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The galactolipid transfer from inner envelope to thylakoid membranes has been studied in intact spinach 
chloroplasts. Plastids, isolated from mature leaves, were dark-incubated in the ~.-esence of UDP-[14C]galagtu~. 
After various synthesis periods at $ or 25°C, intact plastids were reisolated and osmotically lysed. Tbylakeid 
membranes were then prepared by a speci~ procedure which removed > 99% of the envelope amount tnitbd~ 
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 ~ 1  to the 
amounts synthesized. About 55% of the MGDG and 2 . ~  of the DGDG synthesized in plastids were trans,.erred to 
tbylakoids, irrespectively of incubation time or temperature. The MGDG/DGDG radioactivity ratio was 7 in intact 
plastids and 18 in tbylakoids, suggesting a preferential export of MGDG. Puri f ied thyiakeid membranes were thin 
submitted to a ilpolytic treatment designed to discriminate between the MGDG and DGDG pools belonging to the 
outer (stroma-fadng) or to the inner monolayer. The radioactivity present in the ly-~-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 dilYered from the native 
(mass) MGDC asymmetry of 64: 36. In contrast, the label and mass asymmetries of DGDG gave the same value of 
15:85. These label distributions were affected neither by incubation time (from 5 to 90 rain) nor by temperature 
(from $ to 25°12). We discuss the possibilities that transient fusions between the stroma-facing monolayers of the 
inner envelope and of the tbylakoM membrane, a n d / o r  galactelipid transfer protein(s), together with 
translocating activities in thylakeids, may account for the galactolipkl export observed in mature spkmeh 
chloroplasts. 

Introduction 

The two envelope membranes greatly contribute to 
the synthesis and renewal of the main acyl lipids of the 
chloroplast, the galactolipids. Whatever the prokary- 
otic or eukaryoti¢ origin of its diacylglycerol backbone, 
MGDG is formed by a galactosyl transfer between 

Abbreviations: DGDG, digalactosyldiacyl$1ycerol; HMBA, p- 
hydroxymercuribenzoie acid: MGDG, monogalaetosyldiacylslycerol; 
Mops, 4-morphoiinepropanesulfonic acid; T~ne, N-[2-hydrox3d-l,l- 
bis(hydroxymet hyl)et hyl]81ycine. 

Correspondence: A, Raveler, Laboratoir¢ de Physiologic V~g~tale, 
Universit6 de Neuch~tel, Chemin de Chantemerle 20, CH-2000 
Neuch~t¢l, Switzerland. 

UDP-galactose and diacy|giycerol, catalyzed by the 
UDP-galactose : diacylglycerol galactosyltransferase 
(MGDG synthase) [I]. After being disputed for a long 
time, the final step of D(3DG synthesis has been 
recently assigned to the galactolipid: galactolipid galac- 
tosyltransferase [2]. Whereas the pathways leading to 
the synthesis of galaetolipids and to their subsequent 
desaturation ha~e been extensively studied (see reviews 
in Refs. 3-6), the problem of the transfer of galacto- 
lipids from their site of synthesis (the envelope) to the 
thylakoid network has received little interest. Yet thy- 
lakoids account for more than 09% of the total galac- 
tolipid content of chloroplasts. Being essentially unable 
to synthesize gala~olipids [1,7], thylakoids are there- 
fore dependent on a massive import of these lipids 
from the envelope. A~though earlier reports indie~ ,! 
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that this galactolipid transport effectively occurred and 
was rapid [8-10]. little information is presently avail- 
able on the detailed aspects of this process. 

We decided to better characterize the unidireetionaI 
galactolipid transfer between the inner envelc~pe mem- 
brane and thylakoid membran,:s. To this anm, intact 
chloroplasts were first incubat,zd in the presence of 
UDP-[t~C]galactose. Tben. the quanl.itative aspects of 
this lipid flow were determined under conditions which 
allowed a complete removal of envelope material from 
thylakoid membranes. Finally, the molecular mecha- 
nism(s) by which the transfer is achieved was investi- 
gated by applying a controlled lipolytic treatment to 
the purified thylakoids. Such a treatment allows tr~ 
distinguish between lipid molecules that belong to the 
outer or to the inner leaflet of thr. thylakoid bilayer 
[! 1-15]. Thus we expected th!s app,6aeh to enable us 
identifying the mechanism(s) by which galactolipids 
synthesized at the envelope level are eventually recov- 
ered at the thylakoid levet. 

Rationale 

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

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

(b) A lipid transfer protein extrac'~s a galactolipid 
molecule from the stroma-facing mon01ayer o; the in- 
ner envelope membrane, carries it through the stroma 
and eventually inserts it imp the slroma-facing mono- 
layer of the thylakoid membrane. 

(c) A partial fusion is triggered betwo:n the 
stroma-facing monolayers of both inner envelope mem- 
brane and thylakoid membrane, allowing galactotipid 
molecules to diffuse laterally within these monolayers, 
while the inverted micelle at the fusion locus [16] 
prevents the contents of the two other monolayers to 
be mixed. 

