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Abstract. Outer envelope membranes were isolated from 
purified chloroplasts of pea leaves. The sidedness of the 
vesicles was analyzed by (i) aqueous polymer-two phase 
partitioning, (ii) the effect of limited proteolysis on the 
outer-envelope proteins (OEP) 86 and OEP 7 in intact 
organelles and isolated membranes, (iii) fluorescence- 
microscopy and finally (iv) binding of precursor polypep- 
tides to isolated outer-membrane vesicles. The results 
demonstrate that purified outer envelope membranes 
occur largely (> 90%) as right-side-out vesicles. 
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Introduction 

The purification and separation of inner and outer en- 
velope membranes from chloroplasts (Cline et al. 1981; 
Block et al. 1983a) made it possible to assign specific 
functions to each membrane fraction (for a review, see 
Douce et al. 1984). The inner envelope membrane is 
active in, for example, galactolipid (Block et al. 1983b) 
and prenyllipid metabolism (Soll 1987) as well as in the 
transport of low-molecular-weight substances via specific 
carrier proteins, e.g. the phosphate-triosephosphate 
translocator (Fltigge and Heldt 1981). The outer en- 
velope membrane is in contact with the cytoplasm and 
one of its prominent functions is the recognition of nu- 
clear-encoded precursor proteins destined for the chloro- 
plast (Keegstra et al. 1989). Receptor-mediated binding 
of biomolecules or transport events are best studied with 
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Abbreviations: FITC=fluorescein isothiocyanate ; IEP=inner-en- 
velope protein; OEP = outer-envelope protein; pSSU = precursor 
form of the small subunit of  ribulose bisphosphate carboxylase- 
oxygenase; SDS-PAGE=sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis 

membrane vesicles of known orientation, i.e. right-side- 
out or inside-out. The availability of outer-envelope 
membrane vesicles with known orientation also allows 
studies on the arrangement of polypeptide constituents 
of this membrane. 

In this study we report that outer envelope mem- 
branes, isolated as in Keegstra and Youssif (1986) occur 
as fight-side-out vesicles, i.e. the cytosolic side of the 
membrane is exposed at the surface of the vesicle. 

Material and methods 

Purification of chloroplast outer envelope membranes. Chloroplasts 
were purified from the leaves of two-weak-old pea (Pisum sativum 
L., cv. Golf, Bayerische Futtersaatbau, M/inchen, FRG) plants 
grown in the field by standard procedures (Nakatani and Barber 
1977). Percoll-purified organelles equivalent to 150 mg of chlorophyll 
(Chl; Arnon 1949) were treated hypertonically in 0.65 M sucrose, 
10 mM N-[tris(hydroxymethyl)-methyl]-glycine (Tricine)-KOH 
(pH 7.9) for 10 min on ice (final Chl concentration about 2 
mg �9 ml -  1). Chloroplasts were ruptured by 30 strokes in a dounce 
homogenizer (Kontes Instr., Vineland, N.Y., USA) with a tight- 
fitting pestle (Keegstra and Youssif 1986). The solution was diluted 
twofold by 10 mM Tricine-KOH (pH 7.9) and the majority of 
unbroken chloroplasts and thylakoids removed by a low-speed 
centrifugation (6250 "g, 10 rain). The greenish supernatant was 
recovered and, after another twofold dilution, a crude envelope 
pellet was obtained by centrifugation at 150 000"9 for 1 h. The 
viscous upper layer of the pellet, consisting mostly of outer mem- 
branes, was recovered separately. The final pellet was resuspended 
in 10 mM Tricine (pH 7.9). Both suspensions were layered on top 
of discontinuous sucrose density gradients consisting of 10 ml each 
of 0.996 M, 0.8 M and 0.4 M sucrose in 10 mM Tricine (pH 7.9). 
After centrifugation for 16 h at 125 000 �9 g, separated membranes 
were recovered from the gradient, diluted fourfold and pelleted for 
90 min at 125 000"9. Membranes were resuspended at a protein 
concentration of 5 mg.  m1-1 (Lowry et al. 1951) and stored in 
liquid N 2. About ten preparations were pooled and purified again 
on continuous sucrose density gradients (0.6-1.2 M sucrose; 2 mM 
EDTA; 10 mM Na3PO4, pH 7.4; 125 000 �9 g for 16 h). The gradient 
was fractionated manually from the top. Membranes were re- 
covered after fourfold dilution by centrifugation as above and 
stored in liquid N2. 
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Protease treatment. Intact purified chloroplasts were treated with 
thermolysin (Boehringer, Mannheim, FRG) at 200 lag- (mg Chl)- 1 
for 30 rain on ice (Cline et al. 1984). The reaction was stopped by 
the addition of excess EDTA. Intact organdies were repurified 
through Percoll gradients. Envelope membranes were purified from 
these organelles as above. Envelope membranes were treated with 
thermolysin at 0.1 lag thermolysin �9 lag-1 membrane protein for 20 
min on ice. The reaction was terminated as above and membranes 
recovered by centrifugation (250 000" g, 20 min). 

