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The human pathogen Neisseria gonorrhoeae induces
host cell apoptosis during infection by delivering the
outer membrane protein PorB to the host cell’s mito-
chondria. PorB is a pore-forming B-barrel protein
sharing several features with the mitochondrial volt-
age-dependent anion channel (VDAC), which is
involved in the regulation of apoptosis. Here we show
that PorB of pathogenic Neisseria species produced by
host cells is efficiently targeted to mitochondria.
Imported PorB resides in the mitochondrial outer
membrane and forms multimers with similar sizes as
in the outer bacterial membrane. The mitochondria
completely lose their membrane potential, a charac-
teristic previously observed in cells infected with
gonococci or treated with purified PorB. Closely
related bacterial porins of non-pathogenic Neisseria
mucosa or Escherichia coli remain in the cytosol.
Import of PorB into mitochondria in vivo is independ-
ent of a linear signal sequence. Insertion of PorB into
the mitochondrial outer membrane in vitro depends
on the activity of Tom5, Tom20 and Tom40, but is
independent of Tom70. Our data show that human
VDAC and bacterial PorB are imported into mito-
chondria by a similar mechanism.

Keywords: import pathways/mitochondria/Neisseria
gonorrhoeae/PorB/VDAC

Introduction

Many bacterial and viral pathogens manipulate induction
of host cell apoptosis to their own advantage. Some
pathogens, such as Chlamydia species and many viruses,
prevent apoptosis and benefit from prolonged host cell
survival because it enables them to replicate and produce
viable progeny (Fan et al., 1998; Meinl et al., 1998;
Tschopp et al., 1998; Rajalingam et al., 2001). Others,
like the enteropathogenic bacterial species Salmonella,
Shigella and Yersinia, escape the attack of the host’s
immune system by efficiently killing key cells involved in
the immune response (Zychlinsky et al., 1992; L.M.Chen
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et al., 1996; Y.Chen et al., 1996; Monack et al., 1996,
1997; Ruckdeschel et al., 1997).

Only recently, mitochondria emerged as targets for
bacterial and viral manipulation of apoptotic pathways
(Miiller and Rudel, 2001). These organelles irreversibly
trigger cell death upon receiving an apoptotic signal by
increasing the permeability of both mitochondrial mem-
branes (Green and Reed, 1998; Kroemer and Reed, 2000).
This leads to a breakdown of the inner membrane potential
and leakiness for intermembrane space proteins such as
cytochrome ¢, AIF and others (Kroemer and Reed, 2000).
One of the bacterial pathogens acting on mitochondria to
modulate host cell apoptosis is Neisseria gonorrhoeae
(Miiller et al., 2000). The genus Neisseria comprises the
human pathogenic species N.gonorrhoeae and N.menin-
gitidis, which cause gonorrhoea and meningitis, respect-
ively, and several commensal, non-infectious species such
as N.mucosa. The first contact takes place at epithelial
surfaces, where tight association of the pathogen to the
cells is brought about by means of pili (Swanson et al.,
1987) and Opa proteins, which interact with specific
receptors on the cell surface (Makino et al., 1991; Chen
and Gotschlich, 1996; Gray-Owen et al., 1997; Dehio
et al., 1998). Attachment to epithelia initiates the transfer
of the outer membrane porin PorB to host cell membranes
(Weel and van Putten, 1991; Miiller et al., 1999).

Both our group and others (Massari et al., 2000; Miiller
et al., 2000) have demonstrated that PorB is subsequently
targeted to mitochondria. This occurs in infected epithelial
cells (Miiller et al., 2000), but also in cultured lympho-
cytes that have been treated with purified porin in vitro
(Massari et al., 2000). The outcome of PorB targeting to
these organelles is a matter of debate and seems to depend
on the Neisseria species, the purification procedure and/or
the cell type. In cultured epithelial cells infected with
N.gonorrhoeae, PorB triggers apoptosis by inducing the
release of cytochrome ¢ from mitochondria, a process that
is accompanied by a complete breakdown of the mem-
brane potential, matrix swelling, and the activation of
caspases (Miiller et al., 1999, 2000).