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

If the galactolipid molecules to be exported are 
radioactively labelled (e.g. in their polar headgroup), 
then the presence of radioactive galactolipids in either 
monolayer of the thylakoid membrane will depend not 
only on what transfer mecimnism Ca, b, c or d) is 
ope~aiive, but also on the topography of galaetolipid 
synthesis in the inner envelope membrane and on the 
possible occurrence of galactolipid translocation activi- 
ties acros~ the thylakoid bilayer. Valuai~le information 

can be provided by comparing the transmembrane dis- 
tribution of the labelled galactolipids with the known, 
native (mass) distribution of galactolipids [!1-15] Jn 
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-lyric conditions, so as (i) 
to hydrolyze all the galactolipid molecules (includir~g 
the radioactive ones) located in the outer monolayer to 
lysogalactolipids (and free fatty acids) and (ii) to pre- 
vent the remaining galactolipids leaving the inner 
mnnolayer (via outward transmembra~e movement) by 
keeping the temperature around 0°C. At this stage, the 
amount of radioactivity associated with Iyso-MGDG 
(or Iyso-DGDG) will therefore represent the amount of 
exported MGDG (oi' DGDG) that is located in the 
outer monolayer of thylakoid membranes at the end of 
the incubation period of intact plastids with the ra- 
dioactive 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 physieo-chemical factors can then be studied. 

Materia| a~d Methods 

Chem&als 
UDP-[U- 14C]galactose (11.1 GBq/mmol)  was pur- 

chased from Amersham. The lipase (EC 3.1.1.3) from 
Rhizopus arrhizus was from Boehringer. 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 sorbitoi/5 mM 
MgCI2/50 mM Mops-KOH (pH 7.2) Medium B: 40% 
Percoll/330 mM sorbitol/0.5 mM UDP/50  /~M 
HMBA/50 mM Mops-KOH (pH 7.8). Medium C: 2 
mM EDTA-Na_,/0.5 mM UDP/50  ~M HMBA/10 
mM Tricine-KOH (pH 7.8). Medium D: 5% 
Percoll/300 mM sorbitol/0.5 mM UDP/50  p,M 
HMBA/10 mM Tricine-KOH (pH 7.8). Medium E: 
300 mM sorbitol/0.5 mM UDP/50  p,M HMBA/10 
mM Tricine-KOH (pl-I 7.8). Medium F: 200 mM sor- 
bitol/50 mM KCI/5 mM MgCI2/25 mM Tricme- 
NaOH (pH 8) and containing defatted bovine serum 
albumin (100 mg/ml).  

Material 
Mature spinach leaves, obtained from the local mar- 

ket. were s~ored in the aark at 4°C for 1-3 days to 
reduce starch content. Washed leaves were illuminated 
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for about 30 rain on melting ice before being used for 
chloroplast isolation. 

Preparation of chloroplasts 
Intact chloroplasts were prepared from 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-[ t4 C]galactose 

Fresh intact chloroplasts, suspended in medium A 
at 2 mg chlorophyll/ml, were equilibrated 5 mi,~ at the 
desired temperature (5 or 25°C). Galactollpid synthesis 
was started by adding, to 1.5 ml of the chloroplast 
suspension, UDP-[U-~4C]galactose (440 Mlkl/mmoD 
to a final concentration of 67/~M and the mixture was 
then incubated at 5 or 25~C in darkness for time 
periods ranging from 5 to 90 rain. The incubation was 
terminate6 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 chloiopla:;t suspension was rapidly lay- 

ered on 10 m! of mcdiui~, B and the intact chloroplasts 
remaining in the preparatiotl were reisolated according 
to Mills and Joy [20]. The presence of both UDP and 
HMBA ensured an essentially complete inhibition of 
UDP-galaetose : 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 volume of 2 ml with medium E. 
Aliquots were sampled for chlorophyll (2 x 20/.d) and 
lipid radioactivity (2 × 20 /.d) 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 ml 3 M 
sorbitol and the suspension was centrifuged for 5 rain 
at 16500 × g  (Sorvall swing-out HB-4 rotor). The pel- 
lets were suspended in 18 ml of medium E, then 8 ml 
of medium D were injected below this dilute suspen~ 
sion and the tubes were centrifuged for 15 rain at 
20000 x g (HB-4 rotor, slow acceleration). The pellets 
were washed once more in 30 ml of medium E and 
spun for 5 rain at 16500×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 met~,;d. 

Lipolytic tre qlment of purified thylakoids 
The purifiet~ labelled tbylakoids were pooled and 

resuspended in medium F so at: ~o obtain a total 
volume of 3 ml. Aliquots were sampled for chlorophyll 
(2 × 40 ~i) and lipid radioactivity (2 x 40 ~1) determi- 
nations. The chlorophyll concentration was usually be- 
tween 13.4 and 0.6 mg/ml.  The thylakoid suspension 
was placed in a brown glass vial, immersed in melting 
ice, and continuously stirred. After sampling a 6.3 ml 
control aliquot (at time zero) for lipid e,~traction, the 
lipase was added ( = 200 units/me chlorophyll) and the 
incubation was carried out at 0*C for ~ rain. Aliqtmts 
(0.3 ml) were sampled at regular time intervals tot 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 aqueous phase of conventional two-phase extrac- 
tion systems cannot be neglected. To avoid such pit- 
falls, we have used a one-phase extraction prc, cedure 
[22] based on the use of isopropanol and hexane (2:3, 
v/v). The 20-p.! and 40-/~! samples were ex,.acted into 
4 ml of this solvent mixture, to which was added a 
thylakoidal lipid extract (equivalent to 150/~g chloro- 
phyll) 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 rain with occasional ~,h~king, vor- 
texed again, and finally centrifuged for 5 rain at 311110 × 
g. 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/tl 
chloroform/methanol (8: 2, v/v). 