Immunological analysis. Antibodies were raised in rabbits against a 
synthetic peptide, identical to the C-terminal 15 amino acids of OEP 
7 (Salomon et al. 1990). The peptide was coupled to rabbit serum 
albumin by glutaraldehyde prior to immunisation of the rabbit 
(Harlow and Lane 1988, pp. 77-79). Agglutination of intact chloro- 
plasts by antibodies directed against the C-terminus of OEP 7 was 
done in 330 mM sorbitol, 50 mM 4-(2-hydroxyethyl)-l-piperazine 
ethanesulfonic acid (Hepes)-KOH (pH 7.6) (buffer A) at 100 lag 
Chl - ml - ~ for 5 min at 25 ~ C (Joyard et al. 1983). In some cases the 
antibody solution was pretreated with a synthetic peptide (25 lag) 
identical to the C-terminus of OEP 7. 

Immunfluorescence labelling of intact organelles with OEP 7-pep- 
tide-specific antibodies was done as in Joyard et al. (1983). Intact 
chloroplasts were incubated in 1 ml buffer A and 2 lal antiserum at 
a final Chl concentration of 0.1 rag-mt-1 for 30 rain on ice. 
Chloroplasts were recovered by centrifugation and washed twice in 
buffer A. Fluorescein isothiocyanate (FITC)-labelled secondary 
antibodies (Sigma Chemicals, Mfinchen, FRG) were incubated with 
the washed organelles for 30 rain on ice in buffer A with the addition 
of 2.3% (w/v) 1,4-diazabicyclooctan (DABCO). Chloroplasts were 
recovered by centrifugation and washed twice in buffer A/2.3% 
DABCO. The organeHes were resuspended in 10 l.tl buffer A/2.3% 
DABCO. Microscopy was done using a Zeiss Photomicroscope III 
equipped with a special FITC-filter set (Nr. 487709, Zeiss, Ober- 
kochen, FRG) supplemented with a red-free filter (KP 560) in order 
to suppress autofluorescence of the chloroplasts. 

Western-blot analysis was carried out as described by Towbin 
et al. (1979). 

sent tubes I-3 in Fig. 1A, respectively. Both phases of each 
tube were diluted twofold in Na3PO4 buffer, 5 mM MgClz and 
membranes recovered by centrifugation (250 000" g, 20 min). Mem- 
branes were resuspended in Na3PO4 buffer and used for further 
analysis. 
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Precursor binding. The precursor form (PSSU) of the small subunit 
of ribulose bisphosphate carboxylase-oxygenase (EC4.1.1.39) was 
used. The protein was synthesized in an in vitro transcription- 
translation system in the presence of [35S]methionine (Salomon et 
al. 1990). The cDNA clone used is described in Lubben and Keeg- 
stra (t986). Binding ofpSSU was carried out at 100 laM ATP, 3 mM 
MgC12 in buffer A for 10 min at room temperature using 10 lag of 
envelope protein. Membranes were recovered by centrifugation and 
washed once (Waegemann and Soil 1991) prior to sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 
1970) and fluorography (Bonner and Laskey 1974). 

