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OEP7, a 6.7-kDa outer envelope protein of spinach chloroplasts inserts into the outer envelope of
the organelle independent of a classical cleavable targeting signal. The insertion of OEP7 was
studied to describe the determinants for association with, integration into, and orientation of the
protein in the outer envelope of chloroplasts. The insertion of OEP7 into the membrane is
independent of outer membrane channel proteins and can be reconstituted with the use of
protein-free liposomes. In situ, the binding of OEP7 to the membrane surface is not driven by
electrostatic interaction because reduction of phosphatidylglycerol or phosphatidylinositol did
not reduce the association with the liposomes. The positively charged amino acids flanking the
transmembrane domain at the C terminus are essential to retain the native Nin-Cout orientation
during insertion into chloroplasts. OEP7 inserts with reversed orientation into liposomes contain-
ing the average lipid composition of the outer envelopes. The native like Nin-Cout orientation is
achieved by reduction of the phoshpatidylglycerol concentration mimicking the composition of
the outer leaflet of the outer envelope of chloroplasts. We conclude that the unique lipid
composition of the outer leaflet due to lipid asymmetry of the outer envelope is essential for the
correct topology of OEP7.

INTRODUCTION

Many chloroplast proteins are encoded by the nuclear ge-
nome and have to be imported into the organelle. The best-
studied translocation pathway is initiated by cytosolic chap-
erones that transfer the preproteins to a membrane-located
complex comprised of translocon at the outer envelope of
chloroplast (Toc) proteins. The preprotein will then be trans-
ferred to the subunits of the inner envelope import machin-
ery (Tic complex), released into the stroma, and distributed
to the subcompartments of the organelle (Keegstra and
Cline, 1999; Schleiff and Soll, 2000). However, most proteins of
the chloroplast outer envelope were found to insert indepen-
dently of this classical import pathway in vitro (reviewed by
Soll and Tien, 1998). Three proteins studied in some detail are
the 14-kDa OEP14 (Li et al., 1991; Tu and Li, 2000), the import
receptor Toc34 (Kessler et al., 1994; Seedorf et al., 1995), and a
prominent outer envelope protein, the 6.7-kDa OEP7 from
spinach (Salomon et al., 1990; Kolke et al., 1998).

OEP14 contains a single transmembrane (TM) domain and
has a Nin-Cout orientation. The insertion is independent of
ATP and thermolysin-sensitive factors (Li and Chen, 1996).
Furthermore, OEP14 specifically inserts into the chloroplast
outer envelope but not into microsomal (Li and Chen, 1996)
or mitochondrial membranes (Li et al., 1991). The insertion of
a heterologously expressed His tag containing protein was
found to be N-ethylmaleimide sensitive and saturable but
not dependent on cytosolic factors (Tu and Li, 2000). How-
ever, nothing is known about the determinants of the topol-
ogy. Toc34 contains a single C-terminal transmembrane do-
main with a Cin-Nout orientation (Seedorf et al., 1995).
Insertion of Toc34 was found to be stimulated by ATP
(Seedorf et al., 1995; Li and Chen, 1997; Tsai et al., 1999) and
GTP (Chen and Schnell, 1997; Tsai et al., 1999). The two
positive charges flanking the transmembrane domain at the
cytosolic site influence the orientation of this protein (May
and Soll, 1998). The influence of outer envelope proteins on
the insertion or assembly process remains to be further
investigated, because protease treatment reduced but did
not abolish Toc34 integration (Seedorf et al., 1995; Chen and
Schnell, 1997; Tsai et al., 1999). OEP7 also has a single trans-
membrane domain but with an Nin-Cout orientation flanked
by two equally sized soluble domains (Salomon et al., 1990;
Waegemann et al., 1992). The insertion of OEP7 is dependent
on temperature, but independent of light, ATP, a membrane
potential, or thermolysin-sensitive components of the outer
envelope (Salomon et al., 1990). Due to its simple structure
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OEP7 might serve as a model to study the mechanism of
protein insertion into the chloroplast outer envelope as well
as the determinants that govern OEP7 topology.

The outer envelope of chloroplast exhibits several unique
and important features. It contains a lower concentration of
phosphatidylcholine (PC) and a higher concentration of
phosphatidylglycerol (PG) in the inner than in the outer
leaflet of the outer envelope membrane (Dorne et al., 1985).
It is also the only membrane facing the cytosol, which con-
tains the nonbilayer lipid monogalactosyldiacylglyceride
(MGDG) (Bruce, 1998). Furthermore, MGDG is the only
nonbilayer lipid present in the envelopes. MGDG plays an
important role during association of the transit sequence of
preferredoxin and pre small subunit of ribulose 1,5-bisphos-
phate carboxylase/oxygenase (SSU) with lipid surfaces (van ’t
Hof et al., 1991, 1993; Chupin et al., 1994; Pilon et al., 1995).
Phosphatidylethanolamine (PE), another nonbilayer lipid, as-
sists protein folding of membrane proteins (Bogdanov and
Dowhan, 1998; Bogdanov et al., 1999) and is required for effi-
cient protein transport across the plasma membrane of Esche-
richia coli (Rietveld et al., 1995). PE was shown to mediate the
interaction of the catalytic domain of the leader peptidase with
the membrane of E. coli (van Klompenburg et al., 1998). A
second class of lipids found to be important for association and
insertion of proteins into bilayers is charged (anionic) lipids
such as PG and phosphatidylinositol (PI) (van’t Hof et al., 1991,
1993). Proteins such as the GTPase FtsY associate with mem-
branes in an anionic lipid stimulated manner (de Leeuw and
Luirink, 1997; de Leeuw et al., 2000). In addition, anionic lipids
are thought to mediate insertion of peptides with an overall

hydrophobicity not sufficient to mediate spontaneous insertion
into neutral membranes (Liu and Deber, 1997).

Here we show that the association of OEP7 with the
membrane is initiated by the hydrophobicity of the trans-
membrane region. OEP7 binds to and inserts into the mem-
brane independent of other envelope proteins. The posi-
tively charged amino acids of the C terminus flanking the
transmembrane domain are the only determinants of the
topology within OEP7. However, the topology of OEP7 was
inverted when liposomes with an average lipid composition
of the outer envelope were used. After reducing the content
of charged lipids the same orientation as in situ was ob-
served. We conclude that the asymmetric distribution of PG
between both leaflets of the outer envelope is a major deter-
minant for the topology of OEP7.