Lipid separation and analysis 
Each lipid extract was quantitatively spotted on sil- 

icagel plates using an automatic sample applicator 
(Linomat IV, Camag). Plates were developed in ace- 
t one / to luene /wa te r / ace t i c  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 correspo.~ding 
[yso-compounds and the oligogalactolipids (tri- and te- 
tragalactosyldiacylglycerol) were scraped into scintilla- 
tion tubes, dispersed in 4 ml of ~intillation !iquid 
(Optiphasc 'Hi,Safe i!', Pharma'=ia)and the radioactiv- 
ity was determined in a Kontron Betamatic II counter. 
Alternatively, the amounts of ?. !GDG, DGDG and of 
their corresponding lyso-derivatives were determined 
b~, measuring the galactose content of these lipids [23]. 
The data were then normalized to the sums (MODG + 
lyso-MGDG) and (DGDG + lyso-DGDG) and ex- 
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pressed as plots of percentage of initiai MGDG (or 
DGDG) content versus hydrolysis time. 

Preparation of t4C-labelled envelopes 
Purified envelopes were prepared from intact 

spinach chloroplasts essentially as described by Ng;~yen 
and Siegenthaler [24]. Labelling of envelope mem- 
branes was carried out in 2 ml or a medium containing 
360 mM sor bitol/10 mM MgC[2/10 mM Tricine-KOH 
(pH 7.8)/70.1 mM UDP-[U-t4C]galactose (864 
MBq/mmol)  and envelopes (1 mg protein/ml),  and 
incubated at 2.5~C for 90 rain. Membranes were then 
washed twice in 3ft ml of medium E (without in- 
hibitors) by peileti,-.g the material at 90000 × g for 60 
min. Labelled env,:iopes (about 24.7 kBq of lipid ra- 
dioactivity per mg protein) were stored in 20 mM 
Mops-KOH (pH 7.5)/50% glycerol at -20°C. 

Other techmques 
Established mcihods were used to determine 

chlorophyll [25], protein [26] and phospholipid phos- 
phorus [27]. 

R e s u l t s  

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 galactosyitransferase) which are considered to 
be exclusive envelope markers [1,3]. Second, if '4C- 
labelled envelope membranes are added to non- 
labelled, osmc.;ically disrupted chloroplasts, then the 
label should be completely removable from thylakoids. 
This second criterion is more demanding than the first 
one, which would be partly invalidated if thylakoids 
were to display any endot;enou~ 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 
>__ 99% of the envelope material initially present. We 
noticed however that the en,,elope 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. 

Seoarate experiments with isolated, fluorescamine- 
tagged envelopes showed that low density Percoli cush- 
ions were able to retain (or to float) envelopes while 
still allowing a 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 
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Fig. l. Progress of the purification of thylakoid membranes, assessed 
by the residual amount of MGDG synthase activity (criterion t; I I )  
and by the residuai amount of prelabelled envelope membranes 
added to non-labelled, disrupted chloroplasts (criterion 2; e). When 
required (criterion 2), UDP-[U-14C]galactose-labelled eiwelope 
membranes (200-31)0 pg  protein, corresponding to 1.6-2.4 kBq of 
MGDG and 1.3-2.0 kBq of DGDG radioactivity) were added to 
o~motically disrupted chloroplast.,; (3.75 mg chlorophyll). After hav- 
ing restored isotonic conditions, an aliquot was taken for direct lipid 
extraction of thylakoid membranes or for galactolipid synthesis (step 
0). The remaining Ihylakoid merabrancs were spun do.un (step l) and 
further purified by repeated centrifugaiions lhr ~ugh 5 (or 10)% 
Percoll cushions (steps 2-6) {see Me, terial and Methods). At each 
step, representative aliquots were taken for direct lipid extraction of 
thylakoid membranes or for galactolipid synthesis. Galactolipid syn- 
thesis was carried out in I ml medium A containing chloroplast 
membranes (about 150 #g chlorophyll) and 0.l mM UDP.[U- 
14C]galactose t'-Y0.9 MBq/mmol) at 25°C during 3f~ rain. Liplds were 
extracted [28l and separated by TLC on silicagel plates developed in 
CHCI3/C|I ;OH/25% NH3/H20 (65:35:3:2, v/v). The MGDG 
and DGDG radioactivity was normalized lo chlorcphyll or to phos- 
phalidylgiycerol cumcnt, bolh methods giving similar results. The 
MGDG synth~s'J ac:~:':.ty ~;;. s;cp ~ ~,a~ between 55 and 65 nmol 

MGDG/mg chlorophyll per h ( - 100%). 

(Fig. 1). A simple differential centrifug~tion (step 1) 
removed 95% of the added envelope material and 
more than 80% of the MGDG synthase activity initially 
present in disrupted chloroplasts. Such result~ were 
routinely obtained provided that isotonk; conditions 
(-~ 300 mM sorbitol) were restored within 1 to 2 rain 
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 Pcrcoli 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 5:0.02 
(n = 3) in purified thylakoid membranes (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-['+C]galactose. 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 molecdles synthesized at the inner enve- 
lope level were thus recovered in thylakoids. At 25"C, 
this linearity was obeyed up to about 40 rain of synthe- 
sis. Longer incubation times (up to 90 rain) 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 rain of synthesis at 5°C, 
labell~.d gzlactolipids were easily detectable in purified 
thylakoids. As shown in Fig. 2B, the export and ~,nthe- 
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 250C (Table !). Imerestingly, 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 o~ly 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 membranes (Table I), 

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

Synthesis of" g,dh,ctotipidv in intact clduroplasts and their (~port from 
inner enrelope nu'~;brane to d~ylakoids at two different inrl+bation 
tetllperalfteres 

The "total S' corresponds to the amount el radioactivity incorporated 
in chlo,oolast galactolipids (MGDG + DGDG + tti- + tetragalaetos~l- 
diacylglyce;ol). The 'total E' ct;rresponds to the amou.! of radioac- 
tivity incorporated in <hylakoid galac~,~F,+d,;. 

