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Chloroplast �-Barrel Proteins Are Assembled into the
Mitochondrial Outer Membrane in a Process That Depends
on the TOM and TOB Complexes*
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Thomas Ulrich‡1, Lucia E. Gross§1, Maik S. Sommer§, Enrico Schleiff§, and Doron Rapaport‡2

From the ‡Interfaculty Institute of Biochemistry, University of Tübingen, 72076 Tübingen and the §Centre of Membrane Proteomics
and Cluster of Excellence Frankfurt, Department of Biosciences, Molecular Cell Biology of Plants, Goethe University,
D-60438 Frankfurt, Germany

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

ill-defined.

Results: Chloroplast �-barrel proteins can be assembled in vitro into the mitochondrial outer membrane.

Conclusion: The mitochondrial import machinery can recognize and process chloroplast �-barrel proteins as substrates.

Significance: Dedicated targeting factors had to evolve in plant cells to prevent mis-sorting of chloroplast �-barrel proteins to

mitochondria.

Membrane-embedded �-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 �-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

�-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 thatmediate the import of yeast�-barrel proteins candeal

with precursors of chloroplast �-barrel proteins. This implies

that the mitochondrial import machinery does not recognize

signals that are unique to mitochondrial �-barrel proteins. Our

results further suggest that dedicated targeting factors had to

evolve in plant cells to preventmis-sorting of chloroplast�-bar-

rel proteins to mitochondria.

In addition to the outer membrane (OM)3 of Gram-negative
bacteria, membrane-embedded �-barrel proteins are found

also in the OM of the endosymbiotic organelles, mitochondria

and chloroplasts. Compared with the diversity of �-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, andMdm10. The number of character-

ized �-barrel proteins in chloroplast OM is not much higher,

although sequence analysis predicted the presence of many

suchproteins in thismembrane (1). Someof those (for example,

outer envelope proteins OEP21, OEP24, andOEP37) 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 �-barrel protein with several isoforms in Arabi-

dopsis thaliana (4). Toc75 (Toc75-III in A. thaliana) forms the

protein-conducting pore of the translocase of the OM of chlo-

roplasts (TOC complex) (5, 6).

Newly synthesized mitochondrial �-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

�-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

�-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-

* This work was supported by the Deutsche Forschungsgemeinschaft Grants
RA 1048/4-1 and SFB766/TP B11 (to D. R.) and SFB807/P17 (to E. S.).

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Interfaculty Institute of Bio-

chemistry, University of Tübingen, Hoppe-Seyler-Str. 4, 72076 Tübingen,
Germany. Tel.: 49-7071-2974184; Fax: 49-7071-294016; E-mail: doron.
rapaport@uni-tuebingen.de.

3 The abbreviations used are: OM, outer membrane; IMS, intermembrane
space; sa, self-assembly; AAC, ADP-ATP carrier; ALDH, aldehyde
dehydrogenase.
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geting of most �-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-III. 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-III seems to support the
idea that sorting of�-barrel membrane proteins of chloroplasts
occurs in amanner similar to that ofmitochondria. 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
�-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-III 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 �-barrel proteins of chloroplasts and all those of mito-
chondria is targeted to their respective organelle is still an open
one.
Bacterial �-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 �-barrel pro-
teins (9). These findings indicate that the signal for targeting of
�-barrel precursors to mitochondria is probably not confined
to a single linear sequence but rather involves structural ele-
ments unique to membrane-embedded �-barrel proteins. Sup-
porting this assumption is a report that the chloroplast�-barrel
proteinOep24was integrated into themitochondrial OMupon
its expression in yeast cells (19). However, the mechanism of
such assembly was not studied, and therefore, it is not clear
whether a chloroplast �-barrel can be recognized and pro-
cessed by the same elements that mediate the biogenesis of
mitochondrial �-barrel proteins.
To better understand the specific targeting of these proteins,

we expressed the chloroplast �-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�-barrel proteins can be imported into theOM
in a similar pathway to that undertaken by the bona fidemito-
chondrial �-barrel proteins. Thus, these findings imply the fol-

lowing: (i) the mitochondrial import machinery does not rec-
ognize signals that are unique to mitochondrial �-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.
Thewild-type strains YPH499 andW303�were employed. The
tom20�, mas37�, and tim8�/tim13� strains were described
before (Refs. 17, 20, 21, respectively). The tom70�/tom71�

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 A600 of 1.0 and diluted in 5-fold increments, and
then 5 �l of each dilution were spotted onto solid media, and
growth was monitored for a few days.
Recombinant DNA Techniques—Oep37 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. VDAC1 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 � g, 45 min, 4 °C) (16). Mitochondrial fraction
from the lower third of the gradient was collected and resus-
pended in 30ml of SEM buffer and reisolated by centrifugation
(15,000 � 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 � g, 15 min, 4 °C) again to avoid contaminations by
mitochondrial elements. The post-mitochondrial fraction
was subjected to a centrifugation (100,000 � 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
[35S]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

Oep37 Assembly into Mitochondria
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sucrose, 0.25 mg/ml BSA, 80 mM KCl, 5 mM MgCl2, 10 mM

MOPS-KOH, 2 mM NADH, 2 mM ATP, pH 7.2). Organelles
isolated from mas37� 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 35S-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 Na2CO3, 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 � 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 Rödiger 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 �g/ml ther-
molysin or 5 �g/ml proteinase K in dual import buffer supple-
mented with 50 mM CaCl2 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 (0.1MNa2CO3, 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 � 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-
DAC1 (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 � g, 30 min, 4 °C) and
subsequently analyzed via SDS-PAGE and immunodecoration.

FIGURE 1. Chloroplast �-barrel protein Oep37 is exclusively targeted in
vivo to chloroplast outer envelopes and possesses an Nin-Cin topology.

The indicated 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-S11 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).

Oep37 Assembly into Mitochondria
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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) with anHCXPLAPOCS40� 1.25NA1.25
oil objective. Fluorescence was excited and detected as follows:
GFP 488/505–525 nm, chlorophyll fluorescence 514/650–750
nm.

RESULTS

Chloroplast �-Barrel Protein Oep37 Is Assembled into the

Mitochondrial OM—To understand how specific targeting of
�-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 �-strands of GFP are fused to one protein while the
complementing 11th �-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

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 inmitochondria (Fig. 1D). As expected, also the control com-
bination of Mdg1(S1–10) in chloroplasts and S11-VDAC3 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 proteinOep7 thatwas reported to have aCout 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

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-S11) 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-S11) or the mitochondrial
matrix (F1�-S11).

FIGURE 3. Oep37 can be imported 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 (CO3

2�) 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 �g of total
organellar protein by SDS-PAGE followed by immunodecoration, using
organelle-specific antibodies (�-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.

Oep37 Assembly into Mitochondria
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method but rather results from the Nin/Cin 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
VDACwere observed only in the chloroplasts ormitochondrial
samples, respectively (Fig. 3C).
The aforementioned binding experiments were not per-

formedunder competitive conditions, and it was often reported
thatmitochondrial and chloroplast proteins can be imported in
vitro into the wrong organelle (36, 37). Therefore, we wanted to
exclude the possibility that the rather hydrophobicOep37mol-
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
checkwhether 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 Toc75was detected only
in the chloroplasts fraction, whereas the mitochondrial protein
VDACwas found exclusively in themitochondrial 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 tomonitor the in vitro import

of the chloroplast �-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
envelopemembranes 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.

FIGURE 4. Oep37 and Oep24 are targeted in vitro in a dual system to the
OM of mitochondria and chloroplasts. A, single (lanes 2– 4) and dual (lanes
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 1 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 1 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 VDAC1 (F) into chloroplasts

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 �-barrel protein
VDAC was efficiently imported into mitochondria but only
sparsely into chloroplasts (Fig. 4F). Themitochondria 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 �-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. 5A). As a
control for the specificity of theOep37 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
Oep37molecules 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 Mcr1 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 tomitochondrial �-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, B andC). Similarly, rupturing of the outermembrane by

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

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; Dld1, an inner
membrane protein exposed to the IMS. Proteolytic fragments are indicated
with an asterisk.
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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�-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 ofMcr1 as well as the
matrix protein Hep1 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 investigatedwhether the expression ofOep37 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
comparablewith that of control cells (Fig. 6A). Next, we verified
that expressing Oep37 in yeast cells did not have any effect on
themorphology 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 por1� 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 althoughOep24 andOep37 probably
have different substrate specificity in chloroplast membranes,

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

TOBComplexes—Mitochondrial�-barrel proteins likeTom40,
Porin, and Tob55 or bacterial �-barrel proteins expressed in
yeast cells are initially recognized by the import receptors
Tom20 and Tom70 (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
Tom70 and its low abundant paralog Tom71. The import of
newly synthesized chloroplast �-barrels and the control mito-
chondrial �-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/Tom71 and analyzed the steady-state levels
in these mutated cells. Crude mitochondria isolated from
tom20� cells had significantly reduced amounts of Oep37 but
wild-type-like levels of Oep24 (Fig. 7, C andD). In contrast, the
absence of Tom70/71 caused only a slight reduction or none at
all in the observed levels of Oep37 andOep24, 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 �-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 Tom70/71 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

FIGURE 6. Overexpression of Oep37 can partially complement the por1� 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 (Ø) 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 (Ø) and cells deleted for POR1 (por1�) that
were transformed with either an empty plasmid (Ø) 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).
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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 tom20� or tom70/71� 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 tom20� or tom70/71� 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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lysate. Similar dependence on Tom70 was observed for the
import of multispan proteins of the outer and inner mitochon-
drial membranes (44–47).
Mitochondrial �-barrel proteins are translocated through

the import pore of theTOMcomplex 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 theTOMpore and thus competewith 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 themembrane-assembly path-
way of Oep37 and Oep24.
Upon their translocation across the pore of the TOM com-

plex, �-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 �-barrel proteins and inner membrane carrier pro-
teins like ADP-ATP carrier (AAC) (Fig. 9A) (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. 9A). Next, we observed that the capacity of mito-
chondria isolated froma strain lacking bothTim8 andTim13or
a strain harboring a temperature-sensitive allele of TIM10 to
import in vitro newly synthesized Oep37 molecules was not
reduced as comparedwith that of organelles isolated fromwild-
type cells (Fig. 9, B and C). Furthermore, Oep37-encoding
plasmid was transformed into thesemutated cells. Crudemito-
chondria were isolated from these cells and subjected to SDS-

PAGE and immunodecoration. Our results revealed that the
observed levels of Oep37 in themutated 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 �-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 inmitochondria lackingMas37, a periph-
eral subunit of the TOB complex (Fig. 10A). We further inves-
tigated theMas37 dependence by transforming cells deleted for
Mas37 with an Oep37- or Oep24-encoding plasmid. Crude
mitochondria were isolated fromWT and themutant 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 inmas37� cells (Fig. 10B). To substantiate the
dependence on the TOB complex, we expressed Oep37 under
the control of the TPI 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
ofmitochondrial proteinsweremonitored.We also observed in
parallel to the gradual reduction of Tob55 a reduction in the
other mitochondrial �-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

�-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 andmito-
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�-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 �-barrel containing systems, mitochondria and bacteria,
can be extrapolated to the biogenesis of�-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 �-barrel proteins can be recog-
nized and processed by the mitochondrial import machinery.
To that goal, the chloroplast �-barrel proteins Oep37 and

Oep24 were expressed in yeast cells. Our current results dem-
onstrate that the proteins were assembled into the yeast mito-

FIGURE 8. Integration of Oep37 and Oep24 into the mitochondrial OM
requires the TOM import pore. Radiolabeled precursors of Oep37, Oep24,
and Porin (as a control) were imported into mitochondria in the absence or
presence of the indicated amounts of recombinant pSu9-DHFR. Imported
proteins were analyzed and quantified as described in the legend to Fig. 7A.
The amount of precursor proteins imported into mitochondria without
added pSu9-DHFR was set to 100%.
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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 tim8�/tim13� 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/tim13� 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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chondrialOM in a process that required theTOMcomplex and
the TOBmachinery. Thus, their assembly pathway was similar
to the one taken by the bona fide mitochondrial �-barrel pro-
teins. Of note, although Oep37 and Oep24 do not share
sequence similarity with endogenous mitochondrial �-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-
nizemitochondrial �-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 thanmitochondrial specific sequences for the bio-
genesis of �-barrel proteins in mitochondria. They also might
imply that the yet to be identified machinery that assembles
�-barrel proteins into the chloroplast OM uses similar signals
as themitochondrial counterpart. Collectively, it seems that the
evolutionary relations of mitochondrial and chloroplast �-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�-bar-

rel biogenesis have been conserved from a cyanobacterium to
chloroplasts.
An interesting open question is how the precursors of

eukaryotic �-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
�-barrel proteins are distinct from those in �-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 in vivo 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-

FIGURE 10. TOB complex is crucial for the mitochondrial integration of Oep37 and Oep24. A, radiolabeled precursors of Oep37, Oep24, and Porin were
imported into mitochondria isolated from either WT or mas37� strains. Imported proteins were analyzed and quantified as described in the legends to Fig. 7A.
B, mitochondria isolated from nontransformed WT cells and those isolated from mas37� and their corresponding wild-type cells transformed with either
Oep37- or Oep24-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. 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 �-barrel proteins.

Oep37 Assembly into Mitochondria

AUGUST 10, 2012 • VOLUME 287 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 27477

 at U
n
iv

ersitaet T
u
eb

in
g
en

 o
n
 O

cto
b
er 2

2
, 2

0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://www.jbc.org/


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 �-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 aforementionedmechanisms are probably not sufficient

to ensure specific targeting. Another potential quality control
measure could be the degradation of mis-targeted chloroplast
�-barrel proteins by mitochondrial proteases. In any case, it
appears that plant cells should not allow those�-barrel proteins
destined to chloroplasts any contact with mitochondria as this
latter organelle can serve as a default target to all �-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 �-barrels
could follow a general default pathway, the recently arrived
chloroplast ones had to develop amechanism to avoid this des-
tination. Part of such an evading pathway of the chloroplast-
destined �-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 �-barrel proteins.
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Background: �-Barrel proteins are found in the outer membrane of Gram-negative bacteria, mitochondria, and

chloroplasts.

Results:Mitochondria are able to assemble the bacterial trimeric autotransporter YadA in a functional form.

Conclusion: The lipoproteins of the BAMmachinery are not absolutely required for the biogenesis of autotransporter protein.

Significance:The evolutionary link ofmitochondria to bacteria allows the former to process even prokaryotic-specific proteins.

Yersinia adhesin A (YadA) belongs to a class of bacterial

adhesins that form trimeric structures. Their mature form con-

tains a passenger domain and a C-terminal �-domain that

anchors the protein in the outer membrane (OM). Little is

known about how precursors of such proteins cross the

periplasm and assemble into the OM. In the present study we

took advantage of the evolutionary conservation in the biogen-

esis of �-barrel proteins between bacteria and mitochondria.

