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As a consequence of their bacterial origin, mitochondria con-
tain B-barrel proteins in their outer membrane (OMM). These
proteins require the translocase of the outer membrane (TOM)
complex and the conserved sorting and assembly machinery
(SAM) complex for transport and integration into the OMM.
The SAM complex and the 3-barrel assembly machinery (BAM)
required for biogenesis of B-barrel proteins in bacteria are evo-
lutionarily related. Despite this homology, we show that bacte-
rial B-barrel proteins are not universally recognized and inte-
grated into the OMM of human mitochondria. Selectivity exists
both at the level of the TOM and the SAM complex. Of all of the
proteins we tested, human mitochondria imported only 3-bar-
rel proteins originating from Neisseria sp., and only Omp85, the
central component of the neisserial BAM complex, integrated
into the OMM. PorB proteins from different Neisseria, although
imported by the TOM, were not recognized by the SAM com-
plex and formed membrane complexes only when functional
Omp85 was present at the same time in mitochondria. Omp85
alone was capable of integrating other bacterial B-barrel pro-
teins in human mitochondria, but could not substitute for the
function of its mitochondrial homolog Sam50. Thus, signals and
machineries for transport and assembly of 3-barrel proteins in
bacteria and human mitochondria differ enough to allow only a
certain type of 3-barrel proteins to be targeted and integrated in
mitochondrial membranes in human cells.

Mitochondria are organelles of bacterial origin, surrounded
by an outer (OMM)* and an inner membrane (IMM). The
OMM contains -barrel proteins, a class of pore-forming pro-
teins additionally found only in chloroplasts and Gram-nega-
tive bacteria (1, 2). Similar to the majority of other mitochon-
drial proteins, B-barrel proteins are synthesized in the cytosol
and have to be imported into mitochondria with the help of the
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translocase of the outer mitochondrial membrane (TOM) com-
plex. For the membrane integration and assembly into com-
plexes, B-barrel proteins require additional proteinaceous
machinery in the OMM. This is so called sorting and assembly
machinery (SAM), also known as topogenesis of outer mem-
brane B-barrel proteins (TOB complex) (3, 4).

The central component of the SAM complex is Sam50/
Tob55, a protein with a function that has been conserved from
bacteria to human (4 - 6). Other components of the SAM com-
plex include the Sam35/Tob38/Tom38 (7-9) and Sam37/
Mas37/Tom37 (3, 10) proteins in yeast, and Metaxin 1 and
Metaxin 2 (11) in mammalian mitochondria.

The signals in B-barrel proteins that are recognized by the
TOM complex belong to internal targeting signals and are not
yet fully understood. However, a specific signal has been iden-
tified in the C-terminal part of mitochondrial B-barrel proteins
that directs them to the SAM complex to be properly sorted and
integrated into the OMM (12). Unlike in yeast, this signal in
mammalian B-barrel proteins is always present at the extreme
C terminus of the protein, and the addition of even a short
stretch of amino acids interferes with its recognition (13).

Many parallels exist between integration and assembly of
B-barrel proteins in bacterial and mitochondrial outer mem-
branes (1). In bacteria, proteins are first transported into the
periplasmic space, where the signal peptide is cleaved off. A
specific sequence in the C terminus of the protein is then rec-
ognized by the B-barrel assembly machinery (BAM), which
integrates these proteins into the bacterial outer membrane
(14). The major component of the BAM complex is YaeT/
BamA in Escherichia coli (15), or Omp85/BamA in Neisseria
meningitidis (16). These proteins belong to the Omp85 family, a
member of which is also mitochondrial Sam50 (6). Additional
components of the BAM complex differ to some extent
between different bacteria. In N. meningitidis these include
accessory lipoproteins RmpM, BamC, ComL/BamD, and BamE
(17).