5°C ~°C 

MGDG MGDG DGDG 
(n = 3) (n = 8) (n = 3) 

Units: nmol pcecursor/mg chlorophyll per h 
Synthesis (S) rate 5.3 ~- 0.4 37. t ~ 9.7 1.4 ++ {1.4 
'Export (E) rate 2.5=1:0.5 22.0±5.3 0.4± 0.1 

Units: percent 
Synthesis (% of total S) 74,8 + 3.5 79.4+5.8 1t.7+ 1.1 
Export (% of total E) 82.8±5.2 93.2:t-3.1 5.3+ 2.5 
Export (% of S) 47.7+6.1 56.i ±5.3 23.8± 13.6 

galactolipids belonging to the outer monolayer were 
hydrolyzed, By measuring either the mass (galactose 
assay) or the radioactivity content of both galacte, lipids 
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 nf mass, the MGDG content of 
thylakoids rapid'.y decreased to an equilibrium value at 
about 35% wh,:reas the amount of lyso-MGDG reached 
a plateau at 65%. However, the amount of radioactivity 
associated with MGLX3 was fully stabilized already 
when 50% of the initial 1abel content of MGDG had 
been converted into its lyso-derivat,.'ve. On the other 
hand, clo.,~ely ovcr'apping curves were obtained when 
both mass and label were measured in DGDG and its 
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Fig. 2. (A) The deper.dcnc¢ of MGDG export from inner envelope membrane to tnylakoids ca MGDG ~'nthcsis in inlat, chloroplasts. Each data 
point corresponds to a single ex¢~eriment carried ~,ul for different synthesis lime periods (ranging from 5 to 40 rain) at ~?'C ( * ) or at 25°C (I). (B) 

The corre.,.~ ading relation between the export tale and the synthesis tale of MGDG. Chl = chlorophyll. 
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Fig. 3. Decrease in MGDG ( - - )  and parallel increase in lyso- 
MGDG ( . . . .  ) in thylakoid membranes treated by the lipase of 
PJ'.~pus arrhiz,s under mm-lyl[c conditions. The lipid mass (e) and 
the radioactivity amoun! (*) 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 lime in 

the presence of the lipase. 

iyso-derivat ive du r ing  the lipolytic t r e a t m e n t  (Fig.  4). 
In this case ,  the  p l a t e a u  was  o b t a i n e d  when  the  co~ver -  
sion ex ten t  r e a c h e d  15%. 

T h e  t r a n s m e m b r a n e  d is t r ibu t ions  o f  m a s s  ar, d label  
for  b o t h  M G D G  and  D G D G  were  de r ived  f r o m  saint- 
log p lo ts  o f  the  da ta  of  Figs. 3 a n d  4 by ex t r apo la t ion  to 
ze ro  t ime  o f  the  equi l ib r ium phase ,  as p rev ious ly  de-  
scr ibed [11,13-15]  and  the resul ts  a re  d e p i c t e d  in T a b l e  
11. T h e  o u t e r  m o n o l a y e r  a c c o u n t e d  for  64% o f  the  

M G D G  and  15% of  the  D G D G  con ten t  o f  thylakoids .  
In con t ras t  with this a s y m m e t r y ,  the , e w l y  syn thes ized  
M G D G  molecu le s  w e r e  a lways i n t eg ra t ed  into thy- 
lakoid m e m b r a n e s  in a fully symmet r i ca l  way (50% 

outs ide  : 5 0 %  inside),  r ega rd l e s s  o f  the  t e m p e r a t u r e  at  
which synthesis  a n d  expor t  o f  ga lac to l ip ids  o c c u r r e d  in 
intact  chloroplas ts .  Th i s  d i sc repancy  b e t w e e n  mass  a n d  
label  d i s t r ibu t ions  o f  M G D G  resu l ted  in a m a r k e d  
d i f fe rence  b e t w e e n  the  specif ic  l adioact ivi ty  o f  the 
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Fig. 4. Decrease in DGDG ( ~ )  an~ parallel increase in lyso- 
DGDG ( . . . .  ) in thylakoid membranes trealed by Ihe lipase of 
Rllizopus arrhizus under non+lyric conditions. The symbols and lhe 

experimental conditions are those of Fig. 3. 
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TABLE II 

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

Intact chloroplasts were incubated with UDP-[ 14C]gaiactose for vari- 
ous time periods ranging from 5 to qO rain at either 5°C or 250C. 
Thylakoid membranes were then purified and submiued to the 
lip,~lytie treatment described in Material and Methods. The specific 
radioactivity of a given galactolipid in the outer (o) or inner (i) 
monolayer was calcutaled as: ( L x 1(,,.0)/( M × m,,.i )) where L = tolal 
amounl of lipid radioactivity in lhylakoid membranes (dpm/mg 
chlorophyll); M= tolal amount of lipid in lhylakoid membranes 
(nmol/mg chlorophyll); tie,/i) and (m,,, mi)= fractions of L, re- 
spectively, of M, attributable Io the outer or the inner monolayer of 
lhylakoid membranes. 

