FEBS 15207

FEBS Letters 361 (1995) 3540

Transit sequence-dependent binding of the chloroplast precursor protein
ferredoxin to lipid vesicles and its implications for membrane stability
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Abstract The binding of the transit peptide (trfd) and precursor
of the chloroplast protein ferredoxin (prefd) to large unilamellar
lipid vesicles was investigated in relation to the lipid composition
of the bilayer. Prefd binds with a dissociation constant of 0.27
M to vesicles with a composition corresponding to the chloro-
plast envelope outer membrane. Binding is mediated by the transit
sequence. From an analysis of binding to vesicles containing the
individual lipid components it could be concluded that anionic
lipids are mainly responsible for binding, emphasizing the impor-
tance of electrostatics for the transit sequence-lipid interaction.
Binding is also mediated by the specific chloroplast glycolipid
monogalactosyldiacylglycerol. Monolayer experiments revealed
that in this case a more extended domain of the transit sequence
inserts into the lipid layer. Precursor binding does not result in
a loss of vesicle barrier function. However, high concentrations
of trfd do cause release of vesicle-enclosed carboxyfluorescein.
The results are discussed in the light of the chloroplast protein
import process, with special emphasis on the role of monogalacto-
syldiacylglycerol.
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1. Introduction

Chloroplast biogenesis depends on the import of proteins
which are encoded on the nuclear genome and synthesized in
the cytosol (for recent review see [1]). These proteins contain
an N-terminal extension, the transit sequence, which is neces-
sary and sufficient to direct proteins into the plastid. The
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Abbreviations: prefd, preferredoxin; trfd, transit peptide of ferredoxin;
apofd, apoferredoxin; pCOX IV, presequence of cytochrome ¢ oxidase
subunit I'V; PC 1-37, peptide corresponding to the 37 N-terminal amino
acids of the plastocyanin transit sequence; PC1-43, peptide correspond-
ing to the 43 N-terminal amino acids of the plastocyanin transit
sequence; DHFR, dihydrofolate reductase; MGDG, monogalactosyl-
diacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulfoquino-
vosyldiacylglycerol; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine;
DOPG, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol; DOPE, 1,2-diole-
oyl-sn-glycero-3-phosphoethanolamine; PC, phosphatidylcholine; PG,
phosphatidyiglycerol; PE, phosphatidylethanolamine; PI, phosphatidy-
linositol; PS, phosphatidylserine; CL, cardiolipin; BSA, bovine serum
albumin; Tris, tris(hydroxymethyl)aminomethane; PIPES, piperazin-
1,4-bis(2-ethansulphonic acid); CF, 6-carboxyfluorescein; DTT, dithio-
threitol; HPLC, high performance liquid chromatography; FPLC, fast
protein liquid chromatography; TLC, thin layer chromatography;
LUVETs, large unilamellar vesicles.

posttranslational import is initiated by binding of precursor
proteins to the chloroplast surface. This process depends on the
presence of the transit sequence because mature proteins do not
bind. Maximal binding requires the utilization of ATP (100
UM) in the intermembrane space and the presence of protease
sensitive components on the chloroplast surface. Therefore, it
is assumed that proteinaceous receptors are involved in protein
binding but they remain to be identified. Subsequently, the
proteins are translocated across the envelope membranes,
which requires the hydrolysis of ATP (I mM) in the stroma,
processed by a stromal protease, routed to their proper localiz-
ation and finally assembled into holo-enzymes.

Suggestions are accumulating that also precursor protein—
lipid interactions can be involved in protein import. Soll et al.
[2] showed that treatment of chloroplasts with phospholipase
C strongly affects precursor protein binding and import. Pre-
cursor proteins bind to chloroplasts in the absence of ATP (3]
and after protease pretreatment of chloroplasts [4]. Further-
more, it was shown in model membrane studies that precursor
proteins and transit peptides can interact in a specific way with
lipids from the target membrane [5,6]. For instance, lipid mon-
olayer studies showed that the precursor protein of ferredoxin
(prefd) inserts, transit sequence-dependent, efficiently and spe-
cifically in between the lipids extracted from the chloroplast
outer envelope membrane [6]. NMR experiments with lipid
dispersions revealed that precursor protein-lipid interactions
result in transit sequence mediated changes in the lipid organi-
zation [7]. The lipid-protein interactions are accompanied by
the induction of secondary structure in the other wise unstruc-
tured transit peptide [8].

