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Import Pathways of Chloroplast Interior Proteins and the
Outer-Membrane Protein OEP14 Converge at Toc75
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Most chloroplast outer-membrane proteins are synthesized at their mature size without cleavable targeting signals. Their
insertion into the outer membrane is insensitive to thermolysin pretreatment of chloroplasts and does not require ATP. It
has therefore been assumed that insertion of outer-membrane proteins proceeds through a different pathway from import
into the interior of chloroplasts, which requires a thermolysin-sensitive translocon complex and ATP. Here, we show that
a model outer-membrane protein, OEP14, competed with the import of a chloroplast interior protein, indicating that the two
import pathways partially overlapped. Cross-linking studies showed that, during insertion, OEP14 was associated with
Toc75, a thermolysin-resistant component of the outer-membrane protein-conducting channel that mediates the import of
interior-targeted precursor proteins. Whereas almost no OEP14 inserted into protein-free liposomes, OEP14 inserted into
proteoliposomes containing reconstituted Toc75 with a high efficiency. Taken together, our data indicate that Toc75
mediates OEP14 insertion, and therefore plays a dual role in the targeting of proteins to the outer envelope membrane and

interior of chloroplasts.

INTRODUCTION

Most proteins in chloroplasts are encoded by the nuclear
genome and synthesized in the cytosol. Nuclear-encoded chlo-
roplast proteins can be divided into two groups based on the
presence or absence of cleavable targeting signals. The first
group of proteins is synthesized in the cytosol as precursor
proteins with cleavable N-terminal targeting signals called transit
peptides. Most of these proteins are imported into the interior of
chloroplasts. These proteins share a general import pathway,
using a proteinaceous import apparatus located in the chloro-
plast envelope (for a review, see Schleiff and Soll, 2000).
The second group of proteins is synthesized in the cytosol at
their mature size without cleavable transit peptides. This
group includes most of the outer-membrane proteins identified
so far. For most of these outer-membrane proteins, neither
thermolysin-sensitive proteins exposed on the chloroplast
surface nor ATP are required for their insertion into the outer
membrane (Salomon et al., 1990; Li et al., 1991; Ko et al., 1992;
Fischer et al., 1994; Bolter et al.,, 1999). It has generally been
assumed that these outer-membrane proteins use an import
pathway different from the general import pathway used by
interior-targeted precursor proteins.
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Many components in the import apparatus mediating the
import of interior-targeted precursor proteins have been identi-
fied. Components located in the outer membrane are named Toc
(translocon at the outer envelope membrane of chloroplasts)
proteins and those in the inner membrane are named Tic (trans-
locon at the inner envelope membrane of chloroplasts) proteins
(Schnell et al., 1997). The association of Tic and Toc components
as a complex can be observed even in the absence of importing
precursor proteins (Akita et al., 1997; Nielsen et al., 1997;
Kouranov et al., 1998). Among the Toc components identified,
Toc159 and Toc34 have been shown to be the receptors for
transit peptides (Perry and Keegstra, 1994; Ma et al., 1996;
Kouranov and Schnell, 1997; Sveshnikova et al., 2000). Toc75 is
postulated to span the outer membrane with multiple B strands
(Schnell et al., 1994; Tranel et al., 1995). A considerable amount
of evidence suggests that Toc75 is the major component of the
protein-translocating channel in the outer membrane (Hinnah
et al.,, 1997; Reumann et al., 1999). Tic110 is the major Tic
component identified. It has an N-terminal membrane anchor
and a large stroma-located hydrophilic domain. The stromal
domain binds transit peptides; therefore, Tic110 is proposed to
be the scaffold for protein translocation across the inner mem-
brane into the stroma (Inaba et al., 2003).

The import process of interior-targeted precursor proteins can
be roughly divided into three stages (Chen and Schnell, 1999).
The first stage involves an energy-independent and low-affinity
interaction between the transit peptide and the Toc complex
on the chloroplast surface. Cross-linking studies showed that at
this stage precursors are in direct contact predominantly with
Toc159 and Toc34 (Perry and Keegstra, 1994; Ma et al., 1996;
Kouranov and Schnell, 1997). In the presence of low concentra-
tion of ATP and GTP, import proceeds to the second stage with
the precursors inserting across the outer membrane through the



Toc75 channel and coming into contact with the Tic complex.
This stage has been called the early import intermediate or the
docking stage (Nielsen et al., 1997; Chen and Schnell, 1999).
Cross-linking studies showed that at this stage, precursors are in
direct contact predominantly with Toc75 and the Tic compo-
nents (Ma et al., 1996; Kouranov and Schnell, 1997). In the third
stage, the precursor protein is translocated across both mem-
branes into the stroma at the expense of high concentrations of
stromal ATP (>1 mM) (Theg et al., 1989).

Much less is known about the mechanism of outer-membrane
protein insertion. It has been suggested that proteins insert into
the outer membrane through a spontaneous insertion mecha-
nism (Keegstra and Froehlich, 1999) or through interactions with
lipids (Schleiff and Klosgen, 2001). A spinach (Spinacia oleracea)
outer-membrane protein OEP7 was shown to insert with reverse
orientation into liposomes containing the average lipid compo-
sitions of chloroplast outer membrane. Correct orientation was
achieved by reducing the concentration of charged lipids in the
liposomes (Schleiff et al., 2001). In both kinds of liposomes, <5%
of the OEP7 molecules presented to the liposomes actually
inserted (Schleiff et al., 2001). Pea (Pisum sativum) Toc34 was
also shown to insert into protein-free liposomes, and its orien-
tation was independent of charged lipids but was dependent of
the size of the hydrophilic domain (Qbadou et al., 2003). Neither
of the proposed insertion mechanisms could explain the appar-
ent specificity of chloroplast outer-membrane protein insertion
(see below).

