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(Background: The signal that ensures the specific targeting of B-barrel proteins to either mitochondria or chloroplasts is

Results: Chloroplast B-barrel proteins can be assembled ix vitro into the mitochondrial outer membrane.
Conclusion: The mitochondrial import machinery can recognize and process chloroplast B-barrel proteins as substrates.
Significance: Dedicated targeting factors had to evolve in plant cells to prevent mis-sorting of chloroplast 3-barrel proteins to
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Membrane-embedded f3-barrel proteins are found in the
outer membranes (OM) of Gram-negative bacteria, mitochon-
dria and chloroplasts. In eukaryotic cells, precursors of these
proteins are synthesized in the cytosol and have to be sorted
to their corresponding organelle. Currently, the signal that
ensures their specific targeting to either mitochondria or chlo-
roplasts is ill-defined. To address this issue, we studied targeting
of the chloroplast B-barrel proteins Oep37 and Oep24. We
found that both proteins can be integrated in vitro into isolated
plant mitochondria. Furthermore, upon their expression in
yeast cells Oep37 and Oep24 were exclusively located in the
mitochondrial OM. Oep37 partially complemented the growth
phenotype of yeast cells lacking Porin, the general metabolite
transporter of this membrane. Similarly to mitochondrial
B-barrel proteins, Oep37 and Oep24 expressed in yeast cells
were assembled into the mitochondrial OM in a pathway
dependent on the TOM and TOB complexes. Taken together,
this study demonstrates that the central mitochondrial compo-
nents that mediate the import of yeast 3-barrel proteins can deal
with precursors of chloroplast 3-barrel proteins. This implies
that the mitochondrial import machinery does not recognize
signals that are unique to mitochondrial f3-barrel proteins. Our
results further suggest that dedicated targeting factors had to
evolve in plant cells to prevent mis-sorting of chloroplast 3-bar-
rel proteins to mitochondria.

In addition to the outer membrane (OM)? of Gram-negative
bacteria, membrane-embedded B-barrel proteins are found
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also in the OM of the endosymbiotic organelles, mitochondria
and chloroplasts. Compared with the diversity of B-barrel
membrane proteins in prokaryotes, the number of organellar
OM proteins confirmed to have this structural type is rather
limited. In Saccharomyces cerevisiae, bakers’ yeast, only five
members have been identified: Tom40, Tob55/Sam50, two iso-
forms of Porin/VDAC, and Mdm10. The number of character-
ized B-barrel proteins in chloroplast OM is not much higher,
although sequence analysis predicted the presence of many
such proteins in this membrane (1). Some of those (for example,
outer envelope proteins OEP21, OEP24, and OEP37) were pro-
posed to function as pores for small metabolites, and their dis-
tinct substrate specificities may point to discrete roles in vari-
ous metabolic processes (2, 3). The chloroplast OM harbors
also Toc75, a B-barrel protein with several isoforms in Arabi-
dopsis thaliana (4). Toc75 (Toc75-111 in A. thaliana) forms the
protein-conducting pore of the translocase of the OM of chlo-
roplasts (TOC complex) (5, 6).

Newly synthesized mitochondrial B-barrel precursor pro-
teins are devoid of canonical N-terminal presequences or any
other characterized linear targeting signal. They are initially
recognized by the Tom20 and Tom22 receptor components of
the translocase of the outer mitochondrial membrane (TOM
complex) before their translocation across the OM via the
import pore of this complex. Next, these proteins are relayed to
the dedicated complex for topogenesis of outer membrane
B-barrel proteins (TOB complex, also known as sorting and
assembly machinery), which mediates their assembly into the
OM. The known components of the TOB core complex are
Tob55/Sam50/Omp85, Tob38/Sam35, and Mas37/Tom37/
Sam37. On their way from the TOM to the TOB complex, the
B-barrel precursors are exposed to the intermembrane space
(IMS) where they interact with the small Tim chaperones (for
detailed reviews see Refs. 7-9).

In contrast to our detailed picture on the biogenesis of -bar-
rel proteins in mitochondria, relatively little is known about
their assembly pathways in chloroplasts. Specific signals for tar-
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geting of most B-barrel proteins to the chloroplast have not yet
been identified. An interesting exception is provided by the
unique biogenesis pathway of the precursor of Toc75-II1. This
precursor protein is synthesized with an N-terminal extension,
which functions as a bipartite transit peptide and is processed
during maturation (10, 11). The first portion of the targeting
signal directs the precursor protein to the chloroplast stroma
where it is cleaved by a stromal processing peptidase (10). The
second portion functions probably as a stop-transfer segment
and was found to be processed by a type I signal peptidase (12).
The overall import pathway of Toc75-1II seems to support the
idea that sorting of B-barrel membrane proteins of chloroplasts
occurs in a manner similar to that of mitochondria. The Toc75-
III precursor is first completely translocated across the outer
envelope by the TOC complex and thus is likely inserted from
the inner face into the lipid phase of the OM. Another Toc75
isoform (Toc75-V/OEP80 in A. thaliana) was speculated to be
involved in the membrane integration of chloroplast OM
B-barrel proteins; however, experimental evidence to support
this proposal is still lacking. In any case, this isoform is not a
component of the TOC complex (13). Surprisingly, the N-ter-
minal region of Toc75-V is not essential for the targeting, bio-
genesis, or functionality of the protein suggesting that Toc75-
III and Toc75-V do not follow the same targeting pathway (14).
Thus, currently Toc75-111 is the only known protein in the OM
of chloroplasts or mitochondria with a cleavable targeting
sequence. Hence, the question regarding how the vast majority
of the B-barrel proteins of chloroplasts and all those of mito-
chondria is targeted to their respective organelle is still an open
one.

Bacterial B-barrel proteins can be targeted to mitochondria
when expressed in eukaryotic cells suggesting that signals in
these proteins are functional in eukaryotic cells for targeting to
and assembly in mitochondria (15-18). In addition, previous
studies failed to identify a linear sequence that functions as an
intracellular targeting signal for mitochondrial 3-barrel pro-
teins (9). These findings indicate that the signal for targeting of
B-barrel precursors to mitochondria is probably not confined
to a single linear sequence but rather involves structural ele-
ments unique to membrane-embedded 3-barrel proteins. Sup-
porting this assumption is a report that the chloroplast 3-barrel
protein Oep24 was integrated into the mitochondrial OM upon
its expression in yeast cells (19). However, the mechanism of
such assembly was not studied, and therefore, it is not clear
whether a chloroplast B-barrel can be recognized and pro-
cessed by the same elements that mediate the biogenesis of
mitochondrial B-barrel proteins.