5°C 25°C 

MGDG MGDG DGDG 
(n = 3) (n = S) (n = 3) 

Units: reel% outer: mol% inner 
Mass asymmetry 65:35(+2) 64:36(+2) 15:85(:!:2) 
Label asymmetry 50:50(+2) 49:51 (-I- 1.5) 14:86 (=l: I) 

Specific radioactivity 
ralio (outer/inner) 0.564:1:0.045 0.537 + 0.031 0.963 + 0.053 

o u t e r  a n d  inne r  M G D G  pools .  O n  the  o t h e r  hand ,  
t he r c  was  no  d i f f e r ence  b e t w e e n  the  m a s s  a n d  the  

label  d i s t r ibu t ions  o f  D G D G  ove r  the  whole  r a n g e  o f  
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Fig. 5. Hydrolysis kinetics of galactolipids in isolated, UDP- 
[!~C]ga[u¢;u:~.v-pruiabcflcd cnvctopc.~ "L~¢a'l~O by tit=: ilpa~e of Riuzo- 
pus arrhizus. Labelled envelopes (295/~g protein, corresponding to 
2.J4 kBq at MGDG and 1.90 kBq of DGDG radioactivity) were 
resuspended in 3 ml of medium F containing also non-labelled 
thylakoid membranes (0.5 mg chlorophyll/mD in order lo reproduce 
the conditions under which the lipulytic treatme=;t of labelled th- 
ylakoids (see Figs. 3 and 4) was carried out. The mixture was 
supplemented with 4 r~M UDP and 50 #M HMBA so a~ to block 
galactosyllransferase activities [21]. In separate experiments, we have 
ase,:rtained that UDP (tested up to 5 raM) and HMBA (up to 250 
p.[~) did not inhibit the lipas¢ activity. The lipast was then added 
(100 units/ml) and the suspension was incubated at O°C. The hydrol- 
ysis was followed by measuring the change in the radioactivity 
~ontent of MGDG to) and of DODG (*) as described in Materials 
and Methods. l'he results presented are the average of two experi- 
ments ( +  S.D.). Similar results were oblatned when thylakoids were 

omitted from lh~ envelope suspension. 
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T A B L E  III 

Effect of u con'amhJati~,n of thylakoid membram's by a residual lr,~ or 
5% of the origina! enrelope amount on the ~.ahws of the transmem- 
brahe rmlioactirity ratios for MGDG attd DGDG 

F~'action or parameter Radioactivity (dpm)  Asymmet~ 

MGDG ISGDG MGDG DGDG 

Intact chloroplasts" 355 292 4515 ! - - 
Thylakoids ,,.h 196103 14342 - - 
Removed envelopes " "  159189 3(18tl~ - - 
Measured label ratio a - - 49:51 14:86 

I% conlamination level ('rem(wed envelopes' represent 99r.; ): 
i % envelopes 16118 311 - - 
Thylakoids (corrected) 194495 14031 - - 
Corrected label ratio ~ - - 49.1 : 51).9 14.3 : 85.7 

5cA conlamination level (' removed envelopes' represent 95%): 
5% envelopes 8 378 i 622 - - 
Thylakoids (corrected) 187725 127211 - - 
Corrected label ratio ~ - 49.6:50.4 15.8:84.2 

;' Radioaclivily data are taken from ;t typical cxpcrintent and are 
expressed on the basis o f  I mg ch lorophy l l .  

~' Including I% or 5% resi,iua} contaminating envelopes. 
¢ The radioactivity of the 'Removed envelopes" is obtained by subtract- 

ing the 'Thylakoids* radioactivity v~lue from the 'Intact chloroplasts' 
value. 

a Taken from Table II: each ratio is given as (tool% outside): (mol% 
inside). 
The corrected label ratio was calculated using the fact that 35% of 
the MGDG and 1}¢,~ of the DGDG content ,~f contaminating en- 
velopes was degraded {see text and Fig. 5). Exampb, of cJdculation: 
for I% contamination level, the removed envelopes (99%) contain 
159189 dpm in MGDG. Accordingly. I% contaminating envelopes 
corresponds to 15t~189/(~ = 1601~ dpm in MGDG. Therefore, the 
radioactivity as,,u,)ciated with the thylakoidal MGDG corresponds to 
196 103-16(18 = 194 495 dpm. Thus. the relative MGDG amount R, 
(tool%) assignable to the outer thylak~.~d monolayer is given from: 
(RI] x 194 495) = (49 × 19~ 103)- (35 × 16(181, and one finds R. = 49. I 
rnol%. 

incubation conditions tested, so that the specific ra- 
dioactivity ratio of  outer  to innc.l D G D G  remained 
close to unity (Table li). 

