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ABSTRACT

The procedure of Douce et al (1973) was employed for the isolation 6f
envelopes from purified chloroplasts of spinach (Spinacia oleracea) and

maize (Zea maize var, Wis. 235)., Maize chloroplasts gave very low
yields of envelope protein and low incorporation of radioactivity from
UDP-}4C-Galactose into galactolipids. However the use of spinach
chloroplasts resulted in higher yields of envelope protein and high
levels of a galactosyltransferaseth;t synthesised galactolipids from
endogenous lipid substrates and added UDP-14C—Galactose. The products
of galactosyltransferase were identified as MGDG and DGDG by comparison
with standard lipids on thin layer chromatography. The procedure for
the isclation of chloroplast envelopes reported by Poincelot and Day
(1973) gave a higher yield of less contaminated envelope membranes

and an increased specific activity of galactosyltransferase compared

to the results obtained using envelopes isolated by the method of

Douce et al (1973)

Total incorporation of radioactivity from 0.3 pM UDP-14C-Galactose by

- galactosyltransferase was dependent on the time and temperature of
incubation and the nature of the incubation buffer. Maximum incorporation
(about 72% of the added radioactivity) was obtained upon incubation at
30°C for 30 min, in 50 mM HEPES-NaOH at pH B8.0. MGDG was identified as
the major labeiled lipid (MGDG:DGDG ratio 1.7:1). Lower pH values gave
higher incorporation into DGDG.

A cation dependence of galactosyltransferase was observed and incorpo-
ration was stimulated by addition of Ca2+, Mg2* or Ba2*, Maximum
incorporation was obtained with 5 mM Ba2*, In contrast 5 mM Cu?*

completely inhibited incorporation.

The sulphydryl nature of the chloroplast galactosyltransferase (Chang,
1970; Mudd et al 1971) was confirmed with galactosyltransferase of the

chloroplast envelope.



Linoleic acid at 0.72 pM completely inhibited transferase activity.
The inhibition by linoleate could be partially removed by addition of
about 10 mM Ca2* or Ba2* but 10 mM Mg2+ and BSA (30 P9 per ml) were
without effect.

UMP, UDP and UTP at 1 mM inhibited incorporation by trensferase.
UDP was the most effective inhibitor and gave 50% inhibition of
incorporation at about 5 pM. NADH and PP; did not significantly
affect incorporation.

The addition of exogenous diacylglycerol (1-palmitoyl, 2-oleoyl

glycerol or 1, 2-di-linoleoyl glyerol) did not increase the incorpoe
ration of radioactive galactose into galactolipids. Incorperation was
inhibited by 0.3% Triton X-100 and 6 mM sodium cholate. No radioactiv-
ity from added 14C-diacylglycerol was incorporated into MGDG by chloroplast

envelopes.

Preincubation of the chloroplast envelopes with phospolipase C or D™
reduced the total amount of radioactivity incorporated by galactosyl-
transferase, Transferase activity was detectable after preincubation

of the envelopes with trypsin and protease.

The fatty acid composition of MGDG, DGDG and DG from whole tissue,
chlorpplasts and chloroplast envelopes of spinach is presented.

The characteristic highly unsaturated nature of the fatty acids of
MGDG and DGDG is in contrast to the relatively saturated fatty acid
content of DG isolated from whole tissue and chloroplasts. However,
DG isolated from chloroplast envelopes contained predominantly
16:0, 18:1 and 18:3.
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Chapter 1: REVIEW OF LITERATURE

1.1 Introduction

1.1.1 Structure and oeccurrence of galactolipids

Galactolipids are abundant in all photosynthetic tissues and
photosynthetic erganisms, WNon-photosynthetic plant tissues, micro-
organisms and vertebrate spinal tissue contain smaller amounts of

these lipids.

The predominant galactolipids in higher plants are monogalac-
tosyldiacylglycerol (MGDG) (1,2-di-O-acyl, 3-0-(B-D-galactopy-
ranosyl)-sn-glycerol) and digalactesyldiacyldiglycerol (DGDG)
(1,2-di-0-acyl, 3--0-(B-D-galactopyranosyl-{1' 6')-0-x-D-galactopy-
ranosyl)-sn-glycerol), (Figure 1), Webster and Chang (1969)
reported that spinach chloroplasts had a molar ratio of MGDG:DGDG:
Trigalactosyldiglycerol (TGDG):Tetragalactosyldiglycerol (TTGDG)
of 60:30:5:1. More recently Joyard and Douce (1976 b) found that
in envelopes from spinach chloroplasts the molar ratio of these

lipids was 30:38:6:1.

The more complex glycolipids e.g. sterol and acyl sterol gly-
cosides (Eichenberger and Newman, 1968), glucocerebrosides (Carter
and Koob, 1969 ; Weber, 1970) and polygalactolipids (Webster and
Chang, 1963 ; Galliard, 1969) are found in plant tissue as well,
but generally account for less than 10 ¥ of the total galactolipid
fraction. (Table 1)

The present discussion will be confined to galactosyldiacyl-
glycerol from higher plants.

TABLE 1
The lipid composition of photosynthetic tissue from spinach
(£ of total lipids by wt.)

Phospholipids 23 Sterols 1
MCDC 20 Sterol glycosides 0.5
DGCOG 13 Chlorophylls 13
Sulpholipid 4 Ceryl alcohol 9
Waxes 9 other lipids 4

(Data from Kates, 1970)



FIGURE 1

The structure of monogalactosyldiacylglycerol (mcog)
end digalactosyldiacylglycerel (DGDG),
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3.

1.1.2 The cellular distribution of galactolipids
The lipid centent of leaf tissue from higher plants ranges

between 3 X and 10 ¥ of the dry weight (Hawke, 1971). Galacto-
lipids may sccount for up to 50 ¥ of the total leaf lipid and
up to 90 ¥ of the total galactolipid may be in the chleroplast
(Wintermans, 19603 Ongun, Thomson and Mudd, 1968). Mackender
and Leech (1974) reported that lamellae and envelepes from
Vicia faba L, centained 45 ¥ and 30 ¥ respectively of the total
chloroplast galactolipid. Similarly Joyard and Douce (1976 b)
Hashimoto and Murakami (1975) and Poincelet (1973) found high
levels of galactolipid in the lamellee and envelope fractiens
from spinach chloroplasts. The reported MGDG:DGDGC ratie in --
lamellae ranges from 1,4 - 231 and in envelopes from 0.2 - 1:1,
The envelope fraction contains a relatively high concentration
of DGDG and a much higher level of phospholipid, particularly
phesphatidylcholine, than the lamellaes fractien (Poincelot,
1973 ; Mackender and Leech, 1974), (Table 2).

The quantitative impertance of galactolipid is clear but the
specifi¢ function ef these lipids in photosynthetic tissue is
still a subject of controversy, Bishop et .al {1971) reported
that the galactolipid:chlorophyll ratie uaﬁ about 3 x higher in
the granal bundle sheath chleroplasts from maize and sorghum than
in the agranal wmesophyll chloroplasts frem the same tissue,
Other workers have noticed a close relatienship between the
increasing levels ef chlorophyll and galactolipid during devel-
epment of the chloroplasts (Leech et al 1973 ; Gray et al 1967 j
Fong and Heath, 1977).

The amphipathic nature of galactolipids with both hydrophobic
and hydrophilic regions makes them ideal for stabilizing membrane
structures. Bamberger and Park (1966) concluded from electron
microscopy and galactolipase digestion that much eof the lipid in
the lamellae is providing & matrix upon which are srranged the
proteins of the photosynthetic system.



Table 2

The 1ipid composition of fractions isolated from chloroplasts of Vicia faba and Spinacia oleracea

(X of total lipid)
Envolopo.(.) Envolopna(b)'Lamellnl(b)lEnvolopoc(c) Lllllll.(c)lHicr.lnﬂll(d)

MGDG 29.1 8.4 39.1 22 51 12

DGDG 32.4 29.3 20.1 32 26 3
Sulpholipid - 5.5 e 5 7.1
Phosphatidylglycerol 0.9 13.2 16.5 B.4 9.1 3
Phosphatidylcholine 29,6 27.5 10,1 27 3.2 35
Phosphatidylethanolamine 0 + g trace 0 30
Phosphatidylinositel - ) - - 1.3 1.4 7

Data from:

(a)
(b)
(c)
(d)

Mackender and Leech, (1974) (Vicia faba.)
Hashimote and Murakami, (1975) (Spinacia oleraces)

Douce et al (1973) (Spinacia oleracea)

Douce (1974) (Spinacia oleracea)

‘v
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1.1.3 The fatty acid composition of galactelipids
In general, plant lipids and particularly the lipids ef

photesynthetic tissue contain & high amount of polyunsaturated
fatty scids. The major fatty ecids of the chloroplast galacte-
lipids are the unsaturated fatty acids linoleic acid (cis-9,
cis-12-Octadecadienocic) (18:2), «x-Linolenic acid (cis-9, cis-12,
cis-15-Octadecatriencic) (18:3), and cis-7, cis-10, cis-13
-Hexadecatrienoic (16:3); 18:3 in some tissues (e.g. alfalfa,
D'Brien and Benson, 1964) accounts for up to 95 ¥ of the acyl
groups of MGDG and may account for wup to 93 ¥ of the acyl groups
of DGDC. The fatty acid composition of MGDG and DGDG from several
different plant species is given in Table 3, The more unsgturatad
or shorter chain fatty acids appear to be concentrated at the 2
position of MGDG, In spinach, 92 ¥ of the 16:3 is found at the

2 position of MGDGC with only trace amounts of 16%3 in DGDG.

DGDG contains most of the small amounts of saturated fatty acids

that are found in galactolipid from spinach.

The fatty acid compesition of leaf tissue changes in relation
to the age and light environment of the plant., Etiolated tissue
contains relatively less unsaturated fatty acid than green
tissue., On greening the levels of both unsaturated fatty acid
and galactolipid increase (Gray et &l 1967 ; Crombie, 1958).

The high positienal and compesitional specificity of the fatty
acids has led to proposals that the unsaturated fatty acids would
give a high degree of flexibility in a membrane structure and

thus contribute to the spacing and orientation required within the
membrane fer an efficient photosynthetic system and for electron
transport (Benson, 1966). However, Nichols et a1 (1965) have
reported that lipide from the Blue-green algae Anacystis nidulans

contain only monoenoic fatty acids, therefore 18:3 would appear

not to be a prerequisite for an active photochemical system,



Table 3

The fatty eacid compesition of MGDG and DGDG from whole tissue, chloreplasts and envelopes of several

plant species,
(£ of total fatty acid)

Bracuica(.] Hldiclqp(b) Trifuliuntc) Spinacia olurlcaa(d) Vicia flbl(.)

Fatty oleracea |sativa(alfalfa] pratense (lamellae) (envelopes) (lamellae) (envelepes)
acid MGDG DGDG MGDG  DGDG MGDG DGDG MGDG DGDG MGDG DGDG MCDG DGDG MGDG  DGDG
1620 - 12 3 14 17 9 trace 4,6 trace 18.8 1.1 4,2 10,3 8.9
1631 - - - trace |trace 1 - = - - 0 0.4 2,0 0,7
1612 2 o - e - - - - - - - - - -

1623 32 1 - - - o 26 4 24,6 4 - - - -

18:0 - 1 trace 0.3 1 2 - trace - trace 0.5 1.8 5.6 3.4
1821 = trace| trace 0.4 1 2 0.6 2.5 1 5.1 1.4 2.2 10.9 2.5
1812 2 1 2 1 6 3 1 0.8 0.6 3.2 2.9 1.7 8,9 3.4
18:3 65 75 95 82 75 83 72 87 73.6 68.6 93.8 89.7 62.1 80.9

Data frems (a) Auling et al (1971)
(b) 0'Brien and Benson, (1964)
(c) Weenink, (1964)
(d) Douce et al (1973)
(e) Mackender and Leech, (1974) '



7.

1.2 Biosynthesis of galactolipids

1.2.1 Qutline of the biesynthetic pathways

The work of Ferrari and Bensen (1961) showed that 1‘802

could be 1ncorpnrat-d‘1ntn MGDG and DGDG of Chlorella. MCDG

was labelled before DGDC and with increasing time of incubation
the percentage of radiocactivity in DGDC increased and the percen=-
tage in MGDC decreased. Consequently the step-wise synthesis of
MGCDE and DGDG was proposed.

1,2-diacyl glycerol + UDP-Galactose —> MGDG + UDP
MGDG + UDP-Galactose —> DGDG + UDP
Neufeld and Hall (1964) tested this scheme by incubating a -
chloroplast preparation from spinach with UDP-1‘C-GallCt0ll.
The results indicated that 14C-Gallctoau was incorporated int;
MGDG end DCDG with significant amounts in the TGDG and TTGDG
fractions. Ongun and Mudd (1968) with an acetone powder prepar-
ation frem spinach chloroplasts, demonstrated that added unsat-

urated diacylglycerol could stimulate incorporation into MGDG,

The acyl groups of MCDC appear teo be synthesised from acetate
in the presence of ATP and CoASH aleng the sstablished pathways
of fatty acid biosynthesis. (Roughan et al 1976)

Recent work by Hippmen and Heinz (1976) on the synthesis of
glycerol-3-phosphate (G-3-P) and Koings and Heinz (1974) on the
precursers for UDP-Galactose has suggested the pathway for
galactolipid synthesis given in Figure 2,

Douce and Guillot-Salomon (1970) showed that 14¢_6-3-P in the
presence of ATP and CoASH was untilised for the synthesis ef
phesphatidic acid (PA), lyso-phosphatidic acid (lyse-PA) and
diacylglycerol (DG). More recently, Joyard and Douce (1977) have
identified a membrane bound and a soluble acyltransferase from
epinech chloroplasts. These enzywes are active in the synthesis
of PA, lyeo-PA and DG from G-3-P and the acylCoA esters ef
palmitic and oleic acid. The lyso-PA product of the soluble
acyltransferase is used by the envelope bound transferase to
synthesise PA, These authors detected a phosphatidic acid



FIGURE 2

The proposed pathways for the biosynthesis of
galactosyldiacylglycerol.
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phosphatase in the chloroplasts which could provide endogenous
diacylglycerol from PA, 1In the presence of UDP-Galactose the
radioactivity as 14C-glycarol in lyso-PA, PA and DC was feund
in MGDG.

It would appear that the complete sequence eof reactions for
the synthesis of MGDGC from fatty acids, glycerel-3-phosphate
and UDP-Calactose can occur on and in the chloroplest envelope.
Free fatty acids from the stroma side are activated by a
membrane bound thiekinase (Roughan and Slack, 1977) and are
combined with G-3-P by the acyltransferases to form PA. The
phosphatase cleaves the ertho-phosphate group of PA and the
galactosyltransferase catalyses the transfer of the galacton;
moiety frem UDP-Calactose on te the 3 position of the DG. The
specificity of the enzymes in the sequence ef reactions as to

the fatty acid cemposition of the lipids is unknown,

Recent work by Van Besouw and Wintermans (1978) has suggested
that the synthesis of DGDC requires a galactose carrier other
than UDP, The proposed reaction iss

mMGoG + MGDG———>»DGDG + DG

Evidence for an intermediate carrier molecule in DCDC synthesis

had been presented by Lin end Chang (1971) working with Euglena.

1.2.2 Desaturation of the fatty acids

The acyl groups involved in the synthesis of PA by the chler-
oplast acyltransferase are highly saturated. In contrast the
fatty acids in MGDG are highly unsaturated. Therefore the
desaturation of these acyl groups must eccur after the initial
synthesis of PA and before the deposition of the galactolipid in
the membrane. The site ef desaturation and the nature of the
carrier molecule for the fatty acid during desaturation are
unknown, Desaturation of the fatty acid as a thiol ester (Vi jay
and Stumpf, 1971 working with safflower seeds) or as an oxygen
ester bound to a lipid carrier (Slack, Roughan and Terpstra, 1976
working with a pea leaf homogenate) has been proposed. The work
in this field has proved to be difficult and the variations in
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results from different plant species employed by different

groups of workers has further complicated this problem,

Williams et al (1976) suggested that the unsaturated diacyl-
glycerol utilised for ‘synthesis of MCDC wags derived frem a peol
of desaturated phosphatidyl choline (PC) by removal of the
polar groups at the 3 position. PC has been shown to contain
high levels of 18:2 (Roughan, 1975), however, the predeminant
fatty acid in MGDG is 18:3.

A further desaturation scheme involving the fatty acids en
MGOG or phosphatidic acid has been proposed by Appleby et al
(1971). Support for this model has come from recent work with
Anthriscus (Heinz, 1977). The two schemes for daaaturatianh
involving PC in the microscomal fraction and MGOC in the thylakoid

and envelope fraction may operate inm parallel (Heinz, 1977).

1.2.3 The nature of the diacylglycerol as substrate for the
synthesis of MGDG.

Mudd et al (1969) working with an acetone powder of spinach
chloroplasts demonstrated that diacylglycerol conteining poly-
unsaturated fatty acids gave the greatest stimulation of incor-
poration from UDP-1‘C-Galactosa into MGDG. Eccleshall and Hawke
(1971) with a similar enzyme preparation showed that a mixture
of MGDG species containing different fatty acids were labelled
with 14C-Balactoss suggesting that galactosyltransferase was not

specific for the fatty acid composition of the diacylglycerol.