Phase-partitioning o f  outer envelope membranes (Albertsson et al. 
1982). Phase-partitioning was carried out in 6% (w/w) dextran 
(T500; Pharmacia, Uppsala, Sweden), 6 % (w/w) polyethylene glycol 
(PEG 3350; Union Carbide, New York, USA) in the presence of 
5 mM NaC1, 20 mM sucrose and 10 mM NaaPO4 buffer (pH 7.6). 
The mixture was cooled to 3--4 ~ C before envelope membranes 
(270 tag) were added in 100 lal NaaPO4 buffer (pH 7.4). The final size 
of the transfer system was 2.5 g. The slurry was vortexed for 20 s 
and subsequently centrifuged for 45 s at 660 �9 g in a swinging-bucket 
rotor to obtain phase separation (partition I). Top and bottom 
phases were transferred separately to new bottom (A) and top (B) 
phases, respectively, mixed and centrifuged as above (partition IIA, 
IIB). Then the upper phase from IIA was moved to a fresh bottom 
phase (partition IIIA) and the bottom phase from IIB received a 
fresh upper phase (partition IIIB). The top phase from IIB was 
transferred to the bottom phase from IIA (partition IIlC). The three 
phase-systems were treated as above. The partitions IIIA-C repre- 

Fig. 1A, B. The behaviour of the outer envelope of pea chloroplasts 
in an aqueous two phase-system after two transfer-reactions. A The 
contents of tubes 1-3 were collected by centrifugation and the 
protein contents ([]) estimated by the method of Lowry et al. (1951). 
As a comparison the theoretical distribution of a homogeneous 
suspension following a 6:4 (top: bottom) distribution (m) is shown. 
B Outer envelope membranes recovered from the top or bottom 
phase of tube 3 were phosphorylated by T-[32p]ATP (lanes 1, 2, 
respectively). Aliquots of each of these membranes were subse- 
quently treated with thermolysin for 1 min (lanes 3, 4). The aster- 
isks indicate proteolytic breakdown products, the arrowheads, 32p. 
labelled polypeptides which are degraded by thermolysin. An auto- 
radiogram of proteins separated by SDS-PAGE is shown. Numbers 
on the left indicate molecular markers in kDa 
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Fig. 2A-F. The C-terminus of  OEP 7 is exposed to the cytosolic 
leaflet of the outer envelope. Experiments were carried out with 
intact chloroplasts using an antibody directed against the C-termi- 
nal 15 amino acids of OEP 7. A Agglutination of chloroplasts (1:50 
antibody dilution); B as A but in the presence of 25 ~tg synthetic 

peptide of the OEP 7 C-terminus; C as A but pre-immune serum 
was used; D immunofluorescence using the peptide-specific anti- 
body (dilution 1 : 500); E as D but  chloroplasts were treated with 
thermolysin prior to antibody labelling; F as D but  pre-immune 
serum was used 

Results 

We analysed the behaviour of outer-envelope membrane 
vesicles in an aqueous two-phase system containing poly- 
ethylene glycol and dextran. After the initial partitioning 

