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For the specific structural designetion of complex lipids

contalning 2 glyceryl nolely, the uowmenclature suggested by the

IGPAC-IUE Commission on Biochemical lomenclature (Zuropesn J.

Biochen (1967) 2, 127) has been followed. However, although a

diglyceride prepared by chemiczsl synthesis is correctly named as,

L

€.5., rac-1-0-oleoyl, 2-0-iinoleoyl glycerol, it is referred to as,

in this case, d-oleoyl, 2-linolcoyl glycerol, for sake of brevity. is

8]

o]

roup the synthetic diglycerides are designated 1,2 (2,3)-diglycerides,

=3

-

i

The trivial names of complex lipids are used when it is more apprropriate
to de so c.g. phosphatidyl choline.

Fatty acids are designated by the shorthand notztion of number
of carbon atom : number of doubls beoands, e.g. 16:3% refers to

hexadecstrianoic acid.



Sectiorn 1.1 UOccurrence.

The galactolipids under study are the galactosyl ycerides found
extensively throughout the plant kinsdom. ¥enogalactosyl diglyceride

(MGDG) and digzlactosyl diglyceride (DGUG) occur in all cells capable

af the photosynthetic evolution of oxygen, ss well as in the non-

Ll

chlorophvilous tissue of higher plants and some Gram-positive bacteris

monogalactosyl diglyceride is zlso present in vertebrate spinal fissus.
Hexosyl diglycerides cceur gulte generslly in Graw-positive bacteriz

{Shaw and Baddiley, 196Z). 48 a pact of the total lipid, they vary

from a few per cent in lactobacilli and staphvyloecocci to mors than LOH

"

in PMicrobacterium lacticuwm and Mycoplasma ;ulqlawll 2. The mono- and

dinhexosyl dislycerides, prasent singly or together, cont: the hexoss

moizsties, glucose, gelacicse, monnosse or rhamnose, each of which canp

occur indapendently or in combinstion with another, HEDG and DODG have
been identified in Arthrobzcter zlobiformis (Walker and Bastl, 1367, and

in 2ifideobacterium bifidium (Exterkate and Veerkamp, 19863), the latter
also containing the tri-homologue (TCGDG), Although the glycesidice

linkazes of these latter DEDG and TiDS were not determined, in general,

baciterial dizlycosyl diglycerides havs glycosidic linkages t
1y & 3 g

iy

Ut

st differ

from those in BGDE of photosynthetic organisms both in the carbon atoms

involved and/or the configuration of the bond.

The green photosynthetle bacterium Chloropssudomones sthylicum

contains plvecolipias which include a nmonogalactolipid which had an
identical confizurstion and structure with the wmenopalactolipicd from

nlant tissus (Constantopoulos and Bloch, 106770} . Wichols and Jdarmes



s ) found Soth galactesyl dislycerides in the green photosynthetic

Bactarium Chlorobium limicola hut thne phetosynthaiic non-sulpbur purpls

any galactolinids. The galactolipids of

Chlorobium limicola were not chamically identified.

As suggested a2bove, all ron-bacterial photosynthetic orzanisms have
galactose axclusively as the hexose molety of thelr zlycosyl diglyesrides;

the j anomeEric
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Galactolipid content of plant tissues and other sources.

it e et . i 28 -~ e o e e
Plant tsatioles of linid per 9.,  whioles of lipid per :: Percentage contribution | Refgrence i

j tresh weight of feef & mg. of fotal chlorephytil |© to cosplex gl:;cerolipicls:l" ! )

; i ' ; i !
| —— - mn e e PR S— ey e s B 1] 1 e e e g S s e e e e e 2
i ! { 1

neos i FC0G pong || HenG NGDG

Hon-angicsperas:

nescltaenium caldariorum 10.00 556 | 6,25 3.42 ': 57.2 76.0 i Roughan and Batt (1969)
farchantia serteroana i.07 0.66 . e 1.90 ll 41,5 2%.6 |
T Hoss? 2.59 .50 2.60 .46 l' 3.7 2.7 !
| Slechnun fluyiatile - 5.60 20 | 126 [ 5.0 a8 |
| inkge bilobe £.70 2.50 | 2.90 1.70 H 40,8 2.3 ]
| Rings radiats 2.80 1.95 b 5.10 5.50 lI 57.0 5.5
| dean - standand deviation - . !' 3.5 - 1.3 2.0 - 0.9113.0 6.0 2.7 - 2.5
%&_ngiosperms: i[ '1
fose {Rosa cy) 5,60 L.60 3.97 3.26 1 40,4 35,2
| Rowan (3orbus ausuparia) 10,20 (RIR 202 | 3.7 0.7 |

thite clover (Trifolium repens) §.60 5.20 ! 5.98 2.k8 ! 46,5 23.1 :
llr Lucerne (Medicage sativa) 8.60 5.20 li 4,30 2,60 :II 47,0 2844 i ‘I
| Poplar (Popylus italica) 595 3,50 4,20 3,30 35.6 273 { l
-~ Gamellia japenics . 310 20 {1 6T 6.7h ‘ 28.0 2.0 | |
Squash (Cucurbila pepo) | b0 2.70 | b 2.70 | 57,8 2.9 I |
| Tomato (Solanum Lycoversioue) 5.08 248 5.08 2.6 h 50.7 s f
i Lettuce {Lactuca sativa) 0,68 0,68 : 2,76 2,76 I!: 30,9 0.9 . :
T - R i) e _ _ o _ . _ i

"~ continued



Table 1 centinued

L T et A o L B b e B T hom e sk T ki bl e RSl R m et Sipmiatis A RAmesaimar g M e w4 e e eims A h a3 mm e peame ma e

. R
‘ Flant ¢ etles of Uipid per go b wotieles of Lipid per | Percentage contribution _Q ReTerence |
! i fresh weight of leaf N of total chloronhytt . 10 complex glycerolipids™ i
:Lw e s e e 8 B b bt e et e o ottt 2 2 o s L a ettt _5 SN AR ..h.T
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| | HenG DG ! Hi60B NGOG f A6 NGOG
|

1 1 ;
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Cocksfoot (Dactylis glomerata) 2.00 5.40 4 3.30 2.10 46,8 29.8
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o
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fange 068 - 10.20 .68 - 7.16: 2.8 = 6,7h 1.26 - 6,74 26,0 - 53,0 21,7 - 43.4

Previous values: ?
Red clover {Irifolius pratense) 8.76 5.0 5 - - |- - Roughan and Batt (1968) i
I I
Soybean (lysine sojz) 7.12 ok - - |- - f
i ; |
| Xanthiw ovientale A 2t - - - - 5
! ) i :
+ Perennial ryegrass (Lolium perenne) 6,76 .12 ” - - o -
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E b | gy " H L . ![ : il Tk . .
| Barley secdlings (Hordeun vulgare) | | :
! ' N |
i 1) Light-arown i 2.73 0,906 i! - - -
; ; i
§ 2) dark-groun 0 03z o - - - - !
i ; i ' ; {
i Sugar beet (Beta vulgaris) ? i 1 caleulated from intermans (1960}
T T — H 'E IEl‘ :
'; 1) Leat 1 2.4 Ly 1,04 - 95.8 14,8
; : S

2) chloroplasts

continued



Etder (Sambacus niara)
1) green loaves
2} yellow leaves

Gean {Phascolus vulgaris)

flon-chlorophy Llovs 4]ssue:
Potato tuber {Soleaum tuberosum)
apple pule

1) vre-climacteric

2} post-climacteric

Parsnip raot (Pastinaca satival

. iicles of Lipid per g.
Frosh weight of leaf

P S ke = LA S B A= U1 ] A R A T

laele 1 continued

cioltes of Ligid per
ng. of total chlorophyll

B

i Parcentage contribution |
fto complex gtycerolipids|™,

Reference

i
|

#E0G

5.6
1.7

-
o

0,092

HGRE RGDG MGG

D66 |

060G

2.24

_n.
=2
—
.
o

19.%

o
h
]
™3
[x}
™3

16,9

s
)
(=23
r3
-}
IS ]
(o]
LS
St
—
e
O

0.185 Galtiard [1968a)

0,11k 6.6

0.052

ra
+
S
w3
—

0,34 24,5 ;Rouuhan aad fatt (1969)

E i

]
!
i )
i fialliard {1968h)
s
E
i
1

Mt e e s |t o em o R i s oty e o e v e A vm s bl A

1 cateuloted values
Foss - equal ancunts of Furoriz and Lopioiryun pyriforme

2y seglecting value For Camgllia



&.
were quantitatively analysed by aud Batt (1G84), he wmiuas
thawv BWisirned T i raiscetolivid content f varid srtecile 5.1 o
they obtsined for the 7Taiactolipid content of wvarious srecles are shown
in Table 1, Their technigu which required a minisun of manipuls ion,

cave values that were consistently hiszher than the small aumber of valuves

already in the literature.

For the species studied by Roughan and Batt (196%), the concentraiions

5

of MGDG and DEDGE ranze from 0,68 to 10.20 =znd Q.68 to 7.16 wmoles/m. fresh

t, respzctively. thuse values 28 wmoles of lipid/mg. of

total chlorephyil reduced the range of wvalues, The velue ohtainsd for
Tamellis was higher than tha ofhors hecause the sauwple aralysed was vouny

and containzd 1ittle chlorophyll.

arz anzlysed and the contribuition of I

to 53.0% and

1isid content derived, HMGDG is found to contridbute 25,0
DIDE 21.7 to L3, LY, Hrer the tissues are divided dinto anglospsrms and
non-angiosperms, the mean DLELE contribution is higher for ansgiosperms
thanr {for non-apgiosperms while the MEDG contribution is abhout squael in
both groups.

TG DG

-+

- -+ 1
non-anFicsperns L. 0 - 5.0 2bh,2 2 2.8 {mean = .stendard

~ !: ’I a
anglosparns 1143
This fiading is coasistent with the higher ot-linclenic acid content of

i
L

vzl in wosses, ferns

(D

tire cnloroplasts of angicsperws compared to the
and gywnosperis (Wolf, Conixlio and Bridges, 1956}, £ siizht diffevencs

betwzen the two groups =sxists, with respect te DEDG content, if the ratic

3

of the number of moleculss of galactosyl dizlyceride per molecule of

chlorophyll (assuming total chlorophyll consists of only chlorophyll a)

is calculated.



7.

MG DG DG I
. Lo+ + + i L
non-anziosperms 3.5 = 1.3 2.0 = 0.9 (mean ~ standard deviation)
- -+ -
angicsperns 3.0 20,6 2.5~ oLk

Since WIDG and DEDG have been shown to occur in the mitochondria of
avocado mesocarp and sweet potzio root (Biale, Yang and Benson, 1960),
and chlorophyll is krnown to be locallsed in chloroplasts, any differencs
in galactolipid : chleorophyll ratios, determined from analysis of
unfractionated tissues, may not accurately reflect the truswvelationship
between chlorophyll and the zalactosyl dislycerides. That green leaves

of elder (Sambacus unigra) and bezn (Fhaseolus vulgaris) conteined more

galactolipids than their respective yellow leaves {zurea form for elder)
was shown by #intermans (106C), Horzover, the dark green outer leaves of

cavbage nad a higher galactolipid content than the paler inner leaves
(Fichols, 1963). The relationship of chlorophyll and galactosyl
diglycerides is discussed further in Section 1.VI.

The molar ratioc of HGDE to DEOG for the green unfractionsted tissues
L

examined by Rouszhan and Zatt {1969} varied from 1.0 for lettuce, to 2.4

for hlechnum. In the green alga, Juglena grzcilis, this ratio was

tetween 2 and 3, depending on ths culture conditions {Rosenberg, Gounaux
and Milch, 1966).

Galactelipids are especilally concenirated in chloroplasts
2 BE t‘g . 106 ) O - - M-, a Brin .l A (—1(:\6(,}) F 3 1S L] b
Lidntermans, 1960}, ngun, Tnomson and Mudd (1567} found that the

agueous-extracted chlorovlastis of tobacco {Nicotiana tohacum) leaves

contained
33% of total cellular MGDG
88 of total cellular DGDG
76% of total cellular S3DG
Pl of total cellular PG,
These four glycerolipids contribute 3C% of the total drvy weight of

chloroplasts (guoted by Nichols, 1065a).

F neglecting the Camellia value because of the low chlorophyll content

of the young leaf,.



Suantitative dats for the glycerolipid content of {fracitiionatesd
prhotosynthetic cells dis limited. Table 2 presents the data compiled by

Hirayama (1967) who analysed the lamellas of Lnacystis nidulans and

spinach.

Tabhle 2.

Glycerolipid content of fractionated tissuss (Hirayama, 1967}

ESlycerolipid inacystis nidulans Spinach Chlorella
yinole cells | lemellace lamellse | chloroplast
i !
MGDG B2 | 20 37 80 92
. f
DGDG ! 12 9 15 33 88 ;
TG DG : - | - 3. 2 _ i
EG 9 : 5 1k 3 3%
3G DG 70 . 10 10 10 10
; | '
EC [ - E - L 8 15 i
1 | - | - 3 3 8
—_ ; i - |
P3 i - : - , - 0.3 : 1) !
| e =

* all values relative to 5gDG.,

£llen, Hiravama and Good (19566} obtained a similar composition for spinach

lamellac. The data of Table 2 shows that the smalactosyl diglycerides are
the main glycerolipid components of chloroplasts and lamellae. It is

also illustrative of the greater simplicity of the glycsrolipid
compesition of blue-green algae which generally lack PC, PE and PI
(Nichols, Harris and James, 1965).

The occurence of galactosyl diglycerides in non-chlorophyllous

tissue has been widely documented, for exanple

Rosenberz zud Pecker (1964)

H

darke-grown Suglena cells

ztiolated castor leaves - Nichols, Stubbs and James (1967)



wheat flour -~ Carter, Hendry and Stanacev (1961b)
avocado mesocarp - Ongun and Mudd (196%)

potato tubers ~ vepage (1963)

starch grains - Duncan and Rees (13:5)

also see Tables 1 and 3.

Eticlated tissue has a relatively lower content of galzctolipids
than green vphotosynthetic tissue (Gray, Rumsby and Hawke, 1967).
Galliard (19638a,b) found the galactolipid content of notato tubers of
the same order as that in etiolated tissue but bhigher than in zpple puln.
The DGDG content of persnip root, potato tubers and apple pulp is
greater than the MGDG content of the same tissue; the reverse situation

was seen in green leaves, above.

MEDG, didentical in structure with that of plani origin was iselated
by Steim (1567) from mammalian nervous Lissue. It was present in bovine

spinal cord and in the brains (white matter) of cow, cat, pig, rat and
man, but absent in most of the other organs.  Rumsby (1967) showed its

occurrence in sheep brain.



Table 3.
Fatiy acid composition of galactolipids Trom various sources.

T s T

i Ik ek IR MR Ll RSk 0 b L R A 2 oAby AL SREE Ak SUER L8 AF| A mi g AR Riw i LY. RS kb I8 e e T T

Source Falty acid Reference

P Ay e LA e AL rfy S Rad s S AR et L ke A R L e o mar e wmgfme e = R imm ol e hen b L dieh W s waes s e A crads e B ras rrecmemd e e kbR A e e AL mer rak s SA il WA e ke sne vmm T e Wk R Rey Red i b N RN Risttes SR L o e T

TheQ 1h:2 1423 4500 1626 1621 16:2 15:3 1624 17:0 180 1821 18:2 12:3 18:3 18:6 19:6 20:0 20:1 206:%& 205 22:0 Othors
-.l’? E} il 3 it 6
AP
Bacteria:
Arthrobacter alobiforuls 606 1.4 66.8 14.2 17.8 i

Chloropseudomonas ethylicug  HG0G b5.2 A

(e
.
-]

2.1 Z

Biuve-groen Algas:
Anabaena variabilis DG 271 275 1.0 12.018.7 157 3
f60s 28,k 26,0 2.3 2.0 9.0 20,4 17.0
hnacystis nidutans G 1.2 k2.6 33.0 b0 70.4 5

bedE 1.7 51,

f=)
3
353
b

3.6 16,2
Spiruling platensis “GD6 45,0 1.9 3.0 1.5 5.6 4.9%L2.9 b
DGOG L7,

oo
i
.

—

2.0 7.9 4,8 33,7

Haring dlgac:

Batrachaspermum moniliforme MGG 1.2 18.0 5.0 G653 2.7 1.7 6,7 2.0 1.9 2.8 holi 5

A
-
L
™o
r
al
e |

nee 0.8 38k 9.3 2,0 1.1 b 38,2 &9
Fucus vesiculosus NGOG 2.7 5.9 07 6.2 6.2 5.5 13,4 30.2 hob 24,7 5

peoG 4.0 1.8 0 0.3 0.6 13.1 6.8 15.7 23,1 5.7 25,3

0L

continued



Table 3 centinued

Source Fatty agid Teference

THh:D 1622 143 15:G 16:0 1621 16:2 16:3 16: 5 170 18:0 1821 18:2 18:3 ¥8:3 18:4 19:0 20:0 20:% 2004 2005 22:0 Uthers
W2 B AR TS
~ \’fi‘a

Freshuater Algae:
Chlorella pyrencidgsa HONG 2,7 9.7 1.5 4.3 40,5 4.5 76,8 2.6 12.0 6

i, g

DGO G 1.6 9.5 t.z 0.0 36,8 5.8 27.0 3.3 3.5

1) photeautotrophic DG b5
DGDE 2.1 3.5 7.6

[Nrype—y
-

2.5 16,8 b46
2.6 3,9 36,6

»
L
-

-

il

2) photoheterotrophic MGDE 1.4 3,2 3,712 2.4
BGad6 3.5 15,0 &,3 5.9 1.9

—
.
e

\..*-t.C'J

o |

T

-
™
v

-
s}
-

o
—

3} dark-grown heterotrophic  HGDG 3.3 10,6 28,4 17.5 33,7 5,0

DadG 1.6 0.5 9.6 §.8 3,9 1.7 16.5 849 3.5
Euglens arailis ’
1) photoautetrophic HGDE 1.7 .

W 3
. 8

1
bGh6 7.

2} photoheterotrophic 1606

5 i
BGOG 7.6 10, 0.6 26

Chlamydamonas mundana HEDG 33 8.1 8.0 9.1 2741 9.5 7.6 26,1 9

BGDG 1.1 1.5 8.5 14,0178 ie,4 14,0 20.0
Hoss:
Hypnum cupressifoerme it 2,3 0,8 2010 1.2 4,1 483 28,5 11,72 5.4 i0
DGDG 6.2 1.6 1,2 1.7 1.6 2.5 4.6 62.2 13,8 4.4 2.6

continued
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Table 3 continucd

Source Fatty acid Reference

P 14:2 1h:3 15:0 1600 3621 16:2 16:3 1604 17:0 18:0 18:1 16:2 183 18:5 18:4 19:0 20:0 20:9 20:4 20:5 22:0 Dihers
A8 Wi
Higher piani leaves:
kifalfe (Medicaqo sativa) HGDG 2.7 0.2 0,3 1.7 95.0 G
DGDG 14,0 0.7 0.5 0.4 0,8 82,0
Castor {Rieinus gibsoni) H6NG 2.3 5.0 91.0 9
D608 11.1 5.7 85.3

Runner bean (Phaseotus
wl1iilopu ;) 1606 2.3 .25 i

Spinach

1) leaf 08 30,0

¢ i.0 67,0 12
DGDG 6.0 3.0 1.0

I [¥3
3.0 84,0

at
.
o )

2} chloreplast lamel{ze GG 25 2
DaDG 3 5 ? 2 &l
TENG* 9 1

Hyusotis scorpioides wEe 0.2 3.0 8.2 4.4 0.7 3.5 515 6.1 45,0

poel
.
St

NadG 0,3 146 1.7 g.1
hrienisia princess HG0G 1.5 0.4 : 0.5 3.7 9L 15
palG 14,3 5.0 2.5 5T 18T 5604
Hotly (1tex aquifolium) FGDG 1.0 2.3 96,7 16

Dang 13.4 6,9 737

continved
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lable 3 continued

b kb i st g b (W TRR anam AR mak bR el i cdars LE S ik et s’ Tt U URARRLE  im Sirs Sy omr ca b By A S ik M1 b A et - L o S LR L R R i M A M T s LS b Y R

Fatty acid JeTerence

Hon-chlorophyilous Tissue:
npple pulp

1) pra-climecteric apples
9

?2) pest-climacteric apples

Marcissus bulbs

Potate tuber

Wfheat flour
1)

2)

inimal tissue:
Bovine spinzl cord

Sheep brain

- Ririm e b

iiG0G
HiDG

MaNG
DG

HGEG
DGO
$6NG
R

Tal6

#6006
DGDE

#6006
HE

HEDG
606G

eE AT AT AT A oAk e eI 8y e e b B B8 R S £ i L e T L b e 1 A AR B o A Lt e RS S rye e ARG M e faims iAW e 8 Rt i R T mw msar vt - d ke i %L e ke e b A

oD 1422 13 150 1620 1621 18:2 16;3 1604 17:0 185:0 18:1 18:2 183 18:3 184 19:0 20:0 20:1 20:4 20:5 22:0 Uthers

2.6
10,3

LN L PRk sy kAR i Ak kb ol £ e B s e e et o AT ¢ el (08 b s .

&j- {_}“,‘ Wi

ur

16

e

5
6.°
1 0.8 7.1 12.7 73.0
.5 6.7 7.0 23.8 43,0
Wb 2,2 0.8 0.8 2.2 5.3 75.8 103 17
12.7 2.1 0.7 0,7 2.0 8.1 68.5 4.6

0.8 0.9 58.0 40,3 it
Tt 6.3 7.7 k6.5 25.4

24.9 105 10,5 42,5 1.8

12,9 2. 1,3 17,2 57,0 2.0 5.1 12
AN L. 12,1 25,3 12.6

8.2 B3 0,0 0.5 B3 790 36 25
15.9 0.1 (% N O UV T 4

0.4 53,2 2.0 21 T.F 223 1,0 5l 1.9 1.9% Z1
2.6 564 2,6 18,0 5.1 5.1 2z

. s, B ke e T P

¢ tontative, sontinued
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Halker and Bastl (1957}
Constartopoulos and Blesh (19672)
itichels, Harris and James {1965)
Hichols and Wood (1968)

Radunz {1968)

OtBricn and 8enson (1564)

Hichels {19554}

Constantopoulos and Bloch (19675)
Hichats, Stubbs and James (1957}
Hichols (1965b)

Szstry and Kates (1964)

Stlen, Yirayama and Good {1966)
Jamiseson and Reid (1969)

ioda and Fujiwera (1967}
Galliard (19680}

Hichois and James {1964}

Gallierd {19682)

Carter gt al (1%1a)

ie Stefanis and Ponte (1569)

1720

fein (1967)

Pumsby (1967)
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Section 1.IT : Biructure

The structures of the galactosyl diglycerides of wheat flour were
clucideted by Carter and co-workers {1956, 1961a,b) and Sastry and Kates
(1964a) dewmonstrated that the galactosyl diglycerides from runner-b.an

(Phaseolus multiflerus) lezves had identical structurss, viz. 1,2 4i-0-

acyl, 3-0~ { -D-galactopyranosyl) -sn-glycerol and 1,2 di-C-acyl,

30w /3 -D-galactopyrancsyl - (1—:6)-0-2.-D -galactopyranosyl /- sa -
glycerol. (Figure 1).
G.11.1 Characterization of the carbohydrate moiety:

Cartzr, McCluer and Slifer (1956) fractionated a benzene extract of

wheat flour by counter-current distribution. The lipocarbohydrate
fracticn was further subdivided into acetone-soluble and acetone-insolubdble
fractions, cach of which was subjected to alkaline hydrolysis, The two
cafbohydrate fracilons, obiained from each of the acetone fractilons by
carvon-Celite column chromatography, contained only salzciose and glycerol
on acid hydrolysis. Chemical analysis of the compounds that crystallized
from sach carbohydrate fraction showed that one was monogalactosyl
glycereol and the other digalsctosyl glycerol.

The monogalactosyl glycerel consumed 3.0 moles of periodate and
produced 1.0 mele of formic acid and 1.2 moles of Tormaldehyde per mole,
i

whereas the digalactosyl giycerol consumed 5.0 moles of perilodate and

cid and 1.3 moles of formaldehyde per molie.

)

yielded 1.9 moles of formic

the struciures galactopyranosyl-T-glycerel

These data are consistent with
and galactopyrancsyl (1—26) galactopyranosyl-i~glycerol for the mono-

and digalactosyl glycerols, raespectively.

i e

L
Lr

Enzymatic hydrolysis with ».- and /2 -galactoslidases established tha

the glycosidic linkage bebtween the galactose and glycerol moieties had a

= (_n.D

Z-configuration in %oth of the gzalactosyl glycercls while the second

(il



R2-O-C-—0-—

1,2 di-0-acyl, 3-0- (B -D-galactopyranosyl) -sn-glycerol

CH,OH

R,-0C—0 —

1,2 -di-0-acyl, 3-0- Z”ﬁ—D-galactopyranosyl - (1> 6)
0= =D —gala_ctopyranosyl_7— sn -glycercl.

Figure 1

The structures of MGDG and DGDG {(Carter et al, 1956, 1961a, b)

(R,, R, RE' R, are long chain fatty acyl residues)



1
H

galactose moiety was linked by an ¢ -glycosidic linkage in th
digalactosyl glycerol. Supplemantary evidence for these sssipgnments

was obitained by comparing the specific rotations of the galaciosyl

glycerols with other .- and ;3-galactosides,

1.11.2 Analysis of the intact lipid:

wvoer

b

The structure of the intact wheat flour galactolipids was fu
¢xamined by Carter and co-workers (1961a,h) in two later papers.,

The MGDG and DGDG, which were purified by silicic acid column
chromatography, had saporification eguivalents that indicated the
occurrances, in each, of two fatty zcyl residucs per molscule.,

Acid hydrolysis of the galactolipids, subseguent to complete
methylation and followed by deacylation, yielded products which were
identvifiable by paper chromatopraphy. Glycerol and 2,3,bh,6-tetra-methyl-

derivatives cobtained from MGDG while DGDG gave the

,__
¥
(]

alacltose werc th

[

products glycerol, 2,3,4-tri-O-methyl- and 2,3,b,6-tetra~O-methyl-D-
galactose. These results are consistent with the structures assigned
previously

When digalactosyl glycerol, obtained by alksline hydrolysis of DGLG,
was subjected to a Kuhn msthylation, a nona-C-Me-digalactosyl glycercl
resulted, 4cid hydrolysis of this product yilelded ftwo compounds that
were identified, by paper chromategraphy using an amnoniacal silver nitrate
sprav, as 2,3,4,6-tetra-0O~methyl- and 2,3,4-tri-O-methyl-D-galactose.
This dindicated that the glycereol moiety had been methylated and liberated
on hydrolysis as a 1,2-di-C-methyl glycerocl.

The meithylated then deacylated MGDG and DEADG consumed 1.03 moles and

1.34 moles of periodate per mole respectively, and each released
formaldehyde (Figure 2).

This evidence is consistent only with a 1,2 diacyl glyceryl glycoside

£

strugture for the dintact lipi

°



CHZOH CHZOMQ
HO 0 MeO 0
mathylation
OH o ——— OMe ©
O0—C-0-~~R [0 19 o TR
OH 2 OMe R2
0—C-0~Ry 0~C-0—Ry
NaQH
CH20MQ
2,3,4 6-tetra--O-methyl- "Me o
a ¥ H,50, ¢
D-galactose — OMe (s}
* OH
glycerol OMe
OH
HIO, {1 mole)
MeO o
Fi 2 j—
—BEE S OMe o ‘]3”2
CHO
The chemical degradation of MGDG Obte ¥
(Carter, Hendry and Stanacev, 1961b), HCHO
COOH
C
No,/ccl,  HO
\0'_?'12 —_— OH 0—?”2
CHOH CHOH
OH [ OH ]
I CH50H n COOH
R=H or {-galactepyrancse HCI
COOH
HO-C~H

I CH,0H

Figure 3
L{+)-glyceric acid

The conversion of deacylated
galactolipid to L{+)-glyceric acid
{Miyano and Benson, 1962)
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1.I5.3 ConTiguration of the glycerol wmoiety:

the mono- and digalactosyl glycerols Ifrom

iy

For the characterization o
red algae, Wickberg {1958a,b) synthesized 2 series of “- and fi-galacto-
sides of 1- znd 3-0O-sn-glycerol. These were shoun to have differe.t and
characteristic infra-red absorptions. Using infra-red spectra, and other
physical properties, the digslectosyl glycerol isolated frowm red al
was deduced to be a 3-0-sn-gliycerol derivative. “ickberg demonstrated
that the mono- and digalactosyl glycercls of Carter, McCluer and Sliifer
(1956) =21so had this configuration. Howewer, the monogalactcesyl zlycerol
isolated from the red algae was found to be an isomorphous mixture of

1~ and 3-O-sn-glycerol galactosides.

0
B
%3]

confirmed ¥Wickberg's assigunrient for the wheat flour moncgalzctosyl glycerol
as a 3-O-gn-glycerol derivative.

