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The galactolipid transfer from inner envelope to thylakoid membranes has been studied in intact spimach
chloroplasts. Plastids, isolated from mature leaves, were dark-incubated in the presence of UDP-[*Clgalactose.
After various synthesis periods at § or 25°C, intact plastids were reisolated and osmotically lysed. Thylakeid
membranes were then prepared by s speci:zi procedure which removed > 99% of the envelope amount initially
present. Under these conditions, purified thylakoids were found to contain radiolabelled MGDG and DGDG,
indicating that galactolipids were exported from the inner envelope. The amounts exported were proportional to the
amounts synthesized, About 55% of the MGDG and 25% of the DGDG synthesized in plastids were trancierred to
thylakeids, irvespectively of incubation time or temperature. The MGDG / DGDG radioactivity ratio was 7 in imtact
plastids and 18 in thylakoids, suggesting a prefereatial export of MGDG. Purified thylakoid membranes were then
submitted to a Jipolytic treatment designed to discriminate between the MGDG and DGDG pools belonging to the
outer (stroma-facing) or to the inner mionolayer. The radioactivity present in the lyso-products (corresponding to
the outer pools) and in the residual parent lipids (corresponding to the inner pools) was measured. The labelled
MGDG showed a transmembrane outside:inside distribution (mol%) of 50:50, which differed from the native
(mass) MGDG asymmetry of 64:36. In contrast, the label and mass asymmetries of DGDG gave the same value of
1585, These label disiributions were affected neither by incubation time (from 5 to 99 min) nor by tempersture
(from § to 25°C). We discuss the possibilities that transient fusions between the stroma-facing monolayers of the
inner envelope and of the thylakoid membrane, and/or galactolipid transfer protein(s), together with lipid

translocating activities in thylakeoids, may account for the galactolipid export ebserved in mature spisach.
chloroptasts.

Introduction UDP-gaiactose and diacyigiycerol, catalyzed by the

UDP-galactose : diacylglycerol galactosyltransferase

The two envelope membranes greatly contribute to (MGDG synthase) [1]. After being disputed for a long

the synthesis and renewal of the main acyl lipids of the
chloroplast, the galactolipids. Whatever the prokary-
otic or eukaryotic origin of its diacylglycerol backbone,
MGDG is formed by a galactosyl transfer between

Abbreviations: DGDG, digalactosyldiacylglycerol; HMBA, p-
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bis(hydroxymethyl)ethyllglycine.
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time, the final step of DGDG synthesis has been
recently assigned to the galactolipid: galactolipid galac-
tosyltransferase [2]. Whereas the pathways [eading to
the synthesis of galactolipids and to their subsequent
desaturation have been extensively studied (see reviews
in Refs. 3-6), the problein of the transfer of galacto-
lipids from their site of synthesis (the envelope) to che
thylakoid network has received little interest. Yet thy-
lakoids account for more than 9% of the total galac-
tolipid content of chloroplasts. Being essentially unable
to synthesize galactolipids [1,7], thylakoids are there-
fore dependent on a massive import of these lipids
from the eiivelope. Although earlier reports indica
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that this galactolipid transport effectively occurred and
was rapid [8~10]. littlc information is presently avail-
able on the detailed aspects of this process.

We decided to better characierize the unidirectional
galactolipid transfer between the inner envelupe mem-
brane and thylakoid membranzs. To this aim, intact
chloroplasts were first incubatzd in the presence of
UDP-["Clgalactase. Then. the quantitative aspects of
this lipid flow were determined under conditions which
allowed a complcte removal of envelope material from
thylakoid membrancs. Finally, the molecular mecha-
nism(s) by which the transfer is achicved was investi-
gated by applying a controtled lipolytic treatment to
the purified thylakoids. Such a trecatment allows to
distinguish between lipid molecules that belong to the
outer or to the inner leaflet of the thylakoid bifayer
[11-15]). Thus we expected this appicach to enable us
identifying thc mechanism(s) by which galactolipids
synthesized at the envelope level are eventually recov-
ered at the thylakoid level.

Rationale

If galactolipid molecules are 10 be exported from
the inner envelope membrane to thylakoid membranes,
they can do so by anyone of four basic mechanisms.

{a) The inner envclope membrane buds off and
releases vesicles which move through the stroma and
fuse with the thylakoid membrane.

(b) A lipid transfer protein extracts a galactolipid
molecule from the stroma-facing monolayer ot the in-
ner envelope membrane, carries it through the stroma
and eventually inserts it into the siroma-facing mono-
layer of the thylakoid merabrane.

(c} A partial fusion is triggered between the
stroma-facing monolayers of both inner cnvelope mem-
brane and thylakoid membrane, allowing galactolipid
molecules to diffuse laterally within these monolayers,
while the inverted micelle at the fusion locus [16]
prevents the contents of the iwo other monolayers to
be mixed.

(d) A compilete fusion occurs between inner enve-
lope membrane and thylakoid membrane. connecting
their stroma-facing monolayers together and their lu-
men-facing monolayers together, thus allowing an
unimpeded lateral diffusion of galactolipid molecuies
(and of other compounds?) within the whole bilayers.