To better understand the specific targeting of these proteins,
we expressed the chloroplast B-barrel proteins Oep37 and
Oep24 in yeast cells and studied their biogenesis in this system.
The proteins were located exclusively in mitochondria where
they assembled into the OM. In vitro experiments revealed that
both Oep24 and Oep37 were first translocated across the OM
by the TOM complex and then integrated into the outer mem-
brane by the TOB complex. Collectively, our results suggest
that chloroplast B-barrel proteins can be imported into the OM
in a similar pathway to that undertaken by the bona fide mito-
chondrial B-barrel proteins. Thus, these findings imply the fol-
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lowing: (i) the mitochondrial import machinery does not rec-
ognize signals that are unique to mitochondrial B-barrel
proteins, and (ii) dedicated targeting factors had to evolve in
plant cells to avoid mis-targeting of these proteins to
mitochondria.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Methods—Standard genetic tech-
niques were used for growth and manipulation of yeast strains.
The wild-type strains YPH499 and W303a were employed. The
tom20A, mas37A, and tim8A/tim13A strains were described
before (Refs. 17, 20, 21, respectively). The tom70A/tom71A
double-deletion strain is a kind gift of Dr. K. Okamoto (22). For
drop-dilution assays, yeast cells were grown in synthetic
medium to an A, of 1.0 and diluted in 5-fold increments, and
then 5 ul of each dilution were spotted onto solid media, and
growth was monitored for a few days.

Recombinant DNA Techniques—QOep37 and Oep24 were
amplified from pea cDNA using standard PCR techniques and
subsequently cloned into pGEM4 for cell-free transcription
and translation. In addition, Oep37- and Oep24-encoding
sequences were cloned into the yeast expression vectors
pYX242 or pYX142, respectively. VDACI1 was amplified from
A. thaliana cDNA and cloned into pGEM4 for in vitro tran-
scription and translation. ALDH and OE33 constructs for in
vitro import experiments were previously described (23, 24).

The constructs for the self-assembly GFP assays were ampli-
fied from A. thaliana cDNA using standard PCR techniques
and subsequently cloned into the pAVA plasmid (25) contain-
ing the fragments for saGFP11 (N-/C-terminal) or saGFP(1-
10). Templates for the saGFP(1-10) and saGFP11 fragments
were obtained from Dr. G. S. Waldo (Los Alamos, NM).

Mitochondria Isolation and Subcellular Fractionations of
Yeast Cells—Mitochondria were isolated from yeast cells
grown on galactose-containing medium by differential centrif-
ugation as described (26). For isolation of mitochondria from
temperature-sensitive mutants and their parental strains, cells
were grown at 24 °C, unless otherwise stated. For highly pure
mitochondria, a Percoll gradient purification was performed.
For that goal, isolated mitochondria were layered on top of a
self-forming gradient (25% Percoll in an SEM buffer (250 mm
sucrose, 1 mm EDTA and 10 mm MOPS, pH 7.2)) and centri-
fuged (80,000 X g, 45 min, 4 °C) (16). Mitochondrial fraction
from the lower third of the gradient was collected and resus-
pended in 30 ml of SEM buffer and reisolated by centrifugation
(15,000 X g, 15 min, 4 °C). Microsomes were isolated from
yeast cells by differential centrifugation. After obtaining the
first mitochondrial pellet, the supernatant was centrifuged
(15,000 X g, 15 min, 4 °C) again to avoid contaminations by
mitochondrial elements. The post-mitochondrial fraction
was subjected to a centrifugation (100,000 X g, 1 h, 4 °C), and
the pelleted microsomes were resuspended in SEM buffer.

Biochemical Procedures—Radiolabeled precursor proteins
were synthesized in rabbit reticulocyte lysate in the presence of
[**S]methionine (PerkinElmer Life Sciences) after in vitro tran-
scription by SP6 polymerase from pGEM4 vector (Promega).
Radiolabeled precursor proteins were incubated at 25 °C with
isolated yeast mitochondria in an import buffer (250 mm
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sucrose, 0.25 mg/ml BSA, 80 mm KCI, 5 mm MgCl,, 10 mm
MOPS-KOH, 2 mm NADH, 2 mMm ATP, pH 7.2). Organelles
isolated from mas37A and TIM10-1 strains or from their cor-
responding parental strains were incubated at 37 °C for 15 min
before initiating the import reaction.

Plant Organelle Isolation and Biochemical Assays Employing
These Organelles—Import of the translated **S-labeled precur-
sor proteins into isolated pea chloroplasts was performed as
described before (27). Pea mitochondria for single import
assays were isolated according to published procedure (28), and
single in vitro import experiments were done as described pre-
viously (29). After import (30 min, RT), the organelles were
reisolated and subsequently treated with 0.1 M Na,CO,, pH
11.5, with or without the addition of Triton X-100 (1%) and
incubated for 30 min on ice. Subsequently, they were centri-
fuged (100,000 X g, 20 min, 4 °C), and the pellet fractions were
analyzed by SDS-PAGE and autoradiography.

Isolation of pea chloroplasts and mitochondria for dual in
vitro import was performed according to Rodiger et al. (30).
Dual import reactions were done for 30 min at 25°C as
described (31). At the end of the import reactions, the organ-
elles were treated with a final concentration of 120 pg/ml ther-
molysin or 5 ug/ml proteinase K in dual import buffer supple-
mented with 50 mm CaCl, and incubated on ice for 30 or
15 min, respectively. The proteolytic digestion was stopped by
10 mm EDTA, pH 8.0, for thermolysin and 10 mm PMSF for
proteinase K. The organelles were repurified and analyzed by
SDS-PAGE and autoradiography. For sodium carbonate and
Triton X-100 treatment, the organelles were repurified directly
after import, subsequently treated with sodium carbonate
buffer (0.1 m Na,CO,, pH 11.5, 1 mM EDTA) in the presence or
absence of 1% Triton X-100, and incubated on ice for 30 min.
The samples were then centrifuged (100,000 X g, 30 min, 4 °C),
and the pellet fractions were analyzed by SDS-PAGE and auto-
radiography. The purity of organelles after dual import was
analyzed using one-half of each import reaction sample for
immunodecoration with antibodies against psToc75 and atV-
DACI (Agrisera).