MATERIALS AND METHODS

OEP7 Mutations
The cDNA coding for OEP7 was cloned into pBluescript (Salomon
et al., 1990). OEP7-�4 was created by digestion with HincII and
HindIII removing the last 21 base pairs of the cDNA followed by
insertion of a DNA fragment (CTG AGG ACG TAA) coding for a
leucine, arginine, and threonine. cDNA constructs coding for OEP7-
�12 or OEP7 with single amino acid exchanges were obtained by
recombinant polymerase chain reaction. In OEP7-�12 the last 12
amino acids are deleted. In OEP7-LM1 two point mutations were
introduced; codon GAG (base pairs 34–36) was changed to CAG
resulting in a Glu-to-Gln mutation at amino acid 12 (Table 1) and
codon TCC (base pairs 40–42) was changed to AAA, resulting in a
Gly-to-Lys mutation at amino acid 14. For OEP7-LM2, OEP7 was

Table 1. Amino acids sequence and charge distribution of OEP7wt and mutants

OEP7 mEsvakpattkEgsakqaaivvgvlalgwfaiqvafiplfnkvrgggsDkkDDDvnaftpDt
� � �� � TM � � ������ �

OEP7-�4 mEsvakpattkEgsakqaaivvgvlalgwfaiqvafiplfnkvrgggsDkkDDDvlrt
� � �� � TM � � ������ �

OEP7-�12 mEsvakpattkEgsakqaaivvgvlalgwfaiqvafiplfnkvrgggsDk
� � �� � TM � � ��

OEP7-LM1 mEsvakpattkqgkakqaaivvgvlalgwfaiqvafiplfnkvrgggsDkkDDDvnaftpDt
� � � � � TM � � ������ �

OEP7-LM2 mEsvakpattkEgsakqaaivvgvlalgwfaiqvafiplfnkvEgggsDkkDDDvnaftpDt
� � �� � TM � � ������ �

OEP7-LM3 mEsvakpattkqgkakqaaivvgvlalgwfaiqvafiplfnkvEgggsDkkDDDvnaftpDt
� � � � � TM � � ������ �

N-
terminus
2

4aa
2 4

4aa
3 2

C-
terminus
2

OEP7 �1 �1 charge of the
flanking regions

�2 �1
OEP7-�4 �1 �1 �2 �1
OEP7-�12 �1 �1 �2 �2
OEP7-

LM1
�3 �2 �2 �1

OEP7-
LM2

�1 �1 �0 �3

OEP7-
LM3

�3 �2 �0 �3

Capital letter, acidic amino acid; italic letter, basic amino acid; underlined letter, predicted TM domain; bold letter (OEP7), charged amino
acid; bold letter (OEP7 mutant), point mutation; aa, amino acid.
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modified with the use of two primers to introduce a point mutation
at base pairs 130–132 (CGA to GAA), resulting in an Arg-to-Glu
mutation at amino acid 44. In OEP7-LM3, all point mutations as
described for OEP7-LM1 and OEP7-LM2 were combined. Polymer-
ase chain reaction products were cloned into pBluescript (OEP7-
�12) or pET21b (OEP7 containing point mutations) and mutations
were confirmed by sequencing.

Transcription and Translation of OEP7 wt and
Variants
In vitro transcription of linearized plasmids encoding for OEP7 and
was mutants performed with the use of T7 polymerase (Salomon et
al., 1990). Proteins were synthesized in a system containing reticu-
locyte lysate (Amersham Pharmacia Biotech, Freiburg, Germany) in
the presence of either [35S]methionine (1175 Ci/mmol) or
[3H]leucine (148 Ci/mmol) for 1.5 h at 30°C. The translation mixture
was centrifuged for 1 h at 250,000 � g at 4°C and the postribosomal
supernatant was used for import. The in vitro transcription and
translation of preSSU was described in (Waegemann and Soll, 1995)

Protein Import into Spinach Chloroplasts
Spinach chloroplasts were isolated by standard procedures and
further purified on a Percoll gradient. Chlorophyll concentration
was determined (Arnon, 1949; Mourioux and Douce, 1981; Schin-
dler et al., 1987). Standard import into chloroplasts equivalent to 40
�g of chlorophyll was performed in 100 �l of import buffer (10 mM
methionine (or leucine), 20 mM potassium gluconate, 10 mM
NaHCO3, 3 mM MgSO4, 330 mM sorbitol, 50 mM HEPES/KOH, pH
7.6) containing 1–10% of in vitro-translated 35S- or 3H-labeled pro-
teins. Insertion assays were carried out in the dark. Import was
initiated by addition of organelles to import mixture and stopped
after the times indicated. Intact chloroplasts were reisolated through
a Percoll cushion (40% Percoll in 330 mM sorbitol, 50 mM HEPES/
KOH, pH 7.6) washed once in 330 mM sorbitol, 50 mM HEPES/
KOH, pH 7.6, 3 mM MgCl2, and used for further treatments.

Chloroplasts were treated with thermolysin (40 �g/20 �g of chloro-
phyll) for 30 min on ice in 330 mM sorbitol, 50 mM HEPES-KOH, pH
7.6, 3 mM MgSO4, 0.5 mM CaCl2. The reaction was stopped with 10
mM EDTA and chloroplasts were recovered by centrifugation (Joyard
et al., 1983). Alkali extraction was performed as described (Salomon et
al., 1990). Import products were analyzed by Tricine SDS-PAGE
(Schägger and von Jagow, 1987) followed by fluorography (Bonner
and Laskey, 1974). Alternatively, emulsifier scintillator 299TM-cocktail
(Packard, Groningen, The Netherlands) was added and radioactivity
was quantified with the use of a PW 4700 liquid scintillation counter
(Philips, Eindhoven, The Netherlands).