Outer-membrane targeting/insertion signals have been iden-
tified from the mature regions of several outer-membrane
proteins (Wu and Ko, 1993; Li and Chen, 1996, 1997). These
targeting/insertion signals are necessary and sufficient to insert
these proteins and other passenger proteins specifically into the
chloroplast outer membrane. A region within the Arabidopsis
thaliana outer-membrane protein AtOEP7 has been shown to be
the signal that distinguishes between the chloroplast outer
membrane and the endomembrane system (Lee et al., 2001).
Furthermore, using OEP14, the pea homolog of AtOEP7, we
demonstrated that insertion of OEP14 requires some trypsin-
sensitive and N-ethylmaleimide—sensitive protein components.
Association and insertion of OEP14 into the chloroplast outer
membrane are saturable and competed for the import of another
outer-membrane protein (Tu and Li, 2000). These results suggest
that specific proteinaceous components exist as insertion sites
for OEP14.

In this report, we show that OEP14 was directly cross-linked to
Toc75 during insertion, and Toc75 mediated efficient OEP14
insertion into reconstituted proteoliposomes. These data indi-
cate that Toc75 forms the insertion site for OEP14 and therefore
plays direct roles in the targeting of proteins to the outer
membrane and interior of chloroplasts.

RESULTS

OEP14-Hisg Competed with the Import of an
Interior-Targeted Precursor Protein

To identify the insertion site of OEP14, we overexpressed OEP14
in Escherichia coli with a C-terminal Hisg tag. The recombinant
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protein is called OEP14-Hiss. We have previously shown that
OEP14-Hisg inserts into chloroplasts with the same efficiency as
in vitro-translated OEP14 and competes with the import of
another outer-membrane protein (Tu and Li, 2000). As a first step
in OEP14 insertion site identification, we tested whether OEP14-
Hisg competed with the import of an interior-targeted precursor
protein to determine whether these two pathways share com-
ponents. As shown in Figure 1, excess OEP14-Hisg could
compete with the import of the precursor to the small subunit
of ribulose bisphosphate carboxylase (prRBCS). As the concen-
tration of unlabeled OEP14-Hisg increased in the import reac-
tions, the import of prRBCS decreased significantly (Figure 1A,
top panel). To rule out the possibility that the competition
resulted from nonspecific aggregation of OEP14 on the chloro-
plast surface, we performed the same competition experiment
with the C-terminal membrane-associated domain of Arabidop-
sis Toc159 (atToc159M). This truncated protein can attach to the
surface of chloroplasts with the same efficiency as other outer-
membrane proteins but cannot insert into the outer membrane
(Muckel and Soll, 1996; Smith et al., 2002). It had no effect on the
import of prRBCS (Figure 1A, middle panel). We also tested if
prRBCS could compete with the insertion of OEP14 into the outer
membrane. The concentrations tested were lower because
prRBCS was purified from E. coli inclusion bodies and solubilized
with urea, which lyses chloroplasts at a high concentration. We
used up to 2 puM, for which prRBCS competition with interior-
targeted precursor proteins has been observed to be effective
(Tranel et al., 1995). Interestingly, at these concentrations
prRBCS had no effect on either the association of OEP14
(measured by the amount of full-length OEP14 associated with
repurified chloroplasts after the import reaction, including both
the OEP14 bound on the chloroplast surface and the OEP14
inserted into the outer membrane; Tu and Li, 2000) or the
insertion of OEP14 into the outer membrane (measured by the
amount of the 4-kD membrane-protected fragment produced by
the thermolysin posttreatment) (Figure 1A, bottom panel). It is
possible that OEP14 can use multiple components or a compo-
nent in multiple forms for insertion into the outer membrane, and
only one of the components or one of the forms is shared with
prRBCS.

We further investigated which stage of prRBCS import was
competed by OEP14-Hisg. Import reactions were performed at
three different ATP concentrations to support initial surface
association (0 wM ATP), early import intermediate formation (or
docking, 100 wM ATP), and stroma translocation (5 mM ATP).
OEP14 had little effect on initial surface association of prRBCS
but almost totally competed out the early import intermediates
produced after adding 100 wM ATP (Figure 1C). The amount of
mature RBCS imported at 5 mM ATP was reduced to the same
extent as prRBCS (data not shown; Figure 1A), indicating the
reduction resulted from the inhibition of prRBCS docking. The
competition results indicate that insertion of OEP14 shares some
components with the import of prRBCS at the stage of early
import intermediate formation. Previous results have shown
that at this stage prRBCS is associated with the entire Tic/
Toc complex (Akita et al., 1997) and is in direct contact pre-
dominantly with Toc75 and the Tic complex (Kouranov and
Schnell, 1997).
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Figure 1. Import of prRBCS Was Competed by OEP14-Hisg at the
Docking Stage.