A recent report shows that the mitochondrial B-barrel pro-
tein, voltage-dependent anion-selective channel (VDAC) of
Neurospora crassa can be assembled into the bacterial outer
membrane (18). Similarly, it has been reported that bacterial
B-barrel proteins have retained the ability to be imported and
assembled into the OMM of yeast mitochondria (19). It would
seem, therefore, that the basic mechanisms and signal recogni-
tion during the import and assembly of B-barrel proteins have
been conserved between bacteria and mitochondria.
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In contrast to these reports, we show here that, unlike yeast
mitochondria, mitochondria of human cells possess surprising
selectivity toward foreign B-barrel proteins. Of all the B-barrel
proteins tested, only those from Neisseria sp. translocated into
mitochondria. Neisserial PorB proteins, however, were not rec-
ognized by the SAM complex, but would accumulate in the
intermembrane space of mitochondria, causing fragmentation
and loss of mitochondrial membrane potential (Ai), as shown
before (20). Neisserial Omp85, on the other hand, was the only
bacterial B-barrel protein tested that was recognized by both
the TOM and the SAM complex of human mitochondria and
assembled into the complexes in the OMM. We show for the
first time that a bacterial Omp85 is capable of functioning in a
mitochondrial membrane. It could integrate into the OMM
PorB proteins from Neisseria sp., but could not substitute for
the function of its mitochondrial homolog Sam50. Our results
indicate that the human and yeast TOM and SAM complexes
have diverged, as well as that neisserial Omp85 can function
alone in the OMM, a possible important prerequisite for the
evolution of mitochondrial OMM transport and assembly
machineries.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HeLa cells and human
embryonic kidney (HEK) 293T cells were cultivated in RPMI
1640 medium (Invitrogen) and DMEM (Invitrogen), respec-
tively, supplemented with 10% FCS (Biochrom) and penicillin/
streptomycin (Invitrogen). HeLa cells were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s protocol. 293T cells were transfected using calcium phos-
phate precipitation. In short, CaCl, (0.25 M) and HBS buffer (50
mMm HEPES, pH 7.05, 140 mMm NaCl, 1.5 mm Na,HPO,) were
mixed with plasmid DNA and added to HEK 293T cells.
Medium was exchanged the next morning, and cells were har-
vested 24—36 h after transfection. Cell lines inducibly overex-
pressing Omp85 protein were produced using Lenti-X Tet-On
Advanced Inducible Expression System (Clontech) according
to the manufacturer’s instructions.

Microscopy—Immunofluorescence microscopy was per-
formed essentially as described before (21). For transmission
electron microscopy, a standard procedure as described in the
supplemental Methods was used.

Sequence alignment of PorB proteins from different Neisse-
ria species was performed using the Clustal W2 program.

Biochemical Methods—Genes for proteins used in this study
were obtained by PCR from the total DNA prepared from the
corresponding bacterial strain. Proteins were cloned into
pcDNA3 vector (Invitrogen) with an N-terminal FLAG or Myc
tag.

Mitochondrial isolation and carbonate extraction using 100
mM Na,CO,, pH 11.5, were performed as described previously
(5, 11, 22). For opening of the OMM, freshly prepared mito-
chondria were incubated in isotonic (250 mM sucrose, 1 mm
EDTA, 10 mum Tris, pH 7.6) or hypotonic (1 mm EDTA, 10 mm
Tris, pH 7.6) buffer. Mitochondria were then treated with 50
pg/ml protease K, inhibited later by addition of 2 mm PMSF.

Mitochondrial and cytosolic fractions were obtained by the
following procedure. Harvested transfected cells were opened
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by homogenization, and crude mitochondrial fraction was pel-
leted by centrifugation for 10 min at 14,000 rpm. The remaining
fraction was centrifuged for 1 h at 100,000 X g, and the super-
natant was precipitated with trichloroacetic acid to obtain pure
cytosolic fraction. Blue native (BN)-PAGE and Western blot-
ting were performed as described previously (11). Samples for
BN-PAGE analysis were solubilized in 1% digitonin buffer (1%
digitonin (Sigma) in 20 mm Tris-HCl, 0.1 mm EDTA, 1 mMm
PMSEF, 50 mm NaCl, 10% (v/v) glycerol, pH 7.4).

For immunoprecipitation experiments, protein A-Sepharose
CL-4B beads (GE Healthcare) were washed twice with lysis
buffer (1% digitonin, 50 mm NaCl, 2 mm EDTA, 1 mm PMSF, 10
mM Tris-HCI, pH 7.4) and incubated with antibodies, preim-
mune serum, or PBS (137 mm NaCl, 2.7 mm KCI, 8.1 mMm
Na,HPO,, 1.76 mm KH,PO,, pH 7.4) for 30 min at room tem-
perature, then washed three times with lysis buffer. 200 ug of
mitochondrial protein was resuspended in 1 ml of lysis buffer
for 10 min on ice, centrifuged for 10 min at 14,000 g, and 250 ul
of supernatant was incubated with beads for 1 h at 4 °C. Beads
were then washed twice with lysis buffer, once with 10 mm
Tris-HCI, pH 7.4, and analyzed by SDS-PAGE and Western
blotting.

