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OUTLINE OF THIS THESIS

Some aspects of the galactolipid metabolism in spinach leaves are
described, with particular emphasis on the galactosyltransferases responsible
for the synthesis and the turnover of galactosyldiacylglycerols. Two of such
galactosyltransferases have been demonstrated unequivocally in the chloroplast envelope membranes, viz. UDPGal : diacylglycerol galactosyltransferase (UDGT) and galactolipid : galactolipid galactosyltransferase
(GGGT). The presence of a third enzyme, UDPGal : monogalactosyldiacylglycerol galactosyltransferase seems unprobable yet. The following
chapters are arranged partly in a historical order, partly according to their
thematic context.
Chapter 1 was written quite recently (January, 1986) and it includes
some of the results described in the subsequent chapters. It considers the
plant galactolipid metabolism within the broader concept of the acyllipid
synthesis (glycerolipid synthesis) in the leaf.
Chapter 2 describes a specific assay for GGGT in isolated chloroplast
envelopes, and shows the range of experimental conditions at which this enzyme works. Chapter 3 presents a separation method for the two envelope
membranes of the chloroplast, and describes an attempt to localize UDGT
and GGGT in the outer or in the inner envelope membrane. Whereas localization of UDGT was quite straight-forward, it appeared more difficult
to localize GGGT unequivocally. Chapter 4 indicates that those difficulties
were a consequence of the specific properties of GGGT. Both UDGT and
GGGT are undoubtedly active in isolated intact spinach chloroplasts; this is
described in Chapters 5 and 6.
Chapter 7 returns to the envelope membranes. It presents a separation
method for galactolipids and other acyllipids in the envelope, using highperformance liquid chromatography. This method was used in a quantitative way for the measurement of both galactosyltransferases. An assay for
UDGT, developed quite recently is described in Chapter 8. Chapter 9
presents a characterization study of both galactosyltransferases, using the
specific assays for UDGT and GGGT. Next, Chapter 10 brings together
some observations on monogalactolipid formation in the absence of the
common precursor UDPGal. Some general conclusions are presented in
Chapter 11, which is followed by a short resumé.
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CHAPTER 1

GENERAL INTRODUCTION

GENERAL INTRODUCTION

Role of the chloroplast in acyllipid synthesis

The current knowlegde of the acyllipid metabolism in plant leaf cells is
summarized here, with special attention to the contribution of the chloroplast. Recent reviews are given in Refs. (1-10).
It is now widely accepted that the lipid metabolic machinery is distributed over the different compartments of the green leaf cell (1-3,11-13).
With recent progress in the separation of plant cell organelles (14), more
detailed information is becoming available. In general, phospholipid synthesis appears to be concentrated in the microsome-rich cell fractions, enriched in endoplasmic reticulum (11,15), and lipid degradation in the peroxisomes annex glyoxisomes (16,17). The role of mitochondria is probably
more restricted in lipid metabolism: generation of acetate for fatty acid synthesis (12,18) and involvement in the synthesis of the mitochondrial phosphatidylglycerol (PG*) and diphosphatidylglycerol (DPG) (12,13). Finally,
the chloroplast is considered the major site of fatty acid (1,18), glycolipid
(2,3,5-9) and isoprenoid (8-10) biosynthesis. With such a compartmentalization, the cytosol must act as a connecting substance, converting and distributing the necessary metabolic intermediates. Lipophilic compounds like
fatty acids, their Co A derivatives and phospholipids may be transferred
through the cytosol by specific transfer proteins (19-21).
Developing leaves synthetize acyllipids at high rates in vivo. Thus, in
experiments where leaves were fed with 14C02 and subsequently analyzed
for the radioactivity in their individual lipids, active production of almost all
common phospho- and glycolipids could be observed (22-26). Lipid turn-

* Abbreviations: (ACP) acyl carrier protein, (DGDG) digalactosyldiacylglycerol,
(DPG) diphosphatidylglycerol, (MGDG) monogalactosyldiacylglycerol, (PC) phosphatidylcholine, (PE) phosphatidylethanolamine, (PG) phosphatidylglycerol, (PI)
phosphatidylinositol, (PTLP) phospholipid transfer protein, (SQDG) sulfoquinovosyldiacylglycerol, (TeGDG) tetragalactosyldiacylglycerol and (TGDG) trigalactosyldiacylglycerol Abbreviations for fatty acids and for fatty acyl residues of acyllipids, are composed of a number indicating the number of carbon atoms followed
by the number of double bonds in the fatty acid (sec also footnote of Table II).
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TABLE I
ACYLLIPID COMPOSITION OF SPINACH CHLOROPLAST MEMBRANES1

Membrane

Outer envelope
Inner envelope
Thylakoids

MGDG

DGDG

TGDG

SQDG

PG

PC

PI

PE

DPG

Lipid/protein

17
49
52

29
30
26

0
0
0

6
5
65

10
8
95

32
6
45

6
1
15

0
0
0

0
0
0

24
08
04

a

Membranes were fractionated from thermolysm-trcated chloroplasts Thermolysin treatment was
used to prevent lipid conversion dunng the isolation procedure (27) Values are weight percentages
of total fatty acids and are calculated from Ref (84) (inner and outer envelope membranes), or are
obtained from Ref (28) (thylakoid membranes)
Data arc from mg fatty acids in all acyllipids per mg membrane protein

over rates were calculated from such experiments of 10 to 20 h or less
(15,22,23). Before discussing the specific contributions of the chloroplast to
this active lipid metabolism, it seems worthwhile to consider first the
unique acyllipid composition of the chloroplast membranes.
All chloroplast membranes, i.e. the outer and inner envelope membrane and the thylakoids, are built from phospho- and glycolipids. Table I
illustrates the quantitative importance of glycolipids in the various membranes of the spinach (Spinacia olerácea L.) chloroplasts: together, they
comprise 52 to 84% of the membraneous acyllipids (cf. Refs. 5,6,28-30).
Main glycolipids are the two galactolipids, mono- and digalactosyldiacylglycerol (MGDG and DGDG). Their chemical structure has been established,
respectively, as l,2-diacyl-3-0-(ß-D-galactopyranosyl)-sn-glycerol and 1,2diacyl-3-(a-D-galactopyranosyl-(l-^6)-0-ß-D-galactopyranosyl)-sn-glycerol
(31). The third glycolipid found in high quantities is the sulfonic acid containing sulfoqumovosyldiacylglycerol (SQDG) (32). Like the galactolipids
(4), it is ubiquitous, and is found not only in the plastid membranes of
higher plants, but also in algae and Cyanobacteria (32). In agreement with
the early work of Wintermans (33) evidence has accumulated now that at
least in higher plants, these glycolipids are solely localized in the plastid
membranes (6,34).
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TABLE II
FATTY ACYL COMPOSITION OF SPINACH CHLOROPLAST LIPIDS

Lipid

16:0

MGDG
DGDG
SQDG
PG
PC
PI

0.5
3
36
14
20
33

16:1

_b

tr
41с
1

.

3

16:3

18:0

18:1

18:2

18:3

Average number of
double bonds

27
6

-

trb
2
1
2
8
3

1
1
4
3
25
19

71
87
56
36
43
38

2.9
2.8
1.8
1.6
2.0
1.6

1
2
2
4

1
1
0.7
1
2

Data are obtained from lipids isolated from intact spinach chloroplasts (Heemskerk
et al., unpublished). Values are weight percentages of fatty acyl-residues. Standard
abbreviations for fatty acids are: (16:0) palmitic, (16:1 7c), (16:2 7c 10c), (16:3 7c 10c
13c) hexadecatrienoic, (18:0) stearic, (18:1 9c) oleic, (18:2 9c 12c) linoleic and, (18:3
9c 12c 15c) hnolenic acid (see Ref. 1).
(-) Not recorded, (tr) trace.
c
16:1 3< (see Ref. 40).

Next, let us compare the acyllipid composition in the various chloroplast membrane fractions (Table I). With regard to the glycolipids, DGDG
and SQDG appear to be evenly distributed over all fractions. The distribu
tion of MGDG, however, is less regular: MGDG appears enriched both in
thylakoids and in inner envelope membrane, but is deficient in the outer
envelope membrane. With regard to the phospholipids, PG is quite evenly
distributed, but phosphatidylcholine (PC) and phosphatidylinositol (PI) ap
pear mainly in the outer envelope membrane. Recently, the unequal distri
bution of PC (35) has been confirmed by treating isolated intact spinach
chloroplasts with phospholipase C. Since almost all PC was degraded, and
the chloroplasts retained their intactness, it was concluded that most of the
PC is localized on the cytosolic face of the outer envelope membrane (36).
As a consequence, a rather low galactolipid content would be expected on
the outside of the chloroplast. Exactly this conclusion was drawn from ex
periments in our laboratory (Peelers, T., unpublished data) where, in
marked contrast with a similar treatment of isolated envelope membranes,
7

we were unable to label the galactohpids of intact spinach chloroplasts by a
treatment with galactose oxidase and NaB3H4. Further, considerable differences exist in the lipid to protein ratio of the chloroplast membrane fractions (Table I). Highest protein content is found in the thylakoids, but a
quite low protein content in the outer envelope membrane. Finally, DPG
and phosphatidylethanolamine (PE) are not present in purified chloroplast
membranes (28,36-39) and thus may be considered as markers for contamination with non-plastid membranes (37). So it can be concluded that each
of the membranes of the chloroplast has its own characteristic acyllipid
composition (8). As is shown below, a similar conclusion can be drawn for
the fatty acid composition of the chloroplast acyllipids.
A survey of the fatty acids occurring in spinach chloroplast lipids is
given in Table II. Quite similar data have been published for the fatty acyl
composition of lipids from the purified envelope membranes (28,30,38-41).
A few remarks can be made here. Firstly, the high desaturation degree
especially of MGDG and DGDG is conspicuous; furthermore, the high
amount of 3-trans 16:1, which is solely found in PG, and the rather high
proportion of 16:0 in SQDG and in PI are notable. Compared to the envelope lipids, the thylakoid acyllipids show a somewhat higher desaturation
degree, but the differences are limited (38). Patterns of molecular species
of acyllipids have been obtained by position analysis of lipids from spinach
chloroplasts. Concerning the galactohpids, the most frequent molecular
species were in MGDG those containing 18:3/16:3 and 18:3/18:3 fatty acid
combinations. In DGDG, the 18:3/16:0 combination was present additionally, but appeared especially in the envelope membranes (30,38,41,42).
Two major domains can be distinguished in the chloroplast with regard
to the synthesis of acyllipids. The stromal phase, which is the site of production of fatty acids, and the envelopes which can be considered as the
main site of acyllipid assembly. Numerous investigations (reviewed in Refs.
1,2,18) have revealed that chloroplasts indeed can synthetizc long-chain fatty acids. Evidence is accumulating now that the chloroplast even is the sole
site of fatty acid synthesis in the leaf: e.g. the acyl carrier protein (ACP), a
specific marker for fatty acid synthesis, is solely located in the chloroplast
stroma of leaf cells (43). The fatty acid synthetase complex of the chloroplast appears quite similar to the fatty acid synthetase of Escherichia coli
L., and thus is considered as prokaryotic (1,18). Main fatty acids produced
are 16:0, 18:0 and 18:1, and they remain attached to ACP during their de
8

novo biosynthesis (44). The primary product of the fatty acid synthetase is
16:0-ACP, and specific enzymes are involved in its elongation to 18:0-ACP
and desaturation to 18:1-ACP (1,18). These acyl-ACP thioesters can be
converted into corresponding acyl-CoA derivatives by a switching system
involving an acyl-ACP thioesterase and one or several acyl-CoA synthetases
(1,8) (i). Apart from these enzymes, an acyl-CoA thioesterase has been

acyl-ACP + CoASH -» acyl-CoA + ACP

(i)

characterized (45,46), located on the inner chloroplast envelope membrane
(47,48) (ii). The exact functions of these thioester metabolizing enzymes are

acyl-CoA + H 2 0 -» fatty acid + CoASH

(ii)

not understood very well yet. However, the recently characterized acylCoA synthetase (50) (Hi), which is located on the outer envelope mem
brane (47-49), is very likely to be involved in the export of fatty acyl-CoA

fatty acid + CoASH + ATP -> acyl-CoA + AMP + PPj
(18:1)
(16:0)

(Hi)

(18:l-CoA)
(16:0-CoA)

(mainly 18:l-CoA, but also 16:0-CoA) out of the chloroplast
(7,8,47,48,50,51), where the exported fatty acyl-CoA can be used for extraplastidial acyllipid synthesis (see below).
Apart from fatty acids and thioesters, illuminated (52) chloroplasts also
produce a whole range of labeled glycerolipids from precursors like
[ 14 C]acetate (53-59), sn-glycerol-3-phosphate (60-70) and '"СОг (62). Much
progress has been made during the last few years in elucidating the separate
enzymatic steps involved in the formation of the plastidial acyllipids, mainly
in work with spinach and pea (Pisum sativum L.) chloroplasts.
Already in 1970 Douce and Guillot-Salomon (60) have demonstrated
that isolated chloroplasts are able to produce diacylglycerol, by acylation of
sn-glycerol-S-phosphate followed by dephosphorylation of the resulting
9
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phosphatidic acid, the so-called Kornberg-Pncer (71) pathway. The first
step of this pathway is catalyzed by a stromal acyl-ACP : sn-glycerol-3phosphate acyltransferase (iv) (61) and results in the formation of lysophosphatidic acid (58). The preferred substrate for this enzyme is 18:1-ACP,
5n-glycerol-3-phosphate + acyl-ACP —> lysophosphatidic acid + ACP
(18 1-ACP)
(16 0-ACP)

(iv)

(1-18 l-sn-glycerol-S-phosphate)
(1-16 O-ifi-glycerol-3-phosphate)

although 16:0-ACP is also used, and the sn-l position of glycerol is acylated
exclusively (67,72). Next, an acyl-ACP : l-acyl-srt-glycerol-3-phosphate
acyltransferase (v) forms phosphatidic acid (61,67,69). This second acyllysophosphatidic acid + acyl-ACP —> phosphatidic acid + ACP

(v)

(16 0-ACP) (1-18 1-2-16 O-in-glycerol-3-phosphate)

transferase appears quite specific for 16:0-ACP, which is transferred to the
sn-2 position of the glycerol (67). Phosphatidic acid phosphatase (61,63,66)
(vi) hydrolyzes the resulting phosphatidic acid Hence diacylglycerol, mainly

Fig 1 Chloroplast acylhpid synthesis (prokaryotic pathway) Synthesis of SQDG, MGDG,
DGDG and PG by chloroplasts of 16 3-plants can proceed following the so-called prokaryotic
pathway Typical is the presence of C16 acids at the sn-2 position of the glycerol backbone In
18 3-plants the prokaryotic pathway is probably limited to the synthesis of plastidial PG (see
text) Desaturation of DGDG may occur (Refs 24,85,96), but is not indicated Numbers
refer to enzymatic activities measured m isolated chloroplasts (1) Fatty acid synthetase, (2)
elongation and desaturation of 16 0-ACP by fatty acid synthetase and stearoyl-ACP desaturase,
(3) acyl-ACP thioesterase, (4) acyl-CoA synthetase (ι), (5) acyl-ACP ín-glycerol-3-phosphate
acyltransferase (iv), (6) acyl-ACP l-acyl-in-glycerol-3-phosphate acyltransferase (v), (7) phosphatidic acid phosphatase (vi), which has a low activity in 18 3-plants, (8) UDPsulfoquinovosyl diacylglycerol sulfoquinovosyltransferase (vu), (9) desaturasc, measured in
vivo, (10) UDPGal diacylglycerol galactosyltransferase (x), (11) galactohpid galactolipid
galactosyltransferase frii); (12) CDP-diacylglycerol formation by a phosphatidate cytidyltransferase (vm), (13) synthesis of PG, probably via phosphatidylglycerolphosphate (ix), (14)
desaturation of PG, including the desaturation to 16 1 3(, specifically found in PG
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phosphatidic acid —» diacylglycerol + Ρ

(vi)

(1-18 1-2-16 O-ín-glycerol)

containing the 18:1/16:0 fatty acyl combination, but also some 16:0/16:0
(55,57,58,67), can be built by the chloroplast from externally added 14C02,
acetate and glycerol-phosphate. However, it may be noted that the significance of free acetate for the acylhpid synthesis in vivo is controversial still
(73). Fig. 1 illustrates this synthetic route for the formation of acyllipids
containing a C16 acid on the sn-2 position and a C18 or C16 acid on the
sn-1 position. This typical fatty acid pattern is considered as a plastidial pattern and is called prokaryotic (74). What now is this fate of the plastidial
diacylglycerol?
From externally added acetate (65) and sulfate (34,75), formation of
SQDG has been described in experiments with isolated chloroplasts. The
rate of SQDG synthesis was sufficiently high to conclude that the chloroplasts are autonomous for sulfoquinovose (75), the headgroup moiety of
SQDG. The observation that SQDG synthesis competed for the diacylglycerol pool in the chloroplast, was one of the arguments to suggest that the
last synthetic step in sulfolipid synthesis consists of a reaction of UDPsulfoquinovose with diacylglycerol (75) (vii).
diacylglycerol + UDP-sulfoquinovose -> SQDG + UDP

(vu)

Various authors have reported synthesis of PG from labeled snglycerol-3-phosphate by isolated chloroplasts (64,65,68,70). Evidence is now
available which indicates that phosphatidic acid made in the envelope can
be converted into CDP-diacylglycerol, using externally added CTP (viii).
Next, CDP-diacylglycerol reacts with a molecule of sn-glycerol-3-phosphate
and forms PG (68,70) (ix).
phosphatidic acid + CTP -> CDP-diacylglycerol + PP

12

( ш)

CDP-diacylglycerol + sn-glycerol-3-phosphdte ^-»

PG + CMP + Ρ

(ιχ)

There is now general agreement that synthesis of PC occurs outside of
the chloroplast (2,9,11,76-78). E.g., spinach chloroplast membranes are de
void of CDP-choline : diacylglycerol phosphorylcholinetransferase (151).
However, formation of labeled PC from [ 14 C]acetate has been reported by
some authors working with isolated chloroplasts (65,77), but such an obser
vation may be attributed to contamination of the chloroplast preparation
with microsomal membranes (77). The origin of plastidial PI is completely
unknown (15).
The galactolipid metabolism in the chloroplast has been the subject of
a large amount of research. Formation of galactolipids is considered an
unique characteristic of the plastid envelope (152), as has been argued ex
tensively by Douce, Joyard and co-workers (5-9). For example, isolated spi
nach chloroplasts can build MGDG from externally added acetate, 1 4 C02,
5Ai-glycerol-3-phosphate and UDPGal (45,54-56,62,79,80). The last step in
the MGDG synthesis is a reaction of UDPGal with diacylglycerol, catalyzed
by UDPGal : diacylglycerol galactosyltransferase (49,61,67,76,81-83) (x).

diacylglycerol + UDPGal -> MGDG + UDP

(x)

Whereas the synthesis of MGDG is no longer a subject of discussion,
the mechanism of DGDG formation is more disputable. DGDG synthesis
14
was measured readily in whole leaves of various plants from C02 (2226,85). However, synthesis of DGDG could not be detected in isolated
14
14
chloroplasts incubated with labeled acetate, C02 or 5n-[ C]glycerol-3phosphate in the presence of UDPGal, such in contrast to MGDG which
was produced at high rate (55,60-62). High DGDG synthesis, on the other
hand, was measured in isolated spinach chloroplasts (86) as well in purified
chloroplast
envelope
membranes
(76,81-85,87,88)
from
labeled
UDP[ 1 4 C]Gal. In this case, synthesis of DGDG appeared as a part of the
sequential formation of MGDG, DGDG,
trigalactosyldiacylglycerol
(TGDG) and tetragalactosyldiacylglycerol (TeGDG). In the oldest concept
(88) this sequential galactolipid synthesis was interpreted as a stepwise addi
tion of galactosyl groups from UDPGal to diacylglycerol, e.g. for DGDG
13

formation (xi):
MGDG + UDPGal ->• DGDG + UDP

(xi)

Such an UDPGal : monogalactosyldiacylglycerol galactosyltransferase (89)
(xi) was considered as an enzyme different from the one responsible for
MGDG synthesis. One of the arguments was that MGDG synthesis results
in the formation of a ß-glycosidic bond, whereas an a-glycosidic bond is
formed in DGDG synthesis (6). Later on, Van Besouw and Wintermans
(82,90) discovered another enzymatic activity in the spinach chloroplast envelope, producing DGDG, TGDG and TeGDG in the absence of UDPGal.
This galactolipid : galactolipid galactosyltransferase (xii-xiv) acts by dismutation of galactosyl groups between two molecules of galactolipid and generates diacylglycerol simultaneously with the production of DGDG, TGDG
MGDG + MGDG -» DGDG + diacylglycerol

(xu)

DGDG + MGDG -> TGDG + diacylglycerol

(xiii)

TGDG + MGDG -> TeGDG + diacylglycerol

(xiv)

and TeGDG (35,82,90,91). As a consequence of the activation of the enzyme during the isolation procedure, isolated chloroplast envelope membranes may become artificially enriched in diacylglycerol, TGDG and
TeGDG (27,84). The significance of the galactolipid : galactolipid galactosyltransferase for DGDG synthesis in vivo is a matter of controversy, because of its production of TGDG and TeGDG, being no natural constituents of the chloroplast membranes (7-9). However, recently we could
measure also high activities of the enzyme in intact chloroplasts, and control the formation of TGDG and TeGDG (86). Moreover, since we were
not able to measure activity of UDPGal : monogalactosyldiacylglycerol
galactosyltransferase, neither in chloroplast envelopes (91), nor in intact
spinach chloroplasts (86), galactolipid : galactolipid galactosyltransferase is
the most likely candidate for DGDG synthesis at the moment.
Another enzyme metabolizing galactolipids may be mentioned in this
context, the galactolipid : galactolipid acyltransferase (92,93) (xv). It is si-
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MGDG + MGDG -> 6-O-acyl-MGDG + lyso-MGDG

(xv)

tuated in the chloroplast envelope (93) and catalyzes a transfer of fatty acyl
groups between two galactolipid molecules, thus producing acylated MGDG
or DGDG and a lyso-galactolipid. Its function in vivo is still unknown.
The origin of poly-unsaturated fatty acids in the chloroplast lipids is
not fully clarified as yet (1,6,7). It has been proposed that the endoplasmic
reticulum is involved in the desaturation of mainly C18 acids (see below).
But, as reviewed by Douce et al. (6,7), there is also considerable evidence
for a desaturation of acyllipids within the chloroplast. In vivo experiments
indicate that desaturation of fatty acids occurs, while being attached to acyllipids, e.g. oligoene MGDG can be desaturated to hexaene MGDG (2224,26). However, reports dealing with desaturation of lipids in isolated
chloroplasts are scarce (1,54,74), and biochemical studies are lacking yet.
Another unsolved question is how acyllipids can be transported within
the chloroplast. Joyard et al. (25) have measured in spinach chloroplasts a
rapid in vivo transport of galactolipids from the envelope membranes to the
thylakoids. Membraneous vesicles observed on electron micrographs
between the chloroplast inner envelope membrane and thylakoids, may be
involved in this process (94). On the other hand, proteins with galactolipid
transfer properties have been isolated from leaf homogenates (95). But
their funcional involvement in the intra-organellar lipid transport remains to
be confirmed.
So far, it can be concluded that the chloroplast is remarkably selfsufficient in the synthesis of its acyllipids. With the exception for PC, and
maybe PI, the chloroplast contains the enzymatic capacity to build all its
acyllipid constituents from soluble precursors. Furthermore, the chloroplast
seems to provide the whole leaf cell with fatty acids for the production of
extraplastidial lipids. Various lines of research support such strong interactions between the plastid and the parent cell. They include in vivo studies,
which suggest a precursor function of PC in galactolipid synthesis, and studies concerning the desaturation of C18 acids in the leaf cell. However, before discussing this in more detail, firstly, a brief summary of the concept of
16:3- and 18:3-plants will be given.
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16:3- and 18:3-plants

Two types of photosynthetic tissues can be distinguished, with regard
to the fatty acyl composition of their galactolipids: those containing hexadecatrienoate (16:3) and those without 16:3 (4,6). Galactolipids containing
both 16:3 and 18:3 fatty acids are found in plant species of a large number
of Bryophyta, Pteridophyta and Gymnospermae and of some angiosperm
families like the Apiaceae, Chenopodiaceae, Solanaceae and the Brassicaceae. These are called 16:3-plants. The content of 16:3 varies considerably
in the species analyzed, but always appears higher in MGDG than in
DGDG (4,6). In contrast, other Angiospermae such as members of the Fabaceae, Asteraceae and the Poaceae have no 16:3 in their galactolipids, but
are characterized by a very high content of 18:3 (80% or more), both in
MGDG and DGDG. These are the 18:3-plants (4,6).
The division of higher plants by the absence or presence of 16:3 has
found new interest recently, because of the fact that 16:3, if found, is attached almost exclusively to the sn-2 position in the galactolipid molecules
(2-4). As will be described below, there is evidence that the positional distribution of fatty acids in acyllipids may be due to different biosynlhetic origins of the lipids (2,3,74,96,97). So, acyllipids containing a C16 acid at sn-2
are considered as typically plastid-derived, i.e., they have a diacylglycerol
moiety which is synthetized inside the chloroplast. This particular plastidial
configuration is thought to be determined by the high specificity of the
chloroplast l-acyl-în-glycerol-3-phosphate acyltransferase (v) for 16:0-ACP,
so that 16:0 becomes attached to the sn-2 position of glycerol. Since the
same configuration predominates in the acyllipids of Cyanobacteria (98100), being closely related to the putative progenitors of the chloroplast, it
is called prokaryotic (3,4,74,96,97). Consequently, acyllipids containing a
C18 acid at sn-2, are named eukaryotic , and, indeed these occur only in
minor quantities in Cyanobacteria. Thus, 16:3-plants show a relatively high
ratio of prokaryotic to eukaryotic MGDG, as can be approximated by the
ratio of 18:3/16:3- to 18:3/18:3-MGDG, whereas this ratio essentially is zero
in 18:3-plants (3). Now it's worthwhile to examine the positional distribution of fatty acids in the major acyllipids of the complete leaf cell, before
discussing in more detail the evidence for an extra-plastidial origin of eukaryotic MGDG.
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TABLE III
POSITIONAL DISTRIBUTION OF FATTY ACIDS IN ACYLLIPIDS FROM LEAVES OF
16 3 AND 18 3-PLANTS a

sn -1
Plant species

sn 2

Lipid
C16

C18

C16

C18

Spinach
(16 3 plant)

MGDG
DGDG
SQDG
PG
PC

5
6
34
29
35

95
93
66
71
65

47
14
67
85
1

53
87
33
15
99

Wheat
(18 3-plant)

MGDG
DGDG
SQDG
PG
PC

7
25
46
26
36

92
75
54
73
65

4
5
9
92
6

96
94
90
6
94

a

Data are obtained from Ref (97) Values are (weight) percentages of total C16
and CI 8 fatty acids attached to the sn 1 and sn-2 position of the diacylglycerol
moiety

Heinz et al (4,98,99) have performed positional analyses of fatty acids
in the major acylhpids for a large number of plant species and Cyanobactena, and recent re-investigations by Bishop et al (97) are in good accordance with their results Table III gives an impression of results obtained
with a typical 16 3- and a 18 3-plant In the 16 3-plant, spinach, PC contains almost exclusively C18 acids at sn-2, whereas PG shows a preponderance sn-2 C16 acids, and the glycohpids MGDG, DGDG and SQDG have
a somewhat intermediate position When this is compared with a similar
analysis of spinach PE (30), the PE shows mainly C18 acids at sn-2 On
the other hand, lipid analysis of the typical 18 3-plant, wheat (Tnticum aestivum L ), yields a more simple picture PC, MGDG, DGDG and SQDG
contain mainly C18 fatty acids at sn-2, whereas only PG shows a high
preponderance of C16 acids Applying the eukaryotic-prokaryotic concept,
PC from both types of plants thus occurs mainly in the eukaryotic confi17

guration, and PG in the prokaryotic configuration. Further, in 16:3-plants
the proportion of prokaryotic lipids decreases in the order of
SQDG>MGDG>DGDG, and in 18:3-plants proportions of prokaryotic
SQDG, MGDG and DGDG are severely reduced, so that the glycolipids
occur mainly in the eukaryotic configuration (97). The lipids which may occur in the prokaryotic configuration, i.e. PG, SQDG, MGDG and DGDG,
are likewise the main acyllipids of Cyanobacteria, where PC and PE are absent (98,101-103) (Caerteling, G., unpublished results). It may be noted
that the concept of eukaryotic and prokaryotic lipids is not necessarily completely correlated with the chain length of the fatty acids esterified to sn-2.
For example, a low amount of sn-2 C16 acids can be detected in some
cyanobacterial lipids (98,99). Probably this is a consequence of the lack of
an absolute specificity of the l-acyl-j/i-glycerol-3-phosphate acyltransferase
(v) (67). No rationale has been presented as yet accounting for the variability in sn-l fatty acids, but, nevertheless, such differences (Table HI) illustrate the complexity of the leaf acyllipid biosynthesis.
Recent research has given some insight into the regulatory way of the
eukaryotic and the prokaryotic pathway in 16:3- and 18:3-plants. Both
types of plants have in common an active plastidial fatty acid synthesis.
Further, both their chloroplasts synthetize phosphatidic acid and export
oleate (74,79). But, whereas the chloroplasts from 16:3-plants have an active phosphatidic acid phosphatase (vi), and thus can use the resulting diacylglycerol for galactolipid synthesis, this phosphatase activity in chloroplasts from 18:3-plants is severely reduced (69,74,79). Consequently, the
phosphatidic acid synthetized in 18:3-plants is used quite effectively for PG
synthesis (69). In contrast, in 16:3-plants the plastidial PG synthesis will
have to compete with the phosphatidic acid phosphatase for the newly synthetized phosphatidic acid (74,79).