(A) Import of prRBCS was competed by OEP14-Hisg but not by
atToc159M, and overexpressed prRBCS failed to compete with
OEP14. [3S]prRBCS was incubated with chloroplasts and increasing
concentrations of unlabeled OEP14-Hisg (top panel) or atToc159M
(middle panel). [35S]JOEP14 was incubated with chloroplasts and in-
creasing concentrations of unlabeled prRBCS (bottom panel). Half of the
chloroplasts were further treated with thermolysin to reveal the amount of
OEP14 inserted into the outer membrane. The concentration of cold

OEP14-Hisg Was Associated with Tic/Toc Translocon
Components during Insertion

To further identify components mediating OEP14-Hisg insertion,
we performed chemical cross-linking experiments with the
homobifunctional and cleavable cross-linker dithiobis-9-succi-
nimidylpropionate (DSP). Chloroplasts were incubated with
OEP14-Hisg for 5 or 15 min, reisolated, and treated with DSP.
For a control, chloroplasts were incubated with a truncated
Toc34, Toc34(1-258)Hisg (Sun et al., 2002), in which the outer-
membrane insertion signal has been deleted, and the truncated
protein cannot insert into the outer membrane (Li and Chen,
1997). Total chloroplast membranes were isolated and solubi-
lized. Protein complexes containing OEP14-Hisg were purified
from the solubilized supernatant fraction by metal-affinity resin
and analyzed by SDS-PAGE and immunoblots. In agreement with
the competition results, Toc75, Toc34, and Tic110 copurified
with OEP14-Hisg (Figure 2). We observed the same cross-linking
pattern when import was performed for 5 (Figure 2, top half) or
15 min (bottom half), except the amount of Toc75 copurified was
higher at 15 min. Only the 54-kD M domain of Toc159 (Toc159M)
was present in the total solubilized membrane fraction, and
specific copurification of this fragment with OEP14-Hisg was
difficult to detect. The inner-membrane protein IEP21 and en-
dogenous OEP14, two proteins that are not in the Tic/Toc
translocon, did not copurify with OEP14-Hisg. This result showed
that OEP14 specifically associated with the Tic/Toc translocon
components during its insertion into the outer membrane.

To investigate whether components of the outer envelope
membrane were sufficient for insertion of OEP14, we performed
OEP14 import with highly purified outer-membrane vesicles
(OMVs). Immunoblotting of the vesicles demonstrated that they
were enriched in the outer-membrane marker Toc75 and devoid
of the inner-membrane marker Tic110 (Figure 3A, compare lanes
1 and 2). When the OMVs were used for import assays, OEP14-
Hisg could still insert into these vesicles (Figure 3B). Both the
association of OEP14 with OMV (Figure 3B, lane 2) and the
insertion of OEP14 (Figure 3B, lane 3) were highly efficient. In
fact, the insertion efficiency was higher than that observed with
intact chloroplasts (Figure 3C). It is possible that components
required for OEP14 insertion were present in a higher concen-
tration in the OMV preparation than in intact chloroplasts. A
regular outer-membrane-vesicle import reaction contained

OEP14-Hisg, atToc159M, or prRBCS is indicated above the lane. Tr, in
vitro—translated [3°S]prRBCS or [35S]JOEP14 used for the import reac-
tions.

(B) Quantification of the gels shown in (A). The amount of mature RBCS
imported in the absence of unlabeled OEP14-Hisg or atToc159M was set
as 100%.

(C) Competition occurred at the docking stage. Energy-depleted
[33S]prRBCS and chloroplasts were incubated with increasing concen-
trations of unlabeled OEP14-Hisg, and the reaction was supplemented
with different concentrations of ATP. The amount of prRBCS associated
with chloroplasts under each condition was quantified. The amount
of prRBCS bound in the absence of ATP and unlabeled OEP14-Hisg
was set as 1. Data points represent mean (+SE) of three independent
experiments.
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Figure 2. OEP14-Hiss Was Cross-Linked to Translocon Components
during Insertion.

OEP14-Hisg was incubated with chloroplasts for 5 (top half) or 15 min
(bottom half). Intact chloroplasts were reisolated and treated with DSP.
Chloroplasts were lysed, and total membranes were isolated and
solubilized. The clarified supernatant (sup., lanes 1 and 2) was purified
with TALON resin (lanes 3 and 4) and analyzed by SDS-PAGE and
immunoblots with antibodies labeled on the left. Lanes 1 and 3, mock
import with the truncated outer-membrane protein Toc34(1-258), which
does not associate with chloroplasts. Toc159M, the 54-kD degradation
fragment of Toc159.

outer-membrane proteins from ~40 mL of chloroplasts (at a
concentration of 1 mg/mL chlorophyll) compared with 50 pL of
chloroplasts of the same concentration in a regular chloroplast
import reaction. In any event, these results suggested that
components of the outer membrane were sufficient for OEP14
import and Tic110, or other inner-membrane proteins were not
required.
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Toc75 Was in Close Proximity to the Insertion Signal
during OEP14 Insertion

We next investigated which components of the Toc complex
directly interacted with OEP14. We used the heterobifunctional
and cleavable crosslinker N-[4-(p-azidosalicylamido) butyl]-3’-
(2’-pyridyldithio) propionamide (APDP), which can be labeled
with 25| and attached specifically to Cys residues of the sub-
strate protein. After photoactivation of APDP by UV irradiation,
cross-linked adducts are formed between the substrate protein
and proteins inits vicinity. APDP can then be cleaved by reducing
agents, and 251 would then be transferred to the proteins
crossed-linked to the substrate protein.