If the galactolipid molccules to be exported arc
radioactively labelled (e.g. in their polar headgroup),
then the presence of radioactive galactolipids in cither
monolayer of the thylakoid membranc will depend not
only on what transfer mechanism {a, b, ¢ or 4} is
opeiaiive, but also on the topography of galactolipid
synthesis in the inner envelope membrane and on the
possible occurrence of galactolipid translocation activi-
ties across the thylakoid bilayer. Valuaple information

can be provided by comparing the transmembrane dis-
tribution of the labelled galactolipids with the known,
native {mass) distribution of galactolipids [11-15] in
both the outer (stroma-facing) and the inner (lumen-
facing) monolayer of thylakoid membranes. This dual
sidedness analysis (radioactivity and mass) can be
achieved by treating thylakoids with the lipase from
Rhizopus arrhizus under non-lytic conditions, so as (i)
to hydrolyze all the galactolipid molecules (including
the radioactive ones) located in the outer monoiayer to
lysogalactolipids {(and free fatty acids) and (ii) to pre-
vent the remaining galactolipids leaving the inner
monolayer (via outward transmembrane movement) by
keeping the temperature around 0°C. At this stage, the
amount of radioactivity associated with lyso-MGDG
(or lyso-DGDG) will therefore represent the amount of
exported MGDG (or DGDG) that is located in the
outer monolayer of thylakoid membranes at the end of
the incubation period of intact plastids with the ra-
dioaciive precursor. The distribution of the radioactiv~
ity between the two monolayers of the thylakoids and
its possible change under the influence of time and of
various physico-chemical factors can then be studied.

Materiai snd Methods

Chemicals

UDP-{U-"Clgalactose (11.1 GBg/mmol) was pur-
chased from Amersham. The lipase (EC 3.1.1.3) from
Rhizopus arrhizus was from Roehringer. Tricine, Mops,
UDP, UDP-galactose and (HMBA) were from Sigma.
Percoll was a Pharmacia product. All other chemicals
and solvents were ‘purissimum’ products from Fluka.
Bovine serum albumin was defatted as described [17).

Media

The following media (A to F) were used in these
experiments. Medium A: 330 mM sorbitol/5 mM
MgCl, /50 mM Mops-KOH (pH 7.2). Medium B: 40%
Percoll /330 mM sorbitol/0.5 mM UDP/50 uM
HMBA /50 mM Mops-KOH (pH 7.8). Medium C: 2
mM EDTA-Na,/0.5 mM UDP/50 uM HMBA/10
mM Tricine-KOH (pH 7.8). Medinm D: 5%
Percoll /300 mM sorbitol /0.5 mM UDP/50 uM
HMBA /10 mM Tricine-KOH (pH 7.8). Medium E:
300 mM sorbitol /0.5 mM UDP/50 uM HMBA/10
mM Tricine-KOH (pH 7.8). Medium F: 200 mM sor-
bitol/50 mM KCl/5 mM MgCi,/25 mM Tricine-
NaOH (pH 8) and containing defatted bovine scrum
albumin (100 mg/ml).

Material

Mature spinach leaves, obtained from the local mar-
ket, were stored in the aark at 4°C for 1-3 days to
reduce starch content, Washed leaves were illuminated



for about 30 min on melting ice before being used for
chloroplast isolation.

Preparation of chioroplasis

Imact chloroplasts were prepared {rom spinach
leaves by the method of Mourioux and Douce [18}]. On
a routine basis, these chloroplasts presented a 90%
intactness as determined by the ferricyanide assay [19).

Incubation with UDP-[ " Clgalactose

Fresh intact chloroplasts, suspended in medium A
at 2 mg chlorophyll /ml, were equilibrated 5 min at the
desired temperature (5 or 25°C). Galactolipid synthesis
was started by adding, to 1.5 ml of the chloroplast
suspension, UDP{U-"Clgalzctose (440 MBq,/mmol)
to a final concentration of 67 uM and the mixture was
then incubated at 5 or 25°C in darkness for time
periods ranging from 35 to 90 min. The incubation was
terminated by rapid cooling of the mixture on melting
ice followed by immediate processing. All subsequent
operations were carried out at 0-2°C.

Repurification of labelled chloroplasts

The chilled chloioplast suspension was rapidly lay-
ered on 16 m! of mcdiuri B and the intact chloroplasts
remaining in the preparaticn were reisolated according
to Mills and Joy [20]. The presence of both UDP and
HMBA ensured an essentially complete inhibition of
UDP-galactose : diacylglycerol galactosyltransferase
and of galactolipid: galactolipid galactosyltransferase
activities [21] in this step (and in the next ones).

Preparation of purified thylakoid membranes

The pellet of repurified, labelled intact chloroplasts
was adjusted to a final velume of 2 ml with medium E.
Aliquots were sampled for chlorophyll (2 X 20 u) and
lipid radioactivity (2 X 20 ul) determinations. The re-
maining suspension was diluted with 30 ml of medium
C to osmotically disrupt the chloroplasts. After 2 mir,
isotonic conditions were restored by adding 3.6 mi 3 M
sorbitol and the suspension was centrifuged for 5 min
at 16500 X g (Sorvall swing-out HB-4 rotor). The pel-
lets were suspended in 18 ml of medium E, then 8 m!
of medium D were injected below this dilute suspen-
sion and the tubes were centrifuged for 15 min at
20000 X g (HB-4 rotor, stow acceleration). The pellets
were washed once more in 30 ml of medium E and
spun for 5§ min at 16500 X g (HB-4 rotor). The result-
ing pellets consisted of purified thylakoids from which
=>99% of the initial envelope membranes were re-
moved (see Results). On a chlorophyll basis, the yield
of thylakoids varied from 80 to 90% with this methad.
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Lipolytic treazment of purified thylakoids

The purifiec labclled thylakoids were pooied and
resuspended in medium F so 25 {0 obtain a total
volume of 3 ml. Aliquots were sampled for chlorophyll
(2 x40 pl) and lipid radioactivity (2 X 40 pl1) determi-
nations. The chlorophyli concentration was usually be-
tween (.4 and 0.6 mg/ml. The tnylakoid suspension
was placed in a brown glass vial, immersed in melting
ice, and continuously stirred. After sampling a v.3 ml
control aliquot (at time zero) for lipid extraction, the
lipase was added ( = 200 units /mg chlorophyll) and the
incubation was carried out at 0°C for 25 min. Aliquots
(0.3 ml) were sampled at regular time intervals for lipid
extraction,