Synthesis of Liposomes for Insertion of OEP7wt and
Mutants
Purified plant lipids were provided by Nutfield Nurseries (Surrey,
United Kingdom). Liposomes with various lipid content (Table 2)

were prepared as follows. The lipids were mixed in a glass tube to
yield a final concentration of 5 �mol of total lipid content and dried
under N2 flow. Lipids were dissolved in 1 ml of trichlormethane
followed by N2 drying and complete removal of the organic solvent
under vacuum for at least 3 h. The created lipid film was either
stored at �80°C under argon or directly dissolved in buffer S (50
mM HEPES-KOH, pH 7.6, 0.2 M sucrose, degassed with the use of
N2) for synthesis of S-liposomes or in buffer N (50 mM HEPES-
KOH, 125 mM NaCl, degassed) for the synthesis of N-liposomes.
The solution was vortexed and freeze-thawed five times. The mul-
tilamellar vesicles were extruded 21 times through a 100-nm pore
polycarbonate filter mounted in the mini-extruder (Liposofast; Avestin,
Ottawa, ONT) to give unilamellar liposomes (MacDonald et al., 1991).

Purification of Outer Envelope Lipids
Outer envelopes of spinach chloroplasts were purified as described
(Joyard et al., 1983). Lipids were extracted from 1 ml of outer
envelope membranes (1 mg of protein/ml) by addition of 2.5 ml of
trichlormethane:methanol (2:1, vol/vol). Then, 20 ml of tri-
chlormethane:water (1:1) was added, the mixture vortexed and
centrifuged at 3000 � g for 15 min at 4°C. The trichlormethan layer
was transferred to a new tube and further centrifuged for 1 min at
3000 � g. Again only the trichlormethane fraction was removed to
a new tube and dried under a stream of N2. The lipid film obtained
was dissolved in 5 ml of trichlormethane and finally dried under N2
gas. Phospholipid concentration was determined in a Lowry-Tin-
slay assay (Lowry and Tinsley, 1974) and total concentration calcu-
lated according to the mol% of phospholipids present in the outer
envelope. No protein contamination was observed as controlled by
SDS-PAGE. Liposomes were prepared as described with the use of
5 �mol of outer envelope lipids.

Insertion Assay of OEP7wt and Mutants into
Liposomes
Radioactive labeled translation product of OEP7 and variants were
incubated with 1 mM (final lipid concentration) S-liposomes in 100
�l of buffer S (Figure 1) at 25°C and indicated times. After insertion,
surface bound OEP7 was removed from S-liposomes by competition
with 10 mM (final lipid concentration) N-liposomes in 100 �l of
buffer N/100 �l of buffer S for 20 min (Schleiff, et. al., 1999). Both
liposomes species were separated by centrifugation through a su-
crose cushion (buffer S) for 30 min at 50,000 � g. Separation was
tested by addition of 0.05 mol% fluorescent labeled 1,2-dioleyl-sn-
glycero-3-phosphoethanolamine-N (18:1) during preparation of N-
liposomes or S-liposomes. Fluorescence spectroscopy revealed that
maximal 2% N-liposomes were pelleted but at least 82% S-lipo-
somes were recovered from the cushion. The pellet was resus-
pended in 100 �l of buffer S or for further treatment with thermo-
lysin in 100 �l of 50 mM HEPES-KOH, pH 7.6, 0.2 M sucrose, 0.5
mM MgCl2, 0.1 mM CaCl2. Thermolysin was added to a final
concentration of 50 �g and proteolysis was stopped after 30 min
with 20 mM each of EDTA and EGTA. Proteoliposomes were re-

Table 2. Lipid content (mol%) of different liposomes used in the experiments

Lipid Standard Comp 1 Comp 2 Comp 3 Comp 4 Comp-PG Comp-SL Comp-PI

MGDG 17 21 15 13 14 19 18 18
DGDG 29 37 27 22 25 32 31 31
SL 6 7 5 4 3 6.5 — 6
PC 32 16 39 50 50 36 34 34
PG 10 12 9 7 5 — 11 11
PI 6 7 5 4 3 6.5 6 —

Standard composition according to Bruce, 1998.
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covered by centrifugation for 30 min at 50,000 � g. The pellet was
resuspended 100 �l of buffer S containing 30 �g of fatty acid-free
bovine serum albumin and adjusted to 1500 �l with methanol:
trichlormethane (2:1). Proteins were recovered by centrifugation for
30 min at 50,000 � g and separated by 14% Tricine-SDS-PAGE.
Radioactivity was visualized by fluorography or quantified by scin-
tillation counting.

Calculation of Free Energy of Membrane Association
and Membrane Insertion
The calculation of the free energy of association and insertion is based
on the findings of several studies (Engelman et al., 1986; Kim et al., 1991;
van der Goot et al., 1991; Peitzsch et al., 1995; Ben-Shaul et al., 1996;
Ben-Tal et al., 1996a,b; Murray et al., 1998; White and Wimley, 1998;
Wieprecht et al., 1999; Kessel et al., 2000) and a detailed discussion is
given under “Supplementary Material.”

RESULTS

Negatively Charged Region at C Terminus Is not
Essential for Topology of OEP7
OEP7 contains a centrally located transmembrane domain
and inserts into the outer envelope of chloroplasts (Salomon

et al., 1990; Figure 2A, lane 3) in a carbonate-resistant man-
ner (Figure 2A, lane 8). The N terminus of OEP7 contains the
only methionine of the protein. Therefore, proteolysis can be
used as a tool to identify the localization of the N-terminal
hydrophilic domain. After protease treatment of inserted
OEP7 a smaller labeled proteolytic fragment is detectable
(Figure 2A, lane 4). This fragment was not detected when
translation product was treated with protease (Figure 2A,
lane 2). This suggests that the N terminus of OEP7 has
translocated over the outer envelope membrane, whereas
the C-terminal region is exposed at the cytosolic side and
therefore remains protease sensitive. The 35S-labeled frag-
ment was resistant to extraction at pH11, indicating that it
behaved like an integral membrane protein (Figure 2A, lane
6). To further confirm this interpretation, chloroplasts were
solubilized with detergent before protease treatment (Figure
2A, lanes 5 and 7), resulting in the loss of the labeled frag-
ment. After establishing conditions for OEP7 insertion into
chloroplasts we wanted to investigate the determinants for
the topology of OEP7.