Antibodies—Tom?20 and Tim23 antibodies were purchased
from BD Biosciences. VDAC antibody was from Abcam, Hsp60
antibody from Stressgen Bioreagents, Tom40 antibody from
Santa Cruz Biotechnology, isocitrate dehydrogenase antibody
from Biogenesis, succinate dehydrogenase complex subunit A
(Complex II) antibody from Invitrogen, c-myc antibody from
Gramsch Laboratories, and FLAG antibody from Sigma. Sam50
and Metaxin 1 antibodies were raised in rabbits against the
His-tagged, full-length proteins. Fluorochrome-coupled sec-
ondary antibodies used for immunofluorescence microscopy
were purchased from Jackson ImmunoResearch.

RESULTS

Human Mitochondria Selectively Import Neisserial B-Barrel
Proteins—We tested the import of several bacterial B-barrel
proteins into mitochondria of human cells, considering a recent
report that all bacterial B-barrel proteins expressed in yeast
universally targeted mitochondria and assembled into the
OMM (19). We cloned OmpA, OmpC, PhoE, BamA from
E. coli, YaeT/BamA from Salmonella enterica, and Omp85/
BamA from Neisseria gonorrhoeae (Omp85,,,) into a mamma-
lian expression vector with an N-terminal FLAG tag. Previ-
ously, an N-terminally FLAG-tagged N. gonorrhoeae PorB
(PorB,,,) construct in the same expression vector was created
(20). HEK 293T cells were transfected with the plasmids for the
purpose of cell fractionation and HeLa cells for the purpose of
microscopy studies. OmpA protein was not expressed in either
cell type (data not shown). After separating transfected HEK
293T cells into a cytosolic and crude mitochondrial fraction, we
could find the B-barrel proteins from E. coli and S. enterica in
both fractions, whereas PorB,,, and Omp85,,, could be
detected only in the mitochondrial fraction (Fig. 1). Microscopy
studies showed that only the last two proteins co-localized with
mitochondria. The B-barrel proteins from E. coli and S. enterica
could be seen distributed in the cytosol, sometimes in the form
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FIGURE 1. Neisserial, but not enterobacterial B-barrel proteins are
located exclusively to mitochondria. HEK 293T cells were transfected with
plasmids containing genes for B-barrel proteins originating from enterobac-
teria E. coli and S. enterica (A) or from N. gonorrhoeae (B), with an N-terminal
FLAG tag. After 24-36 h of overexpression, cells were harvested and sepa-
rated into the crude mitochondrial (Mit.) and cytosolic (Cyt.) fraction. 50 ug of
mitochondrial protein and a corresponding amount of precipitated cytosolic
fraction were analyzed by SDS-PAGE and immunodetection using antibodies
against FLAG tag, actin, or an indicated mitochondrial protein. Tom40 and
Tom?20, components of the mitochondrial TOM complex; SDHA, succinate
dehydrogenase complex subunit A, flavoprotein.

of large aggregates, but never exclusively co-localizing with
mitochondria (supplemental Fig. S1).

Neisserial B-barrel proteins behaved differently in respect to
mitochondria. Overexpression of PorB,, led to fragmentation
and loss of Ay (supplemental Fig. S1), a consequence of this
protein not being recognized by the SAM complex and inte-
grated into the OMM (20). Overexpression of Omp85,,,, how-
ever, had no effect on mitochondria; their morphology was
unchanged as well as their Ay, as assessed by confocal and elec-
tron microscopy (supplemental Figs. S1 and S2). We conclude
that the enterobacterial B-barrel proteins we tested are not
imported by human mitochondria and that the signal detected
in the mitochondrial fraction after cell fractionation probably
comes from cytosolic protein aggregates. On the other hand,
neisserial B-barrel proteins PorB,,, and Omp85,,, are readily
transported into human mitochondria upon overexpression
but exhibit different effects on mitochondrial morphology and
Ay

Omp85y,, Forms Complexes in the OMM—We then ana-
lyzed mitochondria isolated from cells overexpressing the men-
tioned bacterial B-barrel proteins by BN-PAGE and Western
blotting to detect possible mitochondrial complexes of these
proteins. We observed such complexes only in the case of mito-
chondria containing overexpressed FLAG-Omp85,,, (data not
shown and Fig. 24). The protein was found in three complexes
of molecular masses ranging from >700 kDa to ~300 kDa (Fig.
24).
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FIGURE 2. Omp85 integrates and forms complexes in the OMM. A, Omp85
from N. gonorrhoeae with an N-terminal FLAG tag (FLAG-Omp85,,,) was
overexpressed in HEK 293T cells, and crude mitochondria were isolated. Mito-
chondria were solubilized in 0.5, 1, and 2% digitonin and analyzed by BN-
PAGE and immunodetection using antibodies against the FLAG tag. B, mito-
chondria from A were solubilized in 100 mm Na,CO;, pH 11.5. After
centrifugation, total mitochondria (T), membrane pellet (P), and supernatant
(SN) after carbonate extraction were analyzed by SDS-PAGE and immunode-
tection using antibodies against the FLAG tag, mitochondrial membrane pro-
tein Tom20, and soluble mitochondrial protein Hsp60. C, mitochondria from
A were incubated in isotonic buffer (SW —) or hypotonic buffer (SW +) to
rupture the OMM. Subsequently, mitochondria were either treated with pro-
tease K (PK +) or left untreated (PK —). Samples were analyzed by SDS-PAGE
and immunodetection using antibodies against the FLAG tag, OMM B-barrel
proteins Tom40 and VDAC, and IMM protein Tim23.