These observations lead to suggestions on the roles of precur-
sor protein-lipid interactions in protein import. The chloro-
plast membranes contain lipids like monogalactosy! diacylglyc-
erol (MGDG), digalactosyl diacylglycerol (DGDG) and
sulphoquinovosyl diacylglycerol (SQDG) not found in other
cellular membranes [9]. Thus precursor protein-lipid interac-
tions could potentially contribute to organelle specific target-
ing. Furthermore the changes in transit peptide structure and
lipid organization could play roles in the recognition and
translocation steps during protein import.

To get more insight into these possibilities we report here
studies on the interaction of a chloroplast precursor protein
with membranes of large unilamellar vesicles (LUVETS) of
varying composition. The extended bilayers of LUVETs serve
as a model system for the lipid domains of the chloroplast outer
envelope membranes. These membranes have a high lipid-to-
protein ratio [10] and the lipids are accessible for proteins be-
cause externally added lipid-specific antibodies can interact
with chloroplasts [11]. We have chosen to use the precursor
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protein of ferredoxin (prefd) from Silene pratensis because its
import process is well studied. Prefd uses the general protein
import pathway and does not require cytosolic factors for im-
port [12]. The binding of prefd to the vesicles and the conse-
quences for the membrane barrier function were investigated.
By comparing the results obtained with prefd with those of the
transit peptide (trfd) and the apoprotein (apofd), insight into
importance of the various parts of the precursor for the interac-
tion with vesicles was obtained.

2. Experimental

2.1. Materials

General. 6-Carboxyfluorescein (CF) (Eastman Kodak Co., USA)
was purified according to [13]. Dithiothreitol (DTT) was obtained from
Boehringer (Mannheim, Germany). Ellman’s reagent: 5,5-dithiobis(2-
nitrobenzoate), sorbitol, HEPES and Tris were from Sigma (St. Louis,
USA). Todoacetamide was from Fluka (Busch SG, Switzerland). All
other chemicals were of the highest quality.

Peptides. A 47-mer corresponding to the transit sequence of ferre-
doxin from S. pratensis , with the sequence ASTLSTLSVSASLLPK-
QQPMVASSLPTNMGQALFGLKAGSRGRVTAM (Mw = 4780),
was synthesized on an Excell Pepsynthesizer by Millipore (Watford,
UK). Trfd differs only the sequence deduced from the gene [14] by the
absence of the N-terminal methionine which in vivo is removed in the
cytosol [15]. A 25-mer peptide resembling the presequence of cyto-
chrome ¢ oxidase subunit TV (pCOX IV) from yeast, with the sequence
MLSLRQSIRFFKPATRTLCSSRYLL, was synthesized on an Excell
Pepsynthesizer (Hubrecht Laboratory, Utrecht, The Netherlands).
Both peptides contain an amide group on their C-terminus to avoid a
negative charge at this position.

The peptides were purified by reversed phase high performance liquid
chromatography (HPLC) as described [6]. The purity of the peptides
was estimated to be over 98% as determined by analytical HPLC. The
identity of the peptides was confirmed by N-terminal sequencing of 20
amino acids by Edman degradation according to [16], by quantitative
amino acid analysis [17] and for the presequence also by mass spectros-
copy. The peptides were stored as dry materials under nitrogen at
—20°C. By dissolving the peptides in degassed distilled water, stock
solutions with concentrations ranging between 1-1.5 mg/ml were pre-
pared which were stored under nitrogen at —20°C. The bicinchoninic
acid protein assay (Pierce Chemical Co.) with bovine serum albumin
(BSA) as reference was used to determine peptide concentrations.

MC-Labeled trfd was obtained by reductive methylation using
['“C]formaldehyde (New England Nuclear, UK; 59 mCi/mmol) as de-
scribed [18]. [*C]trfd could be visualized as a single band by tricine-
SDS-PAGE [19] followed by fluorography. It was shown that all ap-
plied radioactivity was present in the peptide band. Trfd had a specific
radioactivity of 49 mCi/mmol and contained 0.8 ["*C]methyl group per
molecule. ["“C]trfd could be imported into chloroplasts along the same
general import pathway as used by prefd and is thus functional active
[20].