reaction the top and bottom phases were each subjected 
to two additional transfer reactions. The membrane ma- 
terial was enriched in tube two as determined by the 
protein content (Fig. 1A). The partitioning of envelope 
membranes between the two phases corresponded well to 
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that of  a homogeneous vesicle population (Fig. 1A), 
which follows a 6:4 ( top:bot tom)  distribution (Alberts- 
son 1971). It was not  possible to carry out more transfer 
steps because the membrane vesicles disintegrated after 
prolonged exposure to polyethylene glycol and dextran. 
Membranes recovered from either the top or bot tom 
phase showed the same polypeptide composition when 
analysed by S D S - P A G E  and silver staining of  the gel 
(data not shown). Membranes recovered from top and 
bot tom phases, respectively, were incubated in the 
presence of  7-[32P]-ATP as in Soil et al. (1989). The 
phosphorylat ion pattern of  envelope proteins was identi- 
cal in both membrane pools (Fig. 1 B, lanes 1, 2). Further- 
more, when such phosphorylated envelope membrane 
vesicles were treated with thermolysin, identical phos- 
phorylated proteolytic peptides were detected (Fig. 1B, 
lanes 3, 4). Chymotrypsin treatment of  membrane vesi- 
cles recovered from either the top or bot tom phase also 
resulted in an identical pattern of  proteolytic breakdown 
products, as determined by SDS-PAGE and silver stain- 
ing (not shown). These results (Fig. 1A, B) indicate a 
largely homogeneous composition or sidedness of  the 
isolated outer-envelope vesicles. 

To gain further information about  the sidedness of  
isolated outer-envelope vesicles we compared their 
properties to those of  outer envelopes in situ, i.e. in intact 
chloroplasts. Outer-envelope protein 7 is a marker pro- 
tein of  the outer envelope membrane (Joyard et al. 1983). 

Initial evidence indicated that the C-terminus is ex- 
posed on the cytosolic leaflet of  the outer envelope mem- 
brane (Salomon et al. 1990) and is susceptible to protease 
treatment. For  this study we raised polyclonal antibodies 
in a rabbit against a synthetic peptide identical to the 
C-terminal 15 amino acids of  OEP 7. The antiserum was 
able to recognize the C-terminal part  of  OEP 7 in intact 
chloroplasts and thus led to their agglutination (Fig. 2A). 
When the assay was carried out in the presence of  the 
synthetic C-terminal peptide of  OEP 7, agglutination of  
the chloroplasts was greatly diminished (Fig. 2B). Pre- 
immune serum was without effect (Fig. 2C). These results 
were corroborated by immunofluorescence microscopy 
using the peptide-specific antibody as primary label and 
FITC-conjugated anti-rabbit immunoglobulin G (IgG) 
as secondary label. Chloroplasts which were decorated 
with the antibodies fluoresced in bright light after in- 
cubation with FITC-labelled anti-rabbit IgG (Fig. 2D). 
Thermolysin treatment of  the intact organelles prior to 
the antibody incubation resulted in an almost complete 
loss of  the immune reactivity (Fig. 2E). When pre- 
immune serum was used in the experimental regime no 
FITC label was observed at the organellar surface (Fig. 
2F). The data demonstrate that the antigenic part i.e. the 
C-terminus of  OEP 7 was removed by the protease. 
Agglutination of  chloroplasts is not observed in these 
experiments because the antiserum is used at a 10-fold 
higher dilution. The auto fluorescence of  chloroplasts was 
suppressed by a special filter (see Mater ia l  and methods) .  
The results described above clearly establish the localiza- 
tion of  the C-terminus of  OEP 7 to the cytosolic leaflet 
of  outer envelope membranes from chloroplasts. 

Only surface-exposed polypeptides were degraded by 

Fig. 3. Thermolysin proteolytically cleaves only outer-envelope 
polypeptides but not inner ones in intact chloroplasts. Chloroplasts 
were either treated or not treated with thermolysin (Th) and then 
assayed by Western-blot analysis using antibodies against inner- 
envelope marker proteins of ll0 kDa and 29 kDa (a IEP 110, a 
IEP 29 left panel) and the outer-envelope proteins of 86 kDa and 
7 kDa (a OEP 86, a OEP 7 right panel). The asterisk marks the 
proteolytic breakdown product of OEP 86. Four separate Western 
blots are shown 

Fig. 4. Protease treatment of isolated outer envelope membranes 
yields results identical to those for intact chloroplasts. Outer en- 
velope membranes were either treated or not treated with ther- 
molysin (Th). They were subsequently analysed by SDS-PAGE 
and immunoblotting using antibodies. The asterisk denotes the 
OEP 86 breakdown product as in Fig. 3 