Membrane integration of FLAG-Omp85,,, was assessed by
carbonate extraction at pH 11.5. Most of the protein behaved as
the integral OMM protein Tom20 and not as the soluble pro-
tein Hsp60 (Fig. 2B). Protease treatment of mitochondria
before and after opening of the OMM by swelling in hypotonic
buffer revealed that FLAG-Omp85,,,, behaved similarly to the
OMM B-barrel protein Tom40, and not as Tim23, an IMM
protein exposed to the intermembrane space (Fig. 2C).
Omp85,,, and Tom40 probably expose protease-sensitive
loops to cytosol and are being degraded into smaller fragments,
as seen for Tom40 (Fig. 2C). Of note, another OMM B-barrel
protein VDAC is not affected by the protease treatment, prob-
ably due to different conformation and protection by the sur-
rounding membrane (Fig. 2C). We conclude that Omp85,,,,
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FIGURE 3. Mitochondrial Omp85 assists the assembly of PorB into complexes and prevents its toxicity to mitochondria. A, HEK 293T cells were trans-
fected with plasmids carrying genes for FLAG-Omp85,,,,, FLAG-Omp85,,,,-12 (lacking the last 12 amino acids), FLAG-PorB,,,, combinations of Myc-Omp85,,,,
and N-or C-terminally FLAG-tagged PorB,,, (FLAG-PorB,,, and PorBy,,,-FLAG), or acombination of FLAG-Omp85,,,,-12 and FLAG-PorB,,,,. Mitochondria were
isolated and analyzed by BN-PAGE and immunodetection using antibodies against FLAG tag and succinate gehydrogenase comp?ex subunit A (SDHA;
Complex Il). B, mitochondria from A (Myc-Omp85,,,, + PorBy,,-FLAG and FLAG-Omp85,,,,-12 + FLAG-PorB,,,) were analyzed by SDS-PAGE and immunode-
tection using antibodies against Myc tag, FLAG tag, and mitochondrial protein Tom40. C, HEK 293T cells were transfected with plasmid carrying gene for
FLAG-PorB,,, or with the combination of Myc-Omp85,,,- and FLAG-PorB,,,,-encoding plasmids. Mitochondria were isolated and incubated in isotonic buffer
(SW —) or hypotonic buffer (SW +) to rupture the OMM. Subsequently, mitochondria were either treated with protease K (PK +) or left untreated (PK —).
Samples were analyzed by SDS-PAGE and immunodetection using antibodies against the FLAG tag, Myc tag, OMM B-barrel proteins Tom40 and VDAC, IMM
protein Tim23, and matrix protein Hsp60. D, mitochondria isolated from HEK 293T cells simultaneously overexpressing Myc-Omp85,,,,and FLAG-PorB,, were
subjected to carbonate extraction in 100 mm Na,CO5, pH 11.5. After centrifugation, pellet was resuspended in 1% digitonin buffer and analyzed by BN-PAGE
and Western blotting, using antibodies against the FLAG tag and Tom40, a component of the TOM complex in the OMM. E, HeLa cells were grown on coverslips
and transfected with the plasmid containing the gene for N-terminally FLAG-tagged PorB (FLAG-PorB,,,) or with a combination of plasmids carrying genes for
FLAG-PorB,,, and Myc-Omp85,,,. Cells were decorated with Ay-sensitive dye MitoTracker (red), fixed and analyzed by immunofluorescence using antibodies
against FLAG tag (green) and Myc tag (blue) and confocal microscopy.

Myc-Omp85Ngo/
FL-PorBNgo

after entering mitochondria, integrates and assembles into
complexes in the OMM.