Bowden and Williams (1973) using an acetone powder of maize
chleroplasts showed that exogenous diolein but not dipalmitin
or triolein could stimulate incorporation of radioactivity from
UDP-1‘C-Balactosn into MCGDG. However, incorporation of radio-
activity from 14C-diacylglycsrol into MGDG has not been demon-
strated and consequently it is not clslr'uhstﬁar the added
diacylglycerol is stimulating incorperation by acting as a sub-
strate for galactosyltransferase although Mudd et al (1969) showed
that diacylglycerol methylated at the 3 pesition could not stimulate

incorperation.
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Joyard and Douce (1976c) commented that diacylglycerol iso-
lated from envelepes of spinach chloroplasts contained large
amounts of the unsaturated fatty acids 18:3 and 16:3 but they did
not give the supporting data on the composition of this lipid.
They showed that upon eddition of UDP-Galactose the large endog-
enous pool of diacylglycerol in the enwvelopes (diacylglycerol
accounted for about 15 ¥ of the total envelope lipid) was rapidly
converted to about equal amounts of MGDG, DGDG, TGDG and a smaller
amount of TTGDG., The significance of the high level of incorpeor-
ation into TGDG, a lipid generally found at very low cencentrations

in the chloroplast, is not clear.

McKee and Hawke (pers. cemm.) found that in the presence of
CoASH, ATP, glycerol-3-phosphate and 1‘C-acatata, spinach chloro-
plasts synthesised diacylglycerol centaining a high propertion of
the fatty acids 18:1 and 16:0. The addition of UDP-CGalactose
resulted in these fatty acids appearing in MGDG. Therefore it
would appear that galactosyltransferase does not specifically

require highly unsaturated diacylglycerol.

1.2.4 Synthesis of UDP-Calactese

UDP-Galactose is possibly synthesised from glucose-1-phosphate
and UTP by the cytoplasmic enzymes UDP-glucose pyrophosphorylase
and UDPP-glucose epimerase (Konigs and Heinz, 1974). The inner
membrane of the chloroplast envelope is impermeable to UDP=-
Calactose and therefore synthesis of the component outside the
chloroplast may pose a problem of transport (Heber, 1974). However,
the membrane may not constitute a barrier if the envelope bound
galactosyltransferase may accept UDP-Calactose from the intra-
membranal space. The observation that radioactivity from UDP-1‘E-
Calactose was incorporated into MGDG by a preparation of intact
chloroplasts (Douce, 1974) would suggest that exogenous UDP-
Calactose is available for synthesis of MGDGC by the chloroplast

transferase.
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1.2.5 Variations in the level of galactolipid in plant tissue.

The light environment (Gray st al 1967), temperature (Kuiper,
1970) and age of tissue (Fong and Heath, 1977) generally have an
effect on the amount of galactolipid found in plant tissue,

Hawke st al (1974) found a diversity of fatty acid composition
betwsen successive sections from the base to the tip of developing
maize plants., The younger, basal tissue synthesised less unsat-
urated fatty acids than the older tissue. Fong and Heath (1977)
observed a close relationship between the increasing levele of

chlorophyll, galactolipid and phospholipid in Phaseolus vulgaris

during leaf development.

The effect of the environmental temperature en alfalfa leaves
from cold hardy and cold sensitive varieties was studied by
Kuiper (1970). The MGDG and DCDG content was found to be inversely
related to the temperature in the range 15 to 30 ot. Temperature
dependent changes were observed in the fatty acid compositien of
MGDG but generally only in the level of 18:3 (18:3 accounted for
57 % of the fatty acids of MGDGC at 30 °C and 88 ¥ at 15 °C). The
cold hardy plants had a relatively higher galactolipid content than
the cold sensitive plants,

Recently, Tremolieres et al (1978) reported that low temperatures
enhanced the synthesis of unsaturated fatty acids from 14C-acstat-

in a winter variety of rape seed.

The nature of the chemical controls that mediate between the
conditions of the environment (light, temperature) and the enzymes

of the bieosynthesis of galactolipids are unknown.

1.2.6 QGalactolipases and galactosidases of plant tissue

Calactolipases have been identified in an extensive variety of
plant species including spinach (Uintarmgns‘gg al 1969) and
Phaseolus (Sastry and Kates, 1964)., The products of the galacte-
lipases are the mono- and digalactosylglycerols. Galactosidases
which remove the galactose moiety from the glycercl have been
detected (Marbach et al 1978 in Pisium sativium).




The importance of these snzymes lies in their activity during

isolation and analysis of plant tissue and during assay of the
enzymes for the synthesis of gelactolipids. GCalactolipases ard
galactosidases may provide endogenous compounds that are not
normally present in the in vivo system. The effect of these
enzym 1 may be most important during the proleonged time of pre-
paration that is required for isolation of envelopes. However,
at the pH of the buffers used in the present study (pH 8.0)

these enzymes show a greatly reduced activity.

13.
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1.3 The echloroplast envelope
1.3.1 Isclation and composition of the chloroplast envelope

Mackender and Leech (1970) reperted the purification of chloro-
plast envelopes from Vicia faba L. by sucrose gradient centrifug-
ation of disrupted chloroplasts. The ilolatiun of envelopes from
spinach chloroplasts (Douce et al 1973 ; Poincelot, 1973) and from
bundle sheath chloroplasts of maize (Poincelot, 1977) has been

reported.

The purification of envelopes generally involves the osmotic
bursting of a preparation of chleroplasts and then centrifugation
of the suspension on a discontinuous sucrose gradient to isolate
the envelopes from the remaining chloroplast fractions. The
techniques for isolation of envelopes used by different workers
generally differ in the procedurss employed for the osmotic bursting
and gradient centrifugation.

Poincelot and Day (1974) reported & method for the isolation of
envelopes from spinach chloroplasts that gave & higher yield of
less contaminated membranes, a higher proportion of double membrane
envelopes and a consequent 10 fold increass in the specific activity
of the non-latent H92+-dapandant ATPase over the values obtained
with previous procedures. Sabnis et al (1970) had previously demon-
strated the presence of a H92+-d-pundant RTPase between the two
envelope membranes of chloroplasts of pea tendril, and consequently
this enzyme may be used as a marker for the double membrane envelope,.
Low levels of the stromal enzyme, ribulose-1,6-diphosphate
carboxylase, were detected in envelopes from spinach chloroplasts
indicating less than 1 ¥ contamination by stromal material, and the
microsomal NAD(P)H:Cyt. C oxidoreductase was not detectable in the
envelope preparation. The envelope fraction consisted of two dis-
tinct sub-fractions with bouyant densities on a sucrose gradient of
1.08 g > and 1.11 g oo™, The lighter and the heavier sub-fraction
consisted of primarily single and double membrane envelopes respect-
ively. The double membrane fraction had a lipidiprotein (mg lipid:
mg protein) of 1,74:1.

The lipid composition of the envelope fraction is given in Table 4
The chloroplast envelope has a relatively high DGDGC and phospholipid
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content when compared with lamellae (Mackender and Leech, 1974 ;
Hashimoto and Murakami, 1975 ; Joyard and Douce, 1976b) and is
particularly rigeh in phosphatidylcholine,

TABLE 4
The lipid composition of envelopes and lamellae isolated from
spinach chloroplasts.
(¥ of total lipid)

Envelope Lamellae
}!onog;lacggsyldincylglycerol 32.8 22
Digalactosyldiacylglycerol 33.6 15
Sulpholipid 0.8 7
Trigalactosyldiacylglycerol 1.5 -
Cerebroside 2.7 0
Sterylglucoside 1.1 0
Acylated sterylglucoside 0.8 0
Phosphatidylcholine 9.3 2.9
Phosphatidylglycerol 2.9 7.8
Phosphatidylinositol 1.1 1.3
Phosphatidylethanolamine 1.4 0
lyso-phosphatidylcholine 0.1 -
Sterol 1.9 0
Steryl ester 1.8 0
Chlorophyll 0.8 0
Cerotenoid + 3
Neutral lipids L 3

(Data from Poincelot, 1973)

The proteins of the chloroplast envelope have been analysed by
polyacrylamide gel electrophoresis in sodium dodecylsulphate
(mendiola-Morgenthaler and Morgenthaler, 1974 ; Pineau and Douce,
1974, Joy and Ellis, 1975 3 Sprey and Laetsch, 1975). The
pelypeptide patterns from the envelope and lamellae fractions are
markedly different although several proteins appear teo be common to
both fractions, The envelope fraction contains about 20 detectable

polypeptides with molecular weights ranging between 15,000 and
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110,000 daltons, It is possible that these proteins contain lipid
and carbohydrate and this may introduce considerable error into

estimations of the molecular weight of the polypeptides.

The distinct difference in the protein and lipid composition of
the envelopes and the lamellae possibly reflects, to some degree,
the different functions required in these fractions, i.e. the
involvement of the lamellae in the photosynthetic process and of
the envelope as a semipermeable membrane in CO_, assimilation and

2
metabolite transport.

1.3.2 Properties and possible role of the chloroplast envelepe

The envelope, as the outer membrane of the chloroplast may be
assumed to have & biochemical and structural importance in main-
taining the integrity of the chleroplast. Electronmicroscopy shows
the envelope as two membranes separated by an electron translucent

space about 30 nm in width (Weier and Thomson, 1962).

Heldt and Sauer (1971) demonstrated the semipermeable nature of
the envelope and showed that the inner of the two membranes was the
site of specific metabolite transport, Electron microscopy had
suggested that the stroma and grana lamellae uira formed by
invagination of the chloroplast envelope (Menke, 1962) and there-
fore the envelope was assumed to play a major role in the develop-

ment and differentiation of the chloroplast.

The procedures for the isolation of contaminant-free membranes
developed by Mackender and Leech (1971), Douce et al (1973) and
Poincelot (1973) » made possible further studies of the enzymes ef
the envelope., Douce (1974) and Van Hummel et al (1975) reported
a highly active galactosyltransferase in the envelope of spinach
chloroplasts that utilised added UDP-1‘C-Galactose and endogenous
diacylglycerel for synthesis of MGDG. The envelope has also been
shown to be the site of synthesis of DGDG, TéDG and TTGDG (Joyard
and Douce, 1976c) but the mechanism for synthesis of these poly-
galactolipids is still unknown (Lin and Change, 1971 j§ Van Besouw
and Wintermans, 1978),

Recent work has shown that the envelope centains the necessary

enzymes fer the synthesis of acylCoA from fatty acid and CoASH
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(Roughan and Slack, 1977) and phosphatidic acid and 1,2-diacyl-
glycerol from acylCoR and glycerol-3-phosphate (Joyerd and Douce,
1977 3 Meinz et al 1978)., Thus the envelope membrane of the
chloroplast is capable of the synthesis of MCDGC from fatty acid,
CoASH, Glycerol-3-phosphate and UDP-Calactose and as MCDC is the
ma jor lipid component of the lamellae this may be consistent with
the conclusion that stroma and grana lamellae appear to be derived

from the chloroplast envelope (Hanka, 1962).

Several groups of workers have studied the permeability and
transporf properties of the envelope with respect to metabolic
and catabolic intermediates such as phosphates and dicarboxylates
(Heldt and Rapley, 1970) amino acids (Nobel and Cheung, 1972) and
triosephosphates and adenine nucleotides (Fliege et al 1978 ;
Heldt, 1969). Poincelot (1976) showed that bicarbonate transport
by envelopes isolated from chloroplasts of spinach and sunflower
could be directly related to the level of H92+-depandent ATPase
activity in the envelopes and he suggested that ATPase may functien

in the transport of metabolites across the envelope membrane.

The nature of the many possible roles of the chloroplast

envelope remain to be investigated,
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1.4 Membrane-bound enzymes and galactosyltransferase

1.4.1 The biochemistry of membrane-bound enzymes.

The study of membrane-bound enzymes poses several ma jor
difficulties that are not evident in the study of soluble enzymes.
Possibly the most important difficulty is that of assay of the
membrane-bound enzyme. A membrane may contain snzymes other than
the enzyme of interest and as further purification without dis-
ruption of the membrane may be impossible the assay will not only
contain a heterogenous mixture of proteins but some of these
proteins may interfere with the assay, The assay may also be
affected by changes in the membrane in response to pH, osmotic
and temperature alterations (Bramley et al 1971)., The spatial
arrangement of the enzyme in the membrane may be impertant
particularly since many membranes have limited permeability for
many substrates (Lin, 1971). The particulate nature of the
enzyme preparation will have an effect on the microenvironment in
the assay. The possibility of variations in the level of substrate,
product and pH between different regions of the membrane preparation
could have a marked effect on the kinetics of the assay. Continuous
agitation during assay may contribute to the maintenance of homo-
geneity, but in the presence of membrane vesicles there are dif-

ficulties in ensuring a completely homogenous system,

In general there is a speciel significance in the binding of an
enzyme to a membrane, e.g. to act as a sub-unit of a multienzyme
array or for vectorial movement of compounds across the membrane
or to satisfy a lipid requirement, and in many cases the enzyme is
active only in the presence of the membrane. Therefore any
procedure which may disrupt the interaction between the membrane
and the enzyme may inhibit activity (Coleman, 1973). It may be
possible to remove the enzyme from the membrane without removing
all of the lipid (Melenius and Simons, 1975) and thus retain an
active enzyme, but the soluble enzyme may have different physical
and chemical properties to the membrane-bound form (allotopy)
(Racker, 1967).

The solubilization of membrane-bound enzymes is a complex and

difficult process. The many techniques employed to remove enzymes
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from a membrane include low oemotic strength, senication, controlled

proteolytic digestion, high ionic strength, chaotropic reagents,
solvent extraction, phospholipase digestion and detergent solubil-
izetion (Coleman, 1973). Detergents have besn used most exten-
sively for he solubilizetion and purification of active enzymes,

but a delicate balance normally exists between solubilization and
inactivation of the enzyme. In general the inactivetion effects

are in the order non-ionic (Triton X=-100) < bile salts (chnlnta,
deoxycholate) << dodecylsulphate (Coleman, 1973), An inactivated
enzyme may be reactivated by the readdition of the appropriate

lipid or membrane components, e.g. enzymes of the electron trans-
port system isolated from beef-heart mitochondria by precipitation
with 90 ¥ aqueous acetone may be reactivated by addition of cardio-
lipid, phosphatidylethanolamine or phosphatidylcholine (Brierly et al
1962).

Most of the work on membrane solubilization and reactivation by
readdition of lipid has been done with animal and bacterial

systems,

1.4.2 Galactosyltransferase of the chloroplast envelope

It has been well established that the envelope of chloroplasts
contains galactosyltransferase active in the synthesis of galacto-
lipid from diacylglycerol and UDP-Galactose (Douce, 1974 ; Van Hummel
et al 1975 ; Joyard and Douce, 1976b, 1976c). A soluble transferase
from spinach chloroplasts was reported by Chang and Kulkarni (1970).
The chloroplasts were disrupted by sonication amti the supernatant
obtained from centrifugation at 30,000 x g for 30 min was reported
to contein transferase activity, however, centrifugation at 30,000
x g does not sediment all the chloroplast envelopes from a suspension
of disrupted chloroplasts and it is possible that the activity
observed by these workers may have been derived from the chloro-
plast envelope. Nevertheless, Mudd et sl (1969) demonstrated that
after centrifugation of a spinach leaf homogenate at 100,000 x g
for 1 h, as much as 40 X of the transferase activity remained in the

supernatant.

The pH and temperature optima and the diacylglycerol specificity
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of galactosyltransferase in an acetone powder of spinach chloro-
plasts was examined by Mudd et al (1969). They showed that the
ma jor radioactive product from incubation with UDP-1‘E-Ealnctaia
at pH 7.2 was MGOG, Maximum incorporation (31 ¥ of the added
radioactivity) was obtained at an incubation temperature of 45 P
and incubation at 60 uE for 20 min gave about 11 % incorporation.
The incorporation of radioactivity from UDP-1‘C-Balactosa showed
a marked dependence on the incubation buffer and pH of incubation.
Lower pH values increased incorporation inte DGDG and higher pH
favoured the synthesis of MGDC. Incorporation of radioactivity by
the acetone powder preparation was dependent on a supply of
exogenous diacylglycerol and added polyunsaturated diecylglycerol
was shown to be more effective in stimulating incorperation into

MGDG than saturated diacylglycerol., (see Section 1.2,3)

The reported Km values for‘UDP-Gnlactnsa :n the synthesis of
MGOG range between 2.22 x 10°  and 375 x 10" mM (Ongun and Mudd,
1968 3 Chang and Kulkarni, 1970 j; Siebertz and Heinz, 1977 j Van
Besouw and Wintermans, 1978). However, the determination of these
I('I values was made in the presence of one substrate, UDP-GCalactose,
and the pool of endogenous diacylglycerol was relied upon for the
supply of the other substrate (diacylglycerol). The reported
specific activities of the transferase of chloroplast envelopes
from several plant species range from 3 - 45,000 pmoles uin'1 mg
protain'1 (Heinz, 1977). The inherent problems .gf the membrane
bound nature of galactosyltransferase and the possibilities for
wide variations in the level end availability of the endogenous
diacylglycerol to transferase may explain the observed range of K.
and specific activity values, Furthermore the wide variations in
UDP-Galactose concentration the methods for the isolation of
envelopes and the incubation buffer and assay systems with different
plant species may have an effect on the observed activity of

galactosyltransferase. (see Table 5)

Chang and Kulkarni (1970) observed no cation requirement for
the synthesis of MCDGC from UDP-1‘C-Gllactota by a relatively crude
prepasration of transferase from spinach chloroplasts, Van Besouw
and Wintermans (1978) found that 10 mM H92+ was required in the



TABLE 5

Characteristics of galactosyltransferase from spinach chloroplasts

Kn UDP-Calactose 14

Ma jor Radioactively (m) pH optimum UDP-""C-Calactose specific activity
labelled Product MCOG DCOG concentration
spinach chleroplast
homogenate i =i -1 .
a) MGDG 2.22 x 10 4 x 10 7.4 0.6 pm 242 pmoles h™ mg
envelopes of
spinach
chloroplasts -2 _ 1 1
b) MGDG/ 3.75 x 10 1.25  MGDG- 7.5 0.5 mN MGDG- 2.7 pmoles h™ mg~
DGDG DGDG~- 6.5 DGDG= 1,5 pmoles h-1 mg-1
acetone powder
of spinach
chloroplasts !
c) MGDG - - MGDG - 7.5 0.1 uM 825 pmoles h-1 mg-1

DGDG - 5.75

Data froms a) Chang and Kulkarni, (1970)
b) Van Besouw and Wintermans, (1978)
c) Mudd et al (1969)

‘iz
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incubation to give maximum incorporation from UDP-1‘C-Gl1lctDII by

envelopesof spinach chloroplasts.

