g .  4-2 1 , 

p . 9 5 )  an d are p r e s en t e d  i n  Fi g .  4-23 ( p .  98 ) . 

In  the p r e s en c e  o f  added G-3-P , approximat ely e qual 

amount s  o f  l ab el l e d  o l eate  an d palmi tate  were i n corpora t e d  

into di gly c eri de s during t h.e f i r s t  30min o f  incubation 

( Fi g .  4-23 , p .  98 ) .  At  lon ger inc ubation time s  the  palmitate  

c o n t e n t  of  digl y c erides con tained more 
1 4C-label t han the 

o l e a t e  c o n s t i tuen t . A simil ar l abelling patt ern was evi de n t  

for t h e  c o ns t i tu e n t  o l ea t e  an d palmitate  o f  MGDG . 

The addi tion o f  UDP-galac t o s e , 30min a f t e r  the 

c ommen c ement of the incubation , s timula t ed the l evel s o f  
1 4c 

in  b o t h  o l eate an d palmi tate c o n s ti tuents  o f  MGDG wi th a 

corr e s p o n ding decr ease in t h e  l ev e l s  o f  1 4c in these  fatty acid  

c on s ti tuents  o f  di gly ceri d e s  ( Fi g . 4-23 , p .  98 ) .  30min a f t er 

the addi tion o f  U DP-galac tos e , the pre parations o f  o l eate  and 

palmi t a t e  in MGDG were i de n ti c al to t he proportions o f  the s e  

fatty a c i ds i n  digl y c eri d e s  syn thesi z e d  in t h e  abs e n c e  o f  

UDP- gal a c to s e .  

These  r e sul t s  are consi s tent wi th the dir e c t  

c onversio n o f  the digly c eri des t o  mono galac tosy l digl y c eri d e s  

wi tho u t  any mo di fi c a tion o f  the diglyc eri des prio r  t o  

galac to sylation . 
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Fig. 4-23 . The l evels of palmitat e  and ol eat e in diglycerides and 
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galact ose 
The l evels of palmit ate and oleat e were det ermined for the diglycerides 
and monogalact osyldiglycerides from the previ ous experiment (dat a given 
in  Fig. 4-21 , p .  95 ) .  
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The Po si tional Di s tribution o f  the Cons ti tuen t Fat ty 
Acids o f  Diglyceri des and Monogalactosyldiglycerides 

Syn thesi zed by Spinach Chloroplas t s _  

9 9  

I t  i s  apparent from t h e  previous sections ( 4 . 3 . 5 . ( c ) , 
pp . 90 to 96 ; 4 . 3 . 5 . ( d ) ,  pp . 97 to 98 ) that di glyc erides are 
convert ed  direc tly to monogalac to syl diglyceri des , wi thout  
any apparent exc hange of  l abell ed acyl  groups wi th a non
l abel l ed pool . S ince  the digly c erides and monogalac to�yl 
digly c eri des synthesized are c o mpo s e d  l argely o f  o l eat e and 
palmitat e ,  the posi tional distribution o f  these two fatty  acids 
wi thin the DG and MGDG mol ecul e s  wil l  gi ve an insigh t in to  
t he struc ture of  the pre domi nan t s p e c i es syn thesized  and the 
posi tional speci fi c i ty of the acylating enzymes invo lved i n  
t h e  acylation of  G-3-P . Pancreatic  lipase was utilized  to  
remove the  fat ty ac i d  acylated to  posi tion 1 of  both DG and MGDG , 

and the resul ting MG and MGMG were i so l at ed and the fatty ac i d  
c o mp o s i t i o n  determined  ( s e� s e c tion 3 . 3 . 5 ,  pp . 38 t o  3 9 ) . 

Palmi tate cons tituted 88 t o  95% o f  the l abelled fatty 
aci ds i n  t h e  mono gly c er i d e s  ob tained  f r o m  diglyceri des  b y  
hydrolysis wi th pancreati c l ipase . O n l y  small amount s  o f  l abelled 
of o l eat e ,  stearat e ,  linoleate and lino l enate were presen t 
i n  the monoglycerides  ( Table  1 0 ,  p .  1 00 ) . Thi s shows that 
palmi tate  is predominately incorporated  into posi tion 2 o f  
di glyc erides . Sin c e  l ess than 50% o f  the to tal l abell e d  fat ty 
ac i d  in t h e  diglyc eri des is palmi tate ( except  when the incubation 
medium i s  supplemen t ed  wi th  G-3-P ) , the high palmi tate content  
o f  the  mono glyc erides  indi c ates  that virtual ly  all  o f  the 

palmitate  incorporated  i s  in position 2 .  Oleate and the 
small amoun ts of s te arate mus t there fore  be l o c ated  in 
posi tion 1 o f  the diglycerides , whi l e  the small amounts 
of polyunsaturated fatty acids are , presumably ,  evenly 
distributed be tween posi tions 1 and 2 .  In the presence o f  
G-3-P , palmi tate comprises  more  than hal f o f  the label l e d  
fatty acids . Consequently some palmi tate mus t be l o cated  
in posi tion 1 .  

Table 1 1  ( p .  1 0 1 ) shows that palmi tate compri sed 
88 to 9 1 %  of  the  l abelled  fatty acids  i n  the  monogalac to syl
monoglyc eri des ( MGMG ) derived from MGDGs by lipase hydrolysi s ,  
and as observed wi th monoglycerides derived  from diglyc eri des , 
only smal l proportions o f  oleate and s tearate were presen t .  

MA5SEY UNIVERSITl 
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Tabl e 1 0 .  The distribut i on  of  radioact ivity in  the  const ituent fatty 
ac i ds of diglycerides and i n  t he monoglycerides obtained from t hes e 

diglycerides by hydrolys i s  with  pancreat i c  l ipase  

1 00  

Th e  digl yceri des , already referred t o  i n  Table 6 ( p .  8 1 ) ,  cont aini ng 
about 200 , 000d . p . m .  of  radi oact i vity i n  fatty acids were hydrolysed by 
pancreat i c  l i pase .  The i ncubat i on medium condi sted of  1 0cm3 of  
O . a1-Tri s/HC1 buffe r ,  pH7 . 6 ,  0 . 1 cm3 o f  1 �s odium deoxychol at e  (wt/v ) ,  
and 4 5�CaCl 2 ( wt/v ) .  The i ncubat ion medium cont ai ning t he diglycerides 
was s oni cat ed for 5min ,  50mg of  pancreat i c  l ipase was added and t he 
mixt ure incubated for 2 . 5mi n  at 40° C .  The l i pids were ext ract ed with  
chl oroform and s eperat ed by  t . l . c .  For furt her det ai ls  see  Met hods 
s e ct i on 3 . 3 . 5  ( pp .  38 t o  39 ) .  

Experiment al t reatment Proport i on of  label in fat ty  
( addit ive to  chl oroplast s acids ( %  of t ot al ) 

from whi ch DG isolat ed) 1 6 : 0  1 8 : 0 1 8 : 1 1 8 : 2  + 1 8 : 3 
none DG 4 1 . 7 1 0 . 0 42 .4 5 . 9  

MG 89 . 4 3 . 1 4 . 2  3 . 3  

G-3-P DG 56 . 9 1 0 . 0  28 . 1  s . o  
MG 88 . 0  2 . 0  . 3 .  5 6 . 5  

Tri t on X- 1 00 DG 44 · 4  4 . 7 46 . 9  4 . 0  
MG 94 . 9  0 . 7  3 . 0 1 ·4 

G-3-P + Trit on X- 1 00 DG 47 . 2 4 · 9  43 . 1 4 . 8  
MG 90 . 6  2 .4 3 . 0  4 . 0 



Tabl e 1 1 .  The distribut ion of radioact ivity i n  the const ituent fat tz 
acids o f  monogal act osyldiglyceri dea and in the monogal act osylmono
glycerides obt ained from monogal act oayldiglycerides by hydro lys is with 

pancreat i c  l ipas e 

1 0 1  

The monogalact osyldiglyceri des , already referred t o  in  Tabl e 7 ( p .  8 5 ) ,  
cont aining about 200 , 000d . p . m . o f  radi oact ivity i n  fat ty acids were 
hydrolys ed by pancreat ic l i pas e as described in  Tabl e 1 0  ( p . 1 00 ) ,  but 

0 
incubat ed for 3h at 40 C .  The l i pi ds were ext ract ed as before and 
separat ed by t . l . c . ( s ee Met hods s ect ion 3 . 3 . 5 , pp. 38 t o  39 ) .  

Experiment al t reat ment Proport ion of l abel i n  fat ty 
( addit ive to  chl oropl asts  a cids ( % of  t ot al ) 
from whi eh MGDG i s o l at ed) 1 6 : 0 1 8 : 0  1 8 :  1 1 8 : 2  + 1 8 :3 
UDP-galact os e MGDG 40 . 0  6 . 4 4 3 . 9  9 - 7  

MGMGfi 87 . 7 3 . 6  s . o  3 . 7 

UDP-galact os e + G-3-P MGDG 58 . 2 4 . 3  34 . 0  3 . 5  
MGMG � 88 . 5  1 . 6 4 . 9 s . o  

UDP-gal act os e + Triton X-1 00 MGDG 4 3 . 8  6 .8 43 . 0 6 .4 
MGMG..9 90 . 1  2 .9  3 . 9  3 . 1  

UDP-galact os e  + C-.3-P + MGDG '  43 . 5  8 .4 43 . 3  4 .8 

Trit on X-1 00 MGMG4 91 . 0  ) . 0 2 . 3 3 . 7 

)f monogal act osylmonoglyceri de 
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Thi s pr o p o r t i o n  o f  palmi t a t e  i n  t h e  mono galac t o s y l mo n o gl y c e r i d e s  

in d i c a t e s that v i r t u al l y a l l  o f t h e  l abe l l e d  p al mi t at e i n  

m o n o gal a c t o sy l di gl y c e r i d e s  i s  l o c a t e d  i n  p o s i t i o n  2 .  T � e  

e x c e p t io n i s , w h e n  G - 3 - P  i s  i n c l u d e d in the i n c ub ati o n m e di um 

an d mo r e  t han ha l f o f  t h e  l ab e l l e d  f a t t y  a c i d s  syn t h e s i z e d ar e 

palmi t a t e , c o ns e q u e n t l y  s o m e  p a l m i t a t e  i s  l o c a t e d  i n  p o s i t i o n  1 
o f  the s o  � o n o gal ac t o � y l d i gl y c e r i d e s . Agai n , o l e � t e an d s t e ar a t e  
m u s t t h er e f o r e b e  l o c a t e d  i n  po s i t i o n 1 o f  th e m o no ga l a c t o s y l -

d i  gl y c e r i d e s . 
C l e ar l y  t h e  m a j o r  d i gl y c e r i d e  and m o no gal a c t o s y l 

di gl y c e r i d e  sy n t h e s i z e d f r o m  a c e t a t e  by s p i na c h c h l o r o p l a s t s , 

c o n t ai n s  o l e a t e i n  p o s i t i o n  1 an d p a l mi t a t e i n  p o s i t i o n  2 
as s hown i n  Fi g .  4-24 ( p .  1 03 ) . A smal l propo r ti o n  o f  

dipa1mi to y l - DG an d d i p al m i t o y l -NG DG wo ul d  be s y n t hesi z e d  wh en 

t h e  r a t i o  o f  o l e a t e : p almi t a t e was l e s s  t han 1 .  Thi s was t h e  

c as e  when G - 3- P  was a dd e d  t o t h e  c h l o r o p l as t  i n c ub a t i o n  m e di um 

( Tabl e 6 ,  p .  8 1 ; •rabl e ? ,  p ._ 8 5 ) . I t  t s  app <-T e n t  that t h e  

di gl y c e rt d e s  whi c h  a c c um u l a t e  w h e n  U DP- gal a c to s e  i s  n o t a d d e d  

t o  t h e  i n c ubation m e di u m  h a d  t he s am e  s t e r e o s p e c i f i c  di s t r i b u t i o n  

o f  t h e f a t t y a c i d s a s  t h e  m o n o gal ac t o s y l di gl y c e r i d e s  s y n t h e s i z e d  

w h e n  U DP- g a l a c t o s e  � a s  adde d to t h e  i n c u b a t i o n  m e di um . 
T h e  i n c o r po r a t i o n o f  p a l 1:1 i t a t e  an d o l e a t e i n t o  t h e  

s am e  mo l e c u l e  w a s  c o n f i rm e d  by s i l v e r  n i t r a t e - t . l . c .  o f  

the YG DG s y n t h e s i z e d  i n  t h e  p r e s e n c e o f  G - 3 - P , T r i t o n  X- 1 00 a n d  
U DP - gal a c t o s e .  O n l y  o n e  b a n d w a s  d e t e c t e d  b y  s c an n i n c a n d  

su b s e q u e n t  au toradi o gr aphy . 



1-oleoyl , 2-palmitoyl-�-glycerol 

(DG) 

1 03 

0- � - ( CH2 l7  CH= CH ( CH2 l 7 CH 3 
0 C H](CH2l14 tr -0 

0 0 

1-0l eoyl , 2-palmitoyl-�-�galactopyranosyl ( 1 '� 3 ) ]-�-glycerol 

(MGDG ) 

Fig . 4-24 . The major diglyoeride and monogalaotosyldiglyceride species 

synthesized by spinach chloroplasts 
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The Incorporation o f  [ 1 4c]bi carbonate  into Lini ds and 

Consti tuent Fat ty Acids by Spinach Chloro olasts 
An o u t s t an di n g  feature  o f  the incorporation o f  

[ 1 - 1 4c ] ac e tat e  and [ 1 (�3H] sn-gl y c ero l -3-phosphate into l ipids 
( s e c tions 4 . 3 . 5 . ( b ) , pp . 86 to 8 9 ; 4 . 3 . 5 . ( c ) , p p .  90 to 97 ) , 

i s  that  the amount o f  label incorporated from ac e tate i n to 

MGDG , DG and to t al l i pi d , was consi derably les�  than t h a t  
expe c t ed from the amo u n t s  of fatty ac i ds required for t h e  

a cylation of the G-3-P in corporat ed into t h e se lipids . For 
exampl e :  the MGDG synthe s i z e d . 30min after the a d di t i o n  o f  
U DP-galac tose in Fig . 4-2 1 ( p .  95 ) , c ontained 6 8nrno l o f  G-3-P 
i ncorporated/mg o f chl oro phyl l , bu t only 47nmol of ace tate 
was incorporat ed/mg o f  c h l o ro ph y l l . The acylation of thi s 
amoun t o f  G -3-P incorporat e d  into MGDG would r equire 1 36nmol 
o f  fatty a c ids . Assuming  that equal proportions o f  o l e a t e  and 

palmi tate  w ere  incorporated , the amount o f  ac e tate incorporate d  
wou l d  supply approximately 6nmol o f  these fat ty aci ds . I t  i s  
apparent t hat fatty a c ids were bein� syn thesi zed from a 
substrata o ther t han the exogenou s  a c e tate . Sinc e Murpby a n d  

Le e c h  ( 1 977 ) had r e p o r t e d  the  abili ty o f  isolated pho to
s y n t h e s i z i n g  spinach c hloroplasts to incorporate bi c arbo nate 
i nto  acyl l ipi ds , the u t i l i zation of  the b i c a r b o n a t e  pr e s e n t 

in  t he i n c u ba t i o n  m e dium was i n v e s t i g a t e d  as a po ssible  sour ce  
o f  fat ty aci d  c arbon . 

1 4  1 1!- -Spinach c hloroplasts incornorated c from H C O �  . . � 
i n to lipid  and o ther non- v o l at i l e  c ompounas ( Fi g .  4 - 2 5 , p .  1 05 ) . 
A s  the  c oncen tration o f  Hco3

- increased up to 60mM-HC03
- , an 

approximately linear increase in t h e  incorporation into lipid 
was observed ( Fi g .  4-2 5 ,  p .  1 05 ) . A t  60mM-HCo3

- the pro portion 
o f  l abel in l i pi d  accounted  for abou t  60% of the to tal 
incorporation into non-volatile compounds . The incorporation 
o f  b i carbonate  into either non-volatil e  compo unds o r  lipids 
was unaffe c t e d  b y  the addition o f  l OOnmo l of unlabelled  ac etate  
to t he incubation medium ( Fig . 4-25 , p .  1 0 5 ) , even  though 
under t hese  c ondi tions 8 9nmo l  o f  ac e t at e/mg o f  chlorophyll/h 
was incorporated into lipid . 

The e f fe c t  o f  adding G-3-P and UDP-galactose  on  t he 
in corporation o f  Hco3 was investigated in fur ther experiments 
using  a bi c arbonate conc entration o f  1 0mM . In t h e  absence  o f  

added G -3-P and UDP-galac tose  1 73nmol o f  HCC3-/mg o f  c hl orophyll/h 
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Chloroplasts were isolated by Method 1 and incubated for 1 h in Medium A 
( refer Fig. 4-4 , p .  5 1 ) ,  except t hat 0 . 1�mol  (7 . 5ACi ) [ 14c] bicarbonat e 
with various amounts of unlabel led  bicarbonat e replaced t he bicarbonat e 
( 30mM )  normally used . Tot al bicarbonate fixed was det ermined by taking 
al iquots of the acidified react ion mixture before the addition of CHC13

/ 
MeOH used for l ipid ext ract ion ( refer Methods sect ion 3 . 3 . 2 ,  p .  34 ) .  These 

0 aliquots were taken t o  dryness under a stream of nitrogen at 40 C and 
counted for radioact ivity. The l i pide were ext racted from the remainder 

lasts 

of the react ion mixture and aliquots taken for determinat ion of radioact ivity.  
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was i n c o rp o r a t e d  b y  spi n a c h c h l o r o p l as t s  ( Tab l e 1 2 ,  p .  1 0 7 ) .  

The a d dition o f  G - 3 - P  s t imulated t he i n c o rpo r a t i o n  a l mo s t  

two- f o l d ,  whe rea s t h e  addi t i o n  o f  UDP- gal ac to s e  t o  t h e  

i n c u b a t i o n  me di um gav e a s omewhat s mal l er s ti m ul a t i o n . T h e  

a d di t i o n  o f  G-3 - P  t o g e t h e r  wi t h  UDP- gal a c t o s e  g av e  t h e  gr e a t e s t  

s t i mu l a t i o n  o f  bicarbonate  i n c o rp o rati o n  i n t o l i p i d . 