Miyano and Benson (1962) also reaffirmed this configuration using a

: . s " 14 . . .
radicchemical technigue. Ihe C-lakelled galactosyl glycerols, formed
on the deacylation of the vhotosynthetic lipid products of Chlorella
14 .

exposed to 002 (Ferrari and Benson, 1561), were oxidiged with nitrogen

dioxide in carbon tetrachloride to 2 mixture of oxidation products e.g. Il

{Figure 3). hcid hydrolysis of these, followed by chromatographic
: 14 . o S . )
separation, gave C - glyceric acid din 3CHh yield. Reypeated

crystallizations of the authentic ssymmetric glyceric acid in the

- 1L 5 . . e . o
prasence of the C - glyceric azcid gave guantitative ratention of the

radioactivity in calcium DL-glycerate and in calcium L{+)-glycerate but

nct in the guinine salt of D(-}-glyceric acid. Thus the conclusion that
the galactosyl glycerols were 3-0-su~glycereol derivatives was correct.

1.II.4 The icdentiiy of galsctolipids from zreen leaves:

The MEDG and DEDGE isolated from scarlei rununer-bean (Phassolus



2C.

multiflorus) lsaves (Sastry and Kates, 1¢64a}, contained galactose,

glycerol and fatty esters in the ratio 1:1:2 and 2:%1:2, respectively.
slkaline hydrolysis of MGDG and DGDG {(unsaturated or hydrogenated)
yielded two moles of fatty aclds and, 1 mole of meonogalactosyl glycerocl

or 1 mole of digalactosyl glycerol, respectively. Lcid hydrolysis of
these latter products gave glycerol and galactose,only, on the paper
chromatograms {(excepi for a trace of glucose in the digalactosyl gilycerol
because of cerebroside contamination).

The attachment of the galactose through C-1 of the giycerol was
proved for both deacylation preducts by the molar ratic of ine pericdate
consumad te formaldenyde literated which were near the theoretical values
of 3:1 for monogalaciosyl-i-glycerol and 5:7 for digalactosyl-1-glycerocl.

The crystaliine specimens of mono- and digalactosyl glycerels had

meliing

points and infra-yed specira that were consistent with the
structures:
3-0-/"/% ~D-galactopyranosyl /-sn-zlycerol and

3-0-/ 4 ~D-galactopyranosyl-(1-36)-0-cC-D-galactopyranosyl /-sn-glycerol

Hence Sastey and Kates (196ha} concluded that the MGDG and DGDG of

runner-bean leaves had ldantical structures to the correspounding compounds

from wheat flour.

1.11.5 The trigalactosyl diglyceride:
The TGD3, isolated from potato tubers (Galliard, 1969}, had molar
+ .
ratics of sugars to fatty acids of 1.5% ~ 0.06, and of D-zalactose to

glycerol of 2.9, which are c¢lose te thecretical for a triga

u\!

alactosyl

diglyceride. The infra-red spectra of MGDG, DGDG and TGDG in carbon

disulphide were basieczlly similar; the former two having absorptions in
n

agreement with those of MGDG and 2GDG isclated from leaves by Sasiry and

Kates (1964a).  The straight line obtained by plotting a function of R_,

7
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from gach of two solvent systems, of the deacylation preducts of ¥
DGDG and TGDG against the number of galactose uniis/molecule in sach
lipid, suggested that the TGDG was a higher homologue of MGDG and DGRG,
containing three galactose units per molecule.

The molar ratio of periodaile consumed to formaldehyde liberated for

the deacylated TGDG was near the theoretical of 7:1 expected for a

ct

compound in which three galactopyranose units were linked together %o
C-1 of glycerol,
o reducing sugar wss released when the deacylated TGDG (or DGDG)

was incubated with 5 ~D-galactoside galactohydrolase, although the

]

deacylated MGDG from votato tuber was hydrolysed to galactose and
glycerol.

These resulits are consistent with TGDG having the following
structure:

1,2w-di~0-acyl, 3-0-

(156)~0~-x -D-galac
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Tate 4.

3

The degres of unsaturaticn of the fatly acids of galactolipids from various sources®

Source sgrcentage of fatiy acids percentage of fatty ~cids
#ith twoe or wore double with three or more duuble
bends bonds
[EGDG 0G6HE TGN8 HB0G bG06 TGDG

Bacteria:
Arthrobacter globiforsis ¢ - - ¢ - -
Chisropseudogonas ethylicus { - - a - -
Blue-green algae:
3k 4 39,7 - 167 17.0 ~
L 0 - 0 g -
Spirutina platensis 5l.b4 355 - £7.8 33,7 -
“arine algae:
dgtrachaspernun zoniliforne 65.5 A5 - 82 £0.6 -
Fucus vesiculesis 4.2 751 - 79.1 69.5 -
Frestwater algae:
Calorells pyrencidusa 33.5 36,1 - 28,k 39,3 -
Lhiorekls vulgaris
1} rhoteantotreshic 4.3 82,0 - 5.6 38,0 -
2} photohetzrotrophic 61,3 546 - 13.0 %0 -
3) dark-grown heterotroshic 571 50,5 - 5.0 3.5 -
Euolens gracilis
1) photoautetrophic 83,0 38.7 - 7.7 18,8 -
2) ohotchetarotrophic 7.0 34,3 - 50,3 2,3 -
{hlanydomonas mundana 13.2 52,9 - 5.5 38.9 -
Hosge
dygnug gupressiforme 2.0 85.E - 880 80,0 -
Higher plant leavas:
Glretre ST §2.4 - 35.0 82.0 -
Castor 93,3 8%.0 - 95.3 85.3 -
Ruaner been 87,7 eL.: - 25.5 94,0 -

continuad
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¥

abte & sontinued

Sy A A s

source narcentags of faity acids percentage of fatly acids
with two or more double with three or pore double
honrds bonds

. HEDG DGoG TG0R HGDG 060G 161G

Spinach
1) leaf 98.0 ap.0 - 97.0 87.90 -
2} chloronlast {amellze 59.0 9L.0 87.0 97,0 92.0 82.0

Hyosotis scarpicides 9.0 Th,1 - 8.6 63,2 -
artemisia princeps 97.¢ 70.5 - Y1 56.tL

Holly 22.9 £6.3 - 56,7 7¢.7 -
Hon-chlorsrhylious tissue:

hpple pulp

1) pre-ciinacteric apples %.8 7%.7 - 91 .k 59,8 -
2} post-climacteric apples 85,7 64 .8 - 13,0 L3,0 -
dercissus hulbs 8.7 R - 11,1 b3 -
Potato tuber SR 2.2 54.3 50,3 25,4 11,8

Yheat flour
1 59.0 29.3 - 2,0 0 -

2 8.6 5.6 - Thet

Nt

Y

f)
3

fnimal tissue:

Bovire spinal cord LA - - 5.4 - -
Sheep brain 0 - - 0 - .

¥ gatculatad from Table 3
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contributes 30% of the fatlty acids inm the MEDG fraction, acparently bveing

equivalent to =-Linolenic acid (sllen et al, 196%).  The DEDE fraction
contains little of this scid. This specific eanrichment of hewadecatriencic

acid in MGEDG from spinach lesves was cenfirmed by Constantopoulos and

Bloch {19760} and it was azlso found in the green zlgae hlorelia vuloaris

Chlanydcinonas reinhardi, and Scenedesmus.

¥ ~1inolenic acid (¢is 6,9,12-octadecatriencic acid), which is

ustally assoclat with animal-type fatiy acid metabolism, is abundant in
the Borasinaceas fauily of herbacsous plants (Jamieson =snd Reid, 1969),
The MGBG and DGDG of one membar, Mvosoiis scorploides, contains 6,7 and
7.9%, respectively, of their fatiy acids as ¥-linolenic scid, in addition
te & high nroportiocn of »-linolenic acid. However, the blue-zreen algs

Spirulina platensis, is alwmost devoid of A-linolenic acid and its

celactolipids nave a considerable content of N-linolenic acid (Hichols

and Wood, 1963), If ths prefcrence

iy

or 2{ =tincienic acid by higher
plants is because of its molecular configuration, then it is surprising
that its subsiitution by ¥ -linolenic acid occurs, since the latter has =

different molecular shape.

The unicellular photosynthetic warine dinoflageliate, Gonyaulax
polyedra, also has galactolipids which have very little « -~linolenic acid
content (Patten et 2l, 1966). Although the organism contzins less than
1% of its total fatty acids as -x-linolenic acid, octadecatetraenoic,
eicosapentasnocic and docosahexaenoice acids contribute 4, 14 and 23%,
respectively, of the toital Ffatty acids of the organism. Octadecatetrasnoic

acid 1le aisco a major Tatiy aclid componznt of the galactolipids of the brown

-

alga, Fucus vesiculosus, {Radunz, 1968)

r\J

nd o1l Myosotis scorpioides.

ria

Both the red and brown algae, given in Table %, contain large concentrations
of elcosapentacncic acid as well as some sicosatetraenoic acid. The moss,

Hypnum cupressiforme, also contains thess two fatty acids (Nichols, 1965h),
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glthough in lesser amounts, and with more tetraenoclic than pentaencic acid.
I

In those tissues which contain galactolipids with tri-, tetra-, penta-

or hexaencic acids in addition to o -linolenic azcid, the fatty zcids scem

=
N

generally to belong fo the fatty acid series rather than the w6

has not been investigated.

cr

series. However, this aspec
The data for the fresh-water algae show that unsaturated hexadecanoic
acids make significant contributions to the galactoclipid Tatty acids,

The hexedecatriencic and hexadecatetraenoic zcids tend to be concentrated

L
I
]
0
e
5
]
]
=
o
W
=
o)
]
o
Je
]
™
0
.

in the MGDG fraction, as zlso cccurs for Hypnum cup

an effect of the environment on fatty acid composition is evideat for
green alpgac. Under heterotrophic conditions, whether in Iight or in dark
the content of iri- and teiraencic acids is lower than when the algae are
dependent on light as the exogenous source of metabolic energy, i.e. under

L

photoautotronhic conditions. The influence of light on fatty acid

£
compoesition is discussed in paragraph 1.I1I.3.

The galactosyl diglycerides from non-chlorophyllous tissues of higher

plants contain wmainly lincleic and of-linclenic acids. Their ol-linolenic

|t

acid Jevels are lower than for the galactolipids of green leaves but the
levels of palmitic, stearic, oleic and especisily linclelic acids ares

higher.

Polyunsaturated fatiy acids are entirely absent from the galactelipids

.

0i the hlue-green alga, Anacysiis nidulans, as they are lacking from the

-

whole organism (Holton, Blecker and Onore, 196L4). Three other blus-green
algae have alsc begn found to lack polyenoic acids and two to lack

ot ~linolenic acid (Parker, van Baalen and Maurer, 1967; Holion, Blecker
and Stevens, 1668%, Lincleic znd & -~linoclsnic acids were the usual
nolyunsaturated acids of the blue-green algae. The photosynthetic

baciterium Chloropseudomonas eihyvlicum lacksd polyenole acids

(Constantopoulos and Bloch, 1967a), as is the general rule for bacterisa,
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and its MGDG contained almost 504 of palmitic and hexadecacenoic zacids,
The MGDE from nervous tissue contalned a large percentage of palmitic
acid, too (8teim, 1967).

The cceurrence of a seasonal variation in the fatty acid composition
of galactolipids of plants has not been explorad. Jamieson and Hedd

(1969) cbserved a variation in the contribution of the octadecapolyenoic

acids to the total fatty acid compositlon of Mycsotis scorpioides, with
the time of year, Indeed, the lavel of galactoliplds may &also vary, as
a seasonal change in the level of lipid-bound sugzr in red-clover

(Trifolium pratense) leaves was noted to be independent of plant maturity

{Bailey, 1964).

1.I11.2 Specific composition of MGDE and DGDG:

The MEDG from photcheieroirophically-cultured Chlorella vulps:ix

cells was fractionated into five different molecular species by

argentation TLC (Nichols and Moorhouse, 1969). The separation depended

<

Lo3

on the totzl number of double bonds in the molecule, thus the Tive spociss
isolated conizined one, two, three, four and Tive double hords p=r

molecule. £ meolecule speciess with six double bonds would ne doubt e

11y

izolated from photoauiotrophic cells in which The concentration o©
triencic acids is greater. The sipznifilcant feature of the fatty
composition of sach of the nmoizcular species was that, in gvery case,

the major component acids did not differ by more than one deuble bond in
their degree of unsaturaticn. Hence the fractions centaining twoe or
four double bonds per molecule consisted almeost exclusively of monoenocic
or dignoic acids, respectively, and the fractions containing one or thres
double bonds per molecule were composed of saturated and moncencic or
moncenoic and dienoic acids, respectively. The only fracticn containing

o ~lincsienic acid was the one with five doubls bonds per molecule, The
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small guantities of saturated and mponoencic acids in the four and five
double bond molecular species could not be explained. The principal
fatty acids in all fractions were of the 16- and 18-carbon series, the
Thmcarbon fatty acids occurred at greater than 1% only in the one double
bond moleculs speciles.

The positieonal spzcificity of the fatty acids for the one- or itwo-
rosition in the glycercl molety was not determined. However, it was
evident that the fatty acid distribution differed from thai of the
phospholipids in which the saturated fatty z2¢id predominate in the one-

pasition and the more highly unsaturated fatiy acid, especially linoleic

acid in the two-position (Sastry and Katss, 1964a). This conclusion was
drawn despite the results of Noda and Fujiwara (1947) surpgesting e
similarity of the galactolipid fatty acid distribution with that of

elipids disolated from

oF

phospholipids., These workers subjected the galac

o]

Artemisia princeps leaves to lncubation with pancreatic lipmse which

removed the fatiy acid from the one-position. Most of the saturated and

monoennic acids  appearsd to bhe liberated by the cnzyme in contrast o

the higher concsntration of o .~iinovlenic acid in the mono~ and digalactosyl
monogiycerides, Thus 1t was concluded that, when the MGEDE and DGDG

aturated and moncenoic

74

molecules contained different fatiy acids, the

L

fatty acids were ssterificd to the one-position and o -linoclenic acid in
J P

RS ~

the two-position. The: MGSG and DIDE of Artemisia princeps leaves contain

L3t and 56% of their total fatiy acids as > -linolenic acid, respectively.

1.1T1.3 The influence of light:

-
1=t

a

1_!<

The stimulation, %y illumination, of the unsaturated fatty ac
synthesis in developing chlorcriasts and greening leaves has bheen well
Fal

noted (Wolf, Coniglio and DBridges, 1966 Wallace and Newman, 1965;

Appelgvist et al, 1968).
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The stiolated leaves of castor (Ricinus gibsoni) contain galactolipide

12t contain considerable amounts of K -linolenic acid (Nichols, Stubbs

}

and James, 1967). ITlumination of these leaves for 20C hours increased
the concentration of X ~linclenic acid in bhoith galactosyl diglyceriaces,
primarily at the expense of linolenic acid. Other than the appearance
of trans, 3-hexadecenocic acid in the phosphatidyl pglycerol, the changes

in the other glycerolipids were small.

Table 5.

The change in fatiy acid composition of etiolated castor leaf galacto-

lipids upon illumination (Nichols, Stubbs and James, 1967).

condition of the leal fatty acid
16:0 69~16:1 1612 18:2 18:3
eticlated MO 7 3 7 1h 67
DGEDG h 3 21 21
after 20 hr. illumination BGDG 4 - 3 & &0
DEDE 15 2 7 7 £5

The MGDG fracticn of bzrley (Fordeum vulpgare) seedlings grown in the

£7]

dark coniained a considerable percentage of st-linolenic acid {(Gravy,

Rumsby and Hawke, 1967). The growth of the seedlings in low light and
in natural iight proportionately increased the leavel of w<-linolenic acid
in the MGDG fraction. The fatty acid conmposition of the DGIY: fraction
was not followed. The concentration of both galactolipids in the
seedlings was also increased by the light intensity. The level of

galactoliplds in the piastids of light-grown bean (FPhassolus vulgaris)

leaves was observed to be higher than that in the plestids of dark-gzgrown

leaves (Wallace and Newman, 1965). In greening bharley leaves, an



enrichment in . ~linolenic acid was observed in MGDG {(and irn S4EG) but

not in DGDG. There was no apparent reason for this (Appelgvist et al,

The fatty acld compositions of Chlorells galactolipids show thart,
for this alga, light induces 2 change 1n fatty acid composition only il

the alga is made dependent on light as a source of energy (Tabls 3).

Transferring Chieorella from dark heterotrcphic to photoautotrophic

conditions induces ithe synthesis of polyunsaturated galactolipids

(Mfichols, 1965a). The effect of the culiture medium, as well as of light,
on the galactolipid fatty =acid content of Zuplena gracilis was noted by
Rosenberg, Gouauvx and #ilch (1966). When heterotrophic cells were grown

T e an - {

ation, the relative amounts, compared with dari-grownm heterc-~
trophic cells of hexadecatrienoic acid, which dcubled, and ol-linclernic

cetrasnole acia

3+
st
|
o3
o
'...l
©
b2t
bt
&
o
o
£
w
o

acid increswsed im vboth MGDG and

appeares in MNGDG, fhotoauteirophic cells had twice the percentage of
hexadecadiencic and hexadecatetrasnonic acids in the FEUG fraciion and
thires tines as much hexadescadienoic and linclelc acids in fthe DERE fraciion
as did photochazi=roirephic cells. The levels of 2-linsclenic acid and

hexadscatrienod tipid were similar in these latter

o
m
1
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two cultures, as was 1ts level in the MEDG fraciion from dark-grown
™

heterotrophic cells. Dark-grown heterotrophic cells contalned high

2G .

{u

percentages of monoencic acids in both MEDG and DG

Rogenberg aand Gouaux {1967) exposed cells of Buglena gracilis, which

had been grown 1n the dark, fto illumination in 2 mineral medium and
followasd the ghanges ia fatiy acid composition as a function of total

time of i1llumination. On greening, the percentages of hexadscatetraenoic,
olelec and hexadecadiencic scids increased, the former two Irom zero to 15
and 20/, respectively, of the fatiy acids of HGDG. The saturated znd

vionoenoic acids decrsasad in concentration. or the DGDG fraction the



major increases occurred in tae concentration of hexadecadiencic and
oleic acids. The galactolipid. content of the cells increassd ten-7{old
for both WEDEC and DGDG under photosutoirophic conditions. in absolute

vaiues, the major increases in the fatty acids of HGLG occurred in the
hexadecadi~, ~tri~ and ~tetraencic acids and in linoleic and linolenic

ids while for DGIDE, the increszses occurred in hexadecadienoic, hexadeca-

o
o
L

triencic, cleic and linnlenic zacids. in botk the RHosenberg papers cited,
the illumination of the cells was at an intensity of about 30 foot-candles.

¥hen photoautotrophic cultures of Suglena gracilis were grown under

light intensities varying from 120 to £10 foot-candles, the concentrations

TN

of hexadecatetraenoic and lineoleénic acids in the MGDG fraction increased
by about S04 wherzas the actual content of the zalactolipids dscreased
(Constantopoulos and Bloch, 1967b).

The above observations indicate that light is not obligatery for

polyenoic acid or galactolipid synthesis but that the degree of
unsaturation of the galactolipid fatty acids depends especially on ths
light intensity. The structural changes that ocecur in, or result in,
the lamelliar chloroplast on illuminstiorn, may facilitate, or be

dependent on, the svnthesis oi highly unsaturated faittiy acids. The more

dramatic changes appear to ocecur in the MGDG fraction.
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Studies designed to elucidate the hiosynthetic pathway of

oy

ve substrat
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L1

lipids have, to date, invariably involved the use of radicact
The enzymatic synthesis of lipids ia agueous environments in vitro, is
complicated by dispersion and substrate accessibility problems so that the

ability to detect small net synthesis is advantageous.

!

- T4
T.iV.1 Use of CCZ

Hhen Ferrari and Benson (19561) analysed the watsr-soluble deacylation

products of the lipids isclated from Chiorellas pyrenoidosa after steady-

. ..k - o c .
state photosynthesis in 002, radioactivity appeared in both the mono-
and digalactosyl giycerols. The considerable amount of label occurring

in the palactoss moieties suggested that these could e roadily exchanged

with the intermedizates of hoxose photosynthesis. Ths glycerol and fatty

acids of the galactolipids contained relatively less radloactivity than

ds of MGDG (as with thoss of vhosphatidyl

b

the zalactose. The fatiy ac
rlycarol and the trizlycerides) were more rapldly labelled than other

esteriiis

¥

ity

d fatty acids.

<t

The galactolipids together incorvorated more than hali the radio-

activity that appeared in the glycerolipids, a2and this proportion appearad

L
sl

. ~ : N L1 - .
te be independent of the time of exposure to co For exvosure tines

e
shorter than 30 minutes the decrease in the percentage of radicactivity
appearing in the monogalactosyl zlycerol was matched by 2 concomitant
increase in the digalactosyl glycerol. This observation suggested that
the MGDG could be converted to DGEG by gzalactosylation, and the following
seguencs was suggested:

- e . ~dizcyl-sn-glycerol
CO s PGA ey > ——p UDBG —— UDP-D-galactose . ¢ o+2¢yl-sn-glycerol

5 e

. JDP-D-galact "
wepg Jof-D-galactose L nopg.



Fhotosynthesis by runner bean (Phuscolus multiflorus) leaves in

CO. for itwo hours resulted in galactose as the only radlcactive Iipid-

2
1L
bound sugar (Kates, 135%}. Hhen glucose - ¢ was administered to the
. . ‘ . I £
leaves a similar pattern of lnceorpeoration to that obitained with C-2
cccurred (Kates, 1960). Ihis evidence supported the scheme shown abowve.
1.1v.,2 Experiments using chloroplast suspensions:

Isolated srinach chloroplasis, sussended in Q.1 Tris buffer, pH 7.0,

erred galactose to an endogenous acceptor when incubated with UDr-D-

by

Lrans

q T . L0, 3 . . N
zalactose - C, at 37 °C (¥eufeld and Hall, 195H4). The alkali-labils

products were similar,; though not 1dentical to the galactolipids isolated

from plant materisl, The deacylated iipids yisglded four bhands on =z
radicantogram, consistent with members of a homologous series. Two bands
were ldentified as £$—D ~galactasyl glycerol and digalactosyl glycerol, and

the other iwo suggested as trigalactosyli- and tetragalactosyl glycerols.
¥hile the digalactosyl glycerol had the cnfomﬂtoﬁraphlc mobtiility of 3-0-
o

i A -Degalactosyl-(1-—6)-0- D~ ba“actosyl -sn-glycerol, only 17% of the

terminal gslactose could be hydrolysed with o{ -galactosidase, the remainder

being susceptidle to L-ralaciosidase attack, Thea dnner linkage was
;
entirely 7. tater-soluble malacitosides were alse isolated from ths

chloroplasts and identified as hexose, O-galactosyl glvcerol, digalactosyl

_r
~3

trace of trigalactosyl glycerol. Thus some galactolipase activity

occurred in the chloroplasts,

The cptimum pE for galactcelilipid synthesis was avout phH 7 in eiither

O. M Trie or vhosphate bufifers. Hhether th: reaction was performed in
light or in darkness h=d no effect on the amount of incorporation. addead

e

cations (3.8xM) were either partially or completely inhibitory except Mg

which, like EDT& or cysteine (6mii), had ne effeet on the reaction,
b b 1



b
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foda

trivhosphates (5mit) had little effect on the reaction, except
UTF which was alwmost completely inhidbitory.
e .. . - Cen trmT T T4 e -
Incubation of the chloronlasts with UDP-D-palactose- € and UD¥-D-
Yoincorverwiiva, isspectively, into chloroforn-
soluble products, while the other sugar nucleotides tested were ineffective

fectiveness of UDir-D-glucose as a doncyr was

Hy

glycosyl donors. The =
attributed to the UDP-D.zalactose egpimerase activity in the cloroplasts.

Ougun and kudd (1968) achisved more than 95% incorporsation of radic-
I L

activity into galactolipnids when they incubated spinach (Spinacia

lzaf chloroplasis, suspended in 0,1 Tris pH 7.4, with UDP-D-galactose -
LR . \ , e . PP
C for 2 hours. A labelled compound obtained thus, tentatively ide=ntified

telyceride, was not detectabls in lipid extracts of wvholo

lenves. The rate of incorporation was shown to be proportional te the
concantration of UDP-H-galactose - c. The MIDG to BEDG ratioc declingd

from 7.5 in the early stazes of the 1ncubation te a constant value of 1.9
aftzr about ones hour.

. £

Young leaf chlorovlasts were twice as active as mature leal chloroplas

on & chlerophyll basis in incorvorating label into palactolipids. Howerar,
the difference was swaller cn a profeln basis, matur: ieal chloroplasts
having 06% of activity of young leaf chloroplasts. In each chloroplast
preparation, MGDG wazs synthesized without 2 time lag, whereas DGDG and

TGDG were synthesized after a lag which wes most pronounced for TEDC. T
authors suggested that the occurrence of more galactolipid in the maturs

portions of percnnial ryegrass (Lolium persnne) leaves than in the younger

673 was dus to =

\fJ

portions of th: same leaves (Gray, Rumsby and Hawks, 1

limiting UDF-D-galactose consentration rather than = low enzyme activity.

However, the level of galactosyl diglycerides may be dependent on the
structural presance of chlorophyll rather than the effect of chlorophyll

1¢ photosynthetic efficiency of the leaf to provide UDP-D-galr. oo
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: o Ty . 14
When the incorporations of radiocactivity from UDP-D-galaectose- €

into galactolipids by chloroplasts, chloroplast fragments (the 20,00C %z g

g from z diluted chloroplast suspension) and the 20,000 % g supsr-

s
i
=
it
[
<
=

natant were compared, the chloroplact fragmerts contained a much higher
proporiion of the total radioactiuiiy. in FGDG than in LUEDE then was
observed in thes palactolipide of unfractionated chloroplasts. The revers
was true for the soluble enzyme system whichk synthesized a greater
propertion of TEDG as well, The combined 20,000 x g peliest an
natant gave a distribution that was similzr to that for chloroplasts,

Thus it was sugu: e¢d that galactolipid synthesis involved two enzymes,

the ong synthesizing the MGDG, i.e. forming = /S—glycosidic linkage, being
more tighitly bound fo ths chloroplast merbrans than the enzyme forming
LGDG ( and TGDG) 2ad {-glycosidic linkzges. - wWhile this deduction scems

inherently logical, the configuration of thse inter-galactosidic link=zges

of the DGLG apnd TEDE wers not checked. Cne musit assume that they were
A ~linkages despite the results of HNeufeld and Hall (1964).,

. , . . . T T R th, .

The galacteosg incorporation from UDF-D-galactose - C into chloro-

b . s oay . . o ; .
plast lipids inecreased with temperature to about 45°C  (Mudd, ven Vliiet

iy

and van Decenen, 1963) and the proporiion of MGDG also increased as the
tewperature was raised. The opitimum pH for galact id synthesis was

C, in =ither C.M Tris or phosphate bulisrs.

her pHs tended to favour the incorgoration into MEDE than into

1.1V, 3 Nen-chloroplastic synthesis:

galactolipid-synihesizing activitics of the chloroplasts,

oy
0]
i
b
uQ

15,000 x g particles and 15,000 x g supernstant of spinach leaves were
comparsd, not all the incorporation by the latter fractions could he

explained by chloroplast contaminaztion (Onguwn and Mudd, 1968). The



8

contamination of thes 15,000 Iy

gnzymes could rnot be estimated.

) . 1k .
to DGDG- C ratio.

K

iy

Mudd, van Vlist and van Deenen (196%) were unable fto localize the
galactolipid-synthesizing activity to any particular subcellular fractlon
of spinach leaves; thus supporting ihe notion of sxtra-chlororplastic
syrithesis although th:z enzymes concernsd wmsy be easily removed from the
chloroplast. It may be significant that the 10C,000 x g supernztant, in
which 30-40% of th2 galactesyl diglycevide-synthesizing activity was
rezcovarad, nad a greater ability for JGDE synthesis than other fractions.

The 20,000 x g particles from the inner mesocarp of avocado (Pgrea

americanal), pea (Pisum sativumlroot and cauliflower {Srassica cauliflora)

florets, all had the capacity for galactolipid synthesis (Ongun and Mudd,

1068) . Yiost of the radicactivity incorporated inte 1lipid frow UDP-D-
N Th . . . . .

salaciose - 0 by avocado particles appesared in the DEDE fraction

whereas the distribuition of label for cauliflowsr particles was similar to
that of spinach with most of the radioactivity in thoe MGDG fraction.

The 20,000 x g parteciles of completely eiiolated pea leaves also
2 + 3 3 2 =) T T ’] . Hifakatsl 2 Ty 1
incorporated radicactivity from UDF-D-zalactose - C into MGDG and BGDE,

Iliumination of the liaves zave a Two-fold increase in enzyme activiiy

even though the protein increase was very small during the same period.

1.IV.L iyceride acczptor:

m
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The dissociation of the endogerous accepltor from the enziyme wns

achieved by preraring an zcetone powder of chlororlasts (leufelid and Hall,
1054}, The acetone powder and acetons-soluble unateriazl were active in

- . th i ] LI .
transferring galactocse - C from UDP:D-galactoss - C to lipid acceptors

snesium dions, bul

when incubated in combination bHut not separately.

not sn~glycerc~3-phosphate (10mM), gave a slight stirmulation. ascetone



powder preparations have thus been used to explors the nature of the lipia

slactosylating enzywme.