A complication in the study of galactosyltransferase of enve-
lopes is the possibility that there may be a number of different
enzymes, each catalysing the synthesis of one of the galactolipids,
MGDG, DGDG, TGDG, or TTGDG. Evidence for the existence of two
separate enzymes in the synthesis of MGDC and DCDC has come from the
differences in pH and tempersture dependence (Mudd ot al 1969 ;

Chang and Kulkarni, 1970), values of Km for UDP-Galactose (Van Besouw
and Wintermans, 1978 3 Siebertz and Heinz, 1977 § Chang and Kulkarni,
1970) end the time of incubation dependent formation of product
(williams st al 1975 ; Joyard and Douce, 1976c ; Bowden and Williams,
1973 ; Opgun and Mudd, 1968)., Furthermore, the initial galactosyl
transfer reaction in the synthesis of MGDG requires the fornﬁtian

of a B glycosidic bond and the second galactosyl transfer reaction

(synthesis of DGDG) requires the formation of an & glycosidic bond.,

1.4.3 Galactosyltransferase from animals and bacteria

Membrane-bound galactosyltransferases active in the synthesis of
glycosphingolipids in rat kidney (Martensson et al 1974), MGDG of
rat brain tissue (Wenger et al 1968), MGDG of a bacterial cell wall
(Veerkamp, 1974) and glycoprotein from rat liver membranes (Fraser
and Mooker jea, 1977 ; Mooker jea and Yung, 1974) have been studied

and in come cases purified from the membrans.

Fraser and Mooker jea (1977) isolated transferase activity from
a preparation of rat liver microsomes by treatment of the membranes
with Triton X-100 which released the activity into the supsrnatant
on centrifugation at 100,000 x g for 1 h. The enzyme was then
purified to apparent homogeneity by affimity chromatography. This
enzyme which catalysed the transfer of galactose from UDP-Galactose
to a monosaccharide acceptor had a pH optimum of about pH 6.5 and

an absolute regquirement for Hn2+. The K. for UDP-Calactose was
10.8 M,

Incubation of a particulate fraction from Bifidobacterium bifidum

var. pennsylvanicus (Veerkamp, 1974) with UDP-1‘C-GI1!ctOSI resulted

in radicactivity incorporated into S5 major lipids corresponding to
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MGDG, DCDG, TGDG and the mono- and diacylgalactosyldiacylglycerol.
The addition of dipalmitin to the incubation gave a 7 fold stim-
ulation of incorporation. The enzyme showed a cation dependence
and was stimulated by Hn2+, H92+, Co2+ and F|2+, but Cu2+ strongly
inhibited activity. The optimum pH for the synthesis of MGDC was
between pH 6.0 - 7.0 and the synthesis of DCDGC was stimulated by
lower pH (about pH 5.,0). A similarity between the chloroplast
transferase and the bacterial transferase with respect to the
cation requirement, pH dependence and distribution of radicactivity
between the galactolipids after incubation with UDP-14€-Ealactuso

is apparent.
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Chapter 2: AIM OF THE PRESENT STUDY

Galactosyltransferase active in the synthesis of ga}lactolipids
from endogenous substrates and added UDP- 4C_Galactose was detected
in an acetone powder of spinach chloroplasts (Ongun and Mudd, 1968 ;
Mudd et al 1969 ; Eccleshall and Hawke, 1971) and a soluble fraction
from a homogenate of spinach chloroplasts (Chang and Kulkarni, 1970).
Mudd et al (1969) and Chang and Kulkarni (1970) had examined the pH,
temperature, cation and substrate dependence of galactosyltransferase
in the relatively crude preparations obtained #*by these workers from
spinach chloroplasts. More recently Douce (1974) and Van Hummel et al
(1975) reported a highly active membrane-bound galactosyltransferase
associated with the envelope,of spinach chloroplasts. The aim of the
present study was to examine the characeristics of this envelope-

bound transferase with respect to the pH, temperature, cation and . '

substrate dependence of the enzyme and with a view to solubilization
of the active enzyme from the membrane.



25.
Chapter 3: Materials and methods

3.1 Materials and analytical techniques

3.1.1 Chemicals and solvents

All chemicals used were analytical laboratory grade obtained
from BDH, May and Baker or Sigma. UDP-Galactose, phospholipases,
trypsin, protease, bovine serum albumin (Cohn fraction V) and
Tricine and HEPES buffers were obtained from Sigma.

Solvents were all distilled and, where appropriate, dried
before use,

The buffer used in the isolation of chloroplasts contained
sucrose obtained from the N.Z. Sugar Company. All other sucrose
solutions were prepared from A.R. grade sucrose (Koch-Light Lab.Ltd.)

Silica gel G for thin layer chromatography was obtained from
Riedel-De Hagen A.G, Seelze. .

3.1.2 Radiocactive compounds
uOP-"4C-Calactose 1ithium or smmonium salt specific activity
322-347 mCi per mmole. U-14C-haxadscano, U—1‘C-olnic acid and

U-1‘C-linolaic acid were purchased from the Radiochemical Centre,

Amersham.

3.1.3 Chromatography

a) Thin layer chromatography (TLC)
i) Preparation of Thin layer.

Glass plates 5 cm x 20 cm or 20 cm x 20 cm were spread with a
slurry of silica gel G (according to Stahl) using a commercial
spreader (Desaga, Heidelberg, Germany) at 0.5 mm thickness. The
plates were air-dried for several minutes and then activated at
100 °C for 1 h.

ii) Solvent systems.
Solvent system Compound isolated

Hexane:diethyl etheriglacial
acetic acid Diacylglyeerol
70:30:1 (by wvel.)

Toluene:ethyl acetate:95%
ethanol Galactolipids
50:25:25 (by wol.)
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Chloroform:methanol:glacial
acetic acid:water Phospholipids
85:15:10:3 (by vol.)

Chloroform:methanol:glacial
acetic acid:acetone:water
30:6:6:12:3 (by vol.)

Phosphatidylserine and
phosphatidylinositol

iii) Detection of compounds on TLC

Lipids were detected by spraying with 2,7 dichlorofluorescein
(0.2 ¥ w/v, in ethanol) and viewing under ultraviolet light.
Phospholipids were detected using the modified spray of Vaskovsky
and Kostestky (1968).

b) Gas-liquid chromatography (GLC)

Methyl esters of long chain fatty acids were prepared with boron
trifluoride in methanol and analysed on a Packard gas chromatograph
using a colum of 12 ¥ DEGS on Chromosorb 60-70 W at a nitrogen flow
rate of 40 ml per min and a column temperature of 162 °c. The
column was fitted with a flame ionization detector. Mass peaks
were identified by comparing retention times with methyl esters of
known fatty acids.

3.1.4 Incubation procedure

The standard incubation mixture for assay of galactosyltransferase
contained: 100 pl enzyme (20-80 ug envelope protein), SO mM HEPES-
NaOH at pH 8.0, 5 mM Hgtlz. 0.3 M sucrose and 10 ul 009-1‘C-Galactose
containing 0.070-0.072 nmoles UDP-Galactose (51,000-55,000 dpm) in
a total reaction volume of 260 pl. The final concentration of
UDP-Galactose was between 3.0 x 107’ and 2.7 x 10™/ M. All
incubations were carried out in duplicate at 30 °c and with constant
shaking for 30 min unless stated etherwise, Incubations were stopped
by adding sufficient chloroform-methanol (2:1 v/v) to give one phase.
After standing for 15 min water was added to give two phases, the
aqueous layer was removed and the chloroform lsyer was re-extracted
twice further with water. The chloroform layer was then taken to
dryness under a stream of nitrogen. The extract was redissolved in
0.5 ml of chloroform and duplicate 0.1 ml aliquots were dried in
scintillation vials for determination of the total incorporation into
the lipid fraction by liquid scintillation counting. The values for
incorporation ebtained from the duplicates generally agreed to within



27,
15 %£. All velues given in all experiments are an average of the

duplicates.

3.1.5 Determination of radioactivity
Packard Models 2002 and 3375 Tri-carb liquid scintillation

spectrometers and a Beckman LS5-350 liquid scintillation system were

used for scintillation counting.

The scintillation solvent feor counting 1‘C was a 5 gl-a
solution of p-terphenyl in toluene. This solvent gave a counting
efficiency of 40 ¥ on & pre-set 1‘C channel in the Beckman LS5-350

scintillation counter.

A quench correction curve of scintillation solvent with a known
amount of 14C-haxadacana and variable amounts of a highly pigﬁsntad
plant extract was prepared and counted on the Beckman LS5-350
scintillation counter which was equipped with automatic external
standard capability. Disintegrations per min (dpm) were calculated
from the counts per min (cpm) recorded by the machine, allowing for
background levels of radicactivity, by determining the counting

efficiency from the quench correction curve,

The components of the lipid fraction were separated by TLC using
toluene:ethyl acetate:95 ¥ ethanol (2:1:1, by vol.) and the
distribution of radioasctivity was determined on a Packard radio-
chromatogram scanner Model 7200, Optimum conditions for scanning
were: gas flow (1.3 ¥ iso-butane in helium) 120 ml per min, high
voltage 1.15 kv, time constant 10 s, slit width 2.5 mm. MGDC and
DGDG standard were chromatographed to verify the nature of the
labelled compounds. The areas on the thin layer corresponding to
the peaks of radioactivity from the scanner were scraped into
scintillation vials and counted. The efficiency of counting in the
presence of silice gel was determined with lipid of known radio-
activity, '

3.1.6 Protein determinatioen.

Protein was determined using the method of Lowry et al (1951).

Reagent A: 2% ua2c03 in 0.1 M NaOH
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Reagent B: 0,5 ¥ EuSO‘.SHZD in 1 ¥ Na-Tartrate
Reagent C: Mix 50 ml1 A with 1 ml B
Reagent D: Mix ene part Folin reagent with 2 parts water.

The sample with 10-200 ug protein in 0,5 ml was added te 5.0 wml
of reagent C, and mixed well. After 10 min, 0.5 ml of reagent D
was added and the absorbance after 10 min read at 580 nm in a

Hitachi spectrophotometer.

The Coomassie Blue method for protein determination (Bradford,
1976) was compared with the Lowry method. The two methods gave
similar protein values but due to the possibility of variatiens in
dye-protein interaction (Van Kley and Hale, 1977, Pierce anq‘ '
Suelter, 1977) the Coomassie Blue method was not used fer routine
analysis. Standard curves for the Lowry and Coomassie Blue wethods

were prepared with bovine serum albumin (BSA).

3.1.7 Sonication

A MSE (Measuring and Scientific Equipment Ltd.) 100 watt
ultrasonic disintegrator was used in the auto mode at a power output
of about 6 microns peak-to-peak. The sample wes sonicated at 0-4 %

wnder an atmosphere of nitrogen.

3.1.8 Chlorophyll determination
Chlorophyll was determined using the method eof Arnmon (1949) in

which the absorbance of an agueous 80 ¥ acetone solution at 645 mm
and 663 nm was measured. The equatien

(20.2 x EBAS) + (8.02 x E663) x wol. of B0 ¥ acetone
sample vol. x 1000

was used to calculate the mg chlorophyll per ml of sample.

3.1.9 Polyacrylamide gel electrophoresis

Polyacrylamide gel slectrophoresis in sodium dodecyl sulphate
(SDS) was carried out according to the method ;f Weber and Osbourn
(1969). The envelope sample was incubated for 2 min at B80-100 *c
in sodium phosphate buffer containing 5 ¥ (w/v) SDS. To the
sample was added 3 ul of tracking dye (0.05 ¥ bromophencl blue in

water) 5 X (v/v) p-mercaptoethanol and ene crystal of sucrose.
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The solution was applied to tube gels containing 7 ¥ acrylamide,

0.33 ¥ N,N, methylene bis-acrylamide, and run at 4 mA per gel for
4-5 h, After running the gels were removed from the tube, the
dye front marked and the protein bands stained in Coomassie Blue
solution (1.25 g Coomasesie Blue in 454 ml 50 % aqueous methanol
and 46 ml glacial acetic acid) for 2 h. The gels were destained
in water:acetic acid: methanol (18:12:1, by vol.) for several
days and then photometrically scanned at 583 nm on a Beckman Acta

111 spectrophotometer equipped with a gel scanner.

3.1.10 ATPase and FDPase assays.

H92+-dapendent adenosine triphosphatase and fructose 1,6 -

diphosphatase were assayed as described by Douce et al (1973).

The ATPase assay contained 0.1 - 2 mg protein and 10 mM ATP
with 10 mM HgClz. After incubation st 37 °C for 20 min, 1 ml of
20 ¥ trichloroacetic acid (TCA) was added, the solutien centrifuged
and the supernatant assayed for inorganic phosphorus by the method
of Taussky and Shorr (1953).

The FDPase assay contained 0.25 - 2,5 mg protein, 0.5 M Tris-HC]
pH 8.4, D.1 M mgClz, 0.016 M NazEDTR and 4 mM fructose 1,6 di-
phosphate. After incubation at 30 % for 5 min the reaction was
stopped with 2 ml of 5 £ TCA and inorganic phosphorus determined

as described above.

3.1.11 Preparation of samples for electron microscopy and phase
contrast microscopy.

The samples for electron microscopy were prepared as described
by Poincelot (1973). The pellets were fixed with 4 ¥ glutaraldehyde
in 100 mM phosphate buffer pH 7.0 for 30 min at 4 °c. The gluta-
raldehyde was decanted and the pellets were washed three times with
5 ml volumes of buffer. The pellets were postfixed with 1 ¥
oemium tetroxide in phosphate buffer for 50 min at 4°C. The
osmium tetroxide was removed and the pellets rewashed with three
5.0 ml changes of water. The fixed samples were dehydrated in a
graded acetone series, and embedded in resin (Spurr 1969). Sections

were cut, stained with uranyl acetate and leed citrate, and examined
L |

-
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on a Philips EM 200 electron micrescope.

The samples for phase contrast microscopy were resuspended in
the chloroplast isolation buffer and viewed at 1250 x
magnification.

3.1.12 Tryptic, protease and phespholipase digestion

The tryptic, protease and phospholipase digestions were carried
out in the standard incubation mixture in the presence of 5 mM
Mg o and 20 mM Ca ot for about 30 min. Tranéfarnsa activity was
‘determined after incubation with the digestive enzymes by addition

-of UDP-14E-G¢llctuae and incubation for 30 min at 30 °C.

3.2 Experimental procedures

3.2.1 Isolation of chloroplasts
Chloroplasts were isolated by the method of Leese et al (1971)

Whole spinach plants were obtained from the local market en the
day or the day after the plants were fresh stock. About 400 g of
deribbed leaf tissue was used for each chloroplast preparation.

The tissue was homogenized in a Waring blender using 100 g tissue
to 400 ml buffer (0.5 M sucrose, D.067 M KHzF’ﬂ‘/NazHPD‘ at pH 8.0,
1 mM Hgtlz, D.2 % BSA) for early experiments, but in later
experiments 100 g tissue to 200 ml buffer was used with no apparent
reduction in the yield of intact chloroplasts, After homogenizing
for 3 s and then 5 s the homogenate was filtered through 10 layers
of cotton organdie and 10 layers of 25 u nylon belting cloth.

The filtrate was centrifuged for 90 8 at 4,200 rpm (3,000 x g)
using a SP-X rotor in a Sorvall RC 3 centrifuge fitted with a fast
brake. The resultant crude chloroplast pellet was resuspended in
the 0.5 M sucrose buffer described above and layered on 20 ml of

@ 0,6 M sucrose selution in the same phosphate_ buffer. This two-
zone gradient was centrifuged for 15 min at 1,100 rpm using a

HL-B swing-out bucket head. The purified chloroplast pellet was
resuspended in 0.5 M sucrose in 0.067 M KHZPD‘/luZHPU‘ pH 8.0,

1 mM Hgtlz, end recentrifuged at 4,200 rpm to remove BSA. The
washed chloroplast pellet was used directly for the preparation

of envelopes,
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Zea mays var, Wisconsin 235 was grown at 23-25 °c for 7-10 days

in constant environment rooms., The plants were harvested and the
coleoptile and outer leaf removed. Chloroplasts were isclated by

the procedure outlined above of Leese st al (1971)

3.2.2 Isolation of chloroplast envelopss

The procedure of Douce et al (1973) was used to isolate

chloroplast envelopes.

The chloroplast pellet was suspended in 10 M Tricine-NaOH

buffer at pH 8.0 containing 2 mM MgCl The suspension was held

at 4 °C for 5 min and then honaganizci by making 5 complete passes

in a Ten-Broek homogenizer. The homogenized suspension was layered
on e discontinuous sucrose gradient consisting of 6 ml each ef 1.5 M,
1.2 M, 0.93 and 0.6 M sucrose solutions in 10 mM Tricine-NaOH at

pH 8.0, 2 mM Hgl’.‘l2 and centrifuged for 1 h at 22,500 rpm (51,500 x g)
using a SW 25,1 rotor in a Beckman Mgpdel L ultracentrifuge. The
fractions from the gradient (Results 4.2.1, Figure .6) were
diluted with 10 volumes of the 10 mM Tricine NaOH buffer and

centrifuged for 30 min at 15,500 rpm (29,000 x g).

The resultant pellets were suspended in the 10 mM Tricine-NaOH
buffer and used for protein, chlorophyll and gelactosyltransferase

determinations.

A modified procedure was employed for the routine prepsration of
chloroplast envelopes. The crude chloroplast pellet ebteined, as
described above, after the 90 & centrifugation was resuspended in
the 0.5 M sucrose isolation buffer and recentrifuged at 4,200 rpm
for 90s. This washed chloroplast pellet was used for preparation ef
envelepes using a 2-zone gradient censisting of 16 ml D.B8 M sucrose
and B ml 0.63 M sucrose in 10 mM Tricine-NaOH at pH 8.0, containing

2 wM MgCl (Results 4.2.1, Figure 7)

2.