I n  th e  ab s en c e o f  a d d e d  G - 3 - P  and U�P-galac tose , 
l ab e l  f r o m  bi c arb o nat e w a s  i n c o r p o ra t e d  mai n l y  i n t o  f r e e  f a t ty 

a c i d s an d di gly c e r i de s , wi t h  o n l y  mi n o r  pro p o r t i o n s  o f  t h e  

l a b e l  i n c o r p o r a t e d  i n t o  MG DG , P C  a n d  m o r e  po l ar l i pi d s 

( Tab l e  1 2 ,  p .  107 ) .  The ad d i t i o n o f  G - 3 - P  s t i m u l a t e d  t h e  

syn t h e s i s  o f  di g l y c e r i d e s  wi t h  a c o r r e sp o n di n g  d e c r e a s e  i n  t he 

p ro po r ti o n  o f  l abel in f r e e  f a t t y  a c i d s . The ad di ti on o f  

U DP - ga l a c t o se , i n  t he a b s e n ce o f  G-3 - P , d e c rease d t h e pro p o r t i o n  

o f  l a b e l  i n  di gly c eri des an d i n c rea s e d t he pro p o r t i o n  o f  

l ab e l  i n c or p o ra t e d  in to MGDG . The a d di tio n o f  b o th G- 3-P and 

UDP- gal a c to s e  t o g e t h e r  i n c � e a s e d  t h e  propor t i o n  o f  MGDG 

syn t h e si z e d  t o  abo u t  50% o f  t h e t o t a l  l i p i d  syn t h e s i z e d . T h e  

v ar i o u s  a d di t i o ns o f  G-3-P an d UDP-gal a c t o s e  h a d  l i t t l e e f f e c t  

o n  t h e  p r o p o r ti o n s  o f  PC an d m o r e  p o l ar l i pi ds syn t h e s i z e d . 
O l e at e , s t eara t e  an d p a l m i t a t e  w e r e  t he m a i n  f a t t y  

a c i d s  s y n t h e s i z e d  from bi c arbo n a t e  an d t h e  p r o p o r t i o n s  o f  t h e s e  

f a t t y  a c i d s  was s i mi l ar t o  t ho s e  s y n t h e si ze d  f r o m  ac e t a t e . 

The r e l a t i v e  pro po r t i o n s  o f  t h e  fat ty a c i ds i n  t o t al l i pi d s  

s y n t h e s i z e d  f r o m  t h e  t wo p r e c u r s o r s  we r e : - o l e at e : 52 . 5 a n d  

6 8 . 5% ; s t e a r at e : 1 1 . 8 a n d  1 0 . 2% ;  an d p almi t a t e : 2 5. 2  a n d  1 5 . 7% 
from bi c arbona t e  and ac e t a t e  r e s p e c t i v e l y . 
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Table 1 2 .  The incor orat ion of into l i  
chloroplasts 

Spinach chloroplasts were isolat ed by Method 1 and incubat ed in Medium A, 
except that 10�mol ( 7 · 5�Ci )( 14c ]bi carbonat e replaced the 30�mol of Hco3-
normal ly present in Medium A ( the l ower concent rat ion of Hco3- was used 
because the dilut ion of the [ 1 4c ] l abel at higher concent rat i ons of 

bicarbonat e reduced the incorporat ion of 1 4c to levels which were t ime-
3 consuming t o  count ) .  The final volume of the react ion mixture was 1 cm 

aft er the addit ion of aubst rat es and chloroplasts . The f inal 
concent rat i ons of �-glycerol-3-phosphat e ( G-3-P ) and UDP-galact ose 
were 5mM and 0 . 1 )mM respect ively . 

Addi t i ons Incorporat i on of Dist ribut ion of l abel between 

t o  incubat ion bicarbonate int o  l ipids l ipi de ( %) 
medium {nmol[mg chl oroEh�l lLh2 l<�A DG MGDG PC others 

none 1 7 3 . 0  56 . 6 30 . 7 3 . 2  7 . 6 1 . 9 

G-3-P 303 . 1 23 .4 6 5.0  3 . 5 s . o  3 . 1 

UDP-gal act ose 237 . 0  54 . 0  1 5 . 5  22 . 9  5 . 9  1 . 7 

G-3-P + UDP-galactose 358 . 1  1 1 . 9 29 . 7  50 ·  7 5 . 3  2 .4 

� more pol ar l ipide ( mainly phosphol ipids , except phosphat idylchol ine 

( PC ) ) ,  MG and an unknown compound ( UK ) .  

«!' 
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The Effe c t  o f  Magnesium and Manganese Ion Conc entrations 
on the Incorporation o f  [ 1 - 1 4c] acetate into Lipids and 

Consti tuent Fatty Aci ds by Spinach Chloroplasts 
The investigations described in earlier sections 

have s hown that addi tio n of G-3-P , UDP-galactose and Tri ton X- 1 00 
gives a considerabl e stimulation o f  to tal lipid and fatty acid 
synthesi s . A bri ef  investigation of the e ffec t o f  dival ent 
metal i on concentration on the rates o f  acetate incor�oration 
was carried out , since it is important  to establish that 
the conc entrations used in incubation Medium A were not limi ting 
either to tal incorporation or any parti cular component process  
in the presence o f  the various addi tives . The e ffec t  o f  Mn2+ 

was also investigate d ,  since it had been shown to stimulate 
acetate incorporation (Nakamura and Yamada , 1 975a) . 

Addi tional Mg2+ was added to the incubation Medium A 
(whi c h  contains 1 mM-Mg2+ )  in the presence of G-3-P , UDP-galactose 
and Tri ton X- 1 00 .  Increasing the Mg2+ concentration from l mM 
up to 3rnM , increased  the incorporation o f  acetate into lipid 
almost two- fol d ,  but there was little further increases at 
higher concentrations (Fig .  4-26 , p. 1 09 ) . 

Mn2+ at concentrations up to l mM (in addi tion to the 
2+ 1 ru�-Mg already present ) increased the incorporation o f  acetate 

into lipi d . At 1 w�-Mn2+ the incorporation of ac e tate was 
stimulated over two-fol d ,  but at higher concentrations the 
stimulation observed decreased until at 1 0mM-Mn2+no stimulation 
of ace tate incorporation was observed over the rates obtained 
in the absence o f  Mn2+ ( Fig .  4-27 , p . 1 1 1 ) . 

The increase in lipid synthesi zed from acetate , 
obtained ei ther at higher Mg2+ concentrations or with Mn2++ 2+ 
Mg  , was almost entirely due to an increase in the l evel o f  
MGDG synthesized , as would b e  expected from the presenc e o f  
G-3-P , UDP-galac tose and Tri ton X- 1 00 i n  the reaction medium 
(Fig .  4�26 , p .  1 09; Fig .  4-27 , p .  1 1 1 ) . 

Approximately equal amounts o f  oleate and palmi tate 
were synt hesized from acetate and the proportions of these 
two fatty acids was relatively unaltered at �11 Mg2+ and Mn2+ 

concentrations investigated ( Fig .  4-26 , p .  1 09 ;  Fig .  l�-27 , 
p .  1 1 1 ) .  These two fat ty acids and stearate consti tuted 88 to 
93% o f  the label incorporate d  into fat ty aci ds wi th only 
minor amounts  ( 2  to 5%) of label present in linol eate and 
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Fig. 4-26 . The effect of M ++ concent rat i on on acetat e 
incorporat ion int o l ipids and const ituent fatty acids by 

B£inach chl oroplasts 
Chl oroplasts were isolat ed by Met hod 1 and incubat ed for 1 h  in 

Medium A ( refer Fig. 4-4 , p .  5 1 ) containing �-glycerol-3-phosphat e ,  
UDP-gal act ose and Triton X-1 00  at final concent rat ions of S . OmM ,  
0 . 1 5mM and 0 . 1 6rnM respect ively . 1 04nmol ( 6 . 24,v..Ci ) [ 1-1 4cJacet at e was 

used in a final volume of 1 cm3 aft er the
. 
addition of substrates and 

chloroplast s .  Addit i onal amounts of MgC1 2 were added t o  give the 

. d Mg++ t t ·  requ1 re concen ra 1ons . 
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Fi g. 4-27 . The effect of Mn++ con cent rat i on on [ 1 - 1 4 c]acet at� 

incorpo rat ion i nt o  l ipi de and const i t uent fat ty acids bl 

spinach chl o ropl as t s  

Experi ment al procedures w e r e  t hos e as des cribed i n  Fig. 4-26 ( p . 1 09 ) ,  

exc ept t hat vari ous amount s o f  MnCl
2 were added t o  give the 

requi red Mn++ concent rat i ons . The Mg++ conc ent rat i on was 1 . 0mM . 
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The r emai ning l ab e l  was p r e s e n t  in small amo u n t s  o f  m e d i um 
c h a in f a t ty aci d s  ( 1 2 : 0 and 1 4 : 0 ) . 
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4 . 4 A Po s s i b l e  Ro l e  fo r Pho sph o l i p i d s  and Non- c hl o r opl as t i c  
Frac t i o n s  i n  t h e  Bi o syn t h e s i s  o f  Po lyu n s a t u r a t e d  Fat ty 

A c i ds 
Though t h e  syn t h e s i s  o f  di gl y c er i de s  an d 

m o n o gal a c t o s y l di gl y c e r i d e s  w e r e  s t i m u l a t e d  by t he a d d i t i o n  
o f  G - 3- P , Tri ton X- 1 00 an d UDP- gal ac t o s e , t h e  princ i p al f a t t y  
ac i ds syn t h e s i z e d  from a c e t a t e  w e r e  o l e a t e  an d p a l m i t a t e .  
Thu s , t h e  i n c r e a s e d  syn t h e s i s  o f  DG an d HDG D w a s  no t a c c om p ani e d  
b y  appr e c i ab l y  enhan c e d  s yn t h e s i s  o f  l i nol e a t e  an d l i n o l en a t e , 

w hi c h  are t h e  main endo g eno u s  fa t t y a c i d  c o ns t i t ue n t s  o f  MGDG . 

I n  vi e w  o f  t h e  pos tul a t e d  r o l e s  f o r  p h o s p ho l i p i ds an d mi c ro s omal 
c e l l  frac t i o n s  i n  the syn t h e s i s  o f  po l yunsatur at e d  f a t t y  a c i d s , 
t h e  e f f e c t  o f  t h e  1 00 , 000 X � p ar t i c ul a t e  frac t i o n  o n  l i pi d  
a n d  fat t y  a c i d  synth e s i s  w a s  r e i n v e s t i gat e d  un d e r  c o n di t i o n s  
o f  hi g h  r at e s  o f  l i pi d an d _ fa t t y  a c i d syn t he s i s .  Th e a d di t i o n 
o f  C DP- c h o l i n e  was u s e d  i n  an at t e m p t t o  brpr o v e  t h e  syn t he s i s  
o f  pho s p h a t i dyl c ho l i n e  ( PC ) . The e f f e c t  o f  C DP- c h o l i n e  o n  t h e  
s y n t he s i s  o f  l i p i ds by c hl o ro p l as t s  was i nv e s t i ga t e d  b e f o r e  
i t s u t i l i za t i o n  inc o n j u n c t i o n  wi t h  t h e  par t i c u l a t e  frac t i o n . 
4 . 4 . 1 The E f f e c t  o f  C DP- c ho l i n e  o n  t h e  I n c o rpo r a t i o n o f  

[ 1 - 1 4c]a c e t a t e  i n to Lipi d s  by Spin a c h  C hl o ropl a s t s  
T h e  a d di t i o n  o f  C DP - c h o l i n e  i n  t h e  p r e s en c e o f  G - 3 - P  

h a d  no e f f e c t  on t h e  t o tal i n c o r p o r a t i o n  o f  a c e t a t e  i n t o  l i pi ds 
o r  o n  t h e di s tr i b u t i o n  o f  t h e  l ab e l  b e t w �en t h e  vari o u s  l i pi d s  
f r o m  t h a t  o b tai n e d  w h e n  G - 3 - P  o n l y  w a s  a d d e d  t o  t h e  i n c u b a t i o n  
m e di um ( Tabl e 4- 1 3 ,  p .  1 1 4 ) .  Th e a d d i t i o n  o f  C DP- c h o l i n e  i n  t h e  
pr e s en c e o f  G - 3 - P  and UDP-gal a c t o s e  �av e a si mi l ar di s t r i b u t i o n  
o f  l ab e l  b e tw e e n  l i p i d c l as s e s  a s  t h a t  o b t ai n e d w h e n  G - 3 - P  an d 
UDP- gal a c to s e  were a d d e d  t o  t h e  i n c ub a t i o n  me d i um , U n d e r  al l 
t h e  c o n di t i ons s tudi ed , no  s ti m u l a t i o n  o f  p ho s phati dyl c ho l i n e  
s y n t h e s i s was o b s erv e d . 



1 14 

Tabl e 1 3 .  The effect of CDP-chol ine on the incor orat ion of 
acet ate into l ipids by spinach chl oroplasts 

Chloroplast s  were i solat ed by Method 1 and incubat ed in Medium A ( refer 
Fig. 4-4 , p. 52 ) cont aining 1 04nmol ( 6 . 24�Ci ) [ 1-14c ]acetat e in a final 
volume of 1 cm3 aft er the addit ion of chloropl asts and subst rat es .  The 
final concent rat ions of CDP-chol ine , UDP-galact ose and �-glycerol-3-
phosphat e ( G-3-P ) were 0 . 1 8mM , 0 . 1 5mM and S . OmM respect ively . 

Additions Incorporat i on of Dist ribut ion of label between 
t o  incubat i on acetat e int o l i pide l ipids ( %) 

medium {nmolL� chl oroehlllLhl FFA DO MGDG PC others"' 
G-3-P 16 s. 1 25 . 3 45 .8  2 . 2 2 . 7  24 . 0  

G-3-P + UDP-galact ose 1 6 5 . 7  1 3 . 1 6 . 0  58 . 5  1 . 7 20 . 7  

G-3-P + CDP-chol ine 16 5 . 5 2 1 . 2  46 . 7  3 . 1  2 . 2  26 . 8  

G-3-P + UDP-galact os e  1 6 5 . 0 1 2 . 8  4 . 6  56 .4 1 . 6 24 . 6  
+ CDP-choline 

c( more pol ar l ipids ( mainly phosphol ipids ,  except phosphat idylchol ine 

( PC ) ) ,  M G  and an un.known compound ( UK ) .  



The E f fe c t  o f  t h e  Non- c hl oropl a s t i c  Par t i c ul a t e  

Fra c tion  o n  t h e  I n c o rporation of  [ 1 - 1 4c)a c e t a t e  

i nt o  Lipi ds an d Consti t u e n t  Fat ty A c i ds by 

Spinach  C hlo ropl as t s  

A s  o bs erv ed b e f o re wi t h  mai ze c hl o r o p l a s t s  ( s e c t i o n  

4 . 2 . 2 , pp . 55 to  57 ) ,  t h e  addi t i o n  of  the 1 00 , 000 X �  
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p ar t i c ul at e  frac tion s ti mulated the  i n c o rpora ti o n  o f  a c e t at e 

i n t o l i p i d s  ( �abl e  1 4 ,  p . 1 1 6 ) w  S ub s t i t u t i n g  C DP- c ho l i n e  f o r 

U DP- gal a c t o s e i n  t h e  i n c u b at i o n  m e d i u m  di d n o t a f f e c t  t h e  
s t i mu l atio n b y  t he par t i c u late frac t i o n . The i n c r e a s e s  i n  

a c e t a t e  i n c o rporation  were no t d u e  t o  t h e  i n c o rporation o f  

a c e ta t e  by the  parti c u l a t e  frac tion i t sel f ,  s i n c e  t h e 

p ar t i c u l a t e  frac tion i n c orporated  o n l y  0 . 57nmo l o f  ac e t ate/ 

1 00}-11 o f  suspension/h . 'l' h e  val u e s  r ep o r t e d  i n  Tabl e 1 4  ( p .  1 1 6 )  

have b e e n  corre c t ed to  t ake a c co u n t  o f  the small i n c o rporation 

o f  a c e t a t e  by t h e  par ti c ul a t e  frac t io n . 
Addi ti on o f  t h e  p ar t i c u l a t e  frac t i o n  i n c r eased t he 

p r o p o r t i o n  o f  l abel i n  PC ( Tabel  1 4 ,  p .  1 1 6 ) . Subs t i t u t i o n  

o f  UDP- gal ac t o s e  by C DP- c holine  in t h e  pr e s enc e o f  t h e  

par t i c ul a t e  frac tion gav e a 1 6 - fo l d  s timulati o n  o f  P C  syn t h esi s 

o v e r  t ha t  o b s erved i n  t h e  c o n t rol  ( in the presen c e  o f  G - 3- P ,  

Tri ton X - 1 00 an d UDP- gal a c tose  addi t i o n s  to  t h e  incuba t i o n  

m e d i um ) . T hi s was al s o  abo u t  l t  t i m e s  t h e  proportion  o f  

PC syn thesi z e d  when the  part i c ul a t e  frac tion was added to  

t h e  i n c uba tion medi um c o n t ai n i n g  added  G-3-P , Tri t o n  X- 1 00 and 

U DP- gal a c t o s e . The  addi t i o n  of  t h e  par t i c ul a t e  frac tion 

a l s o  s l i gh t l y  i n creas e d  the pro portion  of  more  po l ar l i pi d s  

syn t he s i z e d  from ac e t at e .  

The addi t i o n  o f  the  par t i c u late  fra c t i o n  i n c r e a s e d  

t h e  pro p o r tion o f  l abel i n c orporat e d  i n t o  o l e a t e  an d was 

asso c i a t e d  wi th d e c r e a s e s  in the pro portions  o f  l ab e l  i n  

palmi tate an d s tearate  ( Tabl e 1 4 ,  p .  1 1 6 ) .  The addi tion o f  

t h e  parti c u l at e  frac t i o n  al so sligh t l y  increased  the  pro p o r t i on 

o f  l ab e l  i n c o rporated i n t o  l ino l ea t e  and lino l enat e .  The 

substi t u t i o n  of CDP- c ho l i n e  for UDP- galac to s e  i n  the presenc e 

o f  t h e  par ti c ul ate frac t i o n  had n o  further e f f e c t  o n  the  

fat ty a c i d s  syn thesi z e d . 



Table 14 .  The influence of the part iculate fract ion on into l ioids and const ituent 

fatty acids by isolat ed spinach chloroplasts 

Chl oroplasts were isolat ed by Method 1 and incubated in Medium A ( refer Fig.  4-4 , p .  52 ) .  The 4 , 000 t o  1 00 , 000 x S 
part iculat e fract ion was prepared from the whol e l eaf homogenate ,  prepared from the same bat ch of t issue , as 

described in Methods s ection 3 . 2 . 3  ( p.  28 ) .  The part iculat e : chloroplast rat i o  used was 1 (see Fig .  4-5 , p .  56 ) .  
1 04nmol ( 6 .�Ci ) [ 1-14c] acetate .was used in a final volume of 1 cm3 aft er the addit ion of substrat es , chloroplasts 

and part iculate fracti on .  The final concent rat ions of Trit on X-1 00, �-glycerol-3-phosphat e ( G-3-P ) , UDP-galactose 

and CDP-choline were 0 . 1 6mM, 5 .0mM, 0 . 1 �1 and 0 . 1 7mM respect ively. 