We previously observed that upon expression in yeast cells, bac-

terial�-barrel proteins including the transmembranedomainof

YadA assemble into themitochondrialOM. In the current study

we found thatwhen expressed in yeast cells both themonomeric

and trimeric forms of full-length YadA were detected in mito-

chondria but only the trimeric species was fully integrated into

the OM. The oligomeric form was exposed on the surface of the

organelle in its native conformation andmaintained its capacity

to adhere to host cells. The co-expression of YadA with a mito-

chondria-targeted form of the bacterial periplasmic chaperone

Skp, but not with SurA or SecB, resulted in enhanced levels of

both forms of YadA. Taken together, these results indicate that

the proper assembly of trimeric autotransporter can occur also

in a system lacking the lipoproteins of the BAMmachinery and

is specifically enhanced by the chaperone Skp.

�-Barrel proteins are found in both prokaryotic and eukary-
otic kingdoms. In prokaryotes, �-barrel proteins are found in
the outermembrane (OM)3 of Gram-negative bacteria whereas

in eukaryotes, they reside exclusively in the OM of mitochon-
dria and chloroplasts. Their presence in these organelles sup-
ports the endosymbiotic hypothesis, according to which mito-
chondria and chloroplasts evolved from prokaryotic ancestors
(1). Indeed, the biogenesis of these proteins in the various sys-
tems bears considerable similarities (2).
Like other bacterial proteins, �-barrel proteins are synthe-

sized in the cytoplasm and thus pass through both the inner
membrane and the periplasm before reaching their final desti-
nation. To that goal they are synthesized with an N-terminal
signal sequence that facilitates their transport across the inner
membrane via the Sec system (3, 4). Upon entering the
periplasm, the leader sequence is processed by a signal pepti-
dase, and the nascent outer membrane proteins (OMP) associ-
ate with periplasmic chaperones, including SurA and Skp (4).
Their subsequent integration into the OM is facilitated by the
BAM complex. In Escherichia coli this complex is composed of
five proteins: BamA to BamE. The central component of the
complex is the essential protein BamA (also known as Omp85
or YaeT), a �-barrel protein itself (5, 6).

In eukaryotic cells, precursors of �-barrel proteins are syn-
thesized on cytosolic ribosomes and then recognized by import
receptors on the surface of mitochondria. Subsequently, they
are translocated from the cytosol into the intermembrane space
(IMS) via the translocase of the outer membrane (TOM) com-
plex (7–9). Their transit through the IMS is facilitated by small
chaperones (Tim9/Tim10 and Tim8/Tim13 complexes) and
the assembly into the OM depends on a dedicated translocase,
theTOB (also known as SAM) complex. The centralmember of
this latter complex is the essential protein Tob55/Sam50 that
bears sequence and functional homology to BamA (10–12).
The other two subunits of the TOB complex, Mas37/Sam37
and Tob38/Sam35/Tom38, are peripheral membrane proteins
exposed to the cytosol that share no obvious sequence similar-
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3 The abbreviations used are: OM, outer membrane; AT, autotransporter;
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adhesins; TOM, translocase of the outer mitochondrial membrane; YadA,
Yersinia adhesin A.
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ity with the lipoproteins of the bacterial BAMcomplex (13–17).
Thus, the biogenesis machineries in bacteria andmitochondria
share certain characteristics: (i) insertion into the OM from the
internal side of themembrane, (ii) involvement of soluble chap-
erones in delivering the precursor proteins to the target mem-
brane, and (iii) sequence and functional homology between the
central protein components of the inserting translocases. On
the other hand, the assembly processes vary with respect to the
accessory proteins and the fact that precursors of mitochon-
drial �-barrel proteins are synthesized in the cytosol without
signal sequence and they initially have to cross the OM.
To better understand the assembly process of �-barrel pro-

teins in both bacteria and mitochondria we expressed bacterial
�-barrel proteins like OmpA, PhoE, and Omp85 in the yeast
Saccharomyces cerevisiae. The proteins were imported into the
mitochondrial OM and formed native-like oligomers. A
detailed investigation of the import pathway revealed that the
bacterial proteins required the TOM and TOB complexes for
their assembly. Thus, they followed a route shared with mito-
chondrial �-barrel proteins (18). Similarly, the pathogenic bac-
terial PorB can target mitochondria in mammalian cells (19,
20). Moreover, we could demonstrate by reciprocal approach
that expression ofmitochondrial porin inE. coli cells resulted in
a BamA-dependent assembly of the protein in the bacterial OM
(21). Taken together, it appears that despite some differences
the basic mechanism by which �-barrel proteins assemble in
the OM of bacteria and mitochondria is evolutionary con-
served. The aforementioned investigations revealed that
canonical �-barrel proteins from one system can be dealt with
and assembled by the other.
Despite these similarities in the biogenesis pathways and

machineries, an open question iswhether the evolutionary rela-
tions of mitochondria to bacteria will allow the former to pro-
cess special forms of �-barrel proteins that are completely
absent from eukaryotic cells. Such proteins are the autotrans-
porter (AT) proteins and their sub-group of trimeric autotrans-
porter adhesins (TAAs) that form a special subfamily of bacte-
rial �-barrel proteins. These proteins have a characteristic
arrangement of functional domains, including an N-terminal
signal peptide, an internal passenger domain (also called the
effector domain), and a relatively short C-terminal �-domain
(also designated as a translocator domain). The passenger moi-
ety mediates the various functions of the autotransporters,
which are often associatedwith virulence, and the translocation
domain forms a �-barrel that anchors the protein to the OM.
This anchor is made by a single 12-stranded �-barrel structure
to which in the case of TAAs each monomer is contributing
four �-strands (22–25). The biogenesis of these proteins is
thought to be a multi-step process, in which membrane inser-
tion and �-barrel pore formation is followed by the export
(“autotransport”) of the passenger domain(s) through the newly
formed pore of the C-terminal translocator domain (26).
Considering the special features of TAAs and the require-

ment to transfer a rather large passenger domain across the
OM, we wondered whether mitochondria will be able to pro-
cess such precursor proteins. In a first stage of our studies we
initially expressed the �-domain of one of the prototypic mem-
bers of this subfamily, Yersinia adhesin A (YadA) in yeast cells

and analyzed its cellular localization and topology.We found that
the �-domain of YadA was imported into mitochondria and got
assembled into theOMof theorganelle in itsnative trimeric struc-
ture (27). However, it is currently unclear how mitochondria can
deal with the transfer of the passenger domain across the OM.
Sincevery little isknownabouthownewly synthesizedTAAscross
the periplasm, integrate into the bacterial OM and assemble into
oligomeric structures (24, 28), usingmitochondria as amodel sys-
tem can shed light on these issues.
To that endwe expressed full-lengthYadAmolecules in yeast

cells and analyzed their biogenesis and assembly. We could
characterize two species in mitochondria of such transformed
cells, a monomeric assembly intermediate and a native-like
functional trimeric structure. We further observed that the co-
expression of a mitochondrial-destined form of the bacterial
chaperone Skp, but not of other bacterial chaperones, dramat-
ically enhanced the assembly of the YadA molecules into func-
tional trimeric structures. Taken together, these results indi-
cate that the proper assembly of TAAs can occur even in the
mitochondria of eukaryotic cells in a process that is facilitated
by the periplasmic chaperone Skp.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Methods—Standard genetic tech-
niques were used for growth and manipulation of yeast strains.
In this study the wild-type strains YPH499 and W303� were
utilized. The tom20�,mas37� andGAL10-TOB55 strains were
described before ((27, 29, 11), respectively). The tom70�/
tom71� double-deletion strain, the yme1� strain, and the
tom40–25 strain are kind gifts of Dr. Okamoto (30), Dr. Langer
(31), andDrs. Becker andPfanner (32), respectively. Unless oth-
erwise stated, cells were grown on rich or synthetic galactose-
containing medium (YPGal or SGal, respectively). For some
experiments, cycloheximide (100 �g ml�1) was added to the
medium.
Recombinant DNA Techniques—The sequence encoding

full-length Y. enterocolitica YadA lacking the signal sequence
was cloned by PCR amplification from the plasmid pASK-
IBA2_yadA (33). The PCRproductswere inserted into the yeast
expression vector pYX113 or pYX142. For construction of
N-terminallyHA-taggedYadA, the 3xHA-tag cassette was PCR
amplified frompFA6a-3HA-KanMX4 and inserted into the tar-
get vectors using EcoRI and NcoI restriction sites. YadA-MA
was cloned as previously described (27). The sequence encod-
ing SecB from E. coli was subcloned from the plasmid
p29SEN_SecB into the yeast expression vector pYX132 using
EcoRI and HindIII restriction sites. The sequences encoding
E. coli SurA and Skp lacking their signal sequences were cloned
by PCR amplification from corresponding plasmids and
inserted into the yeast expression vectors pYX122 and pYX113
carrying the N-terminal domain (aa 1–228) of the yeast mito-
chondrial protein Mgm1 lacking the first transmembrane seg-
ment (Mgm1-(1–228�TM1). The resulting fusion proteins
Mgm1-(1–228 �TM1)-SurA and Mgm1-(1–228 �TM1)-Skp
are referred to as mtSurA and mtSkp, respectively.
Biochemical Procedures—Mitochondria were isolated from

yeast cells by differential centrifugation as described before
(34). Subcellular fractionation of yeast cells was performed as
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described previously (18). For swelling experiments mitochon-
dria were subjected to hypoosmotic shock for 30 min on ice in
swelling buffer (20 mM Hepes/KOH, pH 7.0).
For pull-down assays 600�g purifiedmitochondria were sol-

ubilized at 4 °C for 1 h in lysis buffer A containing 50 mM

NaH2PO4, 100mMNaCl, 10% (v/v) glycerol, complete protease
inhibitormix (cOmplete, EDTA-free; Roche), and 1% (w/v) dig-
itonin. Undissolved material was spun down (30,000 � g, 15
min, 4 °C), and 2% of the supernatant were kept as input. Slurry
HA-beads (30 �l, Pierce) or protein G-beads pre-coupled with
antibodies against Skp were equilibrated for 10 min on ice in
1000�l lysis bufferAharboring 1% (w/v) bovine serumalbumin
(BSA) and washed with 1000 �l of lysis buffer A. Then, the
beads were incubated at 4 °C overnight with the mitochondrial
lysate, and 2% of the supernatant were kept as unbound mate-
rials. Next, the beads were washed five times with lysis buffer A
containing 0.02% (w/v) digitonin, and finally proteins were
eluted with Laemmli buffer at 95 °C.
Immunofluorescence Microscopy—For immunofluorescence

staining mitochondria in SEM buffer (250 mM sucrose, 1 mM

EDTA, 10 mM MOPS/KOH, pH 7.2) were centrifuged on poly-
ethyleneimine-coated coverslips. Subsequently the coverslips
were incubated with 1% (w/v) BSA in SEM buffer to block
unspecific binding sites. HA tags were stained by overnight
incubation of the samples with monoclonal mouse antibody
(diluted 1:100) followed by an incubation at room temperature
for 2 h in a dark chamber with Cy3-conjugated secondary anti-
mouse antibody (diluted 1:100, Dianova). Finally, coverslips
were mounted with Mowiol (Merck, Darmstadt, Germany).
Fluorescence images were obtained with a DMRE fluorescence
microscope (Leica).
Cell Culture and IL8-ELISA—HeLa cells (ATCC number:

CCL-2) were cultivated in RPMI 1640 medium (Biochrom)
supplemented with 2 mM L-glutamine (Sigma) and 10% fetal
calf serum (FCS; Invitrogen). For infection assay, 1.5 � 105

HeLa cells per well were seeded in a 24-well microplate and
grown overnight. The next day, cells were washed once with
pre-warmed PBS and grown for another hour in RPMI 1640
medium supplemented with 10% FCS but without antibiotics.
Afterward, HeLa cells were incubated with freshly isolated
mitochondria samples with a multiplicity of infection (MOI) of
1200, and the cells were incubated for another 6 h. The cell
culture supernatant was collected, and an IL-8 ELISA was car-
ried out as described previously (35). IL-8 concentrations were
calculated using recombinant human IL-8 (Becton Dickinson)
as a standard.

RESULTS

Full-length YadA Is Targeted to Mitochondria—To investi-
gate whether yeast mitochondria can deal with the biogenesis
and assembly of the trimeric autotransporter adhesin YadA, we
transformed a construct encoding full-length protein with
N-terminal HA tag into yeast cells. Subcellular fractionation of
the transformed cells revealed that, similarly to the mitochon-
drial proteins Tom70 and Tom40, YadA is located in mito-
chondria (Fig. 1A). This behavior resembles the exclusivemito-
chondrial targeting of a construct containing only the
�-domain of the protein (27). Of note, the expression of YadA

neither affected the growth of the transformed yeast cells nor

altered themorphology of mitochondria in these cells (data not

shown). It is well documented that YadA forms a trimeric spe-

cies that is stable in SDS-PAGE (36–39). Hence, we isolated

mitochondria from the YadA expressing strain and analyzed

the migration behavior of YadA. As expected, we observed a

band representing the trimeric form of the protein, but a signif-

icant portion of YadA molecules migrated as a monomeric

form. The mature part of YadA contains 422 amino acid resi-

dues and together with the 3xHA-tag it has amolecularmass of

approx. 48 kDa. Of note, both the monomer and the trimer

species migrate at a higher apparent molecular mass than the

expected one, probably due to the triple HA-tag (Fig. 1B, lane

1). As themonomeric form of native YadA is hardly detected in

bacterial samples (37, 39), it seems that although YadA can be

assembled in yeast mitochondria, this assembly is not as effi-

cient as in bacteria.

Next, wewere interested to study the differences between the

monomeric and the trimeric forms. To that goal, the isolated

mitochondria were subjected to carbonate extraction. Remark-

ably, the monomeric version of YadAwas found partially in the

supernatant of this treatment together with soluble proteins

like the IMS isoform of Mcr1 and the matrix protein Hep1. In

contrast, the trimeric species was exclusively detected in the

pellet fraction together with othermembrane-embeddedmito-

chondrial proteins like Tom40 or Tom20 (Fig. 1B, lanes 2 and

3). Moreover, addition of increasing amounts of externally

added protease to the isolated mitochondria resulted in com-

plete disappearance of the signal corresponding to the trimeric

form of YadA whereas a portion of the monomeric form was

resistant to proteolytic degradation (Fig. 1C, lanes 1–5). The

observed protease resistance of themonomeric form cannot be

explained by aggregation of this species because it was com-

pletely degraded upon solubilization of the mitochondrial

membranes by detergent (Fig. 1C, lane 6). As expected, the

surface-exposed protein Tom20 was degraded already by low

amounts of the protease. In contrast, the IMS protein Dld1 was

protected, demonstrating the intactness of the isolated organ-

elles. Collectively, these observations suggest that a portion of

the monomeric form is associated with mitochondria in a

topology where the N-terminally HA tag is exposed on the

organelle’s surface. This population represents probably early

import intermediates. The other fraction resides already in the

mitochondrial IMS where it is protected from the external

proteases.