Fig. 5. Binding of precursor polypeptides to intact chloroplasts and 
the outer envelope is dependent on protease-sensitive components. 
Chloroplasts (Chlor) and outer envelope (OE) were treated with 
thermolysin (Th), repurified and incubated with 35 S-labelled pSSU. 
Outer envelope membranes were distributed in an aqueous two- 
phase system by two transfer reactions (as described in Material and 
methods'). The membranes recovered from either the top (OE-T) or 
bottom (OE-B) phase of tube 1 were either treated or not treated 
with thermolysin as indicated, and subsequently incubated with 
pSSU 

thermolysin treatment under the conditions applied. In- 
ner-envelope proteins (IEPs), e.g. IEP 110, and IEP 29 
were not proteolytically degraded (Fig. 3). Thermolysin 
treatment of  intact organelles resulted in the degradation 
of  OEP 86 and the concomittant occurrence of  a pro- 
tease-resistant proteolytic fragment which was still de- 
tectable by Western-blot analysis (Fig. 3). Under  these 
conditions the C-terminus of  OEP 7 was cleaved off, and 
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the proteolytic breakdown product was no longer recog- 
nized by the antibody specific for the C-terminus (Fig. 3). 
The residual membrane-spanning N-terminal part of 
OEP 7 is detectable by SDS-PAGE (Joyard et al. 1983; 
Salomon et al. 1990). If isolated outer-envelope mem- 
brane vesicles occur in the same orientation as in intact 
organelles, i.e. right-side-out, limited proteolysis of en- 
velope membranes should give identical results to those 
presented for intact chloroplasts in Figs. 2 and 3. This 
was indeed found to be the case (Fig. 4). Thermolysin 
treatment of isolated outer envelopes followed by SDS- 
PAGE and immunoblot analysis demonstrated that OEP 
86 was protease-sensitive as in the organellar system. 
A proteolytic breakdown product of molecular size 
(about 52 kDa) identical to that demonstrated for 
chloroplasts was detected in the membrane fraction 
(Fig. 3). Even before treatment with thermolysin low 
amounts of the OEP 86 breakdown product were detect- 
able in purified outer envelope membranes, probably as 
a consequence of endogenous protease activity during 
the long purification procedure (compare Fig. 4). The 
immunoreactivity of thermolysin-treated outer-envelope 
vesicles to OEP 7 antibodies was completely lost (Fig. 4), 
demonstrating that the C-terminal portion of OEP 7 was 
removed by the protease, i.e. the C-terminus was exposed 
to the outside of the vesicle (compare Fig. 2). The pro- 
tease treatment of outer-envelope membrane vesicles 
would not have resulted in a complete loss of immune 
response to the antibody specific to the OEP 7 
C-terminus if inside-out vesicles had been present in the 
vesicle population to any appreciable extent (> 5%). 

One of the major functions of the outer chloroplast 
envelope is the recognition of precursor polypeptides 
destined for the inside of the organelle. Protease-sensitive 
receptor polypeptides initiate the translocation event 
(Keegstra et al. 1989). When intact chloroplasts were 
treated with thermolysin, the capacity of precursor pro- 
tein binding was greatly diminished (Fig. 5, lanes a, b). 
Outer envelope membranes were also able to bind pre- 
cursor proteins in a receptor-dependant manner. As in 
the intact organelle, digestion of the outer membrane 
with protease abolished precursor binding almost com- 
pletely, indicating that outer envelope membranes are 
isolated as outside-out vesicles. Envelope membranes 
separated by phase-partitioning and recovered from top 
and bottom phases, respectively, were also analysed for 
their capacity to bind pSSU. Membranes recovered from 
either phase showed protease-susceptible binding capac- 
ity. The data corroborate the results presented in Fig. 1 
which indicated that the isolated outer membranes re- 
present a vesicle population of largely homogenous 
orientation. 