N

Hhen an acetone powder of spinach chloroplasts was dincubsated with
. 14 . . . . .
UDP-D-.alsctcse - C and diolein., of which only 134 was 1,2-isonmer,

L

nearly 20% incorporatiean of the label into HGDG occcurred while no DGEDG or

TGDG was synthesized (Ongun and Mudd, 1963). Dinalmitin, which was at
iecast 90k 1,2-isomer, did not act as an acceptor. Phe effect of adding

diglycerides to mcetone nowder prepzrations was further investigaied by

a

Mudd, van Viiet and van Deenen (1559) who aiso demonstrated that

diglycerides gave a stimulation only wien incubated with the scetone

7}
w

Th

4]

powder but noit when they were added to chloroplasi suspensions. se

workers prervaired a range of diglycerides from spinach leaf phospholipids

and the moleculer species of diglycerides were separated according to the

nuaber of double beonds per molecule. The diglycerides possesssd the

-

atity acid compoesitions shown in Table o,

-y

Tabls 6,

T 4

The fatty acid comgosiitlon of the diglycerides prepared Irowm spinach lo:

phospholipids (Mudd, wan Vilel aud van Deewnsn, 1969).

sample fstty aciad

O™
[
Y
LY
=3
—
[8.4]
A
Y
0
Mo
-
joe]
LN

total 23 ? 8.5 25 3h

—a
=
Ty
WA
~J
L
WA
i
N
I
i

I 7.5 - 9 83.5 -
5 z - - & 48




38,
When each of thess diglycerides was incubsted with an acetone powder
prezaration and UDP-D-galactose -~  C, ths more highly unsaturated

diglyceride species gave 2 zrsater sitimulation than the uniractlonz

o]

diglycerides, on a2 welght basis., A similzr resul. occcurrsgd when the

diglycerides were derived from eg; phesphatidyl choline.

The technigue of Mudd, van Vliet and van Deenen (1962) of adding

iipid back to the acctone powder was to suspend ths diglyceride in 0.1

r“;
ot
8]
O
o
it
n
ot
O
V]
=
o

Tris buffer, pH 7.2, which was 0.03%% with respect to Twe

. appreopriate aliguot to the aceftone powder preparation hnomogenized in

LA

)

11

same maedium. Or the othsr hand, Onguan and ¥udd (19683) homogenized

o

b

il
1]

tha dipglyceride and acetone powder in a sm2ll veluwre of acetons,
evaporated the acetone and howmogenized the residus in 0.1 Tris buffer,
pH 7.h.

!

The prefsrence of the MGUG-synthesizing enzyme for the more highly

unsaturated diglycerides correlates well with the highly unsaturated

MGDGs extant in spinach leaves. However, the authors (Mudd, van Viiet
and van Deenen, 1969) acknowledged thai the method of adding the

diglyceride, eithsr in agusous solution with detergent or in organic

=0

solvert, might have an influence on the apparont enmyme specificity.

In 211 dincubations invelving diglyceride and acetone powder to date,
litile or no DGEDG has heen synthesized. That the added diglyceride acts
28 a substrate rather than by some physical effect was shown by the lack of

stimulaticn given by the diglyceride which had had its free hydroxyl groun

cthylated. (Mudd, van Vliiet and van Deenen, 1969},

Fo

1.1¥,.5 Galactesylation of MGDG:
“hen spinach leaf chloroplastis were incubated with UDP-D-palactose -
C for one¢ hour, in which time 96% of the added radicactivity was

incorporated into the galactolipids, and then incubated with 100 fimes



the amount of unlahelled UDFP-D-galactose for two hours, the MGDG - C

=t the 2nd of the Tirst

At]

to DGEDE - T C ratio descreassd from 2.22,

incubation, to 1.27, at ths 2nd of the second incubation (Ongun and Mudd,

1968, hiz decrement was greztar than that which occurred without the
o e — e g 14,
addition of uniabelled UDP-D-zalactose. The MGDG -~ C to IGIG - C
ratio similarly decreased.
The inecubation of radicactive galactosyl diglycerides with acetone

powder preparation of spinach leaf chloroplasts and unlabelied UDP-D-
salactose yilielded radiocactive galactosyl homologues. Use of MGDG as the
acceptor gave DEDG and TGDG which contained 9% and 3.54, respectively, of

14

the added radiocactivity while incubating DEDG - C gave IGDG containing

9% of the added radicactivity. (In each cass, 30% ol the added radioc-
activity was extracted in the agueous phase.) These experiments seei

zalaciosylation of MGDE to yleld DGDG, and TGDG,

[N

to confirm the sequential
despits the doubt cast becauss of the different fatty acid profiles of

Iy

GDG and DGDG (e.g. Bloch et al, 1967).

1.IV,6 Incorporation of fatlty acyl thicesters:

In cell-free extracts of phoicautotrophiec Zuglina gracilis the

fatty acyl molety of 2.10- )H oleoyl-ACF was preferentlally transferred

to gilycolipids to the extent of 4~10#% incorporation (Renkonen and BRloch,

1965) . The incorporation was stimulated by UDP-D-galactoses and up to a

S-fold stimulation was obiained with rac-glycero-l-phosphate, Hence this

suggested de novo synthesis of the glycolipids. The stearoyl moiety from
14 R 1h

1- C-stearoyl-ACK or from acetylated 1- C-stearoyl-iAlF was also
incorporated inte glycolipids but not significanily into phospholipids.
Howzver, 9,10»3Hﬂpalmitoy -4CP, at the same concentration, was not
utilized for glycolipid or phospholipid synthesis.

The glycolipids formed using ACP derivatives were 61-84% MGDG and



only traces of DGOG were synthesized. The MGD3 fraction of Luglena had

been shown to have a A -galactoside structure (. Kenvon, 11967).
I 40

~1ﬂC—stearoylu and 1- C-palnitoyl-

“

=]
e
1]
o]

- 1h
eyl groups of 1- C-oleoyl-,
Coi were ilncorporaved inte phospholipids as well as into glycolinids

though they appeared to be more effective donors for the {ormer lipid

class. The transfer of the oleoyl~ group from olecyli~Coi to HGDG was
also stirmulated by UBF-D-galactoss. The glycolipids derived from ole -

Coi were 66% MGDG and again only a trace of DGDG was present.

Analysis of the fatty acids of the glycolipids formed from acetylated
L - ~ Do . b, ; .k
1-" Cesteareyl-aCP, 9,10-"H-cleoyl-4CF, 1~ C-stezroyl-~Coki and 1- 'C-

+

oleoyl-Col showed that these contained considerable amounts of oleic =zcid.

l‘I}

mch of the stearoyl-thiocesters were equally effecltive as precursors of
lycolipid-bound monoene. The transofrmations of thz acyl groups into
dienes and polyenes was margiral in all cases.

These experiments indicate that the fatty =2c¢yl-ACPF thicesters are

more specificalliy lincorporated into MGDG than the corresponding Coi

LD

thicesters. Tnis correlates with the chloreplasy leocalization, in

-

tuslena, of the

=iy

atty acld synthetase that yields stearoyl-aCP, but not
palmitoyl-aCP (J, Delo), anid the stearoyl-iCF desturase which does not

=1

act on palmitoyl-&CF (Nagai and Bloch 19635, 1967). The less specific
nrildmation T fatty 1!’1.«00"- Th4 tar P o ralated t +i ™ o
utilization of fatty acy 4 thiocesters may be related to the occurreuncs

in Zuglena of a second fatty acid synthetase, which yields palmitoyl-Coh

(J., Delol. It was speculated that ACF thioesters are used for de novo

galactolinid synthesis and the Coi thiocesters used for dzacylation-
reacylation reactions. However, the experiments did not indicate whethsr

da

one or two fatiy acid chains were transferred from the ACFE, or Cosa,



1.IV.Y
T discussed
galactolinid wiocsynthesis

reactions shown for rlant

photosynthetic sukaryotic

Thz possible blosynthetic pathway:

above are consistent with the pathway foz
shown in T L. Tt is assumed that the

green algae arz identical in all

organlisms.
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Figure &

The possible biosynthetic pathway of galactolipids
in plants.

OH
co stearoyl-ACP (CoA)
2 OH
l oleoyl-ACP (CoA)
0P03H

0-CO-R
PGA L
(.')-—CO-R2
v 0-P03H
D-glucose
v
UDP-D-glucose 0-CO-R,
0-CO~R2
v OH

UDP-D-galactose + 1,2-di-O-acyl-sn~glycerol

MGDG
lUDP-D- galaciose

DGDG
etc.



1.¥,.1 Characterization of a galactclipase:
slthough zalactolinids could be exiracied with isoprepancl T

runner-bean (Phaseolus multiflorus) leaves in high concentrations

wers completely absent in water homogenates and chloroplast prepa
of the leaves (Sastry and Xates, 196407, The incubation of MHGD
DEDG, isolated from runner-bean leaves, with the total water homo
of runner-bean leaves save marked decreases in the acyl ester con

the homegenate. Most of the activity was associated with the br

ror
, they

rations

G and

genats
tent of

oken-

chloroplast fraction and to s lesser extent the cell-sap cytoplasm, littie

activity belnz recovered 1n the “amicrosome™ pellet,
The cell-sap ¢ytoplasm fraction was used for further work be

contaired soluble enzymes. The microsome particles were precipil

from the cull-szag cytoplasm and the fraction that precipitated be

cause it

tated

tween

0 and 70k saturation of ammonium sulphate taken as the crude enzyme

prevaration. The preparation exhibited opiimal galacioliplid hyd

activity at pH 7.0 when the substrate was MEDG and at pHd 5.6 for

- . - o.- a el + - ' T
The activity, at 30°C, toward D3DG at pH 5.6 was gresater than tha

a£

MGDG at ph 7.0, The enzyme was susceptible to substrate inhibit
both malactolipids. A greater aifinity by the enzyme for DGDE t

P

MGDG was indicated by the aprarent Michaelis-lMenten constants of
and 7.3mM for the respective substraies.

Althougn the enzyme preparation 4id not hydrolyse the fully
hydrogenated gaslactosyl diglycerides, this was attributed to the
ineccessibility oi the substraite for the enzyme. Ho significant

phosphelipids or lipase activity was evident in the enzyme prepar

ot

Using a fraction that precipitated from

dialysis againsi distilled water, as well as the abvove preparatio

rolytic
LGBG.

t t ward
ion by
han for

1. 5mi

acion.

e cell-sap cytoplasm on

n, the



biy,

611

ralactolipids were shown to be hydrolysed to the correspondiag galsctosyl

lycerol without any detectable azccunulation o7 lyso- intermedizates,

Thus the reaction rstes for the lyso- compounds must be much faster than

for the parent galactolipid. Sastry and Kates (1984b) alsc argued chat

a saparale enzyme acted on each galactosyl digliyceride because

(a) storage at 47C of the ammoniun sulphate-precipitated enzyme fraction
decreassed its activity towards DEDG but not

L
[

g

(b) +he superratant from the enzyme fraction prepared by dialysis zlone
{c) the apparent X _'s ard pH opiima were different for each substrate.
The appearance of Iree galactose, when employing the enznyme

preparation precipitated by ammonium sulphste, sugrested thst the . cell sap

1,

cytonlasm also contained enzymss that hydrolysed the mono- and digalactosyl

glycercls to zalactose and glycercl.

The leaf supernatant iracitions of three species of Ihaseolus readily
manifested lipeiytic activity ftowards the galactolipids whereas the other
nlant sources tested showed no activiity. The excepticn was spinach

M

lezves which gave a superunatant active on HGDE and D30G Lo the extent o

N

o o2 : . : x ES i - e 3
1T and 3%, respectively, in reduction of acyl ester content as cowmpared

[£H

te over 20/ reductions obtained using bean leaf supsrnatanis. The
zalactolipase activity of z2winach leaves was further investiigated by
Helmsing (167}, 4 crude enzyme fraction was prevarsd from young spinach
(Spinacia oleracea) leaves by azmmonium sulphate prscipitation (as par
Sastry and Kates, 1964b). The activity of the prepsration toward EDG

shown by the reduction in acyl sester content {about %) of the

S
ot

owards DGDG was much higher than

ot

reaction mizture while the activiiy

noted by Sastry and Kates (196Lb). The enzyme activity towards MGDG
rose to a maximum after 10-11 days of storage at 4°C whereas the actis PRty
towards DEDG decreased in this period, (The preparation was assayed at



pE 7.0 and 5.6, at 30°C, for MEDG and DIDG  as respective substrates).
This secmed to argue against the two-enzyme hypathesis of Sastry and Nates
{(1964t) for spinach, at least. The spinach enzyms also appeared different
from the runner-bean enzyme in that the pE optime were 7.2 and 5.9 for

IGDG and DGDG, rzspectively, and the activity towards HMGDG was greater

than towards DGDG.

=

That both galactelipase activities could reside in one protein wmole-

the cell-sap cytoplasm of runner-bean (Phaseclus multifiorus) leaves

(Belmsing, 19562). With a molwcular weight of 110,000, as determined

pging a Sephadex colunmn, the enzyme apreared pure by gel slectrophoresis
under various conditions. 4lso throughout the purification, the ratio

of monogalactolipase to digalactelipesge activity was 201, except afier

the last purification cedure when it lacreased to 3:. ‘hese

el

ot e o s s . ; .
activities were measured at 307C ani at the apprepriate pl optima
i.e. either pi 7.0 or pH 5.6. The enzyme appeared to be reasonably stable

to storage and temperature, though the digalactolipase activiiy was wmows

thermolahile. The greater afiinity for DGDG was cenfirmed by the

Michaelis~lenten constants for ithe pure galactollpase; they were 0.65n

and 0.3MTmM for MGDG and DEDE, respectively. These values ave a fagtor of
lower than those cobtained for thes crude engyme preparation {Sastry and

Kates, 1964k}, thus indicating a stronger affinity of the pure enzyme for

The inhibitors of the enzyms were S8H, POME and 2-mercaptosthanol

which nsver gave more than 50% inhibiticn and cysteine which was completely
inhibitory for hoth enzyme activities at Tmd. Sodium dithicnate and

t

sodium metabisulphite activated the zalactolipase, posaibly by reducing

quinones that normally inhibvit the snzyme,

[T

anzyme 1is

Since the isoclectric point ¢f the protein is pH 7.0, t



neutral when it acts optimally on MGDG and negatively charged for
ontimal digalactolipase activity. Thus a phH-depsndent z2llosteric

transformation was suggested to account for the double action of the enzyme

i

BEven though no lyso- compounds nave besen isolated they are assuned
Lo be intermediates din the reaction pathway to the galactosyl glycerols

ivity:

o+

which are the rasult of galactolipases ac
MEDG —— (salactosyl moncglyceride) + fatty acid
I
S
galactosyl glycerol + fatty acid

i palactosidase

.
L

i
!
zalactose + glycerocl

DEDG
’ S-galactosidase
\E
galactose + glycerocl
Evidence for an extracellular galactolipase of Chlorzlla ellipes :ides

was obtained by addiag Crgalactolinids to an illuminated culture,

incubating for & period of time, then observing that ~ C-galactosyl
18, . - o N
glycerol and C-digalactosyl glycerol were always detected in the culturs
medium (Miyachi, Miyachi and Benson, 1965).
1.V.2 Identification of =mcylated galactolipids:

il

P

4 zlycolipid which was isolated from leafl howmogenatves of higher

]

plants was absent 17 the leaves wers Tirst placed in bholling wafer before

henmozenization (Heinz, 1967a). The enzymatically-Tormed glycolipid from

X2}
1

spinach leaves was compoesed of glycerol., zgalactoss and fatiy acids in a

molar ratic of 1:1:3, was more hydrophobic than MGDG and yielded crysizalline



3~On{;§ —Dwgalactcpyranosﬁl} -si~glycerol after ssponiiication. This

acylated ¥MGDG appzared to be a mixture of isomers buti reinvesiigasiion of

ite structure, using WME and syntheiic cowmpounds for cemparison, showsd
that the compound was wholly an 5-0O-acyl isomer (Heinz and Tullochk, 19568)

with the struciture 1,2Z,-¢i-0-acyl-3--0 {6»Omacyluj2—D-galactopyranssyl§ -

sn-glycerol. Thus the enzyme involved estarified the primary hydroxyl
group of the galactose molety. The optimal pB for the enzymatic formation
of the acylated MGDG in spinach leaf homogenates was about pl t.6. The

acyl group was apparently itransacylsted from eithsr MGUG or DEDG

Two acvl derivatives of MEIG and one of DGIUG were identified in

oy
isolated spinach chloroplaste {Wintermans et al, 1969). Cne of the

by

\F.'.b

acylated MGEDGs was assumed to be identical with that characterisze

ole and usually

I'l)

hough the ester to galactose ratio was vari
sreater than three, Al thoupgn these acylated galasctolipids are probably

homogenates, the 6-0-acyl isomer of MGDG was

1ad
w
]
ok
vl
i)
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e
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O
th
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izplatior

isolated from wheat flour (Myhre, 1963),.

T.V.3 Fzcteors influencing the expression of galactoliplid degradation:

O‘]

The effect of 1isoliation medisa on ithe manifestation of galactoli ase

activity was examined by Wintermand et 2l (196G . The moncgalactolipase
activity was observeda when splnzch lesf chioroplasts were isclated in

L]

media containiang hi

(3]

caoncencrations oi MNali, fn media containing

'_I
&
e

5

sucrose or mannitol, tThe DGLG content of the chliorop

E__?

sts alsc decreased

en
]

and acylate alactolipids ddentified. Isclation of chloroplzsts in NaCl

soluti r ' in t . tel 3 oit i i
S ions results in the loss of streomal protein and it is supposed that the

- ]

transacylating enzyme, localized in the plastid stroma, is zssily lost.

On lowering the pH from 7.5 te 6.0 nc significant differences in the

<

pattern of galaciclipid breakdown were observed even though such a change

iy

influenced the activity o

.

the partially purified galsciclipase (Helwmsing,



LS.

i

16677 . Hence the pattern of lipid tranzlormation depended on the nmzjor

L

esmoiic componsnt of the suspension medium rather than on the pH.

1.9 .4 Conseqguences of galactolinase activity in ‘solated chloropl: sts:

The chloroplasts of bean (Phaseolus vulgaris) leaves isolated in

C.35 1o NaCl at pH 6 were strongly inhibited in their ability to photoreduce
either DCFIF or ferricyanide or to catalyse ATP formation (McCarty and
Jagsndorf, 1965). then besn chloroplasts were isolaked =t pd &, as for
spinach chloronlasts isolated at either pH, these activities were
unimpaired. Yrne bean chloroplasis isclated at oH & had lost 40-50% of
their non-chlorephyll 1iwpid and had the appearance of salt-burst chloro-

plasts. Their DCPIF rsaction exhibited a pH dependence which was opiinal

at pi 4.5.

Spinach chloroplasts isolated =t »H & in 0.3% ¥ ¥aCl and aged Ffor

4
1w

2h hours Glispisyved the same behaviour and sppearance as bean chloroplasts

isolated at pE 6. Aging spinach chloroplasts at pH 6 for 21 hours causod
the loss of twice as much lipid as did aging at pH 8. Dialysed bean

homogenates accelerated the changes in spinach chloroplasis.

freshly isola ed swypinach chlorc . lastc

}.a
=
el
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o
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isolated at pH &, for examplsz, B x 1077 ¥ linolenic acid induced a pE-
dependent optimum in DCPIP reduction at pH 4.5, Increazases in linolenic
acid content of bean chlorovlast homogenates ground at pH 6 and in spinach
chloroplasts aged for 21 hours at »¥ 6 were shown. Thus, the changed

biochemical characieristics of bean chlcoreplasts isclated at pH & or of
F P

spinach chloroplasts aged at pH § could be accounted by linolenic acid

rzleased by the galactolipase.

£ crude galzctoiipase preparation, isolated from bean lsaves using

methed of Sastry and Kates (166Lb), caused a linear increase in the



intensity dependence of the guanium requirement of the DCPIP Hill reaction,
when incubated with spinach chlororlasts in low concentrations (Bamberger
and Park, 1966). Since the order of megnitude of the qunatum requirement
at very low light intensities remainsd at between < and 5 for all three
concentrations of enzyme used, it was concluded that one of the dark
reactions in the electron transport chain vecame rate limiting after a
short treatment of the chloroplasts with the enzyme preparation. The
apthors could not he sure that galactolipid hydrolysis, per s, wWas
responsible for the loss of acitivity. Indeed, as pointed out by

1311 activity in

s

Constantovoulos and Kenyon (1%488), the chanzes in
isolated chloroplasts may be the product of ftwo processes, the sirucitural
changes 1n the chloroplasts brought about by lizases, and the effect of

atty acids. rrolonged incubation of chloronlasts with the runner

Bty

fres
bean enzyme prenaration resulied in morpholopzrical changes within the

chioroplast membranss {Samberger and Park, 1366).

0oy

Incubating spinach chloroplasts at room temperature for 2 hours
increased the free fatty zcid content of the chloroplasts by 42k and
decreased tha 9111 activity (measured specirophotometrically as the
reduction of TCPIF) by 70% {(Constantopoules and Kenyon, 1368)., Tacubaticn
at B?OC cavsed three-fold increase in free fatty scids and completely
inhibited the Hill actiwity. Both the free fatly acids released and the
Hill reaction were pH-dependent, with the greatest losses at pH 8 and
least at pH 5.8. The variance of these rssults with those of HeCarty
and Jagendorf (1965) was attributed to the different suspending medium

and the higher tempervature used here. More saturated fatity acids were

rw

released at pH 5.8 than at pH 7.0 or 5.0 when mainly triencic acids were
released. The galactolipase of spinach leaves had p# optime at pH 5.9
and 7.5 for DGDEG and MGDG as respective substraies (Helmsing, 1967).

This enzyme probably accounts for tThe release of the unsaturated fatty



acids but another is implicated To explain the quantity and type of

acid released at pH 5.8,

The relationship of lirid transformation and phetochemical hehaviour
of fresh aand aged spinach chloroglasts wers re-exXamined by Wintermans et
al (1969). They found that the Hill reaction of photosystem II and the

IS . - . . . \ Coa
HADF reduction of phoiosysiem I were not directly affected by lipid

.

transformations. Howgver, lipid transformations could contribute to the
labiiity of photonhesphorylation and the Hill reaction at limiting light
intensities. The greater resistance of photorzductions in photosystem II
than obtained by Constantopoulos and Keunyon (1268), was attributed %to the

differeaces in the oswmotic values of the suspending

P z mediums. The decay

in the DCPIF reaction was more ravwid as the chlo

y

ophyll content of the

v

he activity of galaciclinass

L

suspension was decreased and, in this caose,
did not awppear relevant. The authors were unable to decide whether or

not the free fatty acid conceniration in aging chloroplasts was sufficient

te hlock the clectron {low through photosyster I and I at saturating
intensities. Havertheless, very low frae fatty acid concentrations
could contribute to the uncoupling of photophospliorylation z2nd be

responsibis for the low quantum yield of the Hill reaction.
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1.VI.1 Stru

Any account of the function of galactosyl diglycerides must considsr

£l

their unique structural features. They are amphipathic asymmetric
molecules possessing a neutral hydrophilic region ard a highly unsaturated
hydrophnbic region. The hydrophilic regicn coasists of one or two
galactopyrancsyl moieties whichk bhear four or seven hydroxyl groups, of
which 1in each cass, only one is a primery hydroxyl group. The hydro-
phobic regicn consists of two fatty acyl residues which tyniesally have

16 to 18 carbon atoms each, though they may have as many as 22 carbon

atoms, The fatty ac¢yl moleties, linked through ester bonds to viciusl

ks

hydroxzyl groups, have typically six double bonds divided egually batween

=
{G

them in such a manner that the fatty acids beilong to the 3 series. T

double bonds have a ¢is coniiguration and ars separated by methylene

groups, that is, they are non~conjugated, Thus, the 7 electrons of the
doubie bonds are localised in the region of the bond in & nigher densiiy

then if ths double honds wers conjugated.

in codmmon with

the phospholipids philie group is

attached specifically through the hydroxyl of C-3 of sn-glycerol. ‘hether

o

this coniiguration has more than biosynthetic importance is uneclsar,

t5)

1.VIL2 Structural conponents of mombranes
fiichols and James (1965} enunciated two possible Ffunctions of lipids

as components of fhe protein-enzyme-plgment-lipid complex of chloroplast

[ Lipid could act as ‘“'specific siruvctural cowmponents which meintained
lipid-soluble pigments in the correct spatial allgnment with one
another and their associated enzymes

atively non-~gpecific umiceilar elements which exclude



nt-protein-enzyme complexcs could he

partially or completely embedde Such water~free areas could allow
the operation of electron-transport chains that would be inhibited

e lipid would thus act as an organized medium of

e

by fre¢ water snd t

low dielezctric comnsfanti.

Becausa the same basic acyl 1ipid cowmpositlon occurs in all photo-
synthetic apparatus which perform the Hill reaction, even though the
stoichiometry and fatiy acid composition of the 1ipids may vary, one
would conclude that they have rather specific functions.

Chleoroplast membranes are concelved to consist of asymmestric lipo-
protein subunits stabilized by the hydrophobic associztion of branched and
unsaturated hydrocarbon chains with the hydrophobic internal structure of
the lamellar protein (Weier and Bemscn, 1965; Benson, 19566). In this
model, the chlorophyll, caroisnoids and guinones would be bound in the

hly hydrophobic region bhetween two rows of subunits in a partition.

1t was proposed that the kighly surfactant galactolipids predominated at

05

I

the membrane dnteriaces with the stroma, loculi and fret channels. The

Linolenyl residues might sirengithen the hydrophobic zsasociatioa with the

sembrane protedln by associszfing with the W orbitais of the aromatic

mino acids. The three olefinic groups can easily assume 2 helical
orientation which could he conducive to & close associstion with a single
protein chain, In this way the galactolipid molecule would be stabilized

L

at the interface.

el

The unsaturatved fatty acids of galsctosyl diglycerides are thought

4

iscussed

,.J,

to be important in electrou transport in the chloroplast (<
further in paragraph 1.VI.4), It is therefore relevant, since galscto-
liride contribute a sigpificant proportion of chloroplast lipids, thacz

lamellar lipid and protein was separated and then suffilciently reaggregated

to reconsititute the melecular structure essential for electron transport,
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a5 asseyed by the Hill reaction (Shibuya and Maruol. Hence 1t wes
possible to restore some of the natural conformation of the membrans.
An slternative explanation for the widespread distribution of pol
unsaturated fatty acids might be that, since leaves and fto a lasser de
algas, sometimes need to function at low amblent temperatures, ths: high

progortion of unsaturated

strucituras over z

fatiy acids way ensure fully mobile

(=

L}

wide temperalture range (N¥ichols and James,

Despite the awvparent specificity of lipid and protein assoclation
reasconed above, in the reassoclation of lamellar protein and chloroplast
lipids cbserved experimentally, the combining ratic of 1ipid with lamella

protein was 29-36C h

regardless of simn

of the lipids (Ji and Renson, 12638). Saturatvion of lipid association
ocourred wnen the foilowing amounts of linid were bound per mole of
lamellar pretein:

56 moles of palmitic acid

30 moles of chlorophyll

16 moles of MGDG

1% moles of DUDG

15 moles of FG

1 mole of 5- tene.

The reassociation of MEDG or chlorophyll with the protedin in the presencs
I competitors was dependent on ths nature cof the hydrophobic molety of
the competing amphivethic lipid and independent of their hydrophilic
grouns. The most affeciive competitor of MGDG was phytyl sulphate, and
palmitic acid competved with chlarophyll. These data were presented as
evidence for the hydrophebic association befween lipid and proftein in the

N

chiorowlast.

rical

[N

Morpholo;

hydrocarhon chains per molecule of lamellar protedin,

nificant diffcrences in ionic or nydropheobic characte

changes within the thylakoid membrane were apparent

c

r



after prolonged treatment of thylakoilds with a crude runner-bean galacto-

T LT A h . e .
lipase preparaiion (Bamberger and Park, 1966). The changes suggssted
that thylakoids contain a smooth inner galactolipid layer with which

chlorophyll was not assoclated. chlorophyli was thought to be

. . o .
associated with the large 175 & lipoproiein particles and embzdding matrlx
which were lying on the galactolipid surface. The galactolipid layer,

uhich was removed by malactolipase actlon, was concelved as being completely
surrounded by the thylakeid lipoprotein mzmbrane. A stack of such
thylakolds make up a granum,

e

The occurrence of galactolipids in non-chlorophyllous tissues and in

witochondria may ewmphasizs their siructural role in plant cells. Galliiard
{1968~ ) suggested that the galactolipids of potato tubers may be components

of meuwbranss of plastid nature bzczuse an slectron microscops sxanmination

of poitato tubers showed the presence of siructures resembl

I 'L].

the frolawellar

nodies of etioclated tissues and membranes of amyloplasts are presumably

}D

of plastid origin.
1.Vi.3 Relationship to chlorovhyli:
{a) In vivo evidenco

Tlilumination of dark-grown Buplena gracilis celis, transferred %o

o
]
o
2

a mineral medilum, with 2 lieht internsity of 30 foot-candles, ind

after a lag, an almost linear accumulation of chlorophyll and
galactolipids (Rosenberg and Gouaux, 1967), it first, the DGDG

content increased more rapidly than the HGDGE content but when the
rate of accumulation of DEDG decressed, before the completion of

the lncrease of the rate of MGDG accumulation was

3
H
4]
@
l_}.
=
o3
er

compensatory. The ratio of MGDG to DEDG rewmainsd hetweszn 2 and 3

Both thoe chlorophyll and the total galactoellipid {raction started
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to increase simulianeously. The rate of accumulation of the galacto-

lipids was proportional to the rate of chlorophyll increass but the
galactolipid level was not a function of the chlorophyli level.