To directly test this hypothesis the proteolytic treatment was

performed with organelles where their OM was either left

intact or ruptured by hypotonic swelling. As observed before,

the usage of the higher concentrations of proteinase K caused

degradation of a sub-population of themonomeric formeven in

intact mitochondria (Fig. 1, C, lane 5 and D, lane 2). This deg-

radation became almost complete upon rupturing theOM (Fig.

1D, compare lanes 2 and 4). As expected, the short form of

Mcr1 andTim13, both residing in the IMS,were resistant to the

protease treatment in intact organelles but got released from

the ruptured organelles and thus are not detected in the corre-

sponding samples (Fig. 1D, lanes 3 and 4).
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Taken together, these observations indicate that the trimeric
form of YadA is embedded in themitochondrial OMwhere the
passenger domain is exposed to the cytosol. In contrast, the
monomeric species contains most likely two populations: (i)
a portion, which probably represents early import interme-
diates, associated with the OM and still (at least partially)
facing the cytosol, and (ii) a soluble intermediate in the IMS
that is protected from external protease. Of note, such a
soluble monomeric intermediate was not characterized so
far in bacteria.
YadA Import into Mitochondria Is Independent of Import

Receptors but Requires the TOMPore and theTOBComplex—It
was previously observed that efficient import of mitochondrial

and bacterial �-barrel proteins into yeast mitochondria require
the import receptors Tom20 and Tom70 where the former is
the more important one (18, 40–42). Interestingly, this
requirement for import receptors was shared by other bacterial
�-barrel proteins expressed in yeast cells but not by the �-do-
main of YadA (18, 27). This receptor-independency could
result fromeither the small size of this domain in comparison to
other �-barrel proteins or from the absence of trimeric auto-
transporter proteins in eukaryotes, whichmeans that the mito-
chondrial import receptors were never exposed to such
substrates.
To discriminate between these two alternatives we asked

whether the import receptors of the TOM complex play a role

FIGURE 1. The trimeric autotransporter YadA is targeted to the mitochondrial outer membrane. A, whole cell lysate (WCL) of yeast cells expressing
YadA-HA and fractions corresponding to mitochondria, endoplasmic reticulum (ER), and cytosol were analyzed by SDS-PAGE and immunodetection with
antibodies against the HA tag, the mitochondrial OM proteins proteins Tom70 and Tom40, Bmh1 as a cytosolic marker protein as well as the ER protein Erv2.
B, mitochondria isolated from cells expressing YadA-HA were directly analyzed (total) or subjected to carbonate extraction and centrifuged to discriminate
between membrane proteins in the pellet fraction (lane 2) and soluble proteins in the supernatant (SN, lane 3). Proteins were analyzed by SDS-PAGE and
immunodetection with antibodies against the HA-tag; Tom40; Tom20, an OM protein exposed on the surface of the organelle; Mcr1, a protein with two
isoforms, a 34 kDa OM species and a soluble 32 kDa species in the IMS; Hep1, mitochondrial matrix protein. The positions of monomeric and trimeric YadA-HA
are indicated with M and T, respectively. C, isolated mitochondria were either left intact (total, lane 1) or incubated with the indicated amounts of externally
added proteinase K (PK, lanes 2–5). In one sample, the protease was added in the presence of Triton X-100 (lane 6). Further analysis was as described for part B.
Dld1, an IMS protein. D, isolated mitochondria from yeast cells expressing YadA-HA were either left intact (lanes 1–2) or subjected to osmotic swelling to rupture
the OM (lanes 3– 4). Half of each of the two samples was incubated with PK. Proteins were analyzed by SDS-PAGE, and immunodetection with antibodies
against the HA tag and the indicated mitochondrial proteins. Tim13, an IMS protein.
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in the import of full-length YadA. We expressed YadA in cells
deleted for either Tom20 or Tom70/Tom71 and monitored its
level in these cells. Tom71 is a low-expressed paralog of Tom70
that can partially complement the absence of Tom70 (43, 44).
Hence, to avoid any remaining Tom70/Tom71 activity we used
the double deletion strain (30). As expected, the absence of
Tom70 and Tom71 resulted in reduced levels of their substrate
Ugo1 (45). However, similarly to the construct containing only

the �-domain of YadA (27), mitochondria isolated from strains
lacking either Tom20 or Tom70/71 import receptors had com-
parable levels of YadA to those in wild type organelles (Fig. 2,A
and B). Thus, it appears that in contrast to their importance for
the biogenesis of precursors of mitochondrial and other bacte-
rial �-barrel proteins, the TOM import receptors are not cru-
cial for the import of a trimeric autotransporter like YadA.
Unfortunately, bacterial �-barrel proteins could not be

FIGURE 2. The assembly of YadA into the mitochondrial OM depends on the TOM and TOB complexes. Mitochondria were isolated from A, tom20�, B,
tom70�/tom71�, C, tom40 –25, D, tim8�/tim13�, E, tim10ts, and F, mas37� cells and their corresponding WT strain transformed with YadA-HA encoding
plasmid. Mitochondrial proteins were analyzed by SDS-PAGE, and immunodetection with antibodies against the HA tag and the indicated mitochondrial
proteins. Only the trimeric YadA species is shown. G, YadA-HA was transformed into a strain expressing Tob55 under the control of an inducible GAL10
promoter. Cells were harvested at the indicated time points after a shift from galactose- to glucose-containing medium. Crude mitochondria were isolated and
analyzed by SDS-PAGE and immunodetection with antibodies against the HA-tag and the indicated mitochondrial proteins. A shorter exposure depicting only
the monomeric form is shown to demonstrate the reduced levels of this form after the longest incubation period. Tob55, Tom40, and porin are �-barrel
proteins and substrates of the TOB complex; Tom70, an OM signal-anchored protein. The positions of monomeric and trimeric YadA-HA are indicated with M
and T, respectively.

Assembly of Trimeric Autotransporter Protein in Mitochondria

OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29461

 at U
n
iv

ersitaet T
u
eb

in
g
en

 o
n
 N

o
v
em

b
er 2

7
, 2

0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://www.jbc.org/


imported in vitro into yeast mitochondria (Refs. 18, 27).4 Thus
the dependence on import receptors could not be further stud-
ied with the well-established cell-free import assays.
To investigate whether Tom40 is involved in the assembly

pathway of YadAwe utilized a conditional Tom40 yeastmutant
strain which was reported to be hampered in import of TOM-
dependent precursor proteins (32). The detected levels of YadA
were strongly reduced in this strain suggesting that proper
function of the TOMpore is required for an optimal biogenesis
of YadA (Fig. 2C).
In mitochondria there are four small TIM chaperones that

assist the relay of �-barrel precursor proteins to the TOB com-
plex: Tim9, Tim10, Tim8, and Tim13 that form two hetero-
hexameric complexes of Tim9/Tim10 and Tim8/Tim13 (46,
47). Next, we investigated whether YadA requires the small
chaperones in the IMS for its assembly inmitochondria. To that
end, YadA was transformed into a double-deletion strain lack-
ing both Tim8 and Tim13 or into a strain harboring a temper-
ature-sensitive (ts) allele of TIM10. Crude mitochondria were
isolated from these cells and subjected to SDS-PAGE and
immunodetection. It can be observed that the steady-state lev-
els of porin are indeed reduced in cells lacking the Tim8/Tim13
complex but those of YadA are unaltered in comparison to the
wild type cells (Fig. 2D). In contrast, the levels of themitochon-
drial �-barrel proteins are unaffected in the strain containing
the conditional tim10 allele but those of YadAweremoderately
reduced (Fig. 2E). Hence, it seems that the relevance of these
small chaperones is substrate-specific and Tim10 is involved in
the assembly of YadA in mitochondria.
The mitochondrial TOB complex is essential for the mem-

brane integration of all�-barrel proteins analyzed so far.Mas37
is the only non-essential subunit of this complex and thus a
strain deleted for this component allows investigation on the
involvement of the TOB complex. To that end, we transformed
mas37� cells with a plasmid encoding YadA. Mitochondria
were isolated from these cells and subjected to SDS-PAGE and
immunodetection. Obviously, this deletion caused a dramatic
reduction in the detected levels of YadA (Fig. 2F). As reported
previously, the absence of Mas37 caused also a reduction,
although moderate, in the steady-state levels of mitochondrial
�-barrel proteins like Tom40 and porin (Fig. 2F).

Next, we asked whether the down-regulation of the essential
central subunit of theTOBcomplex, Tob55will affect themito-
chondrial levels of YadA. To that end, we employed a strain
where the expression of Tob55 is under the control of the
inducible promoter GAL10 (11, 18, 48). Growing this strain on
galactose-containing medium results in overexpression of
Tob55, a �-barrel protein itself. Such high amounts of Tob55
compete out the assembly of YadA and other bacterial �-barrel
proteins expressed in yeast cells (Fig. 2G, t� 0 and Refs. 18, 27).
Shifting these cells to growth on glucose for extended time peri-
ods resulted in gradual depletion of Tob55 and subsequently of
other �-barrel proteins like porin and Tom40 (Fig. 2G). Appar-
ently, depletion of Tob55 moderately affected the levels of
monomeric YadA only after 32 h but resulted in a complete

disappearance of the trimeric species already after 25 h of
growth on glucose (Fig. 2G). Thus, we conclude that the TOB
complex is absolutely essential for the integration of YadA into
theOMand its trimerization on the surface of the organelle but
is less important for the initial mitochondrial association of the
monomeric form and its subsequent import. As Tob55 is the
mitochondrial homologue of the bacterial BamA, these find-
ings are in agreement with a previous report on the important
role of BamA in the biogenesis of YadA (33).
Bacterial Chaperones Have Differential Effects on the Biogen-

esis of YadA—Soluble chaperones are involved in both bacteria
andmitochondria in the delivery of�-barrel precursor proteins
to the corresponding insertion machineries, BAM and TOB
complexes, respectively. The major periplasmic chaperones in
the translocation pathway of bacterial �-barrel proteins are
SurA and Skp while others like DegP might also play a role. In
addition, the cytoplasmic chaperone SecB is thought to be
involved in the stabilization of such proteins upon their synthe-
sis in the cytoplasm (2, 24, 49–51).
Interestingly, both SurA and the TIM10 complex of mito-

chondria shared binding selectivity to peptides rich in aromatic
residues and with net positive charge. However, SurA failed to
completely replace TIM10 in yeast cells in vivo (52). The deter-
mination of the precise role of the different chaperones in bac-
teria is hampered since upon the deletion of any single chaper-
one the remaining ones might take over its task. Furthermore,
mutation of periplasmic chaperones can have pleiotropic
effects so one has to verify that the observed impact is a direct
one (24). In contrast, the expression of any single bacterial
chaperone in yeast cells can give a clear effect. Hence, the evo-
lutionary link of mitochondria to bacteria can facilitate the
usage of the former to shed light on this topic.
We tested whether the expression of bacterial SecB, SurA or

Skp in cells expressing YadA can improve the assembly of full-
lengthYadAmolecules. SecBwas expressed in its native form in
the cytosol of yeast cells, a location that resembles its normal
function in the bacterial cytoplasm. In contrast, we aimed to
target SurA and Skp to themitochondrial IMS that corresponds
in many aspects to the bacterial periplasm. To that goal, both
proteins were expressed in yeast cells as a fusion protein down-
stream of the N-terminal 228 amino acid residues of the mito-
chondrial protein Mgm1 lacking the first transmembrane seg-
ment (1–228�TM1). This latter protein contains in its
N-terminal domain a bipartite signal sequence composed of a
canonical matrix targeting signal upstream of a stop-transfer
segment. Processing of the protein by the Pcp1 peptidase
assures the release of the passenger domain into the mitochon-
drial IMS (53). As expected, upon subcellular fractionation of a
strain expressing these proteins, Skp was detected solely in the
mitochondrial fraction whereas SecB was found in the cytosol
(Fig. 3A). The precursor form of SurA was detected exclusively
inmitochondria but a significant portion of the processed form
was found also in the cytosol (Fig. 3A). We suggest that this
cytosolic population of the mature form may result from pro-
cessing event before the import process was completed and
then retrograde transport into the cytosol. Nevertheless, com-
parison of the ratio of detected levels of SurA and Skp in the
mitochondrial fraction to those found in E. coli cells revealed4 T. Ulrich and D. Rapaport, unpublished results.
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that the relative mitochondrial levels of SurA are still higher
than those of Skp (Fig. 3B). Since both antibodies (against SurA
and Skp) have different affinities toward their antigens, the
intensities of the immunodetection bands do not allow deter-
mination of absolute amounts but rather only correlation of the
mitochondrial amounts to those in bacteria.
We then asked whether the bacterial chaperones were

indeed targeted to the mitochondrial IMS. To that goal we
added proteases to either intact organelles or mitochondria
where the OM was ruptured by osmotic swelling. As expected,
theOM receptor Tom20 that is exposed toward the cytosol was
degraded even in intact organelles whereas the IMS protein
Tim13 became protease-sensitive only after rupturing the OM.
Of note, the processed forms of both chaperones behaved like
Tim13 suggesting that they are located in the IMS (Fig. 3,C and
D). In contrast, a portion of the unprocessed forms of both Skp
and SurA demonstrated protease sensitivity similar to the
matrix protein Hep1 that was degraded only after lysis of the
organelles by detergent (Fig. 3, C and D). Hence it seems that

some molecules of the chaperone fusion-proteins were not
halted in the inner membrane but rather were mis-targeted all
the way to the matrix and thus could not be cleaved by the IMS
peptidase Pcp1.
Next, we analyzed the amounts of YadA upon co-expression

with each one of the chaperones.Whereas the presence of SecB
or SurA did not affect the detected amounts of YadA, co-ex-
pression with Skp caused a dramatic increase in the mitochon-
drial levels of bothmonomeric and trimeric forms of YadA (Fig.
4A). The relative amounts of Skp and SurA in mitochondria in
comparison to their levels in bacteria (Fig. 3B), argue against the
possibility that the superior stabilization effect of Skp is due to
its relative higher amounts. Interestingly, the presence of Skp or
the other bacterial chaperones did not alter the levels of mito-
chondrial �-barrel proteins like porin, Tom40 or Tob55 (Fig.
4A). Similarly, the capacity of isolated organelles harboring bac-
terial chaperones to import in vitro mitochondrial �-barrel
proteins like porin and Tom40 was equal to that of control
organelles (Fig. 4B). These observations demonstrate that Skp