Proteolytic digestion of pea chloroplast outer envelope vesi-
cles (isolated according to Ref. 32) was performed as described
before (33). The samples were incubated on ice with thermoly-
sin or PK for 30 or 15 min, respectively. Envelope vesicles were
recovered by centrifugation (100,000 X g, 30 min, 4 °C) and
subsequently analyzed via SDS-PAGE and immunodecoration.

Theindicated constructs were co-transfected into A. thaliana protoplasts that
were subsequently analyzed by confocal fluorescence microscopy. The GFP
fluorescence (GFP), the autofluorescence of chlorophyll, the overlay of all fluo-
rescence signals, and the differential interference contrast image (DIC) are
shown for a representative example. A, two saGFP fragments were targeted
to the cytoplasm (CYT-S11 and CYT(1-10), top panel), to the chloroplasts IMS
(Tic22-511 and Mgd1(S1-10), middle panel), or to the outer envelope of chlo-
roplasts (Oep7-S11 and CYT(S1-10), bottom panel). B, two saGFP fragments
were targeted to the mitochondrial IMS (S11-VDAC3 and Tim50(S1-10)). A
staining of mitochondria with MitoTracker is shown. C, Oep37 either N- or
C-terminally fused to saGFP11 (S11-Oep37 or Oep37-S11, respectively) was
co-expressed with the chloroplast IMS-located Mgd1(S1-10). The middle
panel shows an isolated chloroplast after osmolysis of protoplasts. D, S11-
Oep37 fusion proteins were co-expressed with either cytosolically localized
S1-10 (CYT(1-10)) or with S1-10 located in the mitochondrial IMS (Tim50(S1-
10)). As another control, VDAC3 fused to saGFP11 (S11-VDAC3) was co-ex-
pressed with the chloroplast IMS-located Mgd1(S1-10).
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FIGURE 2. GFP signal is not observed when the two fragments are not in
the same compartment. The indicated constructs were co-transfected into
A. thaliana protoplasts that were subsequently analyzed by confocal fluores-
cence microscopy. The GFP fluorescence after GFP assembly (GFP), the auto-
fluorescence of chlorophyll, and the differential interference contrast image
(DIC) are shown for a representative example. A, large fragment was targeted
to the chloroplast IMS (MGD1(S1-10)), whereas the small one was targeted to
either the cytosol (CYT-S117) or the chloroplast stroma (pSSU-S11). B, large
fragment was targeted to the mitochondrial IMS (Tim50(S1-10)), whereas the
small one was targeted to either the cytosol (CYT-517) or the mitochondrial
matrix (F13-S11).

Protoplast Isolation, Transfection, and saGFP Analysis—A.
thaliana mesophyll protoplasts were isolated and transfected
as described (33). GFP and chloroplast fluorescence was mon-
itored by confocal laser scanning microscopy using a TCS SP5
microscope (Leica) withan HCX PL APO CS40 X 1.25NA 1.25
oil objective. Fluorescence was excited and detected as follows:
GFP 488/505—-525 nm, chlorophyll fluorescence 514/650 —-750
nm.

RESULTS

Chloroplast B-Barrel Protein Oep37 Is Assembled into the
Mitochondrial OM—To understand how specific targeting of
B-barrel proteins can be achieved in plant cells, we used the
model protein Oep37. To study the location of this protein in
vivo, we utilized the recently established sa-GFP system where
the first 10 B-strands of GFP are fused to one protein while the
complementing 11th B-strand is attached to another protein.
Only if the two proteins, to which the GFP fragments are fused,
are located in the same cellular compartment can a GFP signal
be observed (34). As expected, if both fragments were in the
cytosol or the IMS of chloroplasts was a GFP signal observed in
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FIGURE 3.0ep37 can beimported in vitro into chloroplasts and mitochon-
dria. Radiolabeled Oep37 was incubated for 30 min at RT with either isolated
pea chloroplasts (A) or isolated mitochondria (B). Membrane insertion was
assayed by the resistance to carbonate treatment (CO2 ") in the presence or
absence of Triton X-100 (Tx). An aliquot (5%) of the translation product (TP)
used for each import reaction was loaded as control. The bands correspond-
ing to Oep37 are indicated with an arrowhead. C, purity of the isolated mito-
chondria (M) or chloroplasts (C) was monitored by analyzing 10 ug of total
organellar protein by SDS-PAGE followed by immunodecoration, using
organelle-specific antibodies (a-VDAC for mitochondria and «-Toc75 for
chloroplasts). The bands corresponding to the marker proteins are indicated
with an arrowhead, whereas unspecific bands resulting from cross-reactivity
of the antibodies are marked with an asterisk.