Control experiments were also carried out to assess 
the pgssiblc influence of  contaminating (labelled) en- 
velopes - even in low amounts - on the value of  the 
transmembrane ratios /or M O D G  and D G D G  in th- 
ylakoids. To this end, we have investigated the hydro- 
lytic 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  
M G D G  effectively occurred, although at a slower rate 
than in thylakoids (compare with Fig. 3). After  25 rain 
of incubation at 0*C, only 35% of the initial M G D G  
radioactivity of  isolated envelopes was converted into 
lyso .MGDG radioactivity whereas D G D G  was not hy. 
drolyzed under these conditions (Fig. 5). Under  our  
conditi':~,~, it can be calculated that the specific ra- 

dioacOvity of galactolipids is IO-times higher in en- 
ve!opes than in thylakoids. A small amount of contami- 
nating envelopes in the thylakoid fraction ceuld thus 
be expected to bias e the transmembrane distribution of  
labelled galactolipids in thylakoid membranes, 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 ! % or 5% of 
the original envelope amount would affect the value of  
the transmembrane radioactivity ratios for M G D G  and 
D G D G  reported in Table I!. The result of  such calcu- 
lations is shown in Table I!1. It can be seen that the 
presence of  contaminating envelope material in the 
thylakoid fraction has no influence on the label asym- 
metry ratio of both M G D G  and DGDG,  pr,widcd that 
the contamination level does not exceed 5%. At higher 
levels (e.g. >_ 10%), the corrected D G D G  label ratio 
begins to deviate significantly from the measured one, 
whereas the M G D G  label ratio remains e~sentially 
unchanged (not shown). We routinely worked at a 
contaminating level of  1% or lower (Fig. 1), which not 
only prevented such b l a n d  estimations to be made 
(Table !!1), but also conferred a high degree of  reliabil- 
ity to our  results, 

D i s c u s s i o n  

in this articge, we have addressed the question of  
the galactolipid export between the envelope and the 
lhylakoid network of  intact chloroplasts. Here,  we are 
mainly concerned with the dc~ript ion of  our experi- 
mental approach of  the proble:n and with its valida- 
tion. We have therefore deliberately ~ .  aside the more 
physiological aspects of this woblcm (using plants o f  
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-[~4C]galactose and to allow them to 
synthesize their own galactolipids (mostly hcxaene 
ino|ccuiar species) through the galactosyi transferase 
activities of  the envelope [29]; (b) to allow the newly 
made galactolipids to be transferred in organello from 
their site o f  synthesis (the envelope) to their final 
destination (the thylakoid membrane);  and (c) to allow 
the newly made galactolipid molecules, now in~r ted  
into the thylakoid membrane,  to be redistributed (or 
not) between its outer  and inner monolayers. 

P~¢rification o f  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 export 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 
indicate 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 membranes. In addition, the very low 
amount of radioactivity left in purified thylakoids indi- 
cates that spontaneous exchange of (labelled) galac- 
tolipid 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 with,.'n the 
intact plastid. 

Galactolipid export: quantitative aspects 
We can now consider galactolipid export as ac~'ount- 

ing for about 99% of the label found in purified 
thylakoids. This lipid transfer presents three n,'ain 
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-[3H]galactose to intact 
plastids. However, the purity of the thylakoid fraction 
was not rigorously assessed by these authors [10] and 
the contribution of contaminating envelopes was prob- 
ably not marginal (see also Ref. 9). 

Secondly, the transfer is a contin'-,ous process and, 
at a g2ven 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 relation between 
M~DG %~n*.hesis an~ export as well as be.tween 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 
steadil? in the intact pia~tid, a constant percentage of 
the z.~ewly 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- 
w.lopes. Bertrams et al. [10] worked with a ratio of 
0.019 nmol UDP-galactose/mg chlorophyll, which is 
clearly limitating. In th,~ present work, we have used a 
much higher (about 1800-fold) ratio of 33.5 nmoi 
UDP-galactose/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 rain at 25°0, 
as indicated by our observation that MGDG synthesis 
was progressively levelled off whereas MGDG export 
was not affc.~ted (results not shown). We interpret 
therefore the data of Fig. 2 and Table ! as suggesting 
the occurrence of a continuous flow of galactolipid 
molecules from envelopes to thylakoids. At the rates 
reported in Table !, this flow could have completely 
renewed the average MGDG content of thylakoid 
membranes (about 1300 nmoles/mg chlorophylD in 22 
days at 5°C and in 2½ days at 25°C. These values can be 
instructively compared with the 6-12 h half-life of the 
thylakoidai 32 kDa herbicide-binding polyp¢ptide [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 expc,:t of the 
non-bilayer forming MGDG (compare lines 3 and 4 in 
Table !). 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 to~al 
label incorporated in chloroplast lipids; calculated from 
Table I, line 3), ar- not exportable. This class selectiv- 
ity in galactolipid export raises the ques'~ion of how the 
relative proportions of these lipids in thylakoid mem- 
branes (MGDG, 55 reel%; DGDG, 27 mol%) can be 
maintained in the long term. One may envis~ge that a 
backflow of lipids of the same quantitative importance 
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 proce~ cannot be 
achieved by the formation of vesicles buading off from 
the inner envelope membrane. Indeed, such vesicles 
should have the same lipid composition as the inner 
envelope, e:~cept if they derive from specialized regions 
ehighly 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 chloroplasts from young 
leaves, but hardly ia mature plastids from fully devel- 
oped leaves [33]. 

Galactolipid sidedness in thylakoM membranes 
The use of lipolytic enzymes to determine the trans- 

bilayer distribution of lipids in thylakoid membranes as 
well as the validity of this technique 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 newly 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 (s~:e 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 ~asted about 45 rain. 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 uncontrollable rearrangments of labelled 
galaetolipios across the thylakoid membrane. 