FIGURE 3. Bacterial chaperones can be expressed in yeast cells. A, Whole cell lysate (WCL) of yeast cells co-expressing YadA-HA together with the three
bacterial chaperones and fractions corresponding to mitochondria, ER, and cytosol were analyzed by SDS-PAGE and immunodecoration with the indicated
antibodies. Asterisks indicate unprocessed forms. B, comparison of the steady-state levels of SurA and Skp in E. coli cells to those in yeast mitochondria. The
indicated amounts of E. coli lysate and mitochondria derived from yeast cells described in part A were analyzed by SDS-PAGE and immunodetection. C, isolated
mitochondria from yeast cells expressing Skp were either left intact (lanes 1–2) or subjected to osmotic swelling to rupture the OM (lane 3). The indicated
samples were incubated with PK. In one sample the protease was added in the presence of Triton X-100. Proteins were analyzed by SDS-PAGE and immuno-
detection with antibodies against the indicated proteins. Asterisk indicates the unprocessed forms. D, isolated mitochondria from yeast cells expressing SurA
were treated as in part C with the only difference that trypsin was used instead of PK. Asterisk and arrowhead indicate the unprocessed form and a proteolytic
fragment, respectively.
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specifically contributes to the biogenesis of the bacterial YadA
but not to that ofmitochondrial�-barrel proteins. They are also
in line with a previous study reporting that Skp can interact in
vitrowith recombinant bacterial �-barrel proteins but not with
recombinant mammalian Porin, VDAC1 (54). We previously

observed that other bacterial�-barrel proteins like PhoE can be
expressed in yeast cells and targeted to mitochondria (18).
Thus, we next wondered if the co-expression of Skp can stabi-
lize also canonical �-barrel proteins. Indeed, co-expression of
Skp together with PhoE enhanced the detected levels of the

Assembly of Trimeric Autotransporter Protein in Mitochondria

29464 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 43 • OCTOBER 24, 2014

 at U
n
iv

ersitaet T
u
eb

in
g
en

 o
n
 N

o
v
em

b
er 2

7
, 2

0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://www.jbc.org/


latter by at least 2-fold (Fig. 4C), suggesting a more general
effect of Skp.
To test whether the three chaperones might have synergistic

effect, we created a strain where SecB, SurA, and Skp were
simultaneously co-expressed. As expected, mitochondria iso-
lated from this strain contained both SurA and Skp (Fig. 4D).
Co-expression of all three chaperones only slightly improved
the amounts of YadAbeyond the contribution of Skp alone (Fig.
4D). However, the levels of Skp were also somewhat enhanced
in this strain. Hence we cannot exclude the possibility that the
slightly higher levels of YadA in this strain results from elevated
amounts of Skp. Taken together, these findings indicate that in
yeast cells Skp can enhance the biogenesis of YadA and PhoE
whereas SurA and SecB have only minor effect, if at all.
Next, we tested whether the co-expression of the chaperones

with YadA changed the oligomerization behavior of the pro-
tein. As was observed when YadA was expressed alone, the
N-terminal HA tag in the trimeric form was exposed on the
surface of the organelle and readily accessible to externally
added protease while the monomeric form was partially pro-
tected under these conditions (Fig. 4E). Similarly, also in the
presence of the chaperones the trimeric species behaved upon
carbonate extraction as a membrane protein whereas the
monomeric form was partially extracted by the alkaline solu-
tion (Fig. 4F). Thus, it seems that also under these conditions
the monomeric form is composed of two populations: one that
is associated with the membrane (maybe as an early import
intermediate) and the other fraction of solublemolecules in the
IMS.
We then asked how Skp can cause such an increase in the

observed YadA levels. Two non-mutual exclusive alternatives
are that either Skp improved the biogenesis and/or it reduced
degradation of newly imported YadA molecules. To test the
latter option, we added to the yeast culture cycloheximide that
blocks protein synthesis and monitored the levels of YadA and
control proteins after various incubation periods. Importantly,
we observed that when YadA was expressed alone its mono-
meric form had a relatively short half-life and most of it was
degraded already after 30 min (Fig. 5A). The co-expression of
SurA did not change this behavior. In sharp contrast, the pres-
ence of Skp stabilizes themonomeric form and no difference in
its levels was observed even after two hours of incubation. Of
note, the assembled trimeric form remained stable under all the
tested conditions (Fig. 5A).
Observing that themonomeric formof YadAundergoes deg-

radation, we rationalized that a good candidate for this proteo-

lytic activity is Yme1 which is known to degrade proteins in the
mitochondrial IMS (55). Thus, we next investigated the life-
span of the monomeric form of YadA in a strain deleted for
YME1. The absence of Yme1 reduced the degradation rate of
monomeric YadA by two to 3-fold (Fig. 5, compare panel B to

panel A), suggesting that Skp indeed protects YadA from deg-
radation. Of note, the steady-state levels and stability of both
bacterial chaperones are not affected by the deletion of YME1

(data not shown).
To better understand the effect of Skp we asked whether the

chaperone interacts directly with YadA. To that goal, we
solubilized mitochondria isolated from cells co-expressing
YadA-HA and Skp and from control cells expressing only Skp
with the mild detergent digitonin and performed pull-down
assay with anti-HA beads. Although there is some residual
binding of Skp to the beads, we observed about 3-fold stron-
ger binding when YadA-HA was present (Fig. 5C). The weak
direct binding of Skp to the anti-HA beads is probably due to
some cross-reactivity of the anti-HA antibody with Skp (data
not shown). To confirm this physical interaction we subjected
organelles expressing both Skp and YadA-HA to immunopre-
cipitation with antibodies against Skp. Together with Skp itself
also substantial amounts of YadAwere pulled-down. The spec-
ificity of this interaction is reflected by the observation that only
neglectable amounts of themitochondrial OMproteins Tom20
and porin were found in the bound material (Fig. 5D). Collec-
tively, it appears that Skp supports the biogenesis of YadA by a
direct interaction that stabilizes the latter protein and reduces
its turnover.
Skp Improves the Biogenesis of the Membrane-Anchor

Domain of YadA—We then tested whether the stabilization
effect of Skp depends on the interaction of the chaperone with
the passenger domain. To that end, we co-expressed each of the
three bacterial chaperones with the membrane-anchor (MA)
domain of YadA (YadA-MA). Similarly to the results with the
full-length protein, Skp caused a major increase in the detected
levels of YadA-MAwhereas the presence of the other two chap-
erones did not result in any observable enhancement (Fig. 6A).
When we next analyzed the life-span of YadA-MA in the pres-
ence of the various chaperones, we observed that Skp can sta-
bilize both the monomeric and the trimeric forms (Fig. 6B). Of
note, the membrane-embedded trimeric form remained stable
for the duration of the experiment. However, in contrast to the
full-length protein, some monomeric form of YadA-MA was
degraded even in the presence of Skp (Fig. 6B). The co-expres-
sion of Yad-MA with all three chaperones did not result in any

FIGURE 4. Coexpression of the bacterial chaperone Skp increases the detected levels of YadA. A, mitochondria were isolated from cells co-transformed
with a plasmid expressing YadA-HA together with an empty plasmid, or together with a plasmid encoding SecB, mtSurA or mtSkp. Mitochondrial proteins were
analyzed by SDS-PAGE and immunodetection with the indicated antibodies. B, mitochondria isolated from either a wild type or Skp-expressing strain were
incubated with radiolabeled precursors of porin and Tom40 for the indicated time periods. At the end of the import reactions samples were treated with PK to
remove non-imported molecules and analyzed by SDS-PAGE and autoradiography. Bands corresponding to imported material from three independent
experiments were quantified and the intensity of the bands representing imported material into wild-type mitochondria for the longest time period was set as
100%. C, mitochondria were isolated from WT cells or from cells co-transformed with a plasmid expressing PhoE together with an empty plasmid, or together
with a plasmid encoding mtSkp. Mitochondrial proteins were analyzed by SDS-PAGE and immunodetection with the indicated antibodies. D, mitochondria
were isolated from cells transformed with a plasmid expressing YadA-HA or from cells co-expressing YadA with either mtSkp alone or with three plasmids
encoding SecB, mtSurA and mtSkp (�chap.). Mitochondrial proteins were analyzed by SDS-PAGE and immunodetection with the indicated antibodies. E,
mitochondria from control cells (WT), cells expressing YadA-HA, or cells expressing YadA-HA together with the bacterial chaperones were either left intact (�)
or treated with PK (�). Mitochondrial proteins were analyzed by SDS-PAGE and immunodetection. F, mitochondria from cells expressing YadA-HA and the
three bacterial chaperones were either left intact (total) or were subjected to carbonate extraction. Proteins were analyzed by SDS-PAGE and
immunodetection.
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synergistic effect and the levels of YadA-MA did not increase
beyond those observed upon co-expressionwith Skp alone (Fig.
6C). Finally, we checked whether the absence of the IMS pro-
teaseYme1will result in increase in the detected levels of YadA-
MA.As for the full-lengthYadA, such a deletion indeed slowed-
down the turn-over rate of the monomeric form of YadA-MA
(Fig. 6, compare panel D to B). These findings suggest that
Yme1 is involved in the degradation of YadA-MA. Collectively,
it seems that although the membrane-anchor domain of YadA
can interact with and become stabilized by Skp, the presence of

the passenger domain of the autotransporter enhances such
interactions.
Trimeric YadA on the Surface of Mitochondria Is Func-

tional—The aforementioned experiments strongly suggest that
YadA is exposed on the surface of mitochondria in its native
structure. To provide further support for this assumption we
performed immunofluorescence microscopy with anti-HA
antibody and mitochondria isolated from cells expressing
N-terminallyHA-tagged YadA.Of note, no fixationwas used in
this experiment to assure the intactness of the isolated organ-

FIGURE 5. Skp supports the biogenesis of YadA by protection from degradation. A, yeast cells expressing YadA-HA, YadA-HA and mtSurA, or YadA-HA
together with mtSkp were grown in liquid medium. Cycloheximide was then added to the cultures (t � 0), and cells were further incubated for the specified
time periods. Cells were then harvested and whole cell lysates were analyzed by SDS-PAGE, and immunodetection with the indicated antibodies. Asterisks
indicate unprocessed forms. The intensities of the bands corresponding to the monomeric form of YadA were quantified, and the band representing t � 0 was
set as 100%. B, yeast cells lacking Yme1 and expressing YadA-HA alone or together with either mtSurA or mtSkp were grown in liquid medium. Cycloheximide
was then added to the cultures and further treatment and analysis was as described for part A. C, mitochondria were isolated from cells expressing YadA-HA
alone, YadA-HA together with the bacterial chaperones, or mtSkp alone. Organelles were solubilized with buffer containing 1% digitonin and cleared-
supernatant were incubated with anti-HA beads. Supernatants before (input (I), 2% of total) and after (unbound (U), 2% of total) binding to the beads as well
as bound material (B, 100% of total) were analyzed by SDS-PAGE and immunodetection with the indicated antibodies. D, mitochondria as in part C were
solubilized with buffer containing 1% digitonin and cleared supernatant was incubated with protein G-Sepharose beads that were pre-incubated with
antibodies against Skp. Further treatment and analysis is as in part C.
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elles. In agreement with the immunodetection results in Fig. 4,
we observed a rather weak staining when YadA was expressed
alone and much stronger signal upon co-expression of YadA
with the bacterial chaperones (Fig. 7A). As expected, we
observed a strong signal with the control OM exposed protein
Fis1-HA. The specificity of the signal and the intactness of the
isolated organelles are demonstrated by the absence of signal in
organelles from cells that either do not express YadAor contain
HA-tagged protein in the inner membrane of mitochondria,
Mdm38 (Fig. 7A). Thus, as anticipated for the native trimeric
structure, these results indicate that the N-terminal HA tag is
indeed exposed on the surface of the organelle.
Finally, we asked whether the mitochondrial-targeted YadA

molecules preserve also their physiological function namely,
adhering to host cells. To address this questionwe employed an
assay that was originally used to monitor the activation of the
proinflammatory host cell response upon exposure to bacteria
expressing YadA as such adherence results in the secretion of
IL-8 (35, 39). HeLa cells were exposed to isolated control mito-
chondria or to organelles harboring either YadA alone or YadA
expressed in the presence of the bacterial chaperones. Then,

IL-8 levels in the cell culture supernatantwere determined after
6 h. Our results clearly indicate that the production of IL-8 is
significantly increased if YadA is present on the surface of the
organelles and this production is further stimulated by the co-
expression of the bacterial chaperones (Fig. 7B). Of note, the
co-expression of the chaperones resulted in a lower increase in
the secretion of IL-8 as compared with the increase in the
fluorescence signal (Fig. 7A) or the immunodetection signal
(Fig. 4, C and D). We suggest that this difference resulted from
the fact that only a small portion of the added isolated mito-
chondria and not the whole mitochondrial surface are actually
in contact with the HeLa cells and induce secretion, whereas in
the latter two assays all the YadAmolecules are contributing to
the signal. Collectively, our results demonstrate thatmitochon-
dria can recognize and assemble newly synthesized molecules
of the TAA protein YadA and expose the protein in its native
functional form.