Additions Incorporation of Dist ribution of label between Distribut i on of label between 

t o  incubati on acetate int o lipide lipide ( %) fatty acids ( %) 
medium (nmol/mg chlorophyll/h) FFA DG MGDG PC others<>( < 1 6 : 0  1 6 : 0 _n_1!3:0  j§:t 18 : 2  + 1 8 :3 

Trit on X-1 00 + 
G-3-P + UDP
galact ose 

Triton X-100  + 
G-3-P + UDP
galact ose + 
Part iculate 
fract ion 

Triton X-100 + 
G-3-P + CDP-

237 .8 

328 .6 

choline + 325.0 
Part iculate fract ion 

1 9 . 1 1 0 . 3  60 . 5  o .8 9 . 3 

1 2 . 0  1 0 .4 56 . 7  7 .4 1 3 . 5  

14 .0  42.8 14 .8 1 2 .8  1 5 .6  

1 . 5  39 .8 1 3 . 6  42. 5 2 .6 

2 .0  33. 5 9 .0 51 .4 4 . 1  

2 . 1  33 .6 9 .4 50- 3  4 . 6  

� more polar lipide (mainly phoapholipids , except phosphitdylcholine ( PC ) ) , MG and an unknown compound (UK ) . 

...... 
.... 0\ 



C hapter 5 

DISCUSSI ON 

Several f eatur e s  o f  l ipi d bio s yn the s i s  by i s o l a t e d  

chloro p l a s t s  are apparen t f r o m  the p r e s e n t  study : -

1 .  The r a t e s  o f  ac e tate incorporation into l i pi d  are 

depen dent on a number of fac tors , in par t i c ular the  i so l ation 

pro c e dure and the c ompo s i tion of the inc ubation m e di um .  

2 .  Palmi ti c and o l e i c  aci ds were the pre dominan t  f a t ty 

aci d s p e ci es synthesized  and only very l o w  inco rporation o f  

acetate  i n t o  polyunsa turated  fatty a c i ds was ac hi e v e d .  

3 .  The nature o f  the l i pi d pro duc t s  syn thesi zed c o u l d  
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be marke dly a f f e c t e d  by the addi tion o f  par ti c u l ar in termedi a t e s . 

Thi s finding has been used to obtain in formation on the  

spe c i f i c i ty of  the ac ylation of  sn-glyc ero l - 3-pho spha t e  an d 

the gal a c t o sylation o f  the di glyc eri des . 

The di s c u ssion o f  these findings to f o l l o w  wil l 

begin wi t h  the syn thesis  o f  di glyc eri d e s  and mon o gal ac tosyl

di glyc eri des , sin c e  the  synthesis  of  these acyl pro duc t s  has 

a bearin g  on the rates of  a c e tate  inc orpo r ation , the fatty a c i d s  

syn t h e si zed  an d t h e  ul timate synthesis o f  polyun saturated f a t ty 

a c i ds in the  c hloro p l as t .  A model o f  t h e  biosyn t h e t i c  pathways 

o p erating is presen t e d  an d i t s  rel evan c e  t o  o ther s tudies  and 

in vivo l ip i d  me tabo l i sm wi l l  be di s c u s s ed . 

5 . 1 The Bio synthesi s o f  Diglyc eri des and Monogal ac t o syl -

5 .  1 • 1 
5 . 1 . 1 . 1 

diglyc eri des  by I so l a t e d  C hloro n l a s t s  

Rates o f  Diglyc eri de and Monogal ac to syl diglyc eri de 

Bio syn the sis  by I so l a t e d  C hl oropl a s t s  

Diglyc eri de Bi o synthesis  

5 . 1 . 1 . 1 . ( a )  E f fe c t  o f  sn-glyc ero l-3-pho sphate 

In the ab sen c e  o f  added G-3-P , free fat ty acids  

were  t he maj or pro duc t of  ac e tate incorporation by c hloroplas t s  

i solated  from spinac h , mai z e  and swe e t c orn (Fi g .  4-7 , p .  60 ; 

Fi g .  4-8 , p .  6 1 ; Fi g . 4-8 , p .  62 ; Tab l e  4 ,  pp . 6 7  t o  6 9 ) . 

Thi s was i n  agr e emen t wi th previous s t u di e s  by Hawke e t  al . 

( 1 974 a )  an d Roughan e t  al . ( 1 976 ) . Howev er , Kannangara an d 

S tump f ( 1 972 a )  found a high proportion o f  acetate  inc orpora t e d  

by spi nac h c hloropl asts  in acyl l i pi d ,  e s p e cial l y  i n  the 

case o f  c hloroplas t s  isolated  from i mmatur e  spinac h l e ave s . 

A possib l e  explanation for t he hi gh acyl  l i pid syn thesis  f o un d  
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by Kannangara and S tump f may l i e  i n  t heir i n c lusion o f  

Tri ton X - 1 00 in the i n c ubation medium as di s cussed later ( se c t i o n  

5 . 1 . 1 . 1 . ( b ) , p .  1 1 9 ) .  

The present  s tudy and the r e c ent work o f  Roughan 

e t  al . ( 1 976 ) have s ho wn t hat t he addi tion o f  �-glyc erol-3-

pho sphat e gr eatly s timulates  the  incorporatio n  of  newly 

syn t he s i z e d  fatty aci ds into  diglyc eri des and o ther l i pi ds . 

There hav e been rel atively few previous s tudies on t h e  e f f e c t s  

o f  G-3-P o n  l i p� d  syn thesis  by c hloroplas t s . Renkonen an d 

Blo c h  ( 1 96 9 )  showe d t hat  G-3-P s timula t e d  acyl-ACP and acyl -CoA 

inc orporati o n  i n to l i pi ds by an Eugl ena gracilis c el l  extrac t ,  

whil e  Do u c e  and Gui l l o t - Salomon l 1 970 ) demo n s tra t e d  P 4c ]G-3-P 

i n c orporation into l i pi ds by mai ze an d spi nach c hl o roplas t s . 

The increas e d  synt h e s i s  o f  DG i n  the pre sen c e  o f  G-3-.P was 

c on firm e d  i n  t he pre s en t  study for c hl oroplas ts from spinach 

{ Fi g .  4-7 , p .  6 0 ) , mai z e  l Fi g .  4-8 , p .  6 1 ) and swee t c orn 

( Fi g .  4 - 9 , p .  62 ) .  Th e s timul atory e f f e c t  of  G-3-P on the  
1 4  . 

pro portion  o f  C i n c orpora t e d  i n to DG inc reased up t o  a G-3-P 

c o n c e n tration aro und 5 . 0 - l O . OmM ( Fi g .  4- 7 ,  p .  6 0 ; Fig . 4-8 , 

p .  6 1 ; Fi g .  4 - 9 ,  p .  62 ) .  The s timulation o f  digly c eride syn t h e s i s  

b y  increasi n g  G-3-P c onc en tration was al so apparent  from t he 

incorpora t i o n  o f  3H l ab e l l e d  G-3-P ( Tab l e  8 ,  p .  8 9 ) . 

I n  c ontrast to t he findings o f  Ro ughan e t  al . ( 1 976 ) ,  

the addi t i o n  Of G-3-P to  the i nc ubation medium also s timul a t e d  

t he total i nc orporation o f  acetate  b y  spinach c hlorop lasts 

( Fi g .  4-7 , p .  60 ; Tabl e  4 ,  p .  6 7 ) .  Ho wever , .  t hi s  s timulation 

o f  to t al i n c orporati o n  by G-3-P was onl y apparent a f t er 30min 

i n c ubati on ( Tabl e  4 ,  p .  67 ) .  Thi s wo ul d a c c o unt for t h e  fai lure 

by Roughan et  al . ( 1 976 ) to o bs erve any s timulat i on , since  they  

used  i n c ub a t i o n  times  up to  20mi n . Fur t hermor e ,  the  s t imul a t i o n  

o f  ac e tate  i n c orporation b y  G - 3 - P  was n o t  observ e d  wi t h  mai ze 

c hl oropl a s t s  ( Fi g .  4-8 , p.  6 1 ; Tab l e  4 ,  p .  6 8 ; Hawke et al . , 

1 974a ) whi l e  the addi t i o n  o f  G-3-P to  swe e t c orn c hloroplas t s  

proved to  b e  i nhibi to ry ( Fi g .  4-9 , p .  62 ; Table  4 ,  p .  6 9 ) . 

The inhi b i t i on o f  a c e tate  i nc orporat i o n  by G-3-P observed 

wi t h  swe e t c orn c hloroplast s ,  increas e d  wi t h  i ncreasing G-3-P 

c on c en tration ( Fi g .  4-9 , p .  62 ) .  

The s t imulation o f  di gly c er i de synthe si s by the  

addi tion o f  G-3-P would suggest  t hat t he endo genous l ev e l s  o f  

G-3-P were l o w . Thi s may be du e t o  t h e  l o s s  o f  G-3-P duri ng the  



i so l ation o f  the  c hl o ropl as t s  ( Walke r , 1 976 ) .  Al t ernati v e ly , 

muc h o f  the  G-3-P requi r e d  for DG formation may b e  synt h e s i z e d  

o u t s i d e  t h e  chloroplas t .  T h e  abi li t y  o f  c hloroplas t s  t o  

syn t h e si ze s u f f i c ent  G-3-P t o  m e e t  t h eir requirements  for 

l i p i d biosy n t h e s i s  has not b e en demo n s trate d  ( L e e c h  and V.urphy , 

1 976 ) . The mo s t  probab l e  pathway for G-3-P synthesis  woul d 

b e  t h e  reduc tion o f  di hy droxyac e t o n e  phosphat e '
· 

whi c h  i s  

syn t h e s i zed b y  t h e  c hloroplasts  ( Heber , 1 96 3 ) . How e v er , t h e  

p r e s e n c e o f  gly c erol-3-pho sphate dehy dro genase has no t b e en 

demo n s trat e d  i n  i so l a t e d  c hl oroplas t s  ( L e e s e , 1 972 ) or  in 

1 1  9 

l eave s  ( Konigs and Hein z , 1 974 ) .  An al t ernati v e  pathway wo u l d  

involve  t h e  r e du c tion o f  gly c eral d e hy d e  to  glyc erol-3- p h o sp hat e . 

A gly c eral dehy d e - 3-phosphatase ,  for t he synthesis  o f  

glyc eral dehyde , has b e en found t o  b e  asso c i a t e d  wi t h  c hloroplas t s  

from sugar c an e  ( R andall and To lber t ,  1 97 1 ) .  However , t h e  

gly c eral dehyde r e du c tas e , for t h e  r e duc tion o f  glyc eral d e hy de 

to  gly c erol , was l o c a t e d  in _ t he 40 , 000 X �  supernatan t , b u t  

no t i n  t h e  c hloroplasts  o f  Vi cia f a b a  l eaves ( Koni gs an d Hei n z , 

1 974 ) . The ebi l i t y  o f  l ea f  t i ssue to  u ti l i z e  gl y c erol for 

lipi d syn t h e s i s  has been  d emonstrat e d  by Slack et  al . ( 1 977 ) ,  

b u t  t h e  si t e  o f  pho sphory lation o f  t h e  gly c erol ( glyc ero l 

kinas e )  w a s  no t s tu di e d .  Al t hough 1 4co2 c an be in corpora t e d  

r e adi ly into non- acyl c omponents  o f  l e a f  l ipids ( Wi l liam s  e t  al . ,  

1 976 ) , l i t tl e  l ab e l  was inc o rporat e d  from H 1 4co3
- by 

i s o l a t e d  c hloroplas t s  i n t o  t h e  gly c erol backbone o f  lipids 

( M ur p hy and L e e c h , 1 977 ) .  As  L e e c h  and Murphy ( 1 976 ) have 

sugges t e d , fur t he r  s tu dy on t h e  b i o sy n t h e t i c  c apac i ty for 

G-3-P synthesi s by c hloro plas t is require d . 

5 . 1 . 1 . 1 . ( b )  E f f e c t  o f  Tri ton X- 1 00 

Tri t o n  X- 1 00 s timulat e d  bo t h  a c e t a t e  i ncorporation 

an d diglyc eri d e  synthesis  by spi nac h c hl o roplas t s  ( Fi g .  4 - 1 5 , 

p .  7 7 ; Fi g .  4- 1 6 ,  p .  7 9 )  and bot h  were  fur ther enhan c e d  w h e n  

G-3-P was al so p r e s e n t  ( Fi g .  4- 1 6 ,  p .  7 9 ) . The s timul atory 

e f f e c t  o f  Tri ton X- 1 00 on ac e tate i n c o rporation was pr e v i o u s l y  

no t e d  b y  S tumpf an d Boardman { 1 970 ) , but  t h e s e  workers di d 

no t report any l i p i d  analysi s . The s timulation o f  digly c e ri d e  

synt h esi s by Tri t o n  X- 1 00 was lat er demo ns trat e d  b y  Rough an 

e t  al . ( 1 976 ) .  The pre senc e o f  Tri t o n  X- 1 00 in t he reac t i o n  

m e di um used  b y  K annangara and Stump f  ( 1 972 a )  would probab l y  

ac c o unt for the  high proportions o f  di glyc eride an d more 



p o lar lipids and the l ow  proportion o f  free fatty aci ds foun d ,  
even though no G-3-P was present . 

The mechani sm wh ereby Tri ton X- 1 00 stimulates the 
synthesi s o f  DG is uncl ear .  Roughan et al . ( 1 976 ) hav e sugges t ed  
that i t  may a f f e c t  t h e  c el l ul ar c on trol o f  DG synthesis o r  
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the rate o f  supply  o f  G-3-P. As di scussed earlier , the endo genou s  
l evel o f  G-3-P i n  i solated  chl oroplas ts  is  l o w  due ei ther to 
the l o s s  of G-3-P during i so lation or the low capaci ty o f  the 
to s y n t h e s i z e  G-3-P .  I t  wo ul d appear that Tri ton X- 1 00 may 
af fec t the synthesis o f  G-3-P , but no s tudi es on the e f fec t 
o f  Tri ton X- 1 00 on the inc orporation  o f  1 4

co2 into the 
glyc erol moi ety o f  lipids by isolated chl oroplasts hav e been 
carri ed  out . 

I f  the only e f fec t  o f  Tri ton X- 1 00 on the syn thesis 
o f  di glyceri des was the suppl y  of  G-3-P , the addi tion o f  G-3-P  
should  replac e o r  partially replac e the  e f fect  o f  Tri ton X- 1 00 .  

However , the addi tion o f  both Tri ton X- 1 00 and G-3-P resul t ed  
in even higher ra t e s  o f  di glyc eri de syn thesis than wi th 
Tri ton X- 1 00 alone ( Fi g . 4 - 1 6 , p .  7 9 ) . Sinc e the  G-3-P 
conc entrations were sufficient to saturate the s ti�ulation o f  
DG synthesis , i n  the absenc e  o f  Tri ton  X- 1 00 ( Fi g . 4 - 7 , p .  6 0 ) , 

i t  i s  unlikely that fur ther s timulation o f  DG synthesis by 
Tri ton X- 1 00 wou l d  hav e been evident if Tri ton X- 1 00 simply 
acted by way of s timulating G-3-P availability. There fore 
Tri ton  X- 1 00 may have some e f fe c t  on the acylating enzymes or 
their control a s  in ferred by Roughan e t  al . ( 1 976 ) . Boehl er -- -- . 

and Ernst-Fonberg ( 1 976 ) have demons trat ed  that low 
conc entrations o f  Triton X- 1 00 release �-glycerol-3-pho sphate 
transacylase from Euglena gracilis chloroplasts as well a s  
o ther organel l e s . Sinc e Joyard and Dou c e  ( 1 97 7 )  have found that 
t hi s  enzyme i s  sol uble  or loo sely bound to the chloropla s t  
envelope  membrane , Tri ton X- 1 00 may w e l l  e f fe c t  t h e  associ ation 
of this  enzyme wi th the membrane and thereby al ter i t s  a c tivi ty .  
Sinc e t h i s  enzyme catal yses  the first step  in t he acylation 
of G-3- P (Lands and Hart , 1 96 4 ) , i t s  a ctivi ty would  det ermine 
the rate of phosphati di c aci d  synthesis and subsequently 
diglyc eride synthesis . The d e t ermination o f  the exact nature 
of the  Triton X - 1 00 e f fe c t  on  diglyc eride synthesis wil l  
require further s tudy . 



5 . 1 . 1 . 1 . ( c )  Corn ari son �������--������������������ 
Cal c ulated 

and ac etate  Incor oration 

1 2 1 

From the rate o f  [ 1 '3}-3H] sn-glyc erol-3-pho sp
.
hate  

in corporation into DG ( Fi g .  4- 1 9 ,  p .  92 ; Fi g .  4-2 1 , p .  9 5 ) a rat e 
o f  DG synthesis  o f  50-70nmol/mg c hlorophyll/h is  obtained . On t h e  
o ther  hand th e  ra t e  o f  DG synthesis e s timated from the 
incorporation o f  ace tate was much lower . I n  the same exp'eriment 
the rate of a c e tate  incorporation into DG was 4 5 - 50nmo l o f  a ce tat e/ 
mg c hlorophyll/h . Assu�ing  that 1 -ol eoyl , 2 -palmi toyl- sn-
glyc erol  was the major DG species  syn thesized , 1 7nmo l e s  o f  ac etate  
woul d be  required  to syn thesize one nmol e  of  the  acyl  �roups 
whi c h  woul d give a rate of DG synthesis  o f  only 2 -4nmol/ 
mg c hlorophyll/h. The m�ximum rate o f  a c e tat e  incorporati on into 
DG was 324 . 7nmo l/mg c hloro phyll/h ( Tabl e  6 ,  p . 8 1 ) ,  thi s woul d 
repr e s ent a DG synthesis  rate o f  abou t  20nmol/mg chlorophyll/h 
on t h e  basis o f  the abo ve  assumption .  Thi s  is still  c onsi derably 
lower t han the rate c al c ulated from G-3-P in corporatio n .  The 
di fferenc e b e tween t he two e stimates  i s  probably due t o  t h e  
di f fe r enc e in  the extent to  whi ch the  endo cenous pre cursor s  
are b eing used  simul taneously w i th  t h e  exogenous sourc e .  
As alr eady di scussed , l i t t l e  endogenous  G-3-P is avai l able  in 
i so l a t e d  chloropl as ts so that the exogenous  pre c ursor con s ti tu t es 
almo s t  the only source for DG synt hesis . However , spinach 
chloroplas t s  are c apable of  a considerabl e r � t e  o f  endor,enous 
fatty acid bio syn thesis fron bic arbonate ( s ee se c tion 5 . 1 . 4 , 
pp . 1 3 1 to 1 33 )  and this endogenous  pool wil l  e f fec tively 
redu c e  the inc orporation o f  exo�enous  [ 1 - 1 4c ] ac e tate into  DG . 