Extra-plastidial acyllipid synthesis

A number of laboratories have suggested that PC may be a precursor
for other leaf acyllipids, especially for MGDG. Evidence is largely based on
in vivo labeling kinetics using 18:3-plants, as reviewed recently by Roughan
and Slack (2,3). Thus labeling of leaves of pumpkin (Cucurbita pepo L.)
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(104) or of Vicia faba L. (23) with 1 4 C0 2 or [14C]acetate, resulted in a first
accumulation of label into PC fatty acids. Next, during the subsequent
chase, most PC label was lost with a concomitant increase of label in other
acyllipids, particularly in MGDG. Direct evidence that not just the fatty
acids from PC exchange with those of MGDG, but that instead the complete diacylglycerol moiety exchanges, was obtained by double labeling experiments with maize {Zea mays L.) leaves. When the leaves were supplied
with [14C]acetate plus [3H]glycerol, after the first incorporation into PC,
similar amounts of both labels were lost from PC and gained by MGDG
(105). Besides that, such experiments revealed that the newly synthetized
fatty acids were desaturated from 18:1 to 18:2 and perhaps 18:3 while attached to PC, prior to their appearance in MGDG (23,105,106). So it has
been suggested that PC acts not only as a precursor for galactolipid but also
may be the major site of 18:1 desaturation in the leaf, at least in the studied 18:3-plants. It is thought even that the unsaturated PC is the principal
source of 18:2-MGDG, which by further desaturation is converted into
18:3-MGDG (2,3,23,104,105).
In contrast to 18:3-plants, similar label studies with 16:3-plants like
Anthriscus cerefolium (L.) Hoffm. (24), spinach (25,107) and Brassica
napus L. (26,96) failed to indicate such a precursor function of PC for
MGDG synthesis. However, it could not be excluded that a phospholipid
pathway, similarly to the 18:3-plants, may be also present in 16:3-plants,
but if so, it is of a secondary nature, and thus rather difficult to detect.
Kinetic data with 16:3-plants indicated a quite rapid labeling of MGDG fatty acids. The newly synthetized MGDG was an important source of desaturation, in contrast to the 18:3-plants. E.g., in Anthriscus and Brassica
18:1/16:0-MGDG was converted rapidly to 18:3/16:3-MGDG (24,26).
Again, this 16:3 situation can be compared easily with the rapid desaturation of MGDG in Cyanobacteria like Anabaena variabilis (100).
In the leaf cells the endoplasmic reticulum is considered the major site
of plant phospholipid synthesis, and notably of PC synthesis, similar to the
situation in animal cells (11,15). Various enzymes of the PC metabolism
have been studied with microsomal fractions isolated from plant cells. Since
these microsomes contain not only membrane fragments derived from the
endoplasmic reticulum, but also easily may be contaminated with membranes from other cell compartments, e.g. the chloroplast envelope (6,108),
care has to be taken to localize enzymes in the endoplasmic reticulum.
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Nevertheless, a number of the enzymatic reactions, measured in vitro with
microsomal préparâtes, seems to be different from the reactions measured
in chloroplast membranes and fit quite precisely in the eukaryotic pathway
of acyllipid synthesis.
Carefully prepared microsomes from pea (Pisum sativum L.) leaves
contain a membrane-bound acyl-CoA : 5n-glycerol-3-phosphate acyltransferase (108) (xvi) activity, preferring the acylation of the sn-i position
jn-glycerol-3-phosphate + acyl-CoA —» lysophosphatidic acid + CoASH
(16:0-CoA)
(18:l-CoA)

(xvi)

(l-16:0-in-glycerol-3-phosphate)
(l-18:l-.în-glycerol-3-phosphatc)

of the i/z-glycerol-3-phosphate, similar to the corresponding stromal enzyme
(iv). However, compared to the latter, it shows a different fatty acid selectivity, since 16:0-CoA is the preferred substrate. Further, an acyl-CoA : 1acyl-Ä«-glycerol-3-phosphate acyltransferase (108) (xvii) can be found in the
lysophosphatidic acid + acyl-CoA —» phosphatidic acid + CoASH
(18:l-CoA)

(xvii)

(l,2-di-18:l-sn-glycerol-3-phosphate)

microsomes, which prefers 18:l-CoA or 18:2-CoA to 16:0-CoA, again
differing from the corresponding plastid enzyme (v). Taken together the
excess of 18:l-CoA compared to 16:0-CoA, produced by the plastid and a
quite efficient use of 16:0-CoA by the first acylation enzyme (xvi), microsomes thus produce mainly diacylglycerol moieties in the eukaryotic configurations 18:1/18:1 and 16:0/18:1 (108).
Another set of enzymes has been reported for pea microsomes, fitting
in the eukaryotic path. These include an acyl-CoA : lysophosphatidylcholine acyltransferase and a phosphatidylcholine desaturase (78,109,110).
However, the microsomal activities in acyl-CoA synthetase, and acyl-CoA
thioesterase reported by the same authors, have to be confirmed, and may
be ascribed tentatively to contamination with chloroplast envelope membranes. The acyl-CoA : lysophosphatidylcholine acyltransferase (xviii)
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lyso-PC + acyl-CoA -> PC + CoASH

(18:l-CoA)

(xviu)

(l-acyl-2-18:l-PC)

transfers 18:l-CoA preferently to l-acyl-5/j-glycerol-3-phosphocholine, pro
ducing PC with 18:1 attached to sn-2 (ПО). A specific phosphatidylcholine
desaturase (109,110) then rapidly desaturates PC to the corresponding sn-2
18:2-PC. In fact, it is not impossible that the reactions (xvii) and (xviii) are
catalyzed by the same enzyme. Apart from these enzymes, microsomes
may contain also acyltransferase activities catalyzing acyl-exchanges
between PC and acyl-CoA (110), perhaps similar to the acyl-exchanges ob
served in microsomes isolated from developing seeds (2,111) and in micro
somes of animal origin (112).
So far it can be summarized that there appear two different systems in
the leaf cell, which can synthetize diacylglycerol moieties from fatty acids
and glycerol-phosphate: one in the chloroplast and one in the endoplasmic
reticulum. We can expect now that the contribution of each system
changes with the taxonomical position of the plant; so that the importance
of microsomal diacylglycerol synthesis (eukaryotic pathway) is greater in
cells of 18:3-plants than of 16:3-plants (3), thus resulting in highest percen
tages sn-2 C18 acids in acyllipids of 18:3-plants.
An important question which remains yet is how the eukaryotic diacyl
glycerol residues can be integrated into the chloroplast membranes. This
was investigated under in vitro conditions, by incubations containing simul
taneously isolated chloroplasts and microsomes. Spinach chloroplasts pro
duce mainly free fatty acids, acyl-CoA and diacylglycerol, when incubated
14
with [ C]acetate, CoASH and ATP (113,114). Addition of microsomes
resulted in a marked increase of labeled PC and MGDG, simultaneously
with the appearance of labeled PE, PG and triacylglycerol; the further ad
dition of UDPGal gave a new increase of labeled PC and MGDG
(113,114). Besides that, MGDG became more desaturated in the presence
of microsomes: 18:2- and 18:3-MGDG were increased at the expense of the
16:0-MGDG (113). From the results of these and similar experiments with
spinach (115) and pea (77) microsomes and chloroplasts it was derived, that
indeed the eukaryotic pathway can be simulated in vitro. Microsomes in
corporate acyl-CoA thioesters, exported by the chloroplasts, predominantly
into PC, PE and triacylglycerol, and next, the newly formed microsomal
21
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lipids (especially PC) serve as precursors for plastidial MGDG.
Even more interesting in this context are recent experiments with purified phospholipid-transfer proteins (PTLPs). When PTLP isolated from castor bean (Ricinus communis L.) was added to a mixture of Avena sativa L.
plastids and liposomes composed of [ac)'/-14C,g/>'cero/-3H]PC, labeled PC
was transferred from the liposomes to the plastids (116). Moreover, some
PC was converted into diacylglycerol and MGDG; the labeled MGDG fraction was increased by the addition of UDPGal. The ratios of 14C to 3 H label in PC, diacylglycerol and MGDG remained unchanged under all conditions, indicating that complete diacylglycerol moieties were converted.
Similarly, addition of spinach PTLP to a mixture of spinach chloroplasts
and phospholipid liposomes (20,117), and addition of PTLP to incubations
containing chloroplasts plus microsomes loaded with labeled PC (118),
resulted in an active transport of the PC to the chloroplasts. Again, PC
transport was accompanied with formation of MGDG (119). As can be expected now, the purified chloroplast envelope has proved to be an excellent
acceptor for PC transfer by PTLP (120).
Summarizing, a rather complicated pathway for eukaryotic galactolipid
synthesis emerges from the experimental evidence available, see Fig. 2.
Acyl-CoA thioesters, mainly 18:l-CoA, is exported from the chloroplast to
the endoplasmic reticulum and used there for the synthesis of 18:1-PC.
After desaturation of the phospholipid into chiefly 18:2-PC, it is transported
back to the chloroplast and converted to MGDG. The chloroplast is
responsible for the final desaturation step, and the result is eukaryotic
18:3/18:3-MGDG (2,3,96,115,116,118,119). However, several objections
can be made against such a scheme. Firstly, the exact biochemical way,
how PC is converted into diacylglycerol or into MGDG is unknown yet
Fig 2. Eukaryotic pathway of galactolipid synthesis A similar pathway has been proposed for
the synthesis of other chloroplast acyllipids containing C18 acids at their sn-2 position in the
glycerol backbone Since mainly galactolipid formation has been studied, only this is schematized Numbers refer to enzymatic activities, see also legend of Fig 1 (15) Acyl-CoA : snglycerol-3-phosphate acyltransferase (xvi); (16) acyl-CoA : l-acyl-ín-glycerol-3-phosphdte acyltransferase (xvu), (17) choline phosphotransferase, (18) phosphatidylcholine desaturase; (19)
acyl-CoA . lysophosphatidylchohne acyltransferase, (20) phospholipid transfer protein, (21) the
conversion path from PC to diacylglycerol is unknown yet, but may be situated in the plastid.
The following reactions are typical plastidic: (9) plastidial desaturasc, measured in vivo, (10)
UDPGal : diacylglycerol galactosyltransferase (x); galactolipid galactolipid galactosyltransferase (xu)
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(8,9). For example, spinach chloroplasts do not contain a phospholipase С
activity yielding diacylglycerol from PC (5, and Heemskerk, unpublished).
Further, conclusions about the localization of desaturase activities in the
cell, have been drawn mainly from in vivo experiments, since in vitro stu
dies on plastidial galactolipid desaturases are not available yet (6,7). Final
ly, up to now there is no biochemical evidence concerning the origin of eukaryotic chloroplast lipids, other than MGDG.

The chloroplast envelope membranes

Indeed the envelope membranes are the major sites of acyllipid syn
thesis within the chloroplasts. However, acyllipid synthesis is not merely a
characteristic of the chloroplast envelope of higher plant species. Evidence
is accumulating, at least as regards to the synthesis of galactolipids, that en
velope membranes from other types of plastids, and from other photosynthesing organisms, are similarly involved in the production of acyllipids. For instance, synthesis of galactolipids has been measured in the chromoplast envelope membranes from the corona of Narcissus pseudonarcissus
L. (121), in the amyloplast envelope of potato {Solanum tuberosum L.)
tuber (122), and in the etioplast envelope of Triticum aestivum (123). In ad
dition, galactolipid synthesis is performed by leucoplasts from cauliflower
(Brassica olerácea L.) buds (124), and by purified chloroplast envelope
membranes from the algae Euglena gracilis Z. (125) and Chlamydomonas
reinhardii (126). Finally, galactolipid synthesis also occurs in the cell membrane fractions of Cyanobacteria like Anabaena variabilis (102,127,128).
Such a general similarity in the synthetic properties and in the acyllipid
composition (see above) of plastid membranes and of cyanobacterial membranes, gives new support to the endosymbiotic theory (129), that the plastids of the eukaryotic cell originate from ancestors of the modern
Cyanobacteria. (5,8,9).
The origin of the outer plastid membrane, e.g., the outer envelope
membrane, is of particular interest in this aspect. The lipid composition of
this membrane with high amounts of chloroplast-spccific glycolipids and
without PE (see Table I), makes an eukaryotic origin unlikely (9,130).
Only the presence of PC on the outer surface of the outer envelope mem24

brane (36) seems a major adaptation of the plastidial lipid composition to
its eukaryotic intracellular existence (9).
As was shown in Table I, there is a general similarity in acyllipid composition of the inner envelope membrane and the thylakoids. Indeed morphological evidence has been found for a biochemical relationship between
these two membranes. During the course of thylakoid biogenesis in
developing plastids, membraneous vesicles can be observed in the plastid
stroma, which seem to emerge from the inner envelope membrane (94).
Connections between inner envelope membrane and thylakoid apparently
do not exist: once formed, vesicles become detached from the envelope
(94,131). In contrast to the lipid composition, however, inner envelope
membrane and thylakoids differ completely in their polypeptide composition (49,132-135) and freeze-fracture appearance (131). This has led to the
idea that the growing thylakoids first may receive their lipidie membrane
material through 'transition vesicles' emerging from the inner envelope
membrane, which process is followed by a secondary build-up of the typical
polypeptide structure of the thylakoids (8).
Electron micrographs from chloroplast membranes have indicated contact sites, where the inner and outer envelope membranes seem to be attached to each other (94,136). The presence of such sites is considered as a
major cause for difficulties in the isolation and the separation of envelope
membranes (8,49,136,137). Separation of inner and outer envelope membranes, after many fruitless efforts (e.g., see Refs. 7,90), was achieved for
the first time by Cline et al. (132) working with pea chloroplasts. Shortly
afterwards, Block et al. (28,133) published another separation procedure
for spinach chloroplasts membranes. Later on, the first method was shortened and adapted to spinach chloroplasts in our laboratory (49). Comparability of the two methods was established by a joint series of experiments
(84). Common to both is the suspension of isolated intact chloroplasts in a
hypertonic medium. The intermembrane space between both envelope
membranes becomes widened, because of the greater permeability of the
outer than of the inner envelope membrane (94,136,138). Next, by using a
gentle procedure to break the hypertonic chloroplasts, either by freeze-thaw
lysis (49,132) or by slowly extruding them through a small aperture (9,133),
the loosened outer envelope membranes are separated from the inner ones,
and fractionation of both membranes can be achieved by sucrose gradient
centrifugation (49,132-134). By careful analyses of electron micrographs
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(136), polypeptide patterns (49,132,133), and by using antibodies raised
specifically against outer envelope or inner envelope membrane polypep
tides (133,139), it is concluded that reasonably pure outer envelope mem
branes can be obtained, but that inner envelope membranes are unavoid
ably contaminated with some outer membranes. It is interesting that some
of the contact sites survived the envelope separation procedure, and were
recovered especially in gradient fractions with mixed inner and outer mem
branes (136).
The resulting, enriched inner and outer envelope membrane fractions
appear to have a quite different acyllipid (Table I) (28,132), and polypep
tide composition (49,132-135,140). Outer envelope membranes are charac
terized by a rather high lipid to protein ratio (see Table I), corresponding
with a low buoyant density of 1.08 g/cm3 (49,132,133), and a relatively low
particle density, as observed on electron micrographs
(500-1300
2
рагіісіев/цт ) (131,136). Enriched inner envelope membranes, with a
much higher particle density (2400-4900 particles/μπι2), have a considerably
lower lipid to protein ratio, resulting in a higher buoyant density of 1.13
g/cm3.
The (partial) separation of inner and outer envelope membranes has
paved the way for more precise localization studies of the envelope en
zymes. As schematized by Douce et al. (9), enzymes have been localized,
active in biosynthesis of terpenes and prenylquinones (39,141), in metabol
ite transport (138,142), and in acyllipid metabolism. An efficient tool for
such studies has been found in the proteinase thermolysin. Thermolysin
does not penetrate the membranes of isolated intact chloroplasts, and thus
has been considered to attack only polypeptides localized on the cytosolic
side of the chloroplast, i.e. the outer surface of the outer envelope mem
brane (139,143). Seven (143) to about twenty (139) different outer en
velope polypeptides were found to be susceptible to thermolysin, one of
these being the spinach galactolipid : galactolipid galactosyltransferase
(27,84). It is worthwhile to discuss somewhat more extensively problems
encountered in localizing enzymes involved in acyllipid metabolism in this
context (Table IV).
Location of acyl-CoA synthetase in the outer,
thioesterase in the inner envelope membrane, as well in
no
matter
of
disagreement
(47-49)
(Table
monoacylglycerol-phosphate acyltransferase (v) (69) and
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and of acyl-CoA
pea as in spinach is
IV).
Acyl-ACP :
phosphatidic acid

TABLE IV
LOCALIZATION Ob ENZYMES INVOI VfcD IN ACYLLIPID METABOLISM IN TUE CHLOROPLAST ENVELOPE MEMBRANES

Enzyme(s)

Plant
species

Acyl-CoA thioestcrasc (и)

Inner envelope

membrane

membrane

Ref(s)

pea

+

47

spinach

+

39,48

pea

Acyl-CoA synthetase (ut)

spinach
Acyl-ACP

Outer envelope

1-acyl glycerol-3-

+
+

47
39.48,49

pea

+

69

pea

+

69

spinach

+

39,66

CDP-diacylglycerol synthesis ( ш)

pea

+

68

PG
synthesis
diacylglyccrol (ix)

CDP-

pea

+

68

galac

pea

phosphdte acyltransfcrase (ν)
Phosphatidic

acid

phosphatase

(ν,)

UDPGal

from

diacylglycerol

+

140

tosyltransferase (x)
+a

spinach
Galactolipid

galactolipid galac

pea

7,27,39,49,66

+

140

b

27,39,84

tosyltransferase (xu-xiv)

Galactolipid
galactolipid
transfcrase (xv)

acyl

Not inactivated by thcrmolysin, and

spinach

+

spinach

+

a

39,84

, inactivated by thermolysin, after treatment of the

intact chloroplasts

phosphatase (vi) (66,69) have been localized in the inner pea envelope
membrane, in common with the enzymes involved in PG synthesis (68).
All these studies underline the importance of the inner envelope membrane
for acyllipid synthesis (9).
The exact location of enzymes involved in galactolipid metabolism, is
less clear (Table IV). In pea chloroplasts, highest galactolipid synthesis
from labeled UDPGal (i.e., activity of UDPGal : diacylglycerol galactosyltransferase plus galactolipid : galactolipid galactosyltransferase) has been
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measured in the outer envelope membrane (140). In contrast, the inner envelope membranes of spinach chloroplasts were most active in MGDG synthesis, both from labeled UDPGal (7,28,49) and from labeled diacylglycerol
(27,66), indicating that the spinach UDPGal : diacylglycerol galactosyltransferase is localized in the inner envelope membrane (7,27,28,49,66). At
present it is not clear, whether this difference results from the use of different plant species, a 18:3- and a 16:3-plant, respectively, or may be a
consequence of distortions of the lipid composition in the membranes (see
below) (28,49). As indicated above, indirect evidence has been obtained to
locate the galactolipid : galactolipid galactosyltransferase on the outer envelope of pea chloroplasts (140). In spinach chloroplasts, galactolipid :
galactolipid galactosyltransferase was found to be accessible to thermolysin,
thus pointing to a cytosolic-faced orientation (27). However, in the first
more direct experiments to locate the enzyme, we found an unexpected
high activity in the inner envelope membrane of the spinach chloroplast
(49). A following study indicated that the these first results were a consequence of, (a) the distorted lipid composition of the separated inner and
outer envelope membranes and, (b) a high dependence of the galactolipid :
galactolipid galactosyltransferase on its substrate (MGDG) concentration.
Taking into consideration these effects, the enzyme was located definitively
in the outer envelope membrane (84). Similarly, another galactolipidmetabolizing enzyme was found in the outer envelope membrane, the spinach galactolipid : galactolipid acyltransferase. However, in contrast to the
galactosyltransferase, it was not accessible for thermolysin (84). It may be
remarked here that a satisfying explanation for such a contribution of the
outer envelope membrane to galactolipid metabolism, awaits further
research.
Finally, some other important functions of the chloroplast envelope
may be pointed to. Synthesis of terpenes and prenylquinones occurs in the
envelope (10,39,141). Further, the envelope is the location of a whole
series of metabolite transporters (138,142), an ATPase (76,144), and is involved in the calmodulin metabolism of the cell (145,146). Some properties
specific for the outer envelope membrane are, the presence of a poreforming activity (147), and of a protein kinase activity (148,149). Next, evidence is present for the involvement of both membranes in the binding and
transport of nuclear-encoded polypeptides into the chloroplast (8,150). So
a picture emerges of the chloroplast envelope, being responsible for the
28

membrane biogenesis and for the communication between reactions of the
chloroplast and of the parent cell.
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An assay for the measurement of galactolipid:galactolipid galactosyltransferase activity in chloroplast
envelopes is presented. For this assay, ('''Clgaldctose-labeled monogalactosyl diacvlglycerol and sodium
desoxycholate (in the molar ratio 1:10) are sonicated together, and the resulting suspension is resonicated
with the chloroplast envelopes (in the molar ratio total galactolipids/sodium desoxycholate = 0.6). The
incorporated monogalactosyl diacylglycerol is readily converted into di-, tri-, tetra- and, presumably,
penlagalactosyl diacylglycerol. The galactosyltransferase activity shows a broad pH optimum of 5.9-7.0, it is
still active at temperatures as low as 4°C and is stimulated by Mg 2 * and Mn 2+ . The detergent-modified
envelopes show a reduced incorporation of UDP[ 'HIGal. which results, however, in a quite normal pattern of
^H-labeled galactolipids. The rate of conversion of the incorporated ("Clmonogalactosyl diacylglycerol was
not influenced by the presence or absence of UDPpHjGal. Evidence is supplied for the absence of
UDPgalactose:monogalactosyl diacylglycerol galactosyltransferase activity in our system. Incorporation of
|l4C|digalactosyl diacylglycerol into the envelopes yields labeled tri- and tetragalactosyl diacylglycerol and
also monogalactosyl diacylglycerol. The possibility of reversed galactolipid:galactolipid galactosyltransferase
activity is discussed. Incorporated monogalactosyl monoacylglycerol is converted partly into a compound
which is presumably digalactosyl monoacylglycerol.

Introduction
The biosynthetic pathway of digalactosyl di
acylglycerol, a major lipid component in the chlo
roplast membranes, is not clearly resolved as yet
A U DPgalactose monogalactosyl diacylglycerol
galactosyltransferase has been proposed in a tenta
tive scheme of galaclolipid synthesis (1 3] How
ever, this enzyme has been reported in the soluble
fraction of ruptured plant cells and is presumed to

be located in ihe cytoplasm [4] Allernatively. Van
Besouw and Wintermans [5] previously demon
strated in the envelope of spinach chloroplasts the
activity of a galaclolipid galaclolipid galacto
syltransferase forming digalactosyl diacylglycerol
by tranfernng the galactosyl residue from one
monogalactosyl diacylglycerol to another (reaction
1)
monogalactosyl diacylglycerol + monogalactosyl
diacylglycerol »Л digalactosyl diacylglycerol

Abbreviations Hepes 4-(2 hydroxyelh)!) I piperazinee'.hanesulphonic acid Mes 2 morpholinoelhanesulphonic acid Tríeme N (2 hydroxy 1 1 bis(hydroxymelhyl)ethyl)glycine Tris.
2 атшо-2 hydroxymethylpropane-1 3-diol

+ diacylglycerol

(1)

The same enzyme is thought to be responsible for
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the formation of tngalactosyl diacylglycerol and
tetragalactosyl diacylglycerol, by reactions such as
reaction 2
digalactosyl diacylglycerol + monogalaclosyl
diacylglycerol -» tngalactosyl diacylglycerol
+ diacylglycerol

(2)

Recently, evidence has been supplied that the en
zyme is located in the outer envelope membrane of
spinach [6] and pea [7| chloroplasts
So far, galactolipid galactolipid galactosyltransferase activity was studied after incubation
of envelopes with galaclose-labeled UDPGal [5.8]
In the presence of UDPGal, however, the possible
interfering synthesis of digalactosyl diacylglycerol
by a UDPgalactose monogalaclosyl diacylglycerol
galactosyltransferase cannot be rigorously ex
cluded Moreover, in the presence of UDPGal, the
UDPgalactose diacyglycerol galactosyltransferase
by reacting with diacylglycerol and producing
monogalaclosyl diacylglycerol (compare with reac
tion 1), interferes with the measurement of the
considered galactolipid galactolipid galacto
syltransferase
The best way to study the galactolipid galac
tolipid galactosyltransferase is, of course, the addi
tion of its substrate to the enzyme and measure
ment of the formed products Since the envelopes
already contain endogenous mono- and digalacto
syl diacylglycerol, only the introduction of a
labeled substrate galactolipid will be usable In
this paper we present an assay for the direct
measurement of the enzyme by incorporating
purified i'^Clmonogalaclosyl diacylglycerol into
the envelope mtmbranes, after solubilizing (he
substrate galactolipid wilh a mild detergent Thus,
the turnover of the labi led galactolipid can be
followed Using this assay, various properties of
the enzyme can be determined and its involvement
in digalactosyl diacylglycerol Synthesis reinvesti
gated
Experimental procedures
Chemicals
Undine diphosphate D-[U-14C]galactose and
undine diphosphate D-[6-3H]galactose were ob
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tained from Amersham International (U К ) Per
coli was obtained from Pharmacia (Uppsala
Sweden), l-O-fA'-octyO-D-glucopyranoside (ana
lytical grade) from Serva (Heidelberg, F R G ) All
other reagents were supplied by Merck (Darm
stadt, F R G ) and were of analytical grade
Isolation of envelopes
Spinacio olerácea L leaves were bought in the
local market Intact, Percoll-punfied, spinach chloroplasts were isolated according to the method of
Cline et al [9] in a slightly modified buffering
medium, containing 0 33 M sorbitol, 50 mM Hepes
(pH 7 6 with Tris), 2 mM EDTA and 1 mM
MgCl2 Intactness was determined by the ferncyanide reduction method [10], isolated chloroplasts were generally more than 95% intact Chloroplast envelopes (unfractionated outer and inner
envelopes) were prepared according to the method
of Cline et al [9] in 10 mM Tríeme buffer (pH 7 6
with Tris), containing 2 mM EDTA Pelleted envelope membranes were immediately frozen at
- 80 o C and remained active for at least 2 months
The absence of chlorophyll was considered evidence of purity of the preparations
Envelope membranes for preparing radioactive
galactolipids were isolated according to the method
of Joyard and Douce [11]
Radioactive galactolipids
Substrate amounts of ,4C-labeled galactolipids
were prepared by incubating envelopes (approx 1
mg protein) with UDP[14C)Gal (0 5 mM, 71
MBq/mmol) in 100 mM Tncine (pH 7 2 with
KOH) and 10 mM MgCl2 After 1 h of incubation
(30oC), lipids were extracted by the procedure of
Bhgh and Dyer [12], dried under nitrogen and
redissolved in chloroform/methanol (3 1, v/v),
containing 0 005% 2,6-di-rerf-butyl-p-cresol Thinlayer chromatography on silica gel 60 was performed as described previously [5] Radioactive
spots were detected by autoradiography at - 80oC
on Kodirex X-Ray film (Kodak), and were scraped
off The radioactive galactolipids were eluted from
the gel and redissolved in the mixture described
above Samples were counted in 4 ml scintillation
cocktail, containing Lipoluma/Lumasolve/water
(900 80 16, v/v) (Lumac, Schaarsberg, The
Netherlands) in a Philips PW 4540 Liquid Scintil-

lation Analyzer Specific radioactivities of the re
sulting ['"rjmonogalactosyl diac>lglycerol and
['•'CJdigalactosyl diacylglycerol were determined
bv gas chromatography and were, respectively 33
and 16 7 MBq/mmol. radiochemical purities, as
determined by thin-layer chromatography, were,
respectively, 99 5 and 98% The galactohpid solu
o
tions were stored at - 20 C
Incorporation of galaetolipids into envelope mem
branes
Envelopes, typically 50 /ig protein, were thawed
and briefly sonicated in 250 μΙ incubation buffer,
containing 10 mM Tríeme (pH 7 6 with Tris) and
4 mM MgCl2 Radioactive galactohpid, typically
10 nmol [l4C]monogalactosyl diacylglycerol, was
dried under nitrogen, 250 μ\ incubation medium
containing 100 nmol sodium desoxycholate were
added and the mixture was sonicated for 10 s with
a Soniprep 150 sonicator (MSE, U К ) at 75 W
At the start of the incubation, the dispersed
lipids were added to the envelopes and the mixture
was briefly resomcated The exact conditions of
incubation are given in the text Incubations were
stopped by addition of 1 5 ml methanol Separa
tion and analysis of the radioactive galaetolipids
was performed as described above, with the excep
tion that sihcal gel IB, flexible sheets (Baker
Chemicals) were used for thin-layer chromatogra
phy Radioactive spots were cut out with scissors
and counted
Analyses
Protein was determined according to the method
of Lowry et al [13] Quantitative determinations
of galaetolipids are based on the content of their
methylated fatty acids, as analyzed by gas-liquid
chromatography A Vanan 2700 type gas Chro
matograph was used, equipped with a Shimadzu
CR2B data processor Analyses were carried out
using an OV-275 capillary column (25 m x 0 25
mm internal diameter) (Chrompack, The Nether
lands) with a temperature program from 110 to
160°C A splitter with split ratio of 1 20 was
connected to the injector

Results
Assay for galactohpid galaelolipid galactosyltransferase
4
For the incorporation of [' C]monogalactosyl
diacvlglycerol into the chloroplast envelope mem
branes, methodically described in the above sec
tion, the presence of a mild detergent such as
sodium desoxycholate proved to be necessary after
sonication of the labeled monogalactolipid with
envelopes omitting the detergent not more than
38% of the label could be recovered from the
envelope suspension In the presence of sodium
desoxycholate, however, up to 85% could be re
covered The remaining label adhered to the wall
of the sonicating tube
['•"ClMonogalactosyl diacylglycerol, solubilized
by the detergent and once incorporated into the
envelopes is acted upon by the envelope galac
tohpid galactohpid galactosyltransferase, result
,4
ing in C-labeled di-, tn- and tetragalactosyl di
acylglycerol The activity of the transferase
depended critically on the relative amount of de
tergent added, compared to the amount of galae
tolipids (Fig 1) A relative increase of the de
soxycholate concentration resulted in a decreased
galactosyl transfer from monogalaclosyl di
acylglycerol to higher galaetolipids, notably Irl
and tetragalactosyl diacylglycerol For reasons of a
compromise between good incorporation of label
into the envelopes and high galactosyltransferase
activity, in the next experiments the detergent was
added in a well-defined low amount For good
solubilization, sonication of the monogalactolipid
with desoxycholate in the molar ratio of 1 10 was
sufficient, whereas for high activity the molar ratio
of total galaetolipids (including the endogenous
envelope galactolipids)/detergenl was kept at
about 0 6 (Fig 1, arrow) The same ratio of 0 6 has
been used by Heinz [14] in the study of the acylation of monogalaclosyl diacylglycerol. solubihzed
with sodium desoxycholate
The order of mixing of the components ap
peared critical Highest incorporation of label into
the envelopes was obtained by first sonicating the
labeled galactohpid with detergent, then adding
this mixture to the envelope suspension, followed
by a brief resonicalion step
Typical experimental results, concerning galac-
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Fig 1 hffcct of sodium desoxycholate on the galacto
syhrdnsfcrase activity After 3 h ini-ubalion of envelopes wiih
[ l 4 C )monogdlaLtos>l diac>lglycerol in (he presence of different
amounis of desoxycholate l 4 C labeled galauolipids w-ere sep
arated b> TLC and counted Percent of label in monogdlactosyl diacvlglvcerol · digalactosyl diacvlglvcerol О in and
tetragaldciosyl diacylglycerol • Perceniagei» are mean values
of two incubations ( + 1%) Incubation mixtures (20 o C) con
tamed 10 mM Tncme (pH 7 6 with Tris) 4 mM M g O i
envelope membrane (27 μβ protein 28 Й nmol galactohpids)
[ 1 4 C ] M O D G (4 34 nmol 0 14 kBq) and sodium desoxvcholale
(5 5 551 nmol)

tolipid galactohpid galactosyl transfer on incor
porated [14C]monogalactosyl diacylglycerol, are
shown in Fig 2 Apart from 14 C label recovered in
di-, tn- and letragdlduosyl diac>lglycerol trace
amounis were found in a compound with RF 0 03
(chloroform/methanol/water- 65 25 3 5, v/v),
especially at longer incubation times, presumably
being a pentagalaclosyl diacylglycerol The
galauosyltransfcrasc clearly is active at 4 0 C (Fig
2A), the initial conversion of the labeled monogalactohpid into higher labeled galactohpids
amounted to 27 5 nmol/mg protein per h At
20 o C (Fig 2B) the initial activity is raised to 114
nmol/mg protein per h most label is converted
during the first 3 h of incubation, apparently
attaining an equilibrium distribution over the vari
ous galactohpids
The galactos>ltransferase activity is stimulated
by Mg 2 + , as shown in Table I Without Mg 2 *, the
conversion of labeled monogalactohpid slowed
down, to 1 4 nmol/mg protein per h Addition of
hDTA inhibited the stimulation by M g 2 ' (Table
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Fig 2 Galactosvltransfera« activit\ at 4 and 2 0 o t bnvdopes
were incubated with [ 1,4 C]monogalactos>l diac\(glycerol in the
presence of sodium desoxvcholate at 4 or 20 o C At given time*.
samples were taken and analvzed Monogalactos>l di
acylglycerol ·
digalactosyl diac\lglyctrol О tngalauos)!
diacylglycerol • tetragalactosyl diacvlglvcerol A Incubation
mixtures contained 10 mM Tncme (pH ^ 6 with Tris) 4 mM
MgCI-, envelope membranes (55 3 μ § protein) [ M C ) m o n o
galactosyl diacvlglvcerol (0 33 kBq) and sodium desoxvcholale
(105 nmol) in a total volume of 0 275 ml The results of a
control experiments without envelopes ( env) (20 o C) are in
eluded

b b F F C T OF M g : + AND FDTA ON T H F GALACTO
SYLIRANSFERASF ACTIVITY
Fnvelopes were incubated with [ 1 4 C]monogalaclosyl di
acylglycerol in the presence of sodium desoxvcholale Incuba
tions were stopped at given times labeled galactohpids were
separated and counted The percentage of label is recorded
recovered from all higher galactohpids (digalactosvl di
acylglycerol + tngalactosyl diacvlgl>cerol +tetragalactosyl di
acylglycerol) Expt А (ЗОТ) contained 10 mM Triune (pH
7 6) with Tris) envelope membranes (30 0 jig protein)
[ 1 4 C]monogalactosyl diacylglvcerol (0 067 kBq) sodium de
soxycholate (41 0 nmol) and MgCI 2 or/and fcDTA as given
Fxpt В (20 o C) contained 10 mM Tncme (pH 7 6 with I ris)
l4
envelope membranes (25 2 μg protein) [ C]monogaIactosyl
diacvlglycerol (0 040 kBq) sodium desoxycholaic (50 8 nmol)
and MgCI, or/and ЬОГА as given Values are the mean of
two incubations ( ± \%)
Additions ( mM)

Fxpt A

Lxpt В

%|tbel converted
20 rnin

3h

MgCI ,(2)
FDTA (6)
MgCI ¡(2)+ EDTA (6)

2
29
5
5

6
48
16
19

MgCI j « )
MgCI ,(4) + EDTA (2)
MgCI 2 < 4 > + bDTA (4)

48
38
15

66
53
27

-

I) whereas НУГА alone showed a small positive
1
2
effect Mg " could be replaced by M n ' , whereas
Zn
(2 mM) inhibited the galactosyltransferase
activity completely L i ' . N ' a ' or K* showed a
weak stimulation only at higher concentrations (50
mM)
The galactosyllransferease shows a broad opti
mum from pH 5 9 to 7 0 (Fig ЗА) whereas some
activity could be measured over the whole pH
range examined (pH 4 7-8 9) This optimum is in
good agreement with an optimum of pH 6 5 esti
mated elsewhere [5 11) At low pH values, acylation of monogalactosyl diacylglycerol to 6acylmonogalaclosyl diacylglycerol [15] competes
with the galactosyltransferase activity (Fig 3B) At
pH 7 6 the pH of the standard incubation, the
acylation is minimal even at longer incubation
times whereas galactosyl transfer (in Tncine
buffer) still proceeds at high rate
label -

®

^
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Fig 3 Galactosyltransferase activity in dependence of pi I
Envelopes were incubated for 10 mm with [^CJmonoga'actosyl
diacylglycerol in the presence of sodium desoxycholate Labeled
galactolipids were separated and counted A gives percent of
label recovered from all higher galactolipids (digalactosyl di
acylglvcerol + tngalactosyl diacylglycerol + teiragalactosvl di
acylglycerol) В gives percent of label found in 6 ac>lmonoga
lactosyl diacylglycerol Percentages are mean values of three
incubations ( ± S E) All incubation mixtures (30°C) contained
4 mM MgCl2 envelope membranes (17 5 μ g protein)
[ M C)monogalactosyl diacylglycerol (0 056 кВц) and sodium
desoxycholate (32 nmol) m a total volume of 0 0V5 ml and in
addition 35 mM Mes (pH 4 7 7 0 with Tris) ( О ) 35 mM
Hepcs (pH 7 0-7 6 with Ins) ( · ) or 35 mM Tnunc (pH
7 6-8 9 with I n s ) ( Δ ) as indicated

TABI F II
GALACTOSYLTRANSFLRASF ACTIVITY IS THF PRFS
b N C f c ü F V A R l ü b S DfclbROLNTb
The percentage of label is given recovered from all higher
galactolipids (digalactosNl diacvlglvcerol + tngalactosyl di
ac>lgl\cerol +teiragalactosvl diac\lgl>cerol> at given times of
incubation at 20 о С Incubation mixture contained 10 mM
Triune (pH 7 6 with Tris) 4 mM MgCl; envelope membranes
(56 7 fig protein) [ 14 C ]monogalacios\l diacvlglvcerol (0 18
kBq) sodium desoxvcholate or η ociylgluioside (123 nmol) as
given in a total volume of 0 250 ml Samples were taken at the
given times
Detergent

% label converted
30 mm

1 h

3h

24 h

Sodium desoxycholate
η Octylglucobide

44
32

53
53

67
73

79
84

Sodium desoxycholate as a detergent could be
replaced by an cquimolar concentration of л-осtylglucoside. resulting in a comparable galacto
syltransferase activity (Table II)
As regards quantification of the assay, only the
conversion of labeled monogalactohpid into higher
galactolipids was counted It must be considered
that the incorporated monogalactosyl diacylgly
cerol contains a non-labeled fraction, since en
velope membrane galactolipids were isolated to
gether with the labeled ones and that endogenous,
unlabeled galactolipids are also present in the in
cubated envelopes The labeled monogalactohpid
may not have the same fatty acid composition as
the endogenous, unlabeled monogalactohpid, and
there may be a difference in the conversion rate,
dependent on the fatty composition [16] Hence,
only the measurable conversion of the labeled lipid
can be determined exactly Consequently, the real
amount of monogalactohpid converted during in
cubations may be much higher than indicated
Gahítosyltransferase
and the incorporation of
LDPGal
The detergent-modified envelopes, as used for
the galactosyltransferase assay, retain their normal
ability to incorporate UDPGal into the envelope
galactolipids, albeit at reduced rates As shown in
Fig 4, the incorporation of UDPpHJGal decreased at higher concentrations of sodium de-
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Fig 4 Effecl of sodium desoxycholate on UDPGal-denved
galaclohpid synthesis After 3 h incubation of envelopes with
UDP[ 3 H]Gal in the presence of different amounts of de
soxycholate the 3 H label incorporated into the various galac
tolipids was determined Incorporation is given in nmol
[ 3 H]galactose incorporated/mg envelope protein Incubation
conditions as in Fig 1 with in addition UDPl'HJCal (0 23
mM 55 0kBq)

soxycholale In a control experiment without de
tergent, the UDPGal incorporation amounted to
200 nmol galactose/mg protein Thus, at the rela

tive detergent concentration usually employed (Fig
4, arrow) (molar ratio total galactolipids/desoxycholate = 0 6), LDPGal incorporation is about
50% of the normal rale
By incubating ( l4 C]monogalactosyl diacylglycerol-contaimng envelopes with UDPpHJGdl,
we followed simultaneously the synthesis of galac
lolipids derived from both labeled precursors
Various concentrations of sodium desoxycholate
similarly affected the composition of the
'H-labeled and the 14C-labeled galaclolipids after
3 h of incubation (compare Fig 1), only minor
differences were found Notably, the low per
centage of label in tn- and tetragalactosyl di
acylglycerol at high desoxycholate concentration
(Fig 1) was also found for the Ή label During
incubation of the envelopes with both labels the
distribution of the 1 4 C label over the various
galaclolipids was paralleled quite closely by the
distribution of the 1 H label about the same per
centage of label in di-, tn- and tetragalactosyl
diacylglycerol was recovered from either precursor
Table III shows the percentage and rate of conver
sion of the de novo [3H]monogalactolipid into

TABLE III
GALACTOSYLTRANSFFRASE ACTIVITY ON | J H b A N D ('"CIGALACTOLIPIDS DfcRIVED FROM UDPl'HIGal AND
("CIMONOGALACTOSYL DIACYLGLYCEROL
Envelopes were incubated with [ 14 C]monogalactosyl diacylglycerol in the presence of sodium desoxycholate with and without added
UDP{ 3 H]Gal At given limes samples were taken and analyzed Left % of label is given recovered from all higher galaclolipids
(digalactosyl diacylglycerol + tngalactosyl diacylglycerol + tetragalactosyl diacylglycerol) Right amount of labeled monogalactosyl
diacylglycerol convened into higher galaclolipids (digalactosyl diacylglycerol + tngalactosyl diacylglycerol + tetragalactosyl di
acylglycerol) Incubation mixtures contained 10 mM Tncme (pH 7 6 with Tris) and 4 mM MgCl 2 Additionally fcxpt A (20 o C)
envelope membranes (91 7 pg protein) [14C]monogalactos>l diacylglycerol (0 15 kBq) sodium desoxycholate (186 nmol) in a total
volume of 0 385 ml further UDPl 3 H]Cal (0 2 mM 0 15 MBq) as indicated Expt В (30 o C envelope membranes (87 5 μg protein)
( l4 C]monogalactosyl diacylglycerol ( O i l kBq) sodium desoxycholate (109 nmol) in a total volume of 0 30 ml further LDP( 3 H]Gal
(0 2 mM 0 12 MBq) as indicated
Label

Expt A

14C.