PorB resembles the mitochondrial porin or voltage-
dependent anion channel (VDAC) with respect to several
features. Both proteins are ATP-regulated trimeric
B-barrel proteins, forming voltage-gated pores of similar
size (Rudel et al., 1996). Interestingly, the VDAC along
with other components appears to constitute the permea-
bility transition pore complex (PTPC; Zoratti and Szabo,
1995), which has been implicated in many forms of cell
death (Kroemer and Reed, 2000). The fact that both porins
play a role in apoptosis regulation invites speculations
regarding a common ancestor (Rudel er al., 1996; Frade
and Michaelidis, 1997; Kroemer, 1997). This hypothesis is
addressed in this study with respect to possible similarities
in the targeting to mitochondria.
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Nearly all mitochondrial proteins are encoded by the
nuclear genome. They are synthesized in the cytosol
and post-translationally imported into the mitochondria
(Pfanner, 2000). Targeting and import are mediated by
distinct segments of the newly synthesized proteins. Many
preproteins contain a positively charged presequence at
the N-terminus. Other mitochondrial proteins including
the ANT (Brix et al., 1999), the cytochrome ¢ haem lyase
(Diekert et al., 1999), the BCS1 protein (Folsch er al.,
1996) and Tom70 (McBride et al., 1992) contain internal
or C-terminal targeting signals. Preproteins bind to the
import receptors Tom20 or Tom70 at the mitochondrial
surface and are subsequently inserted into a general import
pore, GIP, which is essentially formed by Tom40. In
addition to these components, the TOM complex (trans-
locase of the outer membrane) includes the import receptor
Tom?22 and the small subunits Tom5, 6 and 7. The import
pathway of VDAC into mitochondria has recently been
elucidated in more detail. Whereas there is no doubt that
import of VDAC requires the surface receptor Tom20, the
involvement of the GIP complex is a subject of debate
(Pfaller and Neupert, 1987; Schleiff et al., 1997, 1999;
Krimmer et al., 2001). As for other B-barrel proteins of the
mitochondrial outer membrane, the targeting signal of
VDAC is enigmatic (Krimmer et al., 2001).

In this study we compared the import mechanisms of the
porins human VDAC and bacterial PorB both in vitro and
in whole cells. We found that PorB is specifically inserted
into the mitochondrial outer membrane. Although bacteria
and mitochondria are related in evolution, their require-
ments for the insertion of membrane proteins are different.
To reach the outer membrane of N.gonorrhoeae, PorB
initially has to traverse the bacterial inner membrane and
react with the bacterial Sec machinery. For import into
mitochondria, PorB may insert spontaneously or it may
interact with the TOM complex, although this has no
bacterial counterpart. Endogenous mitochondrial homo-
logues of bacterial proteins usually contain additional
targeting signals (Hartl and Neupert, 1990). However,
PorB is apparently devoid of such sequences. Moreover,
the outer membranes of bacteria and mitochondria have a
completely different lipid composition. Surprisingly, we
found that PorB follows a similar import pathway as
VDAC, including Tom20-dependent targeting and an
involvement of the GIP. Productive targeting and insertion
of PorB into the outer membrane were found to be strictly
dependent on a cooperative effect of discontinuous parts of
PorB that are distributed in the sequence. Truncated parts
that could act as autonomous modules were not observed.
These characteristics are different both from other Tom20-
dependent precursor proteins and from Tom70-dependent
preproteins, thus defining a unique and possibly primordial
system of mitochondrial protein targeting.

Results

Endogenously expressed neisserial porin

targets mitochondria

Porin genes from N.gonorrhoeae, N.meningitidis, the
commensal strain N.mucosa as well as from Escherichia
coli were amplified from genomic DNA, cloned into the
mammalian expression vector pCMV-Tag-1 and transi-
ently transfected into HeLa cells. Co-staining of trans-
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fected cells with the potential-sensitive dye Mitotracker
and a specific antibody against the FLAG tag revealed a
complete loss of mitochondrial inner membrane potential
in cells transfected with porins from the two pathogenic
Neisseria species N.gonorrhoeae and N.meningitidis,
whereas cells expressing either porin from N.mucosa or
E.coli did not differ from neighbouring non-transfected
cells with respect to their Mitotracker staining (Figure 1A).
Whereas the two latter porins display a diffuse staining
pattern, which probably reflects a cytosolic localization,
the porins of pathogenic Neisseria are distributed in a
granular compartment resembling mitochondria. Counter-
staining with antibodies against mitochondrial antigens
such as cytochrome c¢ (Figure 1A), cytochrome ¢ oxidase
and Hsp60 (not shown) did show an almost complete
overlap, thereby demonstrating that endogenously synthe-
sized porin targets these organelles just like its bacterial
counterpart. This could be confirmed by isolating mito-
chondria from transiently transfected HeLa cells and
subsequent detection of porin in lysates and the mito-
chondrial preparation by western blotting (Figure 1B).
Interestingly, the mitochondria of porin-transfected cells
take on the peculiar swollen shape also seen in infected
cells (Miiller et al., 2000). However, although the targeting
to mitochondria of endogenously made porin is more
efficient than during an infection, where only up to 50% of
all porin in the cell is found in this compartment, most of
the mitochondria of porin-transfected cells, in contrast to
infected cells, retain cytochrome ¢ (Miiller ef al., 2000).
Furthermore, porin-transfected cells do not undergo
apoptosis in the time frame of the experiment. Whereas
transfection of eukaryotic cells with porin is, therefore, not
suitable for investigating the mechanism of apoptosis
induction by neisserial porin at the mitochondrial level, it
does represent an ideal model for studying the targeting
process.