It was previously shown thet the accumulation of galactolipid
was linear and independent of the linear risc of the chlorophyll

level by exwosing Buglena cells to iliumination at 90 foot-candles
J P g

(Rosenbers and Pecker, 1964). Increased proportions of MGDE and

o

DGDG with photosynthetic growth were also noted in Chleorella vulgaris

(¥dichols, 19052}, Prolonged cultivation of Chlorella in the dark 4id
not preduce stlclated cells devoid of zalactolipids, hence light is
not a prerzguisite for Their formation.

Bloch et sl (1267) alse observed the syachronous increase in

sy

chlorophyll and galactolipids in Luglepna, so that the ratio of
chlorophyll to glycolipid was fairly constant, fvezn though the

formation of chloroplasts in Chlorella vulgaris is not light induced,

a5 they are in Buglena. the same relationship between chlorophyll znd
galactolipids occurred, with both dncrezsipg on illumination.
Howeve in Chorslia only the MGDG showed a2 sharp iise, susgesting

that the DEDG levels are less critical

galactolipid content of iliuminati

D., a grecn alga which produces chloroulasts in the dark, did not
ange in chlorophyll or galzectolipid content significantly.
Incubation of whole leaves of barley seedlings with /1 -

acetalte gave a greater proportion of incorporation dnto MGLDG fhan



)

when leaf slices were used (4ppelqvist et al, 1668). In the whol

leaves, but not in ths leal slices, chlorophyll was synthesized

Tt I

during the incubaiion. t was also found that the increase in
si.-linclenic acid content of the total lipid, and the eanrichment of
MGD® with linclenic acid, in barley seedlings, cccurred in the first
1% hours of greening, with littie change affer that. This coincided
with the ¢arly portion of the exponential phase of chlorophyll
synthesis and the formation of lamellae.

Hernce, available evidence indicetes that an inter-relaticonship
exists between the increase and polvunsaturstion of galacitolipide
chlorophyll synthesis and the transition from the crystalline

roplastid to the lamellar confipuration of chloronlasts. This
p - — iy

transition is induced by exposure to Light (Ifichols, Stubbs and

James, 1667). The relatively constant ratio of zalactolipids to

Bati, 1962} alsc indicates an interactiion batween ithese molecules,

& paossible function fer ths galachiaosyl diplycerides oY

1

was proposed v Rosenbergz (1967). He suggested that th2 wnsstur
atbty acyl chains af the galzactolipids could provide 2z siable lock-~

and-key fit with the phnyfol ehains of “he chlorophyll in such a way

that thz porphyrin structurcs of chlorophyll would be spaced for
efficient photcreception. Chlorophyll molcecules, which consist of a

hydreophilic (relatively) chlorophyllide and & hydrephobic phyiol tzil.

murst be spread in a thin film to give zn efiiclent photoreceptive
surface. Galactolipids were considered the lipid class with ths

orming & stable interaction with fthe

Ely

most suitable fatty acids ior

&

phytol tail. The 16-carbon phytol bears four methyl groups at
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poesitions 3, 7, 10 and 15 while the methylene-interrupie
Bonds of ot -linolenic acid cause pockets of ftwisis in the conformation

ahase-nixing between the branched-chain
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phytols and the twisted faity ncid chrins should be possible.
Additional stability would ve gained by the induced polar interactions,

wihich are of ths order of a hydrogen bond, between the methyl groups

and the double bonds. The cliose association of fthe two chains would
21s0o enable The backbones of thesze moieties to be Turther sitabilized
by London - wan der waals dispersion-~atiraction forces. Fodels of

linolenic acid aznd phytel can be arranged to give such & space-~saving
arrangement. A film of chlorophyll can be stabilized by super-~
pesiticn on a filw of oleoyl alcoheol but not on a film of stearoyl
alconol. Relative to the pure chiorophyll film, the stabilized film
had enhanced ability to react with light.

4 ratio of one phytel chain for % cis-double bond Tatty acyl
chains from galactosyl diglycerides would space the chlorophyll
sufficiently for good photorecepiion, Illuminated Euglena cells
maintain 2 ratio of 2 to 3 molecules of galactosyl diglycerides/
molecule of chlorophyll.

Resenbergz also sugpestied that other nmethyl-bearing groups, e.z.

plastoguinores, amight be similarly stabilized by galactolipids.

Molecular studies.

Hith increasing chlorophyll concentration in mixzed monolayers
with purifisd chloroplast glycolipids, and other colouriess 1ipids
e.,g. oleoyl alcohol, the chlorophyll a fluorsscence exhibited a

decrease in guantum efficiency {Trosver, FPark and Saver, 1968).
The fluorescence which was sirongly wpolarized in dilute films,

pecame progressively depolarized as the area fraction of c¢hlorophyll
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increased, and in the pure chlorophyll & monolayer it was coumpletely
depolarized. This behaviour was ceonsistent with an inductive
regspnance maechanism of energy transfier among the chlorophyll
molecules with a critical frean~fer Aist-nce oi 20-90 E. The
fluorescence nolarization of high chiorophyll concentrations in
mixed wonolayers indicated that several of the lipid diluents
facilitated loczl ordering of the pigment molecules.

Purified HGDG, DGDG, and probably SgDG, formed relatively stirong
complexes with chlorophyll a, as measured by their ability tc
disscciate chlorophyll dimers in carbon tetrachloride solution

of the dimerization of

1
@
w
O
I}
=
o

{Trosper and Saver, 1968). The
chlorophyll in carbon tetrachloride was dependent on the pigment
concentration and the presence of polar scivents or Lewis bases.
The chloroplast lipids interacted with chlorephyll a to form one-to-

one complexes. It was concluded that galactolipids would compeste

effectively with water for the pigment, on considering the relative

{1

free energies of interaction, and that in the presence of sxcess
1ipid, chlorophyll 2 conplexes would form at the expense of chloro-
phyll a aggregation, even in an environment containing water mole-
culas, The authors suggested that the bulk fraction of the randomly-
oriented pigment in th: chloroplast lamellae may bes associated with

MGDG because chleorophyll was randemly dispersed by MGRG in monolayers

and MGDG randomly broke up plgment dimers in solution; and =1sé that

i

aggregated,; oriented forms of chlorophyll 2,in vivs,were probably

¥}

net in such an envirenment. They realized that extrapoiation of

their resuits to chleoroplast lamellar surfaces were somewhnatl tenuous.
The electronic absorption spectra of chleorophyll molecules in

aguecus DGDG and phospholipid disversions showed a shift for

red weak of chloropnyll of some 10 millimicrons to a longer wave-



of chlorowhyll in sther (Chazman and Fast, 1964). Chlorophyll a in
ether shows a strong ahsorption band at 667 mi but it is obzerved at
675 me in Chlorella suspensions. The significance of these shifis

[

E

could anct hs assessed.

1.4 Implication in esiectron transport:

For the chemical involvement of zcyl lipids in the eleciron-itrapnsport
chain, the unsaturated fatily acids would be the most likely candidates as
readily oxidizable components. Over 80% of HMGLUG molecules and over 6C%
of DGDG molecules (calculated from Table %) of higher plants vsually have
a2t least six double bonds (two gi-iinolenic molecules) per molecule, thus

¢yl lipid to he dinvolved.

b

they are the most likely

The essentialiity for ot -~Llinolenic acid, either chemicalliy or Dy

—d

physico-chemical properties, in the operation of ocxygen-
evolving systems in green plantis and nhotosynthetic protists was argued

by Erwin and Bloch (1564). They obgerved:

1. Scenedespus wutant that was defzetive in the Hill reaction had
morpnologically norwmal. chloroplasts but 1ts 0 -linolenic contenc was
very wuch léss than in the pevent wild-type but otherwise 1t had a
normal fatty acid specirunm.

2. In shorit term experiments, light specifically stimnlated incorporation

14

of C-acetate into =x -linolenic acid by green Zuglena. This
stimuiation, hut neit the synthesis of other fatty acids, was inhibited
by Hill rezction inhibitors, e.pz. CMU.

3. The o-linoienic acid content of green Zuglena was shown to depend on

other environmental wvariables that affect pheotosynthetic evolution
of oxygen e.g. atmosnheric 0029

Howewver, when mpolyunsaturated fatiy a2cids were shown to be absent



from the blue-green alga anacystis nidulans (Holton, Blecker and Onore,

1954}, which evolves oxygern in photosyanthesis, there could be no absoiute
correlation between the distribution of unsaturated fatty acids and the

cgcurrence of the Hill reaction. Kevertheless, evidence exists ithat

D

.

suggests that the efficiency of the Hill rezmcvion correlates with the
chloroplast polyunsaturated fatty acid content i.e. the degree of
unsaturation of the galactolipids.

riodie changes in photosynthetic competence of whole cells of

1y

The p

{4

Chlorells vulgaris monitored as photosynthetic oxygen evolution per ng.

&
=

chlorophyll, were paralleled by changeds in K ~iinolenic aclid per nmg
of chlorophyll (4pvleman, Fulco and Shugarman, 1366}, In general, the
magnitude of the photosynithetic competence of chlorophyll wss directly
proportional to the magnitude of the ratioc of ~.-linolenic acid to chloro-

phyli.

Illumination of photoautotrophic Zuglena gracilis cells, at 1ight

intensities varying between 120 and £10 foot-candles, cauvsed the chloro-
phyll and galactosyl diglyceride content to decrease with increasing Iighz
intensity (Constantopouios and Blochk, 1967b). In contrast, the conient
of hishly unsaturated fFatty acids iuncreased with the light intensity,
gspecially in MGDG. The increase of Hill reaciion activity of isolated
Zuglena chloroplasts per mg of chlorophyll, or mg dry weight of chloroplast

was in dirsct proportion fo the increase ia light intensifty at which the

cells were grown. This response demonstrated a high degree of corrslation
with fthe level of polyunsatursted fatty acids in the chloroplast HGDG

igolated from thes same cells. The v 3 Tatty acids, sc-linoleanic zacid and
hexadecatetraencic acid, contributed 31% and 15%, respectively, of the
total fatty acids of the MGILC of cells grown at the highsst 1light

intensity,



Constantopoulos znd Bloch (1967a) suggested that 'plant fatty acids
Tinked to th alactosyl diglycerides may havae lved to provide an

especially favourable environment for the electron transport processes
in higher plant photosynthesis®.

The occurrence of polyunsaturated fatty acids, other than ¢-linolenic
acid, in galactolipids, susgested to Patton et al (1966) that the function
of o -linoclenic acid could we equally well effscted by other members of
the linolenic acid family i.e. fatiy acid helonging to the v23 saries.
Another suggestion was that the overall degrec of unsaturation of the
palactolipid molecuies was wmorz important than the actual fatty acyl
rosidues (Kates and Volcani, 1966).

5

Gtalactosyl diglveerides had a stimulatory effect on the rate of

cvtochrome ¢ phetoreduction by intact spinach chloroplasts {Chany and
Lundin, 1964).  DBCHU inhibited this stimulation, suggesting that the
galactolipids might participatc in photosystem II. Both MGDGE and DEDE
stimulatsd equally well on a molar basis and the phosphorylating condition
had ne effect on the aciivity of the galactolipids in cytochrone o
reduction,

The participaticn of galactolipi in the overel]l organization of

glectron transport in ths photochemical system of nliants was revealed by
ralactolipase treatment of chloroplasts as interpreted from fluorsscence
spvectra (Cstrovskaya, Xochubei and Manuil'skaya, 1969).  However, as
mentioned in parzgraph 1.V.4, the efTect of galactolipase on photochemical
F

activities may be due to both the loss of molecular intsgrity o

~ o

the

Iy

concentration.

QJ

galactolipids and the resultant free fatily szci
If walactolipids are somehow involved in electron Iransport chain

the available evidence would indicate photosystem II 2s the most likely
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of Chlorells during photosyntheslis in uba, with the deacylated HGDG and

DGDG contzining about 34%% aand 17% of the total amo.nt of lakel of th.
deacylated lipid wroducts (Ferrari and Benson, 1%61). The authors
proposed that the galactolipids were metabolically active, the galactosy
moieties belng exchangeable with the intermediate of hexose rhotesynthesis.

. 1

ide synthesis was suggested.

3

An associailon with the enzyme of saccha

. . 14
h incorporation of ceC

The hig P in galactoliypids was confirmed using
14
runher-bean leaves for which C-glucose gave a similar lahelling patiern
(Kates, 1960). Kadiocactivity was 2lso significantly incorporated from
IFLL ] L + o 2 H E= : i~ % + 5 Y .
CQ, into the galactosyl diglycerides of the fresh-water diator, Haviculs
pelliculosa (Hates and Volcani, 19667,  The provortions of labelling of

the deacylated lipids after 4 days in the light were glycerol ™ mono-
galactosyl glycercl » digslactosyl glycerol > &-sulfoguinovosyl glycerol.
These four deraviitives contained 8C% of the incorporated radiocactivity,
whilch was almost equally shared.

Ho more substantial evidence for an involvement of galactolipids
in carbohydrate metabelism is avalilable. It woula be interesting to
know 1f the X-glycosidic linkage of DGDG has any significance in this
regard.

The occurrence of the TGDG, which has been detecied i1n radiochemiczl
experiments {Ongun and Fudd, 1968), identified in spinach lamellae
(41len, Hdirayama and Good, 19684) and characterized for potato tubers
{(Galliard, 1968a), can not bhe evalusted as more ther a curiosity at this
stage. Galactolipids could play a role in the starch-storing plastids
of root tissus (Foughan and Batt, 1962) similar to thes involvement in
sugar transport across the chloroplast membrane as suzgested by Benson

{1953),
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hacterial glycolipids in wvolysacchar:
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The narticipation o
synthesis wae speculzted by Distler and Roseman (1964); however, this
is less likely since, in the bilosynthesis of lipopolysaccharides (Wright

et al, 1967} and paptidoglycans (Fiyashi, Stiroming.r and Sweeley, 1¢37)

in bacteria, the sugar residues are attached to an intermedia

o]
=
o
'|_4
[0}
1t
}_l
9]
&}
[y
o
',-—I'

pyrophosthate in which the lipid was a polyiscpr

1.VI.6 Participation in fatty acid metabolism:

?L

4 study of the uptake of / 2- / - acetate into the acyl lipids of

Chorella vulgaris showed two distinguishable groups of lipids in voth the

5

dark- and light- dncnbated cells (Michols, James and Breuzr, 1967).

Group one, consisting of ¥&, MGDE, PL and neutral glyceride, had a vary
turnover rate of certain fatiy aclds while group two, consisting of DEDG,
SgDG, PE and PI had a slow turnover of fatty acids. The maexima
iabelling of Group one was uaually evident in first four hours of the
ircubation in either dark or light; this peak wa. folliowed by & slight
deciine and recovery with Time. The major changes in fatty scid
composition were completed within 24 hours {ebout one cell generation).
4t the end of 48 hours the prorvortion of label in DFDG matched that in
MEDG . The high specific activities of th:s stearic acid and paluitic zeid

of MGDE in the first {our hours showed that MGDG had a very rapid flux in

these acids, Guantitatively, the most important fatty acid in MGDG was
oleic acid which contained 45% of incorporated label after one hour, but

this had declined to ahout 10% sfter 24 hours with & compensatory rise in
linoleic and linolenic acids. The major fatty acid compositional changss
oceurred in MEDG, DGDE and PG, in which trans-3-hexadecanoic acid appeared.
#hen the total Ffatty acids of MCEIG were analysed, only linolenic acid

made a dramatic rise.

MGDG hed a high turnover of tetradecanoic, palmitic, hexadecenocic,
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stearic, oleic and lineleic acids while DGLG had elther a low fturnover
rate or a steady incroease din aspecific activities of fatty acids which

suggestaed » slow synthasis, The fatty acids with a very fast turnover

[‘Z’I().J] {':39”i2’15 .18:—,

The mazximum Tturnover rates were so high as to suggest that the azeyl linid

—

was acting in & manner to that exgpected for a true intermedizate

in a fatty aclid syntheiic sequence., Thus, MEDE couwld act as a transporti-
, moving the fatfy acid between enzyme locatlons, or be the true
substrate of the desaturase. The labelling between groups one and two

wag go different as to make acyl-migration between the groups uniikely

although migration was possible within each group.

The resulits wers consistent with palactosylation of HGDE and DEDG
since the speclfic activities ol all the major Tatfy acids in the two
lipids wers the same at the end of the incubation. The observed
difference in Tfatty acid profiles of MGDEG and DGDG may be due to deamcyl-

iy

ation - reacylation or specific cenversion of distinct MGEDG specles.

1

The dincubation of heterotrophic Chlorella vulgaris with / 2 - T 7~

acetate and analysis of the individual HMGDG species, separated according
to number of double bonds per molscule, showed +that at any one time the

speclfic activity of a sing

J‘]

le Tatty acid couid vary considerably anoug
the various specizs in which it occurred (Nichols and bloorhouse, 1969).,
This was consistent with the hypothesis that modification of ths fatty

acid composition ¢f MGDE occurred after its de nove synthesis. The

results are not conclusive as certaln spacies of MGDG may b2 more
metabolically active than othars.

Thus for Chlorella, bheth MEDG and DGEDG way have siructural funciilons



with MEDGE having an additional metabolic rele. Yhether this is =slso
true for higher plants awvaits verification. However, the d¢ifferential
light-induced synthesis of MGLG and DGDG in Chiorella, unlike Euglena,
may be relevant (Bloech et al, 1957),

The pattern of uptake of radicactivity dinto the blue-green algase
. . . . . . \ } X . - Th -
Arabaena cylindrica and Anacysbtis anidulans, when incubated with / 2 - c/

kN

w

- acetate differed from

1968 ).

conditions (Nichols,

in the blue-~gresn algae than in Chlorella.
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thropghout the ccurse of the reaction.

between the 1lipid classes 4di

cifi ctivitie diff
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ve c
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ufficien

in marked differences in

gran

hat observed Ffor Chlorella vulgaris under

variations in the proportion of

)
A

ly different thet significant

total zetivity in the lipids.

simiiar

DGDG (and 3wDG) were labelled more gquickly
In 211 three algae, only
activity in each lipid class
transfer of fatty acids

ence,

net oceu to any areat sxtent because the

d

t lipid classes, at any moment, were

&

¢yl tramsfer would have resulted

The changes in

distribution of activiiy among each fatiy acid of MIEDE of inscystis nidulans
showed a consistent desaturation of tetradecanoic and palmitic acids to

the corresponding monccuas. The increase in total activity in hexadeca-
noic acids was halanced by the loss from tetradecanrocic acids. Bothh setis

of resulits for Anabacna cylindrica and Chlorella vulgaris for the MELG (znd
SiDG) analysed were compatible with progressive dessturation of hexadecanoic

and octadecancic acids coupled

some conversion to the long- chain acids,

with

Thus the resulis were consistent with an interwediary role of lipids in
fatiy acid synthesis, though the metabolic behaviour of individual lipids
may vary according to the class of alga.

. o en .l |

#hen barley leaf slices were incubated with / 1 - C 7— acetate,
the amount of labelliing of o¢ ~linolenic acid was highest in the MGDG
fraction and very low in DGDG fraction (appelgvist et al, 1968).  This
could indicate the mors acitive role for MEDE. On the addition of UDPG



to a reaction mixiture containing lettuce chloroplssts, / 2 - C /- acetate
and non-c¢yclic phoavhorylation cofactors, zn increased proportion of the
incorporation appeared in the total oi-iineclenic acid fraction relastivs

to the palmitic acid fraciion (Nowman, 1966). This may be further

evidence for the participaiion of ralaciolipids in faitiy acid metabolism.

T.WVI 7 Miscellaneous:

& novel proposal was made for the function of bacterial glycolinids
{(Brundish, Bhaw snd Baddiley, 1957). The glycolipids would Fform clustars
in which the hydropnilic razgions of the molecules would come togestner to

=
o
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o
m
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form & ""pore’” extending through the membrane ang azllowing th
mall ions and charges watsr~scluble motaboelites dnte ths cell.
The MGDG of ths nervous tissue is likely to have primarily a struciursl

role Its concentration incresased with the onset of myelination in

developing rat brain {¥zlls ard Ditmer, 19867).
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Thizs study was underisken to further elucidate the blosynthetic

pathway of galactolipids in plant ftissue - esspecially in Sramineac: specics.
Previous workers (MNeufeld and Hall, 1964; Ongun and Mudd, 1968} had shown
that spinach leai chloroplasts were asctive in galactollypid synithesis,

Thus, the object was to show similar activity in the chloroplasts isolated
from the leaf tissue of Gramineae species and to find the specificity of
the enzyme(s) concerned for the diglrvceride substrates. Synthetic 1,2
{(2,3) - diglycerides were prepared for Lthiz purpcose.

G

W

Zince this work was comnenced, Mudd and nis coworkers have explain
much of the biosynthetic pathway of galactolipids in spinach leaves.

Consequently, the present study paralilels and supplements their weork,
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Section 3.1 : Materials and analytical techniguer.

=3;

3.1.1 cagents and solvents:

411 the chemicals used were eilther snalytical, Laboratory or
Technical Reagents from the British Drug Houses Ltd. (Poole, BEngland) or
from May and Saker Lid. {Dsgenham, England), except for the following:
Dextran 40T, from Fharmacis, Uppsala, Sweden.

Dicxane, from Nuclear BEnterprises (G.B.) Lid., Edinbursh, Scotland.

Fileoll, {from Pharmacia.

Linoleic acid (Puriss), from Koch-Light Laboraieries Lid,, Colnbrook,
England.

¥ ~Linolenic acid (Puriss), substrate for lipoxidase, from Koch-Light

Lab. Ltd.

POPOP (1,4 bis / 2 - (S5-phenyloxazolyl) /-benzene)  angd

FRO (2,5 diphenvloxagsle), Trom either Nuclear Enterprises (G.B.} Lid.,
or Sigma Chewicel Co., 5%, Louis, U,3.4.
m

ris / tri-(hydroxymethyl) methylamine /, Puriss, from Koch-Light Lab.Ltd.

411 solvents, except dioxmane, were distilled before use.

5.1.2 Hadioactive meaterials:
Fal H - ’U-l - O z PR W Ko I - o T
D - Galactose -1- C, specific activity of 35.4 or 55.7 =al/ml
- , 14 o .
n - Hexesdscans -7- £, spescific activity of 0.781.0/¢

p :

. . . 1, 0 . s
Uridine diphospheo - ¢D-galactose- C{U)} ammonium salt, specific
d

1
-

activity of 240 mC/mM.
These radicactive matsrials were obtained Ffrom the Radiocheniczl

™

Centre (amersham, England).
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3.1.35 Chromatography:

{a) Thin-layer chromatcgraphy (TLC)

Glass plates, either Scm. % 20cm. oxr 1MQ0cm. x 20c¢m., were shread
with & slurry of Silica Gel G (according to Stahl), from
E. Merck 4.G. {Darmstadt, Germany), &t a suitable thickness

(0.25zm to 0.50mm) with & spreader made by Desaga (Heidelberg,

el

4.
Lt

5]

e r * T N . O
Gerwmany) . The thin layers were sctiv 4 by heating at 1107°C
for one hour.

{b) Solvent wixtures smploved in TLC and paner chromatography.

Compounds separated sclvent mixture
i. by TLC
diglycerides hexane-diethyl ethezr -« zlacial

w:hexaﬁewdiethyl gther, 70:20 or 50:390 v/v

te -~ 95% ethanol

Ail

galactolipids toluene - athyl acet

phoaphoelirids chrloroform - nethanol - glacial

~, 85:15:10:3 v/v

ii. panper chiowmatograrhy

=i
3]
i

cetate ~ water

A

- e, e b e
Lalne - guhy

rolyhyvdric compounds

2:5:5 v/v, upper phass

e . C s s Lo .
“1mused for boric acid lmpregnated pvlsates.

(c} Detection of compounds on chroematograns.

teyl lipids were usually detscted on thin-layer chromatcgrams by
spraying with 2,7 -~ dichloro(R) fluorescein, 0.2% {(w/v) in
ethanol, and viewing under uliraviolet light, or elternatively,

exposing the chromatogram to iodine vapour.
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The water~soluble products of galactolipids were detected on the

olution

4]

paper chromatogram by spraylng with a freshly prepared
of 2% sodium metaperiodate and 1% potassium permanganate, 2:1 {(v/v).
43 the spots developed, the excess reagent was washed from the
chromatogram with rununing water. The spots appeared as brown

areas on & white background.

{d) Gas Liquid Chromatography (GLC)

2

The fatty acid methyl esters obtained from ithe synth

o
oF
!..I‘
o

-

dizlycerides were analysed 1n a Fackard Gas Chromatograph on 2

Gy

2mm % 6 ft. columm of 15% DEGS (disthylene glycol succinzte),

supported on 60 -~ 70 mesh Anakrome G (inalsbs, Hamden, Connecticut,
T 1, Fe - - o O
J.8.4.), at an oven temperature of 160°C.
The analyses of samples obtained in the fractionation ¢f methyl
cleate were performed using a Varian Aerogzraph {model 1520)

. 5 . . o n o
Chromatograph on a w-inchk x 5 ft. column of 15% DEGS, at 165°C,

with a flow rate of the carrier gas, nitrogen, of about 45 ml/

WAL o

For all other fatty acid analyses, the Varian Asrograph was used

with & i-inch x & ©t., column of 12% DEGS, at a temperature of

IWk Suantitative and gquslitative measurement of radiocachivitys:

(a) Radioisctope counting

An aliguot of radioactive extract in chloroform was evaporated o

drwness in a counting vial with a current of air and 10 mls of

g fFO (0.6%) and
POFOF (0.05%)) added. If the radicactive sample was in agueous

solution, 1Omis. of Bray's scintillation solintion / naphthalene

(60g), PFO (Lgl), FOPOP (200mg), methanol (100ml}, ethylene



zlycol (20ml) and p~dioxane to make 1 litre were added to the
(i) v}, iy
agueous aliguot,

411 aligueis, of up to 50 :;1., of radicactive sosluticons mentionad

9]

in this thesis, were umeasured with syringes (Hamiliton Co. ILtd.,
Whittier, California, U.5.a., or Scilentific Flass Engineering
Pty. Ltd., Melbourne, Australial,.

Duplicats sampie vials were counted through the preset -C

’

channel in a Packard Tri-carb Liquid Sceintillazion Spectromeiaer,

model 3375, The counting rates had a percentage standard grror
which wag inwveriably less than two and usuvally around one. Tha

-

counting efficiency for each sawple vial was read from curves of
2BS (autcmatic external standard) value against observed counting

gfficiency. These curves were coasiructed by findi

}_.I

ng the effect
of increasing amounts of guenching agent (non-radiocactive total
lipid extract) wiith a measured smount of n - hexadscane ~1- 'C.
Alternatively, for experiments 4.,I.1, 2 and 3, the counting
¢fflciency was obtained by counting a radicactive standard vial

wilth tThe sampl izls

i_l'.

Hadiolsotopes scannin

hjs|

The developesd chromatogram was scannad for radioczetivity using =

Packard Radiochromaitopgram Scanner

=3
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1.3% isobutane - 93.7% helium as carriaor gas.

Optimum conditions werse:

gss flow 110 ec.e./min; high wvoltage 1.715 kv.; time constant
30 ssc.;  scale D-300 cpm.; spead & or 12 cew/hr.; slit width
2, 5mm,

For paper chromstography, the gas flow was 150 cc/min and sometimes

Qa

2 scale of 0-100 cpm (¥ims constant 100 sec.) was prefsrre
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The contributions of different conpounds to the totzl radic-

aetivity of the sample were assessed from the redlo-chromatogram using

a planimeter (G, Coradi &:G., Zurich, Switzerland}.

Bal.5 Sonication

4 MSE (Measuring and Scientific Equipment Ltd,, London, England)

[

100 watt vltrasgonic disintegrator was utilized in the auto made at &

power output of about 8 microns pedk-to-pehl,
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Segction 3,11 : Ezperimental procsdures.

%, 11.1 Plant tissues:

Rarley (Hordeum vulzare) ssedlings were grown under sterile

o . P - . ] A . 0 ! - " - - 3 8
conditions in Agee jars in dark at 23°C. The seedlings were greened for
2L nours, by illumination from a 250 watt IR reflector lamp held at 60 en.,

immediately prior to harvesting.

el

Meadow Tescue {(Festuca elation) a2nd vhalariz (Fhalaris arundinsces x

]

=

0]

tuberosa) lesf tissue wss gathered from clores grown in the open. h

samples of ryegrass (Lolium peremns) 2nd Yorkshire foz {(Holcus lanatus)

were obtained from psddocks of each, Spinach {Spinacis oleracea) was

- : ———

bought at a local greengrocer's shop.

3. 11,2 The incubation of leaf sligces and extrszction of lipids:

(a) Barley.

The whole lezves of barley seedlings were harvested, washed wiith

water, bdlotted dry, and cut into Tmm slices with a dewaxed siain-

less steel razor blade. The incubatlon mixiure was composed
of:
T gu sliced leai tissue

0.2 vl i1 phosrhate huffer, pH 7.4

Tobh ml water

0.1 ml EZZCO3 (50;xmoles/C.t ml).