3.2.3 Isolation of phospholipids from spinach leaf tissue

100 g of leaf tissue was homogenized twice with 200 ml volumes of
hot chloroform-methanol (2:1 v/v) in a Waring blender. The
combined extracts obtained from filtration of the residue were

washed three times with water after additien of chleroform to
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improve separation of the aqueous and nen-polar phases., The
chloroform extract was dried under vacuum and redissolved in a
minimum volume of chlereform. The phospholipids were isclated by
preparative TLC, using chleroform:methanol:glacial ecetic acid:
water (85:15:10:3, by vol.) and chleroform:methanol:glacial acetic
acidtacetone:water (30:6:6:12:3, by vol.)

3.2.4 Preparation and purification of diacylglycerol.

1,2-Di-acylglycerides were prepared according to the methed of
Mattson and Volpenhein (1962). The starting materials for
synthesis of 1-palmitoyl, 2-oleoyl glycerol were 1-monopalmitin
and oleoyl chloride and for synthesis of 1,2-di-U-1‘C-linolagy1
glycerol were glycerol and U-14E-linuleoyl chloride. The fatty
acid chlorides were prepared from oxalyl chloride and the free
fatty acid as described by Mattson and Volpenhein (1962). The
U-1dt-linulioy1 chloride was prepared by equilibration of
unlabelled carrier linoleoyl chloride with U-14C-11nolaic acid in
hexane for 2 h at room temperature (Borgstrom and Krabisch, 1963).
The fatty acid chleride and glycerol or 1-monopalmitin were

reacted for 4 h at room temperature.

The 1,2 and 1,3-diacylglycerol were separated from mono-
glyceride, triglyceride and the unreacted free fatty acid by
column chromatography en 60-100 mesh Florisil in a celumn 2 cm x
35 cm (Carroll, 1961)., Triglyceride eluted from the column with
15 % diethyl ether in hexane and the diacylglycerpl eluted with
50 £ diethyl ether in hexane. Monoglyceride and free fatty acid
were removed from the column with 10 ¥ methanol in diethyl ether.
The diacylglycerol fraction consisted of a mixture of 1,2 and 1,3~
diacylglycerol = with no visible lipid contamination as shown by
TLC.
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Chapter 4: RESULTS

4.1 Experiments with maize chloroplasts

4.,1.1 Isolation of envelopes from maize chloroplasts

Electron micrographs of the purified chleroplast pellet showed
a preparation consisting of about 60 £ intact, Class I chloroplasts,
A representative field of the chloroplast pellet is presented
in Figure 3. Examination of the chloroplasts under a light micro-
scope equipped with phase contrast confirmed that abeut 50 % - 60 ¥
of these erganelles were intact, Neo evidence ef nen-chloroplastic

or bacterial contamination was visible.

The distribution of pretein, chlerophyll and galactosyltrans-
ferase in the fractions isolated from disrupted chloroplasts by
gradient centrifugation is given in Table 6. Fraction 4 contained
about 82 ¥ of the chlorophyll and 45 ¥ of the protein. Mest of the
remaining chlorophyll (16 %) and about 30 ¥ of the protein were
concentrated in the pellet. The soluble stromal proteins in the

supernatant fraction accounted for about 25 ¥ of the total protein.

Fraction 2 had the highest total incorporation of radiocactivity
from UDP-“C-Galactosa into lipids and the highest specific activity
for . galactosyltransferase. In each of six separate preparations
ef envelopes from maize chloroplasts the incorporation by Fraction 2
was less than 2 X. A complete analysis of one preparation is given
in Table 6.

The poor yields of the fraction from the discontinuous gradient

resulted in insufficient sample for use in electron microcopy.



Table 6

The distribution of protein, chlorophyll and galactosyltransferase in fractions isslated by sucrose

gradient centrifugation of disrupted maize chloroplasts.

Procedures:t The protein and chlerophyll concentrations were determined as described in 3.1.6 and 3.1.B.

The galactosyltransferase was assayed by following the incorporation of radiocactivity from
vop-'%c-calactose (55,000 dpm, 0,07 nmoles per incubation) into the lipid fraction (3.1.4).

protein Assay of galactosyltransferase
Frastion Volume | Protein | % of total | Chlorophyll chYasoihvll Galactose incorperation
(m1) (mg) protein (mg) ratgoy per fraction| per 100 pl |Specific
(dpm x 10°) | (¥ of totsl)|activity*
1 32.50 717 25,02 - - 715 0.4 ° 25.4
2 1.68 0.07 0.24 tr.c. - 75.6 U.B 275.6
3 1.20 0.36 1.26 0.1 3.27 13.2 0.2 9.4
4 3,30 | 12.60 44,96 3.48 3.62 39.6 0.2 0.8
pellet 3.05 8.46 29.52 0.66 12.82 91.5 0.6 2.8
.w _ - 28.66 - dozs 6.74 - - -
Bisrupten Ghiere~ | 55,43 = 5.70 5.64 256.8 1.1 2.0
plasts

Chloroplasts were isolated from 380 g leaf tissue,

*Specific activity is measured in pmoles 1‘C-Balactua- incorporatéd h'ﬂ mg protoin'1.

‘ve
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FIGURE 3

Representative field from a preparation of maize

chloroplasts.
(a) 12,200 x magnification
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4,2 Experiments with spinach chloroplasts

4,2.1 Isolation of envelopes from spinach chleroplasts

The chloroplast preparation consisted of 60 % - 70 ¥ intact,
Class I chloroplasts as demonstrated by electron microscepy.
A representative field is presented in Figure 4 a. No evidence

of non-chloroplastic or bacterial contamination was visible,

The distribution of protein, chlorophyll and galactosyltrans-
ferase in the fractions isolated by gradient centrifugation of
disrupted chloroplests is presented in Table 7. The distribution
of protein and chlorophyll obtained from spinach chloroplasts is
similar to that obtained from maize chleoroplasts. However,
spinach chloroplasts gave higher yields of protein from allu
fractions with a 20 fold increase in the yield from Fraction 2.
The envelope pellet obtained from Fraction 2 (Douce et al 1973)
was generally contaminated with trace amounts of lamellar
material., Electron microscopy showed the envelope pellet
consisted of membrane vesicles from 0.2 to 1.5 p in diameter,
similar in appearance to the envelope membranes observed by
Mackender and Leech (1971), Poincelot (1973), Poincelot and Day
(1974), Joyard and Douce (1976 a,b,c) (Figure 4 b),

The envelope pellet showed no detectable fructese 1,6
diphosphatase activity but did have ﬂg2+-d-pendent ATPase
activity. All fractions assayed incorporated significant amounts
of radiocactivity from UDP-14C-Ealactnsa into lipids. Fraction 2
had the highest specific activity and incorporated up to 60 ¥
of the added radioactivity.

The modified procedure for the iscolation of envelopes resulted
in higher yields of less contaminated envelope membranes. (Table
8 and Figure 7). Fraction 2 was generally completely free of
chlorophyll contamination. Two light-yellow bands were observed _
at the 0O M - 0,63 M and the 0,63 M - 0.8 M sucrose interphases
(Figure 7). Poincelot and Day (1974) reported that thess bands
were enriched in single and double membrane envelopes respect-
ively. The electron micrographs of the pellets ebtained from

these fractions are given in Figure 6,
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FIGURE 4

A representative field from a preparation of spinach chloroplasts

(a) and chloroplast envelopes (b).
(a) 7,000 x magnification




FIGURE 5

The profile of fractions obtained by
sucrose gredient centrifugation of
disruptad spinach chloroplasts.

{(see Table 7)

Chloroplast
Fraction 1 ——
0.6 M sucrose
P 2 nissisiman et << |ignf-yallow  band
0.83M sucrose
Fraction 3 ~<— light-green band
1.2 M sucrose
Eraction & 3 <—dark-green band
&5 M sucrose

Pellet

38,



Table 7

The distribution of protein, chlorophyll and galactosyltransferase in fractions isolated by sucrose gradient

centrifugation of disrupted spinach chloroplasts,

Procedures:

The galactosyltransferase was assayed by fellowing the incorporation of radiocactivity from UDP-1Q

(55,000 dpm, 0.07 nmoles per incubation) into the lipid fraction (3.1.4) (see figure 5)

The protein and chlorephyll concentrations were determined as described in 3.1.6 and 3.1.8,

C-Calactose

Protein Assay of galactosyltransferase ng*-depnndont
Volume | Protein | ¥ of total | Chlerophyll | ———————— Galactose incorporation lTPas' (umoles
Fraction Chlorophyll -
(m1) (mg) protein (mg) w3 per fraction| per 100 pl |Specific Pooh ', mg,
(dpm x 1000) (¥ of teotal)|activity protein ')
1 33 49,83 27.8 - - 421 2.3 21.5 -
2 1.7 1.36 0.8 trace - 557 59,6 1042 4,61
3 1.5 0.69 0.4 0.15 4,6 47 14,2 430 2,12
4 5.9 55.21 30.8 8.07 6.8 816 25,2 38 1.01
pellet 8.2 72,42 40,3 4,89 14,8 1446 32.1 50 1.26
lllﬂ .~ 179.51 - 13.10 13.7 - - - -
Disrupted chloro~| 190.40 - 13.80 13.8 3190 22,7 21 -

plasts

*Specific activity is measured in pmoles :

Chloroplasts were isolated from 400 g of leaf tissue

4C-Calactose incorporated '

- mg prntcin-1.

°6E
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FIGURE &

Representative fields of a preparation of envelopes frem spinach
chloroplasts obtained from fraction 1 (a) and fraction 2 (b) of
the modified discontinuous sucrose gradient.

(a) 15,500 x magnification
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(b) 15,500 x magnification




FIGURE 7

The profile of fractions obtained by

sucrose gradient centrifugation

of disrupted spinach chloroplasts

(modified gradient). (see Tab

Choloroplast
Fraction 1 homogenate
4Ryt it it adisdin
0.63 M sucrose
Fraction 2
0.88 M sucrose
Fraction 3

le 8)

l<— pale-yellow band

¥l <— light-yellow band

\

Pellet

41,



The distribution of protein, chlorophyll and galactosyltransferase in fractions isolated by

Table B

sucrose gradient centrifugation of disrupted spinach chloroplasts.

(modified gradient)

Procedures: Protein, chlorophyll and galactosyltransferase were determined as described in
Table 7.! (see Figure 7),
Protein Assay of - galactosyltransferase ng+-daplndlnt
Frastion Volume | Protein | ¥of total Chlorophyll EFT;;;EF_TT GCalactose incerporation ” nTpngq (pnulcn
(m1) | (mg) protein (mg) ratioy per fraction|per 100 pl |[Specific Poh™ 'y mg_,
(dpm x 1000)| (% of total) |activity protein ~ ')
1 36 | 334 38.6 - - 380 1.9 3 0.6
2 5.2 2,08 0.2 - - 1263 47,7 1691 5.3
3 23 14,03 1.6 trace - 920 7.8 182 1.0
pellet 23 515,62 59.6 72.9 6.9 5648 48,2 15 -

Chloroplasts were isolated from 420 g leaf tissue

* Specific activity is measured in pmoles 1‘C-gllactoal incérporated h'1

mg protnin'1.

‘Zy
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4,2,2 Variations in the level of gllictnsfitrannfnral- in

envelopes isclated from spinach chlnroglulti.

Different envelope preparations gave variable levels of incer-
poration with between 30 ¥ and 70 ¥ of the added radioactive
label incorporated into the lipid fraction. The specific
ectivity of the envelope fraction was between BOO - 1900 pmoles
Y4 catactoss h =° mg pruteiﬁ1. The UDP-1‘C-Galpctoa| concen-
tration in each incubation was between 3.0 x 10-7 and 2.7 x ‘10-7 M

and was therefore assumed to be at a rate-limiting concentration.

The effect of increasing amounts of envelope protein en the
incorporation of added radicactive label into lipids was examined.
(Table 9 and Figure B). The incorporation of radiocactivity from
UDP-“C-Gllactoaa increases with increasing amounts of envelope
protein to a maximum at 100 pg envelope protein per incubation.
The distribution of radioactivity in the lipid fraction from the
incubation containing 50 ug envelope protein is shown in Figure 9.
MGDG is the sole major labelled lipid and less than 3 % of the
fabel was found in the DGDC fraction.

4,2.3 The effect of storage of the envelope preparation on

incorporation of radioactivity from UDP-1QC-Galactnsl

into lipids.
0
The effect on transferase activity of storage at 2 °C and -4 °C

in 10 mM Tricine-NaOH at pH B.0 centaining 2 mM Hgtlz was examined.

Teble 10 showe the enzyme retained activity for up te 10 days
at 2 °C but the activity visiballly disappesred upon prolenged
storage at this temperature., The slightly increased activity ef
the sample over 10 days at 2 G - may be explained by galactolipase
or hydrolysis reesctions in the envelope fraction providing an

increase in endogenous diglyceride.

The envelope preparation at -4 g - incorpof;t-d up to 36 % of the
added radiocactivity after 44 days storage. Freezing reduced the
totel incorporation by between 4 ¥ and 10 ¥ but had no effect en
the distribution of label in the lipid fraction. The ratio of
label incorporated into MGDG and DGDG (MGDG:DGDG) was 2031 in the

frozen preparation and 21:1 in a control experiment.



Table 9
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The effect of increasing amounts of envelope protein on

incorporation of radioactivity from UDP-—1

dE-Galactosa.

Reaction mixture: 10-100 pg envelope protein was incubated

in the standard incubation mixture at 30 0E for 30 min,

(% of total)

22.0
34,8
48,3
52,3

Amount of envelope Galactose incorporation
protein added

dpm

(Pg) ( P )

10 12100

25 19140

50 26570

100 28760

Figure 8

The effect of increasing amounts of envelope protein on the

incorporation of radiocactivity from UDP-14£-Ga1actosa into

lipids. (see Table 9)
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40
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20

Galactose incorporation %
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25 S0
Protein (ug)
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FIGURE 9 45,

Radiochromatogram scan of the lipid extract obtained after

1

incubating 50 pg envelope fraction with UDP- dC—Galactose

(55,000 dpm), (see Table 9)
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Table 10

The effect of storage of the envelope preparatien on incorpor-
ation of radioactivity from UDP-'°C-Galactose into lipids.

Reaction mixture: 100 ul of envelope fraction (40 wg protein)
which had been stored at 2 °C or at -4 °C was incubated in the

standard incubation mixture for 30 min at 3D DC.

Dave. 6 etevece GCalactose incorporation |
4 g (dpm)  |(% of total)
gt 2-°C
1 22000 40.0
5 25360 46,1
10 28050 51.0
20 715 Yo
at -4 °c
22230 40,4
20120 36.5
44 19000 34,5

4.2.4 The effect of time and temperature ef incubation eon

incorporation of radioactivity from UDP-14C;Galactosu

into lipids.
The dependence of incorporation of radioactivity on time of

incubation at several temperatures was examined to determine the
optimum conditions for incubation. The standard incubation mixture
was pre-incubated for 10 min at the eppropriate temperature prior

to addition of UDP-1dC—Gallctosa.

Table 11 and Figure 10 show the meximum level of incorporation
was similar for each temperature investigated, but the rate ef
incorporation wase temperature dependent. Lower incubation temper-
atures required longer incubation times to give maximum incerpor-
ation. The MGDC to DGDG ratio remained relatively constant over

the range of temperatures that were examined.

The distribution of radioactivity in the 1ipid fraction ever
longer times of incubation was examined at 30 °c (Table 12).
After reaching a maximum at about 1 h incubation there was no
significant decline in the radioactivity in the lipid fraction.
Analysis of the labelled lipids by TLC showed that most ef the
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label was in MGDC with minor amounts in DGDGC and a third com-
ponent with a lower Rf, tentatively identified as TGDG. The
MGDG:DGDG ratio decreased with increasing incubation time from
31:1 after 5 min incubation to 9:1 after 5 h incubation.

TABLE 11
The effect of time and temperature of incubation en incorperation
of radiocactivity from UDP-14C-Elllcto-s inte lipids by chloreplast
envelopes. ;
Reaction mixture: The standard incubation mixture was preincubated
fer 10 min at the appropriate temperature prior te addition of
10 pl of UDP-14C-Gallctual (55,000 dpm, 0.07 nmoles).

Incubation was continued for the times stated in the table.

Time of incubatien Galactese incorporation
(min) (¥ of total)
at 45 °c| at 30 °C | at 23 °c

5 34,9 18.7 14,5
10 44,5 33.1 22.2
20 50.0 46.0 34,7
30 51.6 53.0 40,3
45 45,0 - 51.4
60 - 54.1 48,0

The distribution of radioactivity between the components of the

lipid frection after incubation at several different temperatures.

Temperature of | Initial rate of| Galactose incorporatien | MGDG
incubation incorporation* |dpm in MCDG | dpm in DGDG | DGDG
45 °c 97.6 22690 1560 14.5
30 “ 55.2 23100 1620 14,3

23 ¢ 40.6 22600 1720 13

*Determined over the first 5 min of incubation and wmeasured im

pwoles galactose incorperated min~!

mg pretein”'.
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Figure 10

The effect of time and temperature of incubation on incorporation
of radioactivity from UDP-145-Galactcsa into lipids by chloroplast

envelopes. (see Table 11)

Key: O incubation at 23 OC
O  incubation at 30 °C
@ incubation at 45 DC

60

50

=~
o

N
o

Galactose incorporation %
W
O

—
(@]

i L i i L '}

10 20 30 40 50 60
Time of incubation, min



49,

Figqure 11
The effect of time of incubation on the incorporation

of radioactivity from UDP-'’C-Galactose into MGDG, DGOG
and TGDG by chloroplast envelopes. (see Table 12)

Key: O MGDG
= DGDG
o TGDG

60 r

incorporation %

Galactose

Time of incubation, h
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TABLE 12
The effect ef time of incubation on the imcorperation of radio-
activity from UDP-1‘C-Gallctnsu into MGDG, DGDC end TGOG by
chloroplast envelopes.
Reaction mixture: The standard incubation mixture was incubated
with 10 ul of UDP-14C-Gallctnse (55,000 dpm, 0,07 nmoles) for wup
te 5 h at 30 °c.