Omp85y,, Complexes Function in the Assembly of PorBy,,
into the OMM—Overexpressed FLAG-Omp85,,, seems to be
capable of integration into the OMM, where it forms com-
plexes (Figs. 2A and 3A, lane I). If the Omp85,,,, follows the

Ngo
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same import route as mitochondrial B-barrel proteins, then its
assembly into the OMM would depend on the recognition of
the B-sorting signal at its C terminus by the SAM complex (12).
We therefore overexpressed FLAG-Omp85,,,-12, a construct
lacking the last 12 amino acids where the B-sorting signal is
located, in HEK 293T cells. Microscopy analysis showed that
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when overexpressed FLAG-Omp85,,,-12 was partially found
in mitochondria, which mostly fragmented and lost Ay, in
agreement with the protein not being properly sorted to the
OMM (supplemental Fig. S3). No protein complexes could
be detected in mitochondria (Fig. 34, lane 2), indicating that
the intact B-sorting signal is required for Omp85 membrane
assembly. However, a large portion of FLAG-Omp85,,,-12 did
not co-localize with mitochondria (supplemental Fig. S3),
pointing to the importance of the 8-signal in the initial target-
ing to mitochondria.

We next wondered whether Omp85,,, complexes in the
OMM retain their function, which is to integrate other bacterial
B-barrel proteins into the bacterial outer membrane (16).
When FLAG-PorB,, was expressed alone, it formed no visible
complexes in mitochondria (Fig. 34, lane 3). However, when
Myc-Omp85,,,,and FLAG-PorB,,,, were overexpressed simul-
taneously in HEK 293T cells (Fig. 3B, lane 1), we could detect a
complex of ~200 kDa with a FLAG tag antibody (Fig. 34, lane
4). This complex was specific because it did not form when the
C terminus of PorB,,,, was masked with a FLAG tag (Fig. 34,
lane 5), and it is known that the signal in the C terminus and
especially a phenylalanine at the last position are essential for
assembly of bacterial B-barrel proteins into complexes (23).
This complex also did not form when FLAG-Omp85,,,-12
construct was overexpressed simultaneously with FLAG-
PorB,,, (Fig. 3A, lane 6, and Fig. 3B, lane 2), indicating that
functional Omp85,,, complexes in mitochondria are a prereq-
uisite for the formation of PorB,,, complexes. As a loading
control, immunodetection with an antibody against a subunit
of mitochondrial Complex II (Fig. 34) and Tom40 (Fig. 3B) was
performed.

We then analyzed the behavior of FLAG-PorB,,, after swell-
ing and protease treatment in the presence or in the absence
of Myc-Omp85,,,. When Myc-Omp85,,, was not present,
FLAG-PorB,,, in mitochondria behaved similarly to the inter-
membrane space-exposed IMM protein Tim23 and was
degraded by a protease when the OMM was opened (Fig. 3C,
left). However, when Myc-Omp85,,, was overexpressed
together with FLAG-PorB,,, the latter behaved as the OMM
B-barrel protein VDAC and was resistant to protease treatment
under every condition (Fig. 3C, right). The protein complex
formed by FLAG-PorB,,, when co-expressed with Myc-
Omp85,,, was also resistant to extraction with 100 mm
Na,COj; at pH 11.5, showing that it is membrane-integrated,
similar to the TOM complex (Fig. 3D). As mentioned before,
overexpression of PorB,,, leads to fragmentation of mitochon-
dria and loss of Ay due to protein mislocalization (Fig. 3C) (20).
However, in cells overexpressing both Myc-Omp85,,, and
FLAG-PorB,,, we could detect only a limited mitochondrial
fragmentation and no loss of Ay (Fig. 3C). Taken together,
these results suggest that Omp85,,,, follows the import route of
mitochondrial B-barrel proteins, which involves the recogni-
tion of the C-terminal B-sorting signal by the SAM complex.
OMM complexes of Omp85,,, can function in membrane
complex assembly of PorB,,, which is its natural substrate, and
this assembly alleviates the effects that overexpression of
PorB,,,, have on mitochondrial morphology and Ai.
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FIGURE 4. Mitochondrial Omp85 can function in the complex assembly of
other related PorB proteins, although with different efficiency. HEK 293T
cells were transfected with plasmids carrying genes for PorB of N. lactamica,
N. sicca, or N. cinerea with an N-terminal FLAG tag (FL-PorB,,,, FL-PorB,;, and
FL-PorB,), alone or co-transfected with FLAG-Omp85,,,. After 24-36 h of
overexpression, cells were harvested, and crude mitochondria were isolated.
Mitochondria were analyzed by BN-PAGE or SDS-PAGE and immunodetec-
tion using antibodies against the FLAG tag and succinate dehydrogenase
complex subunit A (SDHA; Complex II).