OEP7 contains several charged amino acids within both
soluble domains flanking the TM region (Table 1). The Nin-
Cout topology of OEP7 (Salomon et al., 1990) might be reg-
ulated by the charge distribution of the soluble regions. To
test whether the negative net charge of the C-terminal region
is required to achieve the topology, 35S-methionine–labeled
OEP7 and two mutants, which contained deletions of the
C-terminal region, i.e., OEP7�4 and OEP7�12 (Table 1),
were incubated with isolated spinach chloroplasts. Insertion
was controlled by alkali extraction (Figure 2B). OEP7 is
inserted in an Nin-Cout orientation, which results in a smaller
radioactive labeled fragment after thermolysin incubation
because the [35S]methionine-labeled N terminus is protected
against proteolytic cleavage (Figures 2C, lanes 1 and 2;
and3A, lanes 2 and 3, [35S]). In OEP7-�4 the last seven amino
acids are removed and three amino acids where added,
including a positively charged arginine to increase the net
charge to �1 as in the N-terminal domain (Table 1). In
OEP7-�12 the last 12 amino acids are removed, resulting in
an increase of the C-terminal net charge to �3 (Table 1). The
topology was not altered by the deletions because the N-
terminal domain remained protease insensitive (Figure 2B,
lanes 4 and 6). The protease cleavage site seems to be located
within the last 7–10 amino acids of the C-terminal soluble
domain because no smaller proteolytic fragment was ob-
served after OEP7-�4 insertion.

Charge of Flanking Regions of Transmembrane
Domain Is a Determinant for Topology of OEP7 in
Chloroplast Outer Envelope
As demonstrated in Figure 2, neither the net charge of the
C-terminal region nor the negatively charged cluster at the
extreme C terminus is the determinant of the topology of
OEP7. Interestingly, the flanking regions of the TM domain
also contain a charge divergence, which is opposite com-
pared with the net charge divergence (�1 at the lumenal
side and �2 at the cytosolic side; Table 1). Therefore, we
created mutants of OEP7 to study the influence of the
charges flanking the TM domain. In the mutant OEP7-LM1
a positively charged amino acid was introduced N proximal
of the membrane anchor region, whereas a negatively
charged amino acid was removed (Table 1). This increase of

Figure 1. Outline of the procedure for OEP7 insertion into lipo-
somes. Details are described in MATERIALS AND METHODS.
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the N-terminal net charge did not result in a loss of insertion
as shown by alkali resistance (Figure 3A, lane 4, [35S]) or
change of orientation as shown by protease treatment (Fig-
ure 3A, lane 3, [35S]).

Subsequently, two other mutants were constructed. In
OEP7-LM2 a positively charged amino acid C proximal of
the TM region was exchanged for a negative one. OEP7-LM3
contained the same exchange as OEP7-LM2 and in addition
the mutations introduced into OEP7-LM1 (Table 1). Both,
OEP7-LM2 and OEP7-LM3 still inserted into the organellar
membrane as shown by alkali resistance (Figure 3A, lane 4,
[35S]). On protease treatment no radioactively labeled frag-
ment was detectable when 35S-labeled protein was used
(Figure 3A, lane 3, [35S]). This could indicate that insertion
occurred with an inverted orientation leading to a nonla-
beled and therefore nondetectable fragment upon protease
treatment. An increase of the insertion time for OEP-LM2 and
OEP-LM3 to 5 min revealed a small amount of 35S-labeled
protease protected fragment, indicating that a minor fraction
inserts with Nin-Cout orientation (our unpublished data).

To confirm that OEP7-LM2 and OEP7-LM3 had indeed
inserted with reversed orientation, all polypeptides were
synthesized in the presence of [3H]leucine. For proteins with
Nin orientation we would expect an equally sized labeled
fragment after protease treatment compared with the 35S-
labeled protein (Figure 3B). For proteins with Cin orientation
we should now detect a stable fragment of a similar size as
seen for the proteins with the Nin orientation. If the proteins
only associate with the surface they should be extractable at
pH 11. OEP7 as well as the mutants inserted into the outer
envelope as deduced from the appearance of a proteolytic
fragment (Figure 3A, lane 8, [3H]). Furthermore, all frag-
ments had a similar size and were resistant to extraction at
pH 11 (our unpublished data), indicating that all proteins
were inserted. Comparison of the yield of the observed
proteolytic fragments with the use of either [35S]methionine-
or [3H]leucine-labeled proteins was used to determine the
orientation. OEP7 was inserted exclusively in Nin-Cout ori-
entation as concluded from the similar yield of [35S]methi-
onine- or [3H]leucine-labeled proteolytic fragment. How-
ever, all three mutants, OEP7-LM1, OEP7-LM2, and OEP7-
LM3, inserted in both orientations but at very different
ratios. OEP7-LM1 was mainly incorporated in Nin-Cout ori-
entation (�70%), but OEP7-LM2 and OEP7-LM3 inserted
mainly (�90%) in Nout-Cin orientation. The analysis is suma-
rized in Figure 3B. The lower binding and/or insertion
efficiency of OEP7-LM2 and OEP7-LM3 might be explained
by enhanced aggregation behavior of the polypeptides after
introduction of the mutations or by a lower ability to asso-
ciate with the chloroplast membrane. Our results indicate
that the orientation is mediated by the amino acids flanking
the TM region. Because the translocation of OEP7 was not
found to be dependent on protease-sensitive factors of the
outer envelope (Salomon et al., 1990), the orientation of

extraction (C). In C, lanes 1, 3, and 5 represent the insoluble mem-
brane fraction (M) and lanes 2, 4, and 6 the supernatant (S) after
extraction at pH 11. Quantifications are given in percentage of
added OEP7. The entire sample was loaded and not corrected for
loss during thermolysin treatment. The cartoon indicates the orien-
tation and possible cleavage sides are indicated by triangle.

Figure 2. In vitro import of OEP7 and C-terminal deletion mutants
into spinach chloroplasts. (A) In vitro synthesized [35S]methionine-
labeled OEP 7 was imported into chloroplasts for 30 s (lanes 3–8).
Chloroplasts were then treated with thermolysin (lanes 4–7) with-
out (lanes 4 and 6) or with (lanes 5 and 7) lysis of the chloroplasts.
After completed treatment chloroplasts were extracted by addition
of carbonate (lanes 6–8). Translation product (10%) before (lane 1)
and after (lane 2) treatment is shown. (B and C) In vitro-synthesized
[35S]methionine-labeled OEP 7 and variants (Table 1) are imported
into intact spinach chloroplasts for 60 s (lanes 1–6) followed by
proteolysis with the use of thermolysin (B, lanes 2, 4, and 6) or alkali

E. Schleiff et al.
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OEP7 should be the same when inserted into lipid mem-
branes not containing any proteins.