Porin is an integral protein of the mitochondrial
outer membrane and forms multimers
In order to elucidate further the conformation of porin in
the cell, cross-linking experiments were performed on
isolated mitochondria from transfected cells (Figure 2A).
Surprisingly, porin in transfected cells adopts the same
multimeric conformation as in the bacterial outer mem-
brane (Figure 2A) and in mitochondria from infected cells
(not shown). The sizes of the detected multimers corres-
pond to porin dimers, trimers and a high-molecular-weight
band that probably represents a hexamer. This argues
in favour of an intrinsic ‘multimerization signal’ in the
primary porin sequence and suggests that porin might form
a membrane channel in either mitochondrial membrane.
Sodium carbonate extraction of mitochondria was
performed to investigate whether porin is an integral
membrane protein under these circumstances or only
associates with mitochondria loosely. In the latter case, the
interaction should be sensitive to the basic pH of sodium
carbonate. The fate of marker proteins revealed the
principal usefulness of the method (Figure 2B), as soluble
proteins such as cytochrome ¢ and the matrix protein
Hsp60 were found in the supernatant, whereas integral
membrane proteins such as VDAC and cytochrome c
oxidase were detected in the pellet of carbonate-extracted
mitochondria. The method further revealed that neisserial
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porin, regardless of whether it was endogenously synthe-
sized or delivered to mitochondria during an infection, is
always resistant to carbonate extraction (Figure 2B). Porin
in its natural environment, the bacterial outer membrane,
served as an additional control (Figure 2B).

The mitochondrial porin VDAC is an integral protein of
the outer mitochondrial membrane. Owing to the overall
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Fig. 1. Transient transfection of epithelial cells with bacterial porins
reveals mitochondrial localization of porins from pathogenic but not
commensal species. (A) HeLa cells were transfected with constructs
encoding the indicated FLAG-tagged bacterial porins. After an
expression time of 24 h, the cells were stained with Mitotracker, fixed,
and co-stained with specific antibodies against cytochrome c¢ (Anti-
cyto c) and the FLAG tag. Confocal images of single colours and an
overlay of all three colours are shown. PorByg, (P.IA), porB gene
isolated from N.gonorrhoeae strain VPI; PorBng, (P.IB), porB gene
isolated from N.gonorrhoeae strain MS11; PorByme, porB gene from
N.meningitidis; OmpC, ompC gene from E.coli; PorBxmu, porB gene
from N.mucosa. (B) Cell lysates and mitochondria were isolated from
transiently transfected cells according to the protocol detailed in
Materials and methods, separated by SDS-PAGE and blotted onto
PVDF membrane. The blots were probed with specific antibodies
against the FLAG tag and PorB;. Detection was performed using the
ECL system (Amersham) according to the manufacturer’s instructions.

similarities between mitochondrial and neisserial porin, it
was expected that the latter would also reside in the outer
rather than the inner membrane. This was examined with
the help of a technique that allows the density gradient
separation of both membranes on the basis of their
different protein contents. This method requires large
amounts of mitochondria to start with, a demand not met
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by the transfection system. For the purpose of collecting
large quantities of mitochondrial material, recombinant
yeast strains were generated expressing either neisserial
porin or human VDAC under an inducible (glucose-
repressed and galactose-induced) promoter. The structural
and functional homology between human and yeast
VDAC has been demonstrated earlier (Shimizu et al.,
1999). Indeed, the correct targeting of both porins to
mitochondria could be confirmed in this biological system
(Figure 2C). By digesting purified mitochondria from the
recombinant strains with proteinase K (PK), it could
further be shown that both proteins are integral com-
ponents (and therefore PK resistant) of the membrane
rather than merely associated (data not shown). This was
confirmed by sodium carbonate extraction of isolated
mitochondria (Figure 2C), which revealed the localization
of VDAC and PorB;, in the membrane (pellet) and
cytochrome c¢ in the supernatant. Separation of the two
membranes by sucrose density gradient centrifugation
revealed that both recombinant proteins appear in the same
gradient fractions (Figure 2D), which also contained the
yeast VDAC (not shown). In contrast, a typical inner
membrane protein, the ANT, is exclusively found in a
remote fraction (Figure 2D). There is no overlap of both
membranes, as judged by the markers.