Omp85y,,, Can Assemble Other Neisserial PorB Proteins into
the OMM—Can Omp85,,, assist the assembly of other similar
B-barrel proteins into the OMM? We cloned PorB proteins
from several commensal neisserial strains, Neisseria lactamica
(PorB,,,), N. sicca (PorB,;), and N. cinerea (PorB,,,), into a
mammalian expression vector with an N-terminal FLAG tag.
All proteins could be found in mitochondrial fraction upon
overexpression (Fig. 4). Microscopy studies showed that all
proteins co-localized with mitochondria, where they caused
fragmentation and loss of Ay, similar to PorB,,, (data not
shown). This indicated that they were not recognized by the
SAM complex and integrated into the OMM, which was sup-
ported by the fact that no complexes could be detected after
BN-PAGE and Western blotting of mitochondria isolated from
HEK 293T cells where these proteins were overexpressed (Fig.
4, lanes 1-3). However, when FLAG-PorB,,,, FLAG-PorB,,,
and FLAG-PorB,,; were overexpressed together with FLAG-
Omp85,,,, we could detect several complexes (Fig. 4). Higher
ones (marked with an asterisk) correspond to Omp85,,,, com-
plexes (Fig. 24). The lower molecular mass complexes resemble
the one detected after simultaneous overexpression of
Omp85,,, and PorB,,, (Fig. 3A). The intensity of the signal
corresponds to the level of similarity between PorB,,, and PorB
from other Neisseria sp. (supplemental Fig. S4). Therefore,
Omp85,,, most efficiently assembles the PorB,;,,, which is the
most similar to its original substrate PorB,,, whereas other
two PorB proteins are assembled less efficiently, or almost not
at all.
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Omp85,,, and Sam50 Function Independently in the OMM—
The mitochondrial SAM machinery most probably originates
from the BAM-like machinery of the ancestral bacterium.
Although accessory subunits of the BAM machinery of modern
bacteria and the SAM complex of mitochondria show no
sequence similarity (1), the central components, Omp85,,,,and
Sam50/Tob55, are evolutionarily related proteins (6). We
wanted to know, therefore, whether the Omp85,,, can substi-
tute for the function of Sam50. Based on the previously
described cell line with an inducible, shRNA-mediated knock-
down of Sam50 (11), we created a cell line that upon doxycy-
cline induction overexpressed Omp85,,, while at the same
time Sam50 was depleted. We monitored levels of various mito-
chondrial proteins after 7 and 14 days of Sam50 depletion/
Omp85,,, overexpression. Among others, the amounts of the
substrates of the SAM complex, such as Tom40 and VDAC, or
the components of the SAM complex, such as Metaxin 1, were
determined (Fig. 5A). The effects of Sam50 depletion, which are
the reduction of both the substrates and components of the
SAM complex, could not be reversed by the presence of
Omp85,,,. In addition, the growth of the cell line that overex-
presses Omp85,,, (supplemental Fig. S2) was severely
impaired very soon after induction with doxycycline, indicating
that larger amounts of Omp85,,,, were deleterious to mito-
chondrial function (data not shown). We conclude that
Omp85,,, cannot replace Sam50 in human mitochondria.

Importantly, Omp85,,,, was effectively imported and assem-
bled in the OMM despite the Sam50 depletion. When cells were
analyzed by microscopy after 7 days of Sam50 depletion/
Omp85,,, overexpression, Omp85,,,, was found to localize to
mitochondria without damaging them (Fig. 5B). Additionally,
in these mitochondria Omp85,,,, was accessible to protease in
a way similar to that shown for mitochondria where there was
no Sam50 depletion (Figs. 2C and 5C). Omp85,,, was suffi-
ciently expressed even after 3 days of Sam50 depletion/
Omp85,,, overexpression, at the point where there is still
enough Sam50 to import and assemble Omp85,,, efficiently
(Fig. 5D). At this time point, the protein is already present in
mitochondrial complexes (Fig. 5E, lane 2), which do not change
significantly after further Sam50 depletion (Fig. 5E, lane 4) and
resemble complexes seen in HEK 293T cells where Omp85
was overexpressed (Fig. 5E, lane 5).

We also observed that the functioning of Omp85,, in the
OMM is independent of the presence of Sam50. Sam50 deple-
tion/Omp85,,, overexpression was induced in cells for 7 days,
and they were transfected with a plasmid containing the gene
for FLAG-PorB,,. The expressed FLAG-PorB,,, was effec-
tively assembled in a complex in the absence of Sam50 (Fig. 5F).
In addition, immunoprecipitation analysis using mitochondria
isolated from HEK 293T cells overexpressing FLAG-Omp85,,
showed that the FLAG antibody precipitated only FLAG-
Omp85Ng0, and not Sam50, Metaxins, or the matrix protein
Hsp60 (Fig. 5G, lane 3). Sam50 antibody precipitated Sam50
and Metaxins, but not FLAG-Omp85,,, or Hsp60 (Fig. 5G,
lane 4). In control lanes, where PBS or a serum of a nonimmu-
nized rabbit was used none of these proteins could be detected
(Fig. 5G, lanes 2 and 5). Considering also that the depletion of
Sam50 does not affect complexes of Omp85,,,, we conclude

Ngo
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that Sam50, Metaxin 1, and Metaxin 2 are not the part of
observed Omp85,,, complexes and that Omp85,,, and Sam50
function independently of each other.