OEP7 Inserts into Liposomes with Average Lipid
Composition of Outer Envelope in Reversed
Orientation

To test whether OEP7 can insert into protein-free mem-
branes we prepared liposomes as described in MATERIALS
AND METHODS. We used purified lipids in a ratio corre-
sponding to the lipid content of the chloroplast outer enve-
lope (Table 2) to mimic the properties of this membrane.
Wild-type OEP7 and the different mutant proteins inserted

into liposomes clearly demonstrating that OEP7 can inte-
grate into a lipid membrane in the absence of other protein-
aceous components (Figure 4A, lane 3). On thermolysin
treatment no protease-resistant fragment was detected from
35S-labeled OEP7 and OEP7-LM1 (Figure 4A, lane 4), but
from 3H-labeled protein (Figure 4B, lane 3), indicating an
Nout-Cin orientation. OEP7-LM2 and OEP7-LM3, however,
showed an Nin-Cout orientation as indicated by the appear-
ance of a lower molecular weight fragment after proteolysis
of the 35S-labeled proteins (Figure 4A, lanes 3 and 4). We
conclude that OEP7 and variants insert into liposomes in a
reversed orientation compared with the topology in the
outer envelope of chloroplasts (compare Figures 3 and 4C).

Figure 3. In vitro import of OEP7 and vari-
ants into spinach chloroplasts. In vitro syn-
thesized [35S]methionine- (35S) or [3H]leucine
(3H)-labeled OEP7 and variants (Table 1) are
imported into intact spinach chloroplasts for
30 s (A, lanes 2–5, 7, and 8). The orientation of
the proteins was probed by proteolysis with
the use of thermolysin (A, lanes 3 and 8
[Thr]). After alkali extraction, soluble (A, lane
5 [S]) and insoluble fractions (A, lane 4 [M])
were separated. Lanes 1 and 6 represent 10%
of translation product (TP) used per import
experiment. PF indicates the proteolytic frag-
ment. In B, the possible insertion modes as
well as the resulting labeled fragments are
indicated by yes or no. For association only,
partial digest would reveal two 35S-labeled
and three 3H-labeled fragments (two of sim-
ilar size), whereas complete digest would re-
sult in no 35S-labeled and one short 3H-la-
beled fragment. The observed results are
given for OEP7, OEP7-LM1, OEP7-LM2, and
OEP7-LM3.
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Interestingly, the association with the lipid surface after
competition with N-liposomes (Figure 1) is highest for
OEP7-LM1 and OEP7-LM2 (Figure 4A, lane 3, and B, lane 2),
whereas the amount of protease protected protein is highest
for OEP7 (Figure 4B, lane 3). This will be discussed below.

The reversal of OEP7 insertion into liposomes compared
with the insertion into chloroplast outer envelope might
have different reasons. For instance, the lipid composition of
the outer envelope membrane might differ somewhat from
the determined composition (Mazliak, 1977; Bruce, 1998). To
test this possibility, lipids from outer envelopes of spinach
chloroplast were purified and used to prepare liposomes.
When [35S]methionine-labeled OEP7 was inserted no pro-
tease-protected fragment could be detected after thermoly-
sin treatment (Figure 4D, lanes 2 and 3, top). However, the
protein was inserted into the membrane as confirmed with
the use of 3H-labeled OEP7 (Figure 4D, lanes 2 and 3, bot-
tom). We conclude that other factors are involved in con-
trolling the topology of OEP7.

Insertion of OEP7 into Chloroplasts Is not
Dependent on Known Channel Activity
The reversed orientation of OEP7 might be explained by an
active or passive transport through a pore present in the
outer envelope. After reaching the intermembrane space it
might then self-insert from the inside into the outer mem-
brane. Furthermore, a protease insensitive protein on the
outer membrane of chloroplast could also mediate the im-
port. Therefore the insertion of OEP7 and the import of the
preSSU were tested with the use of intact spinach chloro-
plasts (Figure 5) under various conditions. Incubation with
heterologously expressed and purified preSSU does result in
an inhibition of import of 35S-labeled preSSU but not of
35S-labeled OEP7 insertion into the outer envelope (Figure 5,
lanes 12 and 13 versus 2 and 3). We further tested the
possibility of OEP7 being translocated by Toc75, the postu-
lated preprotein translocation pore in the outer envelope

Figure 4. Insertion of OEP7 and variants into liposomes. [35S]Methi-
onine-labeled OEP7, OEP7-LM1, OEP7-LM2, and OEP7-LM3 (A and D)
as well as [3H]leucine-labeled OEP7 and OEP7-LM1 (B and D) were
incubated with liposomes composed from purified single lipids (A and B)
or lipids purified from spinach outer envelope (D). In A, lane 1 represents
10% translation product (TP), and lane 2 binding and insertion into lipo-
somes before and lane 3 after competition with N-liposomes. Lane 4
represents liposomes after thermolysin (Thr) treatment. In B and D, lane 1
represents 10% TP, and lane 2 binding and insertion into liposomes after
competition with N-liposomes. Lane 3 represents liposomes after Thr
treatment. In C, the topology of OEP7 and mutants within the liposome
bilayer is shown. The position of the radioactive label is indicated. PF,
proteolytic fragment; wt, full-length protein).

Figure 5. Import of preSSU and OEP7 into intact spinach chloro-
plast under various conditions. [35S]Methionine-labeled preSSU and
OEP7 were imported into spinach chloroplasts (lanes 2–15) under
various conditions. Lane 1 shows 10% translation product (TP). In
the same experiments chloroplasts were preincubated for 10 min
with 10 mM spermine (spm, lanes 4 and 5) or spermidine (spd, lanes
6 and 7), with antibodies against Toc75 (�75, lanes 8 and 9), preim-
mune serum (pre�, lanes 10 and 11), or with 10 �g of purified
preSSU (pSex, lanes 12 and 13). Pore activity was also blocked by 1
mM CuCl2� (Cu2�, lanes 14 and 15). After import, chloroplasts were
treated with thermolysin (Thr, lanes 3, 5, 7, 9, 11, 13, and 15). A
fluorogram is shown.