An additional experimental design directed towards
determining the sub-mitochondrial localization of both
porins involved co-expressing them with a variant of the
red-fluorescing protein (RFP), which is artificially targeted
to the mitochondrial matrix by a typical cleavable
localization signal (Figure 2E). The shape of mitochondria
containing only the RFP did not differ from that of normal
mitochondria in non-transfected cells (upper panel);

Fig. 2. Endogenously expressed PorB;, forms multimers and is an inte-
gral protein of the mitochondrial outer membrane. (A) HeLa cells were
transfected with a construct encoding PorBy,, the mitochondria were
isolated, and both purified mitochondria and cultured gonococci were
subjected to chemical cross-linking. Samples were separated by
SDS-PAGE in the absence or presence of B-mercaptoethanol as indi-
cated. The blot was probed with a specific antibody against PorBja.
(B) Mitochondria from transfected or infected cells as well as cultured
gonococci were subjected to sodium carbonate extraction. After 30 min
of incubation in 0.1 M sodium carbonate, the membranes were pelleted
by ultracentrifugation. Pellets (P) and supernatants (SN) were separated
by SDS-PAGE, blotted, and probed with antibodies against the marker
proteins Hsp60, VDAC, cytochrome ¢ oxidase (cyto ¢ ox) and cyto-
chrome ¢ (cyto c¢) (left panel). Immunoblots of PorBy, extracted from
mitochondria of transfected (transfected) or infected cells (Ngo
infected) or of intact bacteria (bacteria) are shown in the right panel.
(C) Mitochondria were isolated from S.cerevisiae expressing human
VDAC or gonococcal PorBja from a plasmid under an inducible pro-
moter according to a protocol detailed in Materials and methods and
subjected to carbonate extraction as described in (B). Shown are
immunoblots of pellets (P) and supernatants (SN) of mitochondria con-
taining human VDAC (VDAC) or gonococcal PorBys (PorB;s). Yeast
cytochrome ¢ (cyto c¢) was detected as a soluble marker protein.
(D) Purified mitochondria were sonicated and the resulting vesicles
were separated by centrifugation over a linear sucrose gradient for
16 h. Fractions of 0.8 ml were harvested, TCA precipitated and separ-
ated by SDS-PAGE. After blotting onto PVDF membrane, bound
proteins were detected with specific antibodies against VDAC, ANT
and PorBja. (E) HeLa cells were transfected with constructs encoding
mitochondrial matrix (MiMat)-targeted RFP and PorB;, or human
VDAC, respectively, or with MiMat-RFP alone. After 24 h of expres-
sion, cells were fixed and stained with an anti-FLAG antibody followed
by an Alexa 488-coupled secondary antibody. Confocal images of sin-
gle colours and an overlay of both colours are shown.
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neither did those co-expressing RFP and VDAC (lower
panel). These mitochondria revealed a complete overlap of
both antigens. In the case of mitochondria containing both
RFP and porin, however, the typical swollen morphology
was observed (central panel), which can also be triggered
by addition of porin to mitochondria in vitro (Miiller et al.,
2000). Interestingly, hardly any overlap could be observed
in these mitochondria; instead, rings of porin seem to
surround sphere-shaped matrices. All these data taken
together clearly indicate that neisserial porin as well as
mitochondrial porin, when expressed by either human or
yeast cells, specifically inserts into the mitochondrial outer
membrane, where it acquires its typical multimeric
conformation and presumably forms functional channels.

Targeting of neisserial porin to the mitochondrial
outer membrane is independent of inner
membrane potential
The import of many mitochondrial proteins requires an
intact inner membrane potential, which provides the
driving force necessary for protein translocation across
one or both membranes. In the case of PorB import, the
role of the membrane potential for import seems especially
intriguing, since breakdown of the membrane potential is
one of the earliest features observed both during an
infection and upon porin treatment of isolated mitochon-
dria (Miiller et al., 2000). In order to evaluate the
importance of an intact membrane potential for PorB
import, cells were treated with the uncoupler antimycin
prior to transfection. Antimycin binds to and irreversibly
inactivates complex III of the electron transport chain in
the inner membrane. Its action was confirmed by counter-
staining cells with the potential-sensitive Mitotracker.
Neisserial porin, just like the outer membrane proteins
VDAC and Tom20, clearly targets mitochondria inde-
pendently of an intact membrane potential (Figure 3A).
On the other hand, protein import of an RFP fused to the
N-terminal signal sequence of the cytochrome ¢ oxidase
subunit Va localized to the inner mitochondrial membrane
(MiMat-RFP) is completely blocked in the presence of
antimycin (Figure 3B), demonstrating a clear dependence
of translocation across the inner membrane on an intact
membrane potential.