DISCUSSION

The full complexity of the assembly of B-barrel proteins in
bacteria and mitochondria has been elucidated only recently (1,
24). New machineries necessary for membrane integration of
B-barrel proteins have been identified (3, 4, 15) as well as the
signals required for the proper sorting and assembly of 3-barrel
proteins (12, 23). Recent findings imply that it is the B-barrel
structure that is sufficient for a protein to be targeted to and
imported into mitochondria, as well as that the -sorting signal
is universally recognized in bacteria and mitochondria (18, 19).
Our data suggest, however, that these findings are only partially
applicable to human cells.

We overexpressed several bacterial B-barrel proteins in
human cells. Of the limited number of proteins tested, only
those from Neisseria sp. located exclusively to mitochondria.
All of the others could be found mainly as cytosolic aggregates.
These results can be interpreted in two ways. The first possibil-
ity is that cytosolic chaperones of human cells are not capable of
maintaining all B-barrel proteins in an import-competent state
long enough for them to be taken up by mitochondria. The
other option is that the central entry point for mitochondrial
proteins, the TOM complex, exercises certain selectivity
toward foreign [-barrel proteins. Therefore, only certain
B-barrel structures will be recognized and imported by human
mitochondria. It is possible that by lowering the rate of overex-
pression some import of these bacterial B-barrel proteins still
might occur because both chaperones and the TOM complex
would be better able to handle lower amounts of the foreign
substrate. However, in microscopy studies we observed that
even in the cells where there was less of the overexpressed pro-
tein, no mitochondrial targeting occurred. Both interpretations
would imply that there are similarities in structures or
sequences among those (-barrel proteins imported by mito-
chondria, whereas these similarities are not present in cytosol-
remaining 3-barrel proteins. However, alignment of sequences
of proteins used in this study does not point to a specific signal
that would direct some, but not other B-barrel proteins to the
TOM complex. One indication, however, is the observation
that mitochondrial localizing of FLAG-Omp85,,,-12 was
impaired (supplemental Fig. 3), pointing to a possible targeting
role of the B-sorting signal. However, considering that B-sig-
nals are conserved among members of the YaeT/BamA/
Omp85 family of proteins, and not all of them localize to mito-
chondria, it is possible that other regions of these proteins are
also important for proper targeting to mitochondria in human
cells.