DISCUSSION

In this study we demonstrate that the evolutionary link
between mitochondria and Gram-negative bacteria allows the

FIGURE 6. Skp enhances the steady-state levels of YadA-MA. A, mitochondria were isolated from cells co-transformed with a plasmid expressing YadA-MA
together with an empty plasmid, or together with a plasmid encoding SecB, mtSurA, or mtSkp. Mitochondrial proteins were analyzed by SDS-PAGE and
immunodetection with the indicated antibodies. The positions of monomeric and trimeric YadA-MA are indicated with M and T, respectively. Asterisks in panels A-C
indicate bands corresponding to Skp that are unspecifically recognized by the HA antibody. B, yeast cells expressing YadA-MA alone or together with either mtSurA
or mtSkp were grown in liquid medium. Cycloheximide was then added to the cultures, and further treatment was as described in the legend to Fig. 5A. C, mitochon-
dria were isolated from cells expressing YadA-MA alone or together with either mtSkp or the three chaperones (�chap.). Mitochondrial proteins were analyzed by
SDS-PAGE and immunodetection with the indicated antibodies. D, yeast cells lacking Yme1 and expressing YadA-HA alone or together with either mtSurA or mtSkp
were grown in liquid medium. Cycloheximide was then added to the cultures, and further treatment was as described in the legend to Fig. 5A.
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former to assemble trimeric prokaryotic �-barrel proteins in a
functional form although such proteins are completely absent
from eukaryotic cells. This surprising capacity allows the usage
of the yeastmitochondrial system to shed some light on various
aspects of the biogenesis of TAAs.
These proteins cross the inner membrane via the SEC

machinery, traverse the periplasm and then integrate into the
outer membrane. In the present study we investigated the
potential contribution of chaperones to their passage and sta-
bility within the periplasm and the mechanism by which tri-
meric autotransporters oligomerize to their trimeric form. To
address these issues we utilized the yeast model system that
provides two advantages: a detailed dissection of the biogenesis
pathway and the ability to investigate the contribution of single
components to the overall process. Our results indicate that
upon its expression in yeast cells, the TAA protein YadA could
assemble on the surface of mitochondria to its native and func-
tional trimeric form. This trimeric form is embedded into the

mitochondrial outermembrane and completely exposed on the
surface of the organelle. Our observations further indicate that
the TOB complex plays an important role in the assembly of
YadA in yeast cells.We could further characterize amonomeric
form that was partially soluble in the mitochondrial IMS. This
monomeric form was rather unstable and eventually degraded
by mitochondrial proteases. Co-expression of the periplasmic
chaperone Skp together with YadA or with the membrane
anchor domain of YadA resulted in overall increase in the
detected levels of both monomeric and trimeric forms of the
protein and dramatic stabilization of the monomeric species.
These effects were not observed upon co-expression with the
other chaperones SurA or SecB.
Our results might reflect the relative importance of chaper-

ones for the biogenesis of TAAs. Whereas all three chaperones
(SecB, SurA, and Skp) were suggested to contribute to various
stages of the biogenesis ofmonomericOMPs (24, 28), very little
is known about the chaperone requirements of TAAs. In addi-
tion to Skp and SurA, also DegP was proposed to play a role in
OMP biogenesis. However since the chaperone function of
DegP in this process is less defined (28, 56), we did not include
DegP in our assays. Our findings indicate a special importance
of Skp for YadA biogenesis in the yeast model system and they
might provide the first indication for the involvement of
periplasmic chaperones in the biogenesis of TAAs. However,
the applicability of these findings to the bacterial system has
still to be confirmed. Skp was suggested to promote the overall
biogenesis of OMPs by interacting with unfolded precursor
forms and thus preventing their unproductive aggregation or
degradation (57). The capacity of Skp to stabilize the mono-
meric form of YadA suggests a similar effect on YadA. Interest-
ingly, our results suggest that Skp can interact with both the
membrane anchor and the passenger domains of YadA. Such a
special role of Skp is in agreement with a previous study where
Skp was suggested to play an important role in the initial stages
of the periplasm transit of the autotransporter EspP (58). It is
also in line with other studies on the variable relative contribu-
tion of periplasmic chaperones to the biogenesis of different
OMPs (28). For example, a study inN.meningitidishas revealed
an important role for Skp but not for SurA or DegP in OMP
biogenesis (59).
After crossing the periplasm the BAMmachinery is required

for the targeting of autotransporters to the OM and for the
integration of the membrane-anchor domain into this mem-
brane (24, 28). Recently, a new transport system named trans-
location and assembly module (TAM) was suggested to play a
role in the membrane integration of some autotransporters
(60). However, it is currently unclear whether the TAM system
is also involved in the biogenesis of TAAs and the biogenesis of
YadA was shown to require the BAM complex (32). The con-
tribution of the BAM complex to the subsequent translocation
of the passenger domain of autotransporters across the mem-
brane and the role of the other Bam subunits in this process are
not clear yet (24, 26, 61, 62). The mitochondrial Tob55 is
homologous to the bacterial BamA but homolog yeast proteins
to the other Bam subunits, BamB-Ewere not identified (1, 2, 11,
63). Moreover, the set of accessory lipoproteins (BamB-E) dif-
fers from species to species, suggesting that not all of themhave

FIGURE 7. YadA is assembled at the mitochondrial OM in its native func-
tional conformation. A, mitochondria were isolated from control cells (WT),
cells expressing YadA-HA alone, or cells expressing YadA-HA together with
the three bacterial chaperones. Mitochondria isolated from cells expressing
HA-tagged version of either the OM protein Fis1 or the IM protein Mdm38
were used as control. Organelles were analyzed by immunofluorescence
microscopy using the anti-HA antibody, and images are shown. B, mitochon-
dria were isolated from the first three strains described in part A. HeLa cells
were incubated with the isolated organelles, and IL-8 concentrations were
measured after 6 h of incubation. Values are mean � S.E. The statistical sig-
nificance of the changes was evaluated using a two-sided t test. *, p � 0.05; **,
p � 0.01.
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a crucial role (28). Considering the limited similarity of the
TOB complex to the BAM machinery, our aforementioned
findings suggest that a BamA-like structure is required for the
targeting and translocation processes of YadA. In contrast, the
other BAMcomponents seemnot to be absolutely necessary for
these biogenesis stages. It is interesting to note that the evolu-
tionary conservation between the systems that process�-barrel
proteins in prokaryotes (BAM complex) and eukaryotes (TOB
complex) is sufficient to provide the eukaryotic import system
in yeast cells the capacity to fold into the correct native struc-
ture TAAs although such proteins are completely absent from
eukaryotes.
Each of the subunits of TAAs is separately synthesized in the

cytoplasm and most likely crosses the Sec translocon in an
unfoldedmonomeric form. This situation raises the question at
which stage the oligomerization of TAAs occurs. The possibil-
ities range from a full trimerization already in the periplasm to
oligomerization only after membrane insertion of each of the
three subunits. Our inability to detect a YadA trimeric form
that is both soluble and protected from externally-added pro-
tease strongly suggests that fully assembled trimeric structure
forms only at the outer membrane, probably upon interaction
with the TOB complex. These findings are in line with the
recent report that precursors of mitochondrial �-barrel pro-
teins start to acquire their �-barrel structure only upon their
interaction with the TOB complex (64).
Taken together, our findings suggest that despite the evolu-

tionary drift of mitochondria while becoming an organelle in
eukaryotic cells and afterward, they still kept the capacity to
process prokaryotic-specific proteins. Such a capacity can be
utilized to investigate the potential importance of periplasmic
chaperones to the biogenesis process of trimeric autotrans-
porter proteins.
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Abstract 

Beta-barrel proteins are found in the outer membrane of Gram-negative bacteria, mitochondria 

and chloroplasts. The evolutionary conservation in the biogenesis of these proteins allows 

mitochondria to assemble bacterial β-barrel proteins in their functional form. In this chapter we 

describe exemplarily how the capacity of yeast mitochondria to process the trimeric 

autotransporter YadA can be used to study the role of bacterial periplasmic chaperones in this 

process.  
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1 Introduction 

Integral β-barrel proteins are exclusively found in the outer membrane of Gram-negative 

bacteria and in the outer membranes of eukaryotic organelles derived from prokaryotic 

ancestors namely, mitochondria and chloroplasts. Although most of the proteins in the bacterial 

outer membrane are members of this protein class, only five mitochondrial β-barrel proteins 

were identified in yeast so far (1). Like the vast majority of mitochondrial genes they have 

undergone gene transfer to the host genome (2,3). Hence, precursors of β-barrel proteins are 

synthesized on cytosolic ribosomes and therefore have to contain all the information required 

to ensure an efficient and specific targeting to the mitochondrial outer membrane (MOM). 

Furthermore, translocases in the MOM had to evolve or adapt in order to facilitate the post-

translational import and assembly of precursor β-barrel proteins.  

 

1.1 Biogenesis of β-barrel proteins in bacteria 

Bacterial β-barrel proteins are synthesized on cytoplasmic ribosomes with N-terminal signal 

sequences.  Upon they appearance at the exit channel of the ribosome they can be stabilized by 

the highly conserved trigger factor (4,5). Subsequently, the chaperone SecB is proposed to bind 

the nascent polypeptide chain and directs it to the Sec translocase (see Fig. 1) (6). Proteins 

destined for the outer membrane are translocated across the inner membrane through the Sec 

translocase in a process dependent on the hydrolysis of ATP by SecA (7). Reaching the 

periplasmic side of the inner membrane, the signal peptide is cleaved off and the precursor 

proteins are escorted by periplasmic chaperones to the BAM complex (8,9). The precise roles 

of the chaperones SurA, Skp and DegP are still under debate and seem to differ depending on 

the substrate and the organism (10-13). The subsequent insertion into the outer bacterial 

membrane is facilitated by the BAM machinery. In Escherichia coli, this complex is composed 

of the central β-barrel protein BamA (Omp85/YaeT) associated with four lipoproteins (BamB, 

BamC, BamD and BamE) (14-16). Despite remarkable progress in characterizing the various 

components in the biogenesis pathway of β-barrel proteins in bacteria, the exact mechanism by 

which the proteins are assembled into the lipid bilayer still remains unresolved.  

 

1.2  Biogenesis of β-barrel proteins in mitochondria 

The requirement for N-terminal signal sequences in the sorting of β-barrel proteins got lost in 

the evolutionary transformation from bacteria to mitochondria. Upon their synthesis on 

cytosolic ribosomes mitochondrial β-barrel proteins are recognized at the organelle’s surface 

by import receptors of the translocase of the outer membrane (TOM) complex and transferred 
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across the MOM through Tom40, the general entry gate of the TOM complex, a β-barrel protein 

itself (see Fig. 1) (1,17,18). Within the intermembrane space (IMS) the precursor proteins are 

then protected from misfolding and aggregation by the small heterohexameric Tim chaperone 

complexes Tim8/13 and Tim9/10. Finally, assembly of the precursor proteins into the MOM 

occurs with the help of a dedicated protein complex termed topogenesis of outer-membrane β-

barrel proteins (TOB complex) or sorting and assembly machinery (SAM complex) (19-21). 

This complex is composed of the central highly conserved β-barrel protein Tob55/Sam50 and 

the peripheral subunits Tob38/Sam35/Tom38 and Mas37/Sam37. The latter two are located on 

the cytosolic side of the membrane and do not show any sequence similarity with their bacterial 

counterparts of the BAM complex (20,22-24). The essential subunit Tob38 was previously 

shown to be involved in intramitochondrial substrate recognition through the so called β-signal, 

whereas Mas37 acts at a late stage of β-barrel protein assembly with a putative role in precursor 

release from the TOB complex (25-27). 

 

 

 

Fig. 1: Evolutionary conservation in the biogenesis pathways of β-barrel proteins between 

mitochondria and Gram-negative bacteria. For details see text. 
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1.3 Evolutionary conservation in the biogenesis of β-barrel proteins 

The incorporation of an ancestral α-proteobacterium into the eukaryotic cell led to a major 

transfer of DNA to the host genome (2,28). Thereby the developing organelle had to adapt in 

order to ensure post-translational import of proteins. However, functional expression of 

bacterial β-barrel proteins in eukaryotic cells suggests that during this adaptation process the 

ability of mitochondria to facilitate the assembly of prokaryotic β-barrel proteins was conserved 

(29-31). In a reciprocal approach, the mitochondrial VDAC could also be assembled into the 

bacterial outer membrane upon its expression in Escherichia coli (32). A closer look at the 

biogenesis pathways of β-barrel proteins reveals that many characteristics are shared among 

Gram-negative bacteria and mitochondria. In both cases the precursor proteins are initially 

translocated across a membrane and prevented from misfolding and aggregation in the 

intermembranal space by specialized soluble chaperones. Insertion into the outer membrane 

occurs in each instance from the inner side of the membrane. The most striking similarity, 

however, is the sequential and functional homology in the central components of the assembly 

machineries, Tob55/Sam50 and BamA, both being members of the Omp85 superfamily. 

Homologs of this family are present in all Gram-negative bacteria and in the outer membranes 

of the eukaryotic organelles mitochondria and chloroplasts (14,21,33-35). A common feature 

of all proteins belonging to this family is the presence of N-terminal polypeptide-transport-

associated (POTRA) domains followed by a 16-stranded C-terminal β-barrel domain. However, 

the number of POTRA domains can range from one in the mitochondrial Tob55/Sam50 and 

three in the chloroplast homolog Toc75-V up to seven in Omp85 from Myxococcus xanthus 

(36,37). It seems that the POTRA domains facilitate the transfer of the β-barrel precursors from 

the soluble chaperones to the membrane embedded part of the translocase although, at least for 

mitochondria, a role in the release of the precursor from the TOB/SAM complex was also 

suggested (38-41). Apart from the aforementioned similarities, the assembly processes differs 

in terms of accessory proteins and the requirement of N-terminal signal sequences. Whereas in 

mitochondria, the two accessory subunits are located at the cytosolic side of the MOM, all 

accessory lipoprotein subunits of the BAM complex reside on the internal side of the membrane 

similar to the N-terminal POTRA domains.                                                                                                                              

Due to this evolutionary conservation, yeast mitochondria provide a powerful system to study 

the biogenesis of prokaryotic β-barrel proteins. By using this system we investigated, for 

example, the involvement of periplasmic chaperones in the biogenesis pathway of the trimeric 

autotransporter protein Yersinia adhesin A (YadA) (see Fig. 2). Mature YadA is composed of 

an internal passenger domain (also called the effector domain), and a relatively short C-terminal 



5 

 

β-domain that anchors the protein to the OM. This anchor is made by a single 12-stranded β-

barrel structure to which each monomer is contributing four β-strands. In this chapter we 

describe the expression of YadA in yeast cells, how to target periplasmic chaperones to the 

mitochondrial IMS and illustrate a method to examine the functionality of correctly assembled 

YadA by monitoring its ability to induce the secretion of IL8 from HeLa cells (42).  

 

Fig. 2: (A) Schematic representation of the coexpression of YadA and the bacterial chaperones 

SecB, SurA and Skp in yeast cells. (B) Comparison of the mitochondrial steady-state levels of 

YadA-HA in yeast cells expressing either empty plasmid, YadA-HA alone or coexpressing 

YadA-HA and the bacterial chaperones SurA, Skp and SecB. Crude mitochondria were 

analysed by SDS-PAGE and immunodecoration with antibodies against the HA-tag, Skp, SurA 

and Hep1 (a mitochondrial matrix protein that serves as a loading control). Asterisks indicate 

unprocessed forms of SurA and Skp. The positions of monomeric and trimeric YadA-HA are 

indicated with M and T, respectively. 

 

2 Materials 

2.1 Yeast transformation 

1. 100 mM LiOAc (sterile). Store at room temperature (RT). 

2. 1 M LiOAc (sterile). Store at RT. 

3. 50% polyethylene glycol (PEG), sterile: 50 g PEG-3350 in 100 ml water. Store at RT.   

4. Salmon sperm DNA: 10 mg/ml, store in small aliquots at -20°C. 

5. Vector to be transformed. 
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2.2 Targeting of proteins to the mitochondrial IMS 

1. Yeast expression vector containing the protein of interest fused to the first 228 amino 

acids of S. cerevisiae Mgm1 lacking the first transmembrane domain (see Note 1).  

 

2.3 Analysis of steady-state levels of bacterial proteins expressed in yeast cells 

2.3.1 Isolation of crude mitochondria by lysis with glass beads 

1. SEM buffer: 250 mM sucrose, 10 mM MOPS, 1 mM EDTA in water, pH 7.2 (adjusted 

with KOH) (see Note 2) 

2. 200 mM Phenylmethylsulfonylfluoride (PMSF) in isopropanol 

3. Reaction tubes (2 ml).  

4. Glass beads, 0.25-0.5 mm  

5. Bradford solution  

6. 2x Laemmli buffer: 16 mL 1 M Tris-HCl, pH 6.8, 4 g SDS, 20 mL glycerol, 20 mg 

bromophenol blue, 5% 2-mercaptoethanol. Add water to 100 mL. Store at RT.  