Because there is no Cys residue in OEP14-Hisg, Val of residue
8 within the outer-membrane targeting/insertion signal of OEP14
(Li and Chen, 1996) was mutagenized to a Cys to create the V8C
mutant (Figure 4A). The Cys replacement and the APDP attach-
ment had no effect on the insertion of OEP14-Hisg (data not
shown). The V8C mutant was produced and purified from E. coli.
The protein was conjugated with ['2%[]-APDP (V8C-['25I]-ADP)
and used for chloroplast import and cross-linking experiments.
OEP14 has a tendency to form multimers upon association with
chloroplasts (data not shown). Without enrichment by isolating
the envelope fraction, the only '25|-labeled products clearly
visible when total chloroplast proteins were analyzed were the
V8C-['2%]]-ADP multimers (Figure 4B, lane 1, asterisks). They
were specifically recognized by anti-OEP14 antibodies (Figure
4B, lane 2). They could also result from cross-linking of V8C-
[1281]-ADP to endogenous OEP14 multimers that were not re-
solved by SDS-PAGE. When only envelope membranes of the
reisolated chloroplasts were analyzed, two additional cross-
linked products of 55 and 75 kD were observed (Figure 4B, lane
3). The identity of the 55-kD protein (Figure 4B, lane 3, open
circle) was unknown. A 55-kD protein has previously been
observed to cross-link to precursor of ferredoxin using the same
cross-linker (Rensink et al., 2000). The 75-kD protein (Figure 4B,
lane 3, arrow) was specifically immunoprecipitated by anti-
Toc75 antibodies, suggesting that this protein was Toc75 (lane
5). Immunoblots confirmed that this protein comigrated with
endogenous Toc75 (lane 7). Anti-Toc159 and anti-Toc34 anti-
bodies did not immunoprecipitate any '25|-labeled Toc159 or
Toc34, indicating that these two proteins were not in the vicinity
of OEP14 during insertion. The V8C-['25I]-ADP label transfer
cross-linking data suggested that Toc75 was in the vicinity of
OEP14 during OEP14 insertion.

Toc34 and Toc159 Were Not Required for
OEP14-Hisg Import

Both Toc34 and Toc159 have a thermolysin-sensitive domain
exposed on the chloroplast surface (Kessler et al., 1994; Seedorf
et al., 1995). It is well documented that OEP14 import is not
affected by thermolysin pretreatment of chloroplasts (Li et al.,
1991; Tu and Li, 2000). Therefore, the cytosolic domains of
Toc159 and Toc34 are most likely not essential for OEP14
import. To further investigate whether Toc34 and Toc159 play
any major role in OEP14 import, we used Arabidopsis mutants
that are disrupted in genes encoding atToc159, atToc34, or
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Figure 3. OEP14-Hisg Could Insert into Purified OMVs.

(A) Purity of the isolated OMVs. Total proteins of chloroplasts (chipt, 9
1g) and isolated OMVs (2.5 ng) were resolved by SDS-PAGE. Immuno-
bloting was performed using antibodies against pea Toc75 and Tic110.
(B) Import of OEP14-Hisg into isolated OMVs. Lane 1, [35S]JOEP14-Hisg
used in the import reactions. Lane 2, OEP14-Hisg associated with the
OMVs. Lane 3, same as lane 2 except the OMVs were further treated with
thermolysin (thermolysin-post) to reveal the amount of OEP14-Hisg
inserted into the vesicles. Molecular masses of marker proteins are
labeled at left.

(C) Efficiencies of OEP14 import into chloroplasts and isolated OMVs. In
vitro-translated OEP14 was imported into isolated chloroplasts or
OMVs. The amounts of OEP14 associated or inserted were quantified
and plotted as percentage of total [*5S]JOEP14-Hisg added to the import
reactions.

atToc33 (see below) to check if the import of OEP14 is affected in
these mutants. Arabidopsis has three homologs of pea Toc159:
atToc159, atToc132, and atToc120 (Bauer et al., 2000; Jackson-
Constan and Keegstra, 2001). Among them, atToc159 is most
similar to pea Toc159. Two Toc34 homologs are present in

Arabidopsis: atToc34 and atToc33. Both of them share ~60%
identity to pea Toc34. Knockout mutants of atToc33, atToc159,
and atToc34 have been identified (Jarvis et al., 1998; Bauer et al.,
2000; Constan et al., 2004).

We did not isolate chloroplasts from these mutants and
compare their import efficiencies directly because the atToc759
knockout mutant is albino. We could only compare the steady
state levels of various chloroplast proteins in these mutants.
Antibodies against the Arabidopsis homolog of pea OEP14,
AtOEP7, were prepared and used in immunoblots to detect
AtOEP?7 in cell extracts of the wild-type and mutant plants. As
shown in Figure 5, although the amounts of chloroplast interior
proteins (e.g., chlorophyll a/b binding protein [CAB] and the
33-kD oxygen-evolving complex protein [OE33]) were decreased
when atToc 159 or atToc33 was mutated, the amount of AtOEP7
was normal in the mutant. The atToc34-knockout mutant was
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Figure 4. Toc75 Was Cross-Linked to OEP14-['25]-ADP.

(A) Schematic representation of OEP14-Hisg mutant V8C. The targeting/
insertion signal (open box) and the hexa-histidine tag (filled box) are
shown.

(B) Label-transfer cross-linking experiment with V8C-['2%[]-ADP. Chlo-
roplasts were incubated with V8C-['2%]]-ADP, and cross-linking was
activated by UV irradiation. Chloroplasts were pelleted, and a small
portion was analyzed by SDS-PAGE and viewed by autoradiography
(lane 1) or by immunobloting decorated with anti-OEP14 antibodies (lane
2). Asterisks indicate the V8C-['25]-ADP multimers, which were also
recognized by the anti-OEP14 antibodies. Closed circles indicated
nonspecific cross-hybridization by the antibodies. Envelope membranes
(Env) were isolated from the rest of the chloroplasts. A small portion of
the membranes was analyzed by SDS-PAGE and autoradiography (lane
3). The open circle indicates the 55-kD protein of unknown identity. The
rest of the membranes were solubilized and immunoprecipitated (IP) with
antibodies against Toc34, Toc75, and Toc159 (lanes 4 to 6). Lane 7
shows an immunoblot of total chloroplast proteins probed with anti-
Toc75 antibodies. The position of the IgG heavy chain is marked by
a bracket. Molecular masses of marker proteins are labeled at left.



wild type in appearance and had a normal amount of all the
chloroplast proteins analyzed. These results indicated that,
whereas the absence of atToc159 and atToc33 resulted in
reduced amounts of chloroplast interior proteins, it did not affect
the steady state level of AtOEP7. We cannot use the same
approach to test the role of Toc75 because a Toc75 knockout
mutant is lethal (D.J. Schnell, unpublished results).