the corresponding compartment (Fig. 1A). Similarly, a signal
was obtained when both parts of the GFP were localized in the
mitochondrial IMS (Fig. 1B). Next, strand 11 of GFP was fused
to either the N or C terminus of Oep37, and the fusion protein
was co-expressed with Mdg1(S1-10) that positions strands
1-10 in between the outer and inner membranes (33). Both
combinations resulted in a distinct GFP staining of the chloro-
plasts (Fig. 1C). Of note, no signal was observed when the frag-
ment containing strands 1-10 was located either in the cytosol
or in mitochondria (Fig. 1D). As expected, also the control com-
bination of Mdgl1(S1-10) in chloroplasts and S11-VDACS3 in
mitochondria did not result in a GFP signal (Fig. 1D). Further
control experiments demonstrated that false-positive signal
was not observed in other cases where both fragments were not
in the same compartment (Fig. 2). Thus, Oep37 is located in
vivo solely in chloroplast OM where its two termini are facing
the intermembrane space. Interestingly, Oep37 was detected in
isolated chloroplasts before (1, 2), but it was predicted to have
converse topology (1). Thus, to validate our method, we fused
the S11 fragment to the C terminus of the single-span mem-
brane protein Oep7 that was reported to havea C_, orientation
(35). As expected, co-expression of this protein with the cyto-
solic S1-10 fragment gave a GFP signal (Fig. 1A, bottom panel).
Thus, the absence of a signal upon co-expression of Oep37-S11
and cytosolic S1-10 is not a technical problem of the used
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5-13) import of rabbit reticulocyte-translated pOE33 or pALDH into isolated
pea chloroplasts (chloro) (lanes 2-6, 10, and 11) and mitochondria (mito)
(lanes 7 and 8 and 12 and 13). Translation products (TP, 10%) as input control
are shown in lanes 7 and 9. Nonimported proteins were removed by thermo-
lysin (TH, lanes 3,6, 8, 11, and 13). In addition, 1% (v/v) Triton X-100 was added
to one sample (TX, lane 4). Precursor and mature forms of pOE33 and pALDH
are indicated by white and black arrowheads, respectively. The stromal inter-
mediate form of pOE33 is indicated with a gray arrowhead. B, purity of the
chloroplasts (lanes 17 and 2) and mitochondrial (lanes 3 and 4) fractions after
dual import and re-purification of the organelles was assayed by Western
blotting with the indicated organelle-specific antibodies. C, chloroplast outer
envelope membranes were treated with the indicated concentrations of
either thermolysin (lanes 1-4) or proteinase K (lanes 5-8). The membranes
were then assayed by Western blotting using the indicated organelle-specific
antibodies. Oep37 was partially sensitive to high amounts of proteinase K,
and in addition to full-length protein, a slightly smaller degradation product
was also observed (lane 5, white and black arrowheads, respectively). D-F, dual
import of radiolabeled Oep37 (D), Oep24 (E), and VDACT (F) into chloroplasts
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method but rather results from the N, ./C,, topology of the
protein.

To further study the biogenesis of Oep37, we used a cell-free
import system where radiolabeled Oep37 was mixed with
either chloroplasts or mitochondria isolated from pea cells.
Integration of Oep37 into the target membrane was monitored
by alkaline extraction. Surprisingly, the protein was imported
into both compartments in a similar efficiency (Fig. 3, A and B).
To make sure that the samples used in the in vitro experiments
are not cross-contaminated, we analyzed them by immuno-
decoration with antibodies against marker proteins. Of note,
signals corresponding to chloroplast Toc75 and mitochondrial
VDAC were observed only in the chloroplasts or mitochondrial
samples, respectively (Fig. 3C).

The aforementioned binding experiments were not per-
formed under competitive conditions, and it was often reported
that mitochondrial and chloroplast proteins can be imported in
vitro into the wrong organelle (36, 37). Therefore, we wanted to
exclude the possibility that the rather hydrophobic Oep37 mol-
ecules are inserted in vitro into mitochondria simply because
this is the only membrane present in the binding reaction. To
test the specificity of the binding, we asked whether Oep37
would insert into mitochondria also when competing chloro-
plasts are present. To this end, we employed a dual system
where both isolated chloroplasts and mitochondria are present
during the import reaction and are separated only at its end. To
check whether the specificity of import is kept under these con-
ditions, we incubated the organelle mixture with radiolabeled
precursors of either the chloroplast thylakoid protein pOE33 or
the mitochondrial protein pALDH. The results shown in Fig.
4A demonstrate that each precursor protein was imported into
its corresponding organelle. Next, we controlled by Western
blotting for the purity of the organelles after their separation
and found that the chloroplast protein Toc75 was detected only
in the chloroplasts fraction, whereas the mitochondrial protein
VDAC was found exclusively in the mitochondrial fraction (Fig.
4B). These results validate the dual import system as a specific
and reliable assay to monitor the import of precursor proteins.

We aimed to establish an assay to monitor the in vitro import
of the chloroplast B-barrel protein Oep37. To this end, we
investigated the protease resistance of the endogenous protein
in isolated organelles. Oep37 was resistant against the used
amounts of both PK and thermolysin. In contrast, as expected,
the exposed receptors Toc159 and Toc34 were cleaved under
these conditions (Fig. 4C). The protease resistance of Oep37
under these conditions provides further support for the notion
that both termini of Oep37 are in the intermembrane space of
chloroplasts. The earlier proposal that the N and C termini are
exposed to the cytosol was based only on proteolysis of outer
envelope membranes with very high concentrations of thermo-
lysin (1). As contrast, our current model is based on improved
methodology, namely in vivo data with intact cells and proteo-
lytic assay with reduced proteases concentrations.

and mitochondria (lanes 2-11). Translation products (TP, 10%) as input con-
trol are shown in lane 1. Nonimported proteins were removed by either ther-
molysin (TH, lanes 3 and 8) or proteinase K (PK, lanes 4 and 9) treatment. Full
integration into the membrane was assayed by carbonate extraction (EX) in
the presence or absence of Triton X-100 (TX, lanes 5, 6, 10, and 11).
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Using such proteolytic assays and carbonate extraction, we
then analyzed the import of Oep37 in the dual import system.
In agreement with our results in the single organelle system
(Fig. 3), the protein became protected from proteases upon
import into both organelles (Fig. 4D). Furthermore, Oep37 was
found in the pellet fraction of an alkaline extraction as expected
from membrane-embedded proteins. Triton X-100 at concen-
trations up to 2% is frequently used to wash protein from inclu-
sion bodies that are aggregates of non-native proteins (38).
Thus, we applied the previously established principle of Triton
X-100 treatment (39) to test whether the protein was indeed
inserted into the membrane or just co-sedimented as a non-
membrane-inserted aggregate. Oep37 was not detected in the
pellet when we performed the extraction in the presence of the
detergent Triton X-100, excluding the possibility of aggrega-
tion as a cause for the appearance in the pellet (Fig. 4D). As
Oep24 was previously reported to be targeted to mitochondria
upon its expression in yeast cells (19), we also imported this
protein in the dual system. Similarly to Oep37, Oep24 was inte-
grated into the membrane of both organelles (Fig. 4E). Of note,
under these conditions the mitochondrial B-barrel protein
VDAC was efficiently imported into mitochondria but only
sparsely into chloroplasts (Fig. 4F). The mitochondria and chlo-
roplast fractions were also analyzed after their re-isolation by
SDS-PAGE followed by Coomassie staining. This analysis
revealed that similar amounts of proteins were contained in
each fraction (data not shown), thus excluding the possibility
that unequal amounts of proteins affect the import efficiencies.
Taken together, our findings suggest that chloroplasts 3-barrel
proteins can be imported in vitro into isolated mitochondria.