7. S-medium: 0.17% (w/v) yeast nitrogen base, 0.5% (w/v) ammonium sulfate, 0.3 μM 

adenine and 0.5 μM uracil in water, pH 5.5 (adjusted with KOH). Add amino acids 

separately as 100x stock solution (200 mg arginine, 400 mg tryptophane, 1 g leucine, 

400 mg lysine, 200 mg histidine, 600 mg phenylalanine and 200 mg methionine in 100 

ml water). Autoclave carbon source separately and add to 2% (w/v) final D-glucose 

(SD), 2% (w/v) final D-galactose (SGal), or 2% (w/v) glycerol (SG). For selection 

media leave out amino acids corresponding to the auxotrophic marker of the employed 

plasmid. 

 

2.3.2 SDS-PAGE 

1. 15% bottom gel: 2.39 mL water, 3.75 mL 1 M Tris/HCl (pH 8.8), 3.75 mL 

acrylamide/bis-acrylamide (40%/0.8%), 0.1 mL 10% ammonium persulfate (APS), 8 

µL tetramethyl-ethylenediamine (TEMED). Mix thoroughly before use.  

2. 10% separating gel: 4.55 mL distilled water, 4.69 mL 1 M Tris/HCl (pH 8.8), 3.13 mL 

acrylamide/bis-acrylamide (40%/0.8%), 0.125 ml 10% APS, 10 µL TEMED. Mix 

thoroughly before use. 

3. 4% stacking gel: 3.76 mL distilled water, 0.625 mL 1 M Tris/HCl (pH 6.8), 0.563 mL 

acrylamide/bis-acrylamide (40%/0,8%), 0.05 mL 10% APS, 4 µL TEMED. Mix 

thoroughly before use. 
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4. 5x running buffer: 30 g Tris-HCl, 145 g glycine, 5 g sodium dodecyl sulfate (SDS), add 

distilled water to 1 L. Store at RT. Working concentration is 1x.  

 

 

2.3.3 Western blotting 

1. Filter papers (thickness 0.35 mm) 

2. Nitrocellulose membrane (pore size 0.2 µm)  

3. 10x blotting buffer: 60.57 g Tris-HCl, 281.51 g glycine, 5 g SDS, add distilled water to 

2.5 L, store at 4°C.  Working concentration is 1x: 100 mL 10x blotting buffer, 200 mL 

methanol (20% final), add distilled water to 1 L.  

4. Ponceau S solution: 0.4 g Ponceau S, 8.5 mL 72% trichloroacetic acid (TCA), add 

distilled water to 200 mL. Store at RT. 

5. 5% Blocking buffer: 5 g skim milk powder in 100 mL TBS-buffer. 

6. 20x TBS: 121.16 g Tris-HCl, 900 g NaCl, add distilled water to 5 L, pH 7.5 (adjust with 

HCl). Working concentration is 1x. Store at room temperature. 

7. 1x TBS-T: add 500 µl Tween-20 to 1 L 1x TBS solution. Store at RT. 

8. Enhanced chemiluminescence (ECL) solution: 25 mL cold 1 M Tris-HCl (pH 8.5), 1.25 

mL 4.4% luminol, 0.55 mL 1.5% p-coumaric acid, add cold distilled water to 250 mL. 

Store light-protected at 4°C.  

9. Secondary antibody: horseradish peroxidase conjugated immunoglobulin G specific for 

the corresponding primary antibody. 

 

2.3.4 Cell culture 

1. HeLa cells, ATCC number CCL-2 (see Note 3). 

2. RPMI-1640 medium (e.g. Biochrom). 

3. Penicillin/Streptomycin (Pen/Strep, e.g. Gibco). 

4. Fetal calf serum (FCS; e.g. Gibco) (see Note 4). 

5. Phosphate buffered saline (PBS; e.g. Gibco) (see Note 5). 

6. Trypsin EDTA (0.05%; e.g. Gibco) (see Note 6). 

7. Cell culture flask (e.g. Nunc). 

8. 24 well plate (e.g. Greiner). 

9. Tabletop centrifuge (e.g. Heraeus Multifuge 3S-R). 

10. Microcentrifuge tubes (1.5 mL). 

11. Neubauer counting chamber. 
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12. Microscope (e.g. Zeiss Axiovert 25).  

13. Cell culture incubator. 

 

2.3.5   ELISA to determine amounts of IL8 

1. RPMI-1640 medium (Biochrom), supplemented with 10% FCS and 1% Pen/Strep. 

2. 96 well plate (e.g. Nunc) (see Note 7). 

3. Binding solution: 0.1 M Na2HPO4 (pH 9.0): Weigh 14.17 g of Na2HPO4 and dissolve 

in 900 mL ultra-pure H2O. Adjust pH to 9.0 with NaOH and add ultra-pure H2O to 1000 

mL. For long term storage, autoclave the solution and store at RT. 

4. Blocking buffer: 1xPBS/10% FCS. For one 96 well plate, freshly prepare 18 mL PBS 

supplemented with 2 mL FCS. 

5. Blocking/Tween buffer: 1x PBS/10% FCS/0.05% Tween20. For one 96 well plate, mix 

9 mL 1xPBS with 1 mL 10% FCS and add 5 µL Tween20. 

6. Substrate buffer: 0.05 M Na2CO3, 0.05 M NaHCO3, 1 mM MgCl2. Weight 5.3 g of 

Na2CO3, 4.2 g of NaHCO3 and 0.094 g of MgCl2 in 900 mL ultra-pure H2O. Adjust pH 

to 9.8 with NaOH and fill up to 1000 mL with ultra-pure H2O. Store the substrate 

solution at 4°C.  

7. Washing buffer: 1x PBS/0.05% Tween20. Store the washing buffer at 4°C.  

8. Capture antibody: purified anti-human IL-8 (Becton Dickinson). 

9. Detection antibody: biotin mouse anti-human IL-8 (Becton Dickinson). 

10. Conjugate: Streptavidin alkaline phosphatase (Roche). 

11. Substrate: 5 mg p-Nitrophenyl-phosphate (PNPP) tablets. 

12. Recombinant human IL8 (Becton Dickinson) as standard. 

13. Multichannel pipet. 

14. Microplate washer (e.g. TECAN HydroFlexTM). 

15. Microplate reader (e.g. TECAN sunriseTM). 

 

3 Methods 

 

3.1 Yeast transformation 

1. Scrape yeast cells from agar plate and wash in 1 mL sterile water (1.5 mL reaction 

tube). 

2. Pellet the cells by centrifugation (5 sec, top speed, tabletop centrifuge). 
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3. Discard the water and resuspend the cells in 1 mL 100 mM LiOAc. Incubate the cells 

at 30°C for 5 min. In the meantime incubate salmon sperm carrier DNA for 5 min at 

95°C and place immediately on ice.  

4. Pellet the cells by centrifugation (5 sec, top speed, tabletop centrifuge) 

5. Discard the supernatant and add in the following order: 240 µl PEG 3350 (50%), 36 µl 

1 M LiOAc, 10 µl salmon sperm carrier DNA (denatured), 60 µl sterile water and 5 µl 

plasmid DNA (see Note 8).  

6. Mix thoroughly and incubate for 20 min at 42°C. 

7. Collect the cells by centrifugation (10 sec, top speed, tabletop centrifuge) 

8. Discard supernatant and resuspend pellet in 100 µl sterile water. 

9. Plate cells on selective SD-agar plates and incubate at 30°C. Depending on the yeast 

strain, colonies appear after approximately two days. 

 

3.2 Analysis of steady-state levels of bacterial proteins expressed in yeast cells 

3.2.1 Isolation of crude mitochondria by lysis with glass beads 

1. Inoculate one yeast colony into 30 mL of liquid SGal-medium (see Note 9) and grow 

overnight at 30°C while shaking (120 rpm). 

2. Dilute the overnight culture in fresh medium to 200 mL (OD600 = 0.2) and grow to OD600 

= 0.8-1.5 (see Note 10). 

3. Harvest cells by centrifugation (3000g, 5 min, RT). 

4. Discard the supernatant and wash cells in 50 ml water. 

5. Recollect cells by centrifugation (3000g, 5 min, RT) (see Note 11). 

6. Resuspend the cells pellet in 2 mL SEM buffer + 2 mM PMSF (final conc.) and 

distribute into four 2 ml reaction tubes containing each 600 mg glass beads. 

7. Vortex five times for 30 sec each at max speed and cool cells for 30 sec on ice in 

between. 

8. To pellet down nuclei, unbroken cells and cell debris, spin the samples (1000g, 3 min, 

4°C). 

9. Pool the supernatants of the four reaction tubes for each strain and measure protein 

concentration by Bradford method. In case of yeast cells grown on glucose, a rough 

estimation is that 7% of total cellular proteins can be considered as mitochondria. If the 

cells are grown on galactose, ca. 15% can be estimated to be mitochondrial proteins.   

10. Collect crude mitochondria by centrifugation (13200g, 10 min, 4°C). 
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11. The pellet is the crude mitochondrial fraction. Supernatant contains proteins from the 

cytosolic fraction. Resuspend the mitochondrial fraction in 2x Laemmli buffer to a 

concentration of 2 µg/µL and boil samples for 5 min at 95°C. 

 

3.2.2  SDS-PAGE 

1. Carefully remove the comb and wash the wells with 1x running buffer. 

2. Prior to loading, centrifuge the samples shortly at 1000g in a tabletop centrifuge. 

3. Load 15-30 µl (30-60 µg) of the samples per each well. 

4. Run at 20 mA for each gel until the dye front reaches the bottom gel.  

5. Remove the gel from the electrophoresis chamber and discard the stacking and bottom 

gel. 

 

3.2.3 Western blotting 

For electrophoretic protein transfer from the SDS-gel to the nitrocellulose membrane, we 

employ the semi-dry western blotting. 

1. Prior to the assembly of the blotting sandwich, incubate six filter papers (depending on 

the thickness of the filter papers), the nitrocellulose membrane and the SDS-gel in 1x 

blotting buffer. 

2. Assemble the blotting sandwich in the following order: 

a. Three wet filter papers 

b. Nitrocellulose membrane 

c. SDS-gel 

d. Three wet filter papers 

3. After assembly, carefully role a glass pipett over the sandwich to get rid of residual air 

bubbles.  

4. Connect the blotting apparatus to the power supply and run for 1 h at 1 mA/cm2 at RT. 

5. Disassemble the blotting sandwich and transfer the nitrocellulose membrane to an 

incubation chamber (avoid touching the membrane without gloves). To control for 

successful blotting, incubate the membrane with Ponceau S solution for 2 min.  

6. Wash the membrane with distilled water until protein bands appear. If decoration with 

different antibodies is required, cut the membrane into respective slices with a scalpel. 

7. Block the membrane in 5% blocking buffer for 1 h at RT under agitation. 

8. Discard the blocking buffer and wash the membrane once with 1x TBS. 
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9. Incubate the membrane with the primary antibody for 1 h at RT while shaking (see Note 

12). 

10. Remove the primary antibody and wash three times 5 min with 1x TBS, once with TBS-

T and again with 1x TBS. 

11. Incubate the membrane for 1 h at RT with a secondary antibody that was raised against 

your first antibody and is conjugated to horseradish peroxidase. 

12. Remove the secondary antibody and wash at least three times for 5 min with 1x TBS. 

13. After brief incubation with ECL solution (add 1:1000 fresh H2O2 before use), 

chemioluminescence can be detected.  

 

3.3 Cell culture  

1. Quickly thaw at 37°C in a water bath human HeLa cervical epithelial cells out of liquid 

nitrogen. Seed cells subsequently in 25 mL RPMI-1640 medium containing 10% FCS 

and 1% Pen/Strep provided in a sterile cell culture flask with 175 cm2 growth area. 

2. Incubate cells in a cell culture incubator at 37°C with 5% CO2 und 95% air humidity. 

Check growth behavior of the cells under the microscope every day. If cell growth on 

the bottom of the flask is nearly confluent, cells can be splitted, counted and seeded for 

further assays. 

3. Extract old medium from the flask and add 8 mL of prewarmed trypsin to remove 

HeLa cells from the bottom of the flask. Incubate for 5 min at 37°C.  

4. Afterwards add 20 mL of RPMI-1640 medium to dilute trypsin and transfer cells into 

a 50 mL Falcon tube. 

5. Centrifuge cells for 5 min at 400g and discard supernatant. Resuspend cell pellet 

carefully in 5 mL prewarmed RPMI-1640 medium and avoid air bubbles. 

6. Prepare a 1:10 dilution (10 µL of HeLa cells in 90 µL trypane blue) and count cells 

under the microscope with the help of a Neubauer counting chamber. 

7. Provide 1 mL of prewarmed RPMI-1640 medium supplemented with 10% FCS and 1% 

Pen/Strep in each slot of a 24-well plate and add 1.5 x 105 HeLa cells per well (see Note 

13). 

8. Grow HeLa cells overnight at 37°C in a cell culture incubator. 

9. Next day, one hour before adding either bacteria or isolated mitochondria (see 3.2.1), 

wash cells twice with 1 mL prewarmed PBS and append 1 mL RPMI-1640 medium with 

10% FCS, but without antibiotics. 
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10. Afterwards add bacteria at a multiplicity of infection (MOI) of 100 (1.5 x 107) or 

mitochondria (100 µg) to desired wells and centrifuged at 400g for 5 min (see Note 14). 

11. After one hour of incubation in the cell culture incubator, add 100 µg gentamicin (10 

µL from a 10 mg/mL stock solution in cell culture PBS) to avoid further growth of 

bacteria in each well. 

12. Incubate cells for further 5 hours at 37°C in the cell culture incubator and subsequently 

collect supernatant in 1.5 mL microcentrifuge tubes. Store tubes at -20°C until further 

analysis.   

 

3.4  IL8-ELISA Assay 

1. Coat a 96-well plate with capture antibody diluted in binding solution. Then, mix 30 µL 

of capture antibody (ab) with 5 mL binding solution and pipet 50 µL per well with a 

multichannel pipette (see Note 15).  

2. Store the 96-well plate at 4°C overnight. 

3. Wash the plate four times with a microplate washer. Afterwards add 200 µL blocking 

buffer to each well. Incubate at room temperature (RT) for 2 hours. 

4. Thaw on ice cell culture supernatants to be analyzed (from 3.3.12). Additionally 

prepare IL8 standard by a serial two-fold dilution of known protein concentrations 

from 800 to 12.5 pg/mL. Prepare one microcentrifuge tube containing medium without 

protein.  