E. Schleiff et al.

Molecular Biology of the Cell4096



(Tranel et al., 1995; Hinnah et al., 1997). Toc75 was blocked by
antibodies, which resulted in a 50% reduction of preSSU
import (Figure 5, lane 9 versus 11 and 3), whereas OEP7
insertion remained unaltered (Figure 5, lanes 8–11). Further-
more, the import of preSSU decreased at least 10-fold by
addition of spermine (lanes 4 and 5) and twofold by addition
of spermidine (lanes 6 and 7) (Hinnah et al., 1997), whereas
the insertion of OEP7 was only slightly reduced in the
presence of spermine and not affected by the presence of
spermidine (Figure 5, lanes 4–7). CuCl2 is able to abolish
import most likely by inducing disulfide bridge formation
within the Toc complex (Seedorf et al., 1995). Again, preSSU
import was completely blocked by CuCl2 but no significant
decrease of insertion of OEP7 could be observed (Figure 5,
lanes 14 and 15). From these experiments and the observa-
tion that OEP7 insertion is not dependent on protease-sen-
sitive proteins of the outer envelope (Salomon et al., 1990) we
conclude that OEP7 does not use a channel or helper protein
to insert into the outer envelope.

Correct Orientation of OEP7 in Liposomes Is
Inhibited by a High Content of Phosphatidylglycerol
or Phosphatidylinositol
Dorne et al. (1985) have postulated that the content of PC in
the outer leaflet of the outer envelope is 50% compared with
6% in the inner leaflet; in contrast, PG seemed to be exclu-
sively present in the inner leaflet. Therefore, we asked
whether this asymmetric distribution of the two types of
lipids might have an influence on the insertion and orienta-
tion of the OEP7 protein. Liposomes were created with
various concentrations of PC, whereas the ratio of the other
lipids to each other was kept similar in composition 1–3. In
composition 1 the PC content was adjusted lower than av-
erage (16 mol% compared with 32 mol% of total lipid), in
composition 2 slightly higher (39 mol%), in composition 3
drastically higher (50 mol%), and in composition 4 the PC
concentration was kept at 50%, whereas the concentration of
the charged lipids was reduced by half (Table 2 and Figure
6). Neither of the liposomes with different PC content re-
sulted in the correct orientation of wtOEP7 except when the
charged lipid content was reduced (Figure 6, C4, lane 4).
Insertion of OEP7-LM3 protein with Nin-Cout topology
could be observed with the use of liposomes of composition
1 and 2 but not of composition 3 (Figure 6, lane 4). Previous
reports had already shown that the association of the transit
peptide of preferredoxin with a membrane surface was dras-
tically reduced when only dioleoyl-PC was used (Pilon et al.,
1995). To demonstrate the specificity of OEP7 association
with the different liposomes we tested whether the precur-
sor of the soluble preSSU also interacted with the lipid
surface (Figure 7D). preSSU did not associate with lipo-
somes of standard composition or made from purified lipids
of the outer envelope from spinach chloroplasts (Figure 7D,
lanes 2 and 3). Only in the absence of digalactosyldiacylg-
lyceride (DGDG) did we detect a significant interaction of
preSSU with liposomes (Figure 7D, lane 5). The association
of OEP7 and OEP7-LM3 with the lipid surface containing
higher concentration of PC was decreased (compare Figure
6, lanes 1 and 3, and Figure 7C), which is again in contrast to
preSSU (Figure 7D). However, reducing the content of
charged lipids partly restored the association of OEP7 with

the surface and insertion could be demonstrated by the
presence of the proteolytic fragment (Figure 6, C4, lane 4).

Guided by the idea from Dorne et al. (1985) we investi-
gated whether charged lipids might be the determinant for
the orientation of OEP7 during insertion into the lipid bi-
layer and furthermore, which lipid might stimulate the as-
sociation with the membrane surface. Therefore, we com-
posed liposomes lacking PG, PI, or sulfoquinovosyl-
diacylgycerol (SL) (Table 2). The association of OEP7 with
the liposomes containing a reduced amount of charged lip-
ids was increased compared with the liposomes with stan-
dard lipid composition (compare Figure 4A, lane 3; Figure 6,
C4, lane 3; and Figure 7A, lanes 2 and 6; Figure 7B). Fur-
thermore, insertion of OEP7 in Nin-Cout orientation can be
demonstrated by the appearance of the proteolytic fragment
after thermolysin treatment when liposomes not containing
PG or PI were used. Although insertion was more efficient
into liposomes lacking PG (Figure 7C). Insertion of OEP7
into liposomes not containing SL still occurred in a reversed
orientation (Figure 7A, compare lanes 3, 7, and 11, orienta-
tion indicated in Figure 7B). We conclude that the orienta-
tion of OEP7 in liposomes is determined by the content of
charged lipids, suggesting that the topology of OEP7 in vivo
is sensitive to the lipid asymmetry of PG between the two
leaflets of the outer envelope resulting in a low content of
charged lipids on the surface of chloroplasts.

DISCUSSION

Association of OEP7 Is Driven by Hydrophobicity
of Transmembrane Domain
We could demonstrate that proteins in the outer envelope do
not initiate the association of OEP7, because channel pro-
teins (Figure 5) and protease-sensitive factors (Salomon et al.,

Figure 6. Insertion of OEP7 and OEP7-LM3 into liposomes with
different lipid compositions. Insertion of [35S]methionine-labeled
OEP7 and OEP7-LM3 into liposomes was performed as described in
Figure 1. The lipid composition of the liposomes is given in Table 2.
Lane 1 shows 10% translation product (TP) used for insertion assay.
Lane 2 represents binding to liposomes before and lane 3 after
N-liposome competition. Lane 4 represents the determination of
OEP7 orientation by thermolysin (Thr) treatment.
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1990) are not involved in binding of OEP7. We show that
OEP7 associates with protein-free liposomes (Figure 4) and
the interaction with the lipid surface was decreased when

the content of PC was increased (Figure 6 and 7C). Our
results indicate that this effect is not due to the reduction of
charged lipids, because the association of OEP7 was increased
when liposomes were deficient of PI or PG (Figure 7, A and C).
Therefore, we conclude that the interaction is driven by the
hydrophobicity of the TM domain and possibly galactosyldia-
cylglycerids such MGDG or/and SL because OEP7 association
with liposomes lacking SL was slightly decreased (Figure 7C).
This is consistant with the result that the outer envelope pro-
tein OEP14 does not insert into mitochondria or microsomes in
vitro (Li et al., 1991; Li and Chen, 1996). Both organelles do not
contain SL (Douce and Joyard, 1990) and only microsomes
might contain a low amount of MGDG (Douce, 1974; Mack-
ender and Leech, 1974).