Proteins. Prefd (Mw = 15 kDa) from S. pratensis was purified from
an E. coli strain overexpressing the precursor protein as described by
Pilon et al. [16]. The precursor was stored in small aliquots in 25 mM
Tris-HCl, pH 7.5, 8 M urea and 0.02% (v/v) B-mercaptoethanol at
—20°C at concentrations ranging between 1-1.5 mg/ml. Apofd was
prepared as described {17] and stored in 1 M Tris buffer at —20°C at
a concentration of 1 mg/ml. Protein concentrations were determined
according to Bradford [21] with BSA as reference.

Prefd and apofd were labeled on their cysteine residues with [“Clio-
doacetamide (spec. act. 56 mCi/mmol; Amersham), as described by
Pilon et al. [12]. In order to obtain a homogeneous prefd population
complete modification of —-SH groups was obtained by a subsequent
incubation with a large excess of iodoacetamide. The specific activity
of both prefd and apofd was 162 mCi/mmol corresponding to 2.7
4C-labeled residues per molecule. Determination of the sulfhydryl
groups using the Ellman’s reagent [22] according to [12] revealed that
for both prefd and apofd all cysteine residues had reacted with io-
doacetamide. It was verified by chloroplast import experiments that
[“Clprefd was as efficiently imported as unmodified prefd (data not
shown). Monolayer experiments showed that the labeling procedure of
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trfd, prefd and apofd did not significantly alter the interaction with
lipids. Labeled and unlabeled (poly)peptides caused similar increases in
surface pressure in monolayers of lipid extracted from the chloroplast
outer envelope membrane and two representative target lipids: MGDG
and PG (data not shown). In order to remove the urea which interfered
with vesicle pelleting and, due to osmotic effects, with vesicle stability
prefd and apofd were immediately before the experiments desalted by
means of FPLC using a Fast Desalting column (Pharmacia, Uppsala
Sweden) which was eluted with 10 mM Tris, 50 mM NaCl at pH 7.6.

Lipids. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-di-
oleoyl-sn-glycero-3-phosphoglycerol (DOPG) and 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine (DOPE) were synthesized according to es-
tablished methods [23,24]. Phosphatidylinositol (PI) from bovine liver
and cardiolipin (CL) from bovine heart were obtained from Sigma (St.
Louis, USA). Cholesterol was obtained from Merck (Darmstadt, Ger-
many). MGDG, DGDG and SQDG were isolated out of thylakoid
membranes from pea (C.V. Feldham First) according to van ’t Hof et
al. [6]. A total chloroplast outer envelope membranes lipid extract was
obtained according to [6]. The lipid composition of the lipid extract was
determined according to [6] and was found to be MGDG 6%, DGDG
30%, SQDG 7%, PC 44%, PG 8% and PI 5% (mol%).

2.2. Methods

Preparation of vesicles. Large unilamellar vesicles (LUVETs) were
made by hydration of lipid films (1 gmol lipid) with indicated compo-
sition prepared from chloroform solutions with 1 ml of 10 mM Tris-
HCI, pH 7.6, containing either 50 mM NaCl for binding experiments
or 50 mM CF for vesicle lysis experiments followed by 10 freeze/thaw
cycles and extrusion through two stacked polycarbonate filters (Nucle-
opore: 0.4 um pore size) [25]. The vesicle concentration was determined
according to Rouser [26]. By TLC [6] it was determined that the lipid
composition of the vesicles was not changed during the extrusion pro-
cedure.

Vesicle binding experiments. LUVET: of in total 200 nmol lipid were
incubated with the indicated amounts of radiolabeled (poly)peptides in
300 g1 10 mM Tris-HCI, 50 mM NaCl at pH 7.6 for 1 h at room
temperature. Vesicles were pelleted by centrifugation for 30 min at
75000 rpm (236 x 10° g) at room temperature in a TL 100 ultracentri-
fuge (Beckmann Instruments Inc., Palo Alto, CA, USA) using a TLA
100.3 rotor. The pellet was resuspended in 200 ¢l 10 mM Tris-HCI, 50
mM NaCl at pH 7.6. Samples of 20 ul were taken to determine the
vesicles pelleting efficiency according to Rouser [26] and the amount of
bound peptide and protein by means of liquid scintillation counting.
The vesicle pelleting efficiency ranged between 70% and 80%. The
amount of bound (poly)peptide was corrected for this recovery. We
assume that the vesicle population was homogeneous. Control experi-
ments without vesicles revealed that of the added prefd and trfd, respec-
tively 94+3% and 96+3% was recovered in the supernatant.