Time of Galactose incorporation MCDC
incubation (dpm in,) (% of total in,) DO
MGDG DGDC TGDG MGDC DGDG TCDG

5 min 4910 160 90 9.6 0.3 0.2 31

10 min 9830 250 120 19.2 8.5 8,2 39

30 min 23870 1200 440 46.8 2,3 0:9 41720

1h 23760 1700 920 46,5 3.3 1.8 14

2 h 24720 1960 1000 48,4 3.8 2,0 | 13

3 h 25880 2320 1060 50.7 4,5 2.1 11

4 h 21630 2010 1290 42.4 3.9 2,6 1

5h 19960 2170 1590 39.1 4,2 3.1 9

4,2,5 The nature of the acceptor molecule involved in the
synthesis of | C-MGDC from UDP-'‘C-Galactose.

The possibility that 14E-Gul|ct03l is synthesised by an exchange
reaction involving endogenous MGDG and UDP-?‘E-Galuctoss wasg invest-
igated by a pulse-chase experiment. A small amount of UDP-1‘C-
Calactose was incubated with the envelopes te allow the 1‘C-Galactose
to be incorporated inte MGDC, This was followed by the addition of a
large amount of wunlabelled UDP-Galactose which would greatly dilute
any unreacted UDP-1‘C-Galactosu and stimulate the synthesis of MGDGC.
If an exchange reaction was teking place then in the presence of
high concentrations of unlabelled UDP-Calactose the incorporation

in MGDC could be expected to decrease.

The standard incubation mixture was incubated for 30 min at
30 °C in the presence of 2.80 x 10~7 m uop-"4Cc-Calactose to allow
radicactivity te be incorporated into envelope MGDG, After 30 min

three additions were made to separate sets of incubations:
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Table 13

Tha nltura of the .ccoptor molecule involved in the synthesis
C-HGDG from UDP- C Calactose.

Reaction mixture: The standard incubation mixture was
incubated for 30 min at 30 °c with 0,07 nmoles UDP-1‘C-Ealactosa
(55,000 dpm) per incubation. After this time the additions

described in the text were made and incubation was continued

for up to 3 h at 30 BC.

Tinn 6F (REGHSELEH (n)Galactosa ?g;nrporation (dpm%c)
(min) control |+ UDP-'%C-Cal | + UDP-Gal
5 17270 - -
18 26170 - =
30 25130 - -
35 23820 42530 24920
45 23020 45640 24730
60 22460 46370 24534
180 23390 46980 23400

A) 10 pl of buffer (control)

B) 10 ml of unp-1‘c-salactoae (55,000 dpm, 0,07
nmoles) te give a total amount of added
redioactive UDP-'“C-Galactose of 0.14 nmoles.

C) 10 pl of unlabelled UDP-Galactose (370 nmoles)
to give a final concentration of 1.4 mM,

The incprperation in MGDG remained constant in the presence of
high levels of unlabelled UDP-Calactose thus giving no evidence of
an exchange reaction (Table 13 and Figure 12). Galactosyltransferase
is still active after 30 min incubation as shown by the rapid incer-
poration of radioactivity by incubation (B) frem a further 10 wml
aliquot of UDP-14C—Glllct0l|. A radiochromatfogram scan of the
products of the reaction in the presence of unlabelled UDP-GCalactose
(incubation {C)) is given in Figure 13. The mejor radiocactive lipid
was HﬁDG with less than 2 ¥ of the label in DGDG. No other radio-

active products were detected.
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Figure 12
The nature of the acceptor molecule involved in the

synthesis of 'C- MGDG from UDP-'%C-Galactose. (ses Table 13)

Key: ® A (control)
o B (+ uop-'%c-Galactose)
o C(+ UDP-Galactose)

1

60

Galactose incorporation dpm (x 1000)

1 1 i 1 1 1{

10 20 30 40 50 60
Time of incubation, min
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FIGURE 13

Radiochromatogram scan of the products from incubation with
0.28 uM UDF'-MC-Galactusa for 30 min and then 1.4 mM UDP-Galactose
for 30 min (incubation C). (see Table 13)
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4.2.6 The effect of the composition of the incubation buffer

and pH of incubation on incorporation of radioactivity

from UDP-145-Galactose into lipids by envelopes,

The effect of the composition of the buffer and pH of incubation
was investigated to determine the optimum conditions for incor-
poration, The buffers used were citrate-phosphate, Tris-HCl,
Tricine-NeOH, HEPES-NaOH and glycine-NaOH all at 50 mM,

The incubation mixture containing 50 mM buffer at each pH,
5 mM HgClz, 0.3 M sucrose and 50 pl of the envelope fraction
(30 pg protein) in a total volume of 260 wl, was preincubated
for 10 min at 30 °C and then 10 pl of UDP-'%C-Calactose (55,000 dpm)
was added to start the reaction and incubation was continued for
30 min st 30 °C.

The maximum incorporation (72 ¥ of the added radioactivity) was
obtained with the incubation containing HEPES-NaOH at pH B.0
(Table 14 and Figure 14). All buffers showed an increase in total
incorporation with increasing pH up to pH 8.0. At pH values
below pH 6.0 incorporation was reduced to about 10 <. The incor-
poration over the range pH 7.0 - 9.0 was dependent, in part, on the
buffering system. At all pH values examined HEPES-NaOH end
Tris-HCl gave a higher incorporation than Tricine-NaOH.

Incorporation into DGDC was highest between pH 6.0 - 7.0 (Table
14 and Figure 15), higher pH values and Tris-HCl and HEPES-NaOH
buffers favoured the synthesis of MCDG. HEPES-NaOH at pH 8.5 gave
a MGDG:DGDC ratio (dpm in MGDG:dpm in DGDG) of 28:1, Tricine-NaOH
at pH 8.0 gave a ratioc of 2:1

The results obtained agree with the work of Mudd et sl (1969)
and Van Besouw and Wintermans (1978) en the general trend of pH
dependence, however, the results suggest a pH optimum of about
pH 8.0 rather than the optimum of eabout pH 7.2 - 7.5 obtained by

these workers,
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TABLE 14
The effect of the composition of the incubation buffer and pH
of incubation on incorporation of radicactivity from UDP—"C-
Galactose into lipids by chloroplast envelopes,
Reaction mixture: 50 ul envelope fraction (30 pg protein) with
50 mM of each buffer at each pH, 5 mM HgCl2
a total reaction volume of 250 ul was preincubated for 10 min at
30 °c. 10 pul of uor-'4c-calactose (55,000 dpm, 0.07 nmoles) was

added and incubation was continued at 30 °C for a further 30 min,

and 0.3 M sucrose &n

Incorporation (%)
pH in incubation containing: i
of incubation citrate Tricine Tris HEPES glycine
4,0 0 - - - -
5.0 1" - - - =
6.0 51.2 - - - o
7.0 58.9 - 55.7 60,3 -
7.5 - 47,5 60.5 68.4 o
8.0 = $1.7 64,2 71.8 -
8.5 - ~ 67.1 61.6 -
9.0 - 60.8 61.9 - =
9.5 - - - - 61.3
-E-E-:—-i::—-;g-g—g— (MCDG:DGDG)
pH in incubatien containing:
of incubation Tricine Tris HEPES

7.0 - 6.0 9.3

7.5 1.4 - -

8.0 2.0 8,7 1.7

8.5 - - 27.9

9.0 1.7 22,0 ~




FIGURE 14
The effect of the composition of the incubation buffer and pH
of incubation on incorporation of radioactivity from UDP-14E-
Galactose into lipids by envelopes. (see Table 14)
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MGDG:DGDG ratio
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FIGURE 15

The effect of the composition of the incubation
buffer and the pH of incubation on the distribution
of radiocactivity from UDD-’“C-Galactose between

MGDG and DGDG of chloroplast envelopes. (see Table 14)
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4,2,7 The effect of mono- and divalent cations on incerporation

of radioactivity from UDP-1‘C-Galactnsa into lipids by a

preparation of envelepes.

The effect of the monovalent cations Lii; k* and Nt and the

divalent catiens C02+, 532+, Cu2+, C92+, Hn2+, Ba2+ and H92+ wa

8
examined. All of the cetions were added as their chleride salts.
Envelopes isolated as described in 3.2.1 and 3.2.2 shewed ne

cation requirement for transferase activity. As the envelepe
pellet may consist of membrane vesicles the activity could be
e from the isolatien buffers. There-
fore the chleroplast pellet was preparad as described in 3.2.1

but Mg2' was deleted from all the buffers ussd for the isolstion

due to a carry-over of Fg

of envelepes. The absence of H92+ from the modified discontin-
uous gradient had neo visible effect en the yield or cnntnminﬁtion
of the envelope pellet.

Incorporation of radicactivity from UDP-1‘C-Calactoss by a
preparatien of envelopes in the absence of any cation was about
16 ¥ (Table 15). Addition of EDTA slightly stimulated incor-
poration. Of the monovalent cations tested at 5 mM none
activated the enzyme and x” gave slight inhibition. The
divalent cations C02+ and C32+ had little effect en incorperation
but Euz+ completely inhibited incorporation. In contrast Hn2+,
ca?*, mg?* and Ba2*, all st 5 mM, stimulated the activity.

Ba 2t gave the highest incerporation (52 %) and Mt the least (27 %).

The cations Ca2+, H92+

and Baz+ over the concentration range
D.1-50 mM had similar effects on transferase (Table 16 and

Figure 16). Incorporation increased with increasing cation concen-
tration te a maximum at about 5 wM, but at concentrations above 5 mM
incorporation was increasingly inhibited. At 50 mM Baz+ showed
66 ¥ inhibition of the activity observed at 5 mM and H92+ and Ca

showed about 45 ¥ inhibition, Cation concentrations above 20 mM

2+

led to coagulation of the envelope preparation and this may account

for some of the inhibition observed at high cation concentrations.



TABLE 15

The effect of mono= and divalent cations on incorporation
of radiocactivity from UDP-1‘E—Ellactoaa into lipids by a

preparation of envelepes,

Reaction mixture: 100 pl envelepe fraction (25 mg protein)
with 50 mM HEPES-NaOH at pH 8,0, 0.3 M sucrose and 5 mM of

the appropriate cation. 10 pl of UDP-1aC-Galactosa
(55,000 dpm) was added and incubation was at 30 e for 30 min,

Cation added Galactose incorporation i
(5 mM) (¥ of total added)
none 16.1
Lt 15.6
k* 12.9
Nat 16.3
ol 13.1
cu?? ' 0.8
cat? 46.6
nn2* 26.8
mg2* 47,4
Ba’t | 52.5
et 17.2

s9,
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TABLE 16

The effect of C32+, ng+ and Gaz+ over the concentration

range 0.1-50 mM on incorporation of radicactivity from
UDP-"C-Galactnae into lipids by a preparation of

envelopes.

Reaction mixture: As for Table 15 but with 0.1-50 &M ef

the appropriate cation.

Galactose incorporation
Cation concentration (¥ of total added)
(mm) ng+ P Bt

0 23.3 - -
0 + 2 mg EDTA 24,0 . -
0 + 4 mg EDTA 26.4 - =
0.1 16.7 14,9 22.1
0.5 25.4 313 37.9
0.75 33,4 ’ §
1.0 38.9 33.9 41.4
2.5 45,1 47,7 42.5
5.0 50.1 40,6 51.3
10,0 47,4 38.1 40,4
20.0 45,2 30.0 31.3
50,0 28.9 21.9 17.2
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4,2.8 The effect of UMP, UDP, UTP, NADH and pyrophosphate (PP;) en
the incorporation of radiocactivity from UDP-14C-Galactose into

lipids by chloroplast envelopes.
The effect of the nucleotides UMP, UDP, UTP, NADH AND PPi as

possible effectors in the control of the synthcsis of MGDG was

examined with a preparation of chloroplast envelopes,

UMP, UDP and UTP inhibited incorporatien of radiocactivity from
unp-1‘c-ca1actose into MGDC (Table 17 and Figure 17). UDP was the
most effective inhibitor and gave 50 ¥ inhibition of incorporation
at about 5 pM, UMP and UTP qaﬁa 50 ¥ inhibition at about 100 HM and
500 pM respectively. NADH and PPi showed a slight inhibition of

incorporation.
TRBLE 17
The effect of UMP, UDP, UTP, NADH and PI‘-‘1 on incorporation of radie-
activity from UDp-1¢C-Galactase into lipids by chloroplast envelopes,
Reaction mixture: 100 ul envelope fraction (30 ug protein) was
incubated in the standard incubation mixture with 0.1-1.0 mM of each
effector and 0,27 uM UDP-14C-Gala:tuss (55,000 dpm) for 30 min at
30 °c.
Concentration of Galactose incorporation (¥ of total added)
possible effector
(M) ump uopP uTpP NADH PP1
0 49,6 49,6 49,6 49,6 49,6
0.5 - 30.3 - - -
1.0 - 29.1 - - -
5.0 - 24.5 - - -
10.0 45,2 14.9 35.5 44,0 48,5
15.0 - 19.7 - - -
50 43.1 3.0 - 36.7 49,5
100 35,5 3.1 26,4 40,0 47,7
150 30.3 1.8 22,3 33.7 45.1
300 28.1 1.8 319.1 36.0 42,1
500 26.0 1.5 9.8 36.6 | 40.8
1000 19.7 1.3 5.8 36.2 40.4

It would appear that UDP, a product of the synthesis of MGDGC from
diacylglycerol end UDP-Galactose by galactosyltransferase may influence
trensferase activity but the nature of the inhibition was not further ,

investigated.
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FIGURE 17
The effect of UMP, UDP, UTP, NADH and Pﬁ, on incorporation of radioactivity
from UDP-1aE—Galactosa into lipids by chloroplast envelopes. (see Table 17)
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4,2.9 The effect of sulphydryl reagents on incorporation of
radioactivity from UDP-1‘C-Balactosl into lipids by

gelactosyltransferase of chloroplast envelopes.

The sulphydryl nature of the chleroplast galactosyltransferase has
been reported(Chang, 1970 § Mudd et al 1971). The effect of the
sylphydryl reagents isdoacetate, mercaptoethancl, dithiothreitol and
mercury ion on galactosyltransferase of the chloroplast envelope was
examined.

The results given in Table 18 show that 10 umoles iodoecetate or
ng+ inhibited incorporation of radiocactivity from UDP-14C-Galactoas
into lipids. In contrast both mercaptoethanol and dithiothreitol
showed a slight inhibition of transferase activity. Mudd et al (1971)
reported that iodoacetate had no effect on transferase, however, the
results of the present study are in agreement with Chang (1970) and
show an inhibitory effect of iocdoacetate on the enzyme. These results
indicate the presence of one or more sulphydryl groups which appear

to be necessary for an active galactosyltransferase,

TABLE 18
The effect of sulphydryl reagents on incorporation of radicactivity
from UDP—1dE-Galactoaa into lipids by galactosyltransferase of
chloroplast envelopes.

Reaction mixture: 100 ul envelopes fraction (25 Mg protein) was

incubated in the standard incubation mixture with the appropriate

sulphydryl reagent and 10 ul UDP-1‘C-Galactosa (55,000, 0,07 nmoles)

for 30 min at 30 °C.

Galactose incorporation (¥ of total added)

Boritrol 44,6
Iodoacetate (1 umole) 1.6
Iodoacetate (10 pmole) 0.8
g2t (10 pmole) 5,2
Mercaptosthanol (10 umole) ; 42,7

Dithiothreitol (5 umole) 35.2
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4,2,10 Inhibition of the incorporation of radicactivity from

woP.. YC.Calactoss by linolede aeid and ‘the sffect of the

cations Ca’*, Mg?*, Ba’* and BSA on the observed inhibition.

Free fatty acids have been shown to inhibit the photosynthetic
processes of isolated chloroplasts (Anderson et sl 1974 ; Friedlander
and Neumann, 1968 ; Friend and Hawcroft, 1967) and the inhibition is
thought to be due to disruption of the integrity of the envelope
caused by penetration of the hydrophobic fatty acid into the hydro-
phobic region of the membrane (Okamoto and Katoh, 1977 3 Okamoto
et al 1977). The association of galactosyltransferase with membranes
of the chloroplast prompted an investigation of the effect of free
fatty acids on enzyme activity. Furthermore, transferase was
stimulated by cations such as Ca2+ and 332* which form ineaihbln
salts of fatty acids (experiment 4.2.7). The possibility that this
stimulation was caused by removal of an inhibition by endogenous

fatty acide and the effect of BSA, a well-known complexing agent with

free fatty acids, was investigated.

a) Inhibition of galactosyltransferase by linoleic acid
Addition of linoleic acid inhibited the incorporation of radio-

activity from UDP-14E-Galactnse by a preparation of chloroplast
envelopes (Table 19 and Figure 18). Linoleate at 0.11 mM reduced
incorporation by about 50 % and 0.72mM linoleate completely inhibited
incorporation.