5. Wash the ELISA plate again four times. Pipet 100 µL of prepared standard in duplicates 

in the first two columns starting with 0 pg/mL (blank), followed by increasing IL8 

concentrations from 12.5 to 800 pg/mL. 

6. Distribute 100 µL of each cell culture supernatant sample in the 96-well plate and 

incubate for 2 hours at RT or overnight at 4°C. Perform technical duplicates. 

7. Dilute 20 µL detection antibody in 10 mL blocking/tween buffer. 

8. Wash ELISA plate four times and add 100 µL of the prepared detection antibody 

solution in each well. Incubate for 1 hour at RT. 

9. Prepare conjugate solution: add 10 µL conjugate in 10 mL blocking/tween buffer. 

10. After washing the plate four times, add 100 µL conjugate solution per well and 

incubate for 1 hour at RT. 

11. Add a PNPP pill to 5 mL chilled substrate buffer and be aware that the pill is dissolved 

completely. After another washing step of the 96 well plate, add 50 µL of the substrate 
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solution to each well and incubate again for 10-60 min at 37°C in the dark. Check 

reaction intensity of the alkaline phosphatase every ten minutes (see Note 15).  

12. If a yellowish staining is visible, put the plate in a microplate reader and measure 

reaction intensity of the alkaline phosphatase at 405 nm.          

 

4 Notes 

1. Such construct contains a bipartite targeting and sorting signal that targets the protein 

first to the mitochondrial inner membrane where the protein is then being processed by 

a specific peptidase and a soluble moiety is released to the IMS (43). We used the 

yeast expression plasmid pYX113 but any other plasmid can be employed. 

2. We always refer to purified water when “water” is mentioned. 

3. HeLa cells can be stored as single use aliquots at -80°C. Thaw an aliquot quickly at 

37°C and transfer the cells subsequently to a cell culture flask filled with prewarmed 

1640 medium supplemented with 10% FCS and appropriate antibiotics.  

4. If applicable, FCS can be heat-inactivated for 30 minutes at 56°C in a water bath.  

5. PBS contains CaCl2 and MgCl2. 

6. All cell culture media and chemicals have to be stored at 4°C after opening. Before 

usage and contact with cells, prewarm all reagents to 37°C. Sterile working is essential 

when dealing with cell culture. 

7. Use a maxisorb ELISA plate with a flat top. 

8. It is important to keep this exact order as direct contact of yeast cells with 1 M LiOAc 

can severely harm them. 

9. The yield of mitochondria increases when yeast cells are grown in media with non-

fermentable carbon sources such as glycerol, ethanol or lactate. Growth on galactose 

combines a decent yield with a moderate doubling time. The use of glucose as a 

carbon source should be avoided since in fungi glucose represses the expression of 

numerous mitochondrial genes. For selection, media should be prepared lacking the 

corresponding auxothropic marker(s). 

10. Try to harvest the cells in the mid-logarithmic growth phase. Cells from the stationary 

phase are harder to lyse with glass beads and differ from cells in the logarithmic phase 

in the composition and amount of mitochondrial proteins.  

11. Yeast cell pellets can be kept at -20°C for several days. 

12. In some cases over-night incubation with the primary antibody at 4°C is beneficial. 
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13. Carefully agitate the 24-well plate hourglass-shaped to spread the cells over the whole 

well. 

14. As a positive control for the assay, you can add 10 µg purified TNFin one well 

which results in a strong IL8 secretion into the supernatant. Biological duplicates are 

recommended. 

15. Check if every well is covered completely and remove all air bubbles. 
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Abstract 

The vast majority of outer membrane (OM) proteins in Gram-negative bacteria belongs to the 

class of membrane-embedded β-barrel proteins. Besides Gram-negative bacteria, the presence of 

β-barrel proteins is restricted to the OM of the eukaryotic organelles mitochondria and 

chloroplasts that were derived from prokaryotic ancestors. The assembly of these proteins into 

the corresponding OM is in each case facilitated by a dedicated protein complex that contains a 

highly conserved central β-barrel protein termed BamA/YaeT/Omp85 in Gram-negative bacteria 

and Tob55/Sam50 in mitochondria. However, little is known about the exact mechanism by 

which these complexes mediate the integration of β-barrel precursors into the lipid bilayer. 

Interestingly, previous studies showed that during evolution, these complexes retained the ability 

to functionally assemble β-barrel proteins from different origins. In this review we summarize the 

current knowledge on the biogenesis pathway of β-barrel proteins in Gram-negative bacteria, 

mitochondria and chloroplasts and focus on the commonalities and divergences that evolved 

between the different β-barrel assembly machineries.  
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Introduction  

Integral β-barrel proteins play important roles in the functions of outer membranes (OM) of 

Gram-negative bacteria, mitochondria and chloroplasts. They span the membrane with 8-26 

amphiphatic anti-parallel β-strands that are arranged in a cylindrical shape. Despite this similar 

basic structure, their functional diversity ranges from passive and active metabolite transporters, 

through enzymes and receptors to structural proteins and translocation machineries (Wimley, 

2003). Supporting the endosymbiotic theory, β-barrel proteins can be found exclusively in the 

OM of Gram-negative bacteria, mitochondria and chloroplasts.  

 In all systems, the assembly of these proteins is facilitated by dedicated protein complexes 

that contain a highly conserved central β-barrel protein termed BamA/YaeT/Omp85 in Gram-

negative bacteria and Tob55/Sam50 in mitochondria (Schleiff and Becker, 2011; Voulhoux et al., 

2003; Walther et al., 2009b). Much less is known about the assembly of these proteins in 

chloroplasts. Understanding the basic principles underlying the biogenesis of β-barrel proteins is 

in the focus of many recent studies. It is remarkable, that in the process of evolution from 

bacterial ancestors to semi-autonomous cell organelles, mitochondria retained a member of the 

Omp85 superfamily to facilitate the assembly of a diverse subset of β-barrel proteins into their 

OM. Although in the long process of organellogenesis, mitochondria and chloroplast had to adapt 

to the requirements of a post-translational import of precursor proteins, they conserved the ability 

to assemble β-barrel proteins of different origin (Kozjak-Pavlovic et al., 2011; Ulrich et al., 2012; 

Walther et al., 2009a). Interestingly, even proteins of a specific class of β-barrel proteins that 

cannot be found in eukaryotes, namely trimeric autotransporters, could be recognized and 

assembled into the mitochondrial OM (Müller et al., 2011). This is even more astonishing, 

considering the obvious differences in the accessory proteins between the bacterial and the 

mitochondrial biogenesis systems. 

 In this review we summarize the current knowledge on the biogenesis pathways of β-

barrel proteins in Gram-negative bacteria, mitochondria and chloroplast. A special focus is set on 

the similarities and divergences that evolved between the distinct β-barrel assembly machineries. 
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Biogenesis of β-barrel proteins in Gram-negative bacteria 

Most integral proteins of the OM of Gram-negative bacteria belong to the class of β-barrel 

proteins and are synthesized on cytoplasmic ribosomes with an N-terminal signal peptide, which 

ensures translocation across the inner membrane (Driessen and Nouwen, 2008; Papanikou et al., 

2007). In contrast to inner membrane α-helical proteins, precursors of β-barrel proteins are 

guided to the Sec-machinery in a post-translational manner. The cytoplasmic trigger factor 

recognizes the nascent polypeptide chain as it emerges at the exit channel of the ribosome 

(Ferbitz et al., 2004; Hagan et al., 2011; Valent et al., 1995). Subsequently, the cytoplasmic 

chaperone SecB binds the precursor protein and escorts it to the Sec translocon of the inner 

membrane (Bechtluft et al., 2010; Randall and Hardy, 2002; Ullers et al., 2004). Whereas 

hydrophobic transmembrane segments in α-helical proteins destined to the inner membrane 

trigger the lateral opening of SecYEG translocon, β-barrel precursors are translocated across the 

inner membrane in a process depending on the hydrolosis of ATP (Van den Berg et al., 2004; Xie 

et al., 2007; Zimmer et al., 2008).  

 On the periplasmic side of the inner membrane, the signal sequence is cleaved off by the 

signal peptidase (Paetzel, 2013). To keep the precursor protein in an unfolded-state and to avoid 

misfolding and aggregation, periplasmic chaperones bind to the precursor proteins. It is assumed 

that two parallel pathways of periplasmic chaperones can act in the biogenesis of β-barrel 

proteins. One of them includes SurA that contains two peptidyl-prolyl domains and was 

previously shown using Escherichia coli cells to directly interact with the dedicated insertion 

machinery of the OM (Bennion et al., 2010; Lazar and Kolter, 1996; Rouviere and Gross, 1996). 

The second branch is build up by the periplasmic chaperone Skp that can either act alone or 

together with the chaperone/protease DegP. In E. coli, SurA seems to chaperone the vast majority 

of OM proteins with a minor role of DegP and Skp. It appears that the significance of the latter 

chaperone is increased in the absence of SurA (Sklar et al., 2007b; Vertommen et al., 2009). In 

contrast, deletion studies in Neisseria meningitidis proposed a major role for Skp in the 

biogenesis of the OM proteins PorA and PorB, whereas deletion of SurA did not show a 

comparable phenotype (Volokhina et al., 2011). These apparent contradictory results suggest that 

the precise roles of the periplasmic chaperones seem to depend on the substrate and organism.  

 Once having reached the inner surface of the OM, the β-barrel proteins are assembled into 

the lipid bilayer with the help of a dedicated protein assembly machinery termed β-barrel 



4 

 

assembly machinery (BAM)-complex (see figure 1). In the last years, remarkable progress has 

been made in identifying and characterizing the roles of the components of the BAM-complex in 

the biogenesis pathway of β-barrel proteins. In E. coli, the complex is composed of the central β-

barrel protein BamA, homologs of which can be found in all organisms from Gram-negative 

bacteria to humans, and the four lipoproteins BamB, BamC, BamD and BamE (named in E. coli 

as YfgL, NlpB, YfiO and SmpA, respectively) (Hagan et al., 2011; Voulhoux et al., 2003; Wu et 

al., 2005). Of those proteins solely BamA and BamD were found to be essential for viability 

(Malinverni et al., 2006; Wu et al., 2005). BamD was previously shown to bind to POTRA 

domain 5 of BamA and to scaffold the interaction of BamC, BamE and BamA. Furthermore its 

N-terminal domain was suggested to interact with incoming precursor proteins (Gatsos et al., 

2008; Hagan et al., 2011; Sklar et al., 2007a; Vuong et al., 2008). Although the lipoproteins 

BamB, BamC and BamE are not essential for cell viability and are less conserved among 

different bacterial species, deletion of each one of them results in a decrease of the steady-state 

levels of β-barrel proteins in the OM (Hagan et al., 2011).  

Despite this recent progress, the exact mechanism by which precursor proteins are finally 

assembled into the lipid bilayer is still ill defined. Recently, the structure of the central 

component of the BAM-complex, BamA from Neisseria gonorrhoeae and Haemophilus ducreyi, 

has been solved. (Noinaj et al., 2013). Analysis of the structural features revealed a reduction in 

the hydrophobicity on one side of the barrel, which leads to a local destabilization of the OM. 

Furthermore it was shown that the β-barrel might undergo lateral opening that can allow the 

release of the precursor proteins from the cavity of BamA into the lipid bilayer. Accordingly, 

prevention of this proposed lateral opening by formation of disulfide bridges between β-strands 1 

and 16 resulted in a loss of BamA function (Noinaj et al., 2014).  

 

Membrane assembly of β-barrel proteins in mitochondria 

In comparison to Gram-negative bacteria, mitochondria harbor a rather low number of β-barrel 

proteins in their OM. So far, only five members of this class have been identified in yeast. These 

are the two essential proteins Tom40 and Tob55, two isoforms of Porin/VDAC and Mdm10 

(Paschen et al., 2005; Walther and Rapaport, 2009). According to the endosymbiotic theory, 

mitochondria were derived by the engulfment of an α-proteobacterium into an ancestral 
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eukaryotic cell (Gray et al., 1999). In the process of organelle evolution many of the genes 

encoding mitochondrial proteins have undergone a DNA transfer to the host genome. More than 

99% of the proteins of present-day mitochondria are encoded in the nucleus. As a consequence, 

the vast majority of mitochondrial proteins is synthesized on cytosolic ribosomes and thus 

precursor proteins have to contain all the information required to ensure a specific and efficient 

sorting to their final destination within mitochondria. Due to the fact that precursors of 

mitochondrial β-barrel proteins do no longer have to cross the bacterial inner membrane, the 

requirement for N-terminal signal sequences got lost in the transformation from bacteria to a 

semi-autonomous eukaryotic organelle. Newly synthesized mitochondrial β-barrel proteins do not 

contain any cleavable targeting signal. 

 Upon their synthesis on cytosolic ribosomes precursors of mitochondrial β-barrel proteins 

are initially recognized on the mitochondrial surface by import receptors of the translocase of the 

outer membrane (TOM) complex (see figure 1) (Chacinska et al., 2009; Endo and Yamano, 2009; 

Paschen et al., 2005; Pfanner et al., 2004). Next, they are relayed to Tom40, the central unit of the 

TOM complex, which is a β-barrel protein itself and builds the general entry gate for most of the 

mitochondrial precursor proteins. It is thought that the stepwise increasing affinity of precursor 

proteins to components of the TOM complex is the driving force for the protein translocation 

across the mitochondrial OM (Komiya et al., 1998; Rapaport et al., 1998; Schatz, 1997). Upon 

the appearance of the β-barrel precursor proteins at the intermembrane space (IMS), they are 

protected from misfolding and aggregation by the hexameric small chaperone complexes 

Tim8/13 and Tim9/10 (Habib et al., 2005; Hoppins and Nargang, 2004; Wiedemann et al., 2004). 

The final step of protein assembly into the lipid bilayer of the OM is facilitated by a protein 

complex termed topogenesis of outer-membrane β-barrel proteins (TOB-complex) also called 

sorting and assembly machinery (SAM-complex) (Gentle et al., 2004; Paschen et al., 2003; 

Wiedemann et al., 2003). This protein complex consists of the β-barrel protein Tob55/Sam50, 

which is homologous to BamA, and the two subunits Tob38/Sam35/Tom38 and Mas37/Sam37 

which are peripherally associated to the cytosolic side of the OM. Of these three components that 

make up the core structure of the TOB complex, only Tob55 and Tob38 were shown to be 

essential for cell viability.  

 Whereas the essential subunit Tob38 was previously shown to be involved in the intra-

mitochondrial recognition of β-barrel precursor proteins through a C-terminal recognition 
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sequence termed β-signal, the second subunit Mas37 was suggested to act at a later stage of β-

barrel assembly with a putative role in the release of the precursor into the lipid bilayer (Ishikawa 

et al., 2004; Kutik et al., 2008; Milenkovic et al., 2004; Waizenegger et al., 2004). Since in 

mitochondria the assembly of precursor proteins into the lipid bilayer occurs from the IMS side, 

it remains elusive how Tob38 can act in the recognition of precursor proteins. One possible 

explanation is that a cavity in the proteinaceous components of the complex allows Tob38 a 

direct contact with substrate proteins (Kutik et al., 2008).  