Vesicle leakage experiments. LUVETSs with indicated lipid composi-
tion containing entrapped CF were separated from non-entrapped CF
by gel filtration on a Sephadex G75 column (Pharmacia, Uppsala Swe-
den) (0.7 x 20 cm), using 10 mM Tris/HCI, 50 mM NaCl at pH 7.6 as
eluent. Per measurement, vesicles (36 nmol of lipid) were suspended in
10 mM Tris-HCI, 50 mM NaCl at pH 7.6 to a final volume of 1 ml in
a 1 ml fluorescence cuvet and incubated with varying amounts of
(poly)peptides at room temperature. The fluorescence was measured on
a SPF 500 C spectrofluorimeter (SLM Instruments Inc., Urbana, IL,
USA) using an excitation wave length of 430 nm and an emission
wavelength of 513 nm. The total amount of enclosed CF was deter-
mined by lysing the vesicles with 20 x4l 10% (v/v) Triton X-100. The CF
release is expressed as the percentage of the total amount enclosed.

Monolayer experiments. The Wilhelmy plate method was used to
measure [“C]prefd induced changes in the surface pressure of lipid
monolayers at constant surface area [27]. A subphase of 20 ml of 10 mM
PIPES, 50 mM NaCl, pH 7.6, was placed in a teflon trough with a
surface area of 29.6 cm* and was continuously stirred. The monomol-
ecular lipid layer was formed by spreading a lipid containing chloro-
form solution on the air/buffer interface to an initial surface pressure
of 20 mN/m. Saturating amounts of [*C]prefd (15.9 ug) were added to
the subphase through a small hole at the edge of the trough. The surface
pressure increase was measured in time until a stable surface pressure
was reached. The amount of monolayer associated [*Clprefd was deter-
mined by collecting the monolayer and quantification by liquid scintil-
lation counting. Before collection of the monolayer the subphase was
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extensively washed in order to remove the non-associated prefd. Exper-
iments were performed at room temperature.

3. Results

The binding of prefd and its subdomains, trfd and apofd to
vesicles composed of a total lipid extract of the chloroplast
outer envelope membrane is shown in Fig. 1A. Addition of
increasing amounts of prefd leads to an increased and saturable
binding of the precursor to the vesicles. In contrast, apofd binds
only weakly, indicating that the observed prefd-vesicle binding
is a specific process depending on the presence of the transit
sequence. That it is the transit sequence itself, which is largely
responsible for prefd binding, is shown by the efficient vesicle
binding of trfd (Fig. 1A). Scatchard analysis of the binding data
revealed that the binding of trfd is biphasic (Fig. 1B) with a high
affinity binding (K, = 0.27 £ 0.12 M) and low affinity binding
component (K = 2.28 + 0.43 uM). This two-phase binding was
not observed in case of prefd, but the analysis revealed a single
binding constant of 0.175 £ 0.022 uM.
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Fig. 1. (A) Binding of prefd (0), trfd (O0) and apofd (a) to vesicles
composed of a lipid extract of the chloroplast outer envelope mem-
brane. (B) A Scatchard plot of these binding data.
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Fig. 2. Lipid specificity of prefd-vesicle binding. The vesicles had the
following composition: (O0), comparable to the chloroplast outer enve-
lope membrane MGDG 5%, DGDG 30%, SQDG 10%, DOPG 10%,
DOPC 40%, PI 5%); (0), comparable to the rat liver [38] mitochondrial
outer membrane (DOPC 50%, DOPE 30%, DOPS 10%, CL 5%,
cholesterol 5%) and (2), DOPC.

To get a first insight into the lipid specificity of prefd-vesicle
binding, lipid mixtures corresponding to two organellar mem-
branes involved in post-translational protein import were com-
pared. Fig. 2 demonstrates that prefd binds with comparable
affinity to vesicles mimicking lipid domains of the chloroplast
outer envelope and the mitochondrial outer membrane. PC is
the most abundant lipid class in both systems, yet prefd does
not bind to vesicles prepared of this lipid (Fig. 2). Similar results
were obtained for trfd-vesicle binding (data not shown). It can
thus be concluded that specific lipids present within both sys-
tems are responsible for binding of the precursor to the lipid
bilayers.