The primary sequence of neisserial porin does not
code for a linear mitochondrial targeting signal
Two different strategies were employed to characterize a
possible mitochondrial targeting signal: one involved the
construction of deletion mutants; the other exploited the
fact that the very similar N.mucosa porin is not imported
by mitochondria of transfected cells (Figure 1A). Con-
sequently, hybrid molecules were generated by fusing the
two genes at the highly conserved membrane-spanning
regions, thereby exchanging only the variable loop
domains. All constructs were used for transfection
experiments in HeLa cells followed by immunostaining
and confocal microscopy (Figure 4).

A well-studied prerequisite for the correct assembly of
porins into the outer bacterial membrane is the presence of
a phenylalanine at the extreme C-terminus of the porin
sequence (de Cock et al., 1997). In order to dissect whether
a mechanistic parallel can be established between folding
of porin into the outer membrane of bacteria and of
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mitochondria, the terminal phenylalanine was deleted and
the resulting construct was expressed in HeLa cells
(Figure 4). Since this mutant targeted mitochondria
(Figure 4) and induced the breakdown of the mitochon-
drial membrane potential just like the wild-type protein
(not shown), it can be concluded that the terminal
phenylalanine of PorB is dispensable for mitochondrial
membrane integration.

Most targeting sequences identified to date are located
at either terminus of the preprotein, which is why the two
terminal PorB loops seemed the most likely candidates.
However, truncations at either end affecting loop I and
loop VIII, respectively, did not lead to a loss of
mitochondrial targeting, thereby ruling out the existence
of a targeting signal as known from other preproteins.
Truncation of loops I-III or IV-VIII, on the other hand,
generated mutants that were no longer transported to
mitochondria. It must be assumed, however, that these
short forms no longer retain the ability to form B-barrel
structures, raising doubts about the reliability of a simple
deletion approach and stressing the necessity of an
alternative strategy. The generation of chimeric molecules
provides the opportunity to exchange one loop after the
other without interfering with the tertiary structure of
the pore.

Interestingly, N.mucosa porins engineered to carry
either gonococcal loops I and II, loop III, loops IV-VII
or loop VIII showed a cytoplasmic localization indistin-
guishable from the wild type (Figure 4). Consistent with
this observation, constructs of gonococcal PorB carrying
the respective mucosal sequences did not fail to target
mitochondria. In all these cases, the distribution of the
porins in the cell follows an all-or-none principle. Partial
effects of mitochondrial targeting with low efficiency were
not observed. These data strongly argue against the
existence of a linear targeting signal and provide evidence
in favour of a targeting mechanism that requires the
cooperation of discontinuous parts of the sequence.
Moreover, it is remarkable that all constructs that co-
localized with mitochondria also caused the complete
dissipation of the membrane potential that is characteristic
for the original PorB, demonstrating not only targeting but
functional interactions with the mitochondria.

Protein—protein interactions with potential binding
partners which could contribute to the ‘trapping’ of PorB
in the mitochondrial membranes include VDAC and ANT.
Although PorB clearly co-purified with both of these
factors when mitochondria were lysed mildly and sub-
jected to non-denaturing purification techniques such
as gel filtration or anion-exchange chromatography, no
direct interaction was detected by co-immunoprecipitation
experiments (data not shown).

Gonococcal porin is imported into isolated
mitochondria in vitro

Isolated mitochondria from Saccharomyces cerevisiae
have been used extensively for in vitro import studies.
This requires the presence of ATP and an electron source
such as NADH. Proteins to be imported are synthesized
in vitro using a coupled transcription/translation system
and radiolabelled simultaneously with [3S]methionine.
Since proteins tend to associate with mitochondria
unspecifically, the import reaction is followed by PK
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Fig. 3. Import of PorB;s does not depend on an intact mitochondrial
membrane potential. (A and B) HeLa cells were transfected with
constructs encoding the indicated proteins, stained with Mitotracker,
fixed and co-stained with antibodies against the FLAG (PorBja,
VDAC) or Myc (Tom?20) tags. Where indicated, the cells were treated
with the uncoupling agent antimycin at 100 uM prior to transfection.
Both single colours and overlays are shown of confocal sections. Note
that in the case of MiMat—RFP, no double staining with Mitotracker
could be performed, as both dyes emit light at similar wavelengths.
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Fig. 4. The primary sequence of PorBy, does not contain a linear mitochondrial targeting signal. PorB;, mutants carrying deletions in one or several
loop domains, as well as hybrid molecules consisting of PorBjs and PorBny,, sequences, were constructed by standard PCR techniques. All proteins
were expressed in HeLa cells and analysed with respect to their subcellular distribution as described in Figure 1A. Conserved membrane-spanning
regions are schematically depicted in grey, whereas the variable loop domains are depicted in white (PorBya sequences) or black (PorByp,, sequences).
The amino acid positions of the junctions between the conserved membrane-spanning regions and the variable loop domains are indicated below the
wild-type PorBng, and PorBnm,. AF308 describes a mutant that lacks the terminal phenylalanine residue.