The horizontal plateaus of the hydrolysis curves 
(Figs. 3 and 4) demonstrate that, in terms of mass, 
galaetolipid degradation stopped completely when 64% 
of the MGDG and 15% of the DGDG content of 
thylakoids was removed, that is, when the outer mono- 
layer of thylakoid membranes was depleted of all its 
galactolipid mo!ecules [11-15]. The flatness of these 
plateaus also indicates that the residual galaetolipids - 
which are assigned to the bmer monolayer - remained 
in place and therefore did not undergo any outward 
transbilayer movement under our experimental condi- 
tions. The same remarks apply, mutatis 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 galae- 
tolipid molecules do not form segrega:ed pools of 
altered accessibility to the lipase, but rather dilute 
rapidly and homogeneously into the bulk of membrane 
galactolipids. 

Galactolipid export: the possible mechanisms 
We have already dismissed lhe 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 inn-~ 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 natur¢~ and therefore a 
reversible event. Moreover, the lifetime of the transi- 
tory fused structure should be long enough (e.g. of the 
order of 10 -3 s) to allow a sizable diffusional flow of 
(galacto)lipid molecules between membranes via the 
fusion locus [16], but also short enough to account for 
the rather scarce evidence for such structures obtained 
from electron microscopy [33] or inferred from 
metabolic studies [34]. The similar acyl lipid composi- 
tion of both inner envelope aad thylakoid membranes 
[35], ~ile low hydration capability of MGDG and DGDG 
[36], the abundance el  the H a 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 facilitate membrane 
apposition, aggregation, destabilization and fusion [37]. 
Depending on whether the fusion process connects the 
inner envelope to the zhylakoid 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 result. 
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 selectivity exhibited by the transfer process (Table 
!) 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 (galactotipid synthesis) as well as for 
purified thylakoids (galactolipid export), which was not 
the case (Table !). 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/DGUG label ratios be the same in 
the stroma-facing monolayer of the inner envelope 
membrane and in the whole thylakoid membrane, ex- 
cept if the lateral diffusion rates of these two lipids 
differ markedly. 

The second mechanism involves the I;,,rticipation 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 soluble 30 kDa protein able to 
transfer (spin-labelled) MGDG molecules in a donor/ 
accepter vesicle s3'stem [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/rag chlorophyll [41], a specific 
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transfer activity of about 9.6 /tmol MGDG (rag pro- 
tein) - t  h - '  can be d~':[¢ed from Table I. This value, 
similar to that determined for a spinach leaf phospho- 
lipid transfer protein [42], may thus reflect mainte- 
nance and turnover processes occurring within the 
intact plastid. 

At this stage, the two proposed mechanisms can 
only explain the galactolipid export and its class sele~:- 
tivity (Table I). They cannot, however, account for the 
three following facts: (a) labelled gaiactolipids can be 
found in the inner monolayer of thylakoid membranes 
as early as their presence can be detected in whole 
thylakcids; (b) tlte transmembranc label ratios for 
MGDG and DGDG are constant over the whole range 
of incubation conditions tegtcd (from 5 rain at 5°C to 
90 rain at 25°C); (c) the mass and label asymmetry 
ratios for MGDG are different whereas they are simi- 
lar for DGDG (Figs. 3 and 4; Table ID. This issue can 
be solved for both mechanisms together if one postu- 
lates the occurrence of inwardly directed galactolipid 
translocating activities in thylakoid m~,mbranes. These 
activities should be triggered as soon as galactolipld 
molecules penetrate into the outer monolayer and con- 
trolled in such a way as to reorient the newly inserted 
galactolipids according to their respective label asym- 
metry ratios, independently of the incubation tempera- 
ture (Table 11). Such translocating activities might be 
aimed at maintaining transmembrane asymmetry, e.g. 
that of DGDC,. in addition, they might be a simple way 
to relieve the excess of internal stress caused by the 
entry of H~, phase-forming iipids (e.g. MGDG 
molecules) in the outer  m~;.-aolayer of an already frus- 
trated [371 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- 
cesses 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 a n d / o r  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 thy|akoids suggests 
that the export mechanism consists of transient and 
partial fusions between stroma-facing monolayers of 
both membranes (followed by lateral diffusion of galac- 
tolipid molecules) a n d / o r  of galactolipid ~ransport by 
soluble 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- 
tipids are rapidly redistributed across the thylakoid 
bilayer via translocating mechanisms able to maintain 
the native (mass) 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 arc 
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 
1ipid metabolism, employing several different labelled 
precursors. The outcome of these studies will be re- 
ported in a near future. 

Acknowledgements 

The authors thank the Swiss National Science Foun- 
dation for the financial support provided (grant No. 
31.26-;[36.89 to P.b,.S./A.R.).  

References 

I Doucc, R. (1974) Science 183, 852-853, 
2 Hcemskcrk, J.W.M,. 51o~, T.. Scnmidt. R.R. and Heinz, E. 

(1990) Plant Physiol. 93, 1286-1294. 
3 Douc¢. R. and Joyard. J. (19~14) in Chlt~r,,,plast i~iugcncsis (Baker, 

N.R. and Barber, J., eds). pp. 7~ -I?'. Elsevier, Amsterdam. 
4 Joyard, J. and Doucc, R, (Iq87) in I'hc Biochemistry of Plnnts. 