Lipid extraction

The lyso-compounds generated by the lipase are
much more polar than their parent lipids, so that the
risk of loosing at least part of these lyso-compounds in
the agueous phase of conventional two-phase extrac-
tion systems cannot be neglected. To avoid such pit-
falls, we have used a one-phase extraction procedure
1221 based on the use of isopropancl and hexane (2:3,
v/v). The 20-u1 and 40-u1 samples were ex..acted into
4 ml of this solvent mixture, to which was added a
thylakoidal lipid extract (equivalent to 150 ug chloro-
phyl) as carrier. The 0.3-m! aliquots were extracted
into 10 ml of the solvent mixture. The monophasic
extracts were vigorously vortexed, incubated at room
temperature for 15 min with occasional >hizking, vor-
texed again, and finally centrifuged for 5 min at 3000 X
2. The protein pellet, firmly adhering to the bottom of
the tube, was totally depigmented. The supernatants
were quantitatively transferred to new tubes, dried
under nitrogen and the lipids taken up in about 400 pul
chloroform/ methanol (8:2, v/v).

Lipid separation and analysis

Each iipid exiract was quantitatively spotted on sil-
icagel plates using an automatic sample applicatoi
(Linomat 1V, Camag). Plates were developed in acs-
tone/ toluene/ water / acetic acid (100:25:9:1, by
vol.). After a brief drying, plates were lightly sprayed
with 0.01% primuline and viewed under UV light.
Zones containing MGDG, DGDG, their corresponding
lyso-compounds and the oligogalactolipids (tri- and te-
tragalactosyldiacylglycerol) were scraped into scintilla-
tion tubes, dispersed in 4 mi of scintillation tiquid
(Optiphasc ‘HiSafe II', Pharmacia) and the radioactiv-
ity was determined in a Kontron Betamatic II counter.
Alternatively, the amounts of * IGDG, DGDG and of
their corresponding lyso-derivatives were determined
by measuring the galactose content of these lipids [23].
The data were then normalized to the sums (MGDG +
lyso-MGDG) and (DGDG + lyso-DGDG) and ex-



334

pressed as plots of percentage of initizi MGDG (or
DGDG) content versus hydrolysis time.

Preparation of '*C-labelled envelopes

Purified envelopes were prepared from intact
spinach chloroplasts essentially as described by Mzuyen
and Siegenthaler [24). Labelling of envelope mem-
branes was carried out in 2 ml of a mediuin containing
360 mM sorbitol /10 mM MgCl, /10 mM Tricine-KOH
(pH 7.8)/70.1 mM UDP-[U-"“Clgalactose (864
MBq/mmol) and envelopes (1 mg protein/ml), and
incubated at 25°C for 90 min. Membranes were then
washed twice in 3 m! of medium E (without in-
hibitors) by pelieting the material at 90000 x g for 60
min. Labellcd enw:lopes (about 24.7 kBq of lipid ra-
dioactivity per mg protzin) were stored in 20 mM
Mops-KOH (pH 7.8)/50% glycerol ai —20°C.

Other techimques

Established mcihods were used to determine
chlorophyll {25], protein [26] and phospholipid phos-
phorus [27].

Resalts

Essential for our study was the availability of thy-
lakoids from which any envelope material was effi-
ciently removed. We required our purification proce-
dure to fulfill two independent criteria. First, purified
thylakoid membranes should be free of any galactolipid
synthesizing activities (such as UDP-galactose : diacyl-
glycerol galactosyltransferase and galactolipid: galac-
tolipid galactosyiiransferase) which are considered to
be exclusive envelope markers [1,3]. Second, if “C-
labelled envelope membranes are added to non-
labelled, osmciically distupted chlcroplasts, then the
label shouid be compieicly removable from thylakoids.
This second criterion is more demanding than the first
one, which would be partly invalidated if thylakoids
were to displav any endogenous galactolipid synthesis
activity — a possibility that cannot be ruled out a priori
[8]. Preliminary attempts to purify thylakoid mem-
branes by simple differential centrifugation indicated
that 5 to 6 washing steps were required to remove
299% of the envelope material initially present. We
noticed however that the envelope material was washed
away more efficiently at low than at high ionic strength
and that the presence of divalent cations adversely
affected the separation of envelopes from thylakoids.

Sepurate experiments with isolated, fluorescamine-
tagged envelopes showed that low density Percoll cush-
ions were able to retain (or to float) envelopes while
still allowing 2 good pelleting of thylakoids. The
progress of thylakoid membrane purification after re-
peated washings on 5 (or 10)% Percoll cushions was
determined according to the abovementioned criteria

0 1. prvy

~
']
a

MGDG Synihesis (% of inilial amoune

Labelzd Envelopes (% of added amount}

1] 1 2 3 4 5 8

Washing Step

Fig. 1. Progress of the purification of thylakoid membranes, assessed
by the residual amount of MGDG synthase acllvny (cnlenon 1 I)
and by the residuai amounmt of prelabelled

added to non-labelled, disrupted chloroplasts (cnlermn 2; ®), When
required (criterion 2), UDP-{U-"*Cjgalactose-labelled envelope
membranes (200-300 pg protein, corresponding 1o 1.6-2.4 kBq of
MG9DG and 1.3-2.0 kBq of DGDG radioactivity} were added to
o-miotically disrupted chloroplasts (3.75 mg chlorophyll). After hav-
ing restored isotonic conditions, an aliquot was iaken for direct lipid
extraction of thylakoid membranes or for galacrolipid synthesis (step
(). The remaining thylakoid merbranes were spun dovn (stzp 1) and
further purified by repeated centrifugations thrwgh 5 (or 19)%
Percoll cushions (steps 2-6) (see Material and Methods). At each
siep, representative aliquots were taken for direct lipid cxtrac!mn of
thylakoid membranes or for galactolipid hesis. Galactolipid syn-
thesis was carried out in 1 ml medium A containing chlomplast
membranes (about 150 pg chlorophyll) and 0.1 mM UDP{U-
1 Clgalactose (W.9 MBq/mmol) at 25°C during 3 min. Lipids were
extracted [28] and separated by TLC on silicagel plates developed in
CHCl, /Ci1,0H/25% NH,; /H,0 (65:35:3:2, v/v). The MGDG
and DGDG radioactivity was normalized so chlorcphyll or to phos-
phatidylgiyceron oumcnt !Jolh methods giving similar results. The
MGDC synthase activity in sicp © was betwesn 55 and 65 nmol

MGDG /mg chlorophylt per h ( = 100%).