 

 

Figure 1 Comparison of the β-barrel biogenesis pathways in Gram-negative bacteria and mitochondria. 

Precursors of bacterial β-barrel proteins (right) are synthesized in the cytoplasm with an N-terminal signal sequences 

(SP) which guides them to the Sec translocon where they are translocated across the inner membrane. In the 

periplasm the precursor proteins are protected from misfolding and aggregation by the chaperones SurA, Skp and the 

chaperone/protease DegP. Finally the precursor proteins are inserted into the lipid bilayer by the BAM complex, 

which is build up by the central component BamA and the four lipoproteins BamB-E. Mitochondrial β-barrel 

proteins (left) are initially recognized at the mitochondrial surface by receptors of the TOM complex. Upon 

translocation across the mitochondrial OM through the Tom40 pore, they are escorted by the hexameric chaperone 

complexes Tim8/13 and Tim9/10. The assembly of precursor proteins into the mitochondrial OM is facilitated by the 

TOB complex, which is composed of the β-barrel Tob55 and the peripherally associated proteins Mas37 and Tob38. 
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Membrane integration of β-barrel proteins in chloroplasts 

Chloroplasts or plastids in general, are the second organelles harboring membrane-embedded β-

barrel proteins in the OM. According to the endosymbiotic theory, the plastids originated by the 

incorporation of an endosymbiotic prokaryote into an eukaryotic ancestor cell. Whereas 

mitochondria are thought to descend from α-proteobacteria, it is believed that the engulfment of a 

cyanobacterium was the initial step for the organellogenesis of plastids (McFadden, 2001). Of the 

approximately 2500-3500 proteins in chloroplasts only about 80-100 genes are still encoded on 

the plastome (chloroplast own genome), mainly encoding ribosomal RNAs and proteins, tRNAs, 

the large subunit of the Rubisco, and proteins required for photosynthesis (Joyard et al., 2009). 

The residual 95% of the chloroplasts proteins are encoded by the nuclear genome and thus have 

to be imported into the chloroplasts in a post-translational manner.  

 Although progress has been made in understanding the biogenesis of chloroplast proteins 

containing a cleavable targeting sequence, currently very little is known about how chloroplast β-

barrel proteins are assembled into their corresponding membrane. Like in mitochondria, most 

chloroplast precursors of β-barrel proteins are devoid of N-terminal targeting signals. The only 

known exception is the central component of the translocase of the chloroplast outer membrane 

(TOC-complex), Toc75-III. It is a highly abundant protein in the OM that is synthesized in the 

cytoplasm with an N-terminal bipartite transit peptide (Cline et al., 1981; Tranel and Keegstra, 

1996). Interestingly, the first half guides the precursor protein to the chloroplast stroma, whereas 

the second half of the signal contains a stop-transfer segment which is thought to prevent the full 

translocation across the inner membrane. After cleavage of the N-terminal part of the signal by 

the stromal processing peptidase (SPP), the precursor protein was shown to undergo further 

processing by a type I signal peptidase before it is finally assembled into the chloroplast OM 

(Inoue et al., 2005; Patel et al., 2008). The precursor translocation across the OM and the 

insertion into the lipid bilayer from the inner face of the membrane resemble the biogenesis 

pathway of β-barrel proteins in mitochondria. Another isoform of Toc75, Toc75-V or AtOep80, 

is closely related to the mitochondrial Tob55 and is also a member of the Omp85 superfamily. 

Toc75-V is essential for viability in Arabidopsis thaliana and was previously suggested to 

facilitate the insertion of β-barrel proteins into the outer envelope of chloroplasts (Patel et al., 

2008; Soll and Schleiff, 2004). However, so far there is no experimental support for this claim. 

According to phylogenic analysis of Toc75 from numerous organisms, Toc75-III and Toc75-V 
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belong to two distinct branches of the Omp85 superfamily (Bredemeier et al., 2007; Moslavac et 

al., 2005). Whilst Toc75-V might have retained its ancestral function in the assembly of β-barrel 

proteins, Toc75-III evolved to form the general entry gate for chloroplasts-destined proteins that 

are synthesized in the cytosol and have to be imported into chloroplasts. 

 

Common grounds and divergences in the biogenesis of β-barrel proteins 

Three common characteristics are shared in the β-barrel biogenesis pathways of bacteria and 

mitochondria: (i) insertion via the internal side of the membrane, (ii) participation of soluble 

chaperones in the periplasm or IMS, and (iii) homology among the central subunit of the 

assembly complex. Homologs of BamA, the central component of the BAM-complex can be 

found in all Gram-negative bacteria and in the OM of the eukaryotic organelles mitochondria and 

chloroplasts. The most striking similarity among all members of the Omp85 superfamily is their 

unique structural organization. It was predicted that the structure contains N-terminal 

polypeptide-transport-associated (POTRA) domains that are followed by a 16-stranded C-

terminal β-barrel pore. Indeed, a recent structure determination of BamA from Neisseria 

gonorrhoeae and Haemophilus ducreyi confirmed this structure (Noinaj et al., 2013).  

 Despite such apparent similarity, comparison of several members of the Omp85 

superfamily reveals that the number of POTRA domains varies from one in the mitochondrial 

Tob55 to three in the chloroplast homolog Toc75-V, whereas up to seven POTRA domains were 

predicted for the Omp85 of Myxococcus xanthus (Arnold et al., 2010; Sanchez-Pulido et al., 

2003). Regardless of the number of POTRA domains, a comparative study of 567 POTRA 

domains identified the most C-terminal POTRA domain as the best conserved one, followed by 

the most N-terminal one (Arnold et al., 2010). Accordingly, it can be speculated that in the 

process of organelle evolution the mitochondrial Omp85 homolog, Tob55 evolved in a way that it 

retained the most C-terminal POTRA domain as a minimal motif for β-barrel assembly in 

mitochondria. This assumption goes in line with the discovery that POTRA domains 1-4 are 

dispensable for viability in Neisseria meningitidis and their deletion results in only mild assembly 

defects of OM proteins (Bos et al., 2007). However, in sharp contrast to the situation in Neisseria 

meningitidis, POTRA domains 3-5 were shown to be essential in E. coli (Kim et al., 2007).  
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 Interestingly, the accessory lipoproteins BamC, BamD and BamE were reported to bind to 

POTRA domain 5, whereas the binding of BamB, which is not present in Neisseria meningitides, 

to the BAM complex was affected in a strain deleted for POTRA domains 2-5 (Kim et al., 2007). 

According to these differences in the necessity of POTRA domains in the different organisms, it 

is also conceivable that Omp85 homologs with multiple POTRA domains evolved from a simple 

ancestral Omp85 harboring only one POTRA domain. It is still controversially discussed how the 

different numbers of POTRA might be explained. It is conspicuous that the number of POTRA 

domains seems to correlates with the predicted number of β-barrel proteins in Gram-negative 

bacteria, mitochondria and chloroplasts (Habib et al., 2007; Schleiff et al., 2003). On the other 

hand, the deletion of POTRA domains 1-4 in Neisseria meningitides had less effect on the 

assembly of the 8-stranded β-barrel protein NspA than on that of a 22-stranded β-barrel protein. 

This difference might reflect the requirement for multiple POTRA domains in order to facilitate 

an efficient assembly of larger and more complex substrates (Bos et al., 2007).  

 Besides the varying number of POTRA domains that can be found among the distinct 

Omp85 homologs, a crucial difference persists regarding the orientation of the POTRA domains. 

Here, an exceptional position among the members of the Omp85 superfamily is held by the 

cyanobacterial and plant homologs Toc75/Oep80. Whilst the varying number of POTRA 

domains in all other Omp85/BamA homologs protrude into the periplasm in bacteria or IMS in 

mitochondria, a recent study demonstrated that during evolution Toc75/Oep80 changed its 

orientation with the N-terminal POTRA domains exposed towards the cytosol (Sommer et al., 

2011). This would however, exclude the putative involvement of the POTRA domains as a 

receptor or scaffold in the biogenesis of β-barrel proteins from the inner side of the membrane, as 

it was previously shown for bacteria and mitochondria. Therefore it remains elusive, whether the 

cytoplasmic orientation of the POTRA domains in Toc75/Oep80 allows for the recognition and 

assembly of incoming β-barrel precursor proteins without even entering chloroplasts through the 

TOC complex.  

 Even though structural data of the POTRA domains in different Omp85 homologs are 

available, very little is known about the exact mechanism by which the individual POTRA 

domains assist in the assembly of β-barrel precursor proteins. One possible mechanism that is 

often discussed is β-augmentation, which describes the interaction of β-strands of two different 

proteins by extending the β-sheet motif (Bennion et al., 2010; Harrison, 1996; Kim et al., 2007; 
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Knowles et al., 2008; Koenig et al., 2010). It is suggested, that exposed β-sheets in POTRA 

domains pair with β-sheets in precursors of β-barrel proteins, thus facilitating a sequential 

substrate sliding to the core of the corresponding Omp85 homolog. This idea would allow for the 

recognition and handling of a broad variety of OM proteins. Such a mechanism could be rather 

selective for alternating hydrophobic and polar patches in β-barrel proteins without a demand for 

specific linear sequence information (Gatzeva-Topalova et al., 2008; Knowles et al., 2008).  

 

Heterologous assembly of β-barrel proteins  

In accordance with the aforementioned similarities, functional expression of bacterial β-barrel 

proteins in eukaryotic cells suggests that mitochondria are able to recognize and assemble 

prokaryotic β-barrel proteins. Interestingly, in Saccharomyces cerevisiae several bacterial β-

barrel proteins could be assembled into the mitochondrial OM. Detailed analysis showed that 

PhoE from Escherichia coli is assembled into the mitochondrial OM in its trimeric form by a 

process similar to the one taken by  bona fide mitochondrial β-barrel proteins (Walther et al., 

2009a). Another interesting example is provided by the trimeric autotransporter protein YadA 

from Yersinia enterocolitica. The β-barrel domain of this protein is composed from three 

monomers, whereas each one contributes four β-stands to the 12-stranded β-barrel. Expression of 

the transmembrane domain of YadA showed that four β-strands of monomeric YadA contain 

sufficient information to be recognized and assembled into the mitochondrial OM (Müller et al., 

2011).  

 In a very recent study we extended our investigations to the full-length version of YadA. 

We found that when expressed in yeast cells both the monomeric and trimeric forms of the 

protein were detected in mitochondria but only the trimeric species was fully integrated into the 

mitochondrial OM (Ulrich et al., 2014). The oligomeric form was exposed on the surface of the 

organelle in its native conformation and preserved its ability to adhere to host cells. The assembly 

of YadA in mitochondria was dependent on the import machinery of the mitochondrial OM 

(TOM and TOB complexes). Interestingly, the co-expression of YadA with a mitochondria-

targeted form of the bacterial periplasmic chaperone Skp, but not with SurA or SecB, resulted in 

elevated levels of both forms of YadA (Ulrich et al., 2014). Collectively, these results indicate 

that the proper assembly of trimeric autotransporter can occur also in a system lacking the 
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lipoproteins of the BAM machinery and is specifically enhanced by the chaperone Skp. 

Furthermore, these findings demonstrate that the evolutionary conservation of β-barrel assembly 

allows mitochondria to deal even with a class of β-barrel proteins that is not present in any 

eukaryotic cell. 

 In a reciprocal approach, the mitochondrial voltage-dependent anion-selective channel 

VDAC1 from Neurospora crassa was shown to be assembled into the bacterial OM upon its 

expression in E. coli cells (Walther et al., 2010). Interestingly, the ability to exchange substrates 

among the different β-barrel assembly machineries is not restricted to bacteria and mitochondria. 

A recent study demonstrated that the chloroplast β-barrel proteins Oep37 and Oep24 are 

assembled into the mitochondrial OM, when expressed in yeast cells (Ulrich et al., 2012). In 

contrast to the broad variety of bacterial and chloroplast β-barrel proteins that could be assembled 

into the mitochondrial OM in yeast cells, mammalian mitochondria did not show such a general 

assembly capacity for bacterial β-barrel proteins. It seems that bacterial porins like PorB from 

pathogenic strains were assembled into mammalian mitochondria whereas β-barrel proteins from 

non-pathogetic strain failed in doing so. Surprisingly, co-expression of neisserial Omp85 with 

non-pathogenic PorB allowed assembly of such PorB molecules into the OM of mitochondria. 

Nevertheless, Omp85 was not able to substitute for the loss of its mitochondrial homolog Tob55 

(Kozjak-Pavlovic et al., 2011).  

 Apart from the aforementioned evolutionary conservation in the function and structure 

among the members of the Omp85 superfamily, the β-barrel assembly machineries in bacteria 

and mitochondria severely differ regarding their distinct accessory proteins. Chloroplasts proteins 

that assist Toc75/Oep80 in the assembly process have not yet been identified. A closer look at the 

protein complexes that facilitate the insertion of β-barrel proteins into the OM of bacteria and 

mitochondria reveals that the accessory proteins in the mitochondrial TOB complex do not share 

any homology with their bacterial counterparts. The most striking difference regarding the 

accessory proteins of the BAM and the TOB complexes is their contrarious localization. The 

bacterial lipoproteins BamB-E are localized on the inner side of the OM and hence are able to 

directly interact with incoming precursor proteins before their engagement by the cavity of 

BamA. In contrast, Tob38 and Mas37, the two mitochondrial subunits of the TOB complex, are 

peripherally associated at the cytosolic side of the OM.  
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Concluding remarks 

Despite remarkable progress in characterizing the factors involved in the assembly of β-barrel 

proteins into the OM of Gram-negative bacteria and mitochondria, still very little is known about 

the machinery that assembles such proteins into the OM of chloroplasts. It is however, clear that 

a common ground of all membranes harboring β-barrel proteins is the presence of dedicated 

assembly machineries containing a central component from the Omp85 superfamily. The exact 

mechanism that allows the Omp85 homologs to assemble precursor proteins into the lipid bilayer 

still remains elusive. However, the recently reported structure of BamA and the proposed 

mechanism of a lateral release might serve as an initial point for further studies and is possibly 

also applicable to the Omp85 homologs in mitochondria and chloroplasts. Apart from the 

evolutionary conservation in their central unit, the machineries for assembly of β-barrel proteins 

display considerable differences regarding the number and the orientation of the accessory 

proteins. In future studies it will be interesting to analyze the exact function of such accessory 

proteins in order to understand how completely different subunits evolved to facilitate a basically 

similar process. In this regard, characterizing the factors involved in the biogenesis of β-barrel 

proteins in chloroplasts might also shed light on the question of how plant cells that harbor both 

mitochondria and chloroplasts avoid mistargeting of β-barrel proteins to the wrong organelle.  
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