нсь

Ή"
Expt В

i«c.
H p b

Ή"

5 min

10 nun

30 mm

Ih

3h

24 h

10 min

30 min

1 h

3h

24 h

28
28
17

38
40
27

52
49
39

59
59
49

66
69
60

71
74
65

6
7
6

9
8
18

10
10
31

U
11
50

12
12
92

15
14
10

22
20
17

34
33
30

41
40
38

51
48
49

64
67
71

3
3
2

5
4
9

6
5
16

7
6
35

9
9
117

* Incubation without UDPGa
ь
Incubation with UOPI H]Gal
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nmol labeled monogalactosyl diacylglycerol
converled/mg protein

% label converted

5 min

higher galactolipids during incubation time By
comparing of incubations with and without
UDPl'HjGal, it appeared that the presence of
UDPGal did not significantly change the rate and
pattern of ['4C]monogalaciosyI diacylglycerol con
version (Table III) The quantitative data of I able
III indicate that during the first 10 mm of incuba
tion the (''Clgalactosyl residues were transferred
even faster from monogalactosyl diacylglycerol
than were the [ fH]galactosyl residues, thus reflect
ing the different ways in which the monogalactolipid substrates were supplied After only 10 mm
the newly synthesized [3H]monogalactosyl di
acylglycerol contributed the greater part of the
galactosyl transfer The more striking is the re
semblance in the distribution of both labels at
longer incubation times, meaning that the lateformed [•'H]monogalactosyl diacylglycerol is
quickly converted into higher galactolipids, reach
ing a time-dependent equilibrium distribution
Calaciosyliramferase on galactolipids other than
monogalactosyl diacylglycerol
['4CJDigalactOiyl diacylglycerol could also be
incorporated into the envelope membranes, using
desoxycholate for solubilizing. With the same
molar ratio galactolipid/detcrgcnt as given for
monogalactosyl diacylglycerol, galactosyl transfer
of the incorporated ['"Qdigalactohpid could be
measured Fig 5 shows a label conversion with a
rate of 15 nmol/mg protein per h Apart from
labeled tri- and tetragalactosyl diacylglycerol,
labeled monogalactosyl diacylglycerol was also
found By incubation of the [14C]digalactolipid at
pH 6 0, moreover, in addition to the labeled
monogalactosyl diacylglycerol (11% after 24 h in
cubation), labeled 6-acylmonogalaclosyl di
acylglycerol was formed (15%) After incubation
of envelope membranes with UDPC'ClGal a , 4 C labeled galactohpid, slightly less polar than digalactosyl diacylglycerol, can be detected [8] Such
a compound has been identified by several authors
[17,18] as monogalactosyl monoacylglycerol After
isolation by TLC, this compound was incorpo
rated into envelopes, using sodium desoxycholate
in the same molar ratio of galactolipid/detergent
as given for monogalactosyl diacylglycerol During
incubation of the mixture (10 mM Tncme (pH 7 6
with Tris)/4 mM MgCl 2 at 20°C), it converted,

80
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Fig 5 Galaclusyllransferase acliviiy on ( C]digalaclosyl di
14
acylglycerol bnvelopes were incubated vnth [ C]digalactosyl
o
diacylglycerol in the presence of sodium desoxycholate at 20 C
At given times, samples were taken and analyzed The per
centage of label recovered from the various galactolipids is
given monogalactosyl diacylglycerol, · , digalactosyl di
acylglycerol, О, trigalactosyl diacylglycerol, •, tetragalactosyl
diacylglycerol, A Incubation mixtures contained 10 mM Tn
cme (pH 7 6 wuh Tris), 4 mM MgCl 2 , envelope membranes (53
,d
μg protein) [ C)digalaclosyl diacviglycerol (0 16 кВц) and
sodium desoxycholaie (126 nmol) in a total volume of 0 305 ml

with a rate of 81 nmol/mg protein per h, almost
exclusively into a compound which is slightly less
polar than trigalactosyl diacylglycerol After 10
mm an equilibrium was attained, with 37% of the
label converted The polarity of the product should
correspond to the polarity of digalactosyl mono
acylglycerol [18] If so, it is formed by galactosyl
transfer of a galactosyl residue to the [ 14 C)monogalactosyl monoacylglycerol
Discussion
The incorporation of [14C]monogaIactolipid into
chloroplast envelopes, as described, constitutes an
efficient way to measure galactohpid galactohpid
galactosyltransferase activity in the absence of
UDPGal The detergent-modified envelopes have
not lost any particular enzymatic activity con
cerned with galactohpid metabolism, all the known
galactolipids synlhetized from UDPGal by the
envelopes [5,8,11] can also be derived from incor
porated monogalactosyl diacylglycerol in similar
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porportions Hence, an assay is now available for
all steps of galaclolipid metabolism beyond the
primary incorporation of galactosyl groups from
UDPGal, using a lipophilic substrate
By using detergents such as desoxycholale en
zymatic activities of the envelope are clearly af
fected more or less severely. UDPgalactose: diacylglycerol galactosyltransferase is inhibited even
at low concentrations (Fig 4). Also, the rale and
product distribution (Fig. 1) of galactosyltransfer
ase is influenced in dependence on the desoxycho
lale concentration: the extra inhibition in the for
mation of tn- and tetragalactolipid at high con
centrations compared to the formation of digalaclolipid resulted, surprisingly, in a more natural
lipid pattern. The detergent may affect more
strongly reactions of those lipids which, due to
their more polar character, are less firmly bound
in the membrane A definite explanation for this
desoxycholale effect cannot be given as yet.
The considered galactosyltransferase appears to
have a broad spectrum of activity concerning pH
and temperature (4-30 o C) Its requirement for
metal ions is conspicuous, for this is not com
monly known for glycosidases. The observation
that high concentrations of monovalent cations
simulate the effect of divalent cations may point to
tight structural restraints for the membrane-bound
enzymatic reaction, more than lo a cation involve
ment in the galactosyl transfer mechanism Al
though KDTA counteracted the stimulation by
Mg 2 *, Us slight positive effect on galactosyl trans
fer activity (Table I) is remarkable It is not un
likely that ihis effect is caused by the presence of
extra monovalent cations required to bnng the
tetravalent EDTA to pH 7.6
The conversion of monogalactolipid at 4 0 C (Fig.
2) is consistent with our earlier conclusion that
envelope galactolipids are converted during cur
rent isolation procedures (performed in the pres
ence of MgCl 2 at 4°C)· envelopes rich in diacylglycerol, in- and tetragalactolipid reflect
galactosyltransferase activity during isolation
[11,19,20]. Dorne et al [6] have reported the in
hibition of the galactosyltransferase reaction after
treatment of chloroplasts with the protease thermolysin, resulting in isolated envelopes low in
diacylglycerol and in artificial higher galactolipids.
Because a definitive influence of magnesium is
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apparent now (Table I), its omission is desirable to
obtain envelopes low in diacylglycerol and still
active in galaclolipid metabolism In fact, the en
velopes used for the assay had a low diacylglycerol
content (Heemskerk, J., unpublished data) Some
conclusions can be drawn from the double labeling
experiments (Table III) First, the similarities in
the distribution of both labels indicate that the de
novo synthetized pHjmonogalactosyl diacyl
glycerol is converted into higher homologues, as is
the incorporated [ l 4 C]monogalactosyI di
acylglycerol Consequently, these results indicate
lhat the same enzymatic systems are involved in
[ 3 H]- and [14C]galactolipid conversion Second, the
good availability of the [ 14 C] monogalactolipid in
the detergent-modified envelopes can be judged
from its high conversion, compared to that of the
['Hjmonogalaclolipid. Third, no UDPgalac
tose : monogalactosyl diacylglycerol activity could
be detected in these experiments because if such a
transferase had been acting a substantially higher
percentage of Ή label would have been expected
in the higher galactolipids. The deficiency of digalactosyl diacylglycerol synthesis by thermolysine-treated chloroplast envelopes [6], even in the
presence of UDPGal, supports this conclusion.
The partial conversion of incorporated digalactosyl diacylglycerol into monogalactolipid
(Fig 5) requires some discussion Since both
galactosyl groups of the incorporated digalaclolipid are labeled (Bogemann, G , unpublished data,
and Ref 16) several possibilities can be offered to
explain such a result' reversed galaclolipid galac
lolipid galactosyltransferase activity with di
acylglycerol as galactosyl acceptor (reaction 1) or,
alternatively, an exchange reaction between two
molecules of digalactolipid resulting in mono- and
tngalaclolipid, or between one molecule of di
galactolipid and one of monogalactolipid
We point out that only the first allernative
would lead to a correct stereo configuration of the
resulting galactolipids. since the assayed galacto
syltransferase converts a /}-galaclosyl group of ihe
monogalactolipid into the terminal a-galaclosyl
group of the resulting digalactolipid [5], it is con
figuration switching Hence, the second alternative
would result in a wrong configuration of the termi
nal galactosyl group of the tngalaclolipid or di
galactolipid, i.e., the anomenc configurations of

the galactolipids would be scrambled. In order to
study the supposed reversed galactosyltransferase
reaction (reaction 1), we plan a follow up with
glycerol-labeled diacylglycerol and galactolipids
The fast conversion by the envelopes of the
compound identified as monogalactosyl monoacylglycerol into the putative digalaclosyl monoacylglycerol is interesting Here, the lysocompound
must be the preferential galactosyl acceptor, since
donation of the galactosyl group by the lyso com
pound to another galactohpid would result ш a
labeled diacylglycerol lipid, unless the accepting
molecule was also monogalactosyl monoacylglycerol Therefore, we suggest the galactosyl transfer
from a galactohpid (probably monogalactosyl di
acylglycerol) to monogalactosyl monoacylglycerol,
resulting in digalaclosyl monoacylglycerol as well
as diacylglycerol (reaction 3)
monogalactosyl monoacylglycerol
+ monogalactosyl diacylglycerol -• digalaclosyl
monoacylglycerol + diacylglycerol

(3)

The galactosyl transfer reaction, as a conse
quence, exhibits a preference for a diacylglycende
as galactosyl donor, with diacylglycerol as a prod
uct This has to be analyzed more profoundly The
rapid attainment of an equilibrium in label distri
bution between the labeled lyso compounds may
be taken as an indication for reversibility of reac
tion 3
As considered thus far, the synthesis of di
galaclosyl diacylglycerol by the isolated chloroplast envelopes under the described conditions
seems clarified The question about the in vivo
synthesis of digalaclosyl diacylglycerol [21], there
fore, has to be reconsidered the assayed galacto
syltransferase requires new attention How the
production of artificial higher galactolipids, pro
duced in vitro by the galactosyltransferase, is sup
pressed in vivo remains an open question. Finally,

the galactosyltransferase assay offers an atlraclive
way to localize the enzyme unequivocally in the
inner or outer envelope fraction of the chloroplast.
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Keywords Galactolipid synthesis Galactolipid galactolipid galactosyltransferase UDPGal diacylglycerol
galactosyltransferase UDPGal diacylglycerol galactosyltransferase С hloroplast envelope membrane (Spinach)

A shortened procedure for the separation of spinach chloroplast envelope membranes is presented, resulting
in high yields of enriched inner and outer envelopes. Fractionated envelopes were tested for activities in
galactolipid synthesis by measuring incorporation of UDPGal and by using a specific assay for
galactolipid:galactolipid galactosyltransferase (GGGT); additionally, acyl-CoA synthetase activities were
tested. UDPGal incorporation and GGGT were found predominantly in enriched inner envelopes, acyl-CoA
synthetase was predominantly in enriched outer envelopes. These observations point to a localization of both
UPDGahdiacylglycerol galactosyltransferase (UDGT) and GGGT in the inner membrane. Alternatively,
14
chloroplasts were incubated with [ C]acetate under conditions permitting fatty acid synthesis in the presence
and absence of UDPl'UlGa]. After incubation, envelope fractions were isolated and analyzed for labeled
lipids. Analysis agreed with localization of UDGT in the inner envelope. However, labeled products of
GGGT were found both in enriched inner and outer envelopes. Furthermore, inactivation of GGGT by the
proteinase thermolysin indicates a location on the cytosolic face of the chloroplast. These apparently
contradictory results concerning GGGT might be explained by the involvement of contact sites between inner
and outer envelopes or by lipid transformation during membrane fractionation.

Introduction
The exact localization of the enzymes involved
in galactolipid synthesis is not well clarified
UDPGal diacylglycerol galactosyltransferase
(UDGT) [1,2], synthesizing monogalactosyldiacylglycerol, has been localized in the inner en
velope of spinach chloroplasts [3], but in the outer
envelope of pea chloroplasts [4] Galactolipid
galactolipid galactosyltransferase (GGGT) [5],
synthesizing di-, In- and tetragalactosyldiacylAbbrevialions GGGT, galactolipid galactolipid galaclosyllransferase Hepes 4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid. Mes, 4-morpholineelhanesulphonic acid. Tri
une,
A-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine
UDGT, UDPGal diacylglycerol galactosyltransferase

glycerol, has been localized on the cytosolic side of
spinach chloroplasts [6], and, tentatively, ¡n the
outer envelope of pea Activities of a third proposed enzyme, UDPGal monogalactosylducylglyccrol galactosyltransferase, could not be measured in previous studies [7]
In fact, difficulties in the study of localization
arise for two reasons Firstly, it is necessary to
obtain sufficient amounts of inner and outer chloroplast envelopes of reasonable purity Separation
of the envelopes must proceed quite fast in order
to minimize alterations in lipid composition [6] Of
the various published procedures [8-11], the procedure of Cline et al [8,11] gives highest yields of
enriched inner and outer envelopes, but is very
time-consuming This separation has been adapted

OO05-2760/85/$O3 30 '0 1985 Elsevier Science Publishers В V (Biomedical Division)

55

preuousk to spinach [9] and could be greatK
shortened in our hands sielding sufficient amounts
of enriched inner and outer envelopes Recentk a
faster separation has been described bs Block et
al [10] but a greater amount of leases was needed
In the second place galactolipid ssnthesis is
usualk measured b> following the incorporation
of galactose-labeled UDPGal into galaclolipids.
However in this wa> L D C J T and GGGT are
measured together since not onk labeled monogalactosvldiacvlghcerol but also labeled di Irl
and tctragalactosvldiacvlgKcerol are ssnthesized
[12 13] So both en7\mes appear interdependent
UDGT produces monogalactossldiacvlglvcerol
(substrate for GGGT), whereas GGGT produces
not onK higher galactohpids but also diac>lglycerol (the substrate for LIX5T) [14] B\
using a specific аььа\ GGGT activity could be
measured in unfractionated envelopes separatelv
from UIXЛ activity [7] This assav is applied now
to the fractionated inner and outer envelopes In
other experiments chloroplasts were made to svnthetize lipids from the labeled lipid precursors
l4
[ C [acetate and UDPfHIGal and subsequentlv
separated envelopes were anahzed for their labeled
lipid composition Both approaches can be consid
ered as independent wavs to obtain insight into
the location of the en/ymes involved in galactoli
pid synthesis
Experimental procedures
[2-'4C]Acetatc and [l- M C|oleic acid were ob
tained from Amcrsham International (U К )
Thermolysin from Bacillus ihernioproieohucm (EC
3 4 24 4) was purchased from Boehnnger (Man
nheim, Ь R G ), ι-glycerol 3-phobphale and coen
zyme A were from Sigma ( L S A ) Galactoselabeled ('"Cjmonogalactosyldiacvlglvcerol and
['4C]digalaclosyldiacvlgl\cerol were prepared as
described before [7] Other chemicals [7] were of
analytical grade
Fracmmaiion of em elope membranes Spinae ш
olerácea L leaves (500 g) were bought from the
local market Percoll-punfied chloroplasts were
isolated as described before [7] The chloroplasts
were more than 95% intact |7] and were purified
from the crude leaf homogenate 140-fold relative
to peroxisomes as estimated bv chlorophvll/
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catalase ( K 1 1 1 1 6 ) [15] ratios 30 fold relative
to mitochondria as estimated bv chlorophvll/
cvlochrome с oxidase (I-C 19 3 1) [16] ratios 40fold relative to mitochondria plus microsomes as
estimated bv chlorophvll/NADH cvtochrome с
reductase (I-C 1 6 99 3) [16] ratios
Pelleted chloroplasts (35-45 mg chlorophvll)
were suspended in 5 ml 0 7 M sucrose adjusted to
0 55 M sucrose and kept on ice for 10 mm Then
the chloroplasts were ruptured b\ two frce7cMhaw
cvclcs (1 h freezing at - 20°C followed bv thaw
ing at room temperature) Broken chloroplasts were
adjusted to 1 45 M sucrose and divided over four
38-ml centrifuge lubes They were carefullv
overlavered bv hand with 5 ml 1 20 M sucrose and
2 5 ml 1 05 M sucrose so that the 1 05 M sucrose
laver was not greenish Tubes were further
overlayered with 25 ml of a continuous gradient
from 1 0 to 0 5 M sucrose and filled with 0 3 M
sucrose (Fig 1) Hotation centrifugation of the
gradients was performed for 17 h at 131000 X
Km.., (Beekman L8-80 ultracentrifuge SW-27 ro
tor) Gradients were lapped from just above the
dark-green 1 20 M sucrose laver absorption at 280
nm was measured and fractions were collected
The adequatelv pooled fractions were diluted with
10 mM Triune (pH 7 6 with Tris) and pelleted by
centrifugation for 90 mm at 131 000 x g m a . Total
yield of envelopes was 2 1-27 mg protein
Thylakoids were recovered from the green 1 20 M
sucrose layer and pelleted as above All sucrose
solutions were buffered with 10 mM Tríeme (pH
7 6 with Tns) All treatments were carried out at
40C
1 he pelleted membranes were immediately
frozen at - 80°C until use unless indicated otherwise Lnder these storage conditions galactolipid
svnthesis (incorporation of LDPGal) decreased bv
about 15% monthly The pellet of the heaviest
envelope fraction contained some thylakoid
material in the tip which currently could be removed from the vellow envelopes by carefully
vortexing with resuspcnsion buffer
Before use, the frozen membrane fractions were
thawed and resuspended in 10 mM Tríeme (pH
7 6 with Tris) After protein determination, all
fractions were diluted to the same protein concentration and used for enzvmatic assays
Απαν!
Incorporation of LiDP[ u C]Gal into

galaclolipids [5] was measured in 50 mM Tncine
(pH 7 4 with Tns)/10 mM MgCU/015 mM
UDP[MC]Gal (71 MBq/mmol)/30-6Ö μ% protein
o
in a total volume of 150-300 μΐ at 30 C. Initial
velocities were determined by analyzing samples
taken between 30 s and 2 mm after start of the
incubation In other cases, incubations lasted 60
mm Analysis of labeled products was as in Ref. 7.
GGGT was assayed as described before [7|.
1 ,
Briefly, 0.3 nmol galaclose-labeled [ ' C]mono1
galactosyldiacylglycerol
or ( ''C]digalaclosyldiacylglycerol (both 71 MBq/mmol), diluted with,
respectively. 1 and 2 nmol unlabeled mono- and
digalactosyldiacylglycerol, were solubihzed with 30
nmol sodium deoxycholate The mixture was
briefly sonicated with envelopes (30 μg protein)
and incubated in 50 mM Hepes (pH 7.2 with
o
Tns)/5 mM MgClj for 90 mm at 30 C Analysis
was as in Ref. 7
Long-chain acyl-CoA synthetase was assayed
according to Joyard and Stumpf (method C) (17|
using 1 mM ('"CJoleic acid and freshly prepared
envelopes (60 μg protein) in a total volume of 600
μΐ. Initial velocities were determined b> sampling
between 30 s and 10 mm and analyzing the sam
ples for labeled oleic acid and oleoyl-CoA [17].
Chloroplasi incubations Intact chloroplasts (6
mg chlorophyll) were incubated in white light at
0
25 C. basically according to Mudd and DeZacks
[18] Incubation media comprised 330 mM sorbi
tol/50 mM Hepes/10 mM KOH/10 mM
N a H C ( V 2 mM Α Ί Ρ / 2 mM MgCI 2 /2 mM
EDTA/0 5 mM L-glycerol 3-phosphate/0.3 mM
K H : P ( V 0 . 2 mM CoASH/0 12 mM [ l4 C)acetate
(3 3 MBq/mmol) at pH 7 6 (with NaOH). total
volume was 3 4 ml Where indicated, in addition,
0.12 mM LDPpHlGal (2 2 MBq/mmol) together
with 5 mM MgCl ? were given After 30 mm in
cubation, an isotonic suspension of thermolysin/
СаСІ2 [6] was added for 5 mm Then, 10 mM
EGTA was added and intact chloroplasts were
recollected immediately by centnfugation through
an isotonic 40% Percoll-cushion containing 1 mM
EGTA Controls were run without the thermolysin
treatment. The intact chloroplasts were used for
the fractionation of envelopes as above. Extraction
of envelope fractions and analysis of labeled lipids
were as described by Sparace and Mudd [19].
Analyses. Peptide patterns of envelope fractions

were checked by SDS-polyacrylamide gel electro
phoresis [20] using a 7-15% (w/v) continuous
acrvlamide gradient Gels were loaded with 5 μg
protein in each slot and were stained with siKer
[21] Protein was measured by a modified method
of Lowry et al [22]. Chlorophyll was determined
according to Wintcrmans and De Mots [23]
Quantitative determination of acyl lipids was
based on the content of their methylated fatty
acids, as analyzed by gas-liquid chromatographv

m.
Results
The presented version for the separation of
inner and outer chloroplast envelopes, as de
scribed in Experimental procedures, shortens the
original procedures of Cline et al. [8] by 50% and
takes no longer than 24 h In our version, we used
a composed sucrose gradient in order to separate
outer, inner envelopes and thylakoids in one
centnfugation run in stead of two runs. I he total
yield of envelopes, about 2.4 mg envelope protein
from chloroplasts equivalent to 40 mg chlorophyll.
is comparable to the original version [8.11] The
procedure resulted in two yellow bands in the
sucrose gradients (Fig. 1), corresponding with two
major absorption peaks at 280 nm with densities
of about 1 13 and 1 08 g/ml (Eig. 2). Concur
rently, gradients were fractionated as shown in
Fig. 2.
Gradient fractions were characterized as to their
peptide composition after SDS-polyacrylamide gel
electrophoresis and the very sensitive silver-staming method (Fig 3) The resulting peptide patterns
corresponded well with the peptide patterns of the
clearly defined, enriched inner and outer envelopes
of Block et al. [10] Considering inner envelope
markers, such as the 30 and 37 kDa peptides
[9,10], heavy gradient fractions (e.g. fraction 2)
were enriched in inner envelopes Light fractions
(eg. fraction 6) showed a quite different poly
peptide composition, notably the dense low-molecular-weight peptide band, and were enriched in
outer envelopes (cf. Refs. 9, 10) Intermediate frac
tions showed intermediate peptide patterns In our
silver-stained gels, high-molecular-weighl peptides
were not heavily stained, neither was the 54 kDa
peptide identified as the large subumt of nbulose-
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grad ent
1 0-057 M

68 ••
60 ••

40-»

dens ty(g/ml
Fig. 1. Composition of sucrose gradients for the separation of
inner and outer chloroplast envelopes Left broken chloroplasts in 1 45 M sucrose were lavered on the bottom of the
centrifuge lube (hatched) and tubes were filled with sucrose
lavers as indicated (see also hxpenmenial procedures) Right
calculated densiu curve in the sucrose gradient Arrows indi
cate the position of light and heavy envelopes (env) and of
thylakoids (thv) after flotation centnfugation

].5t-bjphosphaie carboxylase [10].
It can be concluded that the heavy envelope
band of the sucrose gradient (density 1.13 g/ml) is
enriched in inner envelopes and the light band
(density 1.08 g/ml) is enriched in outer envelopes
However, some cross-contamination in both inner

29-»

12.5.

Fig 3 Peptide patterns of envelope fractions Fractionated
envelopes (see Fig 2) were subjected to sodium dodecvl sulphate
polyacrylamine gel electrophoresis and gels were stained with
silver Lane I. thylakoids. lane 2. fraction 2. lane 3. fraction 6
Numbers indicate molecular weights (kDa). arrows point to the
position of marker proteins

б

7
lop
tract on number
Fig. 2. Absorption pattern of sucrose gradients after flotation
centnfugation Gradients were tapped just above the 1 20 M
sucrose layer and measured at 280 nm Fractions were pooled
as indicated and their densities were determined Fraction 2
contained most pure inner envelopes and fraction 6 most pure
outer envelopes (see text).
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and outer envelopes is always present. Similar
difficulties were encountered by other laboratories
[8 11].
In order to obtain an improved separation of
inner and outer envelope bands, several modifica
tions in the procedure were tried [24]. For exam
ple, the addition of 1-5 mM EDTA to all sucrose
buffers resulted in a less clear separation of the
gradient peaks [24].
The fractionated envelopes were further char-

TABLbl
GALACTOIIPID SYNTHESIS AND ACYLCoA SWTHESIS BY FRACTIONATED ENVELOPES
Envelopes were pooled from sucrose gradients as in Fig 2 and immediatelv assaved as described in Experimental procedures
Densities of the envelope fractions u^rt аь mditaicd Initial еіосиіеь of L D P l ^ C )ОаІ incorporation into galaclohpids and of
[ N C|olco\l CoA synthesis are presented Each envelope fraction was assayed with 60 /ig protein Th\ thvlakoidi fraction 1
contained thvlakoid contamimtion η d not determined
Fraction number

Demuv (g/ml)
L DPCïal incorporation
(μmol/mg protein per h)
Aevi CoA s>nthesi4
( μ mol/mg protein per h)

Thv

1

2

3

4

5

6

1 15

I 14

Ι Π

I 12

1 10

108

107

105

0 09

0 47

1 π

178

108

107

0 80

nd

004

0 22

0 20

0 23

0 35

0 66

1 10

nd

attenzed bv enzymatic activities Table I presents
initial activities of UDPGal incorporation and of
long chain ac>l-CoA synthesis Heavy enriched
inner envelopes showed highest UDPGal incorpo
ration rates and light enriched outer envelopes
showed highest acyl CoA synthetase activities The
latter enzvme can be considered as a good outer

envelope marker [25 26) Since the initial UDPGal
incorporation as a measure for UDGT is depen
dent on dtacvlglvcerol this compound had to be
quantified In the different envelope fractions diacvlglvcerol amounted to about 5 mol^ of total
acvl lipids (not shown) comparable with quanti
ties found in fractionated pea envelopes [4] So
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f-ig 4 Galactosyltransferase activities of fractionated еп еіореь Envelopes were fractionated and assayed as desenbed in Expenmen
tal procedures The densities of envelope fractions and of thylakoids ( ІЪу) in the sucrose gradient are indicated (C) All incubations
contained 30 μg protein Specific activitie;. (in nmol/mg protein) and total activities (in nmol/fraction) are given for each assay (A)
14
Incorporation of LDP[ CJGal into galactolipids incorporation into mono di tn and tetragalactosyldiacylglycerol (UDGT +
GGGT activity) ( · ) incorporation into di tn and tetragalactosyldiacylglycerol (GGGT activity) ( О ) (B) GGGT activity with
M
[ ( Jmonogalactosyldiacylglvcerol (MGDG) as substrate amount of substrate converted into di m and tetragalactosyldiacyl
14
glycerol (C) GGGT activity with [ Cldigalactosyldiacylglyccrol (DGDG) amount of substrate converted into mono- tn and
tetragalactosyldiacylglycerol The results of one expenment are shown represen ta live for six (A) or four (B and C) expenments
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Fig 5 Distribution of newly synthesized Idbeled lipids over fractionated emelopes Chloroplasis were incubated uith radioactive lipid
precursors and treated with thermolysin Then the remaining intact chloroplasis were collected and their envelopes were analyzed
For details see Fxpenmemal procedures Densities of the envelope fractions in the sucrose gradients are indicated (П) (A B)
14
14
1
Chloroplasis incubated with [ CJacetale as lipid precursor (C f·) Chloroplasis incubated with [ C]dcetate and UDP[ H]Gal as lipid
14
1
precursors С D show C labeled lipids and L I show H labeled lipids Upper parts (А С [-) represent radioactivity in the whole
lipid extract (•) In the lower parts f В D F) major labeled lipids are specified free fatly acids (*) diacylglvcerol (O)
monogalactosyldiacylglycerol (·) digalactosyldiacvlglyccrol (д) In and telragalaclosyldiacylglycerol (Δ) Minor labeled lipids
(monoacylglycerol and phospholipids) [27] are not shown I he results of one experiment are shown represenlalive for three
expenmenls
ihe measured rales (Table I) may represent reliable
UDGT activities
Enzymatic activities concerning galactohpid
synthesis (Fig 4) were more specifically de
termined in longer incubation times, since, for the
GGGT assay, only after longer incubations were
substantial amounts of labeled substrate galac
tohpid converted [7] hnvelope fractions were mea
sured for their activities in UDP[ 1 ' l C]Gal incorpo
ration (reflecting UDGT and GGGT) (Fig 4A)
and in GGGT with [14C]monogalactos>ldiacylglycerol or [14C]digalactosyldiacylglycerol as sub
strate (Fig 4B and 4C) In all cases, highest specific
and total activities were observed in enriched inner
membranes, whereas enriched outer envelopes
showed low activities Low activities were also
found in thylakoids A GGGT assay with mono
galactosyldiacylglycerol for 30 mm (not shown)
instead of 90 mm, resulted in a similar, but more
flattened curve as in Fig 4B The activities of
GGGT, as given in Fig 4B and 4C, must be
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considered as underestimations of the real GGGT
activities since only a limited amount of labeled
galactohpid substrate (10 nmol/mg protein) was
mixed with envelope membranes and only the
conversion of this labeled substrate could be mea
sured [7] Taken together these results point to a
localuation of both galactosyltransferases, UDGT
and GGGT, in the inner envelope
In a second series of expenments, intact chloro
plasis were incubated with the lipid precursors,
[ ,4 C]acetate and UDPfHIGal, followed by frac
tionation of envelopes and analysis of the labeled
envelope lipids In order to mmirmze lipid alter
ations during the separating procedure [6], thermolysin was added before fractionation (see Expenmental procedures) Results are presented in Fig
5 After incubation of chloroplasis with
[ 14 C]acetate without UDPGal (Fig 5A, B), most
labeled lipids were recovered from the heavy en
velope fractions (Fig 5A) The main labeled prod
ucts were diacylglycerol and free fatty acids, minor

TABLt II
INFI l F\CF OF THhRMOLVSIN
FRACTIONS

FRFATMl ЧТ ON I Hl I ABFI FD GALAC I O U P I D COVIPOSII ION IN fcNVFLOPb

Chloroplabts were intubjied vsilh [l4C]jt.Llate jnd I DP[ 'H]Gdl (for dctdils see ЕлрептепиІ protedurts) Subsequently the
chloroplaslb wtrt. or wure not trcdted ssnh tht-rmolssin and (.nselopvs ssire fraLhonalLd Results с f the samu experiment as in I ig 5
For t.ash «.nstlopL fraction the peri.enlag».s of Η and U C labt.1 found in various galauohpids are given Th\ thslakt^ids MCÏDCJ
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44
70