0.05 wl Wa acetats (200,.mole/0,1 ml)

T

and galactose-1- O

The ingubation was performed at 25°C with shaking,

The reactlon was stopped by addiag sufflcient chloroform-

T

methanol (CM) 1:2 (v/v), to give one phase. The supernatant
was decanted after refluxing the solution for one hour, and the

residue re-extracted twice with C/H 2:1 (v/v). The combined
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extracts were wacshed with 0.2 volumss of G.73% z2queocus Nall made
i with respect to D-galactose (after Folch, Lees and Sloane-
Stanley, 1657). The agueous selt-methanol layer was re-extracted
with chloroform and ths cowmbin~d chloroform fractions dried with

anhydrous HNa SOb. The clear lipid extracts were evaporated to
1

2
dryness under reduced wressure and redissolved in Iml of

chloroform, Suitable aliguots were taken for radicisotops

counting and scanning.

Fescue.

IB=

he leaf tissue was washed and sliced as for barley. The
lnecnbation flasks contained,

C.5 g tissue slices

0.30 ml ¥ phosphate buffer, pH 7.4

2.60 nl water

0.10 ml KECOy (50 prmoles/0.10l)

0.05 ml ¥z acetate (200 .«moles/C.1ml)

G.10 ml cysteine hydrochloride (1.2 .moles/0.1ml)

14 i 6
actose~1- € (containing 2,11 = 10 dpm)

"

pus

G.10 mi

|

ga
iAfter a b-hour incubation at 25°C, with shaking and in room light,
the incubation was stopped by adding suificient G/, 2:1, to

give one phase and the solution reiluxed for one hour. The
superunatant was decanted, ithe residue rs-extrscted twice with

3

C/H, 231 (v/v), and the cowbined chloroform extracts washed with
0.58% agueous NaCl (0.2 vol.). The agueous layer was extracied
wiitl chioroform and the combined chloroform fractions washad
with 0.53% aqueous 1laCl. The chloroform layer was taken to
dryness, with, if necessary, the aid of the mixture absolute

.

atcohol-benzene, 9010 (v/¥}, and the lipid extract redissolved

in 2 mls of chloroform, Aliguets wers taker for radioisctope



)
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counting and scanning.
5.1F.3 Isclation znd hydrolysis of radicactive gaslaciolipids:

(a)

Isclation.

Three of the total 1iyvid

extracts from experiment 4.I.2 involving

barley leaf slices, were resolved by preparative TLC. The MGDE
and DGDG bands, identified by standards run at the sides of the
plate, were scraped inio centrifugsd tubes and extracted with

C/M, 2:1 (v/v). (The ¥GHE and DGDG standards were isolated

from red-clover 1ipid extracis using the standards of R.C. Weenink).
The radicactive galactosyi diglycerides were re-isolated by TLC

ard to check purity, arsas in front of aand vwehind the sanple

bands were also extracted. The extracis were taken to dryaness,
redissolved in Tml of chloreform and aliguots counted for radio-

activity. Table 7 shows the resulis.
Tahle 7.
The distribution of radiozscitivity on the TLC plates after re-chromatvography
J s i Mk
of the isolated radiocactive galactclipids
total remarks
area ]
dpul
in front of the IWGDE band 500
MEDG band 68,400
hehind the MGDG hand 200 included zres of DEDI band
in front of the DGEDE band 3,500 included area of MGDG band
DGEDG band 97,200
hehind the DGDG band 700 included the origin ares
The re-isclated galactolipid samples vers concluded to be reasonably wvure.
[ = y -
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(b} slkaline hydrolysis.

e o - — S o= L/ T T =
Zach sample was refluxed with 5 als of 0.3M HaCH in Q0% methanol

for one hour. he solution was shaken with DOWEX-50 (B~ form),

to remove sodium ions, a..d the resin filt red off using a I llter
paper pre-washed with petroleum ether, The fatty acids ware
exiracted with petroleum ether and the neutral methanolic
solution taken te dryness, below BOOC° The producis were

4

redissolved in a small zmount of water.

{(e¢) Acid hydrolysis.

The water-soluble products of zlkaline hydrolysis were refliuxed

for 4% hnours with 3 mls of 2 HCI, after 2 hours, 2 mls of 28
EC1 were added to maintain ac'd strength. The solution was

evapcrated to dryness and the residue placed over KOH sticks in
a vacuvum dessicator for 4 hours. The acld hydrolysis productis
were dissolved in water, the solution adjusted to neutrality

with dilute NalH, evaporated to dryness, and the products
3 P ¥ Iy

redissclvecd in a small volume of water.

(d) &nalvsis of the hydrolvysis products.

A4liquots of water-soluble and ether-soluble hydrolysis products
were counted for radiocactivity in the appropriate scintillation
fluid. Samples of the water-~scluble hydreolysis products were
spotted onte Whatman 3MMM chromatography paper with standards of
galactose, glucose and sglycerol. The chromatogram wes
developed by a descending techniqgue for 54 hours and the

appropriate strips were scannad for radicaciivity.

3.1T.4  Isclation of chloroplasts:

4
=
]

Crude chlcroplast preparations were prepared by two methods. A

s . o
operations wers carried cut at O - 47C. Chlorophyll content was



estimated, using 80% agueovs acetons solutions, according to arnon (1949).
The spinach leavas were deveined before use.
(2) Method I.
(after Spencer and Jildman, 1564).
The leaf tissue was c¢hilled on jce for 1 - 2 hours, thea 7 g,
wet welght, of tissue were minced as finely as possible with
dewaxed razor blades in a mediuvm (zbout 20 nls.} consisting of
25 wM Tris -~ HC1 duffer, pH 7.4

250 ml sucrose

—

&
o
=

magnesivm acetate
mit mercaptoethancl

2.5% Ficoll

o Dextran LOT
The resulting brel was strained through 2 layers of nylon
stocking and centrifuged for 2 min. at 30 x g and 10 mian, at
3020 x g (Sorval RC ~ 2B centrifuge).  The crude chloroplast

pellet was suspended in 1 wl of G,1M Trisg - HC1L buffer, pH 7.4,

(]

{(b) Method II.
The leaf tissue, prechilied on ice for 1 - 2 hours, was ground
with acid-washed sand in a medivm (2 volumes, v/w) consisting
of
0,01 M 1‘4;;12}£PO£+ - 1'«;}1‘,’1;101+ buffer, pE 7.4
Q.0 M sucrossa

The homogenate was strained through three layers of nylon

stocking and centriiuged for 2 min, at 120 % g and 2 x 10 min.
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Preparation of crude enzywe nreparations Tfrom chloroplasts:

acetone powder preparation

{after Ongun and ¥udd, 1968).
Chloroplastis were isolated by method IT from approximately
100 z., wet welght, of leaf tissue and the pellet suspencded in
10 ml of O.Mi Tris - ZC1l buffer, pH 7.h. The sushension was

. . . . o s
pipetted guickly irto 80 mls of acetone at -15 to -20°C and

stirred vigorously. The mixture was filtered under suction
o . . - -
at -137C and the suction continued for onz hour. The green

precipitate was stored on filter paper in & vacuum dessicator

~ o . . -

Tor two days at -207C, then ground to a fine powder in z gisss
" = o}

mortar and stored at 4°C,

Table & summarizes the data concerning the acetone powder

prevarations.

Table 8,

Summary of the acetone powder preparations of chloroplasts

tissue approx. wat date ureparation chlorophyll
welghv of number content of
lezaf tissue chloroplast
used (g.) suspension
(mg)
fescue 70 G.-9-6G g 52 not determined
fescus 100 15-5-69 2 L4 16 .1
fescue 100 25-2-69 3 409 16.3
spinach 100 $-9-69% 1 321 19.1
spinach 100 1%5-9-69 2 280 1.7
spinach 100 25-9-69 3 312 18,8
spinach 100 10+10-63 b %55 26.6
spinach 100 10-10-69 5 389 2k,
spinach 100 2h-10-AC & %88 25.5
spinach 100 2bk-10-62 7 259 8.4
spinach 100 D-11-69 2 2h5 16.¢
spinach 18,2

106 7-11-6G 9 287
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(w) Freege-dried chloroplsa

{a)

{(b)

(e) T

prevarations.

Eal
H

0
[
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The chloroplast fracvion from about 100z., wet weight, of spinach

leaves were isoclated by method 1I, except that only one centri-

fugation at 3020 x g was perforned. Abovrt 70g. of fesc

ue

Taaf

tissue was also treated as in methed Il to yield a crude chloro-

plast pellet. The chloropiast pellets were suspended in O

Tris - HCY buffer, pH 7.4, fresze dried, and

ot

Incubation procedures of chloroplasi pre

Chloroplast suspensions.

Aliguots of chrloroplast suspensions were insubated with

tored at 4°C.

microlitre

- Lo ik, , - , o
gligquots of UDP-D-galacioge - ¢ solution (5 .C/ml) at 30 C.

with shaking, in room light.

Acetone powder preparations.

.

Leetone-soluble 1ipids were homogenized with 20.0mg. of acetone

owder in about 0.2mn) of acetone in a glass homopenizer with a
[

teflon plunger. The acetone was quiclily evaporated in a stream
of aitregen and the mixture homogenized in T ml. of 0.1
HC1 buffer, pE 7.%. The suspension was slowly bubbled
pitrogen for 30-%5 seconds and then sonicated for up to
in an atmosphere of nitrcgen. in aliquot (0,7ml.) was
1h . o

Tris -

Wit

>

L
L1l

mi s

incubated with UDF-D-galactose - C at A07C, with shaking.

Acetone~insoliubie 1liplds were itransiferred to the homogeni

diethyl ether and the ether evesnorated with a current of

nitrogen. The zscetone powder was then added and rubbed with
the lipid using the plunger. #ith the addition of buffer, the

nixzture was treated as above.

1

reeze-dr . chloroplasts.

The freeze-dried chloroplast prepesration (25mg) was homogenized

]

in 1 mi. of O.1¢ Tris - HCL buffer, »H 7.0, and an aliqu

at

=
=

&
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(C.7ml.) was incubated with UDP-D-galzctose - C at 30°C, with
ghaking. hcetone-soluble lipids were homogenized with dry

freeze-dried preparation in acetone, which was evaporated hefore

hnomogenization in buffer.

%.11.7 Extraction of lipids from reaction mixtures:
The reaction was stopped by adding sufficient C/M, 1:2 (v/v}, to

ive one phase and heating to boilling, or to near bolling for > minutes.

%y
}.J

-
Hy
ot
4

.
3!

r low speed centrifugation, the supernatant was decanted aad the

residue was agitated with C/M, 2:1 {(v/v}, on a vortex mixer and heated

to boliling. The bullked exiracis were washed three times with 0.58%
zguaons NaCl, The chioreform layer 3 zvaporated to drynzss and the

total lipid extract redissolved in Q.B2:l. of chloroform. sujitable

or radioisotope counting and scanning.

1=y

alicuots were taken



(v)

{c)

: FPremaraticn of linid substrates
Chemical synthesis of diglycerides,
(adapted from Matison and Volpenhelm, 1862)
Fatty acics.

Oleic zcid was prepared from methyl oleate which had %een

purified by fractionation on a spinning barnd colunn (Kester-Faust

1

Delaware, U.3.4.). “he average composiii of the Iractions

oo

271}

to vield oleic acid was 92.1% methyl oleate and 7.9% wethyl

lincleate, as analysec by GLC. The bulked Iractlons were

refluxed for 2 hours with 5% methanolic KCH, and, aifter renoval

of gsldue dissoived in water. On aeidificaiion
th acted three fimes with hexane, and the
combined extracts washed until neutral. Zvaporation of the

hewane, under reduced pressure, yielded the oleic acid,

The oleic ascid employed in the preparstion of 1-lincieoyl,
2-aleoyl glycerol was the gift of Mr, O, Faruque
The linoleic¢ and linolenic acids were ugsed directly.

of &cvi chlorides.

Crne part of fatty acid and 1.2 parts of oxalyl chloride, by weight,

L

were mixed and allowed to react for 3 days at room temperazure,

the mixture was heated on a steam bath for 30 minutes under the
vacuum of a water aspirator and the fatty acid chloride taken up

in 20 volumes of hexane. Lfter washing three times with ice-cold
water, the solution was dried with anhydrous NaESOh’ and the

solvent evaporated under reducsd pressure. The fatty acyl

. [a)
¢hloride was stored at -20 C under vacuum.

Preparation of

The glycerol was dehydrated by vacvum distillstion, in which the
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83.

first and last 15% were rejected.
Eguimolar amounts of glycerol and benzaldehyde, thres voinmes of

lytic amount of p-toluene sulfonic acid (2% of

]
Lol
il

toluens and a cA
glycerol, by weight) were stirred and then refluxed, with tne

condensed vapours passing through a2 water trap. #hen the water

b,

evolution stopped, the flask was impersed in an ice water hath,
allowed to cecol, and the contents seeded with 1,3 benzylidene
glycerol which was c¢rystallized overnight, The crystals were
filtered off and, while still cold, stirred with eight volunes
of toluene containing sufficient sodiuvm methoxide to neutralize
the catalyst. The toluene solution, obitainsd by warming, was
washed with 1% agueous NazHPOh, dried with anhydrous NaaSOH, and

o

the 1.3 bvenzylidene glycareol crystallized at 0°C. The isclated

crystals were recrysiallized from benzene - hexans, 111 (v/v).

5
ER

Preperation of Z-monoglyceride.

1,3 - Benzylidene glycerol, in 20% ¢xcess, was dissolved in a

mindmun anount oi etl chtoroform, and pyridine and then
fatty acid chloride added in eguimolar amounts. afver 24 hours

at roowm temperalure,; the pixture was dissclved Zm 2.5 velumass of

On dryiang with anhydrous Naasoa, the solvent was evaporatzd
mder reduced prassurs, The removel of the blockin
borats replacement was eifseted by dissolving the product in
2~meithoxy-sthanol and hesating with an excass of
boric acid on a boiling water hath for 30-4L0C minutes. The

solution was ftaken up ia diethyl ether, washed three times with

water, dried guickly with da SOL_r and the ether evaporated under

reducsad pressure at less than 257C. This residue, contailning



the 2-monoglyceride, was used immediately for the diglyceride

ANOUNLS . After the wmixturs had stood 2t room temperature for &

fun

hours, it was diluted with 20 volumes of peitrolsum sther -
diethyl ether, 1:1 {(5/v). This solution was washed twice with
. 1 !

ice-cold water, three fimes with ice-cold 1% HCL, three times

g
7]
o
=

szoltions for the synthesis

The diglycoerides were estimated to contain less than 3% impurity

]

. They were

of 1,3-diglycerids, as Judged by anaiytical TL

stored under nitrogen at -207C.

1
=
w
o
A
)]

T

(Y
O

& summary o e diglyceride preparaitlicons 1z given in

Sugmary of the 1,2 (2,3 - digl
of double wt. of fatty
bonds/molecule acid chloride®
(g.)

2 1.2 dicicoy] 1.8 359
3 T-0leoyl, 2-1 zrol 2.2 375
3 1-1linoleoy] glycernl 2.0 259
& 1,2 dilinocleo 2.6 297
2 t-/-linoclenoyl: .

rol 2.2 286

* the welght of falty acid chloride talen in
the preparation of 2-menoglvcaerida.
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OH

R1C0CI AN
OH + -» HO R,-CO-0 CH
p-toluene pyridme i /
OH sulphonic acid o
O—B(OCHs)z OH O“CO-RZ
H4B0, H,0 R,COCI
Ry-CO-0 ——rrrrr—p RT-CO-O . R4-CO-0O
2-methoxy pyridine
ethanol 0-B(OC H3)2 OH oH
rac-1,2-di-O-acyl
glycerol
Figure 6

The chemical synthesis of rac - 1,2 -di-O-azcyl glycerol
(Mattson and Volpenhein, 1962).

]
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Fatty acid analysis of the diglycerides,

The diglycerides containing two different Tatiy acyl residues
were subjected fo enzymic hydrolysis by pancreatic lipase to
renove the acyl group from the < -position. An emulsion was
prepared consisting of

j0mg. diglyceride;

5.0 ml, M4 Tris -~ HC1 buffer, nl 7.5;

2.5 ml. 225 CaCl2

1.0 ml. 0,14 sodium cholate,

One ml. of this emulsion was incubated with 100mg. of lipase

-~ . v 5 - - 1 : R
(from hog pancreas, type II, Sigma Chemical Co.) for 2% min., at
, 0 o o . ) . : .
377°C and the reaction stopped with ethanol. The liberated fattiy

acid and Z-monogliyceride were isoclated by TLC. The Z2-mono-

451
I...J

Tt
%]
1]
i
o]
F_J
0]

gilyceride, and the 1,2-dicleoyl- and 1,2-dilinclecyi
were deacylated by refluxing with methanolic KJH and the fatty
acid was converted to the methyl ester by reaction with freshly-
nrepared diazomethans, The methyl esters were analvsed by GILC
and identifisd by comparison of their retention times with
standard compounds, The Tatty acid compositions were obtailned
from the GLC chromatographs (Figure 7) by mezsuring the reak

areas by planimeiry. The resulis ave given in Table 1C.



18

18:2

Figure 7

Examples of the GLC chromatographs obtained in the
fatty neld anolysis of the synthetic diglycerides:

A - tota) fatty acide of 1,2 -diclaoyl glycerol.

B - M-position fatty acid of 1-lincleayl, 2-oleoyl
glycerol.

€ ~ 2-position fotty acild of 1-linoleoyl, 2-oleoyl
glycerel,

18:2

16:0
__{{ A
c
18:1
156:0 18:0 18:2




Table 10,

The fatty acid composition of the syanthetic 1,2 (2,%)- diglycerides

Fie
[
oo
[t
3
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o
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1,2-d1ioleoyl glycerol 1.4 8.6 -

f-cleoyli, 2-lincleecyl glycerel

Position 1 86,1 12.9 -

Fosition 2 2.2 57,8 -
1-linoleoyl, 2-oleovl glycerol

Poaitlon 1 77 G2.3 -

Position 2 SE LT 5.2 -
1:;2 diZinoleoyl glycerol PO 99,0 -

1-linoliencoyl, 2-lincleoyl glycerol

Position 4 - 11.2 88,8

Position 2 - 100, 0 -

The appearance of small awmounis of npalmitic and aclds on the

i
)
i)
-

L4t
o
3
11
L]

chromatographs for those fatiy acids liberated by enzymic hydrolysis was

attributed to acontaminaticn ¢f the enzvme preparstion and thus these

~ v S 4

2
=
wy
[4u]

peaks were not considered in calculating atty acid compositions.

I

3,1:I.2 Isolation of diglyceride and HGDE from the acetone extracis of

chloroplasts.

(a) Isolation of digiyceride.

The acetone extracts from the spinach acetone powder prevaragtions

Y
e
—

1 through % were bulked and passed through a carbon-Celite,

)

column, naving the dimensions of 11emr. x Tewm., to decclorize the

!
extract

-

van der Veen, Hirota and Clcott, 1967). he lipids



(b)

were elunted with chloroform (about 40 mls.) and with C/M, 9:1

(v/v), until green pigment appeared. The fractions lacling

o
o
Lo

green pilgmeant were vulked and the diglyceride isolate

preparative TLC using silica gel G impregr.ated with 3% {2/
boric acld, By analytical TILC, this diglycsride fraction

contained onily the 71,2-isomers and, Since 1t had been enzymically

synchesized, the diglycerides would he expecied to be specifically
1,2-diacyl-sn-zlycerols The total fatty acid composition of

the diglyceride fraction {(Figpure 8) was

1610 16.8%; 16:1 15.34; 1810 1.6%:  18:1 and/or 16:3
.45y 18:2 1006 1603 3,94,

preparailion no.S was isolated by preparvative TLC.

Isclation of phospholigpids:

From egg~yolk.

L2

]

The yolks of two fresh eggs wers cxtracted with C/M 2:1, the

=

extract taken to dryness and redissolved in a minimum volume o

[

diethyl ether, Ten velumes of acstonse were added and the
acetone-zoluble iractilen decanted, The crude phospholizid
(acetone-inscliukle fraction) was resolved by vreparative TLC into
phesphatidyl choline (PC) and phosphatidyl ethanolamine (PE)
fractions, using known standards,

The fatty composition of the egg phosphatidyl choline (Figure 9),
wihiich was similar to that of the total phosphcolipid fraction, was
16:0  3%.7.47; 1617 2.0%; 1810 12.54 18:1 30, 8%

18:2 10. 9%,



16:0

14:0

142

18:1

[~ — .. el
Figure
Figure 8 Ligure 3
. The GLC chromatograph obtained for the total fatty
The GLU chromatograph obtained for the total fatty acids of the phosphatidyl choline isolated from
acida of the diglyceride isclated from the acetone egg yolk.
extracts of chloroplasts.
0



(b) From spinach.

Spinach leaf and stalk {approx. 200g,; were blended in alcohol
and hzated to boiling, The alcohol exiract was decanted and
the residue re-extracted with C/M, 2:1 (v/v). Both extracis

were evaporated to dryness, dissolyved in diethyl ether and then

[0}

combined. Phosphatidyl choline and phosphatidyl ethanolamine

were resclved by preparative TLC,
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RESULTS

Section L4.1 : Exmeriments . with leaf slices.

_ s : ) . . (=
b.I.1 The incorporaticon of radingctivity., from D-zalactose ~1- C

into the galaciolipgids of barley leaf slices, with resypect to

To find the dependence of the incorporaiion of D-galactose -1~ €
inta #CDE and DEDG of barley leaf slices on time, barley seedllings were

harvested on the 5Hth day after planiing and lea? slices dncubated with

; -

A ; 14 e g - .
J.11tml. of Degalzctose ~1- C, conteziaing 2.3 x 107 dpa, for periods
up teo 7 hours, irn room lizhi. The results are given in Table 11 and

shown graphically in Figures 10 and 11,

The percentage incorporaticn of radiocactivity into the MZLGE and DGDG

fractions were determined by measuring the peak areas on the radiochroma-

togram scans (Figure 12) of each 1lipid extract and appropriately dividing
the total incorporation valus,. Yaual smounts of radiosctivity appeared
in both galactolipid Iractions after 1 hour tui then the refte of
accumulation of lzbel into the MISG fraction slowed 30 that the percentage

incoryporation into DGEDE was

o]

€L

With Turther incubstion the amount of radioactivity into the DGEDG fraction

decrezsed whereas the amount of label into the HEDIE fraciion continued to
increase, The ratic of the npercentage incorgeration of radicasctivity

inte MEDE to that intc D3ELE exhibited a dish-shaped curve with respect to
time (Figure 11). The ratic had about the same value for the iacubation
times, %whour and 7 hours and = minimum value at 5% hours.

The difference beiween the total incorporation for the lipid extract

and the asum of the inceorporations of lghel into the 4GOG and DGRG




Table 11,

il
‘The incorporatlion of radlosctivity from D-galactoze -9~ C into the lipids of

harliey leaf zlices with respect to time.

Reaction mixture:

1g. sliced leaf tissue; 1.bml. water; C.2ml ¥ phosphate buffer, pH 7.%; C.iml KHCOE (50/umoles);

&
0.05mwl Na azcetate (100 umoles); O.11ul D-galactose -1i- 140 (containing 2.% x 106 dom ) ;
total volume 1.85ml. Irncubalicn as 2500 in room light.
fnecubation total » Lotal % incorporation % incorporation sum®* ratiol”
time (uhrs) incorporation incorporation into MGDG into DGOG
{dpmm)
0 2,500 G, 11 - - - -
i 12,500 0.54 0,22 0.16 0.38 1.38
1 25,200 1.10 O, bt 0.4 0. 85 1.07
2 46,900 2,0k 0.55 0.67 1.22 0.82
2 45,000 1.326 0,76 1,04 1.85 0.70
3 50,000 2.18 0,83 1.05 1,88 Q.79
B 52,700 2.29 0,80 1.2% 2.13 G.65
4 50,900 2.21 0. 86 1.30 2.16 0.66
" 52,700 2.29 1.02 Te11 2015 0.92
7 66,100 2,58 1.66 1.20 2,086 1.32

* Phe sum of the percontage incorporations into MGDG and DGDG.

i7" The ratio of the percentage incorporation of radiocactivity into MGDG to that into DGDG.

"¢6



percentage incorporation of radicactivity

In
Mane - "¢ / pape - ¢

Figure 16

The percentage incorperation of radioactivity from
A
D-galactose -1- k C inte MGDG and DGDE by barley

leaf slices with respect to time, (see Table 14

for the reaction mixture.)

key: m - MGDG; g - DGDG; e — MEDG + DGDG (sum)
30
20
1.0 =
o -l ] A '] B A B
a 1 2 3 4 5 <} 7
time (hrs.)
Figure 11
The change in the ratio of the percentage
incorporaticns of radicactivity inte MGDG
and DGDG with incubation time.
(see Table 11 for the reaction mixture.)
20
1.0 f=
0 A [} ki | [+ B ] B
a 1 2 3 4 5 & 7

time (hrs.)
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4 1
Figure 12

The radiecchromatogram scans for the lipid extracts
obtained after the incobation of barley leaf

glices with D-galactoge -1- 11“3 for 1 hr., (4},
and 5 hra,, {B). With each scan the positiens of
the staondard M3 and D3PG {a)}, and the radie-
autograph, (b}, are shown. {experiment b4,1.1}

key: 1, galactose (tentatlve}: 2, DGDGE;
3, M3DG; 4, marker, .

w0
W



tended to he variable, Tnese differences were astiributed to the
1k . s
D-galactose -1- C which had not been removed from the total lipid

gxtract in the washing step and this showed as & rediocactive arss at

the origin on the radiochromatogram scans (Figure 12).

b,1.2 The variatlion in the lacorporztion of radiocactiviiy from

F - L{' : r R LR 1
D-galactose -1- ! C into MEDG and DGDG with the age of the

barley seedlings:

N

To find the wvariation in the incorporation of D-galiactose into MGDG
and DGDG by barliey leal slices with the age of the barley seedlings, the

izrs on the

o

&

dark-grown barley seediings wewrs harvested frow different

Lih, S5th, Oth and 7th days afier planting and the lsaf slices incubated
. v - . - , P . . 5 —

with 0,125 ml. of se-galactose ~i- C {containing 2.3 x 10" dpm) for

L hours wnder the illumination of a 250 watt IR reflector lamp held at

650 cms. Duplicates were incubated except when there was insufficient

tisasue 1n the Jar. By the 7th day, the height of the seedlings ezuallesd

the height c¢i the fgee jar and the experiment was discontinued, Prior

tnty

to harvestiag, each Jjar was illuminated for 24 hours. The results are

L4

given in Table 12 and shown graphically in Figure 13.
The greater incorporation cf lakel into the BGDG fraction than into

the MGDG fraction in the % hour incubation of bariey leaf slices seen in

experiment 4.1.1 was confirmed in this experiment, The increasing

percentage lnccrporation of radiocactiviiy into the DGDG fraction showed

a linear relationship for the 4-, 5- and O-day old seedlings. The 6-day
old seedlings had the greatest incorporation of label for both the MGDG

and DGDG fractions and the amount of incorporstion for the 5-day o0ld learl
slices was greater than in experiment Y%.1,1,
The duplicate lipid extracts exhibited good agreement for the

percentage incorporation of radiozetivity into the galactolipids, although

the total 1ipid incorporation varied as in experiment 4.1.1.



Table 12,

The variation in the irncoruoration of radlcactivity from P-galactose -1- Uointo HGLG and
LGUG by barley leal slices with the age of the barley seedlings,

Keactilion mixsure:
1g. sliced leaf tissue; 71.4%ml, water; 0.2ml M phosghate bulfer, pH 7.4; O.1ml KHCO. (50 ..moles);
. 5 WU _

3, 0%m] Na acetate (100}ﬁmoles); G.135ml, D-galactose ~1- C (containing 2.3% =z ’IO6 dpm) ;

_ . , il - .- -
total volume 1.8%mls. Incubation at 25 C, under ill: for & hours.

()
Y
=5
[
1a
i
e
o
I
i~
=
-

age of tissue total % dncorporation & dncorporation sum
(days after planting) incorporation into wEDG into DGOG

{drm)

b G%, 000 1,52 1.95 %o b7

5 2 G, 900 T 51 2.5 3,023

gt
o]
3
[oce
J=
[
]
—
L
(Wl
o~
[
[#2
“A
-
L)
pte

b 89,200 1.25 2,754 3.59

" The sum of the percentage incorporations of radicactivity into MGDG and DGDG.

+

TL6



percentage incorporation of radiocactivity

98,

Figure 13

The relationship between the percentage incor-
poration of radicactivity from D-galactose -1«

Mo into MGDG and DGDG by barley leaf slices
and the age of the barley tissue.
(see Table 12 for the reaction mixture)

key: m - MGDG; o - DGDG; - MGDG + DGDG (sum)

5.0 ke
]
3ol
2.0 b
1.0 &

0 " a2 B - B

2 3 4 5 & 7

age of the barley tissue (days after planting).
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4,I.3 The incorporaticon of radicactivity from D-gaiactose -1~ C

[aYa]

into the galacitosyl moieties of MEDG and DEDG:

The distribution of radicactiviiy between the fractions obfained by
deacylation and acid hydrolysis of the galactieclipids was determined to
14,

L

demonstrate that the radicactivity incorporated from D-galacitose -1-

into the galactolipids, by barley leaf slices, avpeared in the galactesyl

moieties of the galactolipids, The MEDG and DEDE were isolated from
three of the total lipid extracts of experiment 4%.31.2. The distribution

=

of radiozetiviiy within the galaciclipid molecules is indicaved in Table
13 and Figuce Tk,

Table 13.

g Ao

The distribution of radicactivity betwesen the fractions obtained by the

hydrelysis of the radicactive galacteolipids formed by incubating berley

. . cay - . 14
leaf slices with De~galactose -1~ C.
o - radio- .
fraction . remarks
activity
{dpm)
starting materials MGDG 68,400 radicactivity present after
DGBG 97,200 igolazion by TLO
water-soluble, alkaline MGDG 65,100
hydrolysis products GG 87,000
ether-soluble, alkaline MGDG O
hydrolysis products DGEOG G
acid hydrolysis products RGDO 20,100 0.6 vol., of the water-
DEDE 36,300 soluble, alkaline hydrolysis
products taken for acid
hydrolysis

Vv s s
Lilik A

RASSEY UMYERSITY
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Figure 1k

The chreomatogram of the water-soluble hydrolysis
products from radicactive MGDG and DGDG {(experiment
h,I.3). The barred areas indicate the radicactive
peaks and the standard compounds were galactose, (1},
glucose, (2}, and glycerol, {(3).