Toc75 Mediated OEP14 Insertion into Proteoliposomes

To positively demonstrate that Toc75 mediates OEP14 insertion,
we reconstituted Toc75, Toc34, or both proteins into proteoli-
posomes (Wallas et al., 2003) and assayed their ability to mediate
OEP14 insertion. As shown in Figure 6A, a low amount of OEP14
bound to protein-free liposomes and was almost completely
removed by thermolysin posttreatment (Figure 6A, lanes 1 and 2),
indicating that little insertion had occurred. This low efficiency is
similar to that observed for insertion of spinach OEP7 into
protein-free liposomes containing the average lipid composition
of chloroplast outer membrane (Schleiff et al., 2001). By contrast,
with proteoliposomes containing Toc75, >40% of the OEP14
added to the reaction associated and inserted into the proteo-
liposomes (Figures 6A, lanes 3 and 4, and 6C). Because the
N-terminal Met is the only Met present in OEP14, the appearance
of the 4-kD fragment indicated that the N-terminal portion of
OEP14 was protected from thermolysin, and OEP14 had inserted
into the Toc75 proteoliposomes in the correct N;,-Co, Orienta-
tion (Li and Chen, 1996). Toc34 alone mediated an insertion
efficiency slightly higher than the background (Figure 6A, lane 6).
Adding back Toc75 together with Toc34 restored the insertion
efficiency (Figure 6A, lane 8). The proteoliposomes containing
both Toc75 and Toc34 had a lower insertion efficiency than
proteoliposomes containing Toc75 alone, which may indicate
that OEP14 preferentially inserts into the outer membrane via free
Toc75 that is not associated with other Toc components.
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Figure 5. The Amount of AtOEP7 Was Normal in Arabidopsis Knockout
Mutants of atToc159, atToc33, and atToc34.

Immunobloting analysis of AtOEP7, CAB, OE33, and atTic110 in various
mutants. Total protein extracts were prepared from 14-d-old seedlings.
For analysis of AtOEP7 and atTic110, 40 g of proteins were used. For
analysis of OE33 and CAB, 2 and 1 pg of proteins were used, re-
spectively. KO, knockout mutant lines.
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Figure 6. Toc75 Mediates Insertion of OEP14.

(A) Insertion of OEP14 into various proteoliposomes. [3°S]JOEP14
was incubated with liposomes without any protein or proteoliposomes
(PL) containing Toc75, Toc34, or both proteins (Toc75/34 PL). Half
of the reaction was further treated with thermolysin to reveal the
amount of OEP14 inserted. Lane 9, 20% [*°S]OEP14 added to each
reaction.

(B) Insertion of AtPex14p into various proteoliposomes. [35S]AtPex14p
was incubated with liposomes or various proteoliposomes as in (A). Half
of the reaction was further extracted with 0.1 M Na,COs to reveal the
amount of AtPex14p inserted. Lane 1, 20% [35S]AtPex14p added to each
reaction.

(C) Quantitative analysis of insertion (thermolysin-resistant fragment of
OEP14 and alkaline-extracted pellet fraction of AtPex14p) from two
experiments, including those presented in (A) and (B) with error bars.
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Interestingly, the efficiency of OEP14 insertion into proteolipo-
somes containing both Toc75 and Toc34 was almost the same
as that of insertion into isolated OMVs (Figure 3C). As a control,
the same experiment was performed with the peroxisomal
membrane protein AtPex14p (Figure 6B). Similar to OEP14,
AtPex14p is also an integral membrane protein (Hayashi et al.,
2000) and inserted into the peroxisome membrane posttransla-
tionally. An equally low level of nonspecific insertion was ob-
served with protein-free liposomes and proteoliposomes
containing Toc proteins, supporting that the high insertion
efficiency mediated by Toc75 was specific for OEP14. The
proteoliposome reconstitution experiments demonstrated that
Toc75 was sufficient to mediate membrane insertion of OEP14.

DISCUSSION

Spontaneous insertion has been generally assumed to be the
import mechanism for most chloroplast outer-membrane pro-
teins (Bruce, 1998; Keegstra and Cline, 1999; Schleiff and
Klosgen, 2001). However, the identification of targeting signals
and the requirements for specific proteinaceous insertion sites
suggested otherwise (Li and Chen, 1996; Tu and Li, 2000; Lee
et al., 2001). In this report, we further showed that OEP14 was
associated with translocon components during import. How-
ever, Toc159, Toc34, and Tic110 were not necessary for OEP14
import. Copurification of these components with OEP14-Hisg is
most likely because of preassembly of the translocon complex
(Akita et al., 1997; Kouranov et al., 1998). On the other hand,
Toc75 was in close proximity to the insertion signal of OEP14. We
have previously shown that OEP14 import requires a trypsin-
sensitive and thermolysin-resistant component (Tu and Li, 2000).
Toc75 is trypsin sensitive and thermolysin resistant (Schnell et al.,
1994; Tu and Li, 2000). Finally, proteoliposomes containing
purified Toc75 mediated membrane insertion of OEP14 with
a high efficiency. Therefore, we conclude that Toc75 is the major
component mediating OEP14 insertion. Interestingly, a bacterial
homolog of Toc75, Neisseria meningitidis Omp85, recently has
been shown to be important for bacterial outer-membrane
protein assembly (Voulhoux et al., 2003). Therefore, the role of
Toc75 in mediating the insertion of proteins into the chloroplast
outer membrane could be an evolutionarily conserved function.