2+ 2+

b) The effect of Ca” ', H92+, Ba and BSA on inhibition
The effect of Ca2', mg?*, Ba2' and BSA on the inhibition by

linoleate was determined by the addition of cations or BSA to the

incubation mixture after preincubation of envelopes with linoleate.
Incorporation of radiocactivity was inhibited about 60 ¥ by 0,18 mM
linoleic acid. The inhibition was partially released by preincubation

with Ca?* or Ba?* but not by preincubation with H92+ or BSA (Table 20

and Figure 19). Ca2+ at 15 mM and Blz+ at 8 mM respectively gave
about 60 ¥ and 50 % stimulation of incorporation of radicactivity

from UDP-1‘C-Galactola into galactolipids in the presence of linoleats.
The effect of ng+ ie not unexpected as the salts ' of this cation
are soluble, however, it is not clear why BSA had no effect on

inhibition of incorporation by linoleic acid.
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TABLE 19
The effect of limoleic acid on the incorporation of radioactivity
from UDP-1‘C-Ga1actosu into lipids by chloroplast envelopes.
Reaction mixture: 100 ul envelope fraction (50 pg protein) was

preincubated in the standard incubation mixture with linoleate for
10 min at 30 °C. After this time, 10 ul UDP-'%C-Galactose (55,000
dpm, 0.07 nmoles) was added and incubation was continued for a

further 30 min at 30 °C.

Linoleic acid Galactose incorporation
added (mM) (¥ of total added)
0 43,5

0.036 39,0

0.071 24,2

0.108 20.1

0.144 19.7

0.180 18.1

0.216 16.8

0.288 6.9

0.360 6.3

0.720 ' D
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FIGURE 18

The effect of linoleic acid on the
incorporation of radiocactivity from
UDP-1dC-Galactose into lipids by

chloroplast envelopes. (see Table 19)
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TABLE 20
The effect of Ca2+. H92+. 812+ and BSA on the inhibition of
incorporation of radicactivity from UDP—14C-Galactoss by linoleic
acid.
Reaction mixture: 100 ul envelope fraction (Sn‘pg protein) was
preincubated in the standard incubation mixture with 0,18 mM linoleic

acid for 10 min at 30 oC. After this time 50 pl of the appropriate

cation or BSA solution wes added and preincubation was continued
for a further 10 min. Transferase activity was determined by the
eddition of 10 pl UDP-'‘C-Galactose (55,000 dpm, 0.07 nmoles) and
then incubation for 30 min at 30 °C. Values stated in the Table
are the means of duplicates from three experiments, i.e. each value

is the mean of 6 incubations.

Galactoss incorporation (% of total added)
Cation Cl2+ ng+ Baz+
concen= with RO with no with no
tration added added added added added added
(mm) linoleate| linoleate | linoleate|linoleate | linoleate|linoleate|
0 17.3 42,1 17.3 42.1 17.3 42.1
2 18.1 31.9 . 12.6 36.4 19.4 33.6
4 21,3 38,8 20,0 372 22.4 37.9
6 24.3 37.6 19.4 38.4 23.4 33.9
8 24,6 35.9 - - 26.0 30.2
10 25.0 33.9 18.7 37.0 25.9 31.3
12 - - 15.6 32.3 - -
15 28,5 30.9 17.1 28.1 19.8 30.8
20 25,2 27.9 16.3 29,0 19.7 27.5
30 18.2 25,8 13.5 21.1 18.1 20.1
50 | 12.5 11.5 5.3 10.8 15.6 12.9
BSA concentration Galactose incorporation
(po/m1) (¥ of total added)
0 17.3
10 124
20 17.0
30 16.0




FIGURE 19

The effect ofCa’t, Mg2* and BaZt on the

inhibition of incorporation of radioactivity
1

from UDP- 4C-Galactose by linoleic acid.

(see Table 20)
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4.2.11 The effect of additien of 1,2-discylglycerol on incorporation
4
of radicactivity from UDP-1 C-GCalactose into lipids by

chloroplast envelopes.
Ongun and Mudd (1968) and Mudd et al (1969) prepared an acetons

powder of spinach chloroplasts and showed that the preparation was
capable of the synthesis of MGDG from UDP-' °C-Calactose provided

that exogenous diacylglycercl was supplied to the enzyme. The
procedure of Ongun and Mydd (1968) was employed in an attempt to
prepare an acetone powder of envelopes of chloroplasts. However, no
acetone precipitate was obtained from an envelope preparation contain-
ing 3 mg protein., The generally hydrophobic nature of the cemponents
of a membrane such as the chloroplast envelope may explain the failure
to observe an acetone precipitate since all of the lipid ahd_nnst of
the membrane proteins may be stable in non-polar solvents and there-
fore may not precipitate from acetone. Consequently, experiments on
the effect of addition of diacylglycerol were carried out with a

preparation of chloroplast envelopes suspended in buffer.

The effect of anexogenous source of diacylglycerol (DG) en
incorporation of galactose from’UDP-14C-Galactose by @ preparation

of chloroplast envelopes was examined.

The addition of 1-palmitoyl, 2 oleoyl glycerol did not stimulate
incorporation of radiocactivity from UDP-1AC-Ga1actosa into galacto-
lipids (Table 21 and Figure 20). MHigher concentrations of DG (above
2 mg) inhibited incorporation. The MGDG:DGDG (dpm in MGDG: dpm in
DGDG) ratio was increased from 6:1 at 0,75 mg DG to 15:1 at 11 mg DG
but the increase was not regular end the significance of this result

is unclear.

Since the slectron micrographs of the esnvelope pellet showed the
presence of membrane vesicles it was possible that added DG may not
be available to the transferase for synthesis of MGDG., Therefore the
effect of sonication of the envelope preparation on utilization of

DC was examined.

Sonication of chloroplast envelopes in the absence of added DG was
inhibitory to the incorporation of galactose from UDP-1‘C-Galactasl
(Table 22 and Figure 21), Sonication for 0.5 min reduced incorporation
by 40 ¥ but an increase in the time of sonication did not further ’
reduce incorporation. Sonication for 1 min in the presence of 1.5 mg

DG reduced incorporation by about 50 % and there was a further reduction



TABLE 21
The effect of addition of 1-palmitoyl, 2-oleoyl glycerol on
incorporation of radicactivity from UDP-1dC-Galactnsa by
chloroplast envelopes.

Reaction mixture: The standard incubation mixture with 40 ug

4
envelope protein, 0 - 11,3 mg DG and 10 ul UDP-1 C-Galactose
(55,000 dpm) was incubated for 30 min at 30 %,

Diacylglycerol Galactose incorporation dpm in MGDG
added (mg) (% of total added) dpm in DGDG

0 28.0 111

0.75 29.8 6.2

1.88 27,5 8.9

3.77 23.9 8.7

7.54 24,5 14.4

11.31 20,0 15.1

FIGURE 20

The effect of addition of 1-palmitoyl, 2-oleoyl glycerol on
incorporation of radicactivity from UDP-TdC—Galactosa by

chloroplast envelopes. (see Table 21)
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173,
in incorporation as the time of sonication waes increased. Therefore
the general effect of sonication of the envelope preparation was to
reduce the incorporation of galactose from UUP-“C-G-l-ctus- inte

galactolipids,

TABLE 22

The effect of sonication in the presence and absence of diacylglycerol
on incorporation of radioactivity from UDP-1‘C-Ealact03l by chloreplast
|

envelopes, !

Reaction mixture: The standard incubation mixture with 40 ug

‘cnvalope protein and with either 1.5 mg DC er with no addad DG was

]tonicatsd for up to 6 min. After sonication 10 pl UDP- C Galactose
(55 000 dpm, 0.07 nmoles) was added and imcubation was at 30 °c for [
'a further 30 nin.

f_ Time of sonication Galactusu incorporation (¥ of total added) |
(min) with DG ~with no DG [
0 0 -*-‘"—"Sg.u'- . _ 37 ‘ -
0.5 | - 22.6 |
1 19.0 25.8 |
2 18.7 | 25.8
3 13.7 | 5 l
4 | 12.0 24,2 [
6 | - 23.3 —l

Mudd et al (1969) could not detect radioactivity in MGDC after
incubation of an acetone powder of spinach chloroplasts with UDP-
Galactose and 1‘C-diacylglycarol. The experiments of Mudd et al
(1969) were repeated with a preparation of chloroplast ‘envelopes and
1-palmitoyl, 2-U-1‘t-nlloy1 glycerol (0.003 pCi per mole) and
1,2-di-U-"%C-1inoleoyl glycerol (0.005 pCi per mole), and incorpor.-
ation of radioactivity from 1‘C-dincylglycsrol into MCDC was
determined after separation of the lipid components by TLC.

No incorporation of radiolctiuity from " C-dilcylglyc-rol into
MCDC wes observed using 1,2-di-U- e -linoleoyl glyc-rul (Table 23).
Similar results were obtained with 1-palmitoyl, 290- C-olcnyl
glycerol (Data not shown). Increasing the time of incubation (up to
5 h) or sonication of the incubation containing 1‘C-diacylglyc-rol
did not affect the incorporation of radicactivity from 1‘6-06
detected in MGDG, Nevertheless, radioactivity was detected in MGDG
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FIGURE 21

The effect of sonication in the presence

and absence of diacylglycerol on incorporation
of radiocactivity from UDP-14C-Galactose by
chloroplast envelopes. (See Table 22)

Key: [ diacylglycerol added (1.5 mg)

O no diacylglycerol

Galactose incorporation %

1 1 1 1 1 1

1 2 3 4 5 6
Time of sonication (min)
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when UDP—14C-Ealactoae (55,000 dpm) and 1‘8-05 were used as substrates
indicating that the transferase was active in the presence of

MC-diacylglycarol.

TABLE 23
14

14C-HEDG from 1‘C-diacy191ycnrol and UDP- C-

The biosynthesis of
Galactose by chloroplast envelopes,

Reaction mixture: The standard incubation mixture containing 40 ug

envelope protein and the additions stated in the Table were
incubated for 1 h at 30 °C.

uoe-"4c- e Radicactivity
UDP-Calactose Galactose 142-di-U-" C-linoleoyl| in
concentration concentration glycerol added “(dpm)
(mMm) (}.m) (mg) MGDG DG
1.4 o 0.88 0 15208
- 0.27 0.88 10501 | 16071
1.4 - 1.76 24 29372
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4.2.12 The effect of Triton X-100 and sodium cholate on incorporation

of radioactivity from UDP-1aC-Galactus- into galactolipids by

envelopes of chloroplasts.
Experiment 4.2.11 had shown that added diacylglycerol (DG) did not

stimulate incorporation of radioactivity from UDP-14C—Ga1actnss into
lipide and no incorporation of radiocactivity from 1‘C--Dl: was detected
in MGDG, However, the added DG may not have been available to galac-
tosyltransferase because of the particulate nature of the envelopes,
Therefore, Triton X-100 and sodium cholate were employed as detergents
in attempts to disrupt and solubilize the envelope membrans and allow
access of exogenous DG to transferase. Varying concentrations of
Triton X-100 and sodium cholate were incubated with or without 0.8 mg
DG or 0.67 mg triacylglycerol. &

Triton X-100 (Table 24 and Figure 22) and sodium cholate (Table 24
and Figure 23) in the absence of DG inhibited incorporation of galac-
tose from UDP-1‘C-Ga1hctoan into galactolipids by chloroplast
envelopes, Triton X-100 at 0,083 ¥ (1.2 mM, assuming 648 avg. mwt.
for Triton X-100) or sodium cholate at 8 mM completely inhibited incor-

poration.

When 0.8 mg DC was included in the preincubation mixture both
Triton X-100 (Table 24 and Figure 22) and sodium cholate (Table 24
and Figure 23) showed a change in their respective patterns of
inhibition of transferase activity and a higher concentration of each
detergent was required to inactivate the enzyme. In the case of
Triton X-100, but not sodium cholate there was a marked stimulation of
incorporation with a maximum at about 0,083 ¥ - Triton X-100. This
concentration of Triton X-100 in the absence of DG completely
inhibited transferase activity. All detectable transferase activity
was retained in the envelope membrane. WNgp activity was detected in
any supernatant fraction following detergent treatment of chloroplast

envelopes,

To determine whether the stimulation of incorporation by Triton
X-100 in the presence of DG was due to the DG acting as a substrate
for the synthesis of MGDC or simply to an interaction between the
detergent and the added DG, 0.67 mg 1-palmitoyl, 2,3-dicleoyl glycerol
was substituted for the diacylglycerol in the incubation mixtures .
containing Triton X-100,
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Varying the concentration of Triton X-100 in the presence of
triacylglycerol gave a stimulation of incorporation of radiocactivity
from UDP-“E-Galactnsa into galactolipids which was similar to that
observed with DG. Consequently it is unlikely that the stimulation
of incorporation obtained in the presence of DC is resulting from
the added DG acting as a substrate for the synthesis of MGDG by

transferase.

The effect of sodium cholate on the incorporation of radicactivity
from 1‘C-dilcylglycnru1 inte MGDC by chloroplest envelopes was
inveltiglte& but no incorporation of radioactivity from either
1-palmitoyl, 2-U—1‘C—olnuy1 glycerol or 1,2-d1-U-14C-11nnlaoyl
glycerol was detected in MGDGC from any of the experiments (Data not
shown). Sonication of the incubation mixture and increasing the

incubation time up to 5 h were without effect.
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TABLE 24

The effect of Tritom X-100 and sodium cholate on the incorporation
of radiocactivity from UDP-1‘C-Ba1actosc into galactolipids by
envelopes of chloroplasts.

Reaction mixture: Lipid was sonicated into buffer containing 0,05 %

(w/v) Triton X-100. 100 pul envelope fraction (40 wg protein) was
incubated in the standard incubation mixture containing 0 - 0.167 ¥
(w/v) Triton X-100 (about 0 = 2,5 mM) or 1 = 10 wM sodium cholate in
the presence and absence of 0.8 mg diacylglycerol or 0.67 mg
triacylglycerol for 10 min at 30 °C. After this preincubation 10 ul
uoP="4c-Galactose (51,000 dpm, 0.07 nmoles) was added and incubation
was continued for e further 30 min at 30 °C.

Triton X-100 Galactose incorporation (% of tﬁtal)
concantration diacylglycerol triacyl-
(%) no addition added glycerol added
0 37.0 21.0 15.5
0.0097 28.0 18.1 15.5
0.019 - 12.3 -
0.029 17.9 ) 24,6 26.8
00039 - 23.0 -
0.048 8.2 32.3 33.6
0.063 - 33.9 31 .5
0.083 0.2 34,9 33.0
00111 - 28.‘ 22.5
0.139 0 18.5 19.1
0.167 - B.6 -
Na cholate concen- Galactose incorporation (% of total)
tration (mM) no addition diacylglycerol added
0 44.6 32.4
1 34.1 36.3
2 38.0 36.6
3 35.4 38.7
4 25.0 -
5 11.8 * 32.9
6 1.2 25.8
8 0 13.5
10 0 4.9




%

Galactose incorporation

FIGURE 22

The effect of Triton X-100 in the presence and
absence of diacylglycerol and triacylglycerol on
incorporation of radioactivity from UDP-14C-Ealactnse

into galactolipids by envelopes of chloroplasts,.
(see Table 24)

Key: (o) with 0.8 mg diacylglycerol
@ with 0.67 mg triacylglycerol
O Control (no addition)

40
30
20 @
10
L . : mem—— e
0.02 0.06 010 014 018

Triton X-100 concn. (%)
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incorporation

Galactose

FIGURE 23

The effect of sodium cholate in the presence
or absence of diacylglycerol on incorporation
of radioactivity from UDP-1aC-Galactnsn into
galactolipids by envelopes of chloroplasts,
(see Table 24)

Key: o Control (no addition)

(0] with 0.8 mg diacylglycerol

wn
(=
1

80,
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4.2.13 The effect of phospholipase C and D on incorporation of

radioactivity from UDP-1‘C-Galactoaa into lipids by chloro-

plast envelopes.

The apparent inactivation of transferase by detergent action on the
membrane-bound enzyme (4.2.12) indicated that the enzyme may be depen-
dent for activity on a component of the membrane. The chloroplast
envelope is rich in phospholipid (Mackender and Leech, 1974 ; Poincelot,
1973 ; Hashimoto and Myrakami, 1975) and consequently it was of
interest to examine the effect of phospholipases on the activity of
the transferase. The effect of phospholipase C was of particular
interest because the hydrolysis product of this enzyme (diacylglycerol)
may provide an endogenous source of substrate for the synthesis of

MGDG by transferase,

Incubation of chloroplast envelopes with phospholipase C for 10 min
had & very slight inhibitory effect en incorporation of radioactivity
from UDP—1‘C-Ga1actoss by galactosyltransferase (Table 25 and Figure 24)
but longer periods of incubation led to about 50 ¥ inhibition.
Incubation of the envelopes with phospholipase D had a more immediate
inhibitory effect and reduced incorporation to a greater extent (80 %
inhibition after 3 h incubation) than phospholipase C. Turbidity of
the incubation mixture was noted after 30 min of incubation with
phospholipase C, but no turbidity was observed during incubation with
phospholipase D, The turbidity may be due to accumulation of lipid
producte (diacylglycerol) of the digestion.

The inhibition of transferase activity may be due to a disruption
effect of the phospholipases on the membrane or its components or
to an accumulation of the products of phospholipase digestion
(phosphatidic acid, diacylglycerol). However, the similar inhibitory
response with both phospholipase C and D would suggest that the
integrity of the envelope membrane and particularly the phospholipid
component of the membrane may have an important role in the activity

of the galactosyltransferase.

Phospholipids isolated from spinach and hens egg were sonicated
into buffer containing 0.1 ¥ Triton X-100 (w/v) and were added to
chloroplast envelope that had been incubated with phospholipase C
or D for 30 min. No stimulation of incorporation of radiocactivity =
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from UDP-1‘C-Balactose into galactolipids was obtained by addition

of 1 - Sﬂdpg phosphatidylcholine or phosphatidylglycerol from
lpinacq’or phosphatidylcholine from hens egg. The addition of the
phospholipid to the partially digested envelope membrane gave a
further inhibition of transferase activity and reduced total
incorporation in all incubations to between 2 - 15 %, ‘

TABLE 25
The effect of phospholipase C and D on incorporation of radicactivity
from UDP-1¢O-Gllactose into lipids by chloroplast envelopes.
Reaction mixture: The standard incubation mixture containing 40 g
envelope protein, 20 mM E|2+, and 0.37 units phospholipase C (1 unit
releases 1 umole Pi min-1 at pH 7.3) or 0,001 units phospholipase D
(1 unit catalyses the cleavage of 1 pmole lecithin h'1 at pH 7.0)
was incubated for up to 180 min at 30 °c (Berry et al 1978), After
the times of incubation given in the Table, 10 ul UDP-1‘C-Gnlactoso
(51,000 dpm, 0.07 nmoles) was added and incubation was continued for

a further 30 min at 30 °C.