40
64

18
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24
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producís were
monogalactosyldiacvlghcerol
monoat.ylgl>terol and phospholipids (Fig 5B) The
free fatty acids were mainly present in heavy envelopes while diacylglvcerol was found more
equally in heavy and light membranes
After incubation of chloroplasts with ["CJace
late and LDP^HjOal (hig 5C F) again most
14
C labeled lipids were in the heavy envelopes but
the *Н labeled (galacto)lipids were more equally
divided over heavy and light fractions I he ' 4 C
label was mainly present in free fatty acids diacylglycerol and monogalaclosyldiacylglvcerol
digalactosyl[1,,C]diacylglycerol could hardly be de
tected (Fig 5D) The Ή label was found in monodi lr -and lelragalactosy I diacylglvcerol (Fig 5F)
All envelope fractions showed roughly the same
spectrum of their 1 4 C labeled lipids (Fig 5D) but
as regards to ^-labeled lipids (^Jdigalactosyldiacylglycerol was enriched in light envelopes and
['HJlri- and ['HJtetragalactosyldiacylglycerols
were enriched in heavy envelopes (Fig 5F) Tak
ing into account some cross contamination u can
be derived that in the experiments presented here
И
С labeled lipids (['"Olacetate-derised) were con
fined mainly to the inner membrane in clear con
trast with the 1 H labeled galauohpids (UDPfH]
Gal-denved) divided over both envelope mem
branes
These experiments allowed us to establish the

—

-

-

—
Γ
4

effects of thermolysin Dorne et al [6] have dem
onstrated that GGCiT activitv during the isolation
of envelopes could be prevented by thermolvsin
irealmenl of the chloroplasts this could be re
peated in our hands (not shown) Chloroplasts
l4
incubated with [ C]acetatc and LDPI'H]Gal were
treated with thermolvsin or remained untreated
and envelope fractions were analyzed (Table II)
The thermolysin treatment did not influence the
amount of radioactive lipids recovered (not shown)
Omission of thermolysin had only a slight effect
on ' 4 C labeled lipids However the distribution of
the 1 H labeled galactolipids was considerably in
fluenced when thermolysin treatment was omitted
all envelope fractions showed a much higher con
tent of ['HJdigalactosyldiacylglycerol and higher
Ή labeled galactolipids and a lower content of
['HJmonogalaclosyldiacylglyccrol This label shift
must be a consequence of GGGT activity during
the fractionation Hence thermolysin can indeed
affect GGGT activity in both heavy and light
envelopes during the separation procedure
Discussion
The envelope fractionation as presented above
seems satisfactory for our purpose The original
separation could be shortened by 50% while yields
were sufficiently high to perform peptide analysis
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and \arious enzvmatic assays with one preparation Moreover the shortened procedure could be
used to fractionate chloroplasts labeled with radioactive lipids The procedure yields envelope fractions sufficiently enriched in inner and outer envelopes to ascertain the localization of the assayed
enzymes, densities of 112-113 and 1 08 g/ml
for respectively, inner and outer envelopes agree
with published values [8 11] peptide patterns
compare well with patterns of the enriched inner
and outer envelopes of various authors [9,10] Finally long-chain acyl-CoA synthetase an enzyme
unequivocally localized in the outer envelope of
spinach [25] and pea [26] chloroplasts was also
found in light enriched outer envelope fractions
(Table I) A disadvantage of the described procedure compared to the original one [8] is the presence of some thylakoids in the heaviest envelope
fraction But, by carefully resuspending most
thylakoids could be removed from the pelleted
envelopes
Assaying of the envelope fractions for galactosyltransferase activities (Fig 4) yielded quite clear
results Both after short-time and after long-time
incubations with UDPGal. highest activities were
found in the enriched inner envelopes GGGT
activities assayed with labeled mono- and digalactosyldiacylglycerol in longer incubation times,
were also found highest in enriched inner envelopes Activities in the fractionated envelopes
were somewhat lower compared to activities previously found in unfractionatcd envelopes [7], possible as a consequence of the longer isolation procedure required for fractionation
Fractionation of labeled chloroplasts, however,
gives a somewhat different picture as regards the
localization of galactolipid synthesis The occurrence of ([14C]acetate-derived) fatty acyl-labeled
lipids mainly in the enriched inner envelopes (Fig
5) is to be expected For all known involved enzymes, fatty acid synthetase [28], fatty acyl-CoA
thioesterase [25,26], phosphatidic acid synthesis
[29] and phosphatidic acid phosphatase [30] have
been localized in the chloroplast stroma or in the
inner envelope [31] Therefore, the bimodal distribution of [14C]diacylglycerol (Fig 5B) is remarkable and may indicate transport from the inner to
the outer envelope The recovery of monogalactosyl[,4C|diacylglycerol, synthesized from ['"CJdi-
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acylglyccrol in the presence of UDPGal [32] also
predominantlv in the heavy envelope fractions (Fig
5D) confirms location of UDGT in the inner
envelope But recovery of 'H-labeled galactolipids
(UDPpHjGal-denved) both in inner and outer
envelopes (Fig 5E, F) does not correspond fully
with a location of GGGT in the inner membrane
Fspecially the high amount of ('HJdigalactosyldiacylglycerol in light envelope fractions raises
questions Similar conclusions can be derived from
the thermolysin experiments since thermolysin has
been described as a non-permeating proteinase,
useful for monitoring cytoplasma-faced chloroplast proteins [33 34] The ready accessibility of
thermolysin to 'H-labeled galactolipids in all envelope fractions (Table II) therefore supports a
cytoplasmic-faccd location of GGGT, but only if
during isolation GGGT will be distributed over all
fractions
These seemingly contradictory results can be
explained by several hypotheses The first one
could be the involvement of functional contact
sues between inner and outer envelopes Such sites
have been observed even under hypertonic conditions [8 11,35] and may explain the difficulty of
obtaining pure inner and outer envelopes (10,11)
When it is assumed that GGGT is preferentially
found in contact sites, the accessibility for thermolysin may be explained Secondly, difficulties to
locate GGGT precisely could arise from its typical
properties due to its activity even at the low
temperature used during envelope fractionation
[6,7,10], the isolated membranes have a changed,
artificial lipid composition Although our
fractionated envelopes were pure enough to localize UDGT and acyl-CoA synthetase unequivocally, such a changed lipid composition, together
with the unavoidable cross-contamination in the
fractionated membranes, might result in a distorted picture for GGGT The most extensive lipid
change would be expected in fractions containing
most GGGT We owe this to remarks by Douce
and Joyard (Grenoble, France) and have started a
joint senes of expenments to test this second hypothesis
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CHAPTER 4

LOCALIZATION OF GALACTOLIPID : GALACTOLIPID GALACTOSYLTRANSFERASE AND ACYLTRANSFERASE IN OUTER ENVELOPE MEMBRANE OF SPINACH CHLOROPLASTS
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We have measured the localization within spinach chloroplast envelope membranes of two galactolipid manipulating enzymes, the galactolipid : galactolipid galactosy(transferase and the galactolipid : galactolipid acyltransferase.
Both are localized on the outer envelope membrane. This situation differs
strikingly from the localization of the enzymes involved in monogalactosyldiacylglycerol synthesis, on the inner envelope membrane.

Introduction

In the plant cell, the plastid envelope membranes are indeed a major
site of galactolipid metabolism (1). For instance, at least two distinct enzymes, responsible for the synthesis of monogalactosyldiacylglycerol
(MGDG*) and digalactosyldiacylglycerol (DGDG) are associated with envelope membranes (2). The first enzyme, an UDPGal : diacylglycerol galactosyllransferase , catalyzes the incorporation of galactose from UDPGal into
MGDG and is localized, at least in spinach, on the inner envelope membrane from chloroplasts (3,4). However, the enzyme responsible for

* Abbreviations: MGDG, DGDG, TGDG, TeGDG, respectively, mono-, di-, triand tetragalactosyldiacylglycerol; Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid; Tricine, 7V-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine.
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DGDG synthesis is still under investigation. It is either an
UDPGal : MGDG galactosyltransferase or a galactolipid : galactolipid
galactosyltransferase. This latter enzyme catalyzes an interlipid exchange of
galactose between MGDG molecules and led to the formation of DGDG
and diacylglycerol, as described by Van Besouw and Wintermans (5). In
addition, the enzyme becomes active during the course of envelope membrane preparation and induces the formation of unnatural galactolipids such
as trigalactosyldiacylglycerol (TGDG) and tetragalactosyldiacylglycerol
(TeGDG).
Using a non-penetrating proteolytic enzyme (thermolysin) on isolated
intact chloroplasts, Dorne et al. (6) have demonstrated that the galactolipid : galactolipid galactosyltransferase was localized on the cytosolic side of
the outer envelope membrane of spinach chloroplasts. Cline and Keegstra (7) provided some indirect evidence for a localization of this enzyme on
the outer envelope membrane from pea chloroplasts. On the contrary,
Heemskerk et al. (4), using [ga/acfoíe-14C]MGDG measured directly the activity of the galactolipid : galactolipid galactosyltransferase in membrane
fractions enriched in outer and inner envelope and found that the inner envelope membrane had the highest specific activity.
To clarify the discrepancies observed between our respective data (4,6)
we decided to perform a joint series of experiments in order to determine
unambiguously the precise localization of the galactolipid : galactolipid
galactosyltransferase within envelope membranes from spinach chloroplasts.
Furthermore, we have also determined the localization of another galactolipid manipulating enzyme, the galactolipid : galactolipid acyltransferase (an
enzyme responsible for the formation of 6-O-acyl-MGDG), within envelope
membranes.

Material and methods

Chloroplast envelope membrane preparation. Several methods were
used for such a preparation. First, we used total envelope membranes
prepared from purified intact spinach chloroplasts according to Douce et
al. (8), except that the pH of all the different media was adjusted to 7.8.
Membrane fractions enriched in outer and inner envelope membranes were
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prepared according to the methods described by Block et al. (9) and Heem
skerk et al. (4).
Thermolysin treatment of violated intact chloroplasts. We used a non
penetrating proteolytic enzyme (thermolysin from Bacillus thermoproteolyticus, Calbiochem.) to hydrolyse envelope polypeptides accessible on the
outer surface of the outer envelope membrane, as described by Joyard et
al. (10). The intact and purified chloroplasts (1 mg chlorophyll/ml) were in
cubated for 1 h at 4 0 C in the following medium: 0.3 M sucrose, 10 mM
Tricinc (pH 7.8 with NaOH), 1 mM CaCl·, and thermolysin (200 μ§/ιη1). In
order to terminate the reaction, 10 mM EGTA was added. Control experi
ments (non-treated chloroplasts) were done in the same conditions except
that the incubation medium contained at the same time thermolysin, СаСІг
and EGTA. Thermolysin-treatcd and non-treated chloroplasts were puri
fied again through a Percoli gradient (10), and used for envelope mem
brane purification.
Determination of envelope lipids. Extraction and quantification of en
velope lipids were done according to Douce and Joyard (11) and Heem
skerk et al. (12). Quantitative analyses of fatty acids and their parent lipids
were made with an Intersmat gas Chromatograph (IGC 131) equipped with
a hydrogen flame ionisation detector and an Intersmat integrator (ICR IB).
Assay of the galactolipid : galactolipid galactosyltransferase. The en
zyme was assayed according to the method described by Heemskerk et
al. (12). First, [ga/acio.îe-14C]MGDG (1.02 dpm/pmol) diluted with variable
amounts of unlabeled MGDG were solubilized with 30 mM sodium desoxycholate (with a ratio MGDG/desoxycholate of 1/1.5-3, mol/mol). The mixture was briefly (20 s) sonicated (Sonimass Τ 250, Ultrasons, Annemasse,
France) with envelope membranes containing 30 μg protein, and incubated
in 50 mM Hepes/Tris (pH 7.6) containing 10 mM MgCl2 at room tempera
ture for a given time (final volume, 0.3 ml). The reaction was stopped and
the labeled galactolipids were analyzed as described by Heemskerk et
al. (12). The results were quantified by taking into account the total
amount of MGDG (i.e. MGDG present in envelope membranes, around
300 nmol/mg protein, plus added labeled and/or unlabeled MGDG), as dis
cussed under results. The value of 300 nmol MGDG/mg protein
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corresponds to envelope membranes obtained under normal experimental
conditions, where MGDG is partly destroyed by the galactolipid : galactolipid galactosyltransferase. in vivo, the MGDG content of envelope mem
branes, however, is 800-1000 nmol/mg protein; this value can be obtained
after thermolysin treatment of isolated intact chloroplasts. The effect of
thermolysin on the galactolipid : galactolipid galactosyltransferase is
described under results.
Assay of the galactolipid : galactolipid асу ¡transferase. The enzyme was
assayed according to the method described by Heinz et al. (13).
Chlorophyll and protein determination. Chlorophyll concentration was
measured according to Arnon (14) or Wintermans and De Mots (15). Protein concentration was determined according to Lowry et al.(16), with bovine serum albumine as a standard.

Results

Effect of thermolysin treatment of intact chloroplasts on the envelope galactolipid : galactolipid galactosyltransferase.
Dorne et al. (6) had previously demonstrated that thermolysin treatment of isolated intact chloroplasts fully inhibits the interlipid exchange of
galactose which occurs during the course of envelope membrane purification. Indeed, Table I clearly demonstrates that the outer and the inner envelope membranes from non-treated chloroplasts and prepared at pH 7.8
contained large amounts of diacylglycerol and non-negible amounts of
TGDG and TeGDG. On the contrary, outer and inner envelope membranes from thermolysin-treated chloroplasts were devoid of diacylglycerol,
TGDG and TeGDG. In addition, the amount of MGDG in membranes
from thermolysin-treated chloroplasts was much higher than in membranes
from non-treated chloroplasts. Furthermore, Table I also shows that the
difference in MGDG content was higher in the outer membrane fraction
than in the inner membrane fraction: outer envelope membranes from
non-treated chloroplasts contain very little MGDG, they have a
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TABLE I
EFFECT OF THERMOLYSIN TREATMENT OF ISOLATED INTACT SPINACH CHLOROPLAST
ON THE POLAR LIPID COMPOSITION OF OUTER AND INNER ENVELOPE MEMBRANES
Treatment of isolated intact chloroplasts with thermolysin was performed as described under Matenal and
methods Membrane fractions enriched in outer and inner envelope membranes were prepared according to
Ref (9) Analysis of the lipid composition of membrane fractions was as in (11) The values presented are
expressed m μg fatty acids per mg of membrane protein Thermolysin treatment of the chloroplasts prevents
the intcrhpid exchange of galactose due to the functioning of the galactohpid galactolipid galactosyltransferase during the course of the membrane purification Note that the decrease of the MGDG content
due to this enzyme is stoichiometncally compensated m the different membrane fractions by an increase in
DODO, TGDG, TeGDG and diacylglycerol content

MGDG a

DGDG

TGDG

TeGDG

PC

PG

PI

SQDG

DO

Total

64
408
-344

781
696
+85

63
0
+63

16
0
+16

742
768

236
240

112
144

172
144
-

200
0
+200

2386
2418

48
48
-

86
64
-

16
8
-

40
40
-

134
0
+134

800
792

OUTER MEMBRANE
Non-treated
Thermolysin-trcatcd
Difference

+364
INNER MEMBRANE
Non-treated
Thermolysm-treatcd
Difference

132
392
-260

289
240
+59

45
0
+45

10
0
+10
+248

Abbreviations used MGDG, DGDG, TGDG, TeGDG, respectively, mono-, di-, tn-, and tetragalactosyldiacylglycerol, PC, phosphatidylcholine, PG, phosphatidylglycerol, PI, phosphatidyhnositol, SQDG, sulfoqumovosyldiacylglycerol, DG, diacylglycerol

MGDG/DGDG ratio of 0.08 (compared to 0.59 in outer envelope mem
branes from thermolysin-treated chloroplasts), whereas the value of
MGDG/DGDG ratio was 0.46 and 1.6 in inner envelope membranes from
non-treated and treated chloroplasts, respectively.
These results demonstrate that MGDG breakdown occurs in both en
velope membrane fractions, in addition, they also show that thermolysin
treatment of isolated intact chloroplasts destroys the envelope galactolipid :
galactolipid galactosyltransferase, in good agreement with the previous data
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Fig 1 Effect of thermolysin treatment of intact spinach chloroplasts on the activity of the envelope galactohpid galactolipid galactosyltransferase
Ireatment of isolated intact chloroplasts with thermolysin was as described under Material and methods Envelope membranes
(containing both outer and inner envelope membranes) were prepared, after swelling of the intact thermolysin-treated or non-treated chloroplasts in a hypotonic medium (8) Galactolipid
galactolipid galactosyltransferase was assayed according to Ref (12) using [ C]MGDG A
parallel experiment was done in order to determine the total amount of galactohpids and didcylglycerol in the mixture according to Ref (11) · , Envelopes were obtained from nontreated chloroplasts the incubation mixture contained 11 nmol [ C]MGDG and envelope
membranes corresponding to 0 37 mg protein, total MGDG content of the incubation mixture
was 166 nmol
o. Envelopes were obtained from thermolysin-treated chloroplasts the incubation mixture contained 12 nmol [ C]MGDG and envelope membranes corresponding to
0 40 mg protein, total MGDG content of the incubation mixture was 388 nmol Note that in
the latter case no MGDG transformation occurs within the 20 mm of incubation After a prolonged incubation at room temperature for 17 h, less than 2% of MGDG were transformed,
whereas under the same conditions more than 50% of MGDG were converted in envelopes
from non-treated chloroplasts (not shown) Values are expressed, first by taking into account
only [ C]MGDG conversion in order to express the data as percentage of [ CjMGDG converted (left ordinate), second by taking into account also the total amount of MGDG present
at the start of the incubations, in order to express the data in nmol MGDG converted/mg protein (right ordinate) A value of the total amount of each galactolipid present in the mixture
after 20 mm of incubation was obtained by gas chromatographic analysis The result obtained
is represented on the graph as a single point, о It clearly shows that total MGDG (envelope
MGDG plus added MGDG) was converted at the same rate as [ 1 4 C]MGDG Therefore, in
this paper, the activity of the galactolipid galactolipid galactosyltransferase will be quantified
as nmol MGDG converted/mg protein, by taking into account the total (endogenous plus ad
ded) MGDG present in the incubation medium at the beginning of the experiment, and by fol
lowing the conversion of [ 1 4 C ] M G D G during the experiment
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of Dorne et al. (6) and Block et al. (3). This latter point was also confirmed using the assay developped by Heemskerk et al. (12) by measuring
the activity of the enzyme in envelope membrane fractions: no [ 14 C]MGDG
was converted into DGDG, TGDG or TeGDG in envelope membranes
from thermolysin-treated chloroplasts, whereas 15% of [ 14 C]MGDG were
converted within 20 min in envelope membranes from non-treated chloroplasts (Fig. 1). In addition, we found that [ 14 C]MGDG was converted at
the same rate as total MGDG (see legend for Fig. 1), regardless of the fatty acid content of this lipid. This indicates that endogenous and added
MGDG can be considered as a single pool of substrate for the enzyme.
This result led us to consider that the total amount of MGDG present in
the incubation mixture should be taken into account for the quantification
of the results, and not only the labeled MGDG, as discussed by Heemskerk
et al. (12). Under these conditions, the galactolipid : galactolipid galactosyltransferase present in 1 mg of envelope protein (with a MGDG content
between 300 and 500 nmol/mg protein) was able to convert within 1 h
between 100 and 200 nmol MGDG into diacylglycerol, DGDG, TGDG and
TeGDG. Therefore, in order to estimate the activity of the galactolipid :
galactolipid galactosyltransferase, it is essential to determine by gas chromatography the exact amount of galactolipids present in each sample.
Assay of the galactolipid : galactolipid galactosyltransferase in membrane
fractions enriched in outer and inner envelope membranes.
The observation (see Table 1) that galactolipid distribution is affected
in both outer and inner envelope fractions by the galactolipid : galactolipid
galactosyltransferase during the course of envelope membrane purification
reflects the unavoidable cross-contamination of each fraction by the other
(see Ref. 9, for a quantitative study of this problem). Therefore, the
amount of substrate, i.e. MGDG, available for the enzyme could be rate
limiting and thus could led to a distorted figure for enzyme distribution
within the membranes. Such a problem would be very important when the
envelope membranes separation is achieved in more than a few hours. We
decided to control this point: using total envelope membranes and purified
outer and inner envelope membranes, we measured the rate of galactolipid : galactolipid galactosyltransferase activity with increasing concentrations of MGDG (by adding exogenous MGDG to the endogenous envelope
MGDG). As pointed by Heemskerk et al. (12), a critical step in such ex73
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Fig. 2. Effect of the MGDG content on the activity of the envelope
galactolipid : galactolipid galactosyl transferase. Envelope mem
branes (containing both outer and inner envelopes) were prepared
after swelling of intact chloroplasts in a hypotonic medium (8).
The enzyme was assayed by measuring the amount of MGDG prior
and during the incubation according to Ref. (11) For each experi
ment, 1.5 ml of incubation mixture contained envelope membranes
corresponding to 136 μg protein and total (endogenous plus added)
MGDG corresponding to the concentrations indicated. •, this
value represents the data obtained from experimental conditions in
which only 50 nmol endogenous MGDG was present. · , these
values were obtained after addition of exogenous MGDG to the
membranes in order to reach the MGDG concentrations indicated.
Incubation time: 20 min.

périment is the relative amount of detergent added, compared to the total
amount of galactolipids present in the mixture. A MGDG/desoxycholate ratio of 1:1.5 was kept constant in all samples analyzed. Fig. 2 demonstrates
that the amount of MGDG converted by envelope membranes into DGDG,
TGDG, TeGDG and diacylglycerol was dependent on the amount of
MGDG present in the mixture: a linear relationship between MGDG concentration and MGDG conversion was observed up to 100 μΜ MGDG
(Fig. 2). For instance, in envelope membranes supplied with exogenous
MGDG to reach a concentration of 80 μΜ, equivalent to 880 nmol/mg
membrane protein, the velocity of the reaction was very high: 1000 nmol
MGDG converted/mg protein/h. At higher concentrations (above 300 μΜ),
saturation of the enzyme by the substrate was observed, although direct ef
fect of the detergent added on the enzyme cannot be excluded. The enzyme
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apparently does not follow simple Michaelis-Menten kinetics, since no
straight line could be drawn when the data were presented as a
Lineweaver-Burk plot (results not shown). However, the data presented in
Fig. 2 show that half of the maximum velocity was obtained at 150 μΜ
MGDG, equivalent to 1650 nmol MGDG/mg protein. Thus we can con
clude that the enzyme has probably a rather low affinity for its substrate.
This is probably important in vivo, since MGDG content of envelope mem
branes from thermolysin-treated chloroplasts is low (800-1000 nmol/mg pro
tein, see Material and methods), compared to the amount of MGDG re
quired for the maximum velocity of the galactolipid : galactolipid galac
tosyltransferase .
The data presented above clearly demonstrate that any measure of the
galactolipid : galactolipid galactosyltransferase in outer and inner envelope
membrane fractions should be done in comparable conditions, i.e. with a
similar MGDG content in each fraction. Fig. 3 shows such an experiment.
The highest specific activity for the galactolipid : galactolipid galactosyltransferase was obtained with the outer envelope membrane fraction. The
maximum velocity obtained in several experiments (with MGDG concentra
tions between 30 and 50 μΜ) was at the beginning of the time course
between 250 and 500 nmol MGDG converted/mg protein/h in outer en
velope membrane fractions, whereas values between 100 and 200 nmol
MGDG converted/mg protein/h were determined in inner envelope mem
brane fractions, whatever the method used for the separation of the two en
velope membranes was. Rapidly, the velocity of the reaction decreased,
probably owing to the decrease of the substrate concentration. It is there
fore obvious that only short time course experiments should be made in
order to have an estimate of the rate of the reaction as close as possible to
the real value. Furthermore, in agreement with the data presented above
(Fig. 2), even higher activities can be obtained with higher MGDG concen
trations: for instance, at 200 μΜ MGDG in both incubation mixtures, the
velocities measured for the galactolipid : galactolipid galactosyltransferase
were 2400 and 800 nmol MGDG converted/mg protein/h in outer and in
inner envelope membrane fractions, respectively. In addition, it is likely
that the values obtained are underestimated since all the factors which
could affect the reaction are difficult to control. For example, back reac
tions occur (from DGDG to MGDG), as shown by Heemskerk et al. (12),

75

02 7

15

90
TIME mm

Fig. 3. Activity of galactolipid : galactolipid galactosyltransferase in membrane fractions en
riched in outer and inner envelope membranes. Membrane fractions enriched in outer (OM,
•) and inner (IM, · ) envelope membrane were prepared according to Ref. (9). The assay of
the enzyme was done according to Ref. (12) and the MGDG content prior and during the in
cubation was determined as described in Ref. (11). Incubation mixtures ( 1 5 ml) contained 8
nmol [ 1 4 C ] M G D G in each condition; the total (endogenous plus added) amounts of MGDG
were 37 and 47 nmol, and amounts of protein were 110 and 140 μg for the outer and the inner
membrane fraction, respectively.

probably due to the reverse functioning of the galactolipid : galactolipid
galactosyltransferase.
Localization of the galactolipid : galactolipid acyltransferase in outer or inner
envelope membranes.
We have measured the activity of another enzyme, the galactolipid :
galactolipid acyltransferase, which also manipulates galactolipid molecules.
This enzyme, localized in envelope membranes (13), has been shown to ca
talyze the transfer, at acidic pH, of acyl groups from the glycerol moiety of
galactolipids to the galactose part of MGDG (and also at a lower rate of
DGDG), resulting in the formation of 6-O-acyl-MGDG (and acyl-DGDG)
I4
(17). Using [ C]MGDG as a substrate, we measured the formation of 6O-acyl-MGDG in the membrane fractions enriched in outer and the inner
envelope. Clearly, this activity is localized in the outer envelope mem
branes (Fig. 4). Obviously, the low activity found in the inner envelope
membrane fraction can be entirely attributed to cross contamination by
outer envelope membrane. Interestingly, thermolysin treatment of isolated
intact chloroplasts prior to envelope membrane fractionation does not affect
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TIME min

Fig 4 Activity of galactolipid
galactolipid acyltransfcrasc in
membrane fractions enriched in outer and inner envelope mem
branes Membrane fractions enriched in outer (OM, a ) and inner
(IM, · ) envelope membranes were prepared according to Ref (9)
The galactolipid
galactolipid acyltransferase was assayed accord
ing to Ref (13) Incubation mixtures (0 5 ml) contained 550 nmol
[ C]MGDG and membranes corresponding to 300 and 280 μg
protein, for the outer and inner membrane fraction, respectively

the galactolipid : galactolipid acyltransferase, in marked contrast with the
galactolipid : galactolipid galactosyltransferase.

Discussion

The results presented in this article confirm the localization of the
galactolipid : galactolipid galactosyltransferase on the outer envelope mem
brane of spinach chloroplasts. Previous evidence for such a localization was
provided by the use of a non-penetrant proteolytic enzyme, thermolysin,
which is able to destroy the galactolipid : galactolipid galactosyltransferase,
as demonstrated first by Dorne et al. (6) and confirmed by this study. The
observation of Heemskerk et al. (4) that, under their experimental condi
tions, the galactolipid : galactolipid galactosyltransferase was apparently
mostly present in the inner envelope membrane can be easily understood in
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the light of the above experiments.
The first hypothesis presented by Heemskerk et al. (4) in order to explain the discrepancies between their data and those of Dorne et al. (6),
was the involvement of functional contact sites between the outer and inner
envelope membranes. Such sites apparently occur in vivo (18,19) and their
existence can easily explain the difficulty of obtaining pure inner envelope
membrane (4,9,20). However, the assumption that most of the galactolipid : galactolipid galactosyltransferase could be localized at these contact
sites seems difficult to prove, due to the lack of biochemical informations
about these structures. In fact, the presented results can be more adequately explained by the second hypothesis proposed by Heemskerk et al. (4)
which involves the unique properties of the enzyme: the enzyme is active
during the course of membrane purification and converts rapidly, even at
low temperature, the MGDG molecules present in the membrane fraction
into DGDG, TGDG, TeGDG and diacylglycerol. Thus, the most extensive
changes would occur in the fractions containing most enzyme. In addition,
the asay used to measure in vitro the enzyme is actually dependent on the
amount of substrate (MGDG) present in the mixture. Therefore, since the
enzyme has a low affinity for MGDG, it is obvious that membranes having
a different MGDG content cannot be compared unless the level of substrate is adjusted to almost the same level, prior to the analyses. Thus being aware of the limitation of the method used, we were able to localize the
galactolipid : galactolipid galactosyltransferase on the outer envelope membrane of spinach chloroplasts.
However, the activity ratio for the galactolipid : galactolipid galactosyltransferase between the outer and inner envelope membrane fraction is
around 3, i.e. a lower value than usually obtained (between 4 and 5) for
outer envelope enzymes. For instance, in a careful analysis of crosscontamination of both membrane fractions by using two polypeptides localized in the outer or the inner envelope membrane (E24 and E30, respectively) (10), Block et al. (9) demonstrated that the outer envelope membrane fraction contained 91.6 ± 8.0% of outer envelope membrane proteins, whereas the inner envelope membrane fraction contained
19.5 ± 3.5% of outer envelope membrane proteins. Proper determination
of the activity of the galactolipid : galactolipid galactosyltransferase is, as
shown in this study, extremely difficult to achieve. For example, the back
reactions (from DGDG to MGDG) due the reverse functioning of the
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galactolipid : galactolipid galactosyltransferase (12) might hamper the
results and lead to underestimated figures for activities. This underestimation will be relatively strongest in the membrane fraction where the substrates for reverse reaction - DGDG and diacyiglycerol - are highest, or
have increased mostly during the fractionation, i.e. the fraction enriched in
the membrane where the enzyme is localized. By the same reasoning a relatively slightly enhanced activity can be expected for the membrane fraction
where least accumulation of DGDG and diacyiglycerol has occurred during
fractionation, i.e. the fraction enriched in the membrane where the enzyme
is not localized. We can, therefore, expect that the ratio of specific activities for galactolipid : galactolipid galactosyltransferase will be lower than
the enrichment factor of marker polypeptides. The present results, therefore, point clearly to a localization of galactolipid : galactolipid galactosyltransferase in the fraction with the highest specific activity, i.e. the outer
envelope, and are in full agreement with the similar conclusion of Dorne et
al. (6) derived from the observation of the total prevention of lipid intermixing after chloroplasts had been treated with thermolysin (see Table I).
Indeed, thermolysin is a non-penetrant proteolytic enzyme and is a convenient tool to probe the cytosolic side of the outer envelope membrane: as
shown by Joyard et al. (10), thermolysin-sensitive envelope polypeptides or
enzymatic activities are localized on the outer envelope membrane.
Interestingly, another galactolipid-manipulating enzyme was found localized on the outer envelope membrane too: the galactolipid : galactolipid
acyltransferase. The physiological significance of this enzyme is still unknown: acyl-O-MGDG cannot be found usually in plant tissues, unless they
have been damaged (21,22). This situation is similar to that found for
TGDG and TeGDG, which are formed by the galactolipid : galactolipid
galactosyltransferase only after destruction of the chloroplast integrity.
Furthermore, these two different enzymes catalyze, at acidic pH, the
transfer of galactose or fatty acids from galactolipid molecules to others,
and thus lead to the modification of MGDG molecules in envelope membranes. Finally, it is interesting to note that their localization differs strikingly from that of enzymes involved in MGDG synthesis which occurs, at
least in spinach, on the inner envelope membrane (4,9). Both enzymes are
apparently very active in vitro and are able to transform MGDG molecules
at almost similar rates. However, the two enzymes differ by their apparent
accessibility to thermolysin treatment of intact chloroplasts. The observa79

tion that such a treatment does not destroy the galactolipid : galactolipid
acyltransferase does not prove that this enzyme is not localized on the cytosolic face of the outer envelope membrane, since the lack of sensitivity to
thermolysin could be due to the absence, at the periphery of the molecule,
of thermolysin-sensitive aminoacids (see Ref. 10). Questions which remain
to be elucidatedare whether these two enzymes can be active in vivo in normal physiological conditions, and why they become so active after destruction of the chloroplast integrity. It is possible that studies of these two enzymes during plant development and under various physiological conditions
could provide valuable information on this intriguing problem.
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Department of Botany, Faculty of Science, University of Nijmegen,
Toemooiveld, 6525 ED Nijmegen (the Netherlands)

Introduction

In view of the uncertainty regarding the physiological importance of
the enzyme, catalyzing the transfer of galactosyl groups between galactolipids (1) and localized in the outer chloroplast envelope membrane (2,3), a
comparison of galactolipid synthesis by intact chloroplasts with that by isolated envelopes seems useful. There is good evidence that isolated envelopes have an artifactually changed lipid composition (2,4), which has
been tentatively ascribed to fusion of outer and inner envelope membranes
during the isolation procedure (2). Intact chloroplasts, however, are expected to have their envelopes in the natural orientation, and to have their envelope lipids less changed during the short isolation procedure. Regarding
the galactolipid synthesis, earlier experiments by Siebertz (5), van Besouw
et al. (6) and Heemskerk et al. (7) showed somewhat different results.

Methods

Intact spinach chloroplasts were isolated according to Siebertz (5) with
several modifications: isolation medium contained 0.33 M sorbitol, 50 mM
Hepes (pH 7.6 with Tris), ImM MgCb, 1 mM MnClj, 2 mM EDTA and
0.1% bovine serum albumine; suspension medium was identical, however,
without EDTA. Intact chloroplasts were recovered from a Percol] gra* Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid.
* Reprinted from Advances in Photosynthesis (Sybesma.C, ed.), Vol. Ill,
pp. III.2.147-150 (1984), Martinus Nijhoff/Dr. W. Junk Pubi., The Hague (The
Netherlands) (with permission).
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dient (3). Intactness was assayed by the ferricyanide reduction method (8).
Incubations (25 0C) were carried out in suspension medium and contained
additionally 0.17 mM UDP[14C]Gal (76 MBq/mmol) and, when indicated,
'CO2 medium' (10 mM NaHCOj, 5 mM ^ P j O · , and 0.1 mM
ΚΗ2Ρθ4)(5), 0.16 mM jn-glycerol-3-phosphate and various cations. Break
down of the chloroplasts during incubation was established in several exper
iments. Samples withdrawn from the incubations were layered on top of
40% isotonic buffered Percoli and centrifugated at 2250 x g for 10 min (2
0
C). Pelleted intact chloroplasts were then separated from the residual bro
ken chloroplasts.
Separation and analysis of radioactive galactolipids was as before (9).