Joyard  and Dou c e  ( 1 977 ) obtained  rat es o f  G-3-P 
incorpo ration o f  1 2 - 1 4nrno l/mg pro tein/h from the inco rporation 
o r [ 1 4c] G-3-P into lipi d by i solated spinach chloroplasts , 
using the value o f  0 . 1 1 2mg c hlorophyll/mg pro tein which  they 
c i t e d  for their chloroplas t s , thi s represents a rate o f  
incorporation o f  1 07- 1 26nmol o f  G-3-P/mg chlorophyll/h . Thi s  i s  i n  
goo d  agreemen t wi th  the ra t e s  o f  G-3-P incorporation o f  up to 
1 58nmol of G-3-P/mg chloro phyll/h found in the present s tudy (Tabl e  8 ,  

p .  89 ; Table 9 ,  p .  9 1 ) .  However , DG r epresents  a much l arger 
proportion ( 50 to 70% ) o f  the to tal l ipi d synthesized in the 
experiments  des cribed in thi s study ( Tabl e 8 ,  p .  89 ) than the 
proportion ( 1 4% )  obtained  in the work of Joyard and Deu c e  ( 1 977 ) . 



The reasons for the di fferent resul ts obtained in this  study 
and those o f  Joyard and Douce ( 1 977 ) are uncl ear . Joyard and 
Dou c e  ( 1 977 ) found that MG consti tuted about 60% of the 
incorporated label froro (1 4c) G-3-P .  MG is no ted for i ts

. 
poor 

and errati c recovery in c hloro form/methanol extrac tions 
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(Bremer , 1 96 3 )  and may be a fac tor in the different resul ts 
obtained . However , Joyard and Douce ( 1 977 ) al so used c hloro form/ 
methanol extrac tion pro c edures . 

5 . 1 . 1 . 2  Monogalac tosyldiglyceride Biosynthesi s 
Neufield and Hall ( 1 964 ) established that UDP

galactose was the galac tosyl donor for galacto lipid biosynthesis .  
Several workers have subsequently studied  the e f fe c ts o f  
added UDP-galac tose on the utilization o f  acyl-ACP ( Renkonen 
and Bloch , 1 96 9 ) , �-glyc erol-3-phosphate ( Douce and 
Guillo t-Salomon , 1 970 ; Joyard and Deuce , 1 977 ) , endogenous 
diglyc erides t Joyard and Deuce ,  1 976a )  and diglyc erides 
synthesized from ac etate ( K�nnangara and Stumpf , 1 972a ) . 

The finding o f  the present study that addi tion 
of UDP-galac tose to isolated chloroplasts incorporating [ 1 - 1 4g 
ac e tate into lipid stimulates the syn thesis o f  monogalac tosyl
diglyc eride wi th  a corresponding decrease in diglyc eri de 
( Fi g .  4- 1 0 ,  p .  64 ; Fig . 4- 1 1 ,  p .  6 5 ; Fig .  4- 1 8 ,  p .  87 ) , i s  
in  close agreement wi th the earlier work o f  Kannangara and 
Stumpf ( 1 972a ) . The main di fference  was the requirement for 
G-3-P  in addi tion to UDP-galac tose to obtain signi fi can t MGDG 
synthesis in the present s tudy sinc e ,  as discussed earli er , little 
DG synthesis o ccurred  in the absence of  added G-3-P while  in 
the study o f  Kannangara and Stumpf ( 1 972a )  high l evels of  DG 
were ob tained wi thout added G-3-P .  The inclusion o f  Triton X- 1 00 
in the incubation medium , which further stimulated DG synthesis , 
al so gave high rates of  MGDG biosynthesis when UDP-galac tose  
was added ( Fig .  4- 1 7 ,  p .  83 ) . 

The failure o f  previous workers using [ 1 - 1 4c] ace tate 
( Hawke � al . , 1 974a ;  Roughan et al . ,  1 976 ) and H 1 4co3

-

( Murphy and Lee c h , 1 977 , 1 978 ) to obtain appreciable 
incorporation o f  label into MGDG by isolated spinach or maize 
chloroplasts , was due ei ther to low rates of DG synthesis or , 
when appreciable rates o f  DG synthesis were obtained ,  to the 
lack of UDP-galactose . The large stimulation o f  MGDG synthesis 
again indi cates that endogenous l evels of this intermediate are 
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low in isolate d  chloroplasts . The existing pool of UDP-galac tose 
i s  probably diluted during isolation o f  the chloroplasts and 
further synthesis o f  UDP-galac tose  from co2 ( as Hco3

- )
_ 

can 
not o c cur sinc e cytosolic enzymes are required for the 
synthesis of UDP-galac tose ( Konigs and Heinz , 1 974 ) . 

Kannangara and S tumpf ( 1 972a )  achieved appreciabl e 
synthesis of  DGDG as well as MGDG upon the addi tion o f  
UDP-galacto se . However , the addi tion o f  UDP-galactose · to 
chloroplasts from spinach , maize and sweetcorn ( Tabl e  4 , 
pp . 6 7  to 6 9 ) , though stimulating the synthesis o f  MGDG , failed  
to  give any appreciable stimulation o f  DGDG synthesis . The 
low rates o f  DGDG synthesis observed in the present s tudy wi th 
spinach , maize  and sweetcorn chloroplasts are consi sten t  wi th 
previous observations of Mudd et al . ( 1 969 ) , Eccleshall and 
Hawke ( 1 97 1 ) ,  Douce and Gui llot-Salomon ( 1 970 ) and Hawke e t  al . 
( 1 975 ) . The low incorporation o f  label from ( 1 - 1 4c] ace tat�

-

into DGDG was probably due �o the l arge pool o f  unlabelled 
endogenous MGDG available for galactosylation ( Sastry , 1 974 ) .  

The addi tion o f  UDP-galac tose also s timulated the 
incorporation o f  [ 1 (3�3H]�-glyc erol-3-phosphate into MGDG , 
acc ompanied by a decreased labelling of  DG ( Tabl e  8 ,  p .  89 ; 
Fig .  4- 1 9 ,  p .  92 ; Fig.  4-2 1 , p .  95 ) . Similar findings were 
reported by Deuce and Guillot-Salomon ( 1 970 ) and Joyard and 
Douce ( 1 977 ) . 

The rates o f  MGDG syn thesis by spinach chl oroplasts ,  
cal culated from the data obtained in  this · study (60-80nmol 
o f  MGDG/mg chlorophyll/h ; Tabl e 8 ,  p .  89 ;  Fig .  4- 1 9 ,  p .  92 ; 
Fig .  4-2 1 , p .  95 ) , were considerably greater than those  obtained 
by o ther workers . Douce and Guillot-Salomon ( 1 970 ) calculated 
a value of 1 nmol of MGDG/mg pro tein/h from the rate o f  
incorporation o f  (1 4c] G-3-P into MGDG by spinach chloroplasts 
in the presence  o f  UDP-galac tose . Using the chlorophyll : 
pro tein ratio cited by Joyard and Douc e ( 1 977 ) ( 0 . 1 1 2 )  to 
estimate the rate in terms of  chlorophyll ,  thi s would 
corre spond to a rate o f  synthesis o f  8 . 9nmol o f  MGDG/mg 
chlorophyll/h . Van Hummel et  al . ( 1 97 5 )  gave a value o f  
0 . 436nmol/mg chlorophyll/h from the rate o f  1 4c-UDP-galac tose 
incorporation into galac tolipids by spinach chloroplas t s .  
A higher rat e o f  60nmol/mg chlorophyll/h can be calculated from 
the data reported by Douce ( 1 974 ) . The low rates observed by 



Dou c e  and Guillo t-Salomon ( 1 970 ) were probably due to t h e  l o w  

G-3-P c o n c entration u s e d  ( 0 . 1 mM-G-3- P  c ompared wi t h  2 . 5mM

G-3-P u s e d  in thi s s tudy , Fi g . 4- 1 9 ,  p .  92 ; Fi g .  4-2 1 , p . 95 )  

and the  smal l amoun t s  o f  UDP- gal ac tose  ( 2 nmol e s ) u s e d  by 

van Hummel e t  al . ( 1 97 5 ) . On the o t her hand , the c o n c en tration 

of UDP- gal a c t o s e  ( 4 � M )  used by Dou c e  ( 1 974 ) was c omparable 

to  t ho s e  c oncen trations requi r e d  for maximum MGDG syn thesi s 

found i n  t his s tudy ( 50-75rM- UDP- galac t o s e , Fi g .  4 - 1 0 ,  p . 6 4 ; 

Fi g .  4 - 1 1 , p .  6 5 )  • 
The c o nversion o f  DG to  MGDG was very rap i d  upon 

the  addi tion of  U DP-galac tose  ( Fi g .  4- 1 8 ,  p .  87 ; Fi g . 4-2 1 , 

p .  9 5 )  an d was c o n s i s t en t  wi t h  previous  observati o n s  o f  

Joyard and Do uc e ( 1 976a , 1 97 7 ) wi th s pi nac h chloropl as t 

envelope prep aratio n s . 

5 .  1 . 2  The Spe c i fi c  Acylation o f  sn-glyc erol -3-pho spha t e  

by I so l a t e d  Spinach Chlo ropl as t s  

Oleic  and palmi ti c a c i ds were the major fatty acids  

synthe s i z e d  from exo genou� [ 1 - 1 4c ]ac e tate by  s pinac h 

c hlorop l a s t s  ( Fi g .  4 - 1 2 ,  p .  7 1 ) .  Only� small propo r t i o n  o f  
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the i n c o rporated l abel was foun d in s t ear i c  ac id , whi l e  li t tl e  

l ab e ll i n g  o f  linol e i c  an d linolenic  a c i ds w a s  f o u n d  ( �i � . 4- 1 2 , 
p .  7 1 ) .  

I n  the s tan dard i n c ubation mixtur e  ( w i t h  no G-3-P ) 

the o l e at e : p al mi t a t e  ratio i s  abo u t  1 . 5 t 'I'abl e 5 ,  p .  7 5 ; 

Tabl e 6 ,  p .  8 1 ) .  Addi t i o n  o f  G-3 - P s timul a t e s  the  sy n t h e s i s  

o f  palmi tate  whi l e  t h e  synth e si s o f  o l eqte  r emai n s  ei ther 

unchan g e d  or  sl i gh tly d e c reased  ( Tabl e 5 ,  p .  7 5 ; Fi g .  4- 1 6 ,  

p .  79 ; Table 6 ,  p .  8 1 ) .  The s timulation o f  palmi tate  syn thesi s  

by G-3-P and o f  bo t h  palmi tate  and o l e a t e  by Tri ton X- 1 00 

wi l l  be fur ther di s c ussed i n  a later s e c tion ( 5 . 2 . ( b ) , pp . 

1 39 to  1 43 ) .  Thi s s e c t i o n  wi ll discuss  the e f f e c t  o f  

c hangin g  the  relative propor t i o n s  o f  o l eate and palmi t a t e  

o n  t he f a t ty ac i d  c ompo sition o f  the diglyc eri des synthesi z e d . 

Addi t i o n  o f  G-3-P to  the i n c ubation medi um 

markedly a f f e c t e d  t h e  rel ative proportions o f  o l e a t e  and 

p almi t a t e  synthesi z e d  ( Tabl e 5 ,  p .  7 5 ; Fi g .  4 - 1 6 , p .  79 ; 

Tabl e 6 ,  p .  8 1 ) .  However , t h e  pro po r tions o f  o l ea t e  and 

palmi t a t e  in corpora t e d  i nto DG di d no t nece ssaril y  re fl e c t  

the pro por tions o f  these  t wo f a t ty aci d s  syn thesi z e d  from 

a c e tate  t Tabl e 5 ,  p .  7 5 ; Fig .  4 - 1 6 ,  p .  7 9 ; Tabl e 6 ,  p .  8 1 ) .  



I n  the absence o f  G-3-P the ratio o f  ol eate : palmi tate  

syn t h e s i z e d  was 1 . 5 - 1 . 7 ( Tabl e  5 ,  p .  7 5 ; Tab l e  6 ,  p .  8 1 ) 

where as the ratio o f  these two fat ty a c i d  residues  i n  DG 

was abo u t  1 .  The addi tion o f  G-3-P increased the propor tion 

of  palmi tate so that the o l eat e : palmi tate  ratio was 0 . 6  

l Tabl e  5 ,  p .  75 ; Tabl e 6 ,  p .  8 1 ) and i n  t his  c ase t h e  ratio 

o f  t h e s e  two fat ty a c i ds i n  DG (0 . 5  - 0 . 6 )  was vir tual l y  the 

same as  t he ratio o f  these fat ty aci ds syn t h e si ze d . · 
The addi tion o f  Tri ton X- 1 00 ,  t hough s t imu l a t in g  

o veral l fatty a c i d  synthesis  ( Fi g .  4- 1 6 ,  p .  7 9 ) , h a d  l i t t l e  

e f f e c t o n  the fatty  aci ds syn thesized  o t her than a smal l 

i nc r eas e i n  the  proportion o f  o l eate . The ratio o f  o l e a t e : 
p almi t a t e  ( 1 . 9 ) was simi l ar to t hat  observed i n  the ab s en c e  

o f  G�3-P and Tri to n  X- 1 00 ( 1 . 5 - 1 . 6 ,  Table 5 ,  p .  7 5 ; 

Tabl e 6 ,  p .  8 1 ) .  When bo t h  Tri ton X- 1 00 and G-3-P were ad d e d  

to ge ther ,  the ratio o f  o l e at e : p almi t at e  was 1 ( Tabl e  6 ,  p .  8 1 ) ,  

l argely due to  i n c reased palmi tate syn t he si s .  However , equal 

pro p o r t i o n s  o f  o l e a t e  and palmi tate  were incorporat e d  into 

DG un der both c o ndi tions ( Table 6 ,  p .  8 1 ) .  Thus under 

1 2 5 

c o n di tions where o l eate was synthesi z e d  in  exc ess  over palmi ta t e , 

the  amo unt o f  o l ea t e  i n c orpora t e d  into  DG ( and subseq uently 

i n t o  MG DG ) was l imi t e d  by t he amo un t of  palmi tate  avai l abl e 

for the  acylation o f  G-3-P so that a c onsi derable amoun t o f  

o l ei c  ac i d  remai ne d i n  t he fre e  fatty ac i d  frac tion 

( Tabl e  6 ,  p .  8 1 ; Tabl e 7 ,  p .  8 5 ) . Hawke � al .  ( 1 974 a )  and 

Roughan e t  al . ( 1 976 ) al so foun d  that the  free f a t t y  aci d 

frac t i o n  c on t ai n e d  pre dominatly  o l e i c  aci d .  The se r e sul ts 

indi c a t e  that the  acylati o n  o f  sn-gl y c erol-3-pho sphate 

is spe c i fi c  in that one palmi tate  and one o l e a t e  moi e ty 

are p r e f er entially i ncorporat e d  i n t o  par ti c ular p o s i tions 

in the  DG mo l e c ul e . An excess of  o l eate does no t l ea d  to  

synt h e s i s  o f  the  d i o l eoyl-sn-gly c ero l . Thi s c o n c l usion 

is  c o n firmed by the  finding that the pre dominant DG 

syn t h e si z e d  under all c on di ti o ns was 1 -o l eoyl , 2 - palmi toyl 

sn-gl y c erol ( Tabl e  1 0 ,  p .  1 00 ;  Fi g .  4-24 , p .  1 03 ) . 

Al though o l eate  rarely becomes  incorpora t e d  i n t o  

posi t i on 2 ,  e v e n  under c ondi ti ons wher e  a large exc e ss o f  

o l e a t e  i s  synthesi z e d , t he p o s i t i o nal d i s tribut i o n  o f  t h e  

f a t t y  aci ds i n  D G  and MGDG ( Tab le 1 0 ,  p .  1 00 ;  Tabl e 1 1 , 

p .  1 0 1 ) indi c at e s that palmi tate c an b e c ome i n corpo r a t e d  i n to 
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p o s i t i o n  1 in small q uanti ti es . Thi s s u gge s t s  that the enzyme 

c ataly z i ng the acylation at po si tion 1 i s  less  spe c i fi c  t han 

t hat at po si ti o n  2 .  

The acylation o f  G-3-P o c curs  in a s t epwi s e  manner 

( equations 1 and 2 ) , catalyzed by two s e parate enzymes in 

h acyl -CoA 
�- glyc erol-3-p o sphate ·c acyl-ACP) -=> monoacyl - sn- gl yc ero l- 3- _ _  

( 1 )  
pho sphate 

. acyl-CoA monoacy l -�-glyc erol -3- (ac yl -ACP) ) di acyl- sn-glyc erol -3-

pho sphate pho sphate 

E .  c o li ( Ray e t  al . ,  1 970 ; Hechemy and Go ldfine , 1 97 1 ) ,  

Mycobac terium butyri cum ( Okuyama et al . ,  1 977 ) and s pinac h 

c hl oroplasts ( Joyard and Douc e , 1 977 ) . The acylation can 

- - ( 2 ) 

o c c ur by two di s ti n c t pathways depending upon the positional 

spe c i fi ci ty o f  the acyl-CoA : �- glyc erol-3-pho sphate acyl

trans f erase ( Fi g .  5- 1 , p .  1 27 ) . The 1 -monoacyl-�-glycerol-3-

p ho sphate pathway predomi �ates in E.  coli ( Okuyama and 

Waki l , 1 973 ) , y eas t ( Yamada e t  al . ,  1 977 ) and rat l i ver - -
( Okuyama et  al . ,  1 97 1 ; Tamai and Lan d s , 1 974 ) . However , only  

r e c ently has there  b e en a repo r t  of  an  organi sm ( Mycobac t erium ) 

w hi c h  u ti lizes  the  2 -monoacyl-§n- glyc erol-3-pho spha t e  

pathway ( Okuyama e t  al . ,  1 977 ) 

Mycobac t erium pho spholipids are unusual in thei r 

fatty a c i d  patt ern : palmi ti c acid i s  mainly found in po s i ti o n  

2 ,  whi l e  oleic  a c i d  i s  found predominantly i n  posi tion 

( Okuyama e t  al . ,  1 96 7 ) . However ,  naturally o c c urring 

pho spho lipids generally contain saturat e d  fatty acids at 

position 1 and unsaturated f a t ty ac i d s  at po si tion 2 ( Hi l l  and 

Lands , 1 970 ) . Okuyama et al . ( 1 977 ) found that in the 

pre s en c e  of G-3-P , o l eoyl-CoA and palmi toyl-CoA,  a m embrane 

particulate  frac tion from Myc o bac teri um synthesi z e d  

predomi natly 1 -o l eoyl , 2 -palmi toy l - sn - gl y c erol-3-pho sphate . 