To search for these lipids the binding of prefd and trfd was
investigated with vesicles composed of DOPC and 20% of ei-
ther MGDG, DGDG, SQDG, DOPG or DOPE (Fig. 3). Incor-
poration of DOPE (which does not occur in chloroplasts),
MGDG (the most abundant chloroplast lipid), DOPG and
SQDG all significantly stimulated the binding of prefd to vesi-
cles with the largest effects for the anionic lipids SQDG and
DOPG. This demonstrates that SQDG and DOPG are primar-
ily responsible for the binding of the precursor to the outer
envelope membrane lipid extract. In analogy, it can be sug-
gested that PS and CL are primarily involved in the binding of
prefd to the lipid extract of the mitochondrial outer membrane.

Insertion of prefd in monolayers of MGDG and DOPG
resulted in similar surface pressure increases [6], which appears
to contradict the vesicle binding data. To get insight into this
controversy, we determined the amount of monolayer-associ-
ated ["*C]prefd at an initial surface pressure of 20 mN/m (data
not shown). This revealed that 14.5% of the added prefd was
associated with DOPG monolayers, whereas 5.9% was associ-
ated to the MGDG monolayer, in agreement with the preferen-
tial binding to DOPG-containing vesicles. This demonstrates
that prefd is differently inserted into MGDG and DOPG mon-
olayers. Using the #-A characteristics of DOPG [28] and
MGDG [29] it was calculated that an inserted prefd molecule
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in a DOPG monolayer occupies 406 A% and in a MGDG mon-
olayer 648 A

Association of (poly)peptides to lipid domains can exert large
effects on the lipid organization as is recently shown for the
transit sequence of preferredoxin [7]. In order to investigate
whether this results in a loss of barrier function vesicle leakage
experiments were performed. The carboxyfluorescein (CF) re-
lease method [30] was used for this purpose. Polypeptide in-
duced release of CF results in a strong dilution of the probe and
an increase of its fluorescence level.

Fig. 4 demonstrates that addition of up to 10 uM prefd to
vesicles made of a lipid extract of the chloroplast outer envelope
membrane does not cause a release of enclosed CF. The same
is true for the apo-protein. It can thus be concluded that the
barrier of the vesicles remains intact upon transit sequence
mediated binding of the precursor. Addition of trfd to the
vesicles does cause a partial release of CF from the vesicles. It
should be noted that peptide-lipid ratios required to induce CF
release (36 uM lipid, 2.5 uM peptide) are much higher than
those used in the binding experiments (670 M lipid, 0.27-5.7
UM peptide). Compared to the presequence of the mitochon-
drial precursor protein cytochrome ¢ oxidase subunit IV
(pCOX 1V) trfd is much less potent to release CF (Fig. 4). The
strong surface seeking property of pCOX IV [31] and its ability
to adopt amphipathic helical structures upon interactions with
lipid domains may be responsible for this. The lipid specificity
of trfd induced CF release was investigated by the addition of
trfd to vesicle suspensions composed of DOPC and 20% of
MGDG, DGDG, SQDG, DOPE or DOPG (Fig. 5). It is dem-
onstrated that trfd only mediates CF release if the vesicles
contain the anionic lipids DOPG and SQDG which corre-
sponds to the observed specificity of trfd binding.

4. Discussion
In this study it is shown that prefd is able to bind to extended

lipid bilayers present in large unilamellar vesicles. Prefd-vesicle
binding is a specific process depending on the presence of the
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Fig. 3. Lipid specificity of binding of prefd and trfd to vesicles. Binding
of prefd (open bars) and trfd (closed bars) is presented as the percentage
of the added peptide (0.2 ug in both cases). Mean values and standard
deviations of three individual experiments are shown.
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Fig. 4. Effect of trfd (0), prefd (0), apofd (») and pCOX IV (m) on the
CF-release from vesicles composed of a lipid extract of the chloroplast
outer envelope membrane.

transit sequence as was concluded from the strongly reduced
vesicle binding of apofd and the efficient vesicle binding of trfd.
Analysis of the data of trfd binding to vesicles composed of a
lipid extract of the chloroplast outer envelope membrane re-
vealed that this binding was biphasic, consisting of a high and
low affinity component. The dissociation constants (K;) of the
high affinity binding site for binding of trfd to lipid vesicles is
270 nM. This is much larger than the K, of 8.6 nM reported
for binding of the precursor protein of the small subunit of
ribulose-1,5-bisphosphate carboxylase/oxygenate (preSSU) to
chloroplasts [32]. This difference indicates that the
(poly)peptides are bound by different mechanisms to the model
and biological membranes, and that other components than
lipids are involved in high affinity binding to chloroplasts.