Results and discussion

Chloroplasts incubated with UDP[14C]Gal and 'CO2 medium' (5) in
corporated galactose into galactolipids at a rather steady rate (Table I),
which was slow in comparison to rates published earlier and rates common
ly seen with envelopes (6,7). We found no influence of jn-glycerol-3phosphate and only a small influence of illumination, consisting chiefly in a
somewhat higher percentage of label in di- and trigalactosyldiacylglycerol in
darkness. During incubation, the sedimentability of chloroplasts through
40% Percoli diminished rapidly (Table II), which was taken as a proof of
swelling or breakage. In illuminated chloroplasts, the distribution of label
followed the chlorophyll distribution rather closely, but after dark incuba
tions relatively higher percentage of label than of chlorophyll stayed on top
of the Percoli cushion (Table III). Since it is expected that released en
velopes will mainly collect in the top fraction, this could mean that less
galactolipid is being transported to the thylakoids in darkness than in light.
We could not confirm the finding of Siebertz (5), that the intact
chloroplasts synthetize more digalactosyldiacylglycerol and higher homolo
gues than broken chloroplasts. The transient high percentage of label in tri
galactosyldiacylglycerol after 5 min of incubation in broken chloroplasts
refers to a small fraction and not too many counts, but is in agreement with
earlier observations on envelopes (6).
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TABLE I
,il4rC]Gal into galactolipids (in nmol galactose/mg chlorophyll), and
Incorporation rate of UDP[
distribution of label over different galactolipids (in %) during incubation in light and darkness
Incubations were in the presence of C O 2 medium (see Methods)

5

20

40

60 mm

Rate of incorp
a
MGDG
DGDG
T(e)GDG

13
75
24
2

41
75
23
2

69
73
24
3

99
73
24
3

Rate of incorp
MGDG
DGDG
T(e)GDG

13
75
23
3

38
73
25
2

71
70
26
4

10 5
68
28
5

A Light

В Dark

abbreviations used MGDG, DGDG, TGDG, TeGDG, respectively, mono-,
di-, tri- and tetragalactosyldiacylglycerol MGDG includes 6-O-acyl-MGDG
(around 1%)

The presented results differ significantly from earlier results with
chloroplasts and with envelopes (6,7) in the rapid approach to a constant
ratio of labeled mono- to digalactosyldiacylglycerol, and in the minor im
portance of the higher homologue trigalactosyldiacylglycerol.
TABLE II
Percentage of chlorophyll, remaining
UDP[ 1 4 C]Gal Conditions as in Table I

in

intact chloroplasts

5

20

40

60 mm

A Light

92

77

47

26

В Dark

92

76

41

37

during

incubation with

87

TABLE III
Distribution of label over different galactohpids (in %) during incubation of intact chloroplasts
with UDP[ C]Gal After incubation, broken chloroplasts were separated from the remaining
intact ones Conditions as in Table I Results are averaged from 2 duplicate experiments

( ±2%)

5

20

40

60 mm

% Of label in intact chloroplasts
MGDG''
DGDG
T(e)GDG

87
74
24
1

74
74
25
2

40
71
25
4

26
70
25
4

% Of label in broken chloroplasts
MGDGa
DGDG
T(e)GDG

13
74
21
5

26
78
19
4

60
74
23
4

74
72
24

% Of label in intact chloroplasts
MGDGa
DGDG
T(e)GDG

85
75
24
2

66
72
26
2

20
70
25
4

/2
66
28
6

% Of label in broken chloroplasts
MGDGa
DGDG
T(e)GDG

15
79
15
7

34
76
20
4

80
70
26
4

88
66
28
6

A Light

3

В Dark

abbreviations as in Table I, MGDG includes 6-O-acyl-MGDG ( around 1%)

The influence of various ions on the galactolipid synthesis was investi
gated in further experiments. As shown for the isolated envelope mem
branes (9), magnesium ions are not only necessary for the first, UDPGal
requiring enzymatic reaction, but also for the galactolipid : galactolipid
galactosyltransferase reaction. The latter enzyme, for the isolated en
velopes, is supposed to be responsible for the synthesis of digalactosyldia2+
cylglycerol and higher homologues. This requirement for Mg can be con
2+
firmed for the chloroplast system (Table IV). Mg could be replaced by
88

TABLE IV
Incorporation rate of UDP[ C]Gal into galactohpids (in nmol galactose/mg chlorophyll/20 mm) and distribution of label over different galactohpids (in %) after 20 mm of incubation in darkness Incubations contained additionally to the suspension medium A, no additions, B, 5 mM MgCl2, C, 5 mM MgCl2 and CO2 medium', D, 5 mM MgCl2 and 5 mM
EDTA

Rate of incorp

MGDGa
DGDG
TGDG
TeGDG

35

88
6
6
tr

551

68
16
12
4

54

85
9
6
tr

26

81
10
8
tr

abbreviations as in Tabic I, MGDG including 6-O-acyl-MGDG (around 1%)

Mn2+ with similar results, whereas Zn2+ (2 mM) severely inhibited the incorporation of UDPGal. K+ stimulated the synthesis of digalactolipid and
higher galactohpids only at higher concentrations (50-100 mM).
Addition of the bicarbonate/pyrophosphate/orthophosphate mixture
(CO2 medium) to a 5 mM MgCl2 containing incubation (Table IV) resulted
in a decreased incorporation rate and an accumulation of label in monogalactosyldiacylglycerol. Addition of 5 mM EDTA had the the same effects. Consequently, the results of Tables I-III, including low incorporation
rates and characteristic label distribution, can be explained easily by the
presence of low concentrations of divalent cations (Mg2+ or Mn2+) and of
chelating acids in the 'CO2 medium'. In a mixture which replaces cytosol
as a batching medium for chloroplasts, the presence of these compounds do
not seem too unnatural.
Taken together the general agreement in galactolipid synthesis by intact chloroplasts and isolated envelope membranes in the presence of Mg2+
(7) and magnesium-stimulated activity of the galactolipid : galactolipid
galactosyltransferase (9), this indicates that this galactosyltransferase can be
involved at the synthesis of digalactosyldiacylglycerol by intact chloroplasts.
A situation in which the activity of the galactolipid : galactolipid galactosyl89

transferase, thus the rate of diacylglycerol regeneration, thus the rate of
galactolipid synthesis from UDPGal, is moderated (Tables I-III), can be
considered as relevant in the discussion about the role of the galactolipid
galactolipid galactosyl transfera se in vivo For the tendency of this enzyme
to produce high amounts of tn- and tetragalactosyldiacylglycerol has raised
doubts about its function in vivo (2)
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CHAPTER 6

GALACTOLIPID : GALACTOLIPID GALACTOSYLTRANSFERASE CAN
REGULATE THE GALACTOLIPID SYNTHESIS IN ISOLATED SPINACH CHLOROPLASTS
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galactolipid galactosyltransferase, Galactolipid synthesis. Spinach

Intact spinach chloroplasts show high activities of UDPGal incorporation into
galactolipids. High galactolipid synthesis was accompanied by a high galactolipid : galactolipid galactosyltransferase (GGGT) aciti vity. Both processes
were stimulated by the divalent cations Ba 2+ , Ca 2+ and Mg24^ and both were
inhibited by chelating anions or by thermolysin-treatment of the chloroplasts.
We conclude that, in the intact chloroplast, GGGT can regulate the rate of
galactolipid synthesis by supplying its product diacylglycerol to UDPGal :
diacylglycerol galactosyltransferase.

Introduction

The chloroplast envelope can be considered the major site of galactolipid synthesis in spinach leaves (1). Two different enzymes produce galactosyldiacylglycerols. The first one, UDPGal : diacylglycerol galactosyltransferase (UDGT*), synthetizes monogalactosyldiacylglycerol from UDPGal and diacylglycerol (2,3). The second, galactolipid : galactolipid galactosyltransferase (GGGT), produces digalactosyldiacylglycerol and diacylglycerol by trans-galactosylation of galactose from one monogalactosyldiacyl-

* Abbreviations: GGGT, galactolipid : galactolipid galactosyltransferase; Hepes,
4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid; Tricine, N-[2-hydroxy-l,lbis(hydroxymethyl)ethyl]glycine; UDGT, UDPGal : diacylglycerol galactosyltransferase.
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glycerol molecule to another one. The same enzyme produces also unnatural lipids as tri- and tetragalactosyldiacylglycerol (4-6). For that reason the
physiological significance of GGGT in digalactosyldiacylglycerol synthesis
has been questioned (1,6).
Both galactosyltransferases have been studied mainly in isolated spinach envelope membranes (2-8), and high activities have been measured for
monogalactosyldiacylglycerol synthesis and for GGGT (2-4). By using
specific assays for GGGT (5,8) and for UDGT (Chapter 8) we were able to
study the two galactosyltransferases separately in the chloroplast envelope
membranes. In these studies we could not measure an other way proposed
for digalactosyldiacylglycerol synthesis, involving UDPGal : monogalactosyldiacylglycerol galactosyltransferase (5).
Because of the uncertainty about the exact mechanism of digalactosyldiacylglycerol synthesis and the possible involvement of GGGT, we studied
the galactolipid synthesis by intact chloroplasts. We present evidence in
this communication for an active role of GGGT in the UDPGal-dependent
galactolipid synthesis at the intact chloroplast level.

Experimental

Intact spinach chloroplasts were prepared by Percoli gradient centrifugation. They were enriched from the crude leaf homogenate 140-, 30- and
40-fold, with respect to peroxisomes, mitochondria, and mitochondria plus
microsomes, respectively (8).The chloroplasts were intact for 95% or more
as determined by phase contrast microscopy and by the ferricyanide reduction method (9). Where indicated, chloroplasts were broken by resupension
in 5 mM Tricine (pH 7.2 with NaOH)/4 mM MgCl2 and incubation on ice
for 30 min.
Thermolysin treatment of intact chloroplasts was as described by
Dorne et al. (6), except that the incubation medium contained 330 mM sorbitol buffered with 50 mM Hepes (pH 7.6 with NaOH). Remaining intact
chloroplasts were recovered after the treatment by centnfugation through
an isotonic 40% Percoli cushion (10).
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Galactolipid synthesis was measured by incubation of intact or broken
chloroplasts (typically 40 μg chlorophyll) for 20 min at 30 0 C in 50 mM Tricine (pH 7.0 with NaOH), 10 mM MgC^ and 0.12 mM UDP[14C]Gal (71
MBq/mmol) (5) (final concentrations) in a total volume of 100 μΐ. Modifi
cations are indicated in the text. Reactions were stopped by addition of 1.5
ml methanol and 1.5 ml chloroform. Separation and analysis of radioactive
galactolipids was as before (5). Results of one experiment are given,
representative for at least three experiments.
Chlorophyll was determined according to Wintermans and De Mots
(11). Diacylglycerol for mass determinations was isolated by preparative
TLC with n-hexane/acetone (75:25, v/v) as eluting solvent. The 1,2- and
1,3-diacylglycerol spots were scraped off together and quantified by GLC
(5)·

Results

Intact chloroplasts synthetize various galactolipids from UDP[14C]Gal
in the presence of MgCl2 (Fig. IB). As found in preliminary experiments
(7,10), mono- and digalactosyldiacylglycerol are made, but also tri- and
tetragalactosyldiacylglycerol. The same galactolipids are synthetized by
purified envelope membranes (4). Formation of tri- and tetragalactosyldia
cylglycerol by whole chloroplasts was verified in several control experi
ments. First, different amounts of intact chloroplasts (15-750 μg chloro
14
phyll) were incubated with UDP[ C]Gal/MgCl2: all incubations gave the
same distribution of produced galactolipids, including tri- and tetragalac
tosyldiacylglycerol (not shown). Next, remaining intact chloroplasts were
repurified after the incubation, by centrifugation through isotonic 40% Per
coli. Again no difference was found in the production of galactolipids (cf.
Ref. 10). From these results we conclude that, like in purified envelopes
(4,7), both UDGT and GGGT are active in the intact chloroplast.
It has been shown that treatment of spinach chloroplasts with thermolysin, which is a non-penetrating proteinase (13), strongly affects the
GGGT activity of the subsequently isolated envelopes, but does not affect
monogalactosyldiacylglycerol synthesis (UDGT activity) (6). We studied
the galactolipid synthesis by thermolysin-treated intact chloroplasts and
95

time (mm)

Fig 1 Galactohpid synthesis by thermolysin-treated (A) and un
treated (B) intact chloroplasts Thermolysin treatment and meas
urement of galactohpid synthesis were as described in the experi
mental section Untreated chloroplasts were manipulated similarly
as the treated chloroplasts, however 10 mM EGTA was added
simultaneously with thermolysin to prevent proteinase action
(6,13) Indicated are incorporation of UDPGal into galactohpids
(UDGT + GGGT activity) (•
•), synthesis of di-, tn- and
tetragalactosyldiacylglycerol (GGGT activity) (•
o), synthesis
of tn- and tetragalactosyldiacylglycerol ( ·
· ) , and synthesis of
6-O-acyl-monogalactosyldiacylglycerol (15) ( Δ
Δ)

found that total galactohpid synthesis was strongly inhibited and GGGT ac
tivity was below the limit of detection (Fig. 1A). An obvious explanation is
that in thermolysin-treated chloroplasts diacylglycerol is the limiting factor
for galactohpid synthesis. Scarcity of diacylglycerol and a deficient diacyl
glycerol supply by GGGT then result in a low monogalactosyldiacylglycerol
production. In untreated chloroplasts, however, diacylglycerol can be sup
plied continuously by GGGT activity and used for synthesis of monogalac
tosyldiacylglycerol, which in turn is converted into di-, tri- and tetragalac
tosyldiacylglycerol by GGGT.
In order to confirm this explanation, we determined the diacylglycerol
content of intact chloroplasts. Both untreated and thermolysin-treated
chloroplasts contained a low amount of diacylglycerol, 15 nmol/mg chloro96

TABLE I
GALACTOLIPID SYNTHESIS BY INTACT CHLOROPLASTS, ADDITION OF CATIONS
Intact spinach chloroplasts were incubated (20 min) as described in the experimental section,
however MgCl2 was substituted by the indicated cation (final concentration). Enzymatic activities are defined in the legends of Fig. 1.

Cation added

UDPGal
incorporation

(mM)

GGGT

(nmol/mg chlorophyll)

MgCl2 (10)
BaCl 2 (10)
CaCl2 (10)
FeCl 2 (10)
MnCl2 (10)
No cation added
CoCI2 (10)
ZnCl 2 (10)

69
70
68
20 a
11
3
2a
0.2

NaCl (50)
NH4CI (50)
KCl (50)

10
7
4

22
30
22
5
5
0.5
0.4
0
2
1.5
0.4

a

Addition
of FeClj and CoCL resulted in 6-O-acylmonogalactosyldiacylglycerol synthesis of, respectively, 5 and 0.1
nmol/mg chlorophyll.

phyll (<0.3% of chloroplast acyllipids). After 30 min of incubation with
UDPGal/MgClj, diacylglycerol was somewhat increased to 22 nmol/mg.
This slight increase is far less than the amount of diacylglycerol needed for
total galactolipid production by the untreated chloroplasts (Fig. IB). Thus,
diacylglycerol must be produced by GGGT during the UDPGal incorporation and then used effectively for monogalactosyldiacylglycerol synthesis
(UDGT activity). This suggested co-operation between GGGT and UDGT
was studied further under various ionic conditions.
The divalent cations Ba2+, Ca2+ and Mg2+ strongly stimulated chloroplast galactolipid synthesis; Fe 2+ , Mn2+ and monovalent cations showed a
weaker stimulation, and Zn2+ was inhibitory (Table I). Chelating anions
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TABLE II
GALACTOLIPID SYNTHESIS BY INTACT CHLOROPLASTS, ADDITION OF ANIONS
Intact spinach chloroplasts were incubated (20 mm) as described in the experimental section
with 10 mM М § С І 2 , additions (25 mM, pH 7 0 with NaOH) were as indicated Enzymatic ac
tivities are as defined in the legends of Fig 1

Anion added

(mM)

No anion added
NaCl
NaF
Na2HP04
Na2S04
NaHC03
Na4EDTA
Na4P207

UDPGal
incorporation

GGGT

(nmol/mg chlorophyll)

84
65
54
35
34
17
11
7

21
14
16
9
8
3
25
1 3

most effectively canceled Mg -stimulated galactolipid synthesis (Table II).
In all cases GGGT activity paralleled total galactolipid synthesis (Tables I
and II). High synthesis of tri- and tetragalactolipid only was measured with
unchelated Ba 2 + , Ca 2 + , Mg 2+ or Mn 2+ , but not with monovalent cations
(not shown). Similar ionic effects have been obtained for the GGGT activi
ty in purified envelopes (5,14). Intact chloroplasts showed a rather narrow
optimal UDPGal incorporation around pH 6.5 (Fig. 2A). The optimum for
broken chloroplasts was broader, with high activities at more alkaline pH
values (Fig 2B). For the intact chloroplasts, again this correlates with an
optimum of pH 6.5 for GGGT in purified envelope membranes (5). The
pH optimum for UDGT in envelopes, however, has been found above pH
7.5 (1).

98

η mol/mg chlorophyll 150

100

50

Λ
L
r'N

V

'

Γ ^ & — Λ — Д — Δ у—

7

/
Ί ι

9 5

*** ' ϊ ' " - Δ — Δ — Α ^ Π Ι ι ύ

7

л 1

9
PH

Fig 2 Galactolipid synthesis by intact (A), and broken (B) spinach
chloroplasts in dependence on the pH value Chloroplasts were
isolated and broken as described in the experimental section Incu
bations (20 mm) contained 35 mM Mes (pH 5 0-7 0) or 35 mM Tricine (pH 7 0-9 0) Incubation buffers were first adjusted with
NaOH to the desired pH value and next replenished with NaCl to
reach 35 mM N a + (final concentrations) The results of one exper
iment are shown, representative for five experiments In two of
these experiments, intact chloroplasts were repunfied after the in
cubation by Percoli gradient ccntnfugation, with essentially the
same results Symbols are as in Fig 1

Kinetics of galactolipid synthesis were studied by incubation of intact
chloroplasts with different concentrations of UDPGal (0.02-0.82 mM).
Lineweaver-Burk plots (not shown) gave а УтйХ of 305 ± 40 nmol
UDPGal/mg chlorophyll/h (SD, n=9); the apparent Km for UDGT (total
galactolipid synthesis) and for GGGT were both 16 ± 1 μΜ (SD, n = 3 ) .
As shown in Fig. 3, reaction rates for UDPGal incorporation and GGGT
were closely correlated, within the range of UDPGal concentrations used.

Discussion

Several observations emphazise the involvement of GGGT in the
UDPGal-derived galactolipid synthesis by intact chloroplasts: synthesis of
di-, tri- and tetragalactosyldiacylglycerol, activation by divalent cations, op99
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Fig. 3. Correlation between UDPGal incorporation and GGGT
activity. Intact chloroplasts were incubated (20 min) under stan
dard conditions, however with various concentrations of UDPGal
(0.02-0.82 mM). Correlation (n=9) between UDPGal incorpora
tion (UDGT + GGGT activity) (nmol/mg chlorophyll), and syn
thesis of di-, tri- and tetragalactosyldiacylglycerol (DGDG, TGDG
and TeGDG, respectively) is indicated

timal synthesis at pH 6.5, inactivation by thermolysin treatment, and, final
ly, a high correlation between total galactolipid synthesis and synthesis of
di-, tri- and tetragalactosyldiacylglycerol at different UDPGal concentra
tions. Kinetic studies lead to an equal apparent Km value for both
processes and point to one single affinity site for UDPGal. Activity of
UDPGal : monogalactosyldiacy[glycerol galactosyltransferase, the proposed
alternative for digalactosyldiacylglycerol synthesis, therefore was not meas
ured under our incubation conditions.
The low metabolic level of diacylglycerol in the intact chloroplasts pro
vides some insight in the mechanism of galactolipid synthesis. UDGT activi
ty will directly depend on the delivering rate of diacylglycerol. GGGT ac
tivity will be the main source of diacylglycerol in the isolated chloroplast.
Maintaining a low diacylglycerol level then implies a balanced, functionally
coupled action of UDGT and GGGT with similar rates of diacylglycerol
consumption and production. Thus for active galactolipid synthesis the
presence of both UDPGal and of divalent cations to stimulate GGGT are
required. Consequently, under the described conditions with sufficient
100

UDPGai, GGGT would control the galactolipid synthesis. The coupled action of both enzymes is affected by external, i.e. cytosolic conditions like
pH, UDPGai and ions, and does not depend on the exact localization of
the enzymes in the chloroplast
(6,8). For instance, triand tetragalactosyldiacylglycerol synthesis can be reduced by lowering the
ratio of divalent to monovalent cations (see Refs. 10,12).
The problem remains of differences between in vivo and in vitro galactolipid synthesis, manifesting itself in different molecular species of galactolipids produced (15). Experiments are in progress to approach this problem
taking into account the alternative pathway of diacylglycerol synthesis by
the Kornberg-Pricer pathway (1).
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Separation of Chloroplast Polar Lipids and Measurement of Galactolipid
Metabolism by High-Performance Liquid Chromatography
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Procedures are described for the separation of polar lipids from plant chloroplasts by highperformance liquid chromatography, using a polar-modified silica column. Glycohpids and phospholipids were eluted with a gradient of 2-propanol/n-hexane (80-55, v/v) and 2-propanol/nhexane/water/methanol (80:55:15.10, v/v). The lipids were detected by uv absorbance at 202 nm.
Diacylglycerol and mono-, di-, and tngalactosyldiacylglycerol and phosphatidylcholine were separated on a LiChrosorb NH, column (7-μπι particles, Merck, FRG), but acidic lipids were retained
These lipids could be quantified from their 202-nm absorbance recording. The absorption coef
ficients obtained depended on the mean number of double bonds in the different lipid classes.
The separation was applied for a rapid monitoring of the lipid composition in thylakoids and in
fractionated inner and outer envelopes. The activities of galactosyltransferases involved in gal
actolipid metabolism, UDPGal diacylglycerol galactosyltransferase and galactolipid galactolipid
galaaosyltransferase, could be measured quantitatively in specific assays for both enzymes.
® 1986 Academic Press, Ine

KEY WORDS: chloroplast membranes; chloroplast envelopes; glycohpids; HPLC, lipids, phos
pholipids; thylakoids; Galactolipids.

The separation of phospholipids by HPLC CH2OH (LiChrosorb DIOL) or 5і-(СН2)зwith detection by uv absorbance has found NH2 (LiChrosorb NH2) was investigated. This
numerous applications during the last decade report describes the suitability of the obtained
(1-5). HPLC of plant galactolipids, however, separations for quantitative purposes, if the
has been applied only in a few cases. Separa fatty acid composition of the separated lipids
tion by reversed-phase chromatography (6-8) is known.
resulted in multiple peaks for galactolipid
In plant chloroplast membranes, galacto
classes, and, as a consequence, was especially lipids, notably mono- and digalactosyldiacylsuitable for the partitioning of molecular spe glycerol, comprise the main fraction of the
cies within a lipid class (7-8). Straight-phase polar lipids (10-12). Theirfinalsynthesis takes
separation on silica has been performed, but place in the chloroplast envelopes (10, 12-14)
sulfuric acid with hydrolytic properties was and, as yet, two assembling enzymes have been
included in the eluting solvent (9). As an al established unequivocally: UDPGal:diacylternative, we studied the eluting deportment glycerol galactosyltransferase (UDGT),1 synof galactolipids from polar-modified silica by
adapting the chromatographical system pub
' Abbreviations used' GGGT, galactolipid galactolipid
lished by Hanson et al (3). The elution from galactosyltransferase; Tncine, ¿V-(2-hydroxy-l,ltwo packing materials containing the func bis(hydroxymethyl)ethyl)glycine; UDGT, UDPGal diactional groups 5і-(СН2)з-0-СН2-СНОН- ylglycerol galactosyltransferase.
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thesizing monogalactosyldiacylglycerol (15),
and galactohpid galactohpid galactosyltransferase (GGGT), producing digalactosyldiacvlglycerol, but also tn- and tetragalactosvldiacylglycerol by transgalactosylation of two
galactosyldiacylglycerols (16-18) Mass
changes in galactohpid composition by galactosyltransferase activities have been followed
only by laborious GLC analysis of the lipids
after separation on TLC A direct, quantitative
monitoring of the galactohpids separated by
HPLC would simplify analysis procedures and
reduce analysis time greatly
MATERIALS AND METHODS
Membrane isolations Chloroplasts and unseparated envelope membranes were isolated
from Spinacio olerácea L leaves as described
before ( 17) Separated chloroplast membranes
were prepared from thermolysm-treated spinach chloroplasts (14) Ennched outer envelopes (1 05-1 08 g/ml), ennched inner envelopes (1 11-1 14 g/ml), and thylakoids (1 16
g/ml) were all collected from one sucrose gradient Thermolysin treatment was according
to Dome et al (18)
Lipids Lipids were extracted from chloroplast membranes following the procedure of
Bligh and Dyer (19) Lipidie standards were
prepared from spinach chloroplasts by conventional TLC on silica gel 60 Standards
were colorless and chromatographically pure
Chromatographically pure phosphatidylcholine was isolated from crude soybean lecithin
(Serva, Heidelberg, FRG) Punfied lipids were
stored in chloroform/methanol (2 1, v/v) under nitrogen at -20 o C in the dark
Quantitative determinations of lipids were
based on the content of their methylated fatty
acids (heneicosanoic acid as internal standard)
as analyzed by GLC A Vanan (Palo Alto,
Calif ) gas Chromatograph Type 2700 was used
equipped with a 10% CP-Sil 58 on Chromosorb WHP 100-120 column (2 mm i d X 2
m, all glass) (Chrompack, Middelburg, the
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Netherlands) Nitrogen flow rate was 22 ml/
mm, column temperature was 210oC
Absorption spectra were recorded with a
Beekman (Palo Alto, Calif) Model 25 spectrophotometer
HPLC HPLC was performed using a Waters (Milford, Mass ) instrument consisting of
two pumps, Models 510 and M-45, an automated gradient controller, Model 680, and a
vanable-wavelength detector. Model 450
Samples were injected with a Valco (Schenken, Switzerland) 50-μ1 sampling valve, Model
C6W Chromatographic data were handled by
a Shimadzu (Kyoto, Japan) C-R2AX data
processor Prepacked columns (250 X 4-mm
ι d ) were purchased from Merck-Hibar
(Merck, Darmstadt, FRG) and werefilledwith
LiChrosorb NH2 (7 μιη) or LiChrosorb DIOL
(5 μπι) A guard column was used,filledwith
10-μιη particles of, respectively, LiChrosorb
NH2 or DIOL, and changed after 40 to 50
runs Lipids were separated by gradient elution
with mixtures of 2-propanol, /i-hexane, water,
and methanol (see Fig 1) Theflowrate was
1 ml/mm and detection was at 202 nm Before
injection, lipid samples were thoroughly dned
under nitrogen gas and dissolved into 30-40
μΐ of the starting solvent mixture for the gra
dient elution (Fig 1) All solvents used were
HPLC grade and were obtained from Fisons
(Longborough, GB)
Assays GGGT activity was measured by
incubation of unseparated envelope mem
o
branes (55 Mg protein) at 30 C in 150 μΐ of 25
т м Tncine (pH 7 6 with Tns) and 10 mM
MgCh Reactions were stopped by the addi
tion of 1 5 ml methanol and 1 5 ml chloro
form
UDGT was assayed with membranes artifi
cially ennched in diacylglycerol Unseparated
envelopes (38 μ$ protein) were sonicated with
25 μg soybean phosphatidylcholine in 150 μΙ
of 5 т м Tncine (pH 7 2 with NaOH) The
resulting mixture was preincubated with 0 7
units phospholipase С (from Bacillus cereus
Sigma) for 15 mm The incubation was started

by the addition of 150 μΐ of 50 mM Tncine
(pH 9 0 with NaOH) and 0 15 т м UDPGal
(final concentration), final pH was 8 8 Re
actions were stopped as above
Protein was measured by a modified Lowry
procedure containing sodium dodecyl sulfate
(20) with bovine serum albumin as a standard
RESULTS AND DISCUSSION
HPLC separation Baseline separation of
the main nonacidic polar lipids in the chloroplast membranes was achieved with the 3aminopropyl-denved silica column packing
(LiChrosorb NH2) eluted with 2-propanol/nhexane/water/methanol (3) Optimal separa
tion was obtained using the programmed gra
dient shown in Fig 1 which was designed for
full baseline separation of all eluted lipid A
baseline shift was observed parallel with gra
dient elution due to the difference in uv ab
sorption of the eluant solvents A and В Rep
resentative chromatograms of lipids extracted
from fractionated chloroplast membranes are
given in Figs 2a-c Peaks were identified by
individual injection of punfied lipid standards,
in addition, eluted peaks were collected and
the lipid composition was determined by con-
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FIG I HPLC of chloroplast polar lipids separation on
LiChrosorb NH 2 Baseline (solid line) and composition of
eluting fluent (dotted line) Gradient solvent A consisted
of 2 propanol/n-hexane (80 55 v/v) solvent В of 2-propanol/zi-hexane/water/methanol (80 55 15 10 v/v) Elu
tion started with 65% A/35% Β (v/v) How rate 1 ml/mm,
detection 202 nm

ventional TLC Noteworthv are the elution of
pure mono-, di-, and tngalactosyldiacylglycerol (see also Figs 4d and e) and pure phos
phatidylcholine Diacylglycerol (if present) was
eluted in the void volume, together with chlo
rophylls and carotenoids Digalactosyldiacylglycerol eluted as a main peak with a more
retained shoulder, the shoulder component
was ennched in saturated fatty acyl residues
Acidic lipids, viz phosphatidylglycerol,
sulfoquinovosyldiacylglycerol, phosphatidylinositol, and free fatty acids, were not eluted
in this chromatographical system, unless in
jected in large amounts (e g , Figs 4d and e)
Phosphatidylethanolamine was eluted (Ä, 31 4
mm), but was not present in the chloroplast
membranes in appreciable amounts It should
be remarked here that in a similar system of
Hanson et al (3), also only uncharged and
basic lipids were recorded
A more complete chromatographical picture, including acidic lipids, was obtained with
a silica support modified with v/c-diol groups,
LiChrosorb DIOL (not shown) Although all
major lipids of the chloroplast envelope (11,
12, 18) could be detected, this separation had
serious disadvantages For instance, acidic lipids eluted as asymmetrical peaks without
baseline separation Moreover, the baseline
fluctuated during the gradient run, probably
as a consequence of changes in H-bond-mediated absorptions of the LiChrosorb diol
groups with hydroxyl groups from the solvent
components
Comparing the elution patterns of the two
columns, separation on LiChrosorb NH2 best
fulfilled the intended goal main galactolipids
mono-, di-, and tngalactosyldiacylglycerol
were eluted as pure compounds, baseline shifts
were minimal, and as a consequence the procedure seemed useful for quantitative determinations Moreover, it is nondestructive and
the separated lipids can be used for further
investigations
Quantification In vanous publications (1,
2, 8) it has been shown unequivocally that de-
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FIG. 2. Separation of major polar lipids from spinach chloroplasts by HPLC. Gradients as in Fig. 1. Lipids
extracted Trom thylakoids (75 μ% protein) (a), ennched inner envelopes (b), and ennched outer envelopes
(c) (both SO μι protein) were injected. Peak labels represent: I, chlorophylls, carotenoids, and diacylglycerol
(if present); 2, unknown; 3, monogalactosyldiacylglycerol; 4, phosphatidylcholine; 5-6, digalactosyldiacylglycerol.

tection of lipids by uv light depends on their
number of double bonds. However, compar
isons of the uv absorption behavior of phos
pholipids with glycolipids are not available.
Therefore, in a first approach for quantifica
tion, purified mono- and digalactosyldiacylglycerol from spinach thylakoids and punfied
soybean phosphatidylcholine were dissolved
in 2-propanol/n-hexane and their absorption
spectra were recorded (not shown). All lipids
showed a rather narrow absorption band with
a maximum at 208 nm, comparable with sim
ilar spectra from synthetic phospholipids (2).
After hydrogénation, uv absorption was
strongly reduced. Molecular extinction coefficients were calculated for the peak maximum. Dividing these coefficients by the mean
number of double bonds in the purified lipids
yielded « values for one isolated double bond.
For mono- and digalactosyldiacylglycerol and
phosphatidylcholine with 5.9, 5.7, and 2.5
double bonds, respectively, t values for one
double bond were obtained of 0.28, 0.29, and
0.26 Χ 104 M"1 -cm"1. It should be noted that
these values are valid for the spectrophotom
eter used and will be instrument depend
ent (1).
Jungalwala et al. (1) have reported corre
sponding t values for synthetic phosphatidyl
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cholines with a range of four to eight double
bonds, amounting to 0.32-0.41 X 10"
vr' -cm"1; however, published values for dioleoylphosphatidylcholine (1,2) are lower.
Next, galactolipids and phosphatidylcholine
of envelopes, eluted from the LiChrosorb NH2
column, were examined quantitatively. The
wavelength for optimal detector response was
determinated, since this optimum is greatly
dependent upon instrument sophistication ( 1 ),
and maximal lipid areas were measured at 202

H)

SO

30

nmol lipid

FIG. 3. Quantification of envelope polar lipids by HPLC
(LiChrosorb NH,). Peak area in relation to lipid amount
for phosphatidylcholine (O), monogalactosyldiacylglycerol
( · ) , digalactosyldiacylglycerol (•), and diacylglycerol (D).
Lipids were quantified by GLC analysis (see text). Data
are given from three injections (±SD); data for diacylglyc
erol were corrected for carotenoids.

nm. Variable amounts of extracted envelopes
were injected and recorded peak areas were
analyzed. Simultaneously, the envelope lipids
were separated by TLC ( 12) and quantified by
GLC analysis (see Materials and Methods).
Figure 3 shows the response factors thus ob
tained. Peak areas were linear with the amount
of injected lipids over a broad range; only for
high amounts of monogalactosyldiacylglycerol
was a deviation from linearity observed (pos
sibly as a consequence of its limited solubility
in the injected solvent mixture). The lower
detection limit was about 0.3 nmol. Generally,
response factors for mono- and digalactosyldiacylglycerol and for phosphatidylcholine re
flected the mean double bond numbers of
these envelope lipids, respectively, 5.8,4.9 and
3.6 [cf. Refs. (11-12)], although for the monogalactolipid it was somewhat lower. So, to a
certain extent and at least for the polyunsat
urated lipids examined, the mean contribution
of double bonds to uv absorption was quan
titatively independent of the particular lipid.
This was exploited in the following calcula
tions for response factors for minor lipids like
trigalactosyldiacylglycerol.
In conclusion, lipid quantification of eluted
lipids was possible, but a correct procedure
requires the determination of response factors,
and knowledge of the double bond composi
tion of the separated lipids.
Applications. As a consequence of the
quantifying procedure outlined above various
applications became feasible.
In a semiquantitative manner, subchloroplast membrane fractions could be character
ized rapidly. Thus, Fig. 2 represents a survey
of the nonacidic lipid composition in thylakoids and fractionated envelopes. Since mean
double bond numbers of most nonacidic lipids
are fairly constant for the different membrane
fractions [Ref. (12) and unpublished results],
peak areas represent approximations of the
lipid content in the membranes. In addition,
differences in the lipid composition are evident
(Fig. 2). Proportions of phosphatidylcholine

increase from thylakoids and inner envelopes
to outer envelopes. The content of monogalactolipid remains equal in both envelope
fractions, on a protein base, but digalactolipid
is highly increased in enriched outer envelopes.
Thus, HPLC reflects full lipid analyses, as
given by Block el al. ( 12).
Using HPLC, the activities of galactosyltransferases involved in galactolipid me
tabolism could be measured quantitatively.
Response factors were obtained from Fig.
3, response factor for diacylglycerol and
for trigalactosyldiacylglycerol were calculated
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FIG. 4. Galactolipid synthesis by chloroplast envelopes,
as recorded by HPLC (LiChrosob NH 2 ). (a-c) UDGT.
Chromatograms were from 38 μ% envelope protein. Lipid
patterns before (a) and after (b) preincubation with phospholipase С and followed by IS mm of incubation with
UDPGal (c) (d-e) GGGT. Chromatograms were from 55
μ% envelope protein. Lipid patterns after 2 min (d) and
after 15 mm (e) of incubation with 10 т м magnesium
chloride. Peak labels as in Fig. 2. and 7, phosphatidylglycerol and sulfoqumovosyldiacylglycerol (overload); 8,
trigalactosyldiacylglycerol.
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from their mean number of double bonds, and
peak areas were converted into nanomolar
amounts.
Figures 4a-c shows the lipid conversions
observed during the UDGT assay. Preincu
bation of an envelope/phosphatidylcholine
mixture with phospholipase С resulted in a
complete conversion of the phospholipid into
diacylglycerol within 15 min. Next, after in
cubation with UDPGal, monogalactosyldiacylglycerol peak area was increased by 1.5%
whereas the digalactolipid peak remained
constant in area. The UDGT activity, i.e.,
monogalactolipid synthesis, was calculated at
100 nmol/mg envelope protein/h, using the
response factor calculated for diacylglycerol.
l4
In experiments with UDP[ C]Gal, similar
artivities were measured after radioactive lipid
analysis (not published).
Also, GGGT activity of envelope mem
branes could be followed (Figs. 4d, e). A shift
from monogalactosyldiacylglycerol to diacyl
glycerol and tngalactosyldiacylglycerol was
observed after incubation with 10 т м mag
nesium chloride; digalactosyldiacylglycerol
remained fairly constant.