(Fig. 1). A simple differential centrifugaition (step 1)
removed 95% of the added envelope material and
more than 80% of thc MGDG synthase activity initially
present in disrupted chloroplasts, Such results were
routinely obtained provided that isotonic conditions
(= 300 mM sorbitol) were restored withirs 1 1o 2 min
after osmotic disruption of chloroplasts and that the
chlorophyll concentration did not exceed 0.1 mg/ml,
The residual amount of contaminating envelopes could
be further reduced to very low levels (< 1%) by pellet-
ing thylakoid membranes through 5 (or 10)% Percoll
cushions (Fig. 1, steps 2-6). A single Percoll step (step
2) was sufficient to eliminate most of the residual
contamination. Contrarily to a recent claim [7], our
purified thylakoid preparations did contain phospha-
tidylcholine. Indeed, the phosphatidylcholine to phos-



phatidylglycerol molar ratio decreased from 0.68 + 0.04
(n =3) in broken chloroplasts (step 0) to 0.28 + 0.02
(n = 3) in purified thylakoid memUranes (steps = 2).

In a next step, the export — in its broadest meaning
- of galactolipid molecules from inner envelope mem-
brane to thylakoid membranes was investigated by
measuring how much and how fast radioactivity ap-
peared in purified thylakoids after feeding intact
chloroplasts with UDP-['*Clgalactose. Fig. 2A shows
that the amount of labelled MGDG found in purified
thylakoids depended linearly on the amount of labelled
MGDG synthesized in intact chloroplasts. About 55%
of the MGDG molecules synthesized at the inner enve-
lope level were thus recovered in thylakoids. At 25°C,
this linearity was obeyed up to about 40 min of synthe-
sis. Longer incubation times (up to 90 min) resulted in
a levelling off of MGDG synthesis without however
affecting MGDG export (not shown). The transfer of
lipids from inner envelope membrane to thylakoids is a
rapid phenomenon: after 5 min of synthesis at 5°C,
labellad gaiactolipids were easily detectable in purified
thylakoids. As shown in Fig. 2B, the export and synthe-
sis rates of MGDG were also lincariy related, at least
up to 40 min of incubation.

The synthesis rate of MGDG increased by a factor
of 7 between 5 and 25°C (Table 1). Interestingly, the
export rate of MGDG was raised in the same propor-
tion, suggesting that a close link exists between export
and synthesis mechanisms. DGDG was not orly syn-
thesized at a much slower rate than did MGDG, but its
export also was lower: 24% only of the newly made
DGDG molecules were eventually recovered in thy-
lakoid membrancs (Table 1).

When thylakoids were treaited with the lipase from
Rhizopus arrhizus under non-lytic conditions, only those
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TABLE 1

Synthesis of galvctolipids in intact chiveoplasts and their export from
inner envelope membrane to thylakoids at two different incubation
temperatures

The *total §' corresponds to the amount ot radioactivity incorporated
in chlosoplast galactalipids (MGDG + DGDG + tri- + wetragalactosyl-
diacylglyceiol). The "total E' corresponds to the amount of radioac-
tivity incorporated in thylakoid galactai i,

5°C 25°C
MGDG MGDG DGDG
(n=3) {n=8 (n=3)
Units: nmo! precursor /mg chlorophyl! per b
Synthesis (S) rate 53+04 371197 1.3+ 04
Export (E) rate 25405 20553 04+ 01
Units: perccat
Synthesis (% of total 8) 748435 794458 1,74 11
Export (% of total E) 828152 932431 53+ 25
Export (% of S) 4773261 56.1%53 238x136

galactolipids velonging to the outer monolayer were
hydrolyzed. By measuring either the mass (galactose
assay) or the radioactivity content of both galactclipids
and of their respective lyso-derivatives during the
course of the lipolytic treatment, the hydrolysis pat-
terns shown in Figs. 3 and 4 were obtained. Fig. 3
indicates that in terms of mass, the MGDG content of
thylakoids rapidly decreased to an equilibrium value at
about 35% wheieas the amount of lyso-MGDG reached
a plateau at 65%. However, the amount of radioactivity
associated with MGG was fully stabilized already
when 50% of the initial Jabel contant of MGDG had
been converted into its lyso-derivative. On the other
hand, closzly overlapping curves were obtained when
both mass and label were measured in DGDG and its
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Fig. 2. (A) The deperdence of MGDG cxport from inncr cnvelope membrane to taylakoids cn MGDG synthesis in imtad . chloroplasts. Each data
point corresponds to a single experiment carried ut for different synthesis time periods (ranging from 5 to 40 min) at 5"C (») or at 25°C {e). (B)
The cnrres,i'ﬁ, ading relation between the export rate and the synthesis rate of MGDG. Chl = chlorophyll.
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Fig. 3. Decrease in MGDG ( ) and parallel increase in lyso-

MGDG {----) in thylukoid membrancs treated by the lipase of

Riizapus arrfiizis under non-lytic conditions. The lipid mass (@) and

the radioactivity amount (+) associated with each lipid was deter-

mined as described in Materials and Methods and plotted as per-

centage of the initial corresponding value versus incubation time in
the presence of the lipase.

lyso-derivative during the lipolytic treatment (Fig. 4),

In this case, the plateau was obtained when the conver-

sion extent rcached 15%.