101,

oL

The data in Table 13 shows that after slkaline hydrolysiz of the

galactolipids the radicactiviiy was associated with the water-soluble
praducts snd thus inaeicates that the fatly acilds of the galactosyl
diglycerides were noit labelled during the incubatiun, when the

appropriate strips of the paper chromatograph of the water-socluble

hyérolysis products were scanned for radicactivity, they showed that no

I

radivcactivity was associated with the glyeceryl moiety o
hydrolysis products given by Sastry and Hates {1954a) shows that the
posltloas of the radicactive peaks, relative to the standards on the
chromatogram shown in Figure 14, are censistent with the following radio-
active hydrolysis products:

MGDG: alkaline hydrolysis -~ monogalactosyl glycerol

5¢id hydrolysis - galactose

DGDG: alkaliine hydrolysis - digalactosyl glycerol

acid hydrolysis - galactose snd monogslactosyl glycerol.

The radicactiive area at the origin for the zoid hydroliysis products of

monogalactosyl glycerol was not identiflied.

i

The sbhove results prove that the radiomctivity incorporzted frow
1

]

Depgmlactose -1 C into the galactolipids of barley leaf sliczs was

3]

contained wholly within the galactosyl meileties of the galactolipids,

14

LIk The incubation of fescue lsafl slices with D-gpalactose -1- C:
. . S e e . Tk
The incubation of fescue lepi slices with D-galuctiose ~1- o

.

o

resuited in incorporation of radloactivity inkLe the ilpid fraction.

flazsks are shown in Table 1h,

0
O
=
<l
o
0]
=
[
[w]
’._ 5
F. J
(]
)
[l
Liv]

The vesult
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Table 14,

The incerporation of radicactivity from D-galactoss -1~ C into the lipids
of fescue leaf slices.
keaction mixture:

0.5g. fescus leaf slices; 0.30ml M phosphate buffer, pH 7.%;

2,60m1 water; 0.10m1 KHACO, {50 umoles); 0.05ml Na acetate {100 ::moles};

3
. . . PR 1

C.10m1 cysteine hydrochloride (1.2 umoles); 0.10nml D-galactose-1~ ¢
. 6 . Lo . )
{containing 2.11 x 10" dpm); total volume 3.25ml. Incubation at

Q .
25°C for Y% hours in room light.

flask total incorporation % incorporation
(dpm)
1 533,000 1.6
2 19,500 0.9

=

radiochromatogram scan of the lipid extract obtained from flask (1)
shoved that the distribution of radicactivity was: pigment psak §5;

MGDG 55%; DGUG 20#; others 6.

n pravicus incubations of fescue leafl slices with U-~galactose-1-

[

when the reaction mixture lacked cysteine hydrochloride, no incorporation

of radicactivity into the lipid fraction was obtsined.
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+L1 ¢ Euyneriments with chlorovplast suspensions.

. . . . . JUNRTR 14
The incoryporation of radioasctivity from UDP-D-gpalactose C

o

intec the lipids of chioronlasts isclated from different plart

species.

The incorperatlon of radicactivity from JLP-D-galactose - c
inte the lipids of chloroplasts, which were isolated from varicus

sources, was shown by inpcubating an aliguet of 0.2ml of a chloro-

o . . . - . (== .
plast suspension with 2 wl. of UDP-D~galactoss - G seluticn,
. N o JU .
containing 22,200 dpm, for 2 hours at 30°C in room light, The

chloreplasts frem 7g., weti weight, of leaf tissue from spinach

fescue, Yorkshire fog, ryegrass, phalaris and barley seedlings

were 1solated using method T aad resuspended in 1ml of OQ.1M Trie

HC1 buffer, pH 2.4, {(The dark-grown 8-day old barley seedlings
had nhad a light treaiment of 24 hours illumination followed by
12 hours of darkness prior to harvesting,) he amount of radio-
activity that was iuncorporated inte the total lipid extracts of

the c¢hloroplasis is given in Tablie 5.

The incorporation of label by the plastids dsclaited from barley
seedlings was very small and variation of the age of the tissue
used, or different light treatments (e.g. returning seedlings to
darkness atfter illumination to reduce the starch content of the
chlorOplasts), did not lead To the incorporztien of radicactivity
into the 1ipid fraction. The chloroplast preparations from the
leaf tissue of fescue, ryegrass and spinach gave the best
incorpeorations of radliocactivity from UDP-D-galsctose -

the lipid fraction.



,IOL} L
Table 15.

. . . . o - WL,
The incorpeoration of radicactivity from UDP-D-galactose - C into the

lipids of chloreplasts isclated from different plant species.

Reaction mixture:

0,2ml chloroplast suspension (0.1 Tris - HC1 dbuffer, pH 7.4) ;

1

I
21 UDP-D-galactose - ‘C solution, containing 22,200 dpm.

- . Om n . . .
Incubation at 307C for 2 hours in room light.

leaf source total incorporation % incorporation
{dpm)
barley A00 1.3
fescue 5,700 25,7
fog 1,900 5,7
phalaris 300 3.6
ryesrass 3,500 15.8
spinach 11,800 53.2

I_D
o
]
=
=)
}-.l.
wn
“
jar
3
L]

T equivalent to the chluroplasts of 1.hg.
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. . - . LR L
(v) To confirm the level of incorporation of C into the chloroplast

lipids of fescue and ryegrass, a further 14g., wet weight, of

S

leaf tissue from each was treated as for method I and the chioro-

plast pellet suspended in tmi. of 0.9 Tris - HC1 buffer, pl 7.4.
Duplicate aliquots {0.2m1} of this suspension were incubated with

for 2 hours, The results are given in Table 16.

Table 16.
- i s : . . S V. oo
The incorporation of radiocactivity from UDP-D-galactose -~ C into the

lipids of fescue and ryegrass leaf chloroplastis,

Reaction mixture: ' ]

_ I.'_

T 7. H) ;

0.2 ml chloroplast suspension (Q.1¥ Trie -

-t
i

—

101 buffer, p

-

i
4 ¢} UDP-D-galaciose - ' C soluticn, containing 44,400 dpm.

L . o’ .
Incubation at 30°C for 2 hours.

leaf source flask total incorporation % incorporation
(dpm)
fescue 1 L 700 10.6
2 5,600 2.6
ryvegrass 1 5,000 11.3
2 4,900 1.0

—_——

“T7 equivalent to the c¢chloroplaste of 2.8z. leaf tissue.

Despite the addition of twice the amount of radiocactive substrate,
the more concentrated chloroplast suspensions gave smaller percentage
incorporations of radiocactivity than found in (a) above. This was

articularly evident for fescue chloroplasts. A radiochromatogram

o

f lipid extract (2) of fescue chloroplasts showed that the

0]
[n]

can

major perticn of the incorporated radiocasctivity was in the HGRDG
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fraction. Although nc radicactive D3EDG was appsrent, two
additional regions of radicactivity occurred, one corresponding
to the pigment region of the chromatograph and the othsr
slightly ahead but unresclved from the MGDE peak. Unlike the
scans obtained in experiments 4.I.1 and %4.I.2, only a trace of

radicacitivity appeared av the origin.

b

4,TI.2 The relationshiy between the chloroplast concentration and the

percentage incorwporation of radicactivity from UDP-D-galactose -

T into chloroplast lipids.

The chloroplasts of fescue leaf tissue were isolated to find the

relationship between the chloroplast concentration and the percentage

. . . i o S [P, .
incorporation of radicactivity Ifrom UDP-U-gslactose - C into chloroplast

lipids. Using buffer in which cysteine hydrochloride had been substituted

=
Ko

for mercaptocthanol, tihe chloroplasts from 15g., wet weight, fescue learl
were isolated by method I and the chloroplast pellet suspendsd in 1,0Omnl.
O0.1M Tris - HC1 buffer, pH 7.4. Aiiquots of this suspension were
incubated, in & reacticn mixiture of 0.2ml,, with B/Al of UDP-D-galzctose -
1!'} TR PR H =] Yoo L . : z Or‘- e T

C solution (containing 88.800 dpw} for %G minutes at 30°C.  Chlorophyll
content (as determined by Arnon, 1949) was used as a measure of chloro-

plast concentration. The results are given in Table 17 and shown

graphically in Figure 15.
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The zffect of chloroplast concentration on the incorporation of radic-

Tl

activity from UDP-D-gpalactose -~ 'C into chloroplast iipids.

Regeotion mixture:

x ml. chloroplast suspension; (0.2 - x) ml, 0.1¥ Tris - HC1 buffer,
14

a4

pH ?.4; 8 ad UDP-D-galactose - ' C solution, containing 88,800 dpm.

. . R - P .
Incubation at 30°C for 40 min,

tube chlorophyll content of total incorporation 7% incorporation

the rezction mixture

(mg.) (dpm)
1 0.026 1,600 1.8
2 0.057 3,900 bk
% 0.128 8,500 9.6
b 0,204 13,000 14,6
5 0.255 16,500 16.6
6 0. %83 15,300 20.6
7ﬁ; 0.5%1 10,600 11.9

ﬂ“ contained chicroplasis equivalent to 3g. leai tissue.

i

From Figure 15, it is seen that the percenitage incorporation of
radioactivity is linearly dependent on the chlecropiast concentration up
to a chlorophyll conceniration of 1.25mg/ml (0.25mg/0.2m1). 4t higher
chloroplast concentrations, the percentage incorporstion decreased, The
percentage incorporation obtained in tube 7 was approximately that shown
in Table 16 for fescue chloroplasts; the rcaction mixtures contained
about the same amount of chloroplast material although the incubation

times and amount of radiocactive substrate used for sach were different.



percentage incorporation of radioactivity.

Figure 15

The relationship between the percentage
incorporation of radiocactivity from UDP-D-

4
galactose - T C into lipids and chloroplast
concentration. (see Table 17 for the
reaction mixture).

25 &=
20
15 &=
10 B

2 B R

0 0.2 0.4 0.6

chlorophyll concentration (mg / 0.2ml
chloroplast suspension).
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Figure 16

The radiochromatogram scan of the lIipid extract
{no.5) cobtained after incubating fescue chloroplasts

with UDP-D-galactose - 14C. {see Table 17 for the
reaction mixture).

key: 1, DGDG; 2, sterol glycoside {(tentative);
3, M&DG3 4, unidentified; 5, acyl MZDG
(tentative); 6, marker.
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1~y

A radiochromatogram scan of 1ipid extract 5 (Figure 16) showed that
the radicactivity appeared to te distributed ameng two and possibly four
compounds, The major component was MGDE and the larger peak of greater
mobility than MGDG was tentatively designated as an acyl HGDG, The

trailing edge of the MEDG peak was tentatively identified as a sierol

zlycoside, but no designation of the shoulder on the zeyl MGDG peak was

[0

possible. No radicactive DGDG was detectied, Anzlysis of the DGDG,
MGDG and acyl MGDG regions of the echromatogram for sugar (determined as

salactose), using the wethod of Roughan and Batt (1963), indicated that
in3 3

the acyl MGLUE region had the higher sugar content:

acyl MODG region - 48 ng galactose
MEDG region - 37 g zalactose

DGDG region - 33 .15 galactosa.

§,17.% ihe effect of chloroplast isclation prozedurce on the incorporation

" . - _ T,
of radiocactivity from UDP-D-grlactose - C into lipids by chloro-

nlasts.

Two different technigues of isnlating chloroplasts were uvsed to find

whether the chloroplast isolation preocedure had an effect on the abiify

. ‘ . e s T . 14
of chloroplasts to¢ incorporate radiocactivity from UD¥-D-galactose - C
into lipids. The chloroplasts from 7 g., wet waeighi, of both spinach and

o
+

fescue leaf itissue were prepared by method I {using cysteine hydrochloride

Pty

. Lach c¢hloroplast pellet was

=

as the thiol reagent) and method I

vy_»-! 9

- HC1 buffer, pd 7.%, and 0.1zl aliguots

. L3 s . o & o
were incubated,; in duplicate, with 4/&1 of UDP.D-galactose - L C solution

iy
o
+
—2
e
=
L]
i..\.l‘
i

suspended in 2 mls. <

{containing 44,400 dpm) at 307C for 2 hours. The results are given in

Table 18.



Takle 19.

—
el

The dincorporation of radicaciivity from UDF-D-galaciose - C iuse lipids by caloroplasts

isolated by methods I and IT.

Reaction mixture:

C.2 ml chloroplast suspension (0,1H Tris -~ HCL buffer, pH 7.4); 4. 1. UDP-O-galactose - 146
solution, containing 4%,%0C Spm. Incubation uxn BOOG for 2 hours.
extract leaf source izolation incorporation % incorporation chtorophyll content
mathad (dpm) of Lhe reaction mixture

{iag)

1 fescue 1 g, 700 19,6 0.25

2 feacue I 8,200 18,5 G.25%

3 fescue it 15,4950 5.9 0,15

4 fescue 17 15, Q00 35,8 0. 15

5 spinach I 3, 400 11.9 Q.19

) gypinach ] 54400 12.2 0,19

7 Splnach > G

=i
o

—
L

'S

O
Soni
<
oo
C
L)

2
13,500 30,4 0.20

<o
i

spinach

"LLL
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Figure 17

The radiochromatogram seans of the lipld extracts
obtajned after the incubation of fescue chloroplasts,
iasolnted by method I, &, and method II, B,with UDF-D-

1h
galactose - c. (gee Table 18 for the reaction
mixture).

key: 1, DEDE; 2, sterol glycoside {tentativel;
3y, MGDG; L, acy) MEDC (tentativel; 5, marker.

"dLl



1135,

The more wvigorous isolation procedure (method II} yieided the more
active chlorovlasts which would bz expected to have lasss stromal protein,
i.e. less integrity, than chloroplasts isolated by method I, The super-~
natants in the isclation of c¢hloroplasts by wmethod II coniained chlcrophyll
wnereas chleorophyll was absent in the sSupernatants obtained in method I.
This indicated that very few chlorophyll-coatalining meabranes were hroken
during method I.
3

The lipid extracts 1, 3, & and 7 were resclved by TLC and scanned for

radicactivity (Figure 17}, The major vpeaks were assigned to MGDG and

o

the "acyl MGDG" which was essentially absent in the extract from fescue

chloroplasts isoclated by method IL. Extracts from method 1T chloroplasis
had a higher proportiion of radicactivity as MGDG than did the lipid extracts
from chloroplasts isolated by method I. Thus chloroplasts isolated by

4 : 75 P L L] N : ,[L[‘r- LR
method IT incorporated more radioactivity from UDP-Degalzciose - C into
HGDG than the chloroplasts isoclated by method I. Mo siguificant label

was found in the DGDG fraction in any extract. The chlorcnlasts from
fescue leaf tissue gave better incorporations of radioactivity then the

it

chloroplasts from spipach leaves in both isolation methods,

L,IT,4  The effect of treatment of the chloroplast suspension on the
incorporation of radicactivity from UDF-Dugalscicse - ' C into

chloroplast lipids:

In an attempt o increase the amount of incorporation of pradicactivity

-

- - L
from UDP-D-galactiose - C into lipids by chloroplastis,

Fe

[y
]
jon
[}
s}
[
o
I.J
o3
fort
=t
L1e]
®

incorporation of labsl into DGDEG, the effect of sonication and the
addition of deoxycholate to chlorcplast Fuspensions %as examnined.

{a) Sonication:

-

'z, , wet weight)

The chleroplasts from fescue and spinach leaves (

were isolated by method I (buffer medium conitaining cysteine



hydrochloride) and the chloroplast pellsts suspended in 2 wmis.

-

of G.1% Tris -

-
"

€l buffer, pH 7.4 Two 0.2 ml allgquets were

removed from ithe zuspension and the remainder sonicatved for

5 winutes, Buplicate 0.2 ml aliquots were withdrawn aad =11
: b s NN S, , 14
the aliguots incubated with 4 2«1 of UDP-D-galactose - °C
. - ; . O
solution {(containing 44,400 dpm) at 307C for 2 hours. The

results are given in Table 1G,

The chloreplast suspension which had ween sconicated gave a

20-%0#% increase in the incorporation of radiocactivity from
i - W, L s s -
GLP.Dwgalactose - ¢ intvo c¢nloroplast livids comparsd Lo

ren
i

unsonicated chloronlast suspensions. his increase occurred

for the chloroplastis derived from both fescue and spinach leaf

=3

tissue. The radiochromatogram scans of extracis 2, 3 and

showed that most of thg radiocactivity was divided bhetween MGDG
end the ‘acyl MGG for extracts 2 and 7, and oxiract 3
contained radicaciive ODG but not 2 significaant amouni of
radicactive ‘acyl HGDGT. hus Sonicatlon appeared to dissociate

or destroy ths sbvility of isclated Tescue chloroplasis teo form

this latter compound. No extract contalned any radicaciive



The effect of sonlcativon ef

Reaction mixture:

Tacle 1%.

from UDP-D-galactose ~

0.2 ml chloroplast susnension (O, Tris

clution, containing &%,500 dpm,

the chloroplaz+ suspensicn on the incorporation of

-

f";.

- into chloroplast lipids,

~ dCL buffer, phH

Poh)y

- . o -
Incubation at 30°C for 2 hours.

radiocactivivy

an

b ) UDP-Degalactose .- @ L

extrach

leaf source

treatment

incorporation

(dpm}

/& incorporstion

reacition wmixture

chilorophyll content of

{(mg )
1 fescue none 7,100 16,0 0. 31
2 fescue none risle: 15.1 (.31
3 fescue sonlcation G, 200 20,9 0,51
i fescue sonication &, 700 14,6 G.31

Spinach
spinach
spinach

gpinach

none

none

sonication

sonicatlon

.}

Ui



(b)

116,

fddition of deoxycholate.
The addition of deoxycholate (potassium salt) to 0.2 ml aliguots

of canloroplast susvensions, to give a {inal concentration of

-.o

2/% (w/v), effectively inhibited any incorporation of radicactivity
from UDP-D-galactose =~ 140 into lipids. (Chloroplasts were
isoiated by both methoeds [ and II from 7z5., wei weight, of fescue
and spinach leaf tissue and suspended in 2Zmls. of O, Tris -

HCI buifer, od 7.4). The idea of adding deoxycholate was to
facilitate the entry of radicactive substrate, which appeared to
be rate limiting in experiment 4.1T1.3, to the site of galacto-
1ipid synthesis, by the action of deoxycholate of weskeuning
nembrancs, However, at the concentration of deoxycholate used,
no galactoliszid synthesis cccurved either because of the binding

1

the

B

of all the diglyceride acceptors or enaturation of the

enzyme{s).
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Section %.ITI : Experiments with chioroplast enzyme preparatiouns.

b, ITT,1 The incubation of acetone powder preparations and freeze-dried

chloroplastis with UDP-D-galactoss -~ C.

=~y

The first acetone powder and freeze-dried preparations of fescue and

spinech chicroplasis were incubated, with and without added lipid, with

L

: . . - . 0
3 pl of UDP-D-galactose - C solution {containing 33,300 dpm) at 30°C

-

Tor 9C minutes. in this experiment, the zonication =tep, mentioned in
paragraph 3.I1T7,.6(b), was cmitted in the preparation of the reaction
mixtures. The results are given in Table 20,

The enzyme preparations irom [escue chloroplasts showed nc activity

o]

(Teble 20) whereas the spinach preparztions were able to incorporate labe
inteo lipids. The spinach freeze~dried preperation showed considerable
activity when incubated without added 1lipid and ihe addition of diolein
had no effect on the amount of label incorporatad. The addition of 1lipid
to the spinach acetone powder preparaticns increased the incorporation

by up to 5C#.

i

=1

icchromatogram scar of the 1ipid extraci from the spinach freeze-

A ra

t

dried premaration which was incubaied without diolein, showed four peaks
(FPigure 18). The major ome corresponded to MEDG, and the other thres
were apparsntly ihose observed in experimens 4.I17.1(b}. The scan of the

bulked 1lpid extract from the spinach acetone powder preparations which

were lncubated w indicaied bthat MGDG was the only component

that was significsatly labelled,



Th

Table 20.

. ) e . ) 14, ., ..
incorporation of radicactivity from UDP-Depalactose - C into lipids by sceione powder

and freeze-dried chloroplast preparations.

Reaction mixture:

14mg acetone powder preparatien no.t (or 15.5mg freeze-dried chloroplast preparation);

G.7ml. 0.1M Tris - HC1 buffer, pH 7.%; 3 1 UDP-D-galactose - 1qC solution (containing

33,300 dpm); and the lipid indicated below. Incubzated at BODC for 90 minutes.
Jeaf source tyre of chloroplast mg. of lipid added T; incorporation J% incorporation

preparation ace tone diclein®
extract {dpm)

spinach acetone powder no.? - - 1,600 b8
spinach acetone powder no, b, Y - 1,500 5.7
spinach acetone powder no.’ - 1.08 2,900 G.7
spinach acetonz powder no.1i - 2.16 2,500 6.9
spinach freeze~dried preparation - - 11,500 4.5
spinach fregze-~dried preparation - 1. 08 10,800 32.4
fescue acetone powder no.i - - O -
fescue acetone powder no.’ L - 100 0,3
fescue freeze-dried preparation - 1. 08 0 -
fescue freeze-dried preparation - - 100 0.3
fescue freeze-dried preparation - 1.08 106 C.3

= mg. of lipid added per 20mg. acetone powder (or per 25mg. of freeze-dried preparation)

1,2-dicleoyl glyceral.

oL



p—

Figure 18

The radiochromatogram scan of the lipid extract
obtained after incubating a freeze-dried spinach

A
chleoroplasts with UDP-D-galactose - 1 c.

(see Table 20 for the reaction mixture).
key: y D@DG; 2, sterol glycoside (tentative);
y MGDG; &, unidentified; 5, acyl MGDG

tentative); 6, marker.

1
3
(




L,i1r.z2 The effect of adding increasing amounts of 1,2-cdiolesoyl glycerol
. - .. . - , T
on the corporation of radiocactivity from UDP-D-salactosse - C

into lipids by & spinach acefone powder preparation:

If a2dded diolein acted as an acceptor of the galactose molety from

- ’!L‘!" L] T I = L
JDP-Degalactose - C in #GDG synthesis, then it was expected that

iy

increasing amounts of diocledn wonld give increasing incorporatlion of
14, .. o . . .

radiocactivity from UDP-D-gzlaciose - C into lipids by swinach ace2tone

powder preparations, The secona spinach acatone powder preparation

(20.0mg )} was homogenized with from 0,125 - 2.5 mg. of diolein, the

suspension sonicated for 5 minuvtes and 0.7 ml 2iiguot dncubated with

L ; R N

L

. 1 . . ~ -
4 «1l. of YDP-D-galactose ~ ' solution (containing 44,400 dvm) at 300
for 90 minutes. Since 21l tubes were incubated simultaneously, some

. . . , - 7 14 ,
hours in ice before the UDP-D-zalactose - C soluticn

-

tubes stood up o

vas added.

The percentsge incorporation of radivcaciivity inte lipids increased
as the amount of dielein was increased (Table 21, Figure 18). A radio-

chromatogram scan of extract 5 indicated that MGDGE was the only radic-

P
é—Jj

active component of significance in the reaction products (Figure 20).

4 similar experiment with fescue acetone powder preparation no.2,

confirmed the inactivity of the enzyme responsible for ithe synthesis of
MGDG in acetonc powdsr prenaratlions, as observed in experiment 4.TIT.1.

While the small amount of incorporation increased slightly as the amount

bulked extracts

i

of diolein increased, the radicchromatogram scan of the

demonstrated that the incorpcraiticn was into the sterol glycoside.



Table 21,

The effect of adding increasing amounts of T,2-dicleoyl glycerol on the incorporation
. _— - . th . .
of radicactivity from UDF-D-galactose - C into lipids by =2 spinach acetone powder

preparation.
Reaction mixture:

0.7 ml aliguot of a suspension made of 20.0mg spinach acetone powder preparation no.2,

0,125 - 2.5 mg diolein and tml O.1M Tris - HCL bnifer, pH 7.4%; 4}%1 Uv-D-zalactose -~

14 . .. . . G .
C molution, containing 44,400 dpm. Incubation at 30°¢ for 90 minutes.
a@xtract mg of diolein:T; incorporagtion 4 incorporation
(Gpm)
[ G 0.3
2 0,125 2,100 b.7
3 0,37 3,300 d.6
b .63 6,400 i 4
5 1,25 &,100 18.2
6 2. 50 2, 500 21. 4

mg of 1,2-dioleoyl glycerol added to 20.0mg acetone powder preparation.

‘Lol



percentage incorperation of radicactivity.

25

20

10

122,

Figure 19

The incorporation of radicactivity from

I
UDP-D~galactose - e into lipids on
incubating the acetone powder of spinach

chloroplasts with increasing amounts of
1,2-dioclecyl glycercl. {(see Table 21
for the reaction mixture).

L,

)

-

=3

B

im
2 g g 8 a

Q i 2 3 4 5

mg. of 1,2-diocleoyl glycerol added /
20.0 mg acetone powder.
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Figure 20

The radiochromatogram scan of the lipid extract
{no.5} obtained after incubating the acetone powder
of spinach chloroplasts with 1,2 - dioleoyl glycerol

I
and UDP-D-jgalactose - 1*¢.  (see Table 21 for the
reaction mixture).

key: 1, DGDG; 2, MGDG; 3, marker.



, 0.
s at C°0 before

A==
—
k=l
=t
W

% The effect of holding the reaction mixtur

15y

10

incubation with UDP-D-galactose -

4.

It was suspected that holiding the suspensions of the acetone powder

: . o o e G, . o s
preparation and diclein in Tris buffer at 0C before incubation with

L
UDP-D-galactose - C wight affect the incorporation of radicactivity intoe
lipids. tlence, spinach acetone powder preparation no.2, (80.4mg) was

homogenized with 5.0ms of diolein in acetone and in 4 mis of C.1H Tris -
ECL buffer, pH 7.4, and the suspension sonicated for 5 minutes. after

sonication, five O.7ml zliguots were withdrawn and one was 1lmmediately

. . C . - 1 . s i hes

incubated with & &1 of UDP-D-gzigctose - C solution (zoataining 44,400
s

L S« R D - i . .

domt) at 30°C for 90 minutes. A furiher three aliquots were incubated at

1, 2 and % hour intervals after having stood in ice, and the fifth aliquot

was held at room temperature for 4 hours before incubation. The reaction
mluture lacking dioledn was incubated immediztely after its preparation.

The resulve are given in Table 22 =znd Figure 21.

4 lower incerporation of radipcactivity inve lipids was

. - . - o] o . .
those reacition mixztures held at O C beiore incubaticy

substrate. Thus, this experiment suggested that the rszacilon mixtursas

should bhe incubated inmediately after prenaration.



Table 22.

. s . . - . . A0, o . . . o &
T2 effect of holding the reaction mixtures at 0 C befoie incubation with UDF-D-palactose - ! C

Reacltion mixture:

0.7ml aliquet of a suspension consisting of 80.4mg spinach acetone powder preparation no,?2,

) . . i . o - s 4
5.0mg dioledin and 4 wls G.9M Tris - HCL buffer, pH 7.4%; b 41 UDP-D-gpalsctose -~ 1 z
N . . A ~ T L PN P o o 3
solution containing 44,400 dpm, Incubation at 30°C for 90 minutes, (The reaction
mixture lacking diclein censisted of, 1%.0mg spinach acetone powder preparaiion neo.2;
- L T I ol ly TTF L 1 ’li}_’_‘ . x - -
O,7m1., 0,1 Tris - HCL buffer, pH 7.4 snd b, 1, UDy-D-galactose - ¢ soluvtieon, contalaning
B, 400 dpm.
period of delay ambient temperature incorporation j% incorporation
hefore incubation during deliay (dpm)
G
(hrs.) {7C)
© - 1,600 5.6
0 - 9, 000 20.3

’ c 6,600 14,9

2 o] 6,200 Y, 0

wr no dioleipn zdded.

‘G7L



percentage incorporation of radicactivity.

percentage lncorporation of radloactivity.