Vol. ~) (Sturnpf. P.K,, cd.). pp. 215-27,:, Academic Press. Or- 
lando. 

5 liecmskerk, J.W.H. and Wintcrmans. LF.G.M. (10g?) Physiol. 
Plant. 7lL 558-568. 

6 Joyard. J.. Block, M.A. and Douce, R. (1991) Eur. L Biochem. 
199, 489-509. 

7 Dome. A.J.. Joyard, J. and Douce, R. (1990) Proe. Natl. Acad. 
Sci. USA 87. 71-74. 

8 Williams, J.P., Simpson, E.E. and Chapman. DJ.  (1979j Plant 
Physiol. 63, 669-673. 

9 Joyard, J., Douce, R., Siebcrtz, H.P. and Heinz, E. (1981~) Fur, J, 
Biochcm. 108, 171-176. 

10 Bcrtrams, M., Wragc, K. and Heinz, E, (1981) Z. Natur[orsch. 
36c, 62-70. 

11 Rawyler, A, and Siegenthater. P.A. (1985) Biochim. Biophys. 
Ac:a 815.287-298. 

12 Rawyler, A., Uniu, M.D., Giroud. C., Davies, H., Mayor, LP., 
Harwtx~d. J.L. and Siegenthaler, P.A. (1987) Photosynthesis Res. 
11.3-13. 

13 Giroud. C. and Siegemha~er. P.A, (1988) Plant Physiol. 88, 412- 
417. 

14 Sicgenthalcr. P.A., Salter J. ~nd Rawylcr, A. (1988) FEBS LcU. 
228, 94-98. 

15 Rawyler, A. and Siegcnthatcr. P.A. (1989) Bioehim. Biophys. 
Acta 975,283-292. 

J6 Siegel, D.P. (|986) Biophys. J. 49, 117I-1|83. 
17 Siegentha;er, P.A., Rawyler. A. and Smutny, L (1989) Biochim. 

Biophys. Acta 975. 11t4-11 I, 
18 Muurioux, G. and Donee, R. (1981) Phmt Physiol. 67, 470-473. 
1 t) Lilley. R.Mc., Fitzgerald. M.P., Ricnits, K.G. and Walker. D.A. 

(1975) New Phytol, 75, i-t0. 
20 Mills, J.R. and Joy, K.W. (1980) Planta 148, 75-83. 



21 I~]eemskerk, J.W.M.. Jacobs, F.H.H.. Scheijen. M.AM.. Helsper. 
J.P.F.G. and Wintermans, J.F.G.M. (1987~ Biochim, Biophys. 
Acta 918, 189-203, 

22 Hara, A. and Radin. N.S. (1978) Anal. B[echem, 90. 420-426. 
23 Roughan, P.G. and Batt, R.D. (1968) Anal. Biochem. 22, 74-88. 
24 Nguyen, T.D. and Siegenthaler, P.A. (t983) FEBS Left. 164, 

67-70. 
25 Bruinsma, J. (1961) Biochim. Biophys. Acta 53, 576-578. 
26 Mark-well. M.A.I~., Haas. S.M., Bieber. L.L. and Telbert, N.E. 

(1978) Anal. Biochem. 87. 206-210. 
27 Rouser, G,, Fleischer, S. and Yamamoto, A. (1970) Lipids 5, 

494-496. 
28 Bligh, E,G. and Dyer, W.J. 0959) Can. J. Biochem. Physiol. 37, 

911-917. 
29 Heemskerk, J.W.M., B~igemal,n, G., Helsper, J.P.F.G. and Win- 

termans, J.F.G.M. (!9~8) Plant Physiol. 86, 971-977. 
30 Haas, R., Siebertz, H~?., Wrage, K. and Heinz. E. (1980) Planta 

148, 238-244. 
31 Mat~oo. A.K. and Edelman. H. (1987) Proc. Natl. Acad. Sci. USA 

84, 1497-1501. 
32 Sprague. S. and Staehelin. L.A. (I984) Biochim. Biophys. Acta 

777, 306-322. 

341 

33 Carde..[.P., Joyard, J. and Douce, R. (1g[42) BioL Cell 44, 
315-324. 

34 Heber. U. and Heldt, H.W. (1981) Annu. Roy. Plant Physiol. 32, 
139-168. 

35 Douc~, R. and Joyard, J. (1990) Annu. Roy. Cctl [liol. 6, ]73-3'16. 
36 Shiph:y, G.G., Green, J.P. and Nicht@~. B.W. (1973) Biochim. 

Biophys. Acta 311,531-544. 
37 Seddon, J,~A. (1990) Biochim. Biophys. Acta 1031, I-fi9 
38 Joyard, ~.. Orossman, A.R., Bartlett, S.(}., Douce. R, and Uhua. 

N.-H. (1982)J. Bif~l. Chem. 257. 1095-1 !(|1. 
39 Siegenthaler. P.A. and DumonL N. (19~D Plant Cell Physk,t. 31, 

110i- 1108. 
40 Nishida, i. and Yamada, M. ('985) Biochim. Bi:~phys. Acta 813. 

298-306. 
41 Joyard, J. and Douce, R. (1976) Physiol. V~g. 14, 31-4~. 
42 Kader, J,C.. Julienne, H. at,d Vergnolle, C. (1984) Eur. J. 

Biochem. 139. 411-416. 
43 Simbeni. R., Paltauf. F. and Daum, G. (1990) .I. 13iot. Chem. 265, 

281-285. 