The transmembrane distributions of mass and Iabel
for both MGDG and DGDG were derived from scmi-
log plots of the data of Figs. 3 and 4 by extrapolation io
zero time of the equilibrium phase, as previously de-
scribed [11,13-15] and the results are depicted in Table
1l. The outer monolayer accounted for 64% of the
MGDG and 15% of the DGDG content of thylakoids.
In contrast with this asymmetry, the uewly synthesized
MGDG molecules were always integrated into thy-
lakoid membranes in a fully symmetrical way (50%
outside : 50% inside), regardless of the temperature at
which synthesis and export of galactolipids occurrzd in
intact chloroplasts. This discrepancy between mass and
label distributions of MGDG resulted in a marked
difference between the specific 1adioactivity of the
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Fig. 4. Decrease in DGDG ( ) anc parallel i in lyso-

DGDG (- ---) in thylakoid membranes treated by the lipase of

Rhizopus arrhizus under non-lytic conditions. The symbols and the
experimental conditions are those of Fig, 3.

TABLE I

Mass and iabel distribution of galactolipids between the outer and inner
monolayers of thylakoid membranes

Intact chloroplasts were incubated with UDP-['*Clgalactose for vari-
ous time periods ranging from 5 to 90 min at either 5°C or 25°C.
Thyiakoid membranes were then purified and submitted to the
lipolytic treatment described in Material and Methods. The specific
radioactivity of a given galactolipid in the outer (o) or inner (i)
monolayer was calcutated as: (L X £, ) /(M X m,,;,} where L = total
amount of lipid radioactivity in thylakoid membranes (dpm/mg
chlorophyll); M = total amount of lipid in thylakoid membranes
(nmol/mg chlorophylly; (I, {;) and {(m,, m;)= fractions of L, re-
spectively, of M, attributable 1o the outer or the inner monolayer of
thylakoid membranes.

5°C 25°C
MGDG MGDG DGDG
(n=3) {(n=8) (n=3)
Units: mol% outer: mol% inner
Mass asymmetry 65:35(+2) 64:36(+2) 15:85(+2)
Label asymmetry 50:50(+£2)  49:51(+1.5) 14:86(+ 1)
Specific radioactivity
ritio (outer/inner)  0.56440.045 0.537+£0.031 0.963+0.053

outer and inner MGDG pools. On the other hand,
there was no difference between the mass and the
label distributions of DGDG over the whole range of
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Fig. 5. Hvdrlysis Xinetics of galactolipids in isolaied, UD®-
i ** Clguluciuse-preiubelivd caveiopes iedied Uy dic iipase of Rinzo-
pus arrhizus, Labelled envelopes (295 ug protein, vorresponding to
2.34 kBq of MGDG and 1.90 kBq of DGDG radioactivity) were
resuspended in 3 ml of medium F containing also non-labelied
thytakoid membranes (0.5 mg chlorophyll/ml} in order 10 reproduce
the conditions under which the lipoiytic 1reatment of labelled th-
viakoids (see Figs. 3 and 4) was carried out. The mixture was
supplemented with 4 mM UDP and 50 M HMBA so as to block
galzctosyliransferase activities [21). In separate experiments, we have
ascertained that UDP (tested up to 5 mM) and HMBA (up to 250
#M) did not inhibit the lipase activity. The lipase was then added
(100 units /m)) und the ion was incubated at 0°C. The hydrol-
ysis was followed by ing the chs in the radioactivity
vontent of MGDG (®) an¢ of DGDG (*) as described in Materials
and Methods. The results presented are the average of two experi-
ments {1 5.D.). Similar results were abtained when thylakoids were
omitted from the envelope suspznsion.




TABLE U1

Effect of a contaminaticn of thylakoid membratics by a residual 1% or
5% of the original envelope amount on the values of the transmem-
brane radioactivity ratios for MGDG and DGDG

Fraction or parameter Radiouctivity (dpm) Asymmetry

MGDG DGDG MGDG  DGDG

Intact chloroplasts * 355292 4515 - -
Thylakoids " 196103 14342 - -
Removed envelopes ™ 159189 3088 - -

Measured label ratio ¥ - - 49:5 14:86

1% contamination level (removed envelopes' represent 9% )
i% envelopes 1608 3 - -
Thylakoids (corrected) 194495 14031 - -
Corrected label ratio © - - 49.1:50.6 14.3:85.7

5% contamination level (‘removed envelopes' represent 959 ):
5% eavelopes 8378 1622 - -
Thylakoids (corrected} 187725 12720 - -
Corrected label ratio © - - 49.6:50.4 15.8:84.2

Radioactivity data are tuken from o typical experinent and are
expressed on the basis of 1 mg chlerophyil.

Including 1% or 5% residual contaminating envelopes.

The radivactivity of the ‘Removed envelopes’ is obtainzd by subtract-
ing the ‘Thylakoids™ radioactivity vzlue from the *Intact chloroplasts’
value,

Taken irom Table H: each ratio is given as {mol% outside): (mol%
inside).

The corrected label ratio was calculated using the fact that 35% of
the MGDG and 0% of the DGDG t of inating, en-
velopes was degraded (sce text and Fig. 5). Example of ciculation:
for 1% contamination level, the removed envelopes (99%) contain
159189 dpm in MGDG. Accordingly. 1% contaminating envelopes
corresponds to 159189/99 = 1608 dpm in MGDG. Therefore, the
radioactivity associated with the thylukoidal MGDG corresponds to
196 103-1608 = 194 495 dpm. Thus, the relative MGDG amount R,
(mol%:) assignable to the outer thylakeid monolayer is given from:
(R, % 194 495) = (49 X 196 103)— (35 X 1608), and one finds R, = 49.1
mol%.