In mitochondria, outer-membrane proteins are also synthe-
sized at their mature size without cleavable targeting signals.
Their import is also generally insensitive to protease pretreat-
ment of mitochondria (Neupert, 1997). However, it has been
shown that import of the outer-membrane protein TOM20 is
inhibited by antibodies against TOM40, which is the insertion
pore of the TOM complex for importing mitochondrial matrix
proteins (Schneider et al., 1991). The results suggest that TOM20
bypasses the surface receptors, which are required for matrix
protein import, and inserts directly into TOM40. Furthermore,
import of other mitochondrial outer-membrane proteins, includ-
ing porin, TOM6, TOM7, and TOM40 itself, has also been shown
to require the TOM core complex (Rapaport and Neupert, 1999;
Dembowski et al., 2001; Krimmer et al., 2001). Taken together,
these results suggest that the import pathways of mitochondrial
outer-membrane proteins and interior proteins converge at the
general insertion pore, especially at TOM40. Similar phenomena

have also been observed in bacteria. The E. coli SRP- and Sec-
dependent export pathways converge at the SecYEG translocon
(Valent et al., 1998). Here, we provide evidence to show that
a similar situation occurs in chloroplasts. Toc75 not only func-
tions as the translocation channel for chloroplast interior proteins
but also mediates the insertion of outer-membrane proteins.

Even though both groups of proteins use Toc75 for import, this
does not necessarily mean that they bind to identical sites on
Toc75. Similar to the situation in mitochondria, the membrane
insertion signals of chloroplast outer-membrane proteins are
clearly distinct from the stroma-targeting transit peptides. There-
fore, it is possible that two different sites on Toc75 are involved in
binding the two different groups of signals. This may explain why
a higher concentration of OEP14 is needed to achieve the same
competition effect as that of an interior-targeted precursor
protein (Tranel et al., 1995). Binding of outer-membrane proteins
to Toc75 may result only in a steric hindrance effect, rather than
a direct competition on the binding of interior-targeted precursor
proteins to Toc75. Recently, a single-point mutation in the
mitochondrial TOM40 channel has been shown to affect only
import of inner-membrane carrier proteins but not matrix or
outer-membrane proteins (Gabriel et al., 2003). Therefore,
TOM40 appears to have different regions for interacting with
proteins of different submitochondrial locations.

It has been shown that ~50% of Toc75 molecules in the outer
membrane are not associated with Toc34 and Toc159 (Kouranov
et al., 1998). Because OEP14 insertion only requires Toc75 but
not other Toc components identified so far, it is possible that
OEP14 not only interacts with Toc75 in the Toc complex but also
with free Toc75 not assembled into a Toc complex (Figure 7).
This may explain why OEP14 insertion was not competed by
prRBCS (Figure 1A). Even when all the Toc complex-assembled
Toc75 is occupied by prRBCS, the remaining free Toc75 is still
sufficient to mediate the insertion of OEP14 added to an in vitro
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Figure 7. A Model for OEP14 Insertion.

Whereas interior-targeted precursor proteins use the Toc complex for
import, OEP14 may use Toc75 by itself (or associated with some yet-
unidentified components designated by a question mark), or Toc75 in the
Toc complex, for its insertion into the chloroplast outer membrane. OM,
outer membrane; IMS, intermembrane space.



import experiment. However, we could not exclude the possi-
bility that prRBCS failed to compete with OEP14 because
prRBCS was solubilized in urea and therefore was not in its
native conformation, or the concentration of prRBCS used was
not high enough.

Biogenesis pathways for membrane proteins can usually be
divided into three stages: (1) targeting to the membrane, (2)
insertion into the membrane, and (3) assembly into the final, lipid-
embedded functional structure (Rapaport, 2002). For example,
for the biogenesis of most mitochondrial outer-membrane pro-
teins, the second stage is the insertion of these proteins into the
TOM40 channel. The third stage will be the release of the proteins
from the channel to the surrounding lipid bilayer (Rapaport,
2002). Because nothing is known about the function of OEP14,
we can only divide OEP14 import into two stages: initial contact
with the membrane surface and insertion. We have observed the
same cross-linking pattern with the Toc components when
OEP14 import was performed for 5 or 15 min, except that the
amount of Toc proteins copurified with OEP14 was higher when
import was performed for 15 min (Figure 2). Because endoge-
nous OEP14 is not part of the Toc complex, retention of OEP14 in
the Toc75 channel 15 min after import suggests that lateral
release of OEP14 into the surrounding lipid bilayer is a rate-
limiting step in OEP14 biogenesis.

OEP14 can still bind to the surface of chloroplasts even when
Toc75 is almost completely digested by trypsin (Tu and Li, 2000).
It is possible that OEP14 nonspecifically sticks to the chloroplast
surface when Toc75 is impaired by trypsin digestion. It is also
possible that OEP14 can specifically bind to lipid components
of the outer membrane. Chloroplast membranes contain sev-
eral unique lipids, such as digalactosy! diacylglycerol, monoga-
lactosyl diacylglycerol, and sulfolipids (Douce and Joyard,
1990). Although it has been shown that neither digalactosy! di-
acylglycerol nor monogalactosyl diacylglycerol is likely to be
involved in OEP14 import (Chen and Li, 1998; Tu and Li, 2000),
it is still possible that sulfolipids or other lipids may play a role
in the binding of OEP14 to the outer membrane. We propose
that proteinaceous insertion sites, like Toc75, provide the in-
sertion with the high efficiency and specificity required in vivo.
Further work is needed to determine if there are other proteins or
lipids involved in OEP14 insertion.