digestion. Only the PK-resistant population can truly be
classified as ‘imported’. As shown in Figure 5A, in vitro
translated gonococcal porin as well as mitochondrial
VDAC are readily digested by PK; a 20-fold amount
(100 uM) of the PK concentration shown to digest both
proteins completely (5 uM) was used in all subsequent
assays. One obstacle preventing the in vitro approach, the
lack of sulfur-containing amino acids in the PorB
sequence, was overcome by the generation of a hybrid
containing the N-terminal portion of gonococcal porin and
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the C-terminal loop VIII of homologous N.mucosa porin
(Figure 4). This mutant retains the ability to target
mitochondria in transfected cells, but has gained an
additional methionine in the last membrane-spanning
region. It is, therefore, more readily labelled than the
wild type.

When radiolabelled human VDAC or gonococcal PorB
was incubated with yeast mitochondria for 25 min, ~60%
of PorB porin and 45% of VDAC associated with
mitochondria, whereas 10% of PorB porin and 25% of
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Fig. 5. PorBy, is imported by isolated yeast mitochondria in vitro with
lower efficiency but similar kinetics as human VDAC. (A) In vitro
translated PorBj, and human VDAC were digested with increasing
amounts of PK as indicated for 15 min on ice, the reaction was stopped
by addition of 1 mM PMSF and the samples were run on an SDS gel.
Autoradiographs are shown. (B) In order to assess and compare the
import efficiency of both porins, 50 ug of mitochondria were mixed
with 1 pl of in vitro translatate (lysate) of the respective preprotein and
incubated at 25°C for 25 min. One half of the sample was then sub-
jected to a PK digestion (+PK) in the presence or absence of 0.5%
Triton X-100. The bands resulting from SDS-PAGE were quantified by
phosphoimager and compared with an equal amount (1 pl) of in vitro
translatate. A representative experiment is shown. (C) In order to com-
pare the import kinetics of PorBj, and human VDAC, import reactions
were performed for the indicated times for both proteins in parallel and
PK protected protein was quantified by phosphoimager after
SDS-PAGE. Mean values and standard deviations calculated from
three independent experiments are shown. The highest value in every
experiment was set as 100% and all other values were calculated with
respect to the highest one. (D) Human VDAC, PorB;s and PorBypm,
were imported under standard conditions as described in Materials and
methods. An autoradiograph is shown for samples treated with PK and
left untreated, repectively.

VDAC became PK resistant (Figure 5B). Addition of 0.5%
Triton X-100 leads to a complete digestion of preprotein.
The import of VDAC therefore seems to be a more
efficient process. Interestingly, however, the import
kinetics are comparable (Figure 5C): the majority of all
PK-resistant molecules are imported in the first 5 min; the
import reaction eventually reaches a plateau between 15
and 30 min.
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Fig. 6. Import of human VDAC and PorB4 is blocked at high salt con-
centrations. Both proteins were imported under standard conditions in
the absence or presence of increasing concentrations of KCI as indi-
cated. (A) A representative autoradiograph is shown for import of both
proteins. (B) Quantification was performed by phosphoimager. Mean
values and standard deviations were calculated from three independent
experiments. The numbers are given as % of control, which reflects the
sample not supplemented with additional KCI. Note that the import
buffer used under standard conditions already contains 80 mM KCIl.

Neisseria mucosa porin carrying the C-terminal loop of
gonococcal porin, which is the reciprocal construct of the
35S-labelled gonococcal PorB used for import studies, also
clearly associated with mitochondria, but failed to acquire
PK resistance (Figure 5D). Active import of this construct
could, therefore, not be observed. This confirms the data
obtained with the same construct in living cells.