The speci ficity and sequence o f  synthe s i s  in t hi s  o r gani s m  

i s  c l e arly simil ar to that in spinach c hloroplas t s  ( Tabl e  1 0 ,  

p .  1 00 ;  Table 1 1 ,  p .  1 0 1 ; Fi g .  4-24 , p .  1 03 ) . In contras t , 

E .  c o l i  pre parations at low  concentrations o f  acc eptor 

( ei ther G-3-P o r  1 -mono acyl-�- glyc ero l - 3-pho sphat e )  in the  

pre s en c e  of  o l eo y l -CoA and palmi toyl -CoA synthesize 1 -palmi toyl , 

2 -o l eoyl -�- gly c erol -3-phosphate via  t h e  1 -monoacyl

sn- gly c erol -3-pho s phat e pathway (Okuyama � al . , 1 976 ) . 
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sn - glycerol - 3 - phospha te Oiocyl - sn - glyc ero/ -3 -
phosplxJ te ( Phosphatidic 

C o A  

R - c - o{O H 
2 11 

0 ® 

Acy i - CoA 

2- monoacy/ - sn - g /ycerol - 3 -
phospha te 

2-Monoacyl-�- glycerol-3-pho sphate  
Pathway 

acid ) 
CoA 

Fi g .  5- 1 . The two pathways for the acylation o f  sn-glyc ero l -

3-pho sphate 

Acyl - CoA :�- gl y c erol-3-pho sphate acyl trans f erase 

2 Acyl - CoA : mono a c yl -�- gly c erol-3-pho sphat e  acyl trans ferase 



Thi s spe c i fi c i ty o f  the E .  c o l i  enzyme sys tem i s  l o s t  at 

hi gher a c c eptor c o n c entratio ns abo ve the endo geno u s  i n  vivo 

concentrations ( O kuyama � al . , 1 976 ) . 

The po si ti o nal di s tribution o f  the fatty aci ds 

in the c h loroplast  DG and MGDG ( Tab l e  1 0 ,  p.  1 00 ;  Tabl e 1 1 ,  

p .  1 0 1 ) and the e f f e c t  o f  G-3-P on the r elative proportions 

of pal mi ti c and o l e i c  acids i n  the free fatty ac i d s  on the 

one hand and DG and MGDG o n  the o ther are c l e'arl y  c o-nsi s t en t  

wi th a sequenc e and s p e c i fi c i ty o f  t h e  acylation pro c e s s  

i denti c al t o  that i n  Myc obac t e rium ( Okuyama e t  al . ,  1 977 ) . 

A lower spec i f i c i ty o f  the enzyme c atalyzing 

acyl ation at po s i t io n  1 ,  s o  that a s e cond  palmi tate can be 

incorporated into this  po si tion when there is insufficient  

o l eate , would  c l early b e  advan tageous sinc e a hi gh 
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c o nc entration o f  monoacyl-�- gly c erol -3-pho sphat e ( lyso-PA ) , 

wi t h  i t s  s trong d e t ergent properties  would have a d e l e t e ri o u s  

e f f e c t  on t h e  c hl o ro plast ( Ro ss i t er and S tri c kl an d , 1 960 ; 

Ho shina and Nis hi da , 1 97 5 ) . Al ternatively , the l ower spec i fi ci ty 

o f  thi s enzyme may b e  a c o n s equen c e  o f  the high c o n c entration 

o f  the  ac c eptor u s e d . A simil ar l ack o f  spe c i fi c i ty at 

high a c c eptor conc entration s  VIas found in �- c o l i  (Okuyama 

e t  al . ,  1 976 ) and Mycobac t erium ( Okuyama et al . , 1 97 7 ) . 

A detai l e d  study o f  the s p e c i ficity o f  the ac ylating 

enzyme s present i n  spinach c hl oroplas t s  would be required 

to c o n firm the abo ve explanation . 

The finding that G-3-P s timul�tes the syn t hesi s 

o f  palmi tate  wi tho u t  increasing t he synthesis o f  o l e ate , 

sugges t s  that in the  presen c e  o f  high G-3-P c o nc entrations , 

palmi t a t e  i s  u s e d  pre ferential ly for acyl ation rather than 

for el ongation an d desaturation to o l e at e .  Thi s rai s e s  the 

question  o f  the nature o f  the acyl sub s trata whi c h  is used 

i n  the acylation reaction s . In vi tro s tu dies  have s hown 

that t h e  CoA deri vatives c an b e  u s e d  by the acylating 

enzyme sys tems from � ·  c o l i  ( Pi eringer e t  al . ,  1 96 7 ; 

R ay e t  al . ,  1 970 ; C ronan e t  al . ,  1 970 ) , Mycobact erium 

( O kuyama et  al . ,  1 977 ) and spinach c hl oroplast p reparations  

(Bertram s  and Hein z , 1 976 ; Joyard and Deuc e , 1 977 ) . 

Howev e r , s tudi e s  wi th � ·  c o l i  (Ray and C ronan , 1 97 5 ) and 

Eugl ena gracil i s  ( Renkonen and Blo c h , 1 96 9 )  hav e  shown that 

ei ther the ACP derivative o r  t he CoA derivative c an be u s e d  



for acylation . I n  ] .  c o l i  the same enzymes  u se d  bo th the 

CoA  an d ACP derivatives  ( Ray and Cronan , 1 97 5 ) . Shi n e  et  al . 

( 1 976 b )  found that a granal preparation from spinach 

c hl o ro pl a s t s  used CoA derivatives  rather than the ACP 

deriva t iv e s . I t  i s  no t known i f  the  envelope acylating en zyme s  

can u t i l i z e  ACP derivative s .  However , Shine e t  al . ( 1 97 6 a )  

hav e propo sed  a pathway by whi c h  A C P  derivat ives c o u l d  b e  

c onver t e d  b y  the  ac tion o f  t hi o e s teras e s  and thiokinases to  

their  CoA  derivati ve s .  I f  palmi toyl -ACP is  a c o mmon  

i n t ermediate for the  acylation  reaction  and the elo n gati o n 

desaturation pathway to  o l e ate , t he i n creased u t i l i zation  

o f  the  palmi t o y l - ACP for acylation  i n  t he pre sen c e  o f  G-3-P 

may divert t hi s  subs trate from el onga t i o n  to  s t e aryl -ACP 

( Jaworski et al . ,  1 974 J and de saturati o n  to o l eoyl -ACP 

( Jacobson  et  al . ,  1 974 J . 

The U ti l i zat i o n  o f  Diglyceri des for Monogal a c t o syl 

diglyc eride Bio syn thesi s 

Compar i s o n  o f  t he fat ty acid  compo s i t i o n  o f  the 

mono gal ac tosyldi glyc erides syn thesized  when UDP- gal a c t o s e  

was added to t h e  i n c ubation  me dium ( Fi g .  4- 1 7 ,  p .  83 ) wi t h  

tho se o f  the digl y c eri des syn t hesize d in  the ab sen c e  o f  

UDP- gal ac t o s e  ( Fi g .  4- 1 6 ,  p .  7 9 ) , sugg e s t s  t ha t  the 
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di gl y c erides  were u t i l i z e d  for the  syn t hesis o f  MGDG wi thout  

pri or m o di fi cation  or s e l e c t i vi ty for  any par t i c ul ar DG s p e ci e s .  

C o n firmation  o f  thi 3  was s o ught b y  doubl e  labelling  

experi m e n t s  in w hi c h  [ 1 (3�3� sn-glyc ero�-3-pho spha t e  was  used  

to  l ab e l  the gly c er o l  moi e ty and [ 1 - 1 4c] a c e t a t e  the acyl  

moi e ti e s  of  the syn t hesized l i pids . 

As di s c u s s e d  earlier the rat e s  o f  i n c o rporation 

of 3H labe l l e d  G-3-P and 1 4c l ab e ll ed a c e tate  into DG are 

di f feren t due to  the  endo geno us synthesis  of a c e ty l  uni t s  

from Hco3
- whi c h  dilutes  t he i n c o rporat i o n  o f  exo genous 

ac e t at e . Because  o f  thi s the  molar ratios of G-3-P: a c e t a t e  

incorporated  i n t o  D G  and MGDG wi l l  no t n e c e s sari l y  be t h e  

same , e s p e c i al l y  a f t e r  sho r t  t ime int erval s ( Fi g .  4 -20 , p .  94 ; 

Fi g .  4 -22 , p .  96 ) .  Thus t he G-3-P : ac e tate  ratio in  DG was 

2 . 3  whil e  that i n  MGDG was 4 . 6  ( i n  the ab sen c e  o f  added 

UDP-gal ac tose ) a t  the 1 0min s ampling time , al t hough t h e  
rati o s  f e l l  to  v e r y  si m i l ar v a l u e s  at l on ger i n c ubation 

times ( Fi g .  4-20 , p .  94 ) .  Addi tion of  UDP-gala c t o s e  gav e 

l ower ratios  i n  bo t h  DG and MGDG ( Fi g .  4-20 , p .  94 ) .  



A more c o n c lusive r e su l t  was o btai n e d  when 

UDP- gal ac tose was added 30min after the comm en c emen t o f  

incuba t i o n  ( Fi g .  4-2 1 , p .  9 5 ) , resul ting  i n  a rapi d conversion 

o f  t h e  DG i nto MGDG . Here t h e  molar ratio of  G-3-P : ac e tate  

for the  newly syn t h e s i z e d  MGDG was almo s t  identi c al to  t h e  

rat i o s  for  the DG synthesized  in the absence o f  U DP-gal ac t o s e  

and t h e  DG syn t he s i z e d  a f ter t h e  addi t i o n  o f  UDP- galac t o s e  

( Fi g .  4 -22 , p .  96 ) . 

The dire c t  conver s i o n  o f  DG to MG DG , wi thout  prior 

modi fi c ation , is  s uppor t e d  by the similari ty o f  t he fatty 

aci d c o mposi tion o f  the DG and o f  t h e  MGDG synthesi zed 

prio r  t o  UDP- galac t o se addi t i o n  and al so  by t hat o f  the 

MGDG s y n t hesi z e d  a f ter t he add i t i o n  o f  UDP-gal a c t o s e  and the 

DG syn t hesized i n  the absen c e  of UDP- gal ac t o s e  ( Fi g .  4 -2 3 , 

p .  98 ) . Further support comes  from the similari ty o f  the 

posi t i onal di stribution of t he fatty a c i d s  of DG and MGDG 

( Tabl e  1 0 ,  p .  1 00 ;  Table 1 1 , p .  1 0 1 ) .  
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The gal a c t o sylation enzyme does  no t app ear to b e  

spec i fi c  f o r  a par t i c ul ar DG spe c i e s .  Thus when G-3-P i s  

pre s en t i n  the i n c ubati o n  medium , the i n c reas ed pal m i t a t e  

syn t h e s i s  l eads t o  the  s y n t h e s i s  o f  bo t h  1 -o l e oy l , 2-palmi toyl

sn-gl y c erol and 1 , 2 - dipalmi toyl-�-gl y c erol . The  simi l ari ty 

of  t h e  o l eate : pal mi tate rati o s  of  t he DG syn t h e s i zed i n  

the  pr e s ence  o f  G-3-P an d the MGDG syn t he s i z e d  i n  t he pr e s e n c e  

o f  bo t h  G-3-P an d UDP- gal a c t o s e  ( Tabl e 6 ,  p .  8 1 ; Table  7 ,  

p .  8 5 ) , indi cate t hat bo t h  DG spe c i e s  hqve been eq ually 

gal a c t o sylat e d  t o  MGDG . Thi s is consi s t en t wi t h  earlier 

findi ngs o f  Ec c l e s hall an d Hawke ( 1 97 1 ) .  However , Mudd e t  al . 

( 1 96 9 )  and Bowden an d Wi l l i am s  ( 1 973 ) found that the  

gal ac t o sylation en zyme showed a pr e f erenc e  for highly 

unsaturated di gly c eride s . Fur t hermore , Kannangara and S t ump f 

( 1 972 a )  found that  t he MGDG synthesi z e d  by young spinac h 

l ea f  c hl oro plas t s , contai ne d  more unsaturat e d  fat ty ac i d s  

t han t h e  DG an d c o n c luded  t ha t  t hi s  was a resul t o f  t h e  

pr e f eren c e  o f  t h e  galac t o sylation enzyme f o r  polyunsa tura t e d  

di gly c erides . Whi l e  suc h a s e l e c tivity  may o c c ur wi th 

more un saturat e d  di glyc eri d e s  the  present study do es  n o t  

sugges t  any s i gni f i c ant d i s criminat i o n  be tween t h e  fully 

sat ura t e d  dipalmi toyl-�- gl y c erol an d t he monounsatura t e d  

1 -o l eo y l , 2-pal m i toyl-�-glycero l . 



5 .  1 . 4 The Incorporation o f  [ 1 4c]bi c arbonate into Lipids 
and Cons ti tuent Fatty Aci ds 

It was apparent from the incorporation rates o f  
G-3-P into lipids by spinach ( Fig .  4- 1 9 ,  p .  92 ; Fig .  4-2 1 ,  
p .  9 5 )  and mai ze c hloroplasts ( see p .  88 ) that the rates  o f  
acetate  incorporation into fat ty acids could  not ac count for 
the rates o f  acyl lipid synthesi zed ( se e  sec tion 5 . 1 . l . l . ( c ) , 
pp . 1 2 1  to 1 22 ) . These findings sugges ted that an 
al t ernative sour c e  o f  c arbon for fatty acid synth e s i s  was 
avialabl e to the c hl oroplasts . 

Non-radioactive bi c arbonate was inc luded as a 
c o fac tor in the c hloroplast incubation medium to provi de 
t he co2 required for the ac etyl-CoA c arboxylase reac tion 
( Kannangara and S tump f ,  1 972b ) .  This bi c arbonate could  
consti tu t e  a c arbon source  for endogenous synthesis o f  
ac e ty l  units  which  woul d b e  used for fatty acid synthesi s .  
The incorporation o f  l abel. from [ 1 4c] bicarbonate into fat ty 
acids demonstrated  that bi c arbonat e was assimilated by the 
i so lated chloroplas ts , ne tabo lized to ac e tyl-CoA and 
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subsequently incorporated into fat ty acids ( Fi� .  4-2 5 ,  p .  1 0 5 ) . 
The incorporati on o f  over 600nmol o f  bicarbonate/mg chl o rophyll/h 
i n to lipi ds and consti tuent fat ty acids gives some estimate 
of the probable  c o ntribution that bi c arbonate makes to fatty 
acid  bio synthesi s ( Fig .  4-2 5 , p .  1 05 ) . The addi tion o f  ac etate  
to a final c on c entration of  O . l mM ( the  c oncen tration 
routinely used i n  t his  study ) had l i t t le  e f f e c t  on t h e  rates 
of bi carbonate incorporation (Fig .  4-2 5 ,  p .  1 05 ) , indi c ating 
that at this ac etate  conc en tration the  flow  o f  c arbon from 
ac e tate  di d no t appreciably a f fec t the rates of c arbon flow 
from bi c arbonate .  

The rate o f  bi carbonate incorporation into l i pi d  
( 1 73nmol/mg chlorophyll/h , Tabl e 1 2 ,  p .  1 07 )  was similar 
to that obtained by Murphy and Leech ( 1 978 ,  1 6 1 -232nmol/ 
mg c hlorophyll/h ) .  The bicarbonate conc entrations used was 
the  same in bo th s tudi e s  ( 1 0mM-HCo3

- ) .  Though the rate o f  
H 1 4co3

- incorporation into lipid were comparabl e t o  tho s e  o f  
Murphy and Leech ( 1 978 ) ,  the rates o f  t o tal H 1 4co3

-

fixation ( O . �mol/mg c hlorophyll/h ) were only a small frac tion 
o f  those  rates  achi eved by t hem ( 60-7g«mol/mg chlorophy l l/h ) . 

The reason for the  very low H 1 4 co3
- fixation rat es has no t 



b e en i nv e s ti gat e d  furt her i n  the pr esen t s t udy . 

The mo s t  important findi ng from thi s  bri e f  s t udy 

o f  the i ncorporation o f  H 1 4co3
- is that the rate of a c e ta t e  

i n c orporation i n to l i pi d  i s  o nly abou t  1 4% o f  the  rate  o f  

i n c orporation o f  c arbon from bi c arbonate  under c o mparab l e  

c o n di t i o ns ( se e  p . 1 04 ) . Thus the bi c arbonate  i n  the  

i n c ub a t i o n  m e di um is  a m a j o r  sour c e  of  fat ty acid  c arbon 

an d t h e  rate o f  exo genous  a c e tate i n c o rporati on greatly  

under e s t imates t h e  rate  of  b i o syn t h e s i s  of  fat ty a c i ds b y  

i so l a t e d  c hloroplas t s . 

Consi s t en t  wi th the  findings o f  Murphy and L e e c h  
1 4  -( 1 977 , 1 97� ) mo s t  o f  the label from H co3 i nc o rpora t e d  
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i n t o  l i pi d was asso c i a t e d  wi t h  free f a t ty a c i ds and digly c erides  

l Tabl e 1 2 ,  p .  1 07 ) . The  addi tion o f  G-3-P  no t only  

stimul a t e d  inc orporation o f  b i c arbona t e  into l i pi d ,  but  al so 

s timul a t e d  the synthesis  o f  di glyc eride ( Tabl e 1 2 ,  p .  1 07 ) . 

The addi tion o f  U DP-gal a c to s e , alone  or wi th G-3-P , also 

s t imulat e d  the to tal i n c o rporation into lipi d .  The pr e s en c e  

o f  UDP- ga l a c t o s e  i n  the i n c ubation me dium stimul a t e d  the  

s y n t h e s i s of  MGDG an d was  associated  wi th decreased  

propo r t i o n  of  DG  ( Tabl e 1 2 ,  p .  1 07 ) . Thus the  e f f e c t s  o f  
G-3-P an d U DP- gal ac t o s e  on the  i n c orpor ation o f  1 4 c from 

H 1 4co3
- into l i p i d s  c l o s e l y  r e s embl e t ho s e  o n  the  incorporation 

of  1 4 c from [ 1 - 1 4c] a c e t a t e  ( Fi g .  4-7 , p .  60 ; Fi g . 4- 1 0 ,  

p .  6 4 ) . I t  i s  apparent that  t h e  fai l ure o f  Murphy and 

L e e c h  l 1 977 , 1 978 ) to  obtain  label ling Qf MGDG from H 1 4 c o3 -
was  due to t he absen c e  o f  U DP-galac t o s e  i n  their reac tion 

mixture . I n  agr e ement wi t h  the  findings o f  Murphy and L e e ch 

( 1 978 ) , l i t tl e  l ab el from H 1 4co
3

- was i nc orpor a t e d  into 

pho spha t i dylcho l i n e  ( Tabl e 1 2 ,  p .  1 07 ) . However , i nc o n t r a s t  

to  their  findings , the  pro por tion o f  MG syn thesi z e d  was 

relatively small wi th l e s s  than 2% o f  t he label being 

r e c o ver e d  in M G  an d o ther l i pi d e  compared wi t h  abou t  2 5% o f  

the  i n c o rpora t e d  l abel  i n  MG repo r t e d  b y  Murphy and Leech 

( 1 978 ) .  However , Murphy and Leech ( 1 978 ) repo r t e d  that the  

r e c o very o f  M G  from t he reac tion mixtures using c hloro form/ 

m e t hano l  gave poor r e c o very o f  lab e l l e d  MG . The r e c o very o f  

MG from the inc ubation used  i n  thi s s t u dy was n o t  

i n v e s t i gated . 