The free energy of the association energy between the
different domains of OEP7 or its mutants with the mem-
brane surface was calculated. The association of the N and C
termini with the lipid surface is energetically unfavorable for
all proteins investigated because �Gass is �0 kcal/mol (Table
3), whereas the energy for the TM domain is �Gass(TM) �
�1.97 kcal/mol. Furthermore, a coiled-helix transition is ex-
pected for the 23 amino acids of the TM domain during mem-
brane association, resulting in an additional energy term of
�3.22 kcal/mol (Wieprecht et al., 1999). This results in a free
binding energy of the TM region of �Gbin � �5.19 kcal/mol.

The free energy of Pf3 coat protein association with the
membrane without consideration of a coiled-helix transition
was calculated to be �Gbin � �1.60 kcal/mol (Kiefer and
Kuhn, 1999). The authors suggest a hydrophobic-driven in-
teraction. Therefore, the �Gass � �1.97 kcal/mol found for
OEP7 suggests an even stronger hydrophobic interaction.
The experimental and theoretical results indicate that an
association of the TM region of OEP7 with the membrane
surface is possible without assistance of other proteins.

Lipid Asymmetry Influences OEP7 Topology
The association between OEP7 and the lipid surface is strong
enough for a direct insertion of the protein. However, the
charges of soluble regions or the charge balance at the flank-
ing regions of the TM anchor might have an influence on the
orientation of OEP7.

Flanking amino acids were found to influence the orien-
tation of bacterial plasma membrane proteins (Monne et al.,
1998). Such influence of the charges would decrease with an
increase of the distance from the TM region. As shown in
Figure 8, the electrostatic potential considering a concentra-
tion of charged lipids of 12 mol% (discussed below) would
be sufficient to influence 3–4 amino acids next to the hydro-
phobic �-helical region. This charge distribution is repre-
sented in intact chloroplasts and in liposomes without PG
and results in the correct orientation of OEP7. Liposomes
made from a standard lipid composition or purified outer
envelope membrane lipids contain 22 mol% charged surface
lipids. The electrostatic potential of such a membrane creates
equipotential surfaces, which is still at �10mV 25Å above
the membrane surface (“Supplementary Material”; Figure 8,
dashed line). Therefore, not only the charges directly flank-
ing the TM domain will influence the insertion; at least eight
amino acids counted from the last amino acid interacting
with the membrane surface will be influenced by the poten-
tial (Figure 8). This results in a reversed Nout-Cin orientation
of OEP7. The lipid asymmetry of the outer envelope of

Figure 7. Insertion of OEP7 into liposomes lacking PG, PI, or SL.
Insertion of [35S]methionine-labeled OEP7 into liposomes (A) was
performed as described with the use of liposomes of standard lipid
composition lacking PG (lanes 2–4), PI (lanes 6–8), and SL (lanes
10–12). After competition with N-liposomes (lanes 2, 6, and 10)
S-liposomes where treated with thermolysin in the absence (lanes 3,
7, and 11; Thr) or presence of 1% (vol/vol) Triton X-100 (lanes 4, 8,
and 12; 1% TX-100). Lanes 1, 5, and 9 show 10% translation product
(TP) used for insertion. A model of the orientation of OEP7 within
the different bilayers is shown in B. In C, the amount of [35S]methi-
onine-labeled OEP7 bound to liposomes of various lipid composi-
tions was quantified and the results of three independent experi-
ments were averaged. The total amount of bound protein to
liposomes of standard lipid composition was set to 100% for com-
parison. In D, preSSU (10% shown in lane 1) association with
liposomes composed of outer envelope lipids (lane 2), an isolated
lipid mixture with standard composition (lane 3), without MGDG
(lane 4), without DGDG (lane 5), without PG (lane 6), with increased
PC content (lane 7), and without PI/SL (lane 8) is shown.
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chloroplasts as suggested by Dorne et al. (1985) and as
mimicked in our experiments (PG in Figure 7) have �12
mol% anionic surface lipids and no equipotential surfaces
will be formed (Figure 8, dashed line). Therefore, the inser-
tion data of OEP7 and mutants into chloroplasts can be
explained in the following way.

Within the four flanking amino acids, we altered the
charge distribution in OEP7-LM1 from �1/�2 (N-terminal/
C-terminal site) to � 2/�2, resulting in an equal distribution
of charges at the N- and C-terminal site of the membrane. As
expected, OEP7-LM1 inserts in both directions but with
preference for Nin-Cout. The preference of OEP7-LM1 to
insert in Nin-Cout orientation can be explained by the stron-
ger affinity of arginine for the charged lipid surface than of

lysine (“Supplementary Material”). In OEP7-LM2 the distri-
bution was altered from �1/�2 to �1/0 and a reversed
orientation was observed after insertion into chloroplast
outer envelopes (Figure 3B). OEP7-LM3 with an even more
drastic alteration of the charge distribution at the flanking
region from �1/�2 to �2/0 results in the same orientation
as OEP7-LM2 (Figure 3B). These results confirm that the
positive charges at position 2 and at position 4 following the
TM domain in OEP7 act as the signal for topology in situ by
prohibition of insertion of this C-terminal domain. This is
consistent with the observation that the positive charges at
the cytosolic site of the TM domain of Toc34 (May and Soll,
1998) are essential for the correct orientation of this protein.
Therefore, the membrane contact of the hydrophobic TM
region initiates insertion, whereas orientation is driven by
the strength of the interaction between the positively charged
amino acids flanking the TM domain and the negatively
charged head groups of the lipids. This explains why the
flanking amino acids of the TM domain have a stronger influ-
ence on the orientation of the protein than the overall net
charges of the cytosolic and intermembrane space regions.