Import of gonococcal porin and VDAC requires
both the Tom20 receptor and the general

import pore

In order to elucidate and compare the import path-
ways exploited by gonococcal porin and VDAC, two
approaches were chosen. First, import assays were
performed in the presence of potassium chloride, which
at concentrations up to 250 mM reportedly blocks import
via Tom20, but not the Tom70 receptor (Pfaller er al.,
1989). These experiments revealed a clear inhibition of
import of both gonococcal porin and VDAC at KCI
concentrations as low as 280 mM (Figure 6). These results
point to Tom20 as the relevant import receptor and
confirm previous findings made for VDAC (Schleiff ez al.,
1997, 1999; Krimmer et al., 2001). To test this hypothesis
in a more defined setting, tom20-deficient yeast mutant
mitochondria were compared with mitochondria from the
parental wild-type strain with respect to their import
capacity for PorB and VDAC. Lack of Tom20 resulted in a
clear fall in the amount of imported VDAC (42%;
p = 0.00006) and PorB (60%; p = 0.015) (Figure 7). In
contrast, mitochondria deficient in Tom70 imported both
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lated accordingly.

proteins with an only slightly reduced efficiency, com-
pared with the respective wild type, of 82 and 83%
(Figure 7).

To shed light on the possible downstream events
following preprotein—receptor interaction, mutants with
defects in the general import pore were used (Figure 7).
These included a strain with a deletion in the fom5 gene as
well as a temperature-sensitive mutant of Tom40, tom40-4
(Krimmer et al., 2001). Both proteins are components of
the general import channel: whereas Tom40 is a B-barrel
protein forming the channel in the membrane, TomS5 is a
small protein located close to the entry of the channel.
Mitochondria purified from these mutants revealed a
decrease in import efficiency comparable to the tom20
mutant. The amount of PK-resistant protein in fom5
mutant mitochondria fell to 27% (p = 0.082) and 61%
(p = 0.033) of the wild-type VDAC and PorB, respect-
ively, and to 60% (p = 0.000023) and 66% (p = 0.027) of
the wild-type VDAC and PorB in the case of the tom40-4
mutant. These results confirm the conclusions drawn by
Krimmer et al. (2001) with respect to the function of the
general import complex in VDAC import. Furthermore,
despite differences in the overall efficiency of import and
in the contribution of the various components of the import
machinery, the results imply the utilization of a common
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import pathway by both the gonococcal and the mitochon-
drial porin protein.

Discussion

The porin PorB of N.gonorrhoeae is a remarkable bacterial
virulence factor because of its unusual ability to
translocate from the bacterial outer membrane to host
cells, followed by rapid transfer to the mitochondria,
where it induces a pro-apoptotic transition of these
organelles (Rudel et al., 1996; Miiller et al., 2000). In
this study we characterized the structural requirements for
assembly of this bacterial porin in the membranes of
mitochondria. We expressed PorB lacking the bacterial
leader sequence in HeLa cells and monitored the distri-
bution of the protein in the cell. PorB targeted mitochon-
dria in an extremely effective way and caused dissipation
of the mitochondrial membrane potential and swelling of
the mitochondria, closely resembling the effects observed
in cells infected with N.gonorrhoeae. Within the time
frame of these experiments, release of cytochrome ¢ and
activation of caspases were not observed, suggesting that
additional signals are required to trigger the apoptotic
programme. However, these conditions allowed a detailed
analysis of the interactions of PorB with the mitochondria.



Mitochondria containing PorB were isolated and tested
for assembly of oligomeric PorB by chemical cross-
linking. The pattern of reaction products indicated that in
mitochondria PorB adopted the same oligomeric state as in
the outer membrane of the bacteria. Sucrose gradient
fractionations of mitochondrial membranes demonstrated
that PorB accumulated exclusively in the outer membrane.
PorB is thus able to assemble in two different biological
membranes, although the lipid composition is very differ-
ent. In particular, it should be noted that mitochondria are
lacking the lipopolysaccharides that form the outer layer of
the outer membrane of Gram-negative bacteria (de Cock
et al., 2001). Moreover, it is surprising that PorB, while
located in the outer membrane, promoted the rapid
dissipation of the membrane potential that is established
across the mitochondrial inner membrane. Dissipation of
the membrane potential was not due simply to over-
expression of a channel-forming protein, as loss of
membrane potential was not observed in cells transfected
with VDAC or with the porin of N.mucosa. Different from
the observations of Massari et al. (2000), no direct
interaction could be detected between the neisserial
porin and VDAC by immunoprecipitation, even when
both proteins were overexpressed at high levels (not
shown). A two-hybrid screen did not reveal a direct
interaction of the two porins either. However, both porins
co-purified with the PTPC component ANT from mito-
chondria of infected cells under native conditions, indi-
cating that a complex may exist containing this inner
membrane channel, the VDAC and the neisserial porin
(not shown).