METHODS

Plasmid Construction and Sources of Antibodies

OEP14 mutant V8C was generated by PCR-based site-directed muta-
genesis on plasmid pET22b-OEP14 (Tu and Li, 2000) using the Quik-
Change site-directed mutagenesis kit (Stratagene, La Jolla, CA). To
construct pET22b-Toc75, a fragment containing the entire coding region
of pea (Pisum sativum) Toc75 precursor was amplified from p214 (Tranel
et al., 1995) by PCR using primers that added an Ndel site to the N
terminus and a Sacl site to the C terminus of the PCR fragment. The PCR
fragment was subcloned into the Ndel/Sacl site of pET22b (Novagen,
Madison, WI). To construct pET22b-AtOEP7, the AtOEP7 coding region
was directly amplified from Arabidopsis thaliana genomic DNA using
primers that added an Ndel site to the N terminus and an EcoRl site to the
C terminus of the PCR fragment. The PCR fragment was subcloned into
the Ndel/EcoRl site of pET22b. For overexpression of atToc159M, the
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corresponding coding region was excised with Pstl and EcoRl from
Arabidopsis EST clone H9H12. The Pstl/EcoRI fragment, which encodes
the C-terminal 54-kD region of atToc159 from residues 1224 to 1503, was
cloned into the Pstl/EcoRl site of pRSET-B (Invitrogen, Carlsbad, CA).
Antibodies against Toc75, Toc34, Toc159, Tic110, IEP21, and OEP14
were generated against Escherichia coli overexpressed and purified full-
length pea Toc75 precursor (described above), pea Toc34(1-258)Hisg
(Sun et al., 2002), atToc159(1224-1503) (M domain described above),
Arabidopsis Tic110 residue 431 to 1016, pea inner membrane protein
IEP21 (Kouranov et al., 1998), and pea OEP14 with an N-terminal Hisg tag,
respectively. OEP14-related proteins were all soluble when overex-
pressed in E. coli and were purified as described (Tu and Li, 2000).
Arabidopsis Tic110(431-1016), atToc159M, and pea Toc75 precursor
were purified as inclusion bodies as described (Perry and Keegstra, 1994)
except proteins were solubilized in 8 M urea instead of 6 M guanidine-HCI.

Import Competition and Import into OMVs

Chloroplasts were isolated from 9- to 11-d-old pea (P. sativum cv Little
Marvel) seedlings as described (Perry et al., 1991). Competition of
prRBCS by atToc159M and OEP14-Hisg under standard import condi-
tions were performed as described (Tu and Li, 2000). For competition of
OEP14 by prRBCS, prRBCS was overexpressed and purified from E. coli
as described (Perry and Keegstra, 1994) except the inclusion bodies were
solubilized by 8 M urea in 50 mM Hepes-KOH, pH 7.6, 10 mM MgCl,, and
2 mM DTT. All reactions contained the same concentration of urea (for
atToc159M and prRBCS) or imidazole (for OEP14-Hisg) as in the reaction
with the highest amount of competitors. For OEP14-Hisg competition with
prRBCS under different concentration of ATP, in vitro-translated
[35S]prRBCS was filtered through a Sepharose G-25 column (Olsen et al.,
1989), and isolated chloroplasts were incubated on ice in the dark for 2 h
to deplete ATP. Import was initiated by adding 50 pL of chloroplasts to
a 100-pL reaction mixture containing 5 pL of [3S]prRBCS and various
amounts of cold OEP14-Hisg and ATP in import buffer (50 mM Hepes-
KOH, pH 8.0, and 300 mM sorbitol). Import was performed for 15 min at
room temperature under a dim green safelight.

OMVs were isolated by differential centrifugation on a linear sucrose
gradient as described (Keegstra and Yousif, 1988). For OEP14-Hisg
import into OMVs, a 100-p.L reaction was performed by incubating OMVs
(40 pg of proteins) with 5 pL of purified [3°S]JOEP14-Hisg (Tu and Li, 2000)
or in vitro—translated [33S]JOEP14 in import buffer at room temperature for
15 min. The reaction was terminated by adding cold import buffer. The
OMVs were pelleted by centrifugation at 100,000g for 45 min and
resuspended in import buffer. Thermolysin posttreatment was performed
by resuspending the vesicles in 200 ug/mL of thermolysin and 1 mM
CaCl, and incubating at 4°C for 30 min. The vesicles were reisolated
through a 0.23 M sucrose cushion.