Further investigations revealed that the content of the
negatively charged lipids PG and PI in the liposomes are
crucial for the correct orientation of OEP7 (Figure 7). The
third charged lipid, SL, does not seem to be important for
the orientation but for association of OEP7 (Figure 7). This
might be due to the location of the charge more distant from
the surface than the charge located in PI and PG. As seen in
Table 3, the energy required for translocation of the N- or
C-terminal regions not considering electrostatic effects var-
ies only slightly for all mutants. The reduction of the
charged lipid content by the amount of PG results in a
decrease of the distance of the electrostatic potential influ-
encing the charged amino acids of the protein to 10 Å (�4
amino acids). This also explains why OEP7, OEP7-�4, and
OEP7-�12 insert with an identical orientation (Figure 2A).
For all three proteins the charges C-terminally flanking the
transmembrane domain are able to interact with the charged
surface. For OEP7, the required energy considering the
charges of the four flanking amino acids is 18.87 kcal/mol or
24.28 kcal/mol (N and C terminus, respectively; see “Sup-
plementary Material”), which is consistent with the ob-
served topology. The insertion of a positive charge at the
N-terminal side of the TM region within OEP7-LM1 in-
creases the required energy to 23.27 kcal/mol. Therefore, the

Table 3. Association energy �Gass between domains of OEP7 and the chloroplast outer envelope and transfer energy �Gtrans into or across
the outer envelope not including the charges

Protein

�Gass (kcal/mol) �Gtrans (kcal/mol)

N-Term TM C-Term N-Term TM C-Term

OEP7 10.36 �1.97 11.12 17.47 �11.38 20.78
OEP7-�4 10.36 �1.97 8.98 17.47 �11.38 20.88
OEP7-�12 10.36 �1.97 6.57 17.47 �11.38 19.24
OEP7-LM1 9.02 �1.97 11.28 20.47 �11.38 20.78
OEP7-LM2 10.36 �1.97 13.50 17.47 �11.38 19.08
OEP7-LM3 9.02 �1.97 13.50 20.47 �11.38 19.08

N-term, N-terminal domain; C-term, C-terminal domain.

Figure 8. Model of the association of OEP7 and OEP7-LM3 with the
membrane surface. A model for the association of OEP7 (left) and
OEP7-LM3 (right) with the membrane surface containing 12% (top)
and 22% (bottom) charged lipids is shown. The distance of the electro-
statical potential of �10 mV is indicated as dashed line and the affect-
ing electrostatic field by a gray area. The electrostatic potential over the
surface is given in millivolts and the distance over the membrane in
angstroms. The black arrow indicates direction of insertion.
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energy to transfer each of the soluble region is almost even
with a preference for the transfer of the N-terminal domain,
which is consistent with the observation in Figure 3B. The
additional introduction of a negatively charged amino acid
in OEP7-LM3 results in an inhibition of the interaction be-
tween the lysine 42 with the charged lipid head group
possibly by salt bridge formation as discussed above and the
required energy to transfer the C terminus is 19.08 kcal/mol.
This results in a transfer of the C-terminal domain of OEP7-
LM3 where 23.27 kcal/mol is required for the transfer of the
N-terminal domain. For OEP7-LM2, the energy to transfer
the N-terminal region was calculated to be 18.87 kcal/mol.
Therefore, for the transfer of the N- and C-terminal soluble
domain of OEP7-LM2 over the membrane a similar energy
was calculated. The comparison with the experimental re-
sults strengthens our conclusion that the energy to disrupt
the interaction of a charged amino acid with a charged lipid
head group has to be larger than only the association energy
as discussed above.

In membranes exposing 22 mol% negatively charged lip-
ids, the negatively charged amino acids within at least eight
amino acids flanking the transmembrane helix have also to
be transferred into the electrostatic potential of the mem-
brane. The charge repulsion results in a decrease of associ-
ation compared with the association to a membrane contain-
ing only 12% charged lipids (Figure 7C). The association
nevertheless is initiated by the positively charged amino
acids flanking the TM region. However, energy is required
for protonation of the negatively charged amino acids be-
cause the amino acids are transferred over the membrane in
an uncharged form (Kessel et al., 2000). This energy is in the
same range as the energy required for disruption of the
interaction between positively charged amino acids and
negatively charged lipid head groups (see “Supplementary
Material”). Therefore, the two positive charges C proximal
of the TM domain in OEP7 result in rapid association with
the membrane (Figure 8), allowing the start of the insertion.
This subsequently results in a transfer of the C-terminal
domain of OEP7. The disruption of the association of posi-
tively charged amino acids with negatively charged head
groups seems to require a higher energy than only the
reversal of the association energy. Therefore, the disruption
of the association of the four positive charges of the N-
terminal region of OEP7-LM1 would require more energy
than the transfer of the negative charges of the C-terminal
region over the membrane once the negative charges are
within the range of the electrostatic potential of the surface.
This explains the identical topology of OEP7-LM1 and
OEP7. In OEP7-LM2 and OEP7-LM3 the net charge of the
C-terminal region is drastically decreased. If we assume a
salt bridge between Lys42 and Glu 44, no positive charge is
flanking the TM domain and no association of the C-termi-
nal region with the membrane will occur. Furthermore, the
charge repulsion will cause an asymmetric insertion of the
TM domain (indicated in Figure 8 for OEP7-LM1 by a
dented TM domain). The insertion will now be initiated at
the N-proximal side of the TM due to the positive charges.
The association of the flanking regions is considered to be
the essential step for insertion; it is not surprising that OEP7-
LM3 inserts with Nin-Cout topology. Therefore, under the
artificial conditions of 22% negatively charged lipids, the
insertion becomes dependent on the total net charge of the

soluble domain as well as on the concentration of the posi-
tive charges flanking the TM domain initiating the contact
with the membrane.

We conclude that the topology of OEP7 depends on the
charge distribution of the flanking region and the low con-
tent of charged lipids in the outer leaflet as created by the
asymmetry of PG between outer (low concentration) and
inner (high concentration) leaflet of the outer envelope
(Dorne et al., 1985). But how does OEP7 sense that it ap-
proaches the surface of a chloroplast and not another mem-
brane within the plant cell. As discussed above, it is tempt-
ing to assume that this selectivity is achieved by the unique
presence of galactolipids, i.e., MGDG, DGDG, and SL in the
chloroplastic outer envelope.
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