Next, we were interested whether this mitochondrial target-
ing capacity can also be observed in an in vivo system. We there-
fore cloned Oep37 into a yeast expression vector and trans-
formed the resulting plasmid into S. cerevisiae cells. Subcellular
fractionation of the transformed cells revealed that Oep37 was
located exclusively in the mitochondrial fraction (Fig. 54). As a
control for the specificity of the Oep37 antibody, we verified the
absence of a signal in mitochondria isolated from a nontrans-
formed strain (Fig. 5A, left lane). Hence, although several dif-
ferent membranes are available for the newly synthesized
Oep37 molecules upon their translation in the yeast cytosol, the
protein is targeted solely to mitochondria.

To demonstrate that Oep37 was indeed integrated into the
outer membrane rather than simply attached on the surface of
the organelle, mitochondria were subjected to alkaline extrac-
tion. Oep37 was found in the pellet fraction similarly to other
membrane-embedded mitochondrial proteins like Tom70 or
Porin (Fig. 5B). In contrast, soluble proteins like Hep1 and the
IMS isoform of Mcrl were found in the supernatant fraction
(Fig. 5B). Because we observed that native Oep37 is resistant to
PK treatment in intact chloroplasts (Fig. 4C), the membrane
integration of Oep37 was further analyzed by a similar treat-
ment of intact mitochondria. Similarly to mitochondrial 3-bar-
rel proteins like Porin and Tob55, Oep37 was unaffected by
addition of external protease to intact mitochondria. Oep37
became accessible to proteinase K only when mitochondrial
membranes were solubilized with the detergent, Triton X-100
(Fig. 5, Band C). Similarly, rupturing of the outer membrane by
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FIGURE 5. Oep37 expressed in yeast cells is assembled into the mitochon-
drial OM in a native conformation. A, Oep37 is located in mitochondria.
Lysates of Oep37-expressing cells and fractions corresponding to mitochon-
dria, endoplasmic reticulum (ER), and cytosol were analyzed by SDS-PAGE
and immunodecoration with antibodies against Oep37, the mitochondrial
protein Tom70, a marker protein for the cytosol (hexokinase), and the endo-
plasmic reticulum protein Erv2. Mitochondria isolated from untransformed
WT cells were co-analyzed as a control. B, mitochondria isolated from cells
expressing Oep37 were analyzed directly by SDS-PAGE (input) or were sub-
jected first to carbonate extraction and then centrifuged to discriminate
between membrane proteins in the pellet and soluble proteins in the super-
natant (SN). Additional aliquots of mitochondria were left intact or were
treated with the indicated amounts of proteinase K. Proteins were analyzed
by SDS-PAGE and immunodecorated with antibodies against the indicated
proteins as follows: Tom70, an OM protein exposed to the cytosol; Porin, a
protein embedded in the OM; Hep1, a mitochondrial soluble matrix protein;
Mcr1, a protein with two isoforms, a 34-kDa species exposed on the OM and a
32-kDa soluble one in the IMS. C, mitochondria isolated from cells expressing
Oep37 were left intact (total) or were treated with the indicated amounts of
proteinase K (left panel) or trypsin (right panel). In one sample, the mitochon-
dria were swelled (+SW) before the treatment with PK. Proteins were ana-
lyzed by SDS-PAGE and immunodecorated with antibodies against the indi-
cated proteins. Tob55, a protein embedded in the OM; DId1, an inner
membrane protein exposed to the IMS. Proteolytic fragments are indicated
with an asterisk.

osmotic swelling caused exposure of loops in the IMS to pro-
teinase K and disappearance of the protein signal (Fig. 5C, left
panel). As the experiments described so far cannot exclude the
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FIGURE 6. Overexpression of Oep37 can partially complement the porTA phenotype. A, expression of Oep37 does not interfere with growth on a
nonfermentable carbon source. Cells harboring either a plasmid encoding Oep37 or an empty plasmid (@) as control were tested by drop dilution assay for their
ability to grow on glycerol-containing medium (YPG) at 30 and 37 °C. B, wild-type cells harboring an empty plasmid (@) and cells deleted for PORT (por1A) that
were transformed with either an empty plasmid (@) or a plasmid encoding Oep37 were tested by drop dilution assay for their ability to grow at 30 °C on rich

(YPG) or synthetic glycerol-containing medium (SG-Leu).

possibility that Oep37 is integrated into the inner membrane,
we treated intact organelles with higher concentrations of PK
or with trypsin as the latter protease cleaves other 3-barrel pro-
teins like Tom40. Indeed, upon addition of such elevated
amounts of PK or trypsin to intact organelles, we observed the
formation of proteolytic fragments (Fig. 5C). Such fragments
can be formed only if the protein is embedded into the OM and
exposes loops toward the cytosol. The intactness of mitochon-
dria under these conditions is reflected by the resistance of the
IMS proteins DLD1 and the IMS isoform of Mcr1 as well as the
matrix protein Hepl to the proteases treatment (Fig. 5C). We
conclude that Oep37 is assembled into the mitochondrial OM
in a native-like conformation.

Oep37 Can Complement the Absence of Mitochondrial Porin—
We further investigated whether the expression of Oep37 inter-
feres with crucial functions of mitochondria. To that end, we
compared the growth rate of yeast cells expressing the chloro-
plast protein to those bearing an empty plasmid. The growth of
Oep37-expressing cells on a nonfermentable carbon source,
where yeast cells require fully functional mitochondria, was
comparable with that of control cells (Fig. 6A). Next, we verified
that expressing Oep37 in yeast cells did not have any effect on
the morphology of the organelle (data not shown). Collectively,
it seems that the expression of Oep37 does not obstruct crucial
cellular and mitochondrial processes.