O l ei c , palmi t i c  and s t e aric  a c i ds were the  mai n 

f a t t y  acids syn thesi z e d  from bo t h  [ 1 -
1 4

c] a c e t a t e  and 



[ 1 4c ] bi c arbonat e ( p .  1 06 ) , wi th only minor l ab e l l i ng o f  

lino l ei c  and l i no l enic aci d s  as repo r t e d  by Murphy and 

L e e c h  ( 1 977 , 1 978 ) .  

5 . 1 . 5 Mo del o f  Lipi d Bio synthesi s in I so lated  Spinach 

Chloropl a s t s  and I t s Rel evan c e  to I n  Vivo Bi o 

synthesi s 

A mo del to a c count for the  bio synthe t i c  pro c es s e s  

observed during t h e  course o f  thi s s tu dy , p ar t i cularly 

with  r e ference to spinach chloroplas t s , is presented  i n  

Fi g .  5-2 ( p . 1 34 )  • 
Spinach c hloropl asts ( an d  probably all c hloroplas t s )  

c an u t i l i ze bo t h  bi c arbonate and ace tate  fo r the synthe s i s  o f  

fatty acids . The main fatty aci ds synthesized  are olei c an d 

p almi t i c  aci ds whi ch are uti l i ze d , probably as their CoA 

derivatives , for the s p e c i fi c  acylation o f  G-3-P ( Fi g . 5-2 , 

p . 1 34 ) . The syn thesis  o f  DG o c curs by the 2 -mono acyl- sn

gly c ero l -3-pho sphate pathway to giv e  p ho sphatidi c acid ( PA )  

Vlhi c h  i s  depho spho rylated  to DG ( Fi g .  5-2 , p .  1 34 ) . The 

galac to syl ation o f  DG to MGDG o c c ur s  wi t hout any pre ference 

for a par ti c ul ar DG or prio r  mo di fic ation o f  the  DG . 

The maj or MGDG syn the s i z e d  i s  1 -o l eoyl , 2-palmi toyl

[9 -�- gal ac topyrano syl ( 1 ' �  3 ) ] -�- glyc erol ( Fi g . 4-24 , 

p .  1 03 ;  Fig .  5-2 , p .  1 34 ) . 

The c ompo si tion o f  the ma j o r  MGDG spe c i e s  

synthesized b y  i solated  c hl o roplas t s  i s  considerably di f f er ent 

from the endo genous MGDG o f  spinach ( All en e t  al . ,  1 96 4 )  

and o t her plan t s  ( Sastry , 1 974 ) . Spinach MGDG c o n si s t s  

almo s t  entirely o f  hexad e catrieno i c  a c i d  (30%) and linol eni c 

acid  ( 6 7% )  wi t h  o nly minor amounts o f  palmi t i c  ( trac e ) , 

s t eari c ( 1 %) and o l ei c ( 1 %) aci d s  ( Al l en e t  al . ,  1 964 ) . 
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Auli n g  � al .  ( 1 97 1 ) have s hown that hexadec atrieno i c  

aci d i s  restri c t e d  t o  po si tion 2 o f  MGDG . There fore the 

1 -l i no l enoyl , 2 - hexade cat ri enoyl - s p e c i es must c o n s ti tu t e  

60% o f  the to tal MGDG frac tion . Thus t h e  po si tional 

di s t ribution o f  t he lino l eni c  and hexadecatri eno i c  fat ty 

acids  in the maj o r  MGDG s p e c i e s  in spinach c hloro plas t s  

correspond to the  po sitional di stributi on o f  palmi tic  an d 

o l e i c  acids in the  MGDG syn thesi z e d  by i solated  c hloroplas t s  

( Tabl e 1 1 , p .  1 0 1 ; Fig .  4-24 , p .  1 03 ) . Siebertz and Heinz 

( 1 97 7 )  have pro vi ded  furt he r  confirmation , from a s tudy o f  
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Fi g .  5-2 . Mo d e l  o f  l ipi d biosynthesi s i n  i s o l a t e d  spi n a c h  

chloroplasts 

Enzyme s : -

Acyl - CoA :�-gly c ero l - 3-pho spha t e  acyltran s f erase 

2 Acyl- CoA : mono acyl- sn-glyc ero l-3-pho sphat e acyltrans ferase 

3 Di acyl -�-glyc erol-3-phosphate p ho sphatas e  

( Pho sphati di c a c i d  phosphatase ) 

4 UDP- gal a c to se : di a c y l -�- glyc erol gal a c to sy l trans f erase 

( Gal a c to syl tran s f eras e )  
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t h e  incorporation o f  1 4co2 and ( u- 1 4c ] ac e ta t e  into the acyl 

groups o f  MGDG in vivo , t ha t  the n ewly synthesized  MGDG 

c o n t ai n s  1 4c l abel l e d  c 1 8  f a t t y  a c i ds in posi tion 1 an d 

c 1 6  fatty a c i d s  in posi tion 2 .  They interpert e d  their 

findings to indicate  that desaturation of palmi t i c  and 

o l e i c  acids to hexadecat ri en o i c  and linol eni c ac i d s  

respec t i v e l y  o c c urs a f t e r  their i nc o rporati o n  into  the MGDG 

mo l e cu l e  ( S i eb ertz and Heinz , 1 977 ) . Thus the ini t i al l y  

f o r m e d  MGDG species  in vivo  wo u l d  b e  principally 1 -o l eoyl , 

2 - palmi toyl-sp e ci e s  as found i n  t h e  present s tudy . 

The speci fi c  incorporation o f  o l e a t e  and palmi tate into  

sn-gl y c erol-3- pho spha t e  ( s e c ti on 5 . 1 . 2 ,  pp . 1 24 to 1 2 9 )  
and the ab s en c e  o f  any modi fic ation o f  di gl y c eri d e s  prio r  to  

their utilization for monogal a c t o syl di gly ceride syn thesi s ,  

i n di c a t e s  t hat the s t er e o spe c i fi c  distribution o f  c , 6  
an d c 1 8  f a t t y  acids found in spinach MGDG i s  probably 

d e t ermi n e d  a t  the s t age o f  DG syn thesis . 

The desaturation o f  fat ty acids whi l e  e s teri fied 

t o  MGDG was originally propo s e d  b y  Ni c ho l s  and e o -workers 

( Ni c ho l s  e t  al . ,  1 96 7 ;  N i c ho l s , 1 96 8 ;  Ni c ho l s  and Moorhous e ,  

1 96 9 ;  App l e by e t  al . ,  1 97 1 ) worki ng v:i th gr e en and b l u e - green 

al gae . Thi s propo sal has been ext ended to i nc l ude several 

hi gher plan t s  such as spinac h ,  An thri scus  an d Chenopo dium 

( Si ebert z and Hein z , 1 977 ) , rye grass ( Bo l to n  and Harwo o d , 

1 978 ) , barl ey , wheat an d pea l e av e s (Wharf e  and Harwo o d , 

1 97 8 )  • 
R easons for t h e  fai l ure in the pr e s e n t  s tudy to 

o b t ai n  any si gni fi c an t  desatura tion o f  ei ther palmi tic  or 

o l ei c  acid in the MGDG synthe s i z e d  by i so l a t e d  c hl o ro plas t s  

are no t under s tood . Thi s probl em w i l l  be di s c u s s e d  in a 

l at e r  sec tion ( se c tion 5 . 3 . 4  pp . 1 46 to 1 47 ) .  

As  di scussed  above , 60% o f  t he MGDG in spinac h 

c hl o roplas t s  c ontains c 1 8  fat ty acids  in po si tion 1 and 
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c 1 6  fat ty acids  in posi tion 2 .  Thi s i s  consi s t ent wi th t he 

findings o f  the  present s tudy , that  the  1 -o l eoyl , 2-palmi toyl

s p e c i e s  is  t h e  major MGDG speci e s  synt hesi z e d  by i so l a t e d  

chloropl as t s  and the  propo sal tha t  thi s  spe c i e s  i s  t h e  

probabl e precursor for d esaturatio n  o f  palmi t a t e  and o l e a t e  

o f  MGDG a s  ob s erv ed by Si eber t z  a n d  Heinz ( 1 977 ) .  How ev er , 

sin c e  lino l enate c ons t i t u t e s  6 7% o f  the c hl oroplas t 
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MGDG fatty a c i d s , thi s  m e an s  that m o s t  o f  the remaining 40% 

o f  the MGDG s p e c i e s  o f  spina c h  chloroplas t s  i s  the dil inol enoy l

s p e c i e s . The synthe s i s  o f  dil ino l enoyl-spe c i es i s  no t so 

r e adil y  ac c o un t e d  for sin c e  the c o rr e sponding dio l eo y l -�

g ly c ero l , whi c h  woul d be the exp e c t e d  pr e c urso r , was n o t  

sYn thesi z e d  to any appre ci abl e extent  b y  i solated  c hloroplasts  

in  the pre s en t  study . 

The synthesi s o f  the di l i noenoyl -MGDG c o ul d " o c c ur 

by deac y l at i o n  and reacylatio n , rep l acing hexad e c atri eno i c  

ac i d  b y  l i no l eni c aci d .  The abi l i t y  o f  c hl o roplast  pr eparations 

t o  reacylate  fully o r  par tially  deacylated  MGDG has been 

d e mo n s trated  ( Saffo r d  � al . ,  1 97 1 ; Bajwa and Sastry , 1 972 , 

1 973 , 1 97 5 ) . The hi gh e s t  rat e s  o f  acylation being o b tai n e d  

w i t h  unsaturated  fat t y  a c i d s , parti c ularly  l ino l eni c ac i d  

l Ba j wa and S as try , 1 972 , 1 973 , 1 975 ) . S tump f and e o -workers 

( Kannangara et al . ,  1 973b ; Jacobson et  al . ,  1 973a , 1 973b ) 

have d emo n s trated  that h exade c at r i e noi c acid  c an und ergo 

e l ongation t o  l i no l en i c  aci d ,  prov i ding a po s sibl e sour c e  

o f  linol eni c a c i d  f o r  the  reac y l ati on pro c e s s . 

Ano ther possibi l i ty i s  t h e  exi s ten c e  o f  a s e co n d  

p a t hway t o  MGDG v i a  pol y unsatur a t e d  digly c eri d e s  deri ved 

from the m e t abolism o f  PC (Wil l i ams et  al . ,  1 976 ; S l a c k  e t  al . , 

1 97 7 ) .  Thou gh Slack e t  al . ( 1 977 ) d emonstrated that 

d i gly c eri d e s  d erive d from PC were u ti l i ze d  for MGDG biosynthesi s , 

t hey no t e d  that i t  was pr edominan t l y  the  dilino l eo y l - s p e c i e s  

w hi c h  was l o s t  from PC , and the  di l i no l e noyl - spe c i e s  whi c h  

appeared i n  MGDG . The ac tual s i t e  o f  the final desaturation 

o f  linol eate  to lino l enate is not c l ear . It has been fo und 

by many workers that l i t tl e  l 4c l abel l e d  1 8 : 3  is fo un d  in PC 

during 1 4c o2 o r  [ 1 - 1 4c ] ac e tate f e e ding experimen t s  wi t h  l ea f  

t i s su e  ( Ro ughan , 1 970 , 1 97 5 ;  Wi l l i ams et  al . ,  1 976 ; Heinz 

a n d  Har wo o d , 1 977 ; Si ebertz  and Heinz , 1 977 ; Bol to n  and Harwoo d , 

1 978 ) .  Roughan ( 1 970 , 1 97 5 ) has propo s e d  that  this i s  a resul t 

o f  the rap i d  transfer o f  1 8 : 3  t o  o ther l i pi d s , p ar t i c ul arly 

MGDG . The al t ernati v e  expl anation is that the desaturation 

o f  1 8 : 2  moi e ty of PC to 1 8 : 3  do e s  not  o c c ur to any great 

e x tent  an d that the d esa tura t i o n  o f  1 8 : 2  to 1 8 : 3  is asso c i a t e d  

wi th t h e  c hl oroplast  ( Tr emolieres  and Mazilak , 1 974 ) , probab l y  

w hi l e  acyl a t e d  to NGDG ( Si ebertz  a n d  Heinz , 1 977 ) . 

I t  i s  c l ear l y  possib l e t hat the di gl y c er i d e s  



for MGDG biosynthes i s  c o u l d  be synthesi z e d  by t wo s eparate 

pathway s ; n amely , de � synthesis  i n  the c hl oropl a s t  

( Jo yard a n d  Dou c e , 1 977 ) and synt h e s i s  via  P C  m e t abo l i sm 

( Sl ac k  e t  �1 . ,  1 977 ) .  The de � synthe sized  1 -o l eoyl , 

2 -p al mi t oy l-MGDG wo u l d  b e  desaturated to  1 -linol enoyl , 2 -

hexad e c atri enoyl-MGDG ( Si eber t z  and Heinz , 1 977 ) and the 

dil i no l eoyl-MGDG , synthesized  from diglyc eri d e s  deri v e d  from 

PC , woul d be desaturat ed to dil i nol enoyl -MGDG . The hi gh 

proportion  ( 60%) o f  MGDG c ontaining equal proportions  o f  

1 6 : 3  and 1 8 : 3  sugge s t s  that the de � s yn th e s i s  o f  

1 -o l eoyl , 2 -palmi t o y l-MGDG , fo llowed  by desaturatio n , i s  

probably a major pathway for MGDG bio synthesis i n  spi nach . 

The donation o f  p o lyunsatura t e d  di glyc eri des deri ved from PC 

may be happening to a l e ss er exten t . The contri b u ti o n  o f  these  

two  p o s s i b l e  pathway s t o  MGDG bi osyn thes i s  may vary from 

spe c i e s  t o  spe ci e s . Thus whi l e  both are probably invo l v e d  

i n  spinach , the donation o f  p o l yunsaturated  digl y c eri des 

from PC may be t he major  pathway in mai z e  ( Slack  et  al . ,  
1 977 ) . Furt her s tudy i s  requi r e d  to e l u c i date the c o n tribu tion 

o f  these two al t ernatives . 

5 . 2 Fac tors A f f e c ting the Rate o f  Ace tate I n c o rpo rati o n  

i n t o  Lipi ds by I so l a t e d  C hl oropl a s t s  

Having c o n si dered t h e  main features o f  t h e  pro c e s s  

whereby exo genous ac etate  b e c omes i ncorporated  i n to the 

final acyl produc t s  o f  the c hl oroplas t , a bri e f  discussion 

o f  the fac tors whi c h  det ermi n e  the ov erall rate o f  ac e tate 

i ncorporation by i so l at e d  c hl oroplasts will b e  pre s en t e d .  

A number o f  fac tors  have b e e n  shown to  b e  invo l v e d  

i n  det ermining the rate  o f  a c e tate incorporation into  lipi d s : 

5 . 2 . ( a )  S truc tural I n t egri ty o f  the C hl oropl a s t s  

I t  has b e e n  clearly e s tabl i s h e d  t h a t  t h e  abi l i ty 

o f  chl o roplasts  to i ncorpo rat e exo genous ac e ta t e  i n to l i p i ds 

and fat ty ac i ds i s  c orrelated  wi th their degree o f  intac tn e s s  

(Nakamura and Yamada , 1 975a) . The same c orrelation exi s t s  

be tween s truc t ural i n t e gri ty an d the rat e s  o f  co2- fixa tion 

(Nakamura and Yamada , 1 975a)  and o2 - evo l u ti on ( Ro u ghan et  al . , 

1 976 ) . Thu s the sam e  f eatures o f  c hl oroplas t s truc tural 

organi z a t i on whi c h  are required for hi gh rates o f  pho t o 

synthe s i s  are al so  required  f o r  hi gh rat e s  o f  lipi d syn t h e s i s  

(Hurphy and Leec h , 1 977 ) . 
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The abil i ty o f  the spinac h chloroplasts  prepared  

in  the present s tudy to i n c orporate label from H 1 4co3
- an d 

[ 1 - 1 4c ] a c e tate i n to lipid  at rates c omparable to  tho s e  

o b tained wi th t h e s e  substrates by Murp hy and L e e c h  ( 1 ·978 ) and 

R o u ghan et  al . ( 1 976 ) respec tively sugge s t s  c omparabl e 

degr e e s  o f  intac tness  wi th t h e s e  two investi gati o n s . Using 

lipid synthesi s as the cri teria of  c hl oroplast i n t e grity , 

the m e thod developed  by Leese  e t  al . ( 1 97 1 ) for the  i so l at i o n  

o f  mai z e  c hloropl asts  was sui table f o r  the iso lation o f  

spinach c hloro pl as t s  as well  ( Tabl e 1 ,  p .  42 ) .  On the o ther 

han d , o n e  o f  the s t andard me tho ds for the isolation o f  spinac h 

c hloroplasts  ( Jac obson � al . ,  1 973a) was n o t  sati s fac tory 

for i so l ating mai z e  chloroplas t s . The l ower pro portion o f  

i n tac t mai ze chloroplas t s , as v i sible  by phas e - c on tras t 

and the l o w  ac etate  inc orporati on , probably aro s e  fro m the 

greater homogeni zation time u s e d  i n  the  l atter pr o c edure . 

Thi s re fl e c ts a greater fragi l i ty o f  mai z e  c hl oroplas t s . 

An i so l a t i o n  method  for sp1 nac h chl oroplasts using Honda ' s  

medi um ( S tump f and Bo ar dman , 1 970 ) was al so unsat i s fac tory 

for  the  i so l atio n  o f  mai ze c hloropl as t s  ( Hawke e t  al . 1 974a ) . 

5 . 2 . ( b )  Compo si tion of  the  I n c ubation Medi um 

The pre s e n c e  o f  bi c arbonate i n  the i n c ub ation 

m e di um is c l early required for high rates of l i pi d  synt hesi s . 

Thi s requirement  was first n o t e d  by Mudd an d Mc Manus ( 1 962 ) 
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and has b e c ome a s t andard c o fac tor i n  reaction me diums when 

s tudy i n g  a c e tat e i n c orporation in to l i p i d s  ( Havtke et al . , 1 974a ; 

Kannan gara and S t ump f , 1 972 a ;  N akamura and Y amada , 1 975a ; 

Ro ughan e t  al . ,  1 976 ) .  The l ac k  o f  bi c arbonate i n  the reac t i o n  

mixture , when · c hl o roplasts  i s o l ated b y  Me tho d  1 are incubat e d  

i n  Medi um B ,  was l argely r e sponsibl e for the l o w  rate s  o f  

acetate  i ncorporati o n  ( Tabl e  1 ,  p .  42 ) .  The s timul atory 

e f f e c t  o f  bi c arbonate  has been attribut e d  to the C 02 requi r e d  

i n  t h e  ac e tyl- Co A  c arboxylase r eac tion ( Kannangara and 

S tump f , 1 972 a ,  1 97 3 ) . 