T

n

&

o

incubation conditions tested, so that the specific ra-
dioactivity ratio of outer to innci DGLYG remained
close to unity (Table I1).

Control experiments were also carried out to assess
the possible influence of contaminating (labelled) en-
velopes — even in low amounts - on the value of the
transmembrane ratios jfor MGG and GGDG in th-
ylakoids. To this end, we have investigated the hydro-
Iytic behaviour of galactolipids in isolated envelopes
treated by the lipase of Rhizopus arrhizus under condi-
tions that matched exactly those used for the sidedness
studies in labelled thylakoids. Fig. 5 shows that in
isolated envelopes, the lipase-catalyzed degradation of
MGDG effectively occurred, although at a slower rate
than in thylakoids (compare with Fig. 3). After 25 min
of incubation at 0°C, only 35% of the initial MGDG
radioactivity of isolated envelopes was converted into
lyso-M3DG radioactivity whereas DGDG was not hy-
drolyzzd under these conditions (Fig. 5). Under our
conditiz-s, it can be calculated that the specific ra-
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diractivity of galactolipids is 10-times higher in en-
vetopes than in thylakoids. A small amount of contami-
nating envelopes in the thylakoid {raction couid thus
be expected to biase the transmembrane distribution of
labelled galactolipids in thylakoid membraacs, particu-
larly if the hydrolysis extents of galactolipids in en-
velopes and in purified thylakoids differ markedly
{compare Figs. 3 and 4 with Fig. 5). The data of Fig. 5
were then used to determine whether the contamina-
tion of thylakoid membranes by a residual 19 or 5% of
the original cnvelope amount would affect the value of
the transmembrane radioactivity ratios for MGDG and
DGDG reported in Table 1. The result of such calcu-
lations is shown in Table IH. It can be seen that the
presence of contaminating envelope material in the
thylakoid fraction has no influcnce on the label asym-
metry ratio of both MGDG and DGDZ, provided that
the contamination level does not exceed 5%. At higher
levels (e.g. > 10%), the corrected DGDG label ratio
begins to deviate significantly from the measured one,
whereas the MGDG label ratio remains essentially
unchanged (not shown). We routinely worked at a
contaminating level of 19 or lower (Fig. 1), which not
only prevented such biased estimations to be made
{Table 1113, but also conferred a high degice of rcliabil-
ity to our results.

Discussion

In this article, we have addressed the question of
the galactolipid expor: between the envelope and the
thylakoid network of intact chloroplasts. Here, we are
mainly concerned with the Jcseription of our experi-
mental approach of the proble:n and with its valida-
tion. We have therefore deliberatcly set aside the more
physiological aspecis of this problem (using plants of
various ages and species as well as several radiola-
belled precursors) which will be dealt with in a forth-
coming paper of this series.

The general strategy was (a) to provide intact plas-
tids with UDP-{'*C]galactose and to allow them to
synthesize their own galactolipids (mostly hexaene
inolccuiar species) through the gajaclosyi iransierase
activities of the envelope [29]; (b) to allow the newly
made galactolipids to be transferred in organello from
their site of synthesis {the envelope) to their final
destination (the thylakoid membranc); and (¢} io allow
the newly made galactolipid molecules, now inserted
into the thylakoid membrane, to be redistributed (or
not) between its outer and inner monolayers.

Purification of thylakoid membranes

In this context, it was of the utmost importance to
prepare very pure thylakoid membranes, so that any
label found in thylakoids could be safely attributed to
the galactolipid cxport mechanism(s), but not to a
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trivial contamination of thylakoids by some residual
envelope material. The results presented in Fig. 1
mdicate that this goal has been reached. Indeed, 99%
of both the endogenous envelope amount (according to
criterion 1) and of the added envelope material
{according to criterion 2) were removed from thy-
lakoids already after step 2 (Fig. 1). The constancy of
the thylakoidal MGDG/DGDG label ratio during the
removal of added prelabelled envelopes (results not
shown) suggests that under our experimental condi-
tions, no particular portion of either outer or inner
envelope membrane remains preferentially associated
with thylakoid membranecs. In addition, the very low
amount of radinactivity left in purified thylakoids indi-
cates that spontaneous exchange of (labelled) galac-
telipid molecules, if it exists, does not occur to a
sizable extent between envelope vesicles and thylakoid
membranes. However, we cannot exclude the possibil-
ity (see below) that such exchange may occur with
higher efficiency during galactolipid transfer within the
intact plastid.

Galactolipid export: quantitative aspects

We can now consider galactolipid export as aciount-
ing for about 99% of the label found in purified
thylakoids. This lipid transfer presents three main
characteristics.

Firstly, and in agreement with earlier reports [8-10],
it is a rapid process. Under our conditions, radioactive
lipids were detected in thylakoids already after 5 min
of synthesis at 5°C (Fig. 2), but this is not the lower
limit. For instance, Bertrams et al. [i0] could detect
labelled galactolipids in thylakoid- a few seconds fol-
lowing the addition of UDP-[*H)galactose to intact
plastids. However, the purity of the thylakoid fraction
was not rigorously assessed by these authors [10] and
the contribution of contaminating envclopes was prob-
ably not marginal (see also Ref. 9).