Oep37 was reported to form a rectifying high conductance
channel in artificial membranes (2). Thus, we asked whether
this protein can complement the absence of the general solute
transporter of the mitochondrial outer membrane, Porin (also
called VDAC in higher eukaryotes). Cells lacking Porin hardly
grow on a nonfermentable carbon source at elevated tempera-
tures (40). We observed that por1A cells expressing Oep37 par-
tially regained their capacity to grow under these conditions
(Fig. 6B). This finding suggests that Oep37 can form pores in
the mitochondrial outer membrane. Of note, another chloro-
plast OM protein, Oep24, was previously shown to partially
complement Porin deficiency in yeast cells (19). Thus, our cur-
rent findings indicate that although Oep24 and Oep37 probably
have different substrate specificity in chloroplast membranes,
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they share the ability to complement the function of Porin that
serves as the single and general solute transporter in the yeast
mitochondrial OM (40).

Oep37 Assembly into Mitochondria Requires the TOM and
TOB Complexes—Mitochondrial B-barrel proteins like Tom40,
Porin, and Tob55 or bacterial B-barrel proteins expressed in
yeast cells are initially recognized by the import receptors
Tom20 and Tom?70 (16, 17, 20, 41-43). Hence, we used an in
vitro import assay to address the importance of these receptors
for the mitochondrial assembly of Oep37 and Oep24. Mem-
brane integration of the precursor molecules was analyzed by
monitoring those molecules that are proteinase K-resistant.
Initially, we observed that the removal of the exposed domains
of import receptors by externally added trypsin affected the in
vitro import of both proteins into isolated mitochondria (Fig.
7A). To verify the importance of the import receptors, we
imported newly synthesized Oep37 or Oep24 molecules into
mitochondria isolated from strains lacking either Tom20 or
Tom?70 and its low abundant paralog Tom71. The import of
newly synthesized chloroplast -barrels and the control mito-
chondrial B-barrel protein Porin into both types of mutated
mitochondria was strongly compromised (Fig. 7B). To further
study the importance of the receptors, we transformed plas-
mids encoding either Oep37 or Oep24 into cells lacking either
Tom20 or Tom70/Tom?71 and analyzed the steady-state levels
in these mutated cells. Crude mitochondria isolated from
tom20A cells had significantly reduced amounts of Oep37 but
wild-type-like levels of Oep24 (Fig. 7, C and D). In contrast, the
absence of Tom70/71 caused only a slight reduction or none at
allin the observed levels of Oep37 and Oep24, respectively (Fig.
7, C and D). The reduced Tom20 dependence of the in vivo
biogenesis of Oep24 might be related to its smaller size. We
previously observed that upon their expression in yeast cells the
biogenesis of small bacterial B-barrel proteins is Tom20-inde-
pendent whereas that of their larger counterparts required the
presence of this receptor (17). We assume that the higher
dependence on Tom?70/71 in the in vitro system is due to the
use of the reticulocyte lysate in these experiments and the func-
tion of Tom70 as an anchor for chaperones present in this
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FIGURE 7. Oep37 and Oep24 require the mitochondrial import receptors for their assembly into the OM. A, isolated mitochondria were left intact
or pretreated with trypsin followed by re-isolation of the organelles. Next, radiolabeled precursor of either Oep37 or Oep24 was incubated with the
trypsin-treated or intact mitochondria for the indicated time periods. At the end of the import reactions, samples were treated with PK, and proteins
were analyzed by SDS-PAGE and autoradiography. The insertion of the proteins was quantified by analyzing the PK-protected molecules. The amount
of precursor proteins imported into intact mitochondria for 20 min was set to 100%. An autoradiographic representative of three independent repeats
and quantification of three independent experiments is presented. B, radiolabeled precursors of Oep37, Oep24, and Porin (as a control) were imported
into mitochondria isolated from either tom20A or tom70/71A and their corresponding WT strains. Imported proteins were analyzed and quantified as
described in the legend to A. C and D, mitochondria isolated from nontransformed WT cells and those isolated from either tom20A or tom70/71A and
their corresponding WT strains transformed with either Oep37 (C) or Oep24 (D) encoding plasmid were analyzed by SDS-PAGE and immunodecoration

with antibodies against Oep37 or Oep24, respectively. In addition,immunodecoration with antibodies against the indicated mitochondrial proteins was
performed.
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FIGURE 8. Integration of Oep37 and Oep24 into the mitochondrial OM
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The amount of precursor proteins imported into mitochondria without
added pSu9-DHFR was set to 100%.

lysate. Similar dependence on Tom70 was observed for the
import of multispan proteins of the outer and inner mitochon-
drial membranes (44 —47).

Mitochondrial B-barrel proteins are translocated through
the import pore of the TOM complex before their insertion into
the mitochondrial OM (7-9). Therefore, we asked whether
Oep37 and Oep24 follow a similar pathway. To this end, we
added to the in vitro import reaction excess amounts of recom-
binant matrix-destined precursor (pSu9(1-69)-DHFR), which
can block the TOM pore and thus compete with import of other
TOM-dependent precursor proteins. This addition resulted in
a significant reduction in the membrane integration of Oep37,
Oep24, and of Porin as a control (Fig. 8). Hence, it appears that
the TOM import pore is used in the membrane-assembly path-
way of Oep37 and Oep24.