Low c o n c en trati o n s  o f  ATP enhan c e d  the  i n co rporation 

o f  ac e ta t e  into  lipid  ( S tump f e t  al . ,  1 96 7 ; Kannangara and 

S tump f , 1 972a ;  Nakamura and Yamada , 1 975a)  wi th the op timum 

o f  0 . 5mM ( Fi g .  4- 1 , p .  44 ) .  Thi s was simi lar to t hat 

u s ed by N akamura and Y amada ( 1 975a) , b u t  lower t han the 

1 -2mM- ATP used by S tump f  and e o -workers ( S tump f e t  al . ,  1 96 7 ; 



Kannangara and S tump f , 1 972a ) . I n  addi t ion , ATP was i nhi b i t o ry 

a t  l o wer conc e n t rations than previously observ e d  ( S t ump f 

e t  al . ,  1 96 7 ) . However , the  ATP e f f e c t  varies ac cordine to  t he 

maturi ty o f  the spinach t i s su e  used  as the c hl oroplast 

s o ur c e  ( Kannangara and S tump f , 1 972 a ) . 

Roughan e t  al . ( 1 976 ) hav e demonstrated that when 

h i gh ATP and CoA c o n c en trations ( 4mM and l mM respe c ti v e l y ) 

are u s e d  a sub s t an t i al pro por tion  o f  the l abel i s  l o e t  i nto  

t h e  m e t hanol phase as  C oA e s t ers during l i pi d  extra c ti o n  wi t h  

c hl o ro form/m e t hano l .  Such  l o sses  are l e ss  likely i n  t h e  

present  study b e c ause the  aqueous phase contained l o wer 

m e t hano l  concen trat i ons . 

The reasons for the s timulatory e f f e c t  o f  ATP have 

no t been cl early reso lved . S tokes and Walker ( 1 97 1 ) hav e 

r e p o r t e d  that t h e  c hloroplas t i s  relatively impermeabl e to  

ATP . Roughan et  al . ( 1 976 ) s ugge s t e d  a rol e  for exo genou s  

ATP i n  t h e  formation o f  o l eoyl-CoA,  a s  thi s o c c ur s  i n  t h e  

envelope ( Ro ughan and Sl ack , 1 977 ) i t  would pre c l ude the 

n e c e s si ty for ATP uptake by the c hl o roplas t .  Heldt  ( 1 96 9 )  

has shown that spinach chloroplas t s  c an take up as muc h as 

�mo l o f  ATP/mg chlorophyll/h whi c h  wo uld be adequate to  
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ac c o un t  for t he incorporation  o f  5nmol o f  ac e t at e/mg c hl o ro p hyll/ 

h even i f  only 0 . 2% o f  the  ATP was u s e d  for fatty acid  

syn t hesis . Sinc e the s timul ation of  ac e tate  i nc orporati o n  

a c h i e v e d  by the addi tion o f  0 . 5mM-ATP i s  o f  thi s  order i t  

s e em s  probab l e  t hat the l im i t e d  p ermeabi li ty o f  the 

c hloroplas t  env elope is adequate to ac c oun t for the observ e d  

s timul a tory e f fe c t l Fi g .  4- 1 , p .  44 ) .  Hel dt ( 1 976 ) hGs 

pro po s e d  that · this  transport mechani s m  probably fun c ti o n s  

to  provide the c hloro pl as t w i t h  ATP generated  b y  gly c o l y si s 

or respi ration i n  t he dark. 

The c o n c entration of ac e ta t e  is ano ther fac t o r  

de t ermining t h e  o v eral l  rat e o f  incorporation . The c oncentrations 

used b y  earlier workers l St ump f ,  1 972 ; Hawke et al . ,  1 974a ) 

w er e  c l early sub -optimal . O ptimal i nc o rporati o n  o f  acetate  

was ac hi ev e d  a t  conc entrations of  0 . 3  - 0 . 5mM- ac e ta t e  for  

swe e t co rn and mai ze c hloroplas t s  whi l e  the more  a c tive  

spi nac h c hloroplasts  required  0 . 8 - l . OmM-ac e tate  for  

maximum incorporation l Fi g .  4-3 , p .  4 8 ) .  The s e  findings were 

consi s t ent  wi th the previo u s  findings of  Nakamura and 



Y amada ( 1 975a ) and Ro ughan e t  al . ( 1 976 ) wi th spinach 

c hl oro p last s . However , Roughan et al . ( 1 976 ) ob taine d 
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m aximum rates o f  a c e t a t e  inc orporation at  lower a c e t a t e  

c o n c e nt rations ( 0 . 1 - 0 . 1 5mM ) and t h e  maximum r a t e s  achi ev e d  

wi t h  spinach c hl o roplas t s  were somewhat hi gher than tho s e  

obtai n e d  in the  present s t u dy .  Thi s di fference  w i l l  be  di s c us s e d  

l at e r . The maximum r a t e s  o f  incorporation observ e d  f o r  mai ze 

( 32 . 8nmol o f  ac e tate/mg c hl orophyl l/30mi n )  and· swe e t c o rn 

( 1 9 . 0nmol o f  ac e ta t e/mg c hlorophyll/30mi n )  chloroplas t s  w e r e  

t en- fo l d  hi gher t h an  previously repor t e d  f o r  i so l at e d  mai z e  

c hloroplasts ( 0 . 4  - 3 . 0nmol o f  ac e ta t e/mg c hlorophyl l/30min , 

Hawke e t  al . ,  1 974a ) at  the  o ptimal ac e tate  c o n c en tr a tions  

( Fi g .  4-3 , p .  4 8 ) . 

The addi tion o f  c ompounds suc h as G-3-P , Tri ton X- 1 00 

and UDP-galac to s e , whi c h  promo t e  t h e  synthesi s o f  DG and 

MGDG , also s timulate d  ac e ta t e  incorporation by spinac h 

c hl o roplas t s  ( Fi g .  4-7 , p .  60 ;  Fig .  4- 1 0 ,  p . 6 4 ;  Fi g .  4- 1 5 , 

p .  77 ;  Fi g . 4- 1 6 ,  p . 79 ; Fi g .  4- 1 7 ,  p .  83 ) as men tion e d  

earl i e r  i n  t he di s cussion ( s e c tion 5 . 1 . 1 . 1 . ( a ) , p .  1 1 8 ;  

s e c t i o n  5 . 1 . 1 . 1 . ( b ) , p .  1 1 9 ) . For exampl e ,  the  rate  o f  a c e tate  

i n c orporation into  to tal lipids  was 435nmo l/mg c hlorophy l l/h 

i n  the pre s enc e of G-3-P and Tri t o n  X- 1 00 compar e d  wi th 

1 1 0nmo l/mg c hl o rophyl l/h in the absenc e o f  bo t h  ( Fi g .  4- 1 6 ,  

p . 7 9 ) . A po ssibl e explanation o f  thi s  e f f e c t  i s  that t h e  

s timulation o f  the synthesis  o f  DG an d o ther acyl l i pi ds 

r emo v e s  an end-pro duc t o f  fatty aci d bio 9ynthesis  an d so  

r el i e v e s  an end-produ c t  inhibi tion of  ace tate incorporat i o n . 

I t  i s  si gni fican t  that , whi l e  the l evel o f  o l ei c aci d in t h e  

f r e e  fatty aci d frac tion varies  consi derably a c c o r ding t o  

t h e  nature o f  t h e  added c ompoun d  ( G-3-P) , the l ev e l  o f  

palmi t i c  ac i d  in the free fatty acid  frac tion i s  very simi l ar 

un d e r  all c onditions ( Tabl e  5 ,  p .  7 5 ; Table  6 ,  p . 8 1 ; 

Tab l e  7 ,  p . 8 5 ) . Sinc e palmi tate i s  the  end-pro duc t  o f  d e  Q£YQ 
fat ty acid bio synthesis ( Hawke and S tump f ,  1 96 5a ;  Kannangara 

an d S t umpf , 1 972 c ) ,  the  f re e  aci d o r  a derivati v e  wo ul d b e  

the  m o s t  likely c ompoun d to exert end-pro duc t inhibi tion . 

Palmi t oyl-CoA has b e en demo n s tra t e d  to inhibi t ac e tyl-CoA  

c arboxylase from  various s o ur c e s  ( s e e  Volp e  and Vagel o s , 1 972 ; 

Blo c h  and Van c e , 1 977 for r e ferenc e s ) . However , Bur ton and 

S tump f ( 1 966 ) found that wheat germ ac e tyl -CoA c arboxylase  



was una f f e c t e d  by palmi toyl-CoA.  The s e  au thors  di d i n de e d  

f i n d  an inhibi t o r  o f  ace tyl-CoA c arboxylase i n  l e tt u c e  

c hl o roplas t s , but i t s  nature was no t determine d .  

The fai lure o f  G-3-P t o  s t imulate ac e tat e 

i n c o rporation by mai z e  chloroplas t s  was consi s t en t  wi th the 

previous obs ervations by Hawke et al � ( 1 974a ) . How ever , the  

r e asons for t h e  i nhi b i t i o n  by G-3-P of  ac etate  i n corporation 

by ,swe e t corn c hloroplast s  is uncl e ar and was no t inv e s t i gated  

further in  this  study . Tho ugh the e f f e c t  o f  Tri ton X- 1 00 

o n  the incorporation o f  a c e tate by m ai ze and sw e e t c orn 

c hl oroplas t s  was no t inves ti gat e d , but Hawke e t  al . ( 1 974a ) 

has repo r t e d  t hat Tri t o n  X - 1 00 marke dly inhibi t e d  

i n co rporati o n  by mai z e  chloro pl as t s . 

At a l a t e  s t age o f  the present  study a bri e f  

i n v e s ti gation o f  the e f fe c t  o f  m e tal ion c o n c en tratio n  o n  

t h e  r a t e s  o f  a c e tate  i n corporation  was c arri e d  out . Thi s 

s t u dy showed t hat , at  l eas t under condi tions giving hi gh 

r a t e s  o f  acyl l i pi d  end-produ c t s , the metal ion conc entration 

u s e d  woul d have b e en sub-optimal . A two - fo l d  s timulation 

o f  ac e tate  i n c o rporation by spinach chloroplas t s  was achi eved  

by  i ncreasing t h e  Mg+ +  c o n c en trati on from 1 mM ( the 

c on c entration normal l y  u s e d  in thi s  study ) to 3mM whi c h  gave 

m aximal rates  ( Fi g .  4-26 , p . 1 09 ) . Al ternative l y , addi t i o n  
+ +  . + +  

o f  1 mM-Mn , 1 n  t h e  p r e s e n c e  o f  1 mM-Mg , gav e a comparabl e 
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s ti mulation to  that obtained  wi t h  3mM-Mg+ +  ( Fi g . 4-2 7 , p . 1 1 1 ) .  

Th e s e  observations were i n  ac cordan c e  wi th the  findings o f  

N akamura and Y amada ( 1 97 5a ) . The r elative pro portions o f  

t h e  various fatty  aci ds an d lipids w ere unal t ered  by c hanging 

t h e  m e tal ion co n c en trations ( Fi g .  4-26 , p .  1 0 9 ;  Fi g . 4-27 , 

p . 1 1 1 ) .  

The hi ghe s t  rat e s  o f  a c e tate incorporation by 

s p i nach c hloroplas t s  repo r ted in the li terature are tho s e  by 

R o ughan e t  al . ( 1 976 ) . The rates o f  ac e tate incorporation 

by spinach chloropl as t s  o b tai ned in thi s  s tudy were somew hat 

l ower than tho s e  ob tai n e d  by Roughan e t  al . ( 1 976 ) that i s , 

1 00 - 400nmol o f  aceta t e/mg chloro phyll/h compared wi th 

300 - 700nmol o f  a c e t a t e/mg c hlorop hyll/h . However , s u c h  

c ompari sons do no t warran t undue emphasi s . Fir s tly , the 

age o f  the t i ssue  used as a sour c e  o f  c hl oro plas ts 

i n fluen c e s  the  numb er o f  c hloroplas t s/uni t weight o f  



c hl o rophyll ( L e e s e  � al . , 1 97 1 ) .  Hawke e t  al . ( 1 974a ) have 

pointed  o u t  that the apparent di f feren c e  in the rat e s  o f  

a c e tate incorporation for c hloroplasts i so l a t e d  from immature 

and mature spinach tissue  ( Kannangara and S tump f ,  1 9
.
7 2 a )  was 

i n  p art a c o n s equen c e  o f  the di f feren c e  in  c hl orophy l l  content  

p er plas ti d . Ro ughan e t  al . ( 1 976 ) consi s t ently u s e d  young 

spinach l ea f  tissue i n  t heir work.  In the present s t u dy more 

mature ti ssue was used for much o f  the work .- S e condl-y , the 

rat e s  o f  ac e tate  i n c o rporation were not always linear wi th 

time ( Fi g .  4 - 1 6 ,  p .  7 9 ) . Roughan et al . ( 1 976 ) bas e d  their 

e s timate o f  i ncorporati o n  rat es o n  short sampling times up 

t o  1 5  or  20min whereas in the pr e sent s t udy i n c ubation times 

o f  30min or 1 h  were u s e d  since  these  longer times were 

required to obtain signi fi c an t  s timul ation o f  DG and. MGDG 

synthesi s ( Tabl e  4 ,  p p .  6 7  to 6 9 ;  Fi g .  4- 1 6 , p .  7 9 ;  Fi g .  4- 1 7 ,  

p .  83 ) . S i n c e  i ncorporation was i n  some c ases  non-lin ear 
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over the peri o d  o f  an hour , the u s e  o f  the full hour i n c ubation 

period wi l l  c l e arly give a lower es timate o f  the rate than 

a shorter i n c ubation time . Furt hermore , in the  i n t ere s t s  

o f  economy , sub-optimal concen trations o f  ac e tate ( abo ut 

O . l mM )  were rou tinely u s e d  in mo s t  of  the pre sent s tudy , 

resulting in l o wer rates  o f  incorporation , but  wi thout 

a f fe c ting the fatty aci d s  synthe sized  ( Tabl e 2 ,  p.  50 ) .  

5 . 3  The Bi o syn thesis of  Po lyunsaturat e d  Fat ty Acids  

by I solated  Chloroplas t s  

The fail ure o f  i solated  c hloroplas t s  t o  syn thesi z e  

polyunsaturat e d  fatty  acids  a t  t h e  hi gh rat e s  expe c t e d  from 

the quanti t i e s  foun d  in chloropl as t l ipi ds has been 

descri b e d  as an outs tan ding probl em o f  l i p i d  bio syn thesis  in 

hi gher plan t s  ( Hawke et al . ,  1 974a ) . One of the ori ginal 

ai ms o f  the pre sent s tu dy was to extend the observations 

of previ o u s  workers o n  thi s  prob l em , e specially tho s e  

representing any pro gr e s s  toward ac hi eving increased rates 

o f  polyunsaturat e d  f a t ty acid b i o synthesi s .  However , the 

findings o f  the pre se n t  s tudy have consis ten tly con firm ed 

the inabi l i ty o f  i so l a t e d  c hloroplas t s , as prepar e d  by 

c urrent pro c e dures , to synthesi z e  signi fican t quan t i t i e s  

o f  di eno i c  or tri eno i c  fatty aci d s  either as free fat ty 

acids or c omponen t s  o f  acyl lipi ds . 

Ol ei c an d palmi tic  acids  wi th some s t eari c acid  



w e r e  the main fat ty acids  synthesi z e d  from ac e ta t e  or from 

b i c arbonat e under all c o ndi tions i nvesti gated.  The prop o r tions 

o f  lino l e i c  and linol eni c acids synthesi zed  were never 

gr eater than 1 0- 1 5% o f  the  to t al fatty acids , Such findi ngs 

are in agr e ement  wi th those  o f  the mo s t  re cent  workers 
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t Hawke e t  al . ,  1 974a ; Nakamura and Yamada , 1 975a ; Roughan e t  al . ,  

1 976 ; Murphy and L e e c h , 1 977 , 1 978 ; Bol to n  an d  Harwo o d ,  1 978 ) . 

However , t h e  a t t emp ts made to impr o v e  polyunsaturat e �  fat ty 

acid bi o syn t h e s i s  meri t some di s c u ssi o n . 

E f f e c t  o f  C o f a c tors 

Kannangara an d Stump f  ( 1 972 a )  found that ATP and 

C o A  at hi gh c o nc en tratio ns stimu l a t e d  polyunsaturat e d  fat ty 

acid  bio synthesis  by spi nach chloro plas ts . In the pr e s en t  

s tu dy only v ery smal l i ncrease s  ( 1 -4nmol o f  ace tate/ 

m g  c hlorophyl l/30min)  i n  the rat e s  o f  syn the s i s  o f  l i no l e i c  

an d linol eni c acids  were  obtaine d  and t hi s  mainly wi t h  maiz e  

and swe e t co rn chloroplasts ( Fi g .  4- 1 , p . 44 ; Fi g . 4-2 , p . 46 ) .  

The di fferen c e  b e twe en the work o f  Kannan gara and S tump f 

( 1 972 a )  and the present  study i s  likely to be  in t he maturi ty 

o f  the  tissue u s e d  to  o b tai n  the  c hloroplast s .  Kannangara 

and S tump f ( 1 972 a )  fo und the s timulation o f  polyunsaturat e d  

f a t ty acid  biosynt hesi s by ATP a n d  CoA mainly in chloro plas t s  

i solat e d  from young l eaves whil e more mature ti ssue was 

u s e d  i n  the pr esent  s tu dy .  

Vari ation i n  the conc en trati o n  o f  o ther c o mponen t s  

o f  the inc ubation m e di um , ac e ta t e  and d�val en t  me tal i o ns , 

whi l e  a f f e c ting total syn thesis o f  fatty ac i ds , as d e s c r i b e d  

i n  t h e  p r e v i o u s  s e c tion , has had no si gni fi c an t  e f f e c t  o n  t h e  

propo r ti o n  o f · polyunsaturat ed fat ty ac ids synthesi z e d  from 

a c e tat e . 

E f fe c t  o f  Chloroplast  Maturi ty 

The developing mai ze l ea f  provides an i deal t i s s u e  

from whi ch c hl o roplas t s  a t  di f f er en t  s tages o f  development  

c an be i so l ate d . The  basal four c m  of  the leaf  c o ntai n s  

l argely proplastids whil e  the  di s t al s e c tions con tain mature 

plas ti ds wi th a tran si tion zon e o f  abou t  2 cm in b e tween 

( Leese et  al . ,  1 97 1 ) .  Vario u s  workers have u s e d  devel oping 

Gramineae s p e c i e s  to  s tudy the e f f e c t  o f  c hloroplas t maturi ty 

o n  ac e t ate  inc orporation into lipids ( Hawke e t  al . ,  1 974a , 

1 974b ; Bol ton and Harwoo d ,  1 978 ) . 