Discussion 

Outer and inner envelope membranes can be forced apart 
by hypertonic treatment of the intact organelle. If the 
chloroplasts are then subjected to shearing forces by 
either passage through a Yeda Press (Block et al. 1983a) 
or a dounce homogenizer (Keegstra and Youssif 1986), 

membrane fragments become detached from the or- 
ganelles and then reseal to form vesicles (Cline et al. 
1985) which can be purified by sucrose density gradients. 
In order to study the topology of envelope proteins or 
their function as receptor polypeptides and carrier pro- 
teins in the purified membrane system, it is important to 
know the orientation of the isolated vesicle population. 
In the present study we used different approaches to 
determine the sidedness of purified outer envelope mem- 
branes from chloroplasts. Aqueous two-phase partition- 
ing, which has been successfully applied to separate thy- 
lakoid membranes (Andersson 1986) or plasma mem- 
branes (Larsson et al. 1984) into inside-out and right- 
side-out vesicles, was also used here to analyze the sided- 
ness of isolated outer envelopes. 

The results obtained with this method and further 
experiments indicated a largely homogeneous orienta- 
tion of the envelope vesicles analyzed. Further experi- 
ments were conducted to determine the sidedness, i.e. 
right-side-out or inside-out, of outer envelope vesicles. 
Here we took advantage of the fact that we were able to 
compare the properties of outer envelope membranes in 
situ, i.e. right-side-out in intact chloroplasts, with the 
properties of the isolated vesicles in vitro. Thermolysin, 
a protease which does not penetrate the outer membrane, 
was used to digest surface exposed membrane proteins 
(Joyard et al. 1983; Cline et al. 1984). In combination 
with immunological analysis, using antibodies against 
the outer-envelope marker proteins OEP 86 and OEP 7, 
it became evident that isolated outer envelopes gave 
results identical to those for intact chloroplasts. The 
C-terminus of OEP 7 was almost completely removed by 
thermolysin treatment of outer envelope vesicles. In 
addition, OEP 86 was proteolytically cleaved and a mem- 
brane-bound breakdown product detected at a lower 
molecular weight in both systems. Only minor amounts 
of OEP 86 and OEP 7 were not accessible to thermolysin 
treatment in isolated envelope membrane vesicles (see 
Fig. 4) and could thus be present in inside-out vesicles. 
Considering the technical limitations of the systems ap- 
plied we estimate that more than 90% of isolated outer 
envelope vesicles are oriented right-side-out. 

The outer chloroplast envelope forms the barrier be- 
tween the organelle and the cytosol. Low-molecular- 
weight substances (<  10000 Da) can pass rather freely 
via porin-like proteins through the outer envelope (Flfigge 
and Benz 1984). Larger molecules such as precursor 
proteins destined for the inside of the organelle are recog- 
nized on the surface (cytosolic leaflet) of the outer en- 
velope by specific receptors and translocated inside the 
plastid by a multiprotein complex (Waegemann and Soll 
1991). Precursor-protein binding capacity is protease- 
sensitive not only in chloroplasts but also in isolated 
outer envelopes and membranes obtained from either top 
or bottom phase of the aqueous two-phase polymer 
system. This indicates that isolated outer envelopes are 
outside-out oriented and that top and bottom phases 
contain equally oriented types of vesicles. In addition, 
when chloroplasts and isolated outer envelope mem- 
branes were incubated with pSSU under conditions 
which allowed binding but not import, identical trans- 



94 K. Waegemann et al: Outer chloroplast envelope 

locat ion intermediates could be detected in bo th  systems 
after protease t rea tment  (Waegemann  and Soll 1991). 
This should only be possible if the sidedness o f  outer  
envelope membranes  is identical in vitro, i.e. isolated, to 
that  occur ing in situ, i.e. in intact  chloroplasts .  The re- 
suits presented here will facilitate further  studies on the 
topo logy  o f  envelope proteins and directed membrane  
processes. 

We thank P. A. Albertsson, Lund, Sweden, for introducing one of 
us (S. E.) to the technique of phase partitioning. This work was 
supported by the Deutsche Forschungsgemeinschaft (SFB 246) and 
Fonds der Chemischen Industrie. 
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