Secondly, the transfer is a continuous process and,
at a g.ven temperature, its amplitude depends only on
the amount of lipids available for transfer, that is, on
the relative surface area of the inner envelope mem-
brane. This is shown by the linear r=lation between
MGDG synthesis and export. as well as between their
corresponding rates (Fig. 2). Moreover, this straight
line extrapolated through the origin of the graph. Thus,
as soon and long as galactolipid synthesis proceeds
steadily ir. the intact piastid, a constant percentage of
the oewly made lipids is exported to the thylakoid
network (Table I). This is in contrast with earlier works
(10,30} which have reported a time-dependent shift of
the lipid radioactivity from the inner envelope in favour
of thylakoids. Such a shift would only be expected if
the precursor supply to the intact chloroplast was
severely limited. Indeed, a limited amount of UDP-
galactose would allow MGDG synthesis for a short

time only, so that incubations lasting longer than this
short synthesis time would merely favour the galac-
tolipid export to thylakoids at the expense of en-
velopes. Bertrams et al. [10] worked with a ratio of
0.019 nmol UDP-galactose /mg chlorophyll, which is
clearly limitating. In the present work, we have used a
much higher (about i800-fold) ratio of 33.5 nmoi
UDP-galaciose /mg chlorophyll, which suppressed the
abovementioned limitation for much longer incubation
times (up to 40 min at 25°C, see Fig. 2). However, the
substrate limitation and the subsequent radioactivity
shift from envelopes to thylakoids became evident for
prolonged incubations (between 50 and 90 min at 25°C),
as indicated by our observation that MGDG synthesis
was progressively levelled off whereas MGDG export
was not afiected (results not shown). We interpret
therefore the data of Fig, 2 and Table 1 as suggesting
the occurrence of a continuous flow of galactolipid
molecules from envelopes to thylakoids. At the rates
reported in Table I, this flow could have completely
renewed the average MGDG content of thylakoid
membranes (about 1300 nmoles/mg chlorophyl!) in 22
days at 5°C and in 24 days at 25°C. These values can be
instructively compared with the 6-12 h half-life of the
thylakoidal 32 kDa herbicide-binding polypeptide [31].

Thirdly, the galactolipid transfer process exhibits a
remarkable class selectivity. This conclusion is based
on the observation that the MGDG/DGDG label ra-
tio, which was 7 in chloroplasts, increased up to 18 in
thylakoids, thus indicating a preferential expe:t of the
non-bilayer forming MGDG (coinpare lines 3 and 4 in
Table 1). Together, MGDG and DGDG accounted for
the quasi totality of the lipids exported at 25°C (Table
I). This means that oligogalactolipids, although present
in the envelope (where they amount to 9% of the total
label incorporated in chloroplast lipids; calculated from
Table 1, line 3), ar~ not exportable. This class selectiv-
ity in galactolipid export raises the question of how the
relative proportions of these lipids in thylakoid mem-
branes (MGDG, 55 mol%; DGDG, 27 mol%) can be
maintained in the long term. One may envisage that a
backflow of lipids of the same quantitative imiportance
occurs from thylakoids in the direction of envelopes,
but at the present time we have no experimental evi-
dence in support of this hypothesis.

The lipid class selectivity exhibited by the galac-
tolipid export implies that this process cannot be
achieved hy the formation of vesicles budding off from
the inner envelope membrane. Indeed, such vesicles
should have the same lipid composition as the inner
envelope, except if they derive from specialized regions
(highly enriched in MGDG) of this membrane. In the
latter case however, it remains to understand how
bilayer vesicles could be formed from a lipid mixture
containing 90-95 mol% of the non-bilayer forming
MGDG [32]. Moreover, vesicles originating from the



inner envelope membrane have been observed essen-
tially in greening plastids or in chioroplasts from young
leaves, but hardly in mature plastids from fully devel-
oped leaves [33].

Galactolipid sidedness in thylakoid membranes

The use of lipelytic enzymes to determine the trans-
bilayer distribution of lipids in thylakoid membranes as
well as the validity of this teciinigue have been already
described and discussed [11-15). Here, we have simply
employed this technique as a convenient tool to find
out the localization of the mewly synthesized galac-
tolipid molecules in thylakoid membranes.

Since the elucidation of the galactolipid export
mechanism depends essentially on the determination
of the transmembrane distribution of labelled galacto-
lipids in thylakoids (sce Rationale), it was desirable to
‘freeze’ as much as possible the chloroplast system at
the end of the incubation period with the labelled
precursor. A complete ‘freezing’ was, however, unreal-
istic because the purification procedure to be applied
to thylakoids lasted about 45 min. We took great care
to carry out the entire purification procedure as well as
the subsequent lipolytic treatment at 0-2°C to mini-
mize further uncontroliable rearrangments of labelled
galactolipias across the thylakoid membrane.

The horizontal plateaus of the hydrolysis curves
(Figs. 3 and 4) demonstrate that, in terms of mass,
galactolipid degradation stopped completely when 64%
of the MGDG and 15% of the DGDG content of
thylakoids was removed, that is, when the outer mong-
layer of thylakoid membranes was depleted of all its
galactolipid mol=cules [11-15], The flatness of these
plateaus also indicaies that the residual galactolipids —
which are assigned to the inner monolayer — remained
in place and therefore did not undergo any outward
transbilayer movement under our experimental condi-
tions. The same remarks apply, mufatis mutandis (Ta-
ble II) to the labelled galactolipids. In addition, the
parallel behaviour of the hydrolysis curves for mass and
radioactivity {Figs. 3 and 4) suggests that upon inser-
tion into thylakoid membranes, the labelled galac-
tolipid molecules do not form segregated pools of
altered accessibility to the lipase, but rather diluic
rapidly and homogeneously into the bulk of membrane
galactolipids.

Galactolipid export: the possible mechanisms

We have already dismissed the possibility that the
transfer of galactolipids could be achieved by a vesicu-
lation process, at least in mature chloroplasts (see
above). Two other mechanisms, not mutually exclusive,
can then be envisaged.