Pl as ti ds i solated  from di f f erent mai ze l e a f  s e c tions 

synthe s i z e d  l i t tl e  linoleic and linol eni c aci ds from a c e tate  

( Tabl e  3 ,  p .  54 ) ,  a finding consi s t en t  wi th the  ear l i e r  

observations o f  Hawke et  al . ( 1 974a )  and o f  Bolton and 

Harwo o d  ( 1 978 ) .  Thes e  wo rkers showed that who le l ea f  s e c tions 

from mai z e  ( Hawke et  al . ,  1 97Ltb ) and rye grass ( Bo l to n  and 

Harwoo d ,  1 978 ) i n c o rporated a c onsi derable amo unt of a c e tate  

i nto lino l eate ( up to 2 5% of  the to tal acetate in  fat ty a c i d s  

i n  mai z e  and up t o  3 4% in r y e  grass ) , p ar t i c u l ar l y  i n  

s e c tions from more mature l eaf ti s s u e . However , the  

i ncorpo ration of  ac e tate into  l i no l enate was  rel a t i v e l y  

l o w  ( up t o  4% in mai z e  and u p  t o  6% i n  r y e  grass ) . I n  i so l at e d  

c hloroplasts  from c omparabl e l eaf s e c tion s , a c e t a t e  

i n corporation i n to lino l ei c aci d  do e s  no t exc e e d  5 %  o f  the  

to tal f a t ty a c i ds ( Tabl e 3 ,  p .  54 ) .  
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5 . 3 . 3  Effe c t  o f  Addi tion o f  a Non-chloropl a s t i c  ?ar t i c ulate  

Frac t i o n  

The maj o r  di f ference between t h e  i n c o rporati o n  o f  

a c e t a t e  i n to polyun saturat e d  fatty a c i ds by who l e  l e a f  

s e c ti o n s  and i so la t e d  c hloropl a s t s  may indicate  a r equi remen t 

for comp o n en t s  o u t s i d e  the c hloroplas t t o  parti c ipate  i n  

the desaturati o n  pro c e ss . The mi cro somal frac tion i s  the 

mo s t  li kely extrachloroplas t i c  site s in c e  in non- c hloro�las t i c  

t i s s u e s  t he de satu ras e s  are mi cro so�al (McMahon an d S t ump f , 
1 96 4 ; Vi j ay an d S t ump f , 1 97 1 , 1 972 ) . S l ack and Rou ghan ( 1 975)  
and  Slack  e t  al . ( 1 976 ) hav e demonstrated  that the desa t uration 

of fat ty a c i d s  acylated  t o  PC o c c urs i n  the mi c ro somal 

frac tion o f  l eaf  t i s sues . Hawke et al . ( 1 974a ) found that 

the syn t h e s i s . o f p o l y unsatura t e d  fatty acids , e s p e c i al l y  

wi th c hl o roplasts i solated  from mature maize l ea f  s e c tions , 

was inc reased by the  addi tion o f  bo t h  mi to c hondri al an d 

mi c ro somal frac tions . However , tpe inc reased synt h e s i s  o f  

polyunsaturat e d  fatty  aci ds was s ti l l  well below the rates 

expe c t e d  from the en do genou s  l evel s . 

The e f fe c t  o f  the non-chloroplastic par ti c ul a t e  

frac tion ( 1 00 , 000 X �  pell e t ) from mai ze , and l a t er from 

spinac h , on ac e tate  incorporation by i so l ated c hloroplasts  

was inves t i gat e d .  The  work w i th mai z e  was  done a t  an  early 

s tage o f  the present  s tudy and showed  t hat the addi tion  o f  



the par ti culate frac t ion enhan c ed the  synthesis o f  o l ei c  

aci d , but  had n o  e f fe c t  o n  the  synthesi s o f  mor e  unsaturat e d  

f a t t y  aci ds ( Fi g .  4 . 5 ,  p .  56 ; Fi g .  4-6 , p .  58 ) .  T h e  failur e  
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t o  observe and s timulation o f  polyunsaturated fatty aci d 

synthe si s i s  i n  c o ntrast t o  the  fin dings o f  Hawke e t  al . ( 1 974a ) . 

Subseq u e nt l y , i n  the  ligh t  o f  the  resul ts on the  s t imulatory 

e f fec t s  o f  Tri ton X- 1 00 ,  G-3-P and UDP- gal ac to s e  o n  acyl 

l i p i d  synthesi s ,  the effec t o f  a simil ar parti culate  · frac tion 

from spinach was investigated  in the pre s ence of  t h e  addi tional 

c ompon en t s . In thi s c ase their was a small enhanc emen t  o f  

acetate  incorporation into polyunsaturated fatty acids l from 

2 . 6 to 4 . 2% o f  the t o tal ac e tate inc orporated )  as well  as an 

enhan c ement  o f  the proportion o f  ac etate incorporated  into 

o l eate ( Tabl e 1 4 ,  p .  1 1 6 ) .  However , an even more s triking 

e f f e c t  in t hi s  experimen t was the increased syn thesis  o f  PC 

( from 0 . 8  t o  7 . 4% o f  the t o tal acetate  incorporate d  into  l i pi d ) . 

Thi s was further enhan c e d  ( to 1 2 . 8% )  by r eplaci ng U DP-galac to se 

by C DP- c holine ( Tabl e 1 4 ,  p .  1 1 6 ) .  Sin c e  chloro plas t s  

synthesi z e  l i t t l e  P C  o n  their own , even in the p r e s en c e  o f  

C DP- c ho line \ Tabl e 1 3 ,  p .  1 1 4 ;  Tab l e  1 4 ,  p .  1 1 6 ;  Murphy and 

L e e c h , 1 977 , 1 978 ) , the PC synthesis mus t be due to  t h e  

mi cro soma� c omponent  as  indi c at e d  by t h e  resul ts  o f  o t h e r  

workers ( Joyar d  and Do uc e ,  1 976b ; Devor and Mudd , 1 97 1 ) .  

Slack an d Ro ughan ( 1 97 5 )  al so observ e d  that label i n c orporate d  

from 1 4co2 an d [ 1 - 1 4c] acetate  into P C  was asso c i a t e d  wi th the 

mi crosomal frac tion . The present s tu dy suppo r t s  the propo sal 

of Slack and Roughan ( 1 97 5 )  that fatty acids ( main l y  o l ei c  

ac i d )  are tran s fered to PC o f  the endopl asmic r e ti c ul um 

probably via syn thesis o f  o l eoyl -CoA in the c hl o ro plas t 

envelo p e  ( Roughan and S l ac k , 1 977 ) whi c h  is s ub s e quently 

releas e d  i n to the aqueous me dium for i nc orporation in to 

PC • 
. 5 . 3 . 4  E f f e c t  o f  Stimulating Acyl Lipi d Synthesis  

S tump f and  e o -workers hav e reported enhan c e d  

syn t h e s i s  o f  polyunsaturated  fatty in t h e  pre s en c e  o f  

Tri ton  X- 1 00 ( S tump f and Boar dman , 1 970 ; Gi van and Stump f ,  

1 97 1 ; Kannangara and S t ump f ,  1 972 a ) . While Tri ton  X- 1 00 was 

found in the present study to enhan c e  a cyl lipid synthesi s , 

but no increase in the pro por tion o f  po lyun saturat e d  fatty 

acids was found . This was c o n si s tant wi th the r e c ent findings 



o f  Roughan e t  al . ( 1 976 ) .  

I n  view o f  the suggestion,  supported by the r e sul t s  

o f  sev eral previo u s  worker s  ( Ni c ho l s  and Moorho us e , 1 96 9 ;  

Appl eby e t  al . , 1 97 1 ; Si ebertz  and Heinze , 1 977 ; Bol to n  and 

Harwo o d , 1 978 ) , t hat MGDG is a substrate for de saturation 

it was po ssibl e t hat stimulation o f  MGDG synt hesi s mi ght 
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l ead to increased syn thesis o f  polyunsaturated fatty acids . 
However , in  spi t e  o f  the high rat e s  o f  MGDG synthesis  achi e v e d  
i n  t h e  present s tudy b y  the  addi tion o f  G-3-P and UDP- gal a c t o s e  
e nhan c e d  synthesis o f  polyunsaturat ed

-
fatty a c i d s  was  no t 

o b tain e d  ( Fig . 4- 1 2 , p .  7 1 ; Fi g .  4- 1 3 ,  P �  72 ; Fi g .  4 - 1 4 ,  

p .  73 ; Tabl e 1 1 ,  p .  1 0 1 ) .  I n  spi t e  o f  this finding the r e s u l t s  

o f  thi s s tudy t en d  t o  suppo r t  t h e  view that MGDG i s  a ma j o r  

subs trate f o r  d esaturation in vivo ( se e  s e c tion 5 . 1 . 5 , pp . 1 33 

t o  1 38 ) . 

5 . 4 Summary and Sugge s tions for Further S tudy 

Though s e v eral �eatures o f  l i pi d  bio syn thesis  in 

i so l a t e d  c hloro p l a s t s  are evident from t he pre s en t  study , 

mo s t  o f  the main fi ndings point to aspe c t s  o f  lipi d me tabo l i sm 

r equiring furt her s tudy . Thes e  are di s c ussed b e l ow with the  

purpo s e  of  stimul a ting fur ther inves ti gation . 

· The principal findings were : -

( a )  The rat e s  o f  ac e tate  incorporation into  lipids by 

spinac h ,  mai ze and swe e t c o rn c hloroplasts  were s timul ated  

by  the  u s e  of  optimal c on c en trations of  acetat e , CoA  an d ATP . 

A c e tat e concentration had the maj o r  e f f ect  on the  rat e s  o f  

incorporation whi l e  optimi sation o f  ATP and CoA c o n c en trations 

gav e only small enhanc emen t s  o f  a c e t a t e  inc orporation . Dival ent 

m e tal ions , Mg+ +  or Mg+ + + Mn+ + , s timu l ated greatly the 

incorporation o f  acetate  by spinach c hloropl a s t s . High rates  

of  a c etate  incorporation by spina c h  c hlorop l a s t s  were  

asso ciated  wi t h  hi gh r a t e s  of  acyl  lipid synth e si s , par t i c ul arly 

DG and MGDG synthesis . Tri ton X- 1 00 ,  �- glyc ero l -3-pho sphat e 

(G-3-P ) and U DP- gal ac to s e  enhanc e d  the  synthesis  o f  acyl 

lipi ds ( DG and MGDG ) wi t h  enhan c e d  a c e tate incorporation . 

The maximum rates  o f  a c e t a t e  incorporation into 

lipi ds by mai z e  and swe e t corn c hl oroplasts (20-30nmol o f  

a c e ta t e/mg chlorophyll/h ) were up to 1 0- fo l d  greater  than 

previously r epo r t e d .  Rates  o f  up to 500nmo l o f  a c e tate/ 

mg c hl o rophyll/h were o btained for spinach chloropl asts 



whi c h  c ompares  favourably wi t h  the rates obtained by o ther 
workers using c hloro plas ts i solated from younger l eaf  tissue . 
However , the rate o f  acetat e i ncorporation into lipi ds 
greatly underestimates the fatty acid bio synthe ti c capici ty 
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o f  i solated  chloroplasts when the  rates  o f  acetat e incorporatio n  
were compared wi t h  t h e  rates  o f  acyl lipi d synthesi s from 
the  incorporation o f  G-3-P .  These resul ts  suggested  that a large 
pro portion o f  fat ty aci d carbon had come from an al t erhative 
source t han the  exogenous ac etate . Bi carbonate , present in  the 
incubation medi um , was found to be incorporated into fatty 
aci ds  and acyl lipi ds by spinach chloroplast s .  
( b )  The incorporation o f  newly synthesized fa tty aci ds 
into lipi ds , partic ularly into DG and MGDG , was enhanced  by 
the  addi tion o f  appropr�e metaboli tes ( G-3-P and UDP-galactose ) .  
Tri ton X- 1 00 ,  with and wi t hout  G-3- P ,  s timulated  the synthesis 
o f  DG and i n  t he presence o f  UDP-galactose  the synthesis o f  
MGDG . 

Ol eate and Palmi tate  ( t he main fat ty acids synthesi zed 
by i solated  spinac h chloroplas ts ) were utilized in the spe c i fi c  
acylation o f  sn-glycerol-3-phosphate  t o  giv e predominat ely 
1 -o l eoyl , 2 -palmi toyl-sn-glyc erol and the subsequent HGDG . I t  
was in ferred from the proportions o f  ol eate and palmi tate 
incorporated into DG and i n  t he free  fat ty acid  frac tion , 
when di f ferent proportions o f  these two fat ty aci ds were 
synthesi zed , that palmi tate was probably incorporated into 
posi tion 2 first followe d by olea t e  into posi tion 1 .  

From double-labelling experiments using [ 1 - 1 4c) ac e tate 
and ( 1 {3�3H] sn- gly cerol-3-phosphat e , fatty ac id  compos i tion 
and po si tional di s tribu tion of the fat ty acids it was evi dent 
that the  galactosylation o f  the diglyc erides to MGDG o c curred 
without any prior mo di fi cation of  the  diglyc eri des  or pre ference 
for any parti c ular diglyc eride speci es . 
( c )  The synthesi s o f  polyunsaturated fat ty acids was low 
wi th predominan tly olei c  and palmi tic  acids synthesized from 
ac e tate  and bi c arbonate .  Al teration  o f  co fac tor concen trations , 
the use  o f  c hloroplasts i solated  from developing mai ze leaf  
s e c tions , stimulation of  acyl  lipid synthesis and the  addi tion 
of a 1 00 , 000 X �  parti culate  preparation from l eaf  
homogenate fai l ed  to give any signi fi c ant stimulation o f  

polyunsaturat e d  fatty aci d  synthesi s .  However , the  syn thesis 



1 49 

o f  1 -o l eoyl , 2 - palmi toyl -MGDG spec i e s  i s  signi fi c an t  in the  

l i gh t  of  the  r e c en t  observation of  t h e  desaturation of  t h e s e  

f a t t y  a c i ds whi l e  acylat e d  to  MGDG in vivo . The small s timulation 

o f  pol yun saturat e d  fatty acid synt h e s i s  by the addi tion 

o f  t h e  parti cul a t e  frac t i o n  to  i so l a t e d  c hloro pl ast s , 

a s s o c i a t e d  wi t h  the  synthesis  o f  pho sphati dyl choline ( PC ) , 

i s  al so si gni fi c ant sin c e  PC i s  the substrate for the 

d es atura tion o f  o l eate  i n  t he micro somal frac tion . 

I t  i s  unlikely t hat the  i mprov ement o f  the rates  o f  

a c e t a t e  incorporation into lipi d wi ll s timul a t e  the  syn t hesi s 

o f  polyunsatur a t e d  fat ty acids . However , the  relative 

c o n tribu tions o f  ac et ate an d bi c arbonate  to the  ov erall 

fat t y  acid syn thesis by i so l a t e d  c h l o roplasts wi l l  n e e d  to 

be d e t ermin e d  more c l o s e l y  and may l e a d  to rat e s  o f  fat ty acid  

synthesis  comparabl e to t ho s e  i n  vivo . 

Though i t  i s  in ferred that palmi tate i s  acyl a t e d  

t o  G-3-P at po si tion 2 first and t hen followed b y  t h e  

i n c o rporation o f  o l e a t e  i nto po sition 1 ,  a mo re dire c t  

demo n s t ration o f  the posi tional s p e c i ficity o f  the acylating 

e n zymes  is r e q ui re d .  I n v e s tigation o f  the sp e c i fi c i ty o f  these  

e n zyme s  ( i f  any ) for  par t i cular fatty  acids and the e f f e c t s  

o f  a c c eptor c o nc entrat i o n s  woul d greatly ext en d  our un ders tanding 

a c y l  l i pi d  synthesi s .  

The observation that the hi ghes t  r a t e s  o f  ac e t a t e  and 

b i c arbonat e i n c o rporation into l i pi d s were asso c ia t e d  wi th 

hi gh rates  o f  DG and MGDG syn thesis  suggests  t hat the  r a t e  

o f  u t i l i zation o f  t h e  n ewly syn t h e si z e d  fat ty a c i d s  d e t ermines 

the rate of syn thesis . Condi tions  whi c h  promo t e  a c e t a t e  and 
acyl lipi d formation al s o  lead to  an increase i n  t he o l e i c  

a c i d  l evel in the  fre e  fatty aci d  frac tion but , 

signi fi c an tl y , the l evel o f  p almi tic  acid remains constant 

sugg e sting t ha t  palmi ti c acid  or a derivative may be a r e gulator ' 
o f  fatty a c i d  synthesi s .  The obs erv e d  stimul ation o f  palmi ti c 

a c i d  synthesi s by G-3-P and the  inc o rporatio n  o f  palmi t a t e  

no t o n l y  i n t o  po si t ion 2 ,  b u t  al so i n t o  posi tion 1 ,  wi t ho u t  

m u c h  e ff e c t  on the  synthesis  o f  o l eate indic a t e d  t ha t  

p al mi toyl - ACP whi c h  coul d have b e en elongat e d  a n d  d e saturat ed 

to  o l eoyl -ACP was di v e r t e d  fo r acyl ation . The abi l i t y  o f  

t h e  acylating enzyme s  t o  util i z e  ACP derivat i v e s  and the  

e f fe c t  of  these  deri vatives  o n  fat t y  acid syn thesi s requires 



inve s tigation . 
The mo de o f  ac tion o f  Tri ton X- 1 00 on the synthesi s 

o f  DG i s  uncl ear . However , since G-3-P  i s  required  to 
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s timulate  the synthesi s  o f  DG in the absence  o f  Tri ton X- 1 00 this 

suggests  t hat  ei th er Tri ton X- 1 00 ac ts to make available 
a pool  o f  G-3-P for DG syn thesis or  s timulates the  synthesi s  
o f  G-3-P by t h e  chloroplast . Investigation o f  t h e  ability o f  
the  c hloroplas t to synthesize G-3-P may prove frui t fu�. 

The r e sul ts o f  t he present study suggest  two l ine s  
o f  investi gation whi c h  i n  t h e  light o f  i n  vivo s tudies  should 
l e a d  to the synthesis of  po lyunsaturated fat ty aci ds . One is 
t he fur ther investigation of  the me tabolism of the 1 -ol eoyl , 
2 -palmi toyl-MGDG species  with the aim o f  s timulating the 
desa turation o f  the o leate  and palmi tate to linol enate and 
h exadecatri enoat e .  The reason for the  failure to  obtain the 
desaturation of the fatty acids i s  unc lear , but the l ength 
o f  the incubation perio d may be a fac tor . The s econd line 
o f  investi gation would  involve further studies  with the addi tion 
o f  t he parti culate frac tion to the i so lated chloropl a s ts . 
The addi tion o f  mi cro somal frac tions ,  parti cularly ac tive in 
t h e  syn thesi s  o f  PC , may use  the o l eate syn thesized by t he 
c hl oroplasts for the synth esis o f  l inoleate an d l inol enate . 
Thi s re consti tuted sys t em could serve as the firs t s t ep in  
the  study o f  the trans fer o f  o l eate from the  c hloroplast to 
the  mi cro somes and subsequently the transfer o f  the 
de saturation pro duc ts to the c hloroplast • .  The relative 
contributions of these two pathways for the synthesis o f  
polyunsaturate d  fat ty aci ds ,  whi c h  comprise  over 95% o f  t he 
fat ty aci ds o f  spinach MGDG , i s  important to the understanding 
o f  MGDG bio synthesis . 
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