The results of the same experiment are
summarized in Fig. 5. The observed galacto
lipid conversion gives quantitative support to
the scheme for transgalactosylation, as pro
posed before by Van Besouw and Wintermans (16)
2 monogalactosyldiacylglycerol =»
digalactosyldiacylglycerol + diacylglycerol
digalactosyldiacylglycerol
+ monogalactosyldiacylglycerol =*
trigalactosyldiacylglycerol + diacylglycerol.
GGGT activity, that is, initial decrease of
monogalactolipid, was as high as 25 nmol/mg
envelope protein/min. Activities thus obtained
are real activities of GGGT, and, as a conse
quence, are considerably higher than activities
published previously (14,17) from the con
version of trace amounts of radioactive
monogalactosyldiacylglycerol.
In conclusion, taken together with the re
ported HPLC analysis of molecular species of
galactolipids (8), HPLC promises to be a fruit
ful technique for studying galactolipid metab
olism.
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CHAPTER 8

GALACTOLIPID SYNTHESIS IN CHLOROPLAST ENVELOPES
A SPECIFIC ASSAY FOR UDPGal : DIACYLGLYCEROL GALACTOSYLTRANSFERASE
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A specific assay for UDPGal : diacylglycerol galactosyltransferase (UDGT) is
described, a key enzyme in plant chloroplast galactolipid synthesis. In this
assay, chloroplast envelope membranes were mixed with liposomes of phos
phatidylcholine, and the mixture was treated with phospholipase С (from Ba
cillus cereus). The diacylglycerol produced was used for synthesis of monogalactosyldiacylglycerol by UDGT, after the addition of UDPGal. The addi
tion of detergent was not necessary. Several characteristics of this assay
were studied, including dependence on substrate concentrations, on pH and
on temperature.

Introduction

The chloroplast envelope membranes generally are considered the ma
jor sites of galactolipid synthesis in the plant leaf. A key step in the syn
thetic pathway is the galactosylation of membraneous diacylglycerol by
cytosolic UDPGal (1). The responsible enzyme, UDPGal : diacylglycerol
galactosyltransferase (UDGT ) can use diacylglycerol from several sources,
at least in the envelope membranes of spinach. A phosphatidic acid phos-

* Abbreviations: GGGT, galactolipid : galactolipid galactosyltransferase; Hepes,
4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid; Mes, 4-morpholineethanesuIphonic acid; Tricine, N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine; UDGT,
UDPGal : diacylglycerol galactosyltransferase.
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phatase (2) produces diacylglycerol synthetized via the Kornberg-Pricer
pathway (1,3), and the galactolipid : galactolipid galactosyltransferase
(GGGT) yields diacylglycerol by dismutation of two molecules of monogalactosyldiacylglycerol (4-6). These sources produce diacylglycerol with a
different fatty acid composition (3,7,8). As a consequence, various molecu
lar species of monogalactosyldiacylglycerol can be synthetized by UDGT,
depending on the particular source of diacylglycerol.
GGGT has been shown to be a very active enzyme in isolated chloroplast envelope membranes (5). Envelopes become artificially enriched in
diacylglycerol during the isolation procedure as a consequence of the activa
tion of GGGT (10). Therefore, it is difficult to measure UDGT activity
with a controlled amount of diacylglycerol substrate. Moreover, measure
ment of UDGT activity is interfered by the high activity of GGGT: mono
galactosyldiacylglycerol, produced by UDGT, is consumed rapidly by
GGGT, and converted into diacylglycerol and di-, tri- and tetragalactosyldiacylglycerol (4,5), especially in the presence of divalent cations (6). Thus,
in isolated envelop membranes UDGT and GGGT activities usually will be
measured together.
In this paper we describe an assay for UDGT, in which the interfer
ence of GGGT activity is fairly reduced. By pre-incubation of the mem
branes with phosphatidylcholine and phospholipase, controlled amounts of
diacylglycerol with a known fatty acid composition were furnished to the
enzyme.

Experimental procedures

Lipids and membranes. Crude phosphatidylcholine from soybean meal
(Serva, Heidelberg, FRG) was purified by three runs of preparative TLC,
with elution by chloroform/methanol/water (65:25:4, v/v). [glycerol-^ti]phosphatidylcholine (175 MBq/mmol) was obtained from germinating pol
len of Lilium longiflorum L., as described by Helsper et al. (11). The puri
fied phosphatidylcholine was stored in chloroform at -20oC in the dark.
Liposomes of phosphatidylcholine were prepared in a concentration of 7 mg
lipid/ml, by sonication in 5 mM Tricine (pH 7.2 with NaOH) for 5 min at
15 μιη using a Soniprep 150 (M.S.E., Crawley, UK) sonicator.
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Envelope membranes were isolated from spinach chloroplasts acccording to Douce and Joyard (12). The following modifications were employed
in order to reduce diacylglycerol production by GGGT activity during the
isolation procedure. The intact, purified chloroplasts were burst and thylakoids were pelleted immediately by centrifugation in a SS 34 rotor (Ser
vali, Norwalk, USA), for 10 min at 12000 x g m a x (40C). The supernatant
was immediately supplied with 10 mM EDTA and layered on top of a
sucrose gradient, according to Douce and Joyard (12). After gradient cen
trifugation, the envelope membranes were collected, pelleted and stored at
-80°C until use (5). Diacylglycerol of the envelopes was quantified for each
batch, and was 80-130 nmol/mg protein. Envelope membranes were soni
cated before use in 5 mM Tricine (pH 7.2 with NaOH) for 5 s, in a concen
tration of 2 mg protein/ml.
Quantification of acyllipids (5), analysis of radioactive lipids (6) and
estimation of protein (13) were described before.
Assay. Envelope membranes (200 μg protein/100 μΐ) and phosphatidyl
choline liposomes (700 μg lipid/100 μΐ) were sonicated together for 5 s on
ice. The suspension was divided over 10 assay tubes. To each of these, 0.2
units of phospholipase С from Bacillus cereus (EC 3.1.4.3., Sigma, Type V)
were added. After 15 min of pre-incubation at 30oC, all phosphatidylcho
line was converted into diacylglycerol, as was checked by TLC and HPLC
(5). Then 35 mM Tricine buffer (pH 7.2 with NaOH) and 0.12 mM UDPGal were added (final concentrations) to a final volume of 100 μΐ, and incu
bations were carried out for 15 min at 30oC, unless stated otherwise. Incu
bations were started by the addition of UDPGal. Radioactive label was ei
ther in [g/)'cero/-3H]phosphatidylcholine (175 MBq/mmol), or in UDP[U14
C]Gal (71 MBq/mmol). The reaction was stopped by the addition of 1.5
ml methanol and 1.5 ml chloroform. Data are given from experiments,
which are representative of at least three experiments.
Radioactive lipids were extracted according to Bligh and Dyer (14),
and separated by TLC on 10 cm silica gel IB2 flexible sheets (Baker,
Deventer, The Netherlands) using chloroform/methanol/water (65:25:4, v/v)
as eluent solvent. Lipids were visualized by spraying with 0.1% p-anilino-1naphthalene sulfonic acid in methanol or by autoradiography. Radioactive
analysis was performed as before (6).
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Results

Incorporation of diacylglycerol into envelope membranes.
A reliable assay for the measurement of UDGT activity in envelope
membranes requires a possibility to control the amount and the fatty acid
composition of the diacylglycerol substrate. In preliminary experiments,
aqueous suspensions of diacylglycerol plus desoxycholate, or noctylglucoside, were sonicated with envelope membranes, but UDGT activity varied considerably with the concentrations of protein and of detergent. Further, when detergent was omitted, high sonication power was
necessary for even a slight incorporation of the added diacylglycerol into
the membranes.
A reproducible loading of envelope membranes with diacylglycerol
could be achieved by a short sonication of the membranes with phosphatidylcholine liposomes, followed by conversion of phosphatidylcholine into
diacylglycerol by treatment with phospholipase C. The diacylglycerol generated in this way could be used for monogalactolipid synthesis after the addition of UDPGal, by UDGT. Fig. 1 shows the results of such an experiment. A mixture obtained by sonication of envelopes with [glycerol-^il]phosphatidylcholine, was pre-incubated with phospholipase C. This resulted
in a rapid formation of diacyl[3H]glycerol. The simultaneous, much slower
formation of monogalactosyl[3H]glycerol is discussed in Chapter 10. Next,
the addition of UDPGal initiated a rapid production of labeled monogalactosyldiacylglycerol, followed by a rather slow production of labeled digalactosyldiacylglycerol. Only a small amount of diacyl[3H]glycerol was present
in this experiment, so that after a initial high activity UDGT became soon
depleted of its labeled substrate, and thus the rate of monogalactosyldiacylglycerol synthesis slowed down (Fig. 1). We concluded that the diacylglycerol furnished to the membranes by this indirect way, can act as a substrate for UDGT.
In order to obtain an accurate measurement of the enzymatic activity, standard conditions were employed, as described in Experimental procedures. We used excess of phosphatidylcholine as source of diacylglycerol,
and UDP[ 14 C]Gal as label. Usually 3.5 mg soybean phosphatidylcholine
(4450 nmol) was added per mg membrane protein, and sufficient phospholi118

nmol / mg protein
125 -

Fig 1 Time course of galactolipid synthesis from diacyl[ H]glycerol Envelope membranes (50 μ§ protein) were sonicated with
liposomes of [glycerol- H]phosphatidylcholine (4 8 μg), and 0 2 un
its of phospholipase С were added At 1=0, buffer was adjusted to
35 mM Tríeme (pH 7 2 with NaOH) and UDPGal was added
Further conditions are described in Experimental procedures Radioactivity is given for phosphatidylcholine (V — V), diacylglycerol ( ·
· ) , monogalactosyldiacylglycerol (o
o), and digalactosyldiacylglycerol ( •
A)

pase С to convert all phosphatidylcholine within the pre-incubation period.
Fig. 2 shows a time course of the galactolipid synthesis under standard con
ditions (curve A). In course of time monogalactolipid synthesis decreased
somewhat, but it continued for 1 h and longer. Even after 6 h of incuba
tion, synthesis of monogalactosyldiacylglycerol was measured (not shown).
Under these conditions, galactose incorporation into di-, tri- and tetragalactosyldiacylglycerol (i.e. GGGT activity) did not exceed 10% of the mono
galactosyldiacylglycerol synthesis. Fig. 2 shows also the results from two
control experiments. When pure envelope membranes, i.e. membranes
neither mixed with phosphatidylcholine, nor treated with phospholipase C,
were incubated with UDP[14C]Gal, synthesis of monogalactosyldiacylgly
cerol proceeded initially at a quite similar rate (Fig. 2, curve C) as under
the assay conditions. However, endogenous diacylglycerol of the pure en
velopes became depleted after longer incubations periods, and monogalac
tolipid synthesis slowed down (after about 40 min). In another control ex
periment envelopes were sonicated with phosphatidylcholine liposomes and
119

nmol MOOD / mg praten

0

2Ü

m

M
lime (mini

Fig 2 Time course of galactolipid synthesis from UDP[ C]Gal
Galactolipid synthesis in nmol/mg envelope protein is indicated, for
various experimental conditions The amount of endogenous diacylglycerol in the membranes was 90 nmol/mg protein A Assay
conditions Envelope membranes (21 μg protein) were sonicated
with liposomes of soybean phosphatidylcholine (70 μg), preincubated with 0 2 units phospholipase C, and incubated for vari
ous times with UDP[ C]Gal Synthesis of monogalactosyldiacylglycerol (o
o), and of di-, tn- and tetragalactosyldiacylglycerol
(•
• ) В Conditions as under A, but phospholipase С was
omitted during the pre-incubation Synthesis of monogalactosyldiacylglycerol (•
•) С Conditions as under A, but phosphatidyl
choline and pre-incubation with phospholipase С were omitted
Monogalactosyldiacylglycerol synthesis ( ·
·)

incubated with UDP[14C]Gal, omitting the pre-incubation with phospholi
pase С (curve B). In this case, monogalactolipid synthesis was markedly
lower than without phosphatidylcholine and phospholipase C, possibly as a
consequence of the dilution of the endogenous diacylglycerol concentration
by phosphatidylcholine.
In a preliminary report we have shown by HPLC analysis that within
the 15 min pre-incubation, all soybean phosphatidylcholine was converted
into diacylglycerol by the phospholipase C, including the externally added
and the endogenous phosphatidylcholine (5).
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TABLE I
SPECIFICITY OF THE ASSAY FOR SYNTHESIS OF MONOGALACTOSYLDIACYLGLYCEROL
Exp A Standard assay conditions Envelopes (19 μ£ protein) were mixed with 60 μ§ soybean
phosphatidylcholine, pre-incubated with 0 2 units of phosphohpase C, and incubated with
UDP[14C]Gal for 15 mm at 30°C Exp В Conditions as in Exp A, except that phosphatidyl
choline and phosphohpase С were omitted During the incubations with UDP[ C]Gal 10 mM
MgCl2 was present, where indicated The incorporation into mono-, di-, tri- and tetragalactosyldiacylglycerol indicates the UDGT + GGGT activity, and the incorporation into di-, tnand tetragalactosyldiacylglycerol indicates the activity of GGGT Data are given from one ex
periment which was performed in triplicate (±1%, SD), and is representative for three experi
ments.

Exp

MgCI 2
added

UDGT + GGGT

GGGT

(nmol/mg protein/h)
A
В

Specificity for
monogalactohpid
synthesis (%)

+

147
254

15
27

90
89

+

73
724

3
386

95
47

Specificity for monogalactosyldiacylglycerol synthesis.
As indicated in Fig. 2, the assay showed a specificity for monogalactolipid synthesis of about 90%, the remaining 10% being incorporation of
galactose label to di-, tri- and tetragalactosyldiacylglycerol. We felt it neces
sary to check the specificity also under conditions of optimal GGGT activi
ty. Since Mg 2+ ions stimulate GGGT activity (6), we tested the effect of
2+
Mg on the galactolipid synthesis of envelopes, under standard conditions,
and in the absence of external phosphatidylcholine and phosphohpase C.
See Table I. In both cases, firstly the total galactolipid synthesis was meas
ured, consisting of production of mono-, di-, tri-, and tetragalactosyldiacyl
glycerol, i.e. UDGT activity followed by secondary GGGT activity. And
secondly, this was compared with GGGT activity alone, i.e. production of
di-, tri- plus tetragalactosyldiacylglycerol. Under assay conditions synthesis
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of monogalactolipid comprised about 90% of the produced galactolipids,
both in the absence and in the presence of Mg 2 + (Table I). Further galacto
lipid synthesis was doubled by the addition of Mg 2 + . On the other hand,
when only envelope membranes were incubated with UDP[ 1 4 C]Gal, addi
tion of 10 mM М§СІ2 resulted in a ten-fold increase of total galactolipid
synthesis, and an almost 100-fold increase of GGGT activity. Whereas
GGGT activity was low for the envelopes without Mg 2 + , it comprised a
considerable part of total galactolipid synthesis in the presence of Mg 2 + .
Combination of the results of Fig. 2 and Table I leads to the conclusion
that UDGT, in the absence of Mg 2 + , produces monogalactosyldiacylglycerol
until the endogenous diacylglyerol of the membranes is exhausted. Addi
tion of Mg 2 + results in an activation of GGGT, and diacylglycerol is con
tinuously regenerated. This newly made diacylglycerol appears an excellent
substrate for UDGT, and action of the UDGT-GGGT couple results in an
strongly increased overall galactolipid synthesis. Under assay conditions
the Mg 2+ -stimulated co-operation of UDGT and GGGT seems to be
prevented by the generation of diacylglycerol from phosphatidylcholine.
In conclusion, the standard assay appears rather specific for mono
galactosyldiacylglycerol synthesis, i.e. UDGT activity, although small
amounts of di-, tri- and tetragalactosyldiacylglycerol are produced always. It
may be argued that the contaminating GGGT activity did not exceed 10%
of the total UDPGal incorporation.
Assay characteristics.
Fig. 3 shows several characteristics of UDGT, as measured with the
assay. UDGT activity was linear up to 70 μg envelope protein if a fixed
amount of 70 μg soybean phosphatidylcholine was used. With higher
amounts of membrane protein it deviated from linearity, and the contribu
tion of contaminating GGGT activity increased (Fig. ЗА). When the
amount of soybean phosphatidylcholine was increased at a fixed amount of
envelope membranes of 20 μg protein, a slight decrease of UDGT activity
was measured. Now, contribution of GGGT to the galactolipid synthesis
was suppressed from 15 μg phosphatidylcholine and more (Fig. 3B). It
should be noted here that purification of the phosphatidylcholine prepara
tion was necessary, since the use of only partially purified phosphatidylcho
line resulted in a severely decrease of UDGT activity.
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Fig 3 Assay characteristics Standard conditions were envelope
membranes (20 μ£ protein) were mixed with liposomes of soybean
phosphatidylcholine (70 μ£), pre-mcubated with phosphohpase С
(0 2 units), and incubated with 0 12 mM UDP[ 1 4 C]Gal for 15 mm
at 30oC (pH 7 2) Enzymatic activities are defined as in Table I
UDGT (o
o) and GGGT ( •
• ) A Variation in the
amount of envelope membranes В Variation in the amount of
soybean phosphatidylcholine С Variation ot incubation tempera
ture D Variation in UDPGal concentration

Optimal temperature for UDGT activity was found in short term incu
bations at about 50oC (Fig. 3C). Fig. 3D shows the dependence of the en
zyme on the UDPGal concentration. The apparent Km value was found to
be quite constant in three experiments, 40 ± 5 μΜ (SD, n=3), whereas the
Vmax value was more variable, 135 ± 27 nmol/mg/h. Enzymatic activities
obtained under standard conditions were more variable, depending on the
particular batch of envelope membranes, the storage time of the mem
branes (11), and the purity of the phosphatidylcholine used (see above).
The pH optimum for UDGT was found around pH 7. The pH curve
was rather asymmetrical, with only slightly sub-optimal activities at pH
values of 8 to 9 (Fig. 4). Contaminating GGGT activity did not exceed 5%
of total galactolipid synthesis in this experiment over the whole pH range
measured. It should be noted that activity of galactolipid : galactolipid
acyltransferase was not detected in this experiment. This acyltransferase is
a well-known enzyme of the chloroplast envelope (15), and produces б-Оacyl-monogalactosyldiacylglycerol from monogalactosyldiacylglycerol, at pH
values around pH 6 (16). High rates of this enzyme usually have been
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Fig 4 Assay characteristics, effect of pH Envelope membranes
(21 μξ protein) sonicated with liposomes of soybean phosphatidyl
choline (75 μ£), treated with phospholipase С (0 2 units), and incu
bated with UDP[ C]Gal in various buffers Buffer systems used
were 35 mM Mes/NaOH (pH 5 1-7 0), and 35 mM Tncine/NaOH
(pH 7 0-8 9) (final conditions) Symbols are as in Fig 3 (SD, n=3)

measured during incubations of chloroplast envelope membranes at acid pH
values (8,15,17).

Discussion

The assay for measurement of UDGT, described in this paper, basical
ly consists of two steps. Firstly, diacylglycerol is generated in the envelope
membranes, and secondly, it is used by UDGT for the synthesis of monogalactosyldiacylglycerol. Some comments may be made for each of these
steps. It has been shown by Dome et al. (18) that treatment of chloroplast
envelope membranes with phospholipase С from Bacillus cereus results in a
fast degradation of the phosphatidylcholine, endogenously present in the
membranes, and is followed by a slower degradation of the endogenous
phosphatidylglycerol. Under the assay conditions phospholipase С hydrolyzes both the added phosphatidylcholine and the endogenous phospholi
pids, as was shown (at least for the endogenous phosphatidylcholine) by
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HPLC (5). Degradation of the envelope phosphatidylglycerol could not be
observed by this method, since the HPLC analysis failed to detect the acidic
lipid. Thus, several sources of diacylglycerol are present in the incubation
mixture: diacylglycerol already present in the envelope membranes (see in
troduction), diacylglycerol generated from endogenous phosphatidylcholine
and phosphatidylglycerol, and finally diacylglycerol derived from the added
(soybean) phosphatidylcholine. For the envelope membranes used, these
endogenous diacylglycerol sources were estimated at circa 100, 370 and 170
nmol/mg envelope protein, respectively (compare Refs. 9,10,18). Usually
4450 nmol soybean phosphatidylcholine/mg envelope protein was added,
which is a 12-44 -fold excess. As shown in the accompanying paper
(Chapter 9), the fatty acid composition of the monogalactolipid produced in
the assay corresponds to a large extent with the composition of the added
phospholipid, thus confirming the preponderance of this diacylglycerol
source.
The results of the assay can be easily compared with data from litera
ture. Although in most studies on galactolipid synthesis the production of
mono-, di-, tri- and tetragalactolipid have been measured together, some
conclusions concerning the synthesis of monogalactolipid (UDGT activity)
have been drawn by the authors. Mudd et al. (19) found in acetone
powders isolated from spinach chloroplasts an optimal pH of 7.2 and an op
timal temperature of 50oC for UDGT. Likewise, pH optima for mono
galactolipid synthesis around pH 8 have been published for isolated spinach
(8,20) and pea (21) chloroplast envelopes (compare Fig. 4).
Various authors, studying galactolipid synthesis by chloroplast en
velopes, have published comparable apparent Km values for UDPGal. For
pea envelope membranes (21) a Km of approximately 36 μΜ was found,
and for spinach membranes Km values were about 38 μΜ (4,22) and about
90 μΜ (8). High rates of UDPGal incorporation have been measured in
pea (21) and in spinach envelopes (4,8,13,20,22). These rates of about 3
μιηοΐ/ιτ^ envelope protein/h were much higher than the UDGT activities,
as measured in the assay (Figs. 1-4). We measured comparably high rates
of galactohpid synthesis only with membranes without phosphatidylcholine
and phospholipase С under conditions, where GGGT was also active and
was stimulated by the presence of Mg2+ ions (Table I). Since other investi
gations all have measured UDPGal incorporation in membrane prepara
tions active in GGGT (4,8,13,20-22), it must be concluded, that their high
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rates do not reflect merely UDGT activity, but instead a GGGT-stimulated
UDGT activity. Moreover, low rates comparable to those measured in our
assay were found in chloroplast envelopes synthetizing monogalactosyldiacylglycerol from UDPGal plus diacyl[14c]glycerol, made in situ via the
Komberg-Pricer pathway. In the latter case GGGT was also not active
(2,23).
GGGT shows a much higher dependence on Mg2+ than UDGT
(Chapter 9): only a slight stimulation of UDGT activity by Mg2+ can be
read from Table I. Since its presence was not necessary for obtaining a suf
ficiently high UDGT activity, and in order to minimalize the interaction
with GGGT, Mg 2+ was not included in the standard conditions.
Since the envelope membranes used contained an non-negible amount
of diacylglycerol, generated during the isolation procedure, it was difficult
to measure the UDGT activity of membranes limited in diacylglycerol.
From Figs. 2 and 3B it can be derived that the envelopes already contained
so much endogenous diacylglycerol, that the rate of UDGT was maximal,
and that a further addition of externally diacylglycerol did not results in
higher velocities. However, from the shape of the curve С in Fig. 2, some
indication can be derived concerning the enzymatic rate under
diacylglycerol-limiting conditions. This curve indicates that monogalactolipid production slowed down with time as a consequence of the depletion of
diacylglycerol. From the given amount of diacylglycerol present at the start
of the incubation, the amount remaining at half-maximal velocity can be es
timated: half-maximal velocity of UDGT was calculated thus at 30-50 nmol
diacylglycerol/mg envelope protein. Quite similar values can be obtained
from Fig. 1 and from data in literature (2,20,23). When we compare this
value with the substrate concentration necessary for half-maximal velocity
of GGGT, i.e. 1650 nmol monogalactosyldiacylglycerol/mg envelope pro
tein (Chapter 4), this may indicate a relatively high affinity of UDGT for
its lipidie substrate.
Finally, it can be concluded that the assay described in this paper
seems sufficiently specific to measure synthesis of monogalactosyldiacylglycerol. Although distorted membrane structures can be present during the
experiment, as a consequence of high amounts of diacylglycerol, control ex
periments as in Fig. 2 and Table I showed sufficiently high rates of UDGT
to use the assay for a further characterization of the enzyme.
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CHAPTER 9

CHARACTERIZATION OF GALACTOSYLTRANSFERASES
NACH CHLOROPLAST ENVELOPES

IN SPI-
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CHARACTERIZATION OF GALACTOSYLTRANSFERASES
NACH CHLOROPLAST ENVELOPES *

IN SPI-

JOHAN W.M. HEEMSKERK, FRANS H.H. JACOBS, GERARD BÓGEMANN, MARTIN
A.M. SCHEUEN and JEF F.G.M. WINTERMANS
Department of Botany, Faculty of Science, University of Nijmegen, Toernooiveld, 6525 ED bijmegen (The Setherlands)

Key words Galactohpids, Galactolipid galactolipid galactosyltransferase,
Chloroplast envelope membrane, (Spinach)

UDPGal

diacvlglycerol

galactosvltransferase,

Two galactosyltransferases involved in the galactolipid metabolism of spinach
chloroplasts envelopes were studied by specific assays: UDPGal : diacylglycerol galactosyltransferase (UDGT), which synthetizes monogalactosyldiacylglycerol from UDPGal plus diacvlglycerol; and galactolipid : galactolipid
galactosyltransferase (GGGT), which forms di-, tri- and tetragalactosyldiacylglycerol by dismutation of galactosyl groups between two galactosyldiacylglycerols. UDGT was stimulated by Mg2+ and Mn 2+ . It was not influenced
by various other monovalent or divalent cations, except by Fe 2+ , which was
inhibitory. Specific inhibitors of UDGT were UDP, /V-ethyl maleimide and
oleic acid. GGGT was strongly stimulated by a series of cations, most stimulatory being Mn 2+ , Ba 2+ , Ca2+ and Mg 2+ . Chelating anions were inhibitory.
Both UDGT and GGGT were inhibited by Zn 2+ , Cd 2+ and 4(hydroxymercuri)-benzoic acid. UDGT synthetized monogalactosyldiacylglycerol from various molecular species of diacy(glycerol; highest rates were observed with saturated species of diacy (glycerol. The digalactosyldiacy I glycerol
synthesis by GGGT, however, proceeded most rapidly from hexaene species

* Abbreviations: GGGT, galactolipid : galactolipid galactosyltransferase; Hepes,
4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid; Mes, 4-morpholineethanesulphonic acid; Tricine, ./V-[2-hydroxy-l,l-bis(hydroxymethyl)-ethyl]glycine; UDGT,
UDPGal : diacylglycerol galactosyltransferase; molecular species of phosphatidylcholine (PC) and of lipids derived from it are abbreviated by the notation sn-\ fatty
acyl/sn-2 fatty acyl-PC (fatty acyl residues are indicated by a number denoting the
number of carbon atoms, followed by a colon and a number denoting the number
of double bonds).
* This paper is dedicated to Prof. Dr. H.F. Linskens (Nijmegen) on occasion of his
65th birthday in 1986.
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of monogalactosyldiacylglycerol.

Introduction

In the last decade, three galactosyltransferases have been described,
which may be involved in the galactolipid metabolism of the chloroplast.
UDPGal : diacylglycerol galactosyltransferase (UDGT ) synthetizes monogalactosyldiacylglycerol from UDPGal and diacylglycerol (1-5). It is located
in the inner envelope membrane of spinach chloroplasts (6,7), but it has
been found in the outer envelope membrane of pea chloroplasts (8). Galactolipid : galactolipid galactosyltransferase (GGGT) produces di-, tri- and
tetragalactosyldiacylglycerol by transgalactosylation of galactosyldiacylglycerols, transferring galactosyl groups from one monogalactosyldiacylglycerol
to another galactolipid molecule, simultaneously liberating diacylglycerol
(9). It is accessible from the cytosolic face of the spinach chloroplast (10)
and its location in the outer envelope membrane has been confirmed recently (11). The activity of a third enzyme, UDPGal : monogalactosyldiacylglycerol galactosyltransferase, has been reported in cell-free preparations
obtained from pea leaves (12). This enzyme has been supposed to be
responsible for the synthesis of digalactosyldiacylglycerol in vivo (12-14).
However, in spinach envelope membranes its activity was below the level of
detection (15).
In most older work with envelope membranes, UDGT and GGGT activities have been determined together by measuring galactolipid synthesis
from galactose-labeled UDPGal plus Mg2+, resulting in the simultaneous
production of mono-, and of di-, tri- and tetragalactosyldiacylglycerol
(3,4,8,9). The development of a specific assay for GGGT enabled us to
study this enzyme apart from UDGT activity (15). Now we report also a
separate assay for UDGT (16). The possibility for correct measurement of
both galactosyltransferases clears the way for a further characterization,
with respect to the influence of ionic conditions, the effects of possible inhibitors, and the suitability of various molecular species as substrates for
UDGT and GGGT.
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Experimental procedures

Lipids and membranes.
All phosphatidylcholines used were 1,2diacyl-jn-glycero-3-phosphatidylcholines. Soybean phosphatidylcholine was
purified as described elsewhere (16). Egg phosphatidylcholine and molecular species of phosphatidylcholine (Sigma, U.S.A.) were chromatographically pure. l,2Di[l- 14 C]oleoyl-in-3-phosphatidylcholine (Amersham International, U.K.) was diluted with unlabeled dioleoyl-phosphatidylcholine to a
specific radioactivity of 63 MBq/mmol. Liposomes of phosphatidylcholines
(7 mg lipid/ml) were made in 5 mM Tricine (pH 7.2 with NaOH), as
described elsewhere (16).
Galactose-labeled
[14C]monogalactosyldiacylglycerol
(28-34
14
MBq/mmol) and [ C]digalactosyldiacylglycerol (16 MBq/mmol) were
prepared by incubation of spinach envelope membranes with UDP[U14
C]Gal (71 MBq/mmol), followed by separation of the labeled galactolipids
(15). An aliquot of the purified [14C]monogalactosyldiacylglycerol was reduced by hydrogénation over Pd-charcoal. The resulting (partially) saturated [14C]monogalactosyldiacylglycerol was repurified by TLC on silica gel
(elution with chloroform/methanol/water, 65:35:4, v/v), and had a specific
radioactivity of 34 MBq/mmol. Labeled galactolipids were solubilized by
sonication with sodium desoxycholate (15) in 50 mM Tricine (pH 7.2 with
Tris), in a concentration ratio of 100 μΜ galactolipid/200 μΜ desoxycho
late.
Quantification of lipids by GLC, analysis of radioactive lipids, and pro
tein estimation were described elsewhere (16). Argentation TLC of labeled
mono-, and digalactosyldiacylglycerols was according to Siebertz et al. (17).
Unseparated inner and outer envelope membranes were isolated from
purified spinach chloroplasts (16). The frozen membranes (-80oC) were
thawed on ice before use, and briefly sonicated in 5 mM Tricine (pH 7.2
with NaOH) at a concentration of about 2 mg protein/ml.
Assay for UDPGal : diacylglycerol galactosyltransferase. UDGT was
assayed as described elsewhere (16). Briefly, envelope membranes were
sonicated with liposomes of phosphatidylcholine in 5 mM Tricine (pH 7.2
with NaOH), and were divided over the incubation tubes. Unless stated
otherwise, incubation mixtures contained 70 μg phosphatidylcholine, 20 μg
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envelope protein and 0.2 units of phospholipase С from Bacillus cereus (EC
3.1.4.3, Sigma, Type V), in 5 mM Tricine (pH 7.2 with NaOH). After a
pre-incubation for 15 min at 30oC, in order to convert all phosphatidylcho
line into diacylglycerol, buffer was adjusted to 50 mM Tricine (pH 7.2 with
NaOH) and UDP[6- 3 H]Gal or UDP[U- 14 C]Gal (610 or 71 MBq/mmol,
respectively) was added to a final concentration of 0.12 mM. Total volume
was 100 μΐ, and incubation followed for 15 min at 30 o C. When applied, in
hibitors and other effectors were added after the pre-incubation, except for
oleic acid and cholesterol, which were included in the phosphatidylcholine
liposomes.
Assay for galactolipid : galactolipid galactosyltransferase. GGGT ac
tivity was assayed, basically as described before (15). Briefly, a suspension
of [14C]monogalactosyldiacylglycerol/desoxycholate (75:150, nmol/nmol), or
of [14C]digalactosyldiacylglycerol/desoxycholate (150:300, nmol/nmol) was
sonicated with envelope membranes (about 500 μg protein) for 10 s. The
resulting mixture, in 25 mM Tricine (pH 7.2 with Tris), was kept on ice un
til start of the incubations. Incubations contained envelope membranes (20
μg protein), [ 14 C]mono- or [14C]digalactosyldiacylglycerol (3 or 6 nmol,
respectively) in 25 mM Tricine (pH 7.2 with Tris), and 10 mM MgCl2 (final
concentrations). Total volume was 100 μΐ. Incubations were for 10 min at
30 o C, and were started by the addition of MgC^. Inhibitors were added just
before the start of the incubation, except that oleic acid and cholesterol
were included in the galactolipid/desoxycholate micelles.
Incubations were stopped and labeled galactolipids were analyzed as
described elsewhere (16). Results of GGGT were quantified by taking into
account the total amount of mono- or digalactosyldiacylglycerol, i.e. the
amount of added labeled galactolipid plus the amount of galactolipid al
ready present in the envelope membranes. Both sources of galactolipid are
converted by GGGT at the same rate, as has been established for monogalactosyldiacylglycerol (11), and could be derived for digalactosyldiacylgly
cerol (18). Since it has been shown that GGGT activity is strongly depen
dent on the total galactolipid content present during the incubation (11),
the total amount of mono- or digalactosyldiacylglycerol was quantified for
each experiment. Generally, data are given obtained from at least three
experiments, which were performed in duplicate.
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Chemicals. Sources of lipids are mentioned above. Other chemicals
were of analytical grade. Metallic chlorides, 2-iodoacetamide and bovine
serum albumine were supplied by Merck (F.R.G.); uridine containing compounds were from Boehringer (Mannheim, F.R.G.); N-ethyl maleimide was
from Serva (Heidelberg, F.R.G.); all other potential inhibitors tested were
purchased from Sigma (U.S.A.).