The first mechanism involves the participation of
fusion events between the inn2r envelope membrane
and the thylakoid membrane, thereby excludiag any
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water-soluble intermediate in the transfer process. The
fusion should be of transient naturc and therefore a
reversible event. Moreover, the lifetime of the transi-
tory fused structure should be long enough (e.g. of the
order of 107* s) to ailow a sizable diffusional flow of
(galactoMipid molecules between membranes via the
fusion locus [16], but also short encugh to account for
the rather scarce evidence for such structures obtained
from electron microscopy [33] or inferred from
metabolic studies [34). The similar acy! lipid composi-
tion of both inner envelope and thylakoid membranes
[35], .he low hydration capability of MGDG and DGDG
{36}, the abundance of the H,, phase-forming MGDG
[32] together with the high ratio of non-bilayer to
bilayer lipids in the outer monolayer of thylakoid mem-
branes [12,13], are expected to tacilitate membrane
apposition, aggregation, destabilization and fusion [37].
Depending on whether the fusion process connects the
inner envelope to the ihylakoid membrane by their
stroma-facing monolayers only or by establishing a
continuum between their whole bilayers, a partial or
complete scrambling of lipid molecules should resuft.
However, it is difficult to reconcile a complete fusion
mechanism - which postulates an unimpeded lateral
diffusion of lipid and protein molecules — with the lipid
class sclectivity exhibited by the transfer process (Table
I) and with the very different polypeptide elec-
trophoretic profiles shown by the inner envelope and
the thylakoid membrane [38,39]. Indeed, a complete
fusion between the bilayers of both membranes should
have yielded similar MGDG/DGDG label ratios for
intact plastids (galactolipid synthesis) as well as for
purified thylakoids (galactolipid export), which was not
the case (Table 1). Therefore, a galactolipid transfer
mechanism involving transient fusions between the
stroma-facing monolayers only of both membranes (e.g.
via inverted micellar intermediates, see Ref. 16) is
more likely to occur. However, this mechanism implies
that the MGDG/DGELG label ratios be the same in
the stroma-facing monclayer of the inner envelope
membrane and in the whole thyiakoid membrane, ex-
cept if the lateral diffusion rates of these two lipids
differ markedly.

The second mechanism iavolves the participation of
soluble stroma protein(s) endowed with galactolipid
transfer activity. The lipid class selectivity of the trans-
fer process (Table 1) could thus be easily explained by
a preferential interaction of this protein with MGDG
rather than with DGDG. The plausibility of this mech-
anism is also supported by the discovery, in spinach
chloroplast extracts, of a soiuble 30 kDa protein able to
transfer (spin-labelled) MGDG molecules in a donor/
acceptor vesicle system [40]. Assuming that the puta-
tive protein accounts for 0.5% of the soluble protein
content of plastids and using an average value of 7.5
mg stroma protein/mg chlorophyll [41), a specific
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transfer activity of about 0.6 pmol MGDG (mg pro-
tein) ™' h~' can be de-ived from Table 1. This value,
similar to that determined for a spinach leaf phospho-
lipid transfer protein [42], may thus reflect mainte-
nance and turnover processcs occurring within the
intact plastid.

At this stage, the two proposed mechanisms can
only explain the galactolipid export and its class sefec-
tivity (Table I). They cannot, however. account for the
three following facts: (a) labelled gaiactolipids can be
fcund in the inner monolayer of thylakoid membranes
as carly as their presence can be detected in whole
thylakaids; (b) tue transmembrane label ratios for
MGDG and DGDG are constant over the whole range
of incubation conditions tested (from 5 min at 5°C to
90 min at 25°C); (c) the mass and label asymmetry
ratios for MGDG are different whereas they arc simi-
lar for DGDG (Figs. 3 and 4; Table 11;. This issuc can
be solved for both mechanisms together if one postu-
lates the occurrence of inwardly directed galactolipid
translocating activitics in thylakoid membranes. These
activities should be triggered as soon as galactolipid
molecules penetrate into the outer monolayer and con-
trolled in such a way as to reorient the newly inscried
galactolipids according to their respective label asym-
metry ratios, independently of the incubation tempera-
ture (Table II). Such translocating activities might be
aimed at maintaining transmembrane asymmetry, c.g.
that of DGDCG. In addition, they might be a simple way
to relieve the excess of inicrnal stress caused by the
entry of H, phase-forming lipids (e.s. MGDG
molecules) in the outer menolayer of an alrcady frus-
trated [37] membrane [12].

Finally, it is worth mentioning that the galactolipid
export reported here presents several analogies with
the intramitochondrial phospholipid t-ansfer recently
described in yeast mitochondria [43]. Indeed, both pro-
ccsses operate in the absence of any electrochemical
(proton) gradient and involve a rapid, synthesis-linked
lipid transfer between two membranes (possibly
achieved via semi-fusion mechanisms and/or specific
contact sites} and the occurrence of transmembrane
translocating activities.

Concluding remarks

We have shown that in mature spinach chloroplasts,
a rapid and continuous transfer of galactolipid occurs
from the inner envelope to the thylakoid membranes,
MGDG being preferentially exported with respect to
DGDG. The transmembrane distribution of the newly
inserted galactolipid molecules in thylakoids suggests
that the export mechanism consists of transient and
partial fusions betwcen stroma-facing monolayers of
both membranes {followed by latera! diffusion of galac-
tolipid rnolecules) and/or of galactolipid transport by
coluble protein(s) through the stroma compartment,

thus resulting in the insertion of new galactolipid
molecules in the outer monolayer of thylakoid mem-
branes. In a second phase, the newly inserted galacto-
lipids are rapidly redistributed across the thylakoid
bilayer via translocating mcchanisms ablc to maintain
the native (fass) asymmetry of DGDG and, to a lesser
extent, that of MGDG.

The present results show that the approach de-
scribed in the Rationale is valid and reliable, We are
currentiy using this procedure to study how lipid export
is achieved in plastids of young, vigorously growing
spinach seedlings as well as in plants with eukaryotic
fipid metabolism, employing several different labelled
precursors. The outcome of these studies will be re-
ported in a near future.
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