Upon their translocation across the pore of the TOM com-
plex, B-barrel proteins are chaperoned by the small Tim pro-
teins residing in the IMS (17, 20, 48, 49). Therefore, we next
investigated whether the chloroplast proteins require these
small Tim chaperones for their assembly in the mitochondrial
outer membrane. First, we imported Oep37 into mitochondria
where the OM was ruptured by osmotic swelling. This treat-
ment results in the release of the small Tims from the IMS that
in turn causes a reduction in the assembly efficiency of mito-
chondrial B-barrel proteins and inner membrane carrier pro-
teins like ADP-ATP carrier (AAC) (Fig. 94) (20, 49-51). Of
note, the membrane integration of Oep37, as monitored by
resistance to alkaline extraction, was not compromised in the
ruptured organelles, whereas that of AAC was significantly
reduced (Fig. 94). Next, we observed that the capacity of mito-
chondriaisolated from a strain lacking both Tim8 and Tim13 or
a strain harboring a temperature-sensitive allele of TIMI10 to
import in vitro newly synthesized Oep37 molecules was not
reduced as compared with that of organelles isolated from wild-
type cells (Fig. 9, B and C). Furthermore, Oep37-encoding
plasmid was transformed into these mutated cells. Crude mito-
chondria were isolated from these cells and subjected to SDS-
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PAGE and immunodecoration. Our results revealed that the
observed levels of Oep37 in the mutated cells are very similar to
those in the corresponding parental strains (Fig. 9D). The
results with Oep24 were slightly different as its import into
mitochondria lacking Tim8/13 complex and its levels in cells
lacking these proteins were mildly hampered (Fig. 9, B and D).
Collectively, these findings suggest that the small Tim proteins
play only a minor role, if at all, in the import pathway of Oep24:
and Oep37.

As the TOB complex is absolutely essential for the mem-
brane insertion of mitochondrial B-barrel proteins, we investi-
gated whether Oep37 and Oep24 share this TOB dependence.
As anticipated, the in vitro integration of both proteins was
heavily compromised in mitochondria lacking Mas37, a periph-
eral subunit of the TOB complex (Fig. 104). We further inves-
tigated the Mas37 dependence by transforming cells deleted for
Mas37 with an Oep37- or Oep24-encoding plasmid. Crude
mitochondria were isolated from WT and the mutant cells, and
their proteins were analyzed by SDS-PAGE and immunodeco-
ration. In accordance with the in vitro results, this analysis
revealed that the steady-state levels of both proteins are
strongly reduced in mas37A cells (Fig. 10B). To substantiate the
dependence on the TOB complex, we expressed Oep37 under
the control of the TPl promoter in cells where the essential
component Tob55 is under the control of the inducible GAL
promoter (52). Growing these cells on glucose results in a grad-
ual reduction in the levels of the essential protein Tob55, which
in turn compromises growth of the cells (16, 52). Mitochondria
from these Tob55-depleted cells were isolated after growth for
various periods on glucose-containing medium, and the levels
of mitochondrial proteins were monitored. We also observed in
parallel to the gradual reduction of Tob55 a reduction in the
other mitochondrial B-barrel protein Tom40 and Porin (Fig.
10C). Importantly, the amounts of Oep37 were also compro-
mised upon the depletion of Tob55 (Fig. 10C). Taken together,
our findings demonstrate the involvement of the TOB complex
in the membrane assembly of Oep37 and Oep24.

DISCUSSION

B-Barrel proteins in modern endosymbiotic organelles
evolved most probably from structurally similar proteins in
their corresponding ancestors (53, 54). Furthermore, detailed
studies on the biogenesis of these proteins in bacteria and mito-
chondria demonstrated that the central protein component
and the basic mechanism in the biogenesis pathway are con-
served (9, 55). Accordingly, we and others could previously
show that signals in bacterial 3-barrel proteins are functional in
eukaryotic cells for targeting to and assembly in mitochondria
(16, 18). However, it is not clear whether this similarity between
two B-barrel containing systems, mitochondria and bacteria,
can be extrapolated to the biogenesis of 3-barrel proteins in the
third membrane that contains such structures, namely the OM
of chloroplasts. Thus, in this study we addressed the question
whether signals in chloroplast B-barrel proteins can be recog-
nized and processed by the mitochondrial import machinery.

To that goal, the chloroplast B-barrel proteins Oep37 and
Oep24 were expressed in yeast cells. Our current results dem-
onstrate that the proteins were assembled into the yeast mito-

JOURNAL OF BIOLOGICAL CHEMISTRY 27475



Oep37 Assembly into Mitochondria

A *S-0Oep37 *S-AAC
(-) swelling  (+) swelling (-) swelling (+) swelling
mn 1 5 20 1 5 20 mn1i1 5 20 1 5 20
120 120

3 3 -
2 80 % £ 8 4 %
8 8
5 60 / 5 60 %/
2 = [
g 40 e (-) swelling < 40 o (-) swelling
g 2 o (+) swelling g 20 o (+) swelling
04 . . . . o/
0 5 10 15 20 0 5 10 15 20
time (min) time (min)
B *S-Oep37 *S-Oep24 *S-Porin
WT tim8/134 WT tim8/13A WT tim8/13A
mn1 5 20 1 5 20 mn1 5 20 1 5 20 mn1 5 20 1 5 20
120 100 . 100
° ::j;:;;4v”“;::ﬁ: o 80 — S 80
£ 80 H /% g i/
o o 60 o
5 60 ‘5 G 60 ////
= 40 & 40 £ 40
= o WT = o WT = o WT
9 ® S ]
g 20 ki o tim8/13A g2 o tim8/13A g o tim8/134
0/ . . : . od . . . . 04
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
time (min) time (min) time (min)
C *S-0ep37 *S-AAC
WT tim10ts WT tim10ts
mn1 5 20 1 5 20 mn1 5 20 1 5 20
200 100 .
% 150 - % & ////////////:/;;;
2 »~ 60 ° o tim10ts
© 100 e S /
® S 40
© e WT = %
g 50 g
gl o timtots £ ° f .
02 0lo=——"
0 5 10 15 20 0 5 10 15 20
time (min) time (min)
AN v
5 P g 2 5 &8
& v & v &+
o o O o @
A £ &0 ~ &0 F
s s § s £ § s £ §
m— Oep37 s Oep24 S—— Oep37
Sy Wy wo Tom70 Pt A Tom70 Tom70
— T0H55 S Tob55 e Toh55
Tom40 A Tom40 —— e AAC2
——— P OFiN Porin . w— — P O[iN
S——— . TOM20 S— w. Tom20 Tom20