Cross-Linking and Affinity Purification

For cross-linking with DSP (Pierce, Rockford, IL), 800 L of chloroplasts
were incubated with 40 ug of OEP14-Hisg or 144 g of Toc34(1-258)Hisg,
and import buffer was added to a final volume of 2.4 mL. No ATP was
added to the reaction. After import at room temperature for 5 or 15 min,
intact chloroplasts were reisolated, DSP was added to a final concen-
tration of 0.25 mM, and cross-linking was performed at 4°C for 15 min.
The reaction was terminated by adding Gly to a final concentration of
50 mM and further incubated at 4°C for 15 min to quench the free
DSP. Chloroplasts were reisolated, washed with import buffer, and
lysed in 2 mL of hypotonic buffer 25 mM Hepes-KOH, pH 8.0, and
4 mM MgCl,). The total membrane fraction was collected by centrifuga-
tion at 100,000g for 45 min. Solubilization was performed by resus-
pending the membranes with 1 mL of solubilization buffer (25 mM
Hepes-KOH, pH 8.0, 200 mM KCI, 2 mM imidazole, 1% Triton X-100,
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1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM pepstatin, and 1 mM
leupeptin) and incubated at 4°C for 10 min, followed by centrifugation
at 100,000g for 5 min. The supernatant was diluted with an equal volume
of solubilization buffer without Triton X-100, mixed with 50 pL of TALON
resin (Clontech, Palo Alto, CA), and incubated overnight at 4°C with
constant shaking. The resin was washed four times with 1 mL of
solubilization buffer and one time with solubilization buffer containing 5
mM imidazole. The bound proteins were eluted with 60 pL of elution
buffer (solubilization buffer plus 200 mM imidazole). Samples were
analyzed by SDS-PAGE, blotted onto polyvinylidene difluoride mem-
branes, and detected by horseradish peroxidase—-conjugated secondary
antibody using the SuperSignal West Femto chemiluminescence kit
(Pierce). For each antibody, all samples were run on the same gel and
developed for the same amount of time.

[251]-APDP was custom labeled by NEN (Boston, MA). V8C proteins
(25 nmol) were overexpressed and purified from E. coli and were reduced
by incubating the proteins with 2% B-mercaptoethanol at 37°C for 1.5 h
and filtered through a 1-mL Sepharose G-25 column to remove the
B-mercaptoethanol. The filtered protein was incubated with 230 uCi of
[1251]-APDP at 4°C in the dark for 2.5 h, and the reaction mixture was
filtered through the Sepharose G-25 column to remove free ['25]]-APDP.
Chloroplasts (6 mg of chlorophyll) were incubated with 40 g of V8C-
[1251]-ADP, and import buffer was added to a final volume of 18 mL. After
import at room temperature in the dark for 15 min, the chloroplasts were
transferred to a 100-mm Petri dish plate and irradiated from 1.5 cm above
with a hand-held UV transilluminator (Spectroline, Westbury, NY) at
254 nm for 20 min with gentle shaking and then collected by centrifuga-
tion at 3,000g for 3 min. Chloroplasts were lysed hypertonically, and
total envelope membranes were collected as described (Keegstra and
Yousif, 1988). Envelope membranes were resuspended in 1 mL of TE
buffer (10 mM Tricine-HCI, pH 7.5, and 2 mM EDTA) containing 2%
B-mercaptoethanol, incubated at room temperature for 15 min to
cleave the cross-linker, recovered by ultracentrifugation, and washed
with 1 mL of TE buffer. For immunoprecipition, the envelopes were solu-
bilized with 0.5 mL of IP buffer (25 mM Hepes-KOH, pH 8.0, 50 mM KClI,
2% Triton X-100, 10% glycerol, 1 mM PMSF, 1 mM pepstatin, and 1 mM
leupeptin) at 4°C for 10 minutes, followed by centrifugation at 100,000g
for 5 minutes. The supernatant was diluted with 0.5 mL of HKG buffer
(25 mM Hepes-KOH, pH 8.0, 50 mM KCI, and 10% glycerol), mixed with
20 pL of antiserum at 4°C for 2 h, followed by incubating with 30 pL of
protein A resin (Pierce) at 4°C overnight with constant shaking. The resin
was washed with 0.5 mL of IP buffer (1% Triton X-100) four times and
directly eluted with SDS-PAGE sample buffer.

Insertion of OEP14 into Proteoliposomes

Reconstitution of pea Toc75 and pea Toc34 into proteoliposomes was
performed as described (Wallas et al., 2003). Ten microliters of liposomes
or proteoliposome were mixed with 12 pL of in vitro-translated
[33S]OEP14 or AtPex14p in import buffer in a final volume of 150 pL.
Import was performed at 26°C for 15 min. The reaction was stopped by
adding 850 plL of ice-cold import buffer and divided into two 500-pL
aliquots and pelleted. For experiment involving OEP14, the proteolipo-
somes were resuspended in import buffer either without or with 50 wg/mL
of thermolysin and incubated for 30 min on ice in the dark. The
thermolysin treatment was terminated by addition of EDTA, and the
proteoliposomes were collected by centrifugation. For experiments in-
volving AtPex14p, the proteoliposomes were resuspended in import
buffer (the bound portion) or 0.1 M Na,COg, pH 11.5, incubated on ice for
15 min, and then collected by centrifugation. The supernatant of the
Nao,CO;-treated liposomes was saved. The pellets from both treatments
were resuspended in import buffer. Proteins in all samples were pre-
cipitated with 80% acetone and analyzed by SDS-PAGE.

Miscellaneous Procedures

Total plant extracts from various Arabidopsis mutants were prepared
from 14-d-old seedlings grown on MS medium by homogenization in
extraction buffer (300 mM Tris-HCI, pH 8.5, 8% SDS, 1 mM EDTA, 1 mM
PMSF, 1 mM pepstatin, and 1 mM leupeptin). Samples were analyzed by
SDS-PAGE, blotted onto polyvinylidene difluoride membranes, and
detected by horseradish peroxidase—conjugated secondary antibody.
All electrophoresis was performed as described (Tu and Li, 2000). For
analysis of cross-linked complexes, the Mops running buffer was used
instead of the Mes running buffer. Dried gels were used for quantification
using the Phophorlmager SP (Molecular Dynamics, Sunnyvale, CA).
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