The lipid specificity of prefd-vesicle binding was rather
broad. Binding was stimulated by MGDG, SQDG, PG and PE.
In contrast, the abundant chloroplast membrane lipids DGDG
and PC did not stimulate prefd-vesicle binding. This specificity
was also observed for the insertion of prefd into lipid monolay-
ers [6]. The largest prefd-vesicle binding was observed with
anionic lipids SQDG and PG. This indicates that these anionic
lipids are predominantly involved in binding of prefd to vesicles
composed of a lipid extract of the chloroplast outer envelope
membrane and that mainly electrostatic interactions are in-
volved in the binding process.

In contrast to the results presented in this article, peptides
corresponding to the N-terminal region of the transit sequence
of the thylakoid protein plastocyanin do not bind to lipid ves-
icles under comparable conditions [33]. The reason for this
difference is unknown but most likely reflects specific structural
features of these different peptides.

Binding of prefd to vesicles made of a chloroplast outer
envelope membrane lipid extract does not cause a loss of bar-
rier function despite the ability of transit sequence to reorient
lipid membranes [7]. The transit peptide is more lytic and causes
partial CF-release in particular due to interactions with the
anionic lipids. Apparently, the mature part of the precursor
prevents this lytic action.
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Fig. 5. Lipid specificity of trfd induced CF leakage. The fluorescence
increase was measured 7 minutes after the addition of trfd (2.5 uM final
concentration). The fluorescence increase was constant after 6 min.
Mean values and standard deviation of three independent measure-
ments are shown.

Monolayer experiments revealed that prefd induces a signif-
icantly larger surface pressure increase into monolayers with a
lipid composition comparable to that of the chloroplast outer
envelope as compared to monolayers with a lipid composition
comparable to that of the mitochondrial outer membrane [6].
This indicates that prefd inserts to a larger extent in its target
lipid layer. In this respect, MGDG is of special interest because
MGDG in mixtures with PC can serve as insertion site for prefd
[6], possibly due to its special surface packing arrangement [7].
Monolayer analysis of the size of the lipid inserted domain of
prefd has shown that in DOPG and MGDG monolayers the
inserted prefd occupies 406 and 648 A2 respectively, thus
MGDG facilitates specific insertion of a larger domain of the
precursor into the lipid phase. In a recent deletion analysis of
the functional domains of the ferredoxin transit sequence it was
observed that the N-terminal region is involved in the initial
chloroplast recognition process and also interacts specifically
with MGDG [34]. Because the N-terminal region is enriched in
amino acids-containing hydroxylated side chains [35] it could
undergo specific interactions via hydrogen bonding to lipids.
The inserted N-terminal region of the transit sequence could
serve to specifically anchor the precursor into the lipid phase
of the chloroplast envelope membrane, as was proposed by
Pilon et al. [34]. In addition, the lipid inserted precursor could
diffuse in a 2-dimensional way more efficiently to the import
machinery than via 3-dimensional diffusion through the aque-
ous phase. Furthermore, the inserted N-terminus could act as
recognition motif for the import machinery and can be respon-
sible for the induced changes in lipid organization [7], which can
directly be involved in protein import [36] or be required for
the activation of the import machinery.

Finally, we want to discuss our findings in the light of specific
targeting of precursor proteins to chloroplasts. This study dem-
onstrates that prefd binds with equal efficiency to vesicles with
lipid compositions comparable to the lipid compositions of the
chloroplast and mitochondrial outer membrane. Therefore, if
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transit sequence-mediated binding of precursor proteins to or-
ganelles is facilitated by binding to lipid domains, precursor
proteins will bind both to chloroplasts and mitochondria. This
was indeed observed for the precursor of the stromal 33 kDa
protein subunit of the water-splitting enzyme [37]. The precur-
sor was imported into chloroplasts and bound only loosely to
mitochondria. This could indicate an initial and reversible bind-
ing of the precursor to the lipid part of membranes. Further
steps in import must be responsible for organelle specificity.
For instance, subsequent interactions of precursor proteins
with proteinaceous components of the import machinery medi-
ated via specific lipid components of the chloroplasts.
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