Figure 21

The effect of standing the acetone
powder - diglyceride suspensions
before incubating with UDF-D-

14
galactose - C. {see Table 22
for the reaction mixturel.

key: W - suspension held at OOC;
G - suspension held at 20°C.
25
20
o
15 \a
.-.‘-"B
*——-—-—.—_—-—-—.
10
5
o ' 1 A 1
o i 2 3 4 5
time (hrs,)
Figure 23
The effect of sonication time on the incorpsration
, - 10 .
of radigactivity from UDl-D-.galactose - ‘¢ into
lipids by an acetene powder preparation of spinach
chloroplasts. (see Tahle 25 for tre reaction
mixture).
]O =

B ] L L [ ]

i 2 3 4 5

total sonication time (mins.}



The effect of different diglyceridez on the incorporation of

- .. a T . . c .
radicactivity from UDF-D.palaciose - C into lipids,

{(a) To find whether the nature of the FTatty acid constltuents of the

digliyceride acceptors 1un #GLG synthesis affected the incorporation
. ' e N s ., o Lo Do
oi radicactivity from UDP-D-galactose - C into lipids, differen
1,2-3iacyl glycerols were incubaled with a spinach acetone powder
lo2 k] TTTN T T = - 11+ s B - LI N -
preparation and UDP-D-galactose - . The reaciion mixture
contalned spinach acetons powder wreparation no.3 (20.0mz),

extract total lipid, aad 4,41 of UDP-D-galactose - C solution

(containing 44,400 dpm) were incubated in duplicate at 3CG°C for

90 minutes, Fach sample was incubated immediately after
sreparation. The results are given in Table 23.

It is apparent that, for the particular weizht ratio of
diglyceride to acetone powder nreparation chosen (ef Figure 19),

the 1,2 (2,3) « diglycerides with an oleoyl residue in the

T-position the best incorporations. Dezspite the larsze
varistion for the duplicas containing dicieln, the mean value

. , el e - ) 1l
of radleomctivity into lipids from UDF-D-galactoss - C.
One of each of the duplicate extracts was resolved by TLC and
scanned for radicszativity. 211 the scans showed MGDG {o be the

major radicactive lipid and, except when diclein and 1-oleoyl,
2-lincleoyl glycercl were the added diglycerides, a partially
resolved sterol glycoside peak was present containing about 204

rpiricant radicactivity

3
6..
m

of the radicactivity (Figure 22

was found in the DGLG fraction.
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Yeaction mixture:

Table 23.

EED
- . . - R o " L ] L 1=
radicactivity, from UDF-D-zalactose - C into lipids,
at 1,2(2,%)-diglycerides when incubated with a spinach

acetone powder preparation,

G.7m) a2liguot of a suspension consisting of 20.0mg Spinach acetone
powder preparation no.3’, lipid (either 1.54mg 1,2(2,3)-diglyceride or
L.8mg total lipid of the acetone extract), and 1wl C.1M Tris - HC1
g g ,
al
o~ T o RPN, - , 15 . e
buffer, pH 7.4%; % #41 UDF-D-galaciose - C solution, contsining
. . . , O n _
Iy LOC dpm. Tncumation at 3070 for 90 minutes.
lipid added nuizber of incorporation % incorporation
double bonds {dpnm) mean value
R + deviation
Jmolzscule -~
none - 1,300 3.4 3.0k
1,500 3.4
1,2-dioleoy) glycerol 2 10,000 22.5 19.9 I 2.6
?1?00 1?.5
; s ~ o 2 . +
1-oleoyl.2-lincleoyl 3 7,900 17,8 18,0 & 0.2
glycerol 4,100 18.2
t-linoieoyi,2~0leayl A 5,160 11.5 2.3 o 0,8
slycerol 5,400 13,
1,2-dilinoleoyl L b, LOG Q.0 0,7 - 0.3
glycercl 5, 10C T2
1 ¥-linoleoy) 5 5,300 1.5 11,5 ~ 0.5
Z-lincleoyl gliycersi 4,500 1.0
L -~ o S — -~
acetone extract - 9.200 20,7 i9.F - 1.0
£,300 1.7




{b} To confirm the different stimulations given by J-oleo

oyl glycerol and 1-lincleoyl, Z-oleoyl gilycercl, amounts of

[

i

pinach acetons powder preparation no.l4 (20.0mg) were incubated
Wit } 3} tos - I T T q .
with each substrate and 5..1 of UDF-D.galactose -~ o solution,

L o X . O oA ..
containing 55,500 dpm, at 30°C for 90 minuses,

Table 24,

The stimulation of idncorposration of radicaciiviiy into ligids from

1

ey

b -Dwgalsctoss - ¢ given by 1-oleoyl, 2-~iinoleocyl glycerol and T-linole-

oyl, Z2-oleoyl glycercol incuhated with 2 =vinach =zcetone vowier nrevarsiion.
S k3 I prerx

Regaction mixture:

O.7ml aliguot of a suspension consisting of 20.0mg spinach acetone
powder preparation no.k, lipid (either 1.58mg 1-oleovl, 2-lincliecoyl

glycerol or 1.60mg 1-linoleoyl, 2-cleoyl glycerol) and iml C,1# Tris
71

. - . e T4 » .

ACL buffer, pd 7.4; 5 1 UDP-D-galactose - ¢ sclution, containing

. - : " 20 s
55,500 dpm. Incubation at 30°C for 90 minutes.
diglyceride incorporation %  incorporation
{dpm) mean valu
r deviation
none 800 1.4
.
1-oleoyl,2-linoleoyl 5,900 10,6 1.7 - 1.
glycerol 7,100 12.5
: 4 3 ; S
1-1linocleoyl, 2~o0lzcyl 4,900 3.8 5, -0,
glycerol L, 100 9.4

Thus the greater stimulation of 1-oleoyl,2-lincleoyl glycercl) was

confirmed {(Table 24%), even though the spinach acetone powder preparsiion

no.4 was less active than the no.? preparatin:.



130,




Figure 22

Some of the radiochromatograsm scans ol thne lipid
extrocts obtained after incebating the acetone
powdar of splaach ¢hleroplasta with TOP-D-galactose

- ’“c and different diglycarides. (see Table 23
for the reasction mixture).

The lipid substrates were: A, 1-cleoyl,2-linoleayl
Elycerol; B, 1-linoleoyl,2,cleoyl glyecerocl;

€, 1-¥ -linolenoyl,2-linoleoyl glycerol;

B, ncetone dxtract from chloroplasts.

keys T, BGDG; 2,oterul glycoside (tentativel;
3, MEDE; U, marker.



e

of seonicatio

P32,

n time or the incor-oration of radio-

activity from UDP-

D-galactose

14

C inte lipids by spinach

acetone powder preparat

ions:

5

The effect of increasing son

radicactivity from UDP-lD-galaciose -

ication times on the incorporation of
15, . caa o
C into linid by a spinach acetone

powder preparation was examined, The spinach acetons powder preparation
no.4 (99.6mg) was homogenized with 1- § ~linolenoyl, 2-linoleoyl glycerol

(75.%mzg) in acetone and in Smls o

g

Aliquots (0.7m1) o

4 and 5 minutes.

Ep

the suspension
These sanple

temperature, were incnbated simultaneously with

- T

f 0,1 Tris - HCL buffer, pH 7.4,
were rvewmoved after sconication for

5, held Tor a short time at

& UoP-D-galacrens

- e solution, containing L&, 400 dpm, at 30°C for 90 minuses. The
results are given in Table 25 and Figure 23,

Sonication was thus shown te aid incorporation and it was noted that
the acetons powder preparation used exhibited low activity in incorporating
radioactivity into 1ipids comoared ito the previous preparations. from
the increzsed incorporaticn with time of soniecation 1t would appesr that
prolenged sonicaticn had no harmiul effecis on the componants of the
reaction mixture.

When 1.6mg of 1-linoleoyl,2~o0leoyl glycerol was sonicated for 4
minvtes in C.1¥ Tris - HCL buffer, »H 7.4, under nitrogsn, the re-exiracted
lipid contained a considerable amount of 1,3-diglyceride and very litile
1,2-digzlyceride. However, revstition of this procedure in the presencs
[aki ble amount of 1,3-digiyceride
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A
(e

Tacle 25,

Ao

t‘!:
o))

The effect of increasing sonicstion time on the iucorporation of ra

14,

activity from UDF-D-salsctose - inte lipids by a spinsch aceicne

powder preparation.

Reaction mixture:
0.7m) aliguots of a suspension consisting of 99.6mg spinach acetone

ponder preparation no.h, 75.5mg 1- ¥ -linolenoyl,2-linoleoyl glycerol
!

and Smls 0.4H Tris - 01 buffer, pd 7.4; 4 wl UBP-D-galactose - @ 'C
solution, containing 44,400 dpm. Tncubation at 30°C for 90 minutes.
total time of sconication incorporation # incorporation
(minutes) {dpm)

G 2,400 5.4

1 2,200 5.0

2 2,600 5.8

3 3,100 7.0

& 3,000 6.3

5 3,000 6.8




13,

L I31.6 The effect of added phospholivid on the incorporation of radio-
Y
. L., . . .
activity from UDF-D-galsctiose - C dinto lipids by & spinach

acetone powder preparation.

To find the effect of added phospholipid on the incorporation of

140

radicactivity from JDP-D-galactose - into lipids, egg and spinach

phospholipids were incubated, with and without diolein, with spinach
. e ¢ &y Th
acetone powder prepsration no. 5, (20.0mg) and & 1 c¢f UDP-D-galactose~ C
e - On o . = . .
solution (containing 4b4, 400 dpm) at 30°C for 90 minutes under nitrogen in

stoppered test tubes. The reaction mixture was somicated for 4 minutes

the radioactive substrate. The results are given

=1y

hefore the addition o
in Table 26.

from egg volk, phosphatidyl

m

Both the recently isclaied phospholipid
choline (EC) and phosschatidyl ethanolamine (FE), stimulated incorporation
of label inteo lipids when incubated alone or with diclein. The net
lncorporation obtained when egg phosprbatidyl choline and diolein were
incubated together was more than the sum of the nei incorporation given

-

2y these lipilds dincubated separately.

toval phosphelipid fraction

from egg yolk gave & slight increase in incorporation when incubated

oo

alone but when incukated with diclein the incorporation wzs less than

-

that given by diolein alone, for the amounts used. The swall amounts
of spinach phospholipids availsble did not stimulate incorporation when
incubhzted alone with the acetone powder prevaration znd UDF-D-galactose -
TMC‘

The radiochromatogram scans of each extract showed the same paitern
of radicactivity observed previously, 1l.&. most of the radioactivity was

present in the MEBE fraction and a small amount in sterol glycoside

{(Ficure 24).



Table 26.

Th

The ef 26t of added phospholipid on the incorporation of radlsachivity from UDP-D-galactose - G

1

inte iipids by a spinach acelone powder preparation.

Reactlion mixture:

0.7ml aliguot of = susponsion consisting of 20.0wg spinach acetone powd

Tipid, and 1md O.1¢ Tris - HC1 baffer, pE 7.%; 4 01 UDP-D-galactose -

.

containing 44,40C dpm.

- . o . .
Incubation at 307°C for 99 minutes.

preparation no.b5,

‘¢ soluticn,

source and type of phospholinid anount of lipid (mg)* incorporation 7% incorporation
phospholipid diolein {dpw}
- - - 7,800 b0

PC from epg yolk 1.60 -

- 1.61
PC from egg yolk 1.60 1.61
PE from egg yolk 2.02 -
FE from egg yolk 1.7% 1,61
total phospholipid S 5. 1h -
total phospholipid 5.4 1. 61
PC from spinach 1.7 -
P® frowm spinach G.7 -

2,700
9,500
12,800
5,460
1%, 700
2,500
7, 000
1, 400
1,700

5

-+;O°4ml aliguot incubated with 2.3 41 UDP-D-galactoss -

JE—

%7 total phospholipid fraction from egg yolk.

mg of 1ipid added to 20.0mg spinach acctone powder preparvation.

15 S P
L solution, ceontalining 25,500 dpm.

Gl
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Figure 24

Examples of the radicchromatogram acans of the lipid
extracte obtained after incubating phesphelipids

with the acctone powder and UDP-D-galactose - 1hc
(s¢e Tadle 26 for the reaction mixture}.

The lipid sebstrates were: A, phosphatidyl ethanel-
amine; B, phesphatidyl ethapclamine and 1,2 dioleoyl
glycerel; ©, the total phosphelipid fraction from
apg yolk.

key: 1, DEIG; 2, sterol glycoslde (tentativel;
3, MGDG; 4, marker.




4, I1i.7 The effect of time of incubation on ithe incorwporation of

138,

rajio-

I

L o - , ta, L . .- ,
activity from UDP-l-galsctoss - C into lipid by & spinach

acetone powder preparation,

The dependence on incubation time of incorporation of radicactivity

- 4, . .- .
from UDP-D-galactose - C into lipids by a spinach acetone powder

preparation was studied using 1-oleoyl, 2-linoleoyl glycerol and
1-lincleoyl, 2-oleuyl giycerol as subsirstes.

() Using 1-¢leoyl,2-lincleoyl glycerol as the licid substrate

Spinach acetone powder preparation ne.5 (1185, 7mg

23

with 1-oleoyl,2-1inoleoyl glycercl (10.03mg) in acstone an
bmls of 0,1 Tris -~ KC1 buffer, pd 7.4, The suspensSion w

sonicated for 5 minutes and 9,7ml aliguots weare incubated

} was homogenized

d in

Pl
Ll

with

. i 14, : .
b 1 of UDTP-D-galactose - ¢ solutien, containing 44,400 dpm,

el .. . 2 P
at 307C under nitrogen in stoppered test tubes.

From Table 27 and Pigure 25 it 15 sgen that the incorporat

of radiosctivity into lipids was still increasing after 2 hours.

Tro ngar-linear regions are discernible in Figure 25, with

hbreak at about 45 mins, The percentage lacorporation at

was lower than that expected from previcus incubatiocns of

2-linocleoyl glycerol with acetone powder preparations.



Table 27,

The effect of time of incubation on the dincorporaticn of radiocactivity from UDP-D-gzalactose - G

into liplds by a spinach acetone powder preparation using T-oleoyl,2-lincleoyl gliycerol as the
lipid subsirate.

Reaclblon mixtura:

P N 2 - e Gk ” A S . o -
C.7ml alicgquots of 2 susSpension consisting of 118, Pmg sninach acetone pcowder preparation uo.5,

10.03mg 1--cieoyl,2-linoleoyl glycerol and bmls C.1 Tris - ACL haffer, pH 7.4;

. TN - S = T [ T Ry ! s S, e LR . o . E .
qﬁjl UbP-D~galactose solulion, containing 4%%,400 dpn. Tncubation at 30°C under nitrogen,
incubation time incorporation % dlncorporation
I i
(minutes) {dypn)

™y -5

LB R W |
"y

Y] T
o D O
] &
5 Y
[ -3

W
(]
ﬂu
By
fo}
)

f
.
P

60 &, 000
9 5,000 11.%
120 6,200 18,0




aactivity

rercentage incorperation of rad?

percentage incerroratign of radiosebivity.
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Figure 26

The relationship helween the percentage incoerpora=-
1

tien af radicactivity, from UB@-Degnlactose - O
into lipids by the acetone powder of Srinach chloro-
plasts, ond incubation time, usiek 1-oleoyl,
Z-iinoleonyl glyeersl as the lipid subsirate.

[see Taple 27 for the rerctian mixture}.

time {(mins.}
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Fifure a6
The relstionship between the pereceninpe incorpora-
k1!

tion of radienctivity, from UBF-Degalnctese - 'c

inte lipids by the ncetone powder of zpirnch ckhloro-
plosts, and incubation time, usine 1-lineleoyl,

2,0leoy] elycerol ns the lipid smubateabe.

(zee Takle 28 for the reaction mizturel.

key: E - 1-lincleoyl, 7-olecayl plycerol;

O - 1,2 dicleayl glycerol.
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]
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Figure 27

The radiochromatogram scan of the lipid extract
obtained after incubating the acetone powder of

spinach chloroplasts with UDP-D-galactose - 1hC

and 1-lincleoyl, 2-oleoyl glycerol for 6 hrs.
(see Table 28 for the reaction mixture).

key: 1, DGDG; 2, sterol glycoside (tentative);
3, MGDG; Lk, marker.



{®)

Using 1-linolecyl,

2~-oleoyl

givcerol as

tiie lipid substrate

Part (a) was repeated using

spinach acetone powder pre

no.7 (120.0mg), and 1-linoleoyl,2-oleayl glycerol (10.03ng).

The range of the

control, contis

diclein was also

incubated.

cubation times was extended to € hours.

iring spinach acetone vowder preparation no.7,

Again, laucorporation of radiocactivity into Jipids was still

gccurring when the experiment was

(Takle 2&, Figure 26). Two near linear regions were again
evident but on this occasion the brezk cccurred arcund $0-100
The high incorporation of radioaciiviiy stinmulated by diolein

in galactolipid blosynthesis.

that this acetone powder preparation was particularly
4 radicchromatogram scan

lipid extract from the reactlion mixture incubated for

360 minutes (Figure 27) demonstrated the MGDG component contained

most of the radioactivity with perhars 20% in the ster

Vi)

a3 o

s an unresolved peal behind fhe

el IR =t
glycoside,



The

effect of time of incubation on the incorpor

’131.56

-y [n)
Takle 2¢,

jul

tion of radicactivity

14

-

from UDP-D-~galactose - C into 1ipids by 2z spinach acetone powder

kol

creparation, wusing 1-linoleoyl,Z2-cleoyl glycerol as the lipid subsirate.

Reacition mixture:

0.7ml z2liquot of a guspensicn conslsting of 120.0mg spinach acetone

powder preparation no.?, W.0Zmg T-linoleoyl.i-nleoyl glycercl and
SRy P T o 30 I in TTINT y ) ‘”‘L J
bmls 0.1 Tris - HCL buffer, pH 7.5; Lol YDEF-Degalactose - C
S PRV & N Tyt 4ot R b e
solution, containing 44,400 dpmr. Tncubztion at 307C under niirogen.

(The reaction mixture for the diolein control was a C.7ml aliguot o

a suspension of 20.0mg spinach acetone powder pranaration no.v,

1.67mg diolein and 1wl C.1M Tris - HC1 buffer, pE 7.4. Incubation
. J‘.‘ R " 11' L. " . - L; LI q

with 4 wl UD#-D-galactose - C solution, containing 44,400 dpm, at
G o . .

30°C for 90 minuies).

~F .

incubatlion time incorporation S incorporation

{minutes) {(dpm)

20 3,100 7.0
Lo 5,600 12.0
60 6,200 150
90 G, 500 21.4
20 $,900 22.3
180 11,000 2,8
B350 13,300 31.3
5071 13, 500 30,2




il

B The effect of increasing amount of 1,2 (2,3)~diglycerides on
ik
C

the incorvporation of radioactivity from UDP-D-galactose -

into livnids by sepinach acsztone powder preparations.

I

To find the dependence oif the incorporation of radicactivity from

14

UDF-D-galactose - C dinto lipids on various amounts of different

$de

diglycerides, increasing amounts of 1,2 (2,3)-diglycerides were incubated

. : . . s e , 1h
with spinach sc¢etone powder vrevarations and UDF-D-ualactose - C.

Spinach acetone powder preparation (20.0mg) was homosenized with each

diglyceride substrate in azcetone and Tml of 0.1M Tris - HC1 buffer,
pH 7.4, and the suspansion sonicated for b minutes. Adliguots of 0.7ml
. e . ; Al i L
wers ineubated with bl of UDF-D-galactose - C sclution, containing
Il
bh LOO dpm, at 30°C for 90 minutes, under nitrogen. bs in experiment

L.ITI.7{b), a conirol containing dioclein as the lipid substrate, was also

incubated. The results are given in Tables 29, 30 and 31, and Figure 28,



1£L5.

lable 24,

Tae effect of increasing amwounits of T-oleoyl.Z-linoleoyl glycerol on the
. s Ny A e L R
incorporation of radiocactivity from UDFP~D-galactosze - C into lipdlds by

spinach acsiconeg powder preparation.

w

Heaction mixture:
0.7m1 aliquoit of a susupension ceonslsting of 20.0mg sninach acetone
powder preparaticn no.6, 0 - 5.37mz

(or 1.61mg diolein), and 1wl 0.1¥ Tris - HC1 buffer, pE 7.h;

14

- P4 X e s X
4l UDr-D-galactose ~ = € solution, containing 44,400 dpm.
) :

. X . , o]
Incubation at 30°C

iy

or 0 minutes, under nitrogen.

R 4
amount of Lipid i incorporation % incoryoration net % incorporation

T
(g . ) {(dpm)

O 2,900 6.5 O
0.1% 5,000 1.3 L.3

0.5k 4,100 13.7 7.

(9]
o
[
~J
el
O
T
o]
™
1
L]
WK
-,
MR
L]
o0 AN

1. 30 11, 00¢ 26,8 15,3
2.65 11, 300 25.5 12,0
5.37 9,900 22.3% 15.8
1.61% 1,000 o2 18.3

| mg. of T-oleoyl,2-1inolecyl glycercl zdded to 20.0mg s inach

acetaone powder preparation.
Vi net % incerporation due to added diglyceride.

diclein.
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t=]
-z
=]

{mnd

‘he =ffect o on th

&

incraasing amounts of T-lincleoyl,zZ-olecyl glycero

14

incorporation of radiocactivity from UDF-D-galactose - C dinto lipids by

it

a2 spinach acetone powder preparation.

Regetion mixture:

0.7ml aliguoet of a suspension consisting of 20.0m

r
powder preparation ne.t, 0 - 5.73mg 1
(or 1.61mg diolein), and 1al 0.1M Tris - HCL buffer, pH 7.4;
k1 UDP - Th - tadining bk, b

2 41 UDP-D-galactcse - C solution, containing 44,800 dpm.

K

. - S . . .
Incubation at 20°C for 90 minuvtes, under anitrogen.

amount of 1ipid " dincorporation % incorporation t % dncorporation

¥
D

(g, ) {apm)

&

o

Sy

[

b o
o~

A
O

.36 6,550 .G 2.
0,72 9,00 21.6 15,7
1.543 7,300 17.6 1.1
2.87 6,600 14,9 8.k
5.75% 5,400 12,2 57
1.6 11,200 25.2 18.7

i amount of 1-linoleoyl,Z-oleoyl glycerol added fto 20.0mg spinach

acetone paowder prervaration.

* diclein,.



Table 31.

o

The el7ect of increasing amounts of 1-7 ~linolenoyl,2~linoleoyl glycerol on the incorporation of

_ . . L. WL s : . -
radioactivity from UDP-D-gaiactose - C dnte lipids by a asvinach acetone powder preparation.

Aeactlon mixture:

u{';:{

0.7ml aliguot of s suspension consisting of 20.0mg spinach acetone powder preparation no.8,

0 ~ S.hdmg 1- ¥ -3inolencyl,2-linoleoyl glycerol (or 1.66mg dielein), and Tml 0.1M TFris-HC1
. : 14 . s

buffer, pH 7.4 bl UDF-Degalactose - ~ C solution, containing #4,000 dpm.

. a . .
Irncubastion at 30°C¢ for 90 minutes, under nitrogen.

e

amount of lipid'ﬂl incorporation % incorporztion net /& incorporation adjusted N7

(mg.) {pm? % incorpsration
0 1,800 Lo O 0

0.16 3,800 8.5 h.g 5.2

.39 5,400 2.2 8.1 9.h

0.78 6,000 13.5 G.4 10.9

1.32 L, 700 10.6 6.5 7.6

2.72 b, 500 10,1 6.0 7.0

Skl h, 700 10,6 6.5 7.6

1.66 * 5,500 20,0 15.9 16.5

S
b

mg of T-4 ~linolenoyl,2-linoleoyl plycerol added to 20.,0mp spinach acetone powder preparation.
diolein.
net % incorporation adjiusted to compensate for the lower activity of spinach acetone powder

no.8 than the no.5 preparation, i.e. the values in the previous column were multiplied by 18,5/

-
I

i

S

S.9 after comparison of the net % incorporations cbtained for the diolein coutrols in Tables
29, 30 and 31. (It was assumed that 1.671 and 1.66mg dioclein give equivslent incorporation: see

Figure 1G).

“LHL



net percentage incorporation of radicactivity

20

Figure 28

The net percentage incorporation of radio-

activity from UDP-D-galactose - TAC into
lipids by the acetone powder of spinach
chloroplasts incubated with UDP-D-galactose

T
- 1+C and increasing amounts of diglyceride.

{sez Tables 29, 30 and 31 for the reaction
mixtures).

O - T1-o0leoyl, 2-lincleoyl glycerol;

a4 - 1q~-linolecyl, 2-oleoyl glycerol;

O - 1-¥-linelenoyl,2~linocleoyl
glycerol.

ThE,

2 3 4 5 6

mg of diglyceride added / 20.0C mg acetone powder



Lecause of the lower activity of spinach acaione powder

T
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25 the amount of diglyceride iuncreassd beyond about
2 g - " =~ 4 = -
0,8 and 0,&mg per 20,0mg of spinach scetone powder preparation when

“1

1-linoleoyl,2-cleoyl glycerol and -7 - ~1linoclenoyl, 2-linoleoyl glycerol

vera used as the respective lipid subsirates. Only very nigh amounts of
1-o0leoyl,2-lincleoy) glycerol were inhibitory. Desplite the fact that

incubated zticn no.2 (experime
4.I11.2) the values ohtainsd (Table 27) ars consistent with the above
coenclusions.

The shape of the curve given with diolein as substrate (Fisure
more closely folleows that for i-oleoyl,2-1inolsoyl glycerol ithan the

curves obtained with the other two diglycerides zs subsitrates (Figure 25).

The rosults in this experiment fexplain™ the different stimuwlztions of

incorporation by digliycerides seen in exrveriment 4,ITT.%, when an
arbitrary amount c¢f diglyceride wes used.
A radiochromatogram scan of the lipid extract of the reaction mixture

containing 3.bhbmg of - F-linolenoyl,2~linoleoyl glycerol per 20.0mg of

].}
Ity

spinach acwutone powder predaraition (Tabkle 31) confirmed the vatiern o

i

radicactiviiy observad previously i,e. maiply ¥IDG with somez stercl

glycoside.



L.I77.9 The incubation of other lipid substrates with a spinach zcetone
. . - 14
powder praparation and UDL-D-galactose - C.

The diglyceride snd MEDGC isolated from the aczione extracts of

{’l}

chlorcrlasts, as well as the phos;

U

dyl choline from egz yolk and

diolein, were each homogenized with swpinach z2cetone powder prepvaration

npren
b i
ectose -~ G solution,

F_l

no.9 (20.0mg), =znd incubated with L.l of UDP-D-ga

G . . R .
C for 9C minutes, under nitrogsin. ihe

containing 44,800 dem, a2t 30
suspensions were sonicated for 4 wminutes beforc the addition of the
radiozciive substrate. The results azre given in

Both the isolated diglyceride and WMEDG obtained from the acetone

aificant lﬂtO““O”a igns of lzhel.

extracis of chloroplasts stimulated sigy

However, in ths radiockrom=togram scans of tie lipid extracts {Figure 29),
gach extroct exhibited & id il am t i s=terol ol 1de PR
each extract exhiblited az considerable amount of sterol zlycoside, i.2.

more than 50%, as well as ths MGDG componant. Ho radicsctive DGDG was

the egg yolk phosyhaliidyl choline inhibited
incorporation when Incubated alone with the acetone powder preparation or
with diclein, One of the values Ffor the incorporation of radicactivity

gbtained using diclein as the lipid substrate is arded as anomalous.

the diglyeceride frowm thz acestone extrsct z2¥e eguivalent or better

4]

in, it msve mor: radicactive sterol

i

stimulation of incorporation as dio
glycosids and thus was not as good an acceptor for MHDG bilosynthesis as

diolein.



Table 32.

The lncubatlon of other 2ipdld substrates with a spinach acetone powder preparation and

i T
UDP-D-galactose - C.

Heaction mixture:

G.7m1 aliquot of 2 suspension consisting of 20.0mg apinach azcetone powder preparation

4
nc.9, Lipid, and ml O.1M Tris - HCL buffer, pH 7.4; 4 1 UDP-D-galactose - WIC solution,
containing &4 ,400 dpm. Irncubation at EOOC for 90 minutes, under nitrogen.
lipid amount of lipid ﬁ“ incorporation % incorporation
{mg) (dpm)
diolein other lipid
none - - 1,700 3.8
MGDG - 1.36 5,100 11.5
5,700 12.8
diplyceride * - 1.67 8,300 18.7
10,500 2%.9
FC from egm yolk - 0.79 %/ Tele 1.0
PC from egs yolk and diclein 0.8 079N 1,600 5.6
dioleln 0.81 8,500 151
diolein 1.61 7,700 17.3

’?“ mg of lipid added to 20.0mg spinach acetone powder preparation.
* the dipglyceride isolzted from the acetone extracts of chloroplasts.

®
Y amount exprazsssd 28 the welght of diglyceride axpecled ou hydrolysis.