Results

Ionic conditions
The pH optimum of GGGT, found earlier at pH 6-7 (15), could be
confirmed and refined. Fig. 1 shows that optimal conversion of monogalactosyldiacylglycerol into digalactosyldiacylglycerol by GGGT was at pH 6.
However, production of tri- and tetragalactosyldiacylglycerol, either from
mono- or from digalactosyldiacylglycerol, also catalyzed by GGGT, had a
somewhat higher pH optimum, around pH 6.5. Elsewhere we showed evidence for a backreaction of GGGT, i.e. conversion of digalactosyldiacylglycerol plus diacylglycerol into two molecules of monogalactosyldiacylglycerol
(11,15,16). The optimum of this backreaction also was found at about pH
6 (Fig. IB). Similarly, backreactions with galactose-labeled tri- and tetragalactosyldiacylglycerol could be observed (not shown), but rates were too
low for precise determination of the optimal pH.
Stimulation of GGGT activity by Mg 2+ ions has been noted before
(15). Fig. 2 shows the very potent stimulation of GGGT by Mg 2+ , and the
even greater stimulation by Ca 2+ . Maximal stimulation was found at 10
and 20 mM, respectively. Table I shows that Ba 2+ and Mn 2+ stimulated
GGGT activity to a comparable extent, whereas Fe 2 + and Co 2 + were
weakly active, and Zn 2 + and Cd 2+ were completely inactive. Stimulation of
GGGT activity was also obtained with monovalent cations, but higher concentrations were required. An interesting result from these experiments was
the marked stimulation of galactolipid : galactolipid acyltransferase activity
by Fe 2 + , Co 2+ and Zn 2 + : in the presence of these ions monogalactosyldiacylglycerol was rapidly acylated to 6-O-acyl-monogalactosyldiacylglycerol
(not shown). The activity of this acyltransferase, which is located in the
outer envelope membrane (11,19), is usually observed only under more
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7

θ

9 pH

Fig. 1 Dependence of GGGT activity on pH GGGT was assayed as described in Experimen
tal procedures at various pH values Incubations contained 30 μ§ envelope protein and 35 mM
14
Mes/Tns (pH 4 5-7 0) or 35 mM ТпсіпеЛГш (pH 7 0-9 1). A GGGT activity with [ C]monogalactosyldiacylglycerol as radioactive substrate The total amount of monogalactosyldiacylglycerol present during the incubation was 580 nmol/mg protein Conversion of monogalactosyldiacylglycerol into di- ( Δ
Δ ) , and into tn- and tetragalactosyldiacylglycerol (•
ü) is
presented. В GGGT activity with [ C]digalactosyldiacylglycerol as substrate. The total
amount of digalactosyldiacylglycerol present during the incubation was 525 nmol/mg protein.
Conversion of digalactosyldiacylglycerol into mono- ( ·
· ) , and into in- and tetragalactosyl
diacylglycerol (•
•) is presented.

acidic conditions, around pH 5-6 (15,20).
The activation of GGGT by divalent cations can be prevented by
fluoride and various chelating anions, most effective being pyrophosphate
and EDTA (Table II). Some residual activity may be connected with the
+
2+
simultaneous presence of Na ions, which can partially replace Mg as ef
fectors for GGGT (see also Table I). The data of Table II also suggest an
antagonism between Mg2+ and Na + : in the presence of saturating magnesi
um, sodium ions always led to a lower GGGT activity.
The influence of cations on UDGT activity is shown in Table I. In
contrast with GGGT, most cations were ineffective. The moderate stimula
2+
2+
tion by Mg and Mn is expectable for an enzyme which uses an uridinediphosphate derivative as a substrate. Mg2+ could not be replaced by
another divalent or monovalent cation. However, again in contrast to
GGGT, UDGT activity proceeded at a fairly high rate in the absence of
Mg 2+ . This was confirmed by the observation that addition of EDTA had
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Fig. 2. Dependence of GGGT on C a 2 + and Mg 2 + concentration.
GGGT was assayed with [14C]nionogalactosyldiacyIglyceroi, 7 μ§
envelope protein. The total amount of monogalactosyldiacylglycerol was 790 nmol/mg protein. Conversion of monogalactosyldiacylglycerol into di-, tn-, and tetragalactosyldiacylglycerol (in
nmol/mg protein/h) is given at vanous concentrations of Mg 2 +
(·
· ) or C a 2 + (D
D).

only a slight effect on UDGT (Table III). Fe 2 + , Cd 2+ and Zn 2 + , at 10 mM
concentrations, were inhibitory for UDGT.
Inhibitor studies.
Several inhibitors have been documented for the synthesis of galactolipids from UDPGal by chloroplast preparations (4,21,22). Since, however,
under the conditions studied UDGT and GGGT were active simultaneous
ly, the specificity of inhibitors for either enzymatic activity could be derived
only indirectly. We therefore re-examined some of those inhibitors for
their effects in the separate assays, and tried additionally some other
agents. Results are presented in Tables III and IV.
Various D-galactose derivatives up to 5 mM concentrations, had no
clear effects either on UDGT or on GGGT (Table III). Uridine deriva
tives, including UDPGal, had little effect on GGGT (Table III). The lack
of effect of UDPGal confirms our previous conclusion (9,15), that activity
of the postulated UDPGal : monogalactosyldiacylglycerol galactosyltransferase was not measurable under our experimental conditions. UDP
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TABLE I
INFLUENCE OF CATIONS ON GALACTOSYLTRANSFERASE ACTIVITIES
UDGT activity was measured with 20 μg envelope protein, 76 μg dioleoyl-phosphatidylchohne,
and UDP[ H]Gal Indicated cations were present during the incubation as their chloride salts
(final concentrations) GGGT was assayed with [ C]monogalactosyldiacylglycerol as substrate
Incubations contained 20 μg envelope protein The total amount of monogalactohpid (exter
nally added plus endogenous) during the incubations was about 450 nmol/mg protein М§СІ2
was replaced by the chloride salts of the indicated cations (final concentrations) Values are
means ± SD of three experiments UDGT activity (120 ± 12 nmol/mg protein/h) and GGGT
activity (1050 ± 40 nmol/mg protein/h) under standard conditions were arbitrarily set on 100
for each experiment.

Cation added
(mM)

UDGT

None
2+
Mg
(10)
M n 2 + (10)
B a 2 + (10)
C a 2 + (10)
C o 2 + (10)
F e 2 + (10)
Z n 2 + (10)
C d 2 + (10)
N H 4 + (50)
+
K
(50)
+
Na
(50)

100
180 ± 10
213 ± 13
91 ± 4
125 ± 9
87 ± 8
38 ± 6
1 ± 0.5
35 ± 4
98 ± 10
98 ± 8
104 ± 4

GGGT

5
100
116
115
114
15
32
6
5
25
23
25

and UMP were inhibitory to GGGT at higher concentrations, 8-10 mM
(Table IV). This inhibition at higher nucleotide concentrations is a conse
quence of the chelating properties of the phosphate group(s) . On the oth
er hand, already low concentrations of UDP, UMP and UDPGlc were inhi
bitory to UDGT (Tables HI and IV). Especially UDP is as a quite effec
tive inhibitor for UDGT. The present data for nucleotide concentrations
required for 50% inhibition of UDGT are in good agreement with previous
data, demonstrating the influence of these nucleotides on total galactolipid
synthesis in chloroplast envelopes (4).
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TABLE II
INFLUENCE OF ANIONS ON GGGT ACTIVITY
GGGT activity was assayed with [ C]monogalactosyldiacylglycerol as substrate Incubations
contained 16 μg envelope protein, 10 mM М § С І 2 , and 25 mM of the indicated substances
The total amount of monogalactolipid present was 780 nmol/mg envelope protein. Data arc
given from one experiment, representative for three experiments, 100% corresponds with a
GGGT activity of 2040 nmol monogalactosyldiacylglycerol converted/mg protein/h

Addition

GGGT
activity

None
NaCl
Na2HOP4
Na2S04
NaHC03
Na 4 EDTA
NaF
Na4P207
NaCl, MgCl 2 omitted

100
91
68
67
57
50
43
19
25

The influence of various sulfhydryl reagents on the galactosyltransferase activities (Tables III and IV) is in general agreement with litera
ture (21,22). Both UDGT and GGGT were inhibited by low concentrations
of 4-(hydroximercuri)-benzoic acid, but were insensitive towards 2iodoacetamide. However, in contrast to the indirect measurements by
Mudd et al. (22), we found UDGT more sensitive to N-ethyl maleimide
than GGGT. The inhibitory influences of Cd 2+ and Zn 2 + (Tables III and
IV), may also be related to binding of these ions to sulfhydryl groups.
2+
Especially Zn is interesting, since, within a certain concentration range, it
2+
can act as a specific inhibitor for GGGT. E.g., at 1 mM Zn GGGT was
inhibited 75%, whereas UDGT was stimulated 25%. However, at higher
concentrations both enzymes became inhibited (Table IV).
Stimulation of galactolipid synthesis by bovine serum albumine, found
for spinach (4), but not for pea envelope membranes (8), has been attribut
ed to the bonding of free fatty acids present in the membranes (4). In our
139

TABLE III
POTENTIAL INHIBITORS OF GALACTOSYLTRANSFERASES
UDGT activity was measured with 18 μ§ envelope protein, 50 μ§ dioleoyl-phosphatidylcholine
and UDP[ H]Gal Final concentrations of agents are given in mM (between parentheses)
GGGT was assayed with [ C]monogalactosyldmcylglycerol as substrate, 18 μg envelope pro
tein and 10 mM M g C b The total amount of monogalactolipid present was 640 nmol/mg pro
tein Values are means ± SD of three experiments UDGT activity (152 ± 13 nmol/mg
protein/h) and GGGT activity (1220 ± 35 nmol/mg prolein/h) under standard conditions was
set arbitrarily on 100 for each experiment

Addition
(mM)

UDGT

GGGT

None

100

100

D-galactose (5)
1-Thio-ß-D-galactopyranose (5)
p-Nitrophenyl-ß-D-galactopyranoside (5) a
o-Nitrophenyl-ß-D-galactopyranoside (5)
UDPGal (0 5)
UDPGlc (0 5)
UMP (0 5)
UDP (0 15)

106 ±
114 ±
103 ±
115 ±

5-Fluoro-uraaI (5)
2-Iodoacetamide (5)
N-Ethyl maleimide (0 5)
4-(Hydroxymercun)-benzoic acid (0 01)

104
106
43
35

EDTA (1)
Bovine serum albumine (5 mg/ml)
Oleic acid (0 3)
Oleic acid (0 5) + albumine (5 mg/ml)
Cholesterol (5)
Ethanol (5%, v/v)

8
10
7
9

100 ±
93 ±
100 ±
94 ±
101 ±
107 ±
110 ±
113 ±

2
4
6
10
7
5
5
7

7
6
4
6

110+
96+
78 ±
5 ±

5
3
2
1

85 ± 3

-

63 ± 2
83 ± 5
21 ± 5

101
42
53
84
54

±
±
±
±

±
±
±
±
±

6
5
4
2
5

109
101
108
103
92

±
±
±
±
±

2
3
3
3
3

p-Nitrophenyl-a-D-galactopyranosidc
and
D-galactose
diethyl
dithioacetale showed quite similar activities of UDGT and of GGGT
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TABLE IV
50% INHIBITION CONCENTRATIONS OF INHIBITORS FOR
TRANSFERASES

GALACTOSYL-

UDGT and GGGT were assayed as described in Table III with inhibitors added in various
concentrations Concentrations of inhibitors resulting in 50% inhibition of enzymatic activity
are presented

Inhibitor

UDGT

GGGT

UDP
UMP
UDPGlc

30 μΜ
2 5mM
1 5mM

8 тМа
10 т М а
-

4-(Hydroxymercun)-benzoic acid
N-Ethyl mdleimide
ZnCl 2
CdCl2

7 μΜ
0 3mM
6 mM
8 mM

5 μΜ
5 mM
ОбтМ
2 тМ

Oleic acid
Ethanol (v/v)

ОЗтМ
7 %

2 тМ
25 %

Inhibition can be attributed to chelating properties at this concentra
tion
separate assays, we confirmed the sensitivity of UDGT to oleic acid and a
partial reversal of this effect by bovine serum albumine (Table III). 50%
Inhibition of UDGT activity was observed at 0.3 mM oleic acid (Table IV),
equivalent to 1.7 μιηοΐ oleic acid/mg envelope protein. GGGT activity was
not affected by 0.5 mM oleic acid. In order to obtain 50% inhibition of
GGGT, high concentrations of oleic acid were necessary (2 mM, equivalent
to 11.2 μιηοΐ/π^ envelope protein). Such effects will be due to detergent
effects. A membrane stabilizer like cholesterol had little effect on UDGT
and GGGTactivity, even at a concentration of 5 mM (i.e. 27.8 цто1/т§ en
velope protein). Likewise, a solubilizer like ethanol had remarkably little
influence, especially on GGGT (Table IV).
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Molecular species of lipid substrates.
The availability to discriminate both galactosyltransferase activities
opened the way for a study to their specificity for particular lipidie substrates. In order to study the substrate specificity of UDGT, liposomes
were made of various types of phosphatidylcholine, mixed with envelope
membranes, and pre-incubated with phospholipase C. After addition of
UDP[ 14 C]Gal, galactolipid synthesis was measured. Table V shows the
results. Most galactose-label was recovered from monogalactosyldiacylglycerol, with all molecular species of phosphatidylcholine tested. The fraction
of label in di-, tri-, and tetragalactolipid, representing GGGT activity, was
low and fluctuated from 3 to 17%. We checked the fatty acid composition
of labeled monogalactolipids, derived from the various molecular species of
phosphatidylcholine, by argentation TLC. Fig. 3 shows some typical
chromatographs obtained. Molecular species synthetized by UDGT
correspond quite well with the the molecular species of phosphatidylcholine
added (Fig. 3, lanes c-h). The same molecular species of monogalactosyldiacylglycerol was dominant when dioleoyl-phosphatidylcholine with
UDP[ 14 C]Gal was given, as when di[14C]oleoyl-phosphatidylcholine in combination with unlabeled UDPGal was given (Fig. 3, lanes g and h).
Now, from Table V it can be concluded that monogalactolipid is synthetized from a whole range of molecular species of diacylglycerol, including didecanoylglycerol. Although differences in rate of galactolipid synthesis were small, Table V indicates that highest activity was measured with
distearoyl-phosphatidylcholine. Increasing the desaturation degree of the
phospholipid resulted in a somewhat lower activity, as did shortening in the
chain length of the acyl residues. Taken together, under the experimental
conditions used, UDGT reacts with all molecular species of diacylglycerol
tested, and shows a slight preference for saturated substrates containing
long-chain fatty acids.
A first indication concerning the specificity of GGGT for certain
molecular species of monogalacolipid substrate, may be obtained from the
comparison of Table V with Fig. 3. Table V indicates that GGGT activity
was highest with the saturated distearoylglycerol and dipalmitoylglycerol.
Fig. 3 (lane d) shows for distearoylglycerol, that the synthetized monogalactolipid was greatly enriched in the 18:0/18:0 combination, as expected.
However, argentation chromatography of the labeled digalactosyldiacylglycerol showed a considerable enrichment in unsaturated, hexaene species
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TABLE V
UDGT ACTIVITY ASSAYED WITH VARIOUS MOLECULAR SPECIES OF DIACYLGLYCEROL
Incubations for UDGT contained 19 μg envelope protein and vanous molecular species of
phosphatidylcholine (PC) as indicated, each 125 μg Pre-incubation with 0 5 units of phosphohpase С was dunng 20 mm
Data presented are total galactolipid synthesis from
UDP[ C]Gal, and the fraction of label found in di-, tn- and tetragalactosyldiacylglycerol
(fraction of GGGT), the remainder being monogalactosyldiacylglyccrol Values are means ±
SD from three expenments Galactolipid synthesis measured with 18 0/18 0-PC (139 ± 12
nmol/mg protem/h) was arbitrarily set on 100 for each experiment

Galactolipid

Fraction of GGGT

Species of PC

synthesis

(% of total galacto
lipid synthesis)

18 0/18 0
16 0/16 0
10 0/10 0
16 0/18 1
18:1/16-0
18 1/18:1
18 2/18 2
Soybean 3

100
67 ± 19
49 ± 14
55 ± 6
65 ± 12
82 ± 19
62 ± 7
57 ± 7
64 ± 12

17
15
5
6
5
3
5
12
10

Egg a

Mean number of double bonds was in one molecule of soybean PC
2 7, and of egg PC 1 2

(not shown). This indicates that GGGT preferently uses the unsaturated,
hexaene species of monogalactosyldiacylglycerol as galactosyl acceptor.
This indication was established in an experiment, in which the activity of
GGGT on unsaturated and on saturated monogalactosyldiacylglycerols was
studied. For this purpose [14C]monogalactosyldiacylglycerol, containing
mainly hexaene species (Fig. 3, lane a), was saturated by hydrogénation
over Pd-charcoal. The resulting monogalactolipid with only saturated and
monoene species (Fig. 3b), had the same specific radioactivity as the unsaturated one. When this (partly) saturated monogalactolipid was prepared
for the GGGT assay, its solubilization by desoxycholate proved to be quite
difficult, and, consequently, it was not converted into digalactosyldiacylgly143

cerol by the enzyme. This problem could be overcome by mixing the labeled saturated monogalactolipid with unlabeled unsaturated monogalactolipid (1:2 mol/mol), before solubilization with desoxycholate. For a control
experiment, a mixture of unsaturated labeled and unlabeled monogalactolipid was prepared in the same molecular ratio. When the GGGT activity
was measured with both solubilized radioactive substrates, after 10 min of
incubation 24% of the unsaturated labeled monogalactolipid was converted
into di-, tri- and tetragalactosyldiacylglycerol, but only 8% of the saturated
monogalactolipid. After 3 h, about 60% of both labeled monogalactolipid
species was converted, thus indicating a good solubilization of either substrate. So we may conclude that GGGT showed a preference for hexaene
species of monogalactosyldiacylglycerol, for galactosylation into di-, tri- and
tetragalactosyldiacylglycerol.

Discussion

Application of the assays for UDGT and GGGT revealed a number of
different properties of the galactosyltransferases. However, the results obtained must be evaluated carefully, because of the unnatural composition
and physical state of the envelope membranes under the assay conditions.
For instance, the high amount of phosphatidylcholine, used in the UDGT
assay, leads to the formation of a high concentration of diacylglycerol; and
the presence of detergent in the GGGT assay affects the enzymatic activity
(15). We feel, nevertheless, that our results can yield valuable information
about the enzymes in their natural membranes, by comparing them with
data obtained under more physiological conditions.
The pH optima measured with the assays in previous experiments were
at pH 7-9 for UDGT (16) and at pH 6-7 for GGGT (Ref. (15), see also
Fig. 1). These optima are in good agreement with optima estimated in
literature for the galactosyltransferases in spinach envelope membranes
(9,23). Various authors have studied the influence of cations on the
UDPGal-dependent galactolipid synthesis in chloroplast membranes (8,2325), and conclude that monogalactolipid synthesis can proceed in the absence of cations, in agreement with the present data. Results obtained with
pea (8) and spinach (9,23) envelope membranes support our observation
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18:0/18:0

16:0/18:1
18:2/182

18:1/18:1
18:2/18.2

16:3/16:3
18:3/18:3

Fig. 3. UDGT and GGGT: molecular species of monogalactosyldiacylglycerol. Radioactive labeled monogalactosyldiacylglycerol (MGDG) from different origins was purified by TLC, and
next subjected to argentation TLC (0.73 kBq) (see Experimental procedures). Autoradiograms of the separated molecular species are shown. Identification was according to literature (12,17). Exp. 1. Species of MGDG used as substrate for the GGGT assay, (a) MGDG
obtained from incubation of pure envelope membranes with UDP[ C]Gal and 10 mM
M g C l 2 for 3 h. This type of MGDG was normally used for the GGGT assay, (b) As (a), but
after hydrogénation over Pd-charcoal. Exp. 2. Species of MGDG obtained from the UDGT
assay, (c) Assay with UDP[ C]Gal in combination with 16:0/18:1-PC; (d) in combination
with 18:0/18:0-PC; (e) with soybean PC. Exp. 3. Species of MGDG obtained from the UDGT
assay, (f) Assay with UDP[ 1 4 C]Gal plus 18:2/18:2-PC; (g) assay with UDP[ 1 4 C]Gal plus
18:1/18:1-PC; (h) with UDPGal plus di[ t4 C]oleoyl-PC.

that UDPGal incorporation is stimulated by Mg 2+ . Further, reported inhibitors for monogalactosyldiacylglycerol synthesis in envelopes, like UDP,
UMP, UDPGlc and sulfhydryl reagents (4,21,22), were similarly effective in
the UDGT assay. Concerning GGGT, similar effects of Ca 2 + , F " and
EDTA as found in the assay (Tables I and II), have been described by Joyard (23), studying the synthesis of di- and trigalactosyldiacylglycerol in unmodified chloroplast envelopes. So we can conclude that the results from
both assays are in good agreement with literature.
Our results point to a rather specific activation of UDGT by Mg 2+ and
2+
Mn , and a less specific activation of GGGT by a number of divalent and
monovalent cations. The aspecific activation of GGGT may be due to an
indirect effect of the cations on the envelope membranes. Such general ef145

fects of cations are known from literature. For example, it has been sug
gested that the lateral surface pressure of the lipids in chloroplast mem
branes changes as a consequence of the presence of cations (27). Alterna
tively, studies with aqueous dispersions of lipids extracted from membranes'
of chloroplasts (28), or of Cyanobacteria (29), have shown that structural
changes of the lipid phase occur after the addition of MgCl2 or NaCl.
Phase segregation was observed between the non-bilayer forming monogalactosyldiacylglycerol and other membrane lipids (28,29). It may be pos
sible that similar cation effects on the lipids of envelope membranes make
monogalactosyldiacylglycerol better available as substrate for GGGT, thus
enhancing its activity.
Sensitivity to divalent cations, especially to Mg 2+ , is not an unique
characteristic of galactosyltransferases of the chloroplast membranes, but is
also known from enzymes involved in the galactolipid metabolism of Bifi
dobacterium (30) and Anabaena variabilis (31). Together with our study,
this suggests that divalent cations have a regulatory effect on galactolipid
metabolism in vivo, likewise as suggested for the metabolism of plant phos
pholipids (32).
Inactivation by oleic acid of monogalactolipid synthesis has led to the
proposal of a mechanistic model for the action of UDGT (4). Indeed, we
found that UDGT was more severely inhibited by oleic acid than GGGT.
However, the amount required for desactivation of the enzyme (50% inhi
bition at 1.7 μπιοΐ/ιτ^ envelope protein), is so high compared to the amount
of substrate diacylglycerol necessary for UDGT activity (circa 40 nmol/mg
envelope protein, see Ref. (16)), that a specific interaction of oleic acid
with UDGT does not seem probable.
Some indications about the molecular action of the galactosyltransferases can be derived from the inhibition experiments. Both UDGT
and GGGT were not affected by the galactose-derivatives tested. UDGT,
but not GGGT, was inhibited by low concentrations of uridine nucleotides.
Both enzymes were inhibited by several sulfhydryl reagentia, although not
to the same extent. So we have no indications that either of the galactosyltransferases has a high affinity for the galactosyl part of its substrate,
although UDGT can use UDPGal, but does not use UDPGlc as a substrate
(4). UDGT seems to recognize the uridine-phosphate part of its substrate
(UDPGal), whereas such an affinity in GGGT is unprobable. Theinhibition
of both galactosyltransferases by sulfhydryl reagents indicates that the pres146

enee of sulfhydryl groups is essential for the catalytic reaction of UDGT
and of GGGT.·
Application of the assays indicated a certain preference of UDGT for
more saturated substrates and a preference of GGGT for unsaturated, hexaene species of monogalactosyldiacylglycerol as galactosyl acceptor. These
results can be compared easily with various data in literature. Siebertz et al.
(17) studied the molecular species composition of galactolipids, produced
after incubation of spinach envelope membranes with UDP[ 4 C]Gal, and
compared these with the galactolipid species produced in vivo. The envelope membranes produced, apart from monogalactosyldiacylglycerol, also
galactose-labeled di-, tri- and tetragalactosyldiacylglycerol. The labeled
monogalactolipid consisted of a whole range of molecular species, including
hexaene and more saturated species. Labeled di-, tri- and tetragalactolipids, however, showed a smaller fraction of saturated species and were enriched in hexaene species, the contribution of hexaene species being increased from mono- to di- to tri- and tetragalactosyldiacylglycerol. Similarly, under in vivo conditions an increase of produced hexaene species of digalactosyldiacylglycerol was observed, compared to monogalactosyldiacylglycerol. In marked contrast to the high galactosylation rate of galactoselabeled monogalactolipid in spinach envelope membranes (8,9,15-17) and in
chloroplasts (26), fatty acyl- or glycerol-labeled monogalactosyldiacylglycerol, de novo made in chloroplasts, is not converted into digalactosyldiacylglycerol (2,7). An explanation for such apparent differences in galactosylation rate may be provided by preference of GGGT for hexaene species,
since de novo synthetized monogalactosyldiacylglycerol consists chiefly of
18:1/16:0 and 16:0/16:0 molecular species (5,33-36).
Mudd et al. (1) have studied the galactosylation of diacylglycerol with
acetone powders from spinach chloroplasts. They report an increased rate
of galactolipid synthesis with an increasing number of double bonds in the
substrate. Apparently this is in contrast with our results, but it may be noted that their synthetic rates were low (about 6 nmol/mg protein/h) compared to our rates, and that it is possible that the authors have measured in
fact the rate of GGGT. In agreement with our results, further, Ongun and
Mudd (37) found in similar preparations that diolein was a good substrate
for monogalactosyldiacylglycerol synthesis, and that the -resulting monogalactolipid was not converted into digalactosyldiacylglycerol.
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We are far yet from a complete understanding of the mechanism and
the regulation of the digalactosyldiacylglycerol synthesis in vivo. Various
differences have been reported between galactolipid synthesis in vivo and in
vitro (17). Labeling studies with leaves of various plant species indicated
that synthesis of digalactosyldiacylglycerol may proceed by galactosylation
of two different pools of monogalactosyldiacylglycerol (14,38,39). It may
be possible that two different enzymes are responsible for those galactosylation reactions, e.g. GGGT and UDPGal : monogalactosyldiacylglycerol
galactosyltransf erase. However, in our studies on galactolipid synthesis in
isolated chloroplasts or on envelope membranes we did not detect activity
of the latter enzyme. So, at present GGGT is the only well-known enzyme
producing digalactolipid in the chloroplast. Objections have been raised regarding a physiological role of GGGT: firstly, the fact that the enzyme can
produce tri- and tetragalactolipid, which are no normal constituents of the
chloroplast envelope membrane, and further its localization in the outer envelope membrane of the spinach chloroplast, such in contrast to the spinach
UDGT (6,10). Regarding the synthesis of unnatural homologues, it can be
remarked that their production is much more pronounced in isolated envelope membranes than in intact chloroplasts; regarding the localization of
GGGT, being exposed to the cytosol (10), that it is not necessarily the active site of the enzyme which is exposed to the cytosol. Instead, from the
co-operative action of GGGT and UDGT, as well in envelope membranes
(16) as in intact chloroplasts (26), we expect this site rather to be exposed
to the inner envelope membrane.
So far, biochemical studies on digalactolipid synthesis have been performed mainly with spinach chloroplasts. It is necessary to extend such studies to other plant species, such as the 18:3-plants (36). Of particular interest may be algae like Euglena gracilis (40) and Chlamydomónos reinhardii (41), which show a high synthesis rate of digalactosyldiacylglycerol compared to that of monogalactosyldiacylglycerol.
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CHAPTER 10

UDPGal-INDEPENDENT FORMATION OF MONOGALACTOSYLDIACYLGLYCEROL
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Isolated envelope membranes from spinach chloroplasts have the enzymatic
capacity to form monogalactosyldiacylglycerol in the absence of UDPGal.
The reaction involves galactosylation of diacylglycerol probably with a galactolipid as galactosyl donor, and is not inhibited or stimulated by UDP or
UDPGal. The possible involvement of galactolipid : galactolipid galactosyltransferase is discussed.

Introduction

It is generally accepted now that synthesis of monogalactosyldiacylglycerol is catalyzed by UDPGal : diacylglycerol galactosyltransferase
(UDGT*) (1-3), located in the inner envelope membrane at least of spinach
chloroplasts (4,5). This enzyme transfers a galactosyl group from cytosolic
UDPGal (6) to membraneous diacylglycerol produced in the chloroplast envelope (7). In previous work we have described an assay for the measurement of UDGT in isolated envelope membranes (8): membranes were
mixed with liposomes of phosphatidylcholine, the phospholipid was converted to diacylgycerol by treatment with phospholipase C, and monogalactosyldiacylglycerol synthesis was measured after the addition of UDPGal. How-

* Abbreviations: GGGT, Galactolipid : galactolipid galactosyltransferase; Tricine, Ar-[2-hydroxy-l,l-bis(hydroxymethyl)-ethyl]glycine; UDGT, UDPGal : diacylglycerol galactosyltransferase.
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3

ever, using liposomes of [g/yce/O/- H]phosphatidylcholine a small amount of
labeled monogalactosyldiacylglycerol was found already before addition of
UDPGal, indicating that presence of UDPGal was not an absolute prere
quisite for monogalactosyldiacylglycerol synthesis (8). Indeed, a number of
authors have measured a similar synthesis of monogalactosyldiacylglycerol
in the absence of UDPGal, as well in isolated chloroplasts from various
plant species (1,9-12), as in purified envelope membranes (3,13-14). In all
cases UDPGal-independent monogalactosyldiacylglycerol production was
small. Most authors have not payed attention to it, but an explanatory
mechanism has been proposed by Van Besouw and Wintermans (3), based
on an equilibrium reaction catalyzed by UDGT.
We performed some experiments in order to answer the following
questions. Is the UDPGal-independent galactolipid formation really an en
zymatic activity of the chloroplast envelope; is it confined to monogalac
tosyldiacylglycerol; and is UDGT indeed involved in this process?

Experimental procedures

Di[l- 14 C]oleoylphosphatidylcholine (Amersham International, UK) was
diluted with unlabeled dioleoylphosphatidylcholine (Sigma, USA) to a
specific radioactivity of 11.9 MBq/mmol. [g/ycm?/-3H]Phosphatidylcholine
(175 MBq/mmol) was obtained from germinating pollen of Lilium longiflorum L., as described by Helsper et al. (15). Liposomes of phosphatidyl
choline (1-5 mg lipid/ml) were made by sonication in 5 mM Tricine (pH 7.2
with NaOH) as described before (8). Quantification of acyllipids (8),
analysis of radioactive lipids (16) and estimation of protein (5) were
described before.
Envelope membranes were prepared from purified spinach chloroplasts
(8). The membranes were suspended in 5 mM Tricine (pH 7.2 with
NaOH) just before use. Heat treatment of membranes was by incubation at
90 0 C for 15 min.
Galactolipid synthesis was measured, basically following the procedure
described before (8). Briefly, suspended envelope membranes were soni
cated with liposomes of radioactive phosphatidylcholine, and divided over
the incubation tubes. To each tube, containing 20-40 μg envelope protein
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and 5-100 μ£ radioactive phosphatidylcholine in 5 mM Tricine (pH 7.2 with
NaOH), 0.2-0.5 units of phospholipase С from Bacillus cereus (EC 3.1.4.3,
Sigma, Type V) were added. The mixture was incubated for 15 min at 30
0
C. Next, buffer was adjusted to 35 mM Tricine (pH 7.2 with NaOH), and
incubation was continued for another 15 min. Final volume was 100 μΐ.
3
UDP[6- H]Gal (610 MBq/mmol) (16) and UDP (Sigma) were added, where
indicated.
Radioactive lipids were extracted acccording to Bligh and Dyer (17),
and separated by TLC on silica gel (8). Lipids were visualized by spraying
with 0.1% /7-anilino-l-naphthalene sulfonic acid in methanol. Twodimensional TLC of radioactive lipids was by a first elution with chloroform/methanol/water (65:25:4, v/v), and a second elution with chloroform/aceton/methanol/acetic acid/water (100:40:20:20:10, v/v) on silica gel
60 plates (Merck, FRG).