FIGURE 9. Small Tim chaperones have only a minor role in the assembly of Oep37 and Oep24 into the mitochondrial OM. A, rupturing of the outer
membrane does not compromise the assembly of Oep37. Radiolabeled precursors of Oep37 and AAC (as a control) were incubated for the indicated
time periods with isolated intact mitochondria or with mitochondria that had been subjected to osmotic swelling. After import, mitochondria were
pelleted and subjected to alkaline extraction, and the pellet fractions were analyzed by SDS-PAGE followed by autoradiography. The amount of
precursor proteins imported into intact mitochondria for 20 min was set to 100%. An autoradiographic representative of three independent repeats and
quantification of three independent experiments are presented. B, insertion of Oep37 and Oep24 is hardly affected in mitochondria lacking the
Tim8/Tim13 complex. Radiolabeled precursors of Oep37, Oep24, and Porin were imported into mitochondria isolated from either tim8A/tim13A or its
corresponding parental strain. Imported proteins were analyzed and quantified as described in the legends to Fig. 7A. C, insertion of Oep37 is not
affected in mitochondria mutated in TIM10. Radiolabeled precursors of Oep37 and AAC were imported into mitochondria isolated from a strain
harboring a temperature-sensitive allele of TIM10 (TIM10-1 (58)) or from its corresponding parental strain. Imported proteins were analyzed and
quantified as described in the legends to Fig. 7A. D, mitochondria isolated from nontransformed WT cells and those isolated from either tim8/tim13A or
TIM10-1 and their corresponding parental strains transformed with Oep37- or Oep24-encoding plasmid were analyzed by SDS-PAGE and immunodeco-

ration with antibodies against Oep37 or Oep24, respectively. In addition, immunodecoration with antibodies against the indicated mitochondrial
proteins was performed.
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B, mitochondria isolated from nontransformed WT cells and those isolated from mas37A and their corresponding wild-type cells transformed with either
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immunodecoration with antibodies against the indicated mitochondrial proteins was performed. C, Oep37 was transformed into cells expressing Tob55 under
the control of the GAL10 promoter. Cells were harvested at the indicated time points after a shift from galactose- to glucose-containing medium. Crude
mitochondria were isolated, and proteins were analyzed by SDS-PAGE and immunodecoration with antibodies against Oep37 and the indicated mitochondrial

proteins. Tob55, Tom40, and Porin are B-barrel proteins.

chondrial OM in a process that required the TOM complex and
the TOB machinery. Thus, their assembly pathway was similar
to the one taken by the bona fide mitochondrial B-barrel pro-
teins. Of note, although Oep37 and Oep24 do not share
sequence similarity with endogenous mitochondrial B-barrels,
they appear to bear the signals required for recognition by the
aforementioned fungal mitochondrial import components.
Although the import receptors of plant mitochondria are
somewhat altered in comparison with their counterparts in
fungal cells, they recognize a similar set of substrate proteins
(56). We believe that the plant TOM receptors can also recog-
nize mitochondrial B-barrel proteins. However, because we did
not address the recognition of Oep37 by plant TOM receptors,
we cannot exclude the unlikely possibility that the in vitro
import into plant mitochondria was mediated by other mito-
chondrial surface proteins.

Our findings underscore the importance of structural ele-
ments rather than mitochondrial specific sequences for the bio-
genesis of B-barrel proteins in mitochondria. They also might
imply that the yet to be identified machinery that assembles
B-barrel proteins into the chloroplast OM uses similar signals
as the mitochondrial counterpart. Collectively, it seems that the
evolutionary relations of mitochondrial and chloroplast 3-bar-
rel proteins to their bacterial ancestral proteins ensured a cer-
tain degree of similarity also among (-barrel proteins from
both endosymbiotic organelles. Considering the evolutionary
link, it is also tempting to speculate that the principles of 3-bar-
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rel biogenesis have been conserved from a cyanobacterium to
chloroplasts.

An interesting open question is how the precursors of
eukaryotic B-barrel proteins are targeted from the cytosol to
their target membrane. The signals that facilitate the specific
targeting of such precursors to either mitochondria or chloro-
plasts are not yet characterized. So far, a linear well defined
sequence that can function as an intracellular targeting signal
was not identified. The only exception is the chloroplast Toc75-
III where an N-terminal extension functions as a targeting
sequence (10). Thus, it can be assumed that the mitochondrial
and chloroplast protein import machineries recognize -bar-
rel-related structural elements (9, 57). However, this assump-
tion raises the question whether such elements in chloroplast
B-barrel proteins are distinct from those in B-barrel proteins
destined to mitochondria. Our current results suggest that this
is probably not the case as both Oep37 and Oep24 were
imported in vitro into plant mitochondria and both ix vive and
in vitro into yeast mitochondria.

Conversely, the mitochondrial VDAC protein was imported
in vivo and in vitro only to plant mitochondria. One possibility
to explain these observations is the difference in the availability
of both organelles in plant cells and especially in mesophyll
cells. Chloroplasts are predominant in these cells and expose a
much larger surface as compared with mitochondria. Hence,
the former organelles must ensure that only the correct pro-
teins are inserted. Thus, a bouncing off mechanism in chloro-
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plasts seems to exist. Because of the difference in their surfaces,
the likelihood that chloroplast proteins are targeted to mito-
chondria by free diffusion is rather low, thus mitochondria did
not evolve such a mechanism. An additional potential explana-
tion to the absence of import of VDAC into chloroplasts might
be its weak affinity to the import receptors of the chloroplasts.
As currently it is not clear which proteins recognize 3-barrel
substrates on the surface of chloroplasts, a detailed study on
such recognition depends on future studies that will shed light
on this issue.

The aforementioned mechanisms are probably not sufficient
to ensure specific targeting. Another potential quality control
measure could be the degradation of mis-targeted chloroplast
B-barrel proteins by mitochondrial proteases. In any case, it
appears that plant cells should not allow those 3-barrel proteins
destined to chloroplasts any contact with mitochondria as this
latter organelle can serve as a default target to all B-barrel pro-
teins. This idea is in line with the common assumption that
chloroplasts were integrated into cells that already contained
mitochondria. Thus, whereas the mitochondrial B-barrels
could follow a general default pathway, the recently arrived
chloroplast ones had to develop a mechanism to avoid this des-
tination. Part of such an evading pathway of the chloroplast-
destined B-barrels could involve recognition by dedicated fac-
tors already in the cytosol. A challenge for future studies will be
to identify such putative factors and to understand how they
can recognize specifically chloroplast 3-barrel proteins.
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