-

Figure 29

The rodiechromatogram scans of the 1ipid extracta
obieined after the incubation of the acetone powder

of spinach c¢hloroplaats with UDBP-D-gnlactose - ThG
and the MIDG, A, or the diglyseride, B, which wmere
isolated from the scetome extract of chloroplasts.
{Bee Table 32 for the reaction wmixture).

koy: 1, BGDG; 2, sterol glycoside {tentative);
3, MEDG; 4, marker.



ie incorporation of D-galactoss -1- o into the lipids

of leatf sliices,

The incorporation of radiocscitive galactoze into The galactolipids ol
barley lezaf slices was assumed to involve YLF-D-.galactose. The
incorporation noted may be interpreied to represent de novo synthesis of

alactolipids and the higher amounts of radiozctivity in the DGEDG fraction

were probably due to a proporticon of the DGLC moleculss possessing two

(D

radioactive galactosyl moieties, However, for de¢ nove synthesis, the

amount of radioactivity in the DEDG fraction might be eupected to lag
behind the amount in the MGDE Traction as shown when chloronliasts were

i i UpT LT + 1 e s o

ineubated with UDP-D-galactose - C {(Ongun and Mudd, 1968, Thus, the

amount of inceorporation of radicactiviiy in the DGDG fraction, rather

than showing de¢ novo synthesis, may indicate a rapid equilibration of the

OL-linked galactosyl molety of the pre-existing DGDG with the hexose pocl,

o}

The maximum incorgoration of label inte DEDG occurred afisr 4 hours and

1

the subsequent decrease with time (Figure 10) could indicste the transfer
of the terminsl gelactose residus to a non-~-lipid accepter or specifice
galactolipase activity for the DGIG, The role of DGDG as a galactoss

transport molecule may he correct whether or not the label in DEDG was

due to exchanse reactiions or net de novo synthesis because, relative to

the amount of labelled MGDGE, the amount of lahelled DGDG increased to 2z

maximom at 3% hours then decliined to the previous level at 7 hours (Figure

1), This might be evidence for the involvement of galactolipids in
hexose meitazbolism 23 suggested by Ferrari and Benson {(1961). The

=

incorporation of radiocactiive glucose into the galaciolinids of whole
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ean leaves was shown by Ketes (19607,
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increased with the age of the tissue wyp to the sixth day alte

Decreased incorporation after this could he attribubable

The =2bility of leaf slices to incorworate pzlactose into

=

calactolipids

plan

to the cond_tion

their container,

riment 4.1.2 tharn in

not investigated Turther.

be secnsitl

However, galactolipid synthesis in leaf slices is upliiksly {o

to light because they are incapable of net chleorophyll formation (Appelgvist
et al, 1963). Thus the possibility of a cooperati

suggested by Patton (1558) can not occcur. 5till, dg nevo sy

galactosyl diglycerides iz concelvabls in leg

i)

n

far

synthest

uJ

1z

(Gray, Rumsby and
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o
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concentration
Fescue lealf clices also had the ability to inc

galactose inte HMGDE and DGDY and the necessity For

regetion mixture indicated gelactolipase activity
19697, The latter activity is probably associated

chioroplast fraction since fescue leafl chloroplasts
galactoss for UDP.l-galactose into MEDGE, though not
ation of galactose into galactolipids by barley tis

without the addition of cysteins but the effeci of

incorperation was not iaves

+F

[6=]
13
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e
j o
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w0t dependent on chlorophyll formation zs

evidenced by theilr

Hawke, 1967).

orporate
cysteine
in

with thsa

radioactive

exitra—

could inceorporate

into DGD

cysteine

1

O

(G2

Incorpor-

sus could be ahtainsd

this
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Section 5,11 : The incubaticn of chloropiasis with UDY-D-glactose - C,

different activities in incorvporating labei from UDP-Degalactose ~ 'O
inte 1ipid compounds, Spinach, fescusz and rysgrass leaves yielded the
most active preparations. e lower activiity of the other wvrewarations,

viz. barley, Yorkshire fog and phalarils, may have besu due to a lowar

oroplasts, lower intrinsic enzyme activity,

lae]
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number of
less accessibililiity of the radiocactive substrate to the enzyme, diversion

of UDF-D-galactose - C to the other reactions, or a combination of these,

The inability to prepare zctive plastid preparatiens Irom barley

sgedlings could have resuaited from galactolipase sctiviiy in the leaf
mogenate. Appelavist, Stumpf and von Yettstein (1558) founs st
homogenate tppelavist, 5tump d ‘zttstein (1948) 4 t

barley leaf homozenstes at pH & contained galactolipase activity and

a lov yield of intact chiloroplasts. The use of C.5k sucrose bulfer,
B 8, gave the highest number of incact chloroplasts, In the present

work, plastid preparations were not active in galactolipid synthesis when

Py

[t

isolated from barley sceedlings between 5 and 10 days after plantlag orv
from seedlings subjected to different lig treatments, The fragility
of the plastid membranss, gslactolipase activiity and the starch content of

tha plastids probably all weighed against the isolation of intact plastids.

43

N

The incorporated labcl in €he chleoroplast ligids of fescue and

spinach was mainly confined o MEDE and g compound itentatively identified

f"}

acyl MGDG, This compound contained galszctose and had a greater

o
i

thanol,

@

chromatographic mobility than MEDG in tocluene - ethyl acetate - 95%

2:1:1 (v/v). Aoyl derivatives of galactolipids were also found in apinasch

i

[

chloroplasts isolated in sucrose media by Wintermans et al (1969). At no

{1

time did more than a frace of labsl appear in DGDG, This could azlso be
attribuied to the transscylase activity because zcyl MGDG is formed

primarily et the expense of DGDG (Heinz, 1967b).
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Using similsr methods, previous workers (Heufeld and Hall, 19ci;

Ongun and Mudd, 1968) obtained incorporation of radicactivity from UDP-D-

14

gelactose -~ C dinto DGDE and TEDG as well as into HGDG in chloroplasis.
They did not nocte any faormation of acyl IHEDG althouzh the radiocavniograms

of Ongun and Mudd (1968) showed traces of a compound with greaster ohroma-
tagraphic mobility than #MGDG. The synthesis of DGDG gnd TGDHG, using
spinach chloreplasts, could explain why the incorporations of radicacttivity
- - . 1"'." . . . ~ .
from UDP-D-galactose - C were much higher (Crgur and Mudd, 1968) than in

the present experiments.
I

Different trzatments, i.e. alternative ilsclation procedurs, sonication,

deoxycholate addition, of the chloroplasis failled to stimulate any
incorporation into DGLE even though the percentage incorporafion inte

ter the former two fTreatmesnis. The chleoroplast

iy

lipids increased a
reparations isolated by the more vigorous isolatvion procesdure of grinding
the leaf tissue in a sucrose buffsr with sand showed increased incorpor-
ation and thus indicated that the accessibility of the enzyme for the

~

mn v . ! .
UDP-D-~galactose - ¢ mi

£

ght be limiting for chioroplasts prepared using

bl

the Spencer-¥ildman technique. The senication of chloroplast suspensions
of fescue, prepared by this latier technique, produced a decrcased

synthesis of acyl MGDG but again no label appeared in the DGDE fraction

even though the percentage incorporation was incressed. The transacylase
activity was not labile to sonication in spinach chloroplasts. Acylated

galactolipids are artifacis of the chloroplasti isolation technigque rather

than normal chloroplast constituents and the enzyme(s) responsible Ter the

transacylase activity have not been identified (Heinz, 1967%L; Wintermans

1969),

6]

o
I ol

}._..I

|

Fescue chloroplasis, isclated using the Spencer-Jildman technigue,

exhibited a linear increase in incorporation of radicactivity, when

. N . . 14 s s . ; .
incubated with UDP-D-galaclose - C, with increasing chloroplast
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to a concentration of 1.%mg chlorophyil per ml. bun
5 of chloroplasts gave lower incorporations. Onguin
biainzd a linear relationship vetween incorporaticon of
plzst concentration for spinach chloroplasts, isolat 4 i
puffer, to a chloreplast concentration of G.6G3mg chlorophyll per
H k =4 E =

non-lines

]

0
8]

g2lso ohserved by Heufeld and H11 (1

ncentrations bui ne exvlanation has been offered.



Active acetone powder and fresge-dried prepasrations could be derived

]
Lty
o

Jability of

i

rom spinach, but not freom fescue, chloroplasts. Th

fescue chloroplast ensymes was nob studied furiher and the largs quantiiy
of tissuc reguired for these enzyme preparations precluded the use of the

or such a

Feby

w

s

]

isolatiorn of chicropls

e
_
i
b

~#ildman technigue for ths

]

penc

study.

The addition of lipid in organic solvent was chosen =3 the best
method of achieving intimate associgtion betwesn the subztrate and the
acetone powdsr conitaining the enzyme system. Since ofmg of acetone-
soluble lipid was extracted in the preparation of 321mg of acetone powdar
{i.e. 5.5mg lipid per 20mg acetone powder), some hydrophobic interactiion
between the added lipid and the acztone powder would be expected (Ji and
Benson, 1968). The protection of the 1,2-diglycerides from iscmerization
ta 1,3-digliycerides by acetone powdéer during sonication is evidence of

this, Sonication of the acetone powder - lipid suspensions gave

o

- - . . . . e . o 1h
consistently goeod incorporation of radiocactivity from ULP-D-galactose - G

into lipids. Ho harmful effects of sonication wers noticed provided

appropriate precauticns were taken, i.e. the suspension sonicated under

. ; s
nitrogen at 07C,

The conclusion drawn from the incubations of acetons powder
W

iglycerides and UDP-D-gzalactose - ~'C was thai, up

o

preparatlions with 1,2~

2

to a level of approximately O.bwz diglyceride par 20mg acetons powder
preparation, the enzyme responsible for #MGIE synthesis exhibited no
specificity for the diglyceride substrate. The shary decrease in

incorporation given by some 1,2-diglycerides at levels above 0,0mg

diglyceride per 20mg acetone powder mighit bs interpreted as substrats

inhibition in which case this would indicate a greater affiniiy of the



enzymes

15
Tor the mors unsSaturated diglyczrides. lowever, this conclusi
can not be drawn with certainty beccause at these diglyceride levels the
incorporationr of radiocactivity inte the sterol glycoside i
the more unsaturate

e
09
I
( ]
ﬁ_

diglycerides than

ar
The incre

or the 1-oleoyl diglycerides
sed incorporation may be indicative of

the roles of
ted fatty acids in the conformation of chloroplast enzymes,

polyunsatur
in stimulation by the m

The change
d diglycerides
the sonication stey in

i
]
-

was not because of
ion procedure sin
glycerol and

i-lincleoyl, Z-olecyl

¥l,2-1lincleoyl
iycercl have the same fatty acid
composition but gave different stimulations.
The unfractionated acetons exiract and the diglyceride isolated from
the acetone extract gave equivalent or slightly g '
diclein. Yhether the i

sreatzr stimulations than
1,2-diglycerids
linolenic =acid

reflected the

which contained over &40
ompesition of the diglyceride pool in the
chloroplasts, if this pool exists, or whetbher the diglyceride was
primarily formed by degradation of some chloroplast lipids upon
is uncertain, 4 comparisen of the
aif

isclaticn
Michaelis constants of
erent diglyceride substrates is not

the enzyme for
possible because
of the diglyceride in agueous solution cannct be determin

the concentration
It should be noted

that the

linolenoyl residue in the syntl
1,2(2,3)-diglyceride containi

etic
g five dovble bonds was the 6,9,12-isomer
of linolenic acid whereas the 9,12,15-isomer is tus one commonly found in
plant tissues. Since these isomers possess differsnt molecular
conformations, the uvtilization of 1-4 ~linoleneyl, Z2-lincleoyl glycerol
to the same extent as other diglycerides tested would emphasize the non-
specificity of the UDP-D-galactose : 1,2-di«O-acyl-sn -glycerol galactosyl-
transferase for acyl groups in the 1,2-diglycerides,
These concliusions appear to contradict those of Mudd, van Viiet
van Deenen (19469) who found that ihe

ana

n

timulation of monogalacto-



ynthesis occurred with ithe wmore nighly unsaturated diglyceride

F.
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species. Since their diglycerides were derived from spinach and egg

i
1
}.l
m

phospihclipids, the diglycerides were wholly 1,2-isomers i.e, the 2, omers
were not present. These workers added the diglycerides to the acet ne

ifferent method, i.e. am an emulsion made by shaking the

34
=
}-

powder using
lipid in Tris buffer which was 0.03% with respect to Tween 20, to that
smployed in the present study or by Ongun and HHudd {1964). Aliquots of

the stock lipid-water suspension were incubated with the acetone powder

preparation, at a level of O to 0.6mg diglvceride/10mg acetons powder

L . N e L e -
preparation, feor 20 minutes at 37 C. T™ius these auvthors chose a narrower
range of diglyrerideiacetone povder ratios, z shorier incubatvion time and

a higher incubatleon temperature than in the present study. Mudd, wvan
Viiet and van Deenen (1969) compared their resulis for monogalactolipid

synthesis with those for phosphatidyl choline synthesis by rat liver
varticles using the same method of lipid addition (Mudd, van Golde and

van Deenen, 1969). #hereas the diglycerides, derived from egg phosphati-

dyl choline, of increasing unsaturation produced, in general, increasing

T4
4

nt gtimulavion

B

stimulations of monogalactolipid synthesis, they gave equival

phosphaiidyl choline synthesis, Hdowever, the diglycerides in the two

.

o]
+h

composition.

series of experiments were not shown to be of indentica
From this it might be argued that the solubility of the diglyceride is
not a limiting factor and that the technique of adding the diglyceride in
agueous solution allows determination of the enzyme specifiicity.

Both the above technigues of adding lipid subsirates have bhsen
enmployed by previous guthors in studying the blosynthesis of lipids in

bacteria =znd animal tissunpe. For ponomannosyl dilgyceride synthesis in

#icrococcus lysodeikticus., Lennarz and Talamo (1956) prepared a suspension

of 1,2~diglyceride in water, at a concentration of 10 nmoles/ml, by sonic

s

ispersion {performed under nitrogen in the case of diglycerides contalnl



polyunsaturated fatiy acids), In this case,

m

the 1,2-diglycerides, containing branched chain fattiy acids,

from the bascierium or Frowm Bacillus megateriw Pievinger {(1968)
praferred to saturate the dry enzyme preparation wi:h an aliguot of "2
selution conrtaining the diglyceride az room lemperature, evaporate the

benzene and incubate ithe enzyme in buffer, when he examined

the

chesie of glucolinids of Streptococcus

Jdi

cliyeceride

55—

I VAN o

fagcaslis.

e
o)

o

re distearin and diolein were the hest nrecursors of the mounoglucosyl

diglyceride wiiile dilinolein was the best for the diglucosyl dilgyceride

and 2 third cempound which was apparently derived from the other gluco-

lipids. The shorter cihiein lengih and the greaster unsaiuration of the
r L] [8e3

fatty aclds of the diglycerides appeared to favour ths conversion of

ronogltucosyi diglyceride to the other two. This change in aciivity

sgemed Lo be directly relat=d to ithe relative soiublli

\___.‘

subastrates and thus the grealer activity of dicaprin and dilinolein

probably atiribuizible to this physicochemical property.

the synthesis ol monoglucosyl diglyceride from diglyceride ampeared to
inerease with chain length and with degrec of saturation of the diglycoeride
indicating that the initial conversion of diglyceride to monoglucolipld

was not nearly as sensitivs to solubility of the lipid as subsequsant

steps. Tieringer (1963) concluded that the grester amounts of measurable
monoglucolipid synthesized from the more saturated diglycerides with

longer chain lengths may have bezn caused by an inability of the relativel;

I3
more insclublie monogluco-diglycerids product to be converted
glycolipid, or possibly by true enzyme specificity, or both.
aiso showi that 1,2 dipalmitoyi
glycerol stimulated the synthesis of monoglucoliipid).

Microsemal enzymé preparations of brain tissue from 13-~

old rats catalysed the syntheszis of MGDG from UDP-D-galactese

of the

diglyceride

was

In contrast,

.
151,

¥



i, 2-diglyceride (Yenger, Pefitpes and Pieringer, 19687, Jsing the same
technique for adding the diglyceride as described by FPieringer (1968),

they found that the diglycerides having long chain saturated Faity acid
constituents were preferred. It was noted also il
of galaciose from UDF-D-galactose was linear up to a2t least two hours of
incubation time, For the spinsch acetone powder system in the present

work the incerporati almost linear up to about 40 or 90 minutes

[A
$]
3
m
N

incubation, depending on the substrate used, and then a new linear rate
was established, The sawme phenomenon was observed by MHcCaman and Cook

{1966) who studied the synthesis of phosphatidyl choline in brain tissue.

The synthesis of phesphatidyl choline occurred at a linszr rate with time

new rate {704

during the first 10 minutes but between 15 to AU minutes =
2% that found during the initial 10 minutes) appeared. The resulis cof

sheowed & change in tha

temd
[0}
Q

Mudd, van Golde and van Deenen (1968}
incaerporation rate aftesr 20 minutes. These rate changes serve to
emphasize the importance of the stability of lipid esmulsions and, hence,
of the relative 1lipid solubility aud accesgibiiity to the enzyme, Lo the
ohsarved synthesis of lipids.

tding the dilgyce. ide

y
ay

The techniques of McCaman and Cook (1955)

to the enzZyme was a5 an agueons suspension in the presence of Tween 20

{0.02%) and BSs (0.054). The most active substrates wers those diglycerides

with a high provortion of unsaturated fatity acids, though the results are

difficult to interpret hecause inhibition was observed at higher

concentrations of diglycerides, The additign of detergenis to the reaction

mixture to increase the miscibility of diglycerides was only of limited

success (MeCaman and Cool, 1966), Pween 20, Cutscum and Triton X-100 were
more than 90% inhibitory at concentrations in excess of O.1% (w/v). An

increszse in the concentration of Treen 20 from 0,02% to 0.03% (w/v)

reduced the appereni activity of the phosphocholine~glyceride transferasse
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by 28%. In the etudy of the viosynthesis of glucolipids, none of the 18

adjuvants {(incliuding neutral, anionic snd cationic detergents, and organic
L] ¥ L] [

solvenits) tried, aided in t timulation of incorporaczion of radicaciivit
9k
- - S - S
from UDF-giucose - C dinte glyveolipid {(Pleriager, 19637, Cn the o her

- 5 o A 3 [ . L3 : : N
nand, Lennarz and Talamo (i966) Tound that the specificity for an

adjuvant of a particular type was rather high and that a fatty acid salt

F....:

was ¥

u>

gguired

In this regard, adding phos with the diglyceride seemed

relevan®t to the praesant studics. The incubation of phosypholivid alons
. iy . X - . 1, L ,
with the =zcetoneg powder praparation and JDP-D-galasciose - ¢ ¢id not
yield significant MEDG synthesis slthough with =gg phosphatidyl sthancl-
amine the result was sugiestive that phosphatidyl ethanolamine acied as
a diglyceride source, #hen phosphatidyl choline (1.50mg) was incubsaied
with diolein (1.67mg) acctone powder (2C.0mg) and UDF-D-galactose - C,

ot
=

net incorporaiion of radicactivity inteo lipid was more than occurred
in the reaction mixture having diolein as the only added 1lipid substrate,

dowever, when a lower level of wach lipid was used no incorporatioc
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Soever was stimulated, FPhosphati

incorporation when incubated with diolein than when diolein was
added lipid ia the reaction mixture but ths incerporation of label
decreased when dieoleln was incubated with 2 large amount of crude egg

phospholipid. Thus in some casces the added chospholipid may have had a
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ect on the incorporation of radiocacti

diole because of its detergent action. This effect was not consistent
ut might still 1adilcate that the accsssibility of ¢ diglyceride to the
enzyne is & limitling factor in MGDG synthesis,
The resulis of ¥.4. Roughan (personal communication) suggested that

phospholipids were intimately associated with the unsaturation of fatty

acids and thus be a source of diglyceride moicties in the biosyathesis

frat
5

oy

-
3



164,

O

of other complex linids. This possibility could not bs positively

confirmed or denied with the prezent experiments.

4

The effect of adjuvants indicate that the interaction between 1lipid
and the enzyme in agueous systems can be influenced by factors other than
substrate - enzyme za2ffinity. Thus the results of experiments in which

the lipid was added in agqueous suspension musti be interpreted with caution.
The addition of the lipid to the enzyme preparation in organic solvent,
provided the solvent ¢id noft in some way harmfully alier the enzyme system,
would be expected to allow maximum interaction between the ftwo and the
resultant enzyme activity be affected less by, for oxample, the relative

olebilities of the lipid substrates. Hence the resulis obtained using

[0}

the latter procadure are probably more meaningful in determinipg enzyms
specificivty. Eowever, the physicochemicel propertiecs of diglycerides in
aqueous systams need quantitative apalysis.
The characteristle fatty acid composition of the MGDG fraction in
plants could be obitainsd by
1. a specific selection of the approwriate unszturated diglycerides
from the diglyceride pool by the UDP-D-galactose : 1,2 di-0O-acyl-gn-
glycercl galactosyltransferase and some adjvstuenits to the fatty
acid composition of the MGUG effected by deacylation-reacylation
rezctions, or
2. a nonspecific selecticen of diglycerides by the galactosyliransferase

and extensive desaturation of the partially unsaturated MGDG moleculss,

ik

possibly involving deacylation-reacylation reactions.
Phe conclusions drawn from the present work are more consistent with the
second possibility. Furthermore, MNichols, James and Breuer (1967) showed

that in Chlorella vulgaris, MEDG had a high turnover of the fatty aclds

intermediate in the sequence leading to linclenic acid and they argued

that MGDG, and =cme other lipids, had an active metabolic reole in fatly
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acid metgbolism. The MEDG fractions of phoioheterotrophic Chliorella
vulgaris, separated according to the tetal number of double bonds per
molecule, had constituent fatty acids which differed by a maximum of one

double bond (Wichols znd Moorhouse, 1963). Cell~irse extracts of

Fuglena gracilis preferentially transfer stearoyl- and olsoyl- groups

from ACP-thicesters into MODG whereas the fatty acyl groups of Cod-
thicesters were incorporated into WGEDG and into phospholipids {(Renkonen
and Bloch, 1969). Partial desaturation of the acyl moieties to more

unsaturated residues was concomitapt witnh the fransfar, The chioroplasts

i

ey

of spinach and lettuce contain an ACP-dependent fatiy acid synthetase
which produces stearic acid while isoclated intact chloroplasts yield
mainiy olei¢ and palmitic acids from acetate (Stumpf, Brooks, Galliard,

L

Hawke and Simoni, 1967). Although oleic acid was shown to be a precursor

h

of linolenic acid in leaf tissue (Harris and James, 1965), no in wityro
systém has been shown te effect this desaturation. In the apparent
desaturation of galactosyl diglycerides, in algae and in higher plants,
on exwnosure to light (Nichols, Stubbs and James, 1967) it is not known
whether the change in fatty aclid composition was due to ths desaturation
of pre-existing galactolipids, the de novo synthesis of polyunsaturated

galactolipids, or both. The effect of increasing light intensities on

the lipids, specifically HGDG, of Tuglena gracilis. (Constantopoulos and

o

Bloch, 1967b), would support the alternative that pre-existing galacto-
lipids were desaturatsd, These censiderstions would be consistent with
the formation of MGDG from diglycerides of low unsaturstion and the

the fatty acyl residues to trienoic acids,

4

subsequent desaturaticn o
essuming the metsbolic pathways of zreen algae and higher plants are
similar, Moreover, a tight coupling of oleate desaturztion with phos-

phatidyl choline synthesis was shown in Chleorella vulgaris {Gurr, Robinson

and James, 1969).  The higher degree of unsaturation of MGDG +than DGDG



and the characteristic hexadecatrienoic acid cenient of spinsch MEDE
would =ziso be more easily explained by fatty acid changes after the

formation of MGDG and DGDI, It is pertinent that dipalmitin did not

T3

stimulate HMGDG synthesis by a spinach acetone powder preparation (On un
andé Mudd, 1968}, but that diglycerides containing H#0-50% palmitic acid
were able to be utilized (Mudd, van Viiet and van Deenen, 1969). The

1MGDG from spinach chlorowlasts contains %04 of its total fatty acids as

hexadecatriencic acid (Allen st al, 1964), This might also indicate

-

that fatty acid chain length or some degree of desaturation of the
diglyceride is required by the galactosylitransferase.

Ag in the present experiments, Mudd, van Vliet and van Deenen (1969}
were unable to obtain DGDG synthesis by lncubabing diglycerides with
acetone powder wreparations of chloroplasts, Thaey did not aoie any
significant incorporation of redicactivity into sterol glycosides.

In this connection, Renkonen and Bloch (1969) were also unable to

stimulate DGDG synthesis using cell-free extracts from Zuglena gracilis.

The inability to obtain DGDG synthesis with these snzyme preparations

mzy be caused by a translocation barrier since HGSG and DGDG are apparently
synthesized by separate enzZymes, the one synthesizing MGDG being more
tightly membrane-bound (Cngur and ¥ndd, 1968}, A1l the chloroplast
proteins are likely to be present ia the acetone powder preparation,
whether denatured or not, because Hottrill and Possingham {(1949) found

that 80% aqueous acetone solutions precipitate all the nitrogen of
concentrated chloroplast suspensions., Two enzymes were dissociable and
shown to be active for monomannosyl diglyceride and dimannosyl diglyceride

synthesis in Micrococcus lysodeikticus (Lennarz and Talamo, 15966). The

enzyme responsible for monomannosyl diglyceride synthesis was assoclated
with a particulate fraction whereas the one forming dimannosyl diglyceride

+ i . r - . . ju)
was present in the soluble cell fraction. The results of Pieringer (1968)



for the synthesis of the zlucelipide of Streptococcus Taeczlis are

dumd
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two-enzyme scheme for glycolipid synthesis.
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“Yhen Ongun and Mudd {1968} fractionated the acetone extraci of
chloroplasts and incubated & fraction containing ail the HMGDG, 0% o. the

DGDG and a swall amount of the phosphatidyl glycerol of the total exiract,

=
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with the spinach chloroplast acetone powder preparation and UDP-

1k o . ¢ and

G, a considerable amount of radiosctiviiy appeared in HGDC and DGDG

az well as some into TGDG, The incubation of HGDG with acetone powder

preparation and UDP-D-galactose - = ¢ (experiment 4,1I11.9) yielded radio-

active MGDG and sterol glycoside. The incorporation of label into the
lactolipids was probably occurriag by exchange reaciions and would imuly

that the enzyme responsible for DGBE synthesis was not necessarily

[47]

inzctivated during the preparation of the acetone powder in the case of
Ongus and Hudd (1565). it is unlikely that the WGDG was degalactosylated
and the diglyceride released since the normal degradative pathway involves
the galactolipase. The high incorporaition of radiozctivity into the
sterol glycoside may be ilndicative of the structural importance of MGDE

for optimal activity of the enzyme responsible for sterol glycoside




—

i

. . - . ]
The incubation of barley leafl slices with D-galactose~1- 'C gave up

to 4.6% incorporation of radioactivity into the galactosyl residue(s)

of MGDG and DGDG. The D3EDG fu.ction generall;y contained more of
; . - o e i e - o s . 1%,
the radioasctivity than the HMGDG fraction and the ratio of MHGDG - o

14

to DGBG - C decreased to a minimum and then increased to its

former value with incubatlon tiwme. The percentage ilncorporation

was maximum in the leaf slices of bsrley tissue harvested 6 days

after planting.

qh
slactose - C inteo

i3
1t}

The iuncorporation of radiosciivity from UDF-D-

L‘--'i

the lipids of crude chloroplast fractiocns, isolated using the Sypencer-

%ildman technigue from fescue {(Festuca elation), ryegrass (Lolium

pereénne) and spinach {(Spinaciaz olerscea) leaves, was shown to ococur

-

mainly into MGEG and a compound tentatively ldentified as an acylated

MGG, The plastid preparasticns from barley seedlings did not
incorporate label into the lipid fraction. The adoption of different

experimental technigques e.g. alternative chloroplast isolation
procedure, sonication or addition of deoxycholate, failed to stimulate
the incorporation of radicactivity into DGDG whern fescue and spinach
chloroplasts were incubated with UDF-D-galactose - 140 even though

the percentage incorporation increased when the former two treatments
were used, The fescue chloroplasts, isolated uy the Spencer-%ildman
technique, showed a linear lncrease in incorporation with increasing
emter

chloropliast cancentration except at chloroplast concentrations gre

)

than 1.2mg chlorophyli/ml,

was shown to be stimulated by syathetic 1,2(2,3)-

('}

The synthesis of NGOG

diglyecerides, and the diglyceride isolated from the aceteone extract

} -

of c¢hloroplasts, when they were incubated with an acxtone powder

-l
.o ~ . . e - . 14,
preparation or spinach chloroplasts and UBP-Degalacicse -~ 'C,



g

Depending on the activity of the ascetone powder pregaration, and
incuvation time, percentase incorporations of up to 31% were achieved,

=

te acetone “O"C‘PT

jon
i

J-diglyceri

nE

Increasing the weight ratio of 1,2(2,7

preparation gave an increasing incorporation of radicactivity w'th

L

the diglycerides giving equivalent stimulatior up to about O.bmg
diglyceride/20.0mz acetone powder preparation. Beyond this level
of addition, 1-olzoyl digzlycerides stimulated further incorporation
whereas other diglycerides showed decreassed siimulailon. The
incorporation into a compound, tentatively iddentified as sterol
glycoside increased using these latter diglycerides.

These results arc consistent with the enzyme, UDP-
di -0~ acyl-sn-glycerol

galactosyliranslerase, having no specificitiy

for diglycerides of a particular fatty acid composition. Thus the
ol ¥ Wi !

uravion of faity

i
N

rols of MGDG as an active metsholite in the desa
acids, suggested by Nichols, James and Breuer (1957}, is supported.
The results are, however, at variance with those of Hudd, van Vliet

and van Deenen (1969) who found that diglycerides of increasin

2
unsaturation zave, in gensiral, increasing incorporation of galactosc
from UDP-D-galactose into MUDG, The possible reasons for this

difference are discussed.
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