Our results further demonstrate that, upon import into
mitochondria, gonococcal Omp85, but not PorB, is assembled
into complexes in the OMM. PorB,,,,, as shown previously (20),
avoids recognition by the SAM complex. The protein then most
likely remains in the intermembrane space, and the reported
IMM localization (20) is probably due to mislocalization and
not specific IMM targeting. On the other hand, Omp85,, is
recognized by both the TOM and the SAM complex. In addi-
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FIGURE 5. Omp85,,,, functions independently of Sam50 and cannot substitute for it. A, a cell line was produced that, upon induction with doxycycline
exhibits simultaneous knockdown of Sam50 and overexpression of FLAG-Omp85,,,. Cells were induced with doxycycline (+Dox) for 7 or 14 days. Mitochon-
dria were prepared and analyzed by SDS-PAGE and immunodetection with antibodies against FLAG tag, Sam50, Tom40, Metaxin 1, VDAC, succinate dehydro-
genase complex subunit A, and isocitrate dehydrogenase. Sam50 and Tom40, central components of the SAM and TOM complex; Metaxin 1, a component of
the SAM complex; SDHA, succinate dehydrogenase complex subunit A, flavoprotein; ICDH, isocitrate dehydrogenase. B, cells from A were induced by doxy-
cycline for 7 days and analyzed by immunofluorescence and confocal microscopy using a membrane potential-sensitive dye MitoTracker (red), FLAG tag
antibody (green), and Tom20 antibody (blue). C, mitochondria from A were incubated in isotonic buffer (SW —) or hypotonic buffer (SW +) to rupture the OMM.
Mitochondria were then treated with protease K (PK +) or left untreated (PK —). Samples were analyzed by SDS-PAGE and Western blotting using antibodies
against the FLAG tag, the OMM B-barrel protein Tom40, and IMM proteins Tim23 and SDHA. D, cells from A were induced for 3 or 7 days with doxycycline, and
isolated mitochondria were analyzed by SDS-PAGE and Western blotting using antibodies against the FLAG tag, Sam50, and SDHA. E, mitochondria from D
were solubilized in 1% digitonin buffer and analyzed by BN-PAGE and Western blotting using antibodies against the FLAG tag and SDHA. Additionally,
mitochondria isolated from HEK 293T cells overexpressing FLAG-Omp85,,, were analyzed in the same way. F, cells from A were induced for 7 days and
transfected with the plasmid carrying the gene for FLAG-PorB,,,. Mitochondria were isolated from noninduced and induced samples and analyzed by
SDS-PAGE or BN-PAGE and Western blotting, using antibodies against the FLAG tag, Sam50, and SDHA. G, mitochondria from HEK 293T cells overexpressing
FLAG-Omp85,,, were solubilized in 1% digitonin-containing lysis buffer, and proteins were precipitated using antibodies against FLAG tag and Sam50.
Precipitates were analyzed by SDS-PAGE and Western blotting using antibodies against the FLAG tag, Sam50, Metaxin 1, Metaxin 2, and Hsp60. Lane 1
represents total loaded mitochondria, lane 2 and 5 are control lanes where PBS or a serum from a nonimmunized rabbit corresponding to the Sam50 antibody
was used.
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tion to possible differences between C-terminal 3-targeting sig-
nals of PorB,,, and Omp85,,,, it is also likely that upstream
residues in other B-strands play a role in recognition of these
proteins by the SAM complex, similar to what we have shown
for endogenous mitochondrial porin VDACI (13).

The complexes of Omp85 we detected by BN-PAGE and
Western blotting are of a similar size but not identical to oligo-
meric complexes of E. coli Omp85 after refolding (23) and of N.
meningitidis Omp85 after overexpression in yeast (19). After
purification of Omp85,,, complexes from human mitochon-
dria, we could detect no other proteins present in significant
amounts (data not shown). Omp85,,, complexes remained
unchanged after Sam50 depletion, and we could not immuno-
precipitate FLAG-Omp85,,, together with Sam50 or Metaxins
(Fig. 5, E and G). Therefore, it is highly likely that Omp85,,, in
human mitochondria also forms homo-oligomeric complexes.

When Omp85,,, and PorB,,, were overexpressed simulta-
neously, we could see specific protein complexes being formed
by PorB,,,. Omp85,,, was, therefore, capable of assembling
PorB,,, in mitochondria. PorB proteins from other species of
Neisseria could also be assembled by Omp85,,,,. The efficiency
depended on the similarity of these proteins with the original
substrate PorB,,. This is the first time that a bacterial Sam50
homolog was shown to be able to function in mitochondria in
folding and assembly of other bacterial 3-barrel proteins. Pre-
viously, Robert et al. could not detect any membrane insertion
of E. coli PhoE and LamB pores that were added to planar lipid
bilayers containing reconstituted E. coli Omp85 (23). They con-
cluded that this was the consequence of the absence of acces-
sory lipoproteins known to function together with Omp85 in
the membrane insertion and assembly of bacterial B-barrel pro-
teins (15). Our results, on the other hand, imply that Omp85,,
is capable of functioning without accessory lipoproteins in the
OMM to promote insertion of bacterial 3-barrel proteins. Con-
sidering that Omp85,,, could not substitute for the lack of its
mitochondrial homolog Sam50, it is obvious, however, that
endogenous mitochondrial B-barrel proteins are not assembled
by Omp85,,, into the outer membrane of human mitochon-
dria, although Omp85 seems to be able to assemble a 3-barrel
protein from fungal mitochondria into bacterial outer mem-
brane (18). The ability of Omp85 to function without accessory
lipoproteins in the assembly of B-barrel proteins might have
been its original quality. Accessory proteins, such as lipopro-
teins present in bacteria (15, 17) or additional components of
the SAM complex (3, 7-9, 11) have possibly been acquired later
during evolution, to enhance efficiency and specificity of these
complexes.

It seems that the specialization of mitochondria and their
import and assembly machineries have continued, leading to
the differences we observe between yeast and human mito-
chondria in regard to recognition and membrane integration of
bacterial B-barrel proteins. Identifying the source of these dif-
ferences, as well as further characterizing the signals that direct
B-barrel proteins to mitochondria, is the next step that will
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contribute to our knowledge about the biogenesis of B-barrel
proteins in mitochondria.
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