Tias o SHeNbREIR Calactose incorporation (X of total added)
(min) Control with phos- uith_phos-
pholipase C pholipase D
0 39.0 - -
10 - 38.7 16,3
30 - 36.3 13.7
60 37.4 27.2 (40,1)* 14.8 (11.4)*
90 - 20.4 13.1
120 39.0 17.2 11.4
180 35.1 22,3 7.8

(* incubation in the absence of Clz’)




FIGURE 24

The effect of phospholipass C and D on incorporation
of radioactivity from UDP-14C-Ealactnsa into lipids

by chloroplast envelopss,

Key: Control
Phospholipase C
Phospholipase C (with no Ca

Phospholipase D

» O © O =

Phospholipase D (with no Ca

%

incorporation

107

Galactose
(=g

1 1

2+)

2+)

1 2
Time of incubation (h)

33.
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4,2.14 The effect of proteolytic digestion of chloroplast envelopes

with trypsin or protease on incorporation of radiocactivity
from UDP-1‘C—Galactas-.

Conplipentary to the investigation of the effect of phospholipasss
on the izpid components of the membrane was an examination of the
effect of hydrolysis of the protein components of the membrane.
Consequently the effect on transferase activity of treatment of the

envelopes with trypsin or protease was examined,

The envelope membranes after gryptig;digistion and before gel
electrophoresis were washed by centrifugation and resuspension in
buffer in an attempt to remove the trypsin. Gel electrophoresis
of the digested and the undigested envelope pellets was performed
as described in methods (3.1,9). 3

Incorporation of radiocactivity from UDP-14C-Galactose into lipids
by chloroplast envelopes was reduced by about 60 ¥ after incubation
for 30 min with 50 wg protease (Table 26). Protease digestion of the
envelope preparation for 30 min gave coagulation of the envelopes and
this may account for some of the inhibition of incorporation.
Incubation with 100)pg trypsin reduced incorporation by about 30 %.
Proteolytic digestion had no effect on the ratio of radioactivity
incorporated into MGDG and DGDG.

It appears that galactosyltransferase is relatively resistant teo
digestion with a 2:1 ratio (H/ﬁ) of trypsin to envelops protein.
The effect of protease is complicated by the precipitation of the

envelopes observed after incubation with this enzyme,

The gel electropherograms obtained from the digested and the
undigested envelope pellets are given in Figure 25, The undigested
envelope gave a polypeptide pattern similar to that observed by
Sprey and Laetsch (1975) with about 9 major, distinguishable protein
bands. The digested envelopes gave one broad protein band (as
observed by Joy and Ellis, 1975) which ran close behind the dye front

on the gel. No other protein bands were observed.
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TABLE 26
The effect of proteclytic digestion of chloroplast envelopes with
trypsin or protease on incorporation of radiocactivity from
uoP-Y4C-Calactose into lipids.

Reaction mixture: The standard incubation mixture at pH 8.0
contained 60 pg envelope protein, 20 mM Ca2+ and 100 M9 trypein
or 50 pg protease. After preincubation for 30 min at 30 oC, 10 ul
of UDP-'%C-Calactose (55,000 dpm, 0.07 nmoles) was added and

incubation was continued for a further 30 min at 30 nC.

Galactose incorporation | dpm in MGDG

(% of total added) dpm in DGDG
Control 37.7 13
Trypsin (100 ug) 24,9 14
Protease (50 ug) 15.6 14

4,2,15 The fatty acid composition of MGDG, DGDG and DG isolated

from whole tissue, chloroplasts and chloroplast envelopes

of spinach.
The fatty acid composition of MGDGC and DGDC from chloroplasts

and chloroplast envelopes of spinach has been extensively studied
(Kuiper, 1970 ; Douce et al 1973). Although Joyard and Douce (1976 c)
commented that the constituent fatty acids of DG contained high
amounts of 18:3 and 16:3,data on the composition was not presented.
The fatty acid composition of DG from whole tissue, chloroplasts

and chloroplast envelopes is of particular interest in view of the
claims that highly unsaturated diacylglycerol is the preferred
substrate for MGDG synthesis by transferase (Mudd et al 1969).

The same batch of tissue was used for all of the preparations.
Chloroplasts were isolated from 115 g leaf tissue by the method of
Leese et al (1971) (methods 3.2) and envelopes were prepared from
300 g tissue (methods 3.2.2). The lipid components were isolated
from whole tissue (80 g), chloroplasts and chluraplsst envelopes as
described in methods (3.2.3) and were separated by TLC. A known
amount of heptadecancic acid (17:0) was added prior to methylation
of the fatty acids to serve as an internal standard for calculations
from the GLC data.



FIGURE 25
Gel electropherograms of

the chloroplast envelope.,

a) before digestion

b) after digestion with trypsin

(100 pg trypsin)

86.
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The total amounts of MGDG, DGDG and DG from whole tissue,

chloroplasts and chloroplast envelopes of spinach, calculated from

the GLC data,

are given in Table 27.

The fatty acid composition of MGDG, DGDC and DG in each fraction

is given in Table 28.

TABLE 27

The MGDG, DGDG and DG content of whole tissue, chloroplasts and

chloroplast envelopes

of spinach.

Whole tissue Chloroplasts Chloroplast envelopes
(umoles per mg (umoles per mg (nmoles per mg envelope
chlorophyll) chlorophyll) protein)

MGDG DGDG DG MGDC DGDG DG MODG DGDG - DG

5.4 4.2 0.4 o e 5 1.09 D.05 295 470 58

The MGDG:DGDG ratio of the envelopes is significantly different
‘to the ratio of these lipids obtatned from chloroplasts. Assuming
a mg lipid per mg protein ratio of 1.74:1 for the envelopes
(Poincelot and Day, 1974) DG would account for about 2 % of the
total lipid of the chloroplast ‘envelope.

The galactolipids MGDG and DGDG from whole tissue, chloroplasts
and chloroplast envelopes are rich in highly unsaturated fatty acids.
As observed by previous workers (Kates, 1970 ; Douce et al 1973)
MGDG contains high amounts of 18:3 and 16:3 and DGDG is rich in 18:3.
In comtrast the DG isolated from chloroplasts and whole tissue
contains high amounts of the fatty acids 18:1 and 16:0. The DG
isolated from chloroplast envelopes has a fatty acid composition
intermediate between the highly unsaturated MGDG and the saturated
DG of the chloroplast.



TABLE 28

The fatty acid composition of MGDG, DCOG and DG isolated from whole leaf tissue, chloroplasts

and chloroplast envelopes of spinach.

Procedures: See text for analytical procedures.
(¥ of total fatty acids by weight)

Fatty acid Whole tissue Chloroplasts Chloroplast Envelopes
MGDG DGDG DG MGDG DGDG DG MGDG DCDG DG
14:0 0.1 trace 1t 0.2 0.4 |trace 1.92 0.7 4,1

16:0 0.9 14,6 62.4 1.4 11.5 62.8 15.5 25.3 26
16:1 0.3 |trace 1.8 0.4 trace |trace 2.0 trace |trace
1613 25 1.4 - '29.8 1.8 - 18.6 3.3 7.3
18:0 0.6 7.0 3.7 trace 2,3 9.2 4,8 1.9 8.3
1811 0.7 2,2 |19.4 0.4 3.2 21 5.2 4,6 14,2
© 1812 1.0 5.6 6.9 0.8 2.8 4,4 2.2 3.4 7.3
18:3 71.4 69.2 4,7 67,0 78 2.6 46.8 60.7 32.7
50:1 - - - trace - - 2.9 - trace
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CHAPTER & DISCUSSION

PMethods for the isolation of chloroplast envelopes have been
described for broad bean (Mackender and Leech, 1971) and spinach
(Poincelot, 1973 3 Douce st al 1973) which involve disruption of
isolated chloroplasts by homogenization after osmotic bursting and
then centrifugation of the chloroplast fragments on a discontinuous
sucrose gradient. The procedure of Douce st al (1973) was followed
in the present study to isolate envelopes from chloroplasts of maize
and spinach. It gave low yields of envelopes from purified chloro-
plasts of maize and the resultant envelope pellet contained very
low galactosyltransferase activity. Spinach chloroplasts yielded
up to 20 fold more envelope protein and the envelopes gave high
incorporation (up to 70 ¥) of radiocactivity from UDP-1aC-Galactnsa
into MGDG. 2

However, as reported by Joyard and Douce (1976b), the procedure
of Douce st al (1973) has two major disadvantages which are the
requirements for a purified chloroplast preparation and for the
inclusion of H92+ in the buffers of the discontinuous sucrose
gradient, 1In early experiments of the present work the procedure
of Leese et al (1971) was uaed_tn prepare purified chloroplasts
which were suitable for use in the procedure of Douce gt al (1973).
These procedures resulted in a yield of envelopes of about 2 mg
envelope protein per kg starting material, The envelope pellet
required up to 5 h preparation time and generally contained small

amounts of chlorophyll contamination,

The method for the preparation of envelopes of spinach chloro-
plasts reported by Poincelot (1973) was further developed by
Poincelot and Day (1974) and these workers succeeded in preparing
contaminant-free envelopes in higher yields and with a more regular
appearance under electronmicroscopy than the membranes isolated by
Douce et al (1973) and Joyard and Douce (1976b). The essential
feature of the Poincelot and Day (1974) method was a modification
of the discontinuous sucrose gradient which led to a more complete
separation of the envelopes from the lamellae and other chloro-
plistic material. This technique resulted in up to 30 ¥ higher
yield of less contaminated envelopes from a crude preparation of
chloroplasts and a decrease in the preparation time required for
the isolation of the envelopes. Consequently the method of Poincelot
and Day (1974) was employed in the present study for the routine



preparation of chloroplast envelopes from spinach, 2
The envelopes of spinach chloroplasts isolated by Douce et al
(1973) and Poincelot (1973) were reported to contain a specific
ng+-dcpsndent ATPase activity. The modified procedure of
Poincelot and Day (1974) that gave improved yields of double
membraned envelopes also gave up to 10 fold higher ng+-d-p ATPase
activity (80 Mmoles Pi
that the ATPase may be associated with the intact double-membraned

h'1ng protsin-1). These workers suggested

envelopes and may be lost during isolation of the single-membraned

envelopes,

Fractions from the modified discontinuous gradient of the
present study, reported to be rich in single-membraned (fraction 1)
and double-membraned (fraction 2) envelopes (Poincelot and Day,
1974) did not show significantly different ATPase activities. The
low detectable ATPase activity (about 5.3 pMm Pi formed , h‘1, mg
prutein'1) in the double-membraned fraction may indicate that this
fraction contains a high proportion of single membranes or that
the ATPase is easily lost from the envelope during the isolation
procedure employed in the present study. However, the double-
membraned envelope fraction (fraction 2) appeared, under electron- ‘
microscopy, to consist of a high piwnaorﬁicnnof double~-membraned
envelopes, which would suggest that the ATPasse activity may have
been lost during envelope isolation or that the assay system for
the ATPase failed to detect this enzyme,

Douce (1974), Van Hummell et al and Joyard and Douce (1976b)
reported that a highly specific galactosyltransferase activity was
associated with the chloroplast envelope which was concentrated in
fraction 2 of the discontinuous sucrose gradient, This was
confirmed in the present work. Sub-chloroplast fractions that
were prepared by centrifugation on the modified discontinuous
gradient showed & distribution of galactosyltransferase similar to
that found by Douce et al (1973) with the dohbln--e-bran-d fraction
(fraction 2) incorporating about 60 ¥ of the added radioactivity
from UDP-“C-G-llctoaa into galactolipids. It is of interest that
both the single-membraned fraction (fraction 1) and the double-
membraned fraction had a similar specific activity for galacto-
syltransferase., If these fractions consist of primarily single

and double-membraned envelopes respectively then this would suggest
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that the transferase is relatively firmly bound to one or both

of the envelope membranes,

Mudd et al (1969) reported that up to 40 ¥ of the detectable
chloroplast galactosyltransferase in a spinach leaf homogenate
was not sedimented by centrifugation at 100,000 x g for 1 h,
However, in the present study all of the galactosyltransferase
activity in the supernatant from the modified discontinuous
gradient was pelleted by centrifugation at 80,000 x g for 30 min,
i.e, no evidence was obtained of a soluble galactosyltransferase,

in the supernatant of a homogenate of spinach chloroplasts.

Mudd gj al (1969) and Chang and Kulkarni (1970) have examined
several characteristics of the galactosyltransferase of spinach
chloroplasts and in particular the pH, temperature, cation and
substrate dependence of incorporation of radiocactivity from
UDP-1‘C-Galactosa into galactolipids, Similar aspects of the
nature of the galactosyltransferase of the spinach chloroplast
were examined in the present study using chloroplast envelopes as

the source of the enzyme,

Mudd et al (1969) reported a dependence of transferase activity
of an acetone powder of spinach chloroplasts on the temperature of
incubation with maximum incorporation (30 ¥ of the added radioactive
label) obtained at 40 ol'.‘. Incubation at 60 oE reduced the total
incorporation to about 10 ¥, Galactosyltransferase activity of the
chloroplast envelope showed a similar dependence on the temperature
of incubation and increasing the temperature from 23 °c to 45 “
increased the total incorporation after 30 win from 40 ¥ to 54 %
with a maximum of 53 ¥ at 30 .

It is possible that the membrane-bound nature and consequent
lipid association of galactosyltransferase may help to maintain
transferase activity at high incubatiun‘tunperaturna such as 45 °C.
Furthermore the high optimum temperature of incubation may be
explained by the effect of temperature on the kinetics of interaction
between the enzyme and the substrates, particularly the endogenous

diacylglycerol. Higher incubation temperatures may promote a
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greater freedom of movement for both the protein and the lipid

components of the membrane (Singer and Nicholson, 1972),

Mudd et al (1969) and more recently Van Besouw and Wintermans
(1978) reported that the optimum pH of incubation for incorpor-
ation of radioactivity by transferase of the spinach chloroplast
was pH 7.2 - 7.5 and at this pH MGDC appeared to be the major
labelled lipid. At lower pH values higher proportions of DGDG
were synthesised, A similar trend was noted in the present study
on transferase of the chloroplast envelope, however, the optimum
pH for incorporation was about pH 8.0, The nature of the incuba-
tion buffers used in the present study had a significant effect
on the total incorporation of radioactivity into the lipid fraction.

HEPES-NaOH at pH 8.0 gave the highest total incorporatien of
72 % of the added label. Maximum incorporation with Tris-HC| was
at pH 8.5 (67 %) and Tricine-NaOH at pH 9,0 (61 %). The :
distribution of radioactivity between MGDG and DGDC was influenced
by the nature of the buffer, Tricine-NaOH at all pH values gave
higher levels of label in DGDC than Tris or HEPES. HEPES-NaOH at
50 mM and pH 8,0 was employed as the standard incubation buffer
because under these conditiuné a high proportion of the radio-
activity was incorporated into MGDG, thus any observed effect on
incorporation would, primarily, be an effect on transferase involved

in the synthesis of MGDG.

The specific activity of galactosyltransferase in envelopes
isolated from spinach chloroplasts was about 55 pmoles uin'1 mg
protein-1 when incubated at 30 °c and pH B,0.Joyard and Douce (1976c)
had reported transferase activity of about 15 nmoles nin-1ng
prntuin-1 in chloroplast envelopes and more recently Van Besouw and
wintermans (1978) had obtained transferase activity of about 45
nmoles lnin-1 mg protein-1. The concentration of UDP-1‘C-Galactosa
in the present study was about 0.3 pM in comparison to 0.5 mM used
by Joyard and Douce (1976c) and Van Besouw and Wintermans (1978)
which may account for much of the difference in the calculated
transferase activity. Nevertheless some of the variation could be
due to variations in the age of tissue, method of isolation of
chloroplasts and envelopes and to the different incubation

conditions (pH, temperature, cation concentration) used by different-

i
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workers. The light and temperature environment of the growing
tissue have been reported to influence the level of galactolipid

in leaf tissue (Gray et al 1967 ; Kuiper, 1970), Large variations
in the lipid composition of leaf tissue with respect to the maturity
of the tissue have been reported (Fong and Heath, 1977 ; Hawke et al
1974) and the lipid composition may reflect, to some degree, the
level of the biosynthetic enzymes in tissue, Variations in
transferase activity may also be a consequence of the different
techniques used by different workers to isolate chloroplast
envelopes., Van Besouw and Wintermans (1978), Joyard and Douce
(1976bc) and Douce (1974) used the method of Douce et al (1973) to
isolate envelopes, In the present study this method was inferior in
the yield of envelope protein and degree of contamination of the
envelopes to the method of Poincelot and Day (1974) and conseguently
the latter method gave an increased specific activity of galacto=-

syltransferase over the method of Douce et al (1973).

The reported K- for UDP-Galactose for galactosyltransferase is
about 40 wM (Vvan Besouw and Wintermans, 1978). The ideal substrate
concentration for the study of enzymatic reactions is about 10-100
X K. and consequently the UDPQ148-Galactosa concentration (0.3 uM)
in the present study must be assumed to be rate-limiting. It was
impractical to use sufficiently high molar concentrations of
UDP—14C-Galnctose therefore the addition of unlabelled carrier
UDP-Calactose was investigated., However, when unlabelled UDP-Galac=-
tose was added to the UDP-1‘C-Galnctuse to give a final UDP-Galactose
concentration of 30 pM, maximum incorporation was reduced by about
B0 ¥ which greatly reduced the amount of radioactive lipid available
for analysis, The membrane bound (particulate) nature of galacto-
syltransferase poses further problems of the rate-limitation as the
added substrates and effectors may not be fully accessible to the

enzyme and this may lead to heterogeneity of the micro-snvironment

of the assay (Martensson st al 1974).