Results and discussion

Fig. 1 shows the results of an experiment, in which the suitability of
diacyl[3H]glycerol was tested for monogalactosyldiacylglycerol synthesis,
after its supply on various ways to the chloroplast envelope membranes.
Addition of phospholipase С to a sonicated mixture of [g/ycero/-3H]phosphatidylcholine liposomes and envelope membranes resulted in a rapid
conversion of the label into diacylglycerol, and a simultaneous, slower for
mation of monogalactosyldiacylglycerol (Fig. IB). The further addition of
UDPGal resulted in a continuing monogalactosyldiacylglycerol production.
3
Treatment of [g/ycero/- H]phosphatidylcholine liposomes with phospholi
pase C, however, while leading to fast production of diacylglycerol, did not
result in production of monogalactosyldiacylglycerol until envelope mem
branes and UDPGal were added (Fig. 1A). This suggest, but does not
prove, that the envelopes are responsible for monogalactosyldiacylglycerol
formation in the absence of UDPGal.
As already indicated by Van Besouw and Wintermans (3), a similar
UDPGal-independent monogalactosyldiacylglycerol formation can be ob
served from di[ 14 C]oleoylphosphatidylcholine. This was examined in more
detail by means of a double labeling experiment. A mixure of di[14C]oleoyl157

time ( m m )

Fig 1 Galactolipid synthesis from [ Hjglycerol-labeled phospha
tidylcholine. A Liposomes of [glycerol- H]phosphatidylcholine
(4 7 μ§, 175 MBq/mmol) were pre-mcubated with 0 2 units phosphohpase С in 5 mM Tríeme (pH 7 2 with NaOH) for 15 mm At
t=0 buffer was adjusted to 35 mM Tncme (pH 7 2 with NaOH),
and envelope membranes (20 μg protein) plus 0 12 UDPGal were
added (final concentrations) Total volume was 100 μΐ Then, mix
tures were incubated for various times as indicated В As in A,
however envelope membranes were sonicated with liposomes be
fore the start of the pre-mcubation Distribution of the radioactive
lipids recovered is given in nmol/mg envelope protein phospha
tidylcholine (T — •), diacylglycerol (o
o), and monogalactosyldiacylglycerol ( ·
·)

phosphatidylcholine and envelope membranes was treated with phospholipase C, and incubated with UDP[3H]Gal. Various concentratations of
UDP were present during the course of the experiment. The results ob
tained were quite unexpected (Fig. 2). Whereas formation of 3H-labeled
monogalactosyldiacylglycerol was inhibited completely by UDP, the inhibi
14
tion of C-labeled monogalactosyldiacylglycerol synthesis was only partial.
The amount of [14C]monogalactosyldiacylglycerol arising at an UDP con
3
centration which fully inhibited the UDP[ HGal incorporation was equal to
the amount of [14C]monogalactosyldiacylglycerol arising in the absence of
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Fig 2 Synthesis of monogalactosyldiacylglycerol in the presence of
UDP Envelope membranes (26 μ% protein) were sonicated with
liposomes of di[ C]oleoylphosphatidylcholine (27 μg, 11 9
MBq/mmol), and treated with 0 2 units of phospholipase С in the
presence of various concentrations of UDP for 15 mm Then buffer
was adjusted to 35 mM Tncinc (pH 7 2 with NaOH), and
UDP[3H]Gal (0 12 mM, 610 MBq/mmol) was added (final concen
trations) The UDP concentration was kept constant by the addi
tion of further UDP Incubations were continued for 15 mm and
the labeled monogalactosyldiacylglycerol was analyzed Indicated
is nmol [ C]monogalactosyldiacylglycerol/mg protein (V
V),
and nmol [ H]monogalactosyldiacylglycerol/mg protein ( ·
·)
In a separate incubation neither UDPGal nor UDP was added, the
amount of [ C]monogalactosyldiacylglycerol/mg protein produced
under these conditions is represented by a single point (•)

14

UDPGal. The excess generation of [ C]monogalactosyldiacylglycerol
above this basal rate responded similarly to UDPGal and to UDP, as the
3
production of [ H]monogalactosyldiacylglycerol (Fig. 2). So, the
14
[ C]monogalactosyldiacylglycerol synthesis apparently was composed of
two kind of reactions: UDPGal-dependent synthesis, which was inhibited by
UDP, and UDPGal-independent synthesis, which was not affected by UDP.
Since UDP has been reported a specific inhibitor for UDGT in the 0.1-1.0
mM range (18), these results suggest that only the UDPGal-dependent
monogalactosyldiacylglycerol formation is catalyzed by UDGT.
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It may be argued that the UDPGal-independent production of monogalactosyldiacylglycerol is not a characteristic property of the envelope
membranes, but rather an activity of the added phospholipase C. In order
to eliminate this possibility, and to confirm the identity of the monogalactosyldiacylglycerol, we measured the reaction with heat-treated envelopes
and with untreated envelopes, and characterized the labeled lipids by
separation by means of TLC in two dimensions. When untreated envelope
membranes were incubated with phospholipase C, most label was recovered
from diacylglycerol and phosphatidylcholine (Table I, Exp. A). Also a con
siderable amount of label was found in monogalactosyldiacylglycerol and a
smaller amount in di- and trigalactosyldiacylglycerol. When instead heattreated membranes were used (Exp. B), label recovery from monogalac
tosyldiacylglycerol, and also from di- and trigalactosyldiacylglycerol was
strongly reduced. A similar experiment was performed with [glycerol-3H]phosphatidylcholine as label. Again, production of monogalactosyldiacylgly
cerol was decreased by 9 1 % after heat-treatment of the membranes (not
shown). These results indicate that enzymatic activity of the membranes is
necessary for the UDPGal-independent galactolipid formation; and that not
only monogalactosyldiacylglycerol is synthezid, but also di- and trigalactosyldiacylglyce rol.
From other experiments, the addition of phospholipase C, i.e. genera
tion of diacylglycerol, appeared necessary for the UDPGal-independent
galactolipid synthesis, regardless whether [g/ycero/^HJphosphatidylcholine
or di[14C]oleoylphosphatidylchoIine were used as labeled precursors (not
shown). Similarly, it was found that phospholipase С could not be replaced
by UDPGal.
Summarizing, the factors for UDPGal-independent monogalactosyldia
cylglycerol formation are: enzymatically active envelope membranes, a
source of diacylglycerol and a source of galactosyl groups. However, an in
direct effect of the phospholipase C, in combination with enzymatic activity
of the membranes, cannot be excluded. This possibility has to be examined
in further experimental work. Here we can only refer to data in literature
(1,9-14), where UDPGal-independent production of monogalactosyldiacyl
glycerol has been observed in the absence of phospholipase C. For exam
ple, McKee and Hawke (9), studying the lipid synthesis from labeled ace
tate and labeled .srt-glycerol-3-phosphate by spinach chloroplasts, have re
ported increased diacylglycerol production from both labeled precursors in
160

TABLE I
UDPGal-INDEPENDENT GALACTOLIPID SYNTHESIS BY
HEAT-TREATED ENVELOPE MEMBRANES

UNTREATED AND

Envelope membranes (40 μ§ protein) were sonicated with liposomes of di[ Cjoleoylphosphatidylchohne (100 μ§, 11 9 MBq/mmol), and incubated with 0 5 units of phospholipase
С Then buffer was adjusted to 35 mM Tncine (pH 7 2 with NaOH) and the mixture was incu
bated for another 15 mm After extraction, lipids were separated by TLC in two dimensions
and their radioactivity was determined For details see experimental procedures The amount
of radioactivity recovered, and the fraction of С label is given for each separated lipid Exp
A Untreated envelope membranes were used Exp В Envelope membranes were heattreated just before the incubation

Exp В

Exp A

Bq

% of label

Bq

% of label

DG
b
MGDG
DGDG
TGDG
PC
PG
PI
SQDG

1298
62
5
3
84
1
1
C
3

89
4
04
02
6
01
0.1
02

1468
1
04
01
56
08

96
01
tr
tr
4
tr

Total

1457

100

5
1531

C

03
100

abbreviations DG, diacylglycerol, MGDG, DGDG, TGDG, respectively,
mono-, di- and trigalactosyldiacylglycerol, PC, phosphatidylcholine, PG, phosphatidylglycerol, PI phosphatidylmositol, SQDG, sulfoqumovosyldiacylglycerol
Formation of MGDG was 143 nmol/mg envelope protein (Exp A) and 2 4
nmol/mg protein (Exp B)
C
SQDG may be contaminated with PC

the absence of UDPGal with increasing concentrations of sn-glycerol-3phosphate; and increase in diacylglycerol was accompanied with a higher
monogalactosyldiacylglycerol production. So, rates of UDPGal-independent
monogalactosyldiacylglycerol formation were correlated with the amount of
diacylglycerol. A similar conclusion also can be derived from the present
experiments, since highest monogalactosyldiacylglycerol production was ob161

served in the experiment of Table I (134 nmol/mg protein) with the highest
amount of added phosphatidylcholine (2.5 mg/mg protein).
Since mono- and digalactosyldiacylglycerol are abundantly present in
the envelope membranes, it can be expected that these galactolipids are the
main sources of galactosyl residues for UDPGal-independent galactoHpid
production: i.e. an exchange reaction of galactosyl groups between a diacylglycerol and a galactolipid molecule. Although the enzymatic background is
not fully clear yet, particularly as to the nature of the galactose donor, the
reaction may be discussed in the light of the known enzymes involved in
galactolipid metabolism. Firstly, activity of galactolipid : galactolipid acyltransferase (19) in the UDPGal-independent monogalactolipid formation
can be ruled out, since not only the acyl groups of di[14C]oleoylglycerol are
transferred, but also the glycerol moieties of diacyl[3H]glycerol. Next, Van
Besouw and Wintermans (3) have tried to explain UDPGal-independent
galactolipid formation by an equilibrium exchange between diacylglycerol
and monogalactosyldiacylglycerol, catalyzed by UDGT and mediated by an
enzyme-galactose complex. However, the present experiments show that
the monogalactosyldiacylglycerol production is not influenced by either
UDP or UDPGal. In the case of an equilibrium exchange, the formation
of [14C]monogalactysoldiacylglycerol (Fig. 2) would be expected to be
suppressed by UDPGal, and to be inhibited by UDP. Therefore, such an
involvement of UDGT is unlikely now. Finally, GGGT is a well-known enzyme of the envelope membrane catalyzing transfer of galactosyl groups
between two galactolipid molecules, with resultant generation of diacylglycerol (16,20). In previous work (16,18) indications were obtained for a reversed action of this enzyme, e.g. formation of two molecules of monogalactosyldiacylglycerol from a molecule of digalactosyldiacylglycerol plus
diacylglycerol. Indeed, such an reversed reaction of GGGT can be responsible for the UDPGal-independent galactolipid formation described in this
paper. It is worthwhile to examine this suggested backreaction in future
experiments, for example by studying the effects of specific activators and
inhibitors for GGGT (19).
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CHAPTER 11

CONCLUSIONS

CONCLUSIONS

The envelope membranes of spinach chloroplasts contain an active
galactolipid metabolism, in which figure various galactosyltransferases and
асу transferase s (Table I) (1) Two galactosyltransferases, UDPGal diacylglycerol galactosyltransferase (UDGT*) (ι), and galactolipid
galactolipid
galactosyltransferase (GGGT) (ui-vi) produce a whole range of galactolipids
UDGT synthetizes monogalactosyldiacylglycerol (MGDG) from at
least two sources of diacylglycerol (DG) in the chloroplast DG made de
novo by acylation of sn-glycerol-S-phosphate, consisting chiefly of unsa
turated and monoene molecular species (1), and DG supplied by GGGT
(ui-vi), which is more unsaturated and enriched in hexaene species (8)
GGGT can produce di- (DGDG), tri- (TGDG), tetra- (TGDG) and even
pentagalactosyldiacylglycerol (PGDG) by dismutation of a galactosyl group
between two galactolipid molecules (2,7) There is evidence now that
GGGT not only catalyzes the forward reaction yielding higher galactolipid
homologues, but also backreactions to lower homologues (2,9,10) Further,
GGGT may galactosylate the lyso compound monogalactosylmonoacylglycerol to digalactosylmonoacylglycerol (vu) (2) An alternative enzyme,
often thought to be responsible for DGDG synthesis, is UDPGal mono
galactosyldiacylglycerol galactosyltransferase (u)
However, neither in
chloroplasts (6), nor in isolated envelope membranes (2,9) we could meas
ure the activity of this enzyme If it is present in spinach chloroplasts, ac
tivity must be quite low compared to the activity of GGGT, under the reac
tion conditions studied.
Apart from the acyltransferases involved in the synthesis of plastidial
phosphatidic acid (1), the chloroplast envelope contains an acyltransferase
which uses galactosyldiacylglycerols as substrates, the galactolipid galacto
lipid acyltransferase (GGAT)
GGAT produces an acylated galactolipid.
and a lyso compound, from two galactolipid molecules by a transacylation

* Abbreviations GGAT, galactolipid galactolipid acyltransferase, GGGT galac
tolipid galactolipid galactosyltransferase, DG, diacylglycerol, MGDG, DGDG,
TGDG, TeGDG, PGDG, respectively, mono-, di-, tri-, tetra and pentagalactosvl
diacylglycerol, PC, phosphatidylcholine, UDGT, UDPGal diacylglycerol galac
tosyltransferase
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TABLE I
ENZYMATIC R E A C n O N S INVOLVED IN THE GALACTOLIPID METABOLISM OF
SPINACH CHLOROPLAST ENVELOPE MEMBRANES

No.

Reaction

Enzyme

Chapter(s)

U)
(»)

UDPGal + D G — M G D G + UDP
UDPGal + M G D G -> D G D G + UDP

UDGT

3,6,8,9
2,6,9

(ш)

GGGT
GGGT
GGGT
GGGT
GGGT

2,4,6,7,9,10
2,4,6,7,9
2,4,6,9

(vu)

M G D G + M G D G ** D G D G + DG
D G D G + M G D G ** TGDG + DG
TGDG + M G D G «* TeGDG + D G
TeGDG + M G D G ** PGDG + D G
lyso-MGDG + M G D G -> lyso-DGDG + D G

( ш)
(¡χ)

M G D G + M G D G -» 6-O-acyl-MGDG + Ivso M G D G
D G D G + M G D G -» 6-O-acvl-DGDG + lyso-M G D G

G GAT
GGAT

2,4,6

(iv)

M
(vi)

7

2
2
1

reaction (viii-ix).
The presence of UDGT and GGGT in envelope membranes of spinach
is already known for some time. More recently, it was found that GGGT is
activated during the isolation procedure of envelopes (4). MGDG and
DGDG are the only galactolipids naturally found in chloroplasts in large
quantities. Upon fractionation the amounts of TGDG, TeGDG and DG in
the envelopes increase, as a result of GGGT activity (iii-v) (4). These artif
icial changes in galactolipid composition can be prevented by treating
chloroplasts first with the proteinase thermolysin, before their fractionation.
Thermolysin is a non-penetrating proteinase, i.e. it attacks only cytosolic
_faced polypeptides of the outer envelope membrane in intact chloroplasts.
One

of the proteins accessible for thermolysin is GGGT thermolysin (Table

II) (3,4). Indeed, after an rigorous study spinach GGGT could be localized
in the outer chloroplast envelope membrane. This study was severely hin
dered by the artificial lipid composition of the partially purified envelope
membranes, and by backreactions of the enzyme (3,4). In this context it is
interesting that GGAT, also located in the outer membrane, was not affect
ed by thermolysin (Table II) (4). UDGT could be localized in the inner en
velope membrane, at least in the spinach chloroplast (3).
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TABLE II
LOCALIZATION AND ACCESSIBILITY FOR THERMOLYSIN OF ENZYMES IN
VOLVED IN THE GALACTOLIPID METABOLISM OF SPINACH ENVELOPE MEM
BRANES

_
Enzyme
UDGT
GGGT
GGAT

Envelope
'
membrane

Accessible
,
.
a
to tnermolysin

inner
outer
outer

+
-

_,
,.
Cnapter(s)
3,4
3,4
4

accessibility in the intact chloroplast

The development of assays for the separate measurement of UDGT
(8) and of GGGT (2) activities allowed us to study both enzymes in the en
velope membranes, and to compare their properties with those of galactohpid synthesis by chloroplasts (Tables III and IV) Some kinetic properties
are compiled in Table III Most conspicuous are the high velocity which
can be reached by GGGT, compared to that of UDGT, and the relatively
high substrate concentration necessary to saturate GGGT activity, which is
much lower for UDGT In the chloroplasts UDGT and GGGT are usually
active together, ι e incubation with galactose-labeled UDPGal/Mg 2 + result
ed not only in the formation of MGDG, but also in the synthesis of
DGDG, TGDG and TcGDG (5,6) Apparently there is a co-operative ac
tion of the two enzymes, so that DG generated by GGGT is consumed by
GGGT again for synthesis of DGDG Regulation of this process in the in
tact chloroplast is such that the D G concentration is kept low (6) This
contrasts with the situation in isolated envelope membranes, where D G can
accumulate to high concentrations (4)
There is considerable evidence that GGGT, ι e the supply of D G ,
controls the rate of UDPGal incorporation into galactohpids In isolated
envelopes comparable high rates as measured for GGGT separately, were
reached for UDPGal incorporation under conditions where UDGT and
GGGT were measured together (2,3,8) Further, the effects of various ca
tions on UDGT or GGGT activity can be compared with effects on the
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TABLE III
KINETIC PROPERTIES O F GALACTOSYLTRANSFERASES
PLASTS AND IN ENVELOPE MEMBRANES

IN INTACT CHLORO

Chloroplasts
UDPGal incorporation

Envelope membranes
UDGT assay

GGGT assay

Chapter
К
К

m

for UDPGal (MGDG synthesis)
for UDPGal (DGDG + TGDG

+ TeGDG synthesis)
1/2

16 μΜ
16 μΜ

40 μΜ
n.r.

n.r.
n.r.

150 nmo]/mg/hb

70 nmol/mg/hc

1350 nmoi/mg/hc

n.d. a
n.d.

40 nmol/mgc

n.d.

V

maX

[DO]
[MGDG]

1650 nmol/mg

(n.d.) Not determined, (n.r.) not relevant.
Nmol/mg chlorophyll/h.
c
Nmol/mg envelope protein/h or nmol/mg envelope protein.

galactolipid synthesis by intact chloroplasts. Activities of UDGT and of
GGGT are influenced in the order (9):
UDGT,
M n 2 + , M g 2 + > C a 2 + , B a 2 + , K + , Na + , N H . + , control > F e 2 + > Zn :
GGGT,
C a 2 + , B a 2 + , M n 2 + , M g 2 + > F e 2 + > K + , N a + , N H 4 + > control, Z n 2 + .

UDPGal incorporation by chloroplasts decreases in the order:
C a 2 + , B a 2 + , M g 2 + > F c 2 + > M n 2 + , K + , N a + , N H 4 + > control > Z n 2 + .

With the exception of Mn 2 + , there is a striking resemblance between the
cation effects on GGGT and those on plastidial galactolipid synthesis. The
aspecific activation of GGGT by a number of cations - in isolated envelopes
and also in chloroplasts - may be explained by indirect effects of the cations
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TABLE IV
CHARACTERISTICS OF GALACTOLIPID SYNTHESIS BY INTACT CHLOROPLASTS
AND BY ENVELOPE MEMBRANES
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on the membraneous lipids, rather than by direct action on the enzyme (9).
From the above and from other experiments it was concluded that GGGT
is the pushing force in the co-operative action of the two galactosyltransferases (6).
Application of the assays for UDGT and GGGT yielded a number of
inhibitors for both galactosyltransferases (9). Most effective agents for
UDGT were:
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4-(hydroxymercun) benzoic acid > UDF > N ethvl maleimide > UDPGlc UMP > Zn
Cd2+

,

And for GGGT
2+
2+
4-(hydroxymcrcuri) benzoic acid > Zn
> Cd
> iV-ethyl maleimide

Inspection of Table IV learns that most properties of GGGT are also found
for the pldstidial galactohpid synthesis However, specific inhibitors of
UDGT, like UDP, can influence the plastidial UDPGal incorporation too
An interesting question which arises is how the co-operative action of
UDGT and GGGT can be reconciled with their respective location in inner
and outer envelope membrane If GGGT, ι e its active site, is directed to
wards the cytosohc face of the outer membrane, as has been concluded
from the thermolysin accesssibility of GGGT (4), co-operative action of the
galactosyltransferases would require rapid movements of their common sub
strate and product (MGDG and DG) between the inner and outer mem
brane Alternatively, if the active site of GGGT is directed to the inner
membrane, GGGT is a trans-membraneous protein because of its thermo
lysin accessibility In the latter case there are two theoretical possibilities
GGGT uses substrate MGDG after transport of the galactohpid to the
outer membrane, or GGGT acts on MGDG molecules situated in the inner
membrane, ι e on the external leaflet of the inner mebrane The rapid dis
tribution of fatty acid and galactose label over inner and outer envelope
membrane, which was measured in our localization studies (3), gives plausi
bility to the first possibility On the other hand, the high concentration of
MGDG required to saturate GGGT (Tabel HI), can be regarded as an in
dication that the enzyme uses MGDG substrate outside the membrane
where GGGT is localized
The way of regulation of the galactohpid synthesis in vivo is unknown
yet However, we think that both galactosyltransferases UDGT and GGGT
contribute to the in vivo pathway The significance of GGGT to galactohpid
biosynthesis has been questioned because of its localization in the outer en
velope, and production of artificially TGDG and TeGDG It can be argued
that synthesis of TGDG and TeGDG is reduced in intact chloroplasts com
pared to the isolated envelope membranes, and is influenced by the pres
ence of monovalent and divalent cations (5,6) From our results, we as
sume that GGGT has a physiological role in the synthesis of DGDG,
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although it may not be necessarily the only enzyme which synthetizes
DGDG. However, we could not measure other enzymatic activities of
DGDG synthesis, neither in the envelope membranes nor in the chloroplasts of spinach.
With respect to a physiological significance of the observed UDPGalindependent synthesis of MGDG (10), and the possible role of reverse
GGGT in this reaction, we may consider the difference between prokaryot
ic and eukaryotic chloroplast lipids (1). In the eukaryotic pathway (1),
somehow the DG moiety of the phosphatidylcholine (PC), originating from
the cytosol, must be channeled into the galactolipid metabolism. However,
the generation of DG from PC has not been observed in chloroplasts or en
velopes as yet (1). It is conceivable that the proper DG species is generated
in the endoplasmic reticulum and then transported to the chloroplast, or al
ternatively, that an enzyme with phospholipase С activity can approach the
cytosolic face of the outer envelope where most PC is localized, and can
generate DG in situ. This eukaryotic DG, derived from PC, might react
with DGDG in the inner leaflet of the outer envelope, catalyzed by
GGGT. In this way MGDG with a eukaryotic fatty acid composition could
arise. The relative proportions of prokaryotic and eukaryotic MGDG then
reflect the relative importance of two ways for generation of MGDG: the
phosphatidic acid phosphatase in the inner envelope (1), where UDGT also
is localized, will lead especially to prokaryotic MGDG. The generation of
DG in the outer envelope and backreaction of GGGT will lead to eu
karyotic MGDG. As a further step to study the involvement of GGGT in
the synthesis of eukaryotic galactolipids, it is suggested to extend the type
of experiments presented here to other plant species than spinach, with a
typical prokaryotic or a typical eukaryotic galactolipid composition.
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SAMENVATTING

Levende cellen en hun organellen zijn omgeven door membranen.
Deze membranen zijn grotendeels opgebouwd uit lipiden (vetten) en
proteïnen (eiwitten). Een karakteristiek organel binnen de groene
plantecel is de chloroplast, welke een drietal membraanstrukturen bevat.
Dit zijn de groene, chlorofyl-bevattende thylakoïden, en de chlorofyl-vrije
binnenenvelop- en buitenenvelop-membranen. Een dergelijke dubbele
envelopstruktuur met twee omhullende membranen is weliswaar
kenmerkend voor de chloroplast, maar kan ook aangetroffen worden in
andere organellen als mitochondriën. Zoals bekend is de chloroplast de
plaats van de fotosynthese-reakties in de plantecel, en dus essentieel voor
de metaboliet- en energieverzorging. Daarnaast echter heeft zij ook een
belangrijk aandeel in andere cellulaire processen. Een daarvan is synthese
van membraanlipiden. Dat is niet zo vreemd als men bedenkt dat de
chloroplast-membranen kwantitatief een zeer belangrijk deel (tot 80%) van
het totale cellulaire membraan-oppervlak innemen in de groene bladcel, en
de lipide-samenstelling van de chloroplast-membranen uniek is. Binnen de
chloroplast vindt de synthese van lipiden voornamelijk plaats in de
envelop-membranen. In dit proefschrift is het aandeel van de chloroplastenvelop in de synthese van de suikerhoudende galactolipiden beschreven.
Aangezien spinazieplanten (Spinacia olerácea L.) uitermate geschikt zijn
voor het isoleren van grote hoeveelheden chloroplasten en hun membranen,
en bovendien het gehele jaar door verkrijgbaar zijn, is dit onderzoek
uitgevoerd met spinazie-chloroplasten.
Hoofdstuk 1 geeft een overzicht van de rol van de chloroplast in de
cellulaire lipide-synthese, zoals deze op dit moment in de literatuur gezien
wordt. Beschreven is allereerst de zeer karakteristieke lipide-samenstelling
van de verschillende chloroplast-membranen. Een drietal glycolipiden zijn
hierin dominant aanwezig: het monogalactolipide (monogalactosyldiacylglycerol), het digalactolipide (digalactosyldiacylglycerol) en een
sulfolipide (sulfoquinovosyldiacylglycerol). Een dergelijk hoog glycolipidegehalte staat in scherp contrast met de samenstelling van de meeste andere
extra-plastidiale membraansystemen in de planten- en dierenwereld, waarin
voornamelijk fosfolipiden aangetroffen worden. Het is de laatste jaren
duidelijk geworden dat chloroplasten de enzymatische kapaciteit bezitten
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om al deze glycolipiden, en dan met name de galactolipiden, zelf te
synthetiseren. Daarnaast zijn er aanwijzingen dat chloroplasten in staat zijn
de gehele bladcel te voorzien van vetzuren, welke vervolgens door het
endoplasmatisch reticulum ingebouwd kunnen worden in voornamelijk
fosfolipiden. Op grond van sterke overeenkomsten tussen dè lipidesynthese bij blauwwieren en bij chloroplasten, is de terminologie van
prokaryotische en eukaryotische lipide-synthese voorgesteld, respektievelijk
voor de biosynthese van acyllipiden in de chloroplast en in het reticulum.
Diverse auteurs zijn er van overtuigd dat er in de cel belangrijke interakties
bestaan tussen beide lipide-vormende systemen. Zo zijn er sterke
aanwijzingen dat fosfolipiden, na hun vorming in het reticulum binnen de
chloroplast omgebouwd kunnen worden tot galactolipiden.
Een drietal enzymen is mogelijk betrokken bij de galactolipidesynthese in de chloroplast-envelop. Dit zijn het UDPGal : diacylglycerol
galactosyltransferase (UDGT) voor de vorming van het monogalactolipide,
en het galactolipide : galactolipide galatosyltransferase (GGGT) en
mogelijk ook het UDPGal : monogalactosyldiacylglycerol galactosyltransferase voor de vorming van het digalactolipide. Met name de twee
laatste galactosyltransferasen zijn bestudeerd in hoofdstuk 2. Een specifieke
test voor de meting van GGGT werd ontwikkeld en bij toepassing daarvan
bleek dat aktiviteit van het UDPGal : monogalactosyldiacylglycerol
galactosyltransferase niet gemeten kon worden in de chloroplast-envelop,
althans niet onder de geteste kondities. De bijgevolg opgestelde hypothese
dat het GGGT dus verantwoordelijk moet zijn voor digalactolipide-synthese
kon ook in de volgende hoofdstukken niet weerlegd worden. Een
problematische faktor echter is het feit, dat GGGT niet alleen
digalactolipide produceert, maar ook nog een aantal bijprodukten levert.
Digalactolipide wordt gevormd door trans-galactosylering van twee monogalactolipide-moleculen, waarbij tevens een molecule diacylglycerol
vrijkomt. Op soortgelijke wijze katalyseert het GGGT ook trigalactolipide
uit een molecule mono- en een molecule digalactolipide, eveneens onder de
vorming van diacylglycerol. Evenwel, tri- en tetragalactolipide (op analoge
wijze gevormd) worden in vivo in de chloroplast-membranen niet, of slechts
in lage concentraties aangetroffen. De betrokkenheid van GGGT bij de
digalactolipide-vorming in vivo is voornamelijk om deze reden in twijfel
getrokken.
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Hoofdstuk 3 beschrijft een procedure voor de scheiding en isolatie van
de verschillende chloroplast-membranen. Deze procedure leverde naast
thylakoïden, binnenenvelop- en buitenenvelop-membranen op van een
redelijke mate van zuiverheid. De gezuiverde membranen werden getest op
hun galactosyltransferase-aktiviteiten. De verkregen resultaten wezen
ondubbelzinnig op een lokalisering van UDGT in de binnenenvelop; echter
lokalisering van GGGT bleek meer problemen op te leveren. Toepassing
van de GGGT-test resulteerde in eerste instantie in hoogste enzymaktiviteiten
in
membraanfrakties
voornamelijk
bestaande
uit
binnenenvelop- membranen. Evenwel, GGGT is vanaf de buitenkant van
de chloroplast toegankelijk voor het protease thermolysine, dat alleen
buitenenvelop-proteïnen kan afbreken. Zoals aangegeven in hoofdstuk 4
zijn enkele specifieke eigenschappen van het GGGT, tezamen met de
onvermijdelijke kontaminatie van geïsoleerde binnenenvelop-membranen
met buitenenvelop-membranen verantwoordelijk voor deze tegenstrijdige
resultaten. Bij nauwkeurige meting bleek de aktiviteit van GGGT sterk
afhankelijk van de concentratie van het monogalactolipide-subtraat in het
membraan. Verder bleek het enzym geaktiveerd te worden tijdens de
isolatie van envelop-membranen, en wel op die wijze dat de geïsoleerde
membraanfrakties
in variabele mate verlaagd werden in hun
monogalacolipide-gehalte.
Rekening houdend met deze specifieke
eigenschappen van GGGT, kon het enzym tenslotte definitief gelokaliseerd
worden in de buitenenvelop-membraan. In datzelfde membraan werd ook
een tweede enzym aangetroffen met eveneens monogalactolipide als
substraat, het galactolipide : galactolipide acyltransferase (hoofdstuk 4).
In de volgende hoofdstukken 5 en 6 is de galactolipide-synthese
beschreven zoals die plaats vindt in ongefraktioneerde chloroplasten.
Aangetoond wordt dat beide galactosyltransferasen, UDGT en GGGT,
aktief zijn in de intakte spinazie-chloroplast. Hun werking was sterk
coöperatief: het door GGGT geproduceerde diacylglycerol bleek door
UDGT onmiddellijk weer verbruikt te worden voor monogalactolipideproduktie. Daarbij blijft het diacylglycerol-gehalte, althans in de intakte
chloroplast, op een laag constant laag niveau.
Hoofdstuk 7 keert terug naar de chloroplast-envelop. Een
scheidingsmethode op basis van vloeistof-chromatografie (HPLC) is hier
beschreven voor lipiden uit de envelop-membranen. Deze methode kon
voor kwantitatieve doeleinden gebruikt worden, en onder meer toegepast
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voor de meting van UDGT- en GGGT-aktiviteiten. Hoofdstuk 8 beschrijft
een specifieke test voor UDGT. Door vervolgens gebruik te maken van
beide testen voor GGGT en UDGT, was een verdere karakterisering van
deze enzymen mogelijk: zie hoofdstuk 9. Met name werd aandacht besteed
aan de invloed van ionische kondities op de enzymaktiviteiten, aan
mogelijke specifieke remmers voor de enzymen en aan hun eventuele
voorkeur voor lipide-substraten met een bepaalde vetzuursamenstelling.
Hoofdstuk 10 beschrijft enkele experimenten waarin wordt aangetoond
dat het monogalactolipide niet alleen gesynthetiseerd kan worden door
UDGT, maar ook plaats vindt zonder dat UDPGal aanwezig is. Evenwel,
de enzymatische achtergrond van deze reaktie is nog niet geheel duidelijk,
maar in ieder geval het gevolg van galactosyltransf erase aktiviteit. Tenslotte
wordt in hoofdstuk 11 een aantal eigenschappen van UDGT en van GGGT,
zoals gemeten in geïsoleerde envelop-membranen, vergeleken met de
galactolipide-synthese, zoals deze verloopt in de intakte chloroplast.
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Dit proefschrift, hoofdstuk 3

XIII
Hoewel in de chloroplast-envelop phosphatidylmositol en diacylglycerol aanwezig
zijn en ook proteine-kinase aktiviteit is aangetoond, is er vooralsnog geen
aanwijzing dat dit kinase door diacylglycerol geaktiveerd zou kunnen worden, zoals
aangetoond bij eukaryotische, animale membranen
Nishizuka, Y (1984) Nature 308, 693-698
Rozengurt, E , Rodnguez-Pena, A , Coombs, M , Sinnctt Smith, J
5748 5752
Soil, J (1985) Planta 166, 394-400

(1984) Proc Natl Acad Sci USA 81,

XIV
Het aandeel van de vorming van clathnne-gecoate vesicles en van endocytotische
processen in de turnover van het plasma-membraan wordt onderschat
Keen, J H (1985) m Endocytosis (Pastan, I en WiUmgham, M С , ed ) pp 85 130, Plenum Press, New
York
Mersey, В G , Gnffmg, L R , Rennie, Ρ J en Fowke, L С (1985) Planta 163 317 327
Traas, J A (1986) Proefschrift, Nijmegen

XV
De huidige nomenclatuur van sub-microscopische, cellulaire membraanstrukturen
sluit onvoldoende aan bij de biochemische, lipodologische naamgeving.
Pastan, I. en Willingham, M.C. (ed.) (1985) Endocytosis, Plenum Press, New York.

XVI
Gezien de omstandigheid dat het laag gelegen Nederland nog steeds als underdog
kan worden aangemerkt wat betreft het ontvangend oppervlakte-water, is ons land
ten zeerste gediend met een bestuurlijk meer samenhangende planning en beleid
samen met het aangrenzende buitenland.
Heemskerk, W.F.A. (1985) Proefschrift, Utrecht.

XVII
Lokale concentraties van volmacht-prostitutie, zoals die voorkomen bij stemming
voor gemeenteraadsverkiezingen in Nederland, zijn onwettig en werken
discriminerend.
XVIII
In navolging van het gebruik om bij orgelconcerten, behalve de uitvoerder en de uit
te voeren werken, ook het te bespelen instrument te vermelden, verdient het
aanbeveling om in het algemeen bij solistische concerten met andere
muziekinstrumenten eveneens het merk en bouwjaar bekend te maken.
XIX
Ten onrechte wordt vaak aangenomen dat de blaasmuziek in de zuidelijke
Nederlanden haar eerste bloeitijd heeft gehad in de jaren rond 1880; eveneens ten
onrechte wordt aangenomen dat deze blaasmuziek voortkomt uit de zogenaamde
schutterij-muziek.
Dufrane, J. (1880) Annuaire Musical de la Belgique (Dufrane-Friard, ed.), Franeries.
Vernout, L. (1981) ANUM-Klanken 11, 47-53.

XX

De huidige kwaliteit en kwantiteit van de beoefening van de amateuristische
blaasmuziek in Limburg vindt zijn wortels in de belgische tijd (1830-1839) van deze
nederlandse provincie.
Eigen onderzoek.

XXI
Rood is mooi.
Nijmegen, 5 juni 1986

Johan Heemskerk
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