Chang and Kulkarni (1970) concluded that galactosyltransferase
of spinach chloroplasts had no cation requirement for the synthesis
of MGDG and mone of the cations tested gave a stimulation of incor-
poration, However these workers used a relatively crude preparation
of transferase obtained from a homogenate of spinach chloroplasts

and the concentration of H92+ carried over from the isolation buffers
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may have been sufficient to maintain transferase activity. The
early studies on transferase of the chloroplast envelope (Douce,
1974 ; Van Hummel st al 1975) were in the presence of Mg2' in the
incubation buffer. Van Besouw and Wintermans (1978) reported that
10 mM ng+ was required in the incubation buffer to give maximum
incorporation of radioactivity from UDP-1‘C-Gnlactose into galacto-
lipids by the transferase of the chloroplast envelope. Veerkamp
(1974) reported a dependence of galactosyltransferase of a
bacterial fraction on added Hn2+, ng+, C02+ or F32+ and Fraser
and Mooker jea (1977) have described a dependence of galactesyl-
transferase of rat liver microsomes on added Hn2+°
Chloroplast envelopes isolated in buffers containing H92+ showed
no cation dependence, However, when the envelopes were ;sulatld
in buffers containing no H92+ a cation dependence of galactosyl-
transferase activity was observed., About 16 % of the added radio-
active label was incorporated into galactolipids in the absence of
added cations and addition of 5 mM ng+, Caz+ or Baz+ increased
total incorporation to about 47 %, 46 ¥ and 52 ¥ respectively.
when the concentrations of the cations were varied over the range
0.1 - 50 mM each cation gave maximum incorporation at about 2,5 mM,
Incorporation was increasingly inhibited by cation concentrations
above 5 mM, Of the other cations tested (Li+, K+, Ha+, Cuz+, Eu2+,
Hn2+, C32+) none significantly stimulated transferase activity and

5 mM Cu2+ completely inhibited incorporation,

Ba2+ is an unusual cation to stimulate an enzymic reaction and
Caz+ with its tendency to form insoluble salts of free fatty acids
would appear to bes a most unlikely effector for a membrane-bound

enzyme involved in the synthesis of lipids.

A similar cation reguirement to the chloroplast transferase is

shown by a bacterial galactosyltransferase (Veerkamp, 1974). Both
are stimulated by Hn2+, C-2+ and ng+
inhibitory., The effect of H92+ up to S0 mM was similar for both

enzymes but the data for Ca2+ and Bn2+, ever this concentration

s and Cuz+ was completely

range, was not reported for the bacterial enzyme, Furthermore, the
pH dependence of the distribution of radioactivity between MGDG and
DGDGC and the polygalactolipids was similar for both enzymes; lower
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pH values result in an increase incorporation into DGDG and

higher pH values favour the synthesis of MCDG.

The influence of substrate, product or cofactor concentrations
on the galactosyltransferase reaction has not been reported and
some of these aspects were examined in the present work., The most

effective nucleotide inhibitor is UDP, a product of the reaction:
UDP-Galactose + Diacylglycerol —» MGDGC + UDP

UDP gave SO ¥ inhibiticn of the reaction at about 5 pM, whereas
500 pMm UMP or 100 pM UTP were required to give a similar level of
inhibition. NADH and PPi were without effect, The low concentra-
tion of UDP required for inhibition may pose a problem of control
for the plant cell, I

Kuhn and White (1977) investigated the role of a nucleoside
diphosphatase involved in the synthesis of lactose in rat mammary
gland where a similar inhibitory effect of UDP at low concentra-
tions was reported. In this system lactose is synthesised by the

reactions
UDP-GCalactose + Glucose =P Lactose + UDP

end UDP was found to strongly inhibit the reaction. Kuhn and
white (1977) reported that a nucleoside diphosphatase in the golgi

apparatus could catalyse the reaction:

upp ————> UMP + Py

and thus maintain the UDP concentration in the golgi lumen at a
sufficiently low level to prevent inhibition of galactosyltrans-
ferase. Furthermore a compartmentation of the enzyme and its
products was proposed in that UDP-Galactose is provided to the
enzyme on the cytosol side of the golgi membrane and lactose is
synthesised by the membrane-bound enzyme of the golgi lumen. The
UDP product from transferase activity is dephosphorylated by the
nucleoside diphosphatase and released back to the cytosol as UMP,
The UMP is then reconverted to UDP by a UMP kinase. Both membranes
of the golgi apparatus are impermeable to UDP and therefore UDP in
the cytosol is not capable of inhibiting transferase., In the plant
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cell, UDP-Galactose available from the cytosolic side of the

chloroplast envelope is utilised by a membrane-bound galactosyl-
transferase for the synthesis of MGDG. UDP or a corresponding
uridine nucleotide may be released back to the cytosolic side of
the envelope for reconversion to UDP-Calactose from ATP and
glucose-1-phosphate (Konigs and Heinz, 1974). Consequently there
is an interesting parallel between lactose synthesis in the rat
mammary gland and MCDG synthesis in the plant cell., Both pathways
involve membrane-bound enzymes utilizing UDP-Galactose as a sub-
strate and catalysing a reaction giving UDP as a product, moreover

both transferases are inhibited by low concentrations of UDP.

However, there are differences in the permeability of the
chloroplast envelope and the golgi membrane., Heldt and Sauer (1971)
reported that the inner of the two membranes of the chluroﬁiaat
envelope was a permeability barrier and that the outer membrane was
relatively permeable, Therefore unlike the golgi apparatus, UDP in
the cytosol of the plant cell may be capable of interacting with
galactosyltransferase unless this enzyme is situated on the inner
side of the inner envelope membrane and consequently inside the

permeability barrier for UDP. .

Okamoto and Katoh (1977) reported éhat the addition of linoleic
acid to a preparation of chloroplasts led to an inhibition of the
electron transport system of the chloroplast and they postulated
that this inhibition was due to penetration of the fatty acid into
the hydrophobic region of the chloroplast lamellae membrane. The
membrane-bound nature of galactosyltransferase of the chloroplast
envelope prompted an investigation into the effect of an unsaturated
fatty acid on its activity, Linoleic acid, at 0.7 mM, in the
incubation mixture completely inhibited galactosyltransferase
activity. Inhibition was partially removed by addition of 10 mM
Cn2+ or Baz+ but not 10 mM ng+. The effect - of the cations Caz+ and
Ba2* on the inhibition by linoleic acid may be due to the ability of
these cations to form insoluble salts of free fatty acids,

e.9. in pancreatic lipase digestion C-z* is used to form insoluble
salts pf the released free fatty acids and so prevent inhibition of
the enzyme by the fatty acid. This may account for the failure to
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observe a reduction in inhibition when ng+ was used as the cation
as salts of this cation are generally soluble, BSA was reported to
be an effective scavenger of free fatty acids (Knudsen et al 1976 ;
Okamoto and Katoh, 1977) but this protein failed to remove inhibition
by linoleic acid. Variations in the effect of BSA on inhibition of
the photochemical activities of chloroplasts have been reported,
Friedlander and Neumann (1968) showed that BSA stimulated chloro-
plast electron transport in the presence of lipolytic enzymes,
however, Wasserman and Fleischer (1968) suggested that BSA was not
stimulating activity by binding free fatty acids, Okamoto and Katoh
(1977) reported that at high free fatty concentrations BSA was not
effective in reversing all of the inhibition by free fatty acids of

the electron transport system,

From the results of the present study it is not clear whether
inhibition by linoleic acid is a result of a general disruption of
the integrity of the envelope or due to a direct effect of the fatty

acid on galactosyltransferase.

The fatty acid composition of the endogenous diacylglycerol which
is substrate for galactosyltransferase in the synthesis of MGDG is
unknown, Joyard and Douce (1976c) reported that diacylglycerol
isolated from envelopes of spinach chloroplasts contained high
amounts of 18:3 and 16:3, howsver these workers gave no supporting
data, Previous workers have reported differing effects of added DG
on galactosyltransferase of an acetone powder of spinach chloroplasts.
Although Mudd et al (1969) found that the addition of unsaturated DG
to an acetone powder gave the highest stimulation of galactosyltrans-
ferase activity, Eccleshall and Hawke (1971) showed that diacyl-
glycerols of differing degrees of unsaturation of the fatty acids

gave a similar stimulation of galactosyltransferase activity.

The ratios of galactolipid and diacylglycerol in the chloroplasts
and chloroplast envelopes are in close agreement with those obtained
by Kuiper (1970) for chloroplasts and Douce et al (1973), Poincelot,
(1973) and Joyard and Douce, (1976b) for chloroplast envelopes. MGDG,
DGDG and DG are present in whole spinach leaves in the ratio of about
10:8:1 (MGDG:DGDOG:DG)., This ratio in chloroplasts is 60:20:1 and in
the chloroplast envelope is 5:8:1, The envelope appears to be rich
in DGDGC (Mackender and Leech, 1974) and DG. The ratio of DG found
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in the present study is considerably lower than the (MGDG:DGDG:DG)
1.5:2:1 figure reported by Joyard and Douce (1976b).

The fatty acid composition of MGDC and DGDC from whole tissue,
chloroplasts and chloroplast envelopes reported by Kuiper (1970)
and Douce et al (1973) and the results of the present study are in
general agreement., MGDC contained charactnfiatically high amounts
of 18:3 and 16:3 and DGDC contained high amounts of 1B:3 and smaller
amounts of 16:0., DG from whole tissue and chloroplasts was rich in
1831 and 16:0. Joyard and Douce (1976c) reported that DG from
envelopes of spinach chloroplast envelopes contained high amounts of
18:3 and 1613, In contrast, DG from envelopes of the present study
was found teo contain significant amounts of 18:1 and 16:0 in addition
to 18:3 but very small amounts of 16:3. Therefore DG from chloro-
plast envelopes would appear to contain a mixture of saturated and
unsaturated fatty acids., This may suggest that highly unsaturated
diacylglycerols are not available as substrates for galactosyl-
transferase and may indicate that desaturation steps occur after
galactosylation of the DC to give the characteristic highly
unsaturated MGDG.

These results would be consistent with the report by Eccleshall
and Hawke (1971) as to the non-specificity of stimulation of galacto-
syltransferase activity by DG of varying fatty acid composition.
Furthermore these results are supported by the recent work of McKee
and Hawke (pers.comm.) on the appearance of 18:1 and 16:0 in MGDG
synthesised by spinach chloroplasts. However, these results are in
direct contrast to the work of Mudd et al (1969) which suggested that
transferase was specific towards the fatty acid compositien of DG and
to the work of Joyard and Douce (1976c) who reported that DG from

chloroplast envelopes contained high amounts of 18:3 and 16:3,

Ongun and Mudd (1968) demonstrated that incorporation of radio-
activity from UDP-1‘C-Callctosa into MCDG by an acetone powder of
spinach chloroplasts was stimulated hy‘addition of exogenous diacyl-
glycerol (DGC) and Mudd et al (1969) then reported that DC containing
polyunsaturated fatty acids gave maximum stimulation of incorporation.
However, they were unable to prepare a 1‘C-DG of sufficiently high

specific activity to measure incorporation of radioactivity from .



99
14¢-DC into MGDG by the acetone powder. Ongun and Mudd (1968)
and Eccleshall and Hawke (1971) adsorbed the exogenous DG directly
to the acetone powder preparation., Veerkamp (1974) successfully
used a similar procedure in experiments with an acetone powder of

a bacterial transferase,

Following unsuccessful attempts at preparation of an acetone
powder of envelopes of spinach chloroplasts, the effect of
exogenous DG on galactosyltransferase of the chloroplast envelope
was examined using a suspension of envelopes in buffer. Exogenous
DG was not a requirement for activity by galactosyltransferase of
the envelope and addition of 1-palmitoyl, 2-oleoyl glycerol or
1,2-di-linoleoyl glycerol to the envelope preparation gave no
stimulation of incorporation of radiocactivity from 1‘C-Dﬁl}ﬂtu
MGDG. However the low specific activity (0.005 HCi per mole) of
the 1‘E-DG may account for this lack of incorporation. Alternatively
the diacylglycerols may have been unsuitableSUbStnfatgﬁfor incorpor-
ation by transferase because the fatty acid conpnsitioﬁ of the lipid
or the method of dispersion of the lipid in the incubation mixture

was unsuitable,

Most of the endogenous DG is removed from the chloroplasts during
preparation of an acetone powder and therefore transferase of an
acetone powder is dependent on added DG for activity. In contrast
Joyard and Douce (1976bc) reported that envelopes from spinach
chloroplasts contained up to 0.4 mg DG per mg envelope protein
(16 £ of the total envelope lipid). In the present study a
considerably lower figure, 0.035 mg DG per mg protein was obtained,
i.e. 2 ¥ of the total envelope lipid. Early reports by Douce (Douce,
1974 ; Douce et al 1973) on the lipid composition of chloroplast
envelopes did not give values for the DG content of envelopes. Other
workers (Poincelot, 1973 ; Mackender and Leech, 1974 ; Hashimoto and
Murakami, 1975) also have not included values for DG in their
detailed studies on the lipid composition of chloroplast envelopes.
Therefore the high DG content found byIJoyard and Douce (1976bc) is
somewhat surprising, Furthermore these workers (Joyard and Douce,
1976c) have described a close relationship between changes in the
levels of endogenous DG and MGDC after addition of UDP-Calactose.

If such high concentrations of endogenous lipid are present in the

envelope fraction it is perhaps not unexpected that added exogenous

MASSEY UNIVERSITY
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DG (addition of up to 11 mg DG per incubation) does not stimulate
the incorporation of radiocactivity from UDP-1‘C-G|lactosc into
MGDG., The endogenous DG rich in the fatty acids 16:0, 18:1 and
18:3 may have a more suitable fatty acid composition and be better
dispersed than added DG and therefore the endogenous DG may be

utilised in preference to exogenous DG.

The membrane-bound nature of the chloroplast envelope galacto-
syltransferase posed problems of heterogeneity of the micro-
environment of the assay. Electronmicroscopy showed that a high
proportion of the envelope membranes were present as vesicles which
in many cases appeared to be resealed. Consequently added substrates
and effectors may not have been freely accessible to galactosyl=-
transferase. The failure to achieve stimulation of transferase by
sonication before and after addition of DG prompted the ﬁse of the
detergents Triton X-100 and sodium cholate., These were similarly
unsuccessful in solubilizing an active transferase. The addition
of DG along with the detergent did not stimulate incorporation and
no radioactivity from 1“C-DE was incorporated into MGDC of the
envelope, Furthermore no galactosyltransferase activity was
detected in any soluble fraction derived from detergent action on
the chloroplast or the chloroplast envelope. Preincubation of the
envelope with phospholipase C or D prior to addition of UDP-14C-Gal-
actose showed that both enzymes inhibited transferase activity,
perhaps indicating a phospholipid requirement of transferase. Berry
et al (1978) regarded the inhibitory effect of phospholipase C on
the activity of guinea pig microsomal enzymes involved in glucur-
onidation of O-amino-phenol as indicating that these enzymes were
phospholipid-dependent. The results of these workers are similar
to the results of the present study and this may suggest that
galactosyltransferase of the chloroplast envelope is dependent for
activity on a phospholipid component of the membrane or a spatial
relationship provided by a phospholipid component. Addition of
exogenous phospholipid to the phospholipaua‘digoatcd membranes did
not stimulate transferase activity. It is possible that phospholi-
pase C or similar lipolytic enzymes may provide an endogenous source
of DG and this may be the source of the high levels of DG reported
by Joyard and Douce (1976bc) in their envelopes preparation.
Although negative results were obtained when phospholipases were
added to the incubation mixture, inhibition of transferase activity
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may have not been entirely due to phospholipid depletion of the

membrane but also to inhibition through an accumulation of the

products of the reaction, i.e., phosphatidic acid, choline, etc,.

The polypeptide composition of the chloroplast envelope has
been reported (Pinsau and Douce, 1974 ; Joy and Ellis, 1975 ;
Mendiola-Morgenthaler and Morgenthaler, 1974) and about 20 major
polypeptides have been identified., The polypeptide patterns of the
envelope preparation before tryptic digestion were similar to that
obtained by previous workers (Sprey and Laetsch, 1975 ; Joy and
Ellis, 1975) and the pattern after tryptic digestion was similar
to that reported by Joy and Ellis (1975) after pronase digestion

of envelopes or pea chloroplasts.

Neither trypsin or protease (from B,subtilus) completely removed
all of the detectable galactosyltransferase activity from the
spinach envelope preparation which may indicate that the vesicular
or lipid nature of the envelope preparation restricted the access-
ibility of the proteolytic enzymes to transferase. Polyacrylamide
gel electrophoresis of the tryptic digest envelope preparation
which contained about 50 % oF'the original transferase activity
indicated that most of the polypeptides of the envelope had been
digested and therefore it is concluded that galactosyltransferase is

not a major polypeptide component of the chloroplast envelope.

From the present study it appears that treatments which contribute
to disruption of the integrity of the envelope membrane (e.g. deter-
gents, sonication, lipases) inhibit transferase activity. This
suggests that galactosyltransferase is dependent on the membrane or
some component of the membrane for activity as a multienzyme array
or in order to satisfy a lipid cofactor or substrate requirement.

The apparent membrane-dependence of the enzyme, the requirement for
a lipid substrate and the failure to achieve stimulation .or incorpor-
ation from added diacylglycerol, are the najér difficulties in the
study of solubilization of transferase. Furthermore the low yields
of total envelope protein, only a portion of which would be galacto-
syltransferase and the rapid inactivation of the membrane-bound

enzyme by detergent action complicates the study of this enzyme.
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