PorB resembles the endogenous mitochondrial proteins
VDAC and Tom40 in being a B-barrel protein lacking a
positively charged N-terminal presequence. This simi-
larity raised the question of whether there are similarities
in the import pathways. VDAC and Tom40 interact with
Tom20 as an import receptor, import of Tom40 is
additionally facilitated by Tom70 (Sollner et al., 1989;
Keil et al., 1993). As observed with other precursor
proteins, bypass of the import receptors is possible for
import at a reduced rate (Pfaller et al., 1989). Porin can
insert into membranes spontaneously (Schleiff et al.,
1999); however, assembly into authentic mitochondrial
membranes is significantly facilitated by the TOM com-
plex and involves the Tom40 channel (Krimmer et al.,
2001). Interestingly, the bacterial porin PorB appears to
follow essentially the same import pathway as the
mitochondrial porin (VDAC), including binding to
Tom20 and subsequent insertion into the GIP, as demon-
strated by the participation of TomS5 and Tom4O0.
Surprisingly, an original bacterial porin can thus assemble
specifically into the mitochondrial outer membrane,
although no obvious mitochondrial targeting signals are
adopted. We conclude that in the evolution of the
mitochondrial B-barrel proteins, limited changes in the
structure of these proteins may have been sufficient to
retain efficient targeting and assembly under the changing
conditions of endosymbiosis.

Previous data have indicated that residues at the N- and
C-terminus seem to be relevant for the import of
mitochondrial porins (Hamajima et al., 1988; Smith
et al., 1995; Court et al., 1996). We therefore decided to
determine the targeting signal of PorB under authentic
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in vivo conditions using a set of constructs for expression
in HeLa cells. We found that no part of PorB could act as
an autonomous signal sequence on its own. Both the N-
and the C-terminal thirds of PorB were necessary but not
sufficient to direct mitochondrial targeting. Strikingly, all
constructs that were efficiently targeted to the mitochon-
dria also caused rapid dissipation of the mitochondrial
membrane potential. Expression of the other constructs
retained the membrane potential intact. Targeting of the
PorB chimeras was obviously independent of a linear
signal sequence but dependent on structures that are
discontinuous and distributed within the sequence of PorB.
Previous studies have established that unfolding of
mitochondrial porin is a prerequisite for import into the
outer membrane (Pfanner er al., 1988). However, the
extreme sensitivity of PorB import to minor changes in
any internal parts of PorB (together with the strict
relationship of mitochondrial targeting versus function in
dissipation of the membrane potential) indicates that the
protein must have the capability to coordinate several parts
of the sequence into a larger tertiary structure to allow
insertion into the mitochondrial outer membrane.

Several previous observations are in agreement with this
concept, suggesting that bacterial B-barrel proteins may
have established a peculiar mechanism of membrane
insertion that is retained in the mitochondria of eukaryotic
cells. (i) To our knowledge, no mitochondrial B-barrel
protein has revealed any localized and continuous target-
ing sequence. (ii) The porin PhoE of E.coli can assemble
into the bacterial outer membrane after intramolecular
cross-linking in the periplasm (Eppens et al., 1997).
(iii) Prior to assembly of Tom40 into the TOM complex of
the mitochondrial outer membrane, Tom40 accumulates in
a 250 kDa complex in the intermembrane space (Model
et al., 2001).

While most mitochondrial proteins that have been
characterized so far are imported with the help of N- or
C-terminal signal sequences (Pfanner, 2000; Wattenberg
and Lithgow, 2001), the import of the inner membrane
carrier proteins shows some similarity to the biogenesis of
PorB. In particular, the biogenesis of the ANT (also named
ADP/ATP carrier, AAC) was analysed in detail (Pfanner
et al., 1987; Smagula and Douglas, 1988; Endres et al.,
1999; Wiedemann et al., 2001). The ANT and related
proteins are composed of three modules that cooperate in
import. Similar to PorB, the ANT is devoid of an N- or
C-terminal signal sequence. To insert into the Tom40
channel, the ANT adopts a loop structure (Wiedemann
et al., 2001). However, in contrast to PorB and different
from the mitochondrial B-barrel proteins, the individual
modules can act as autonomous preproteins that are
efficiently imported (Pfanner et al., 1987; Brix et al.,
1999). PorB therefore appears to represent a unique type of
preproteins, defined by an essential dependence on the
cooperation of discontinuous parts of the sequence that
cannot act as independent units.

How does PorB reach the mitochondrial membranes if
provided directly by the bacteria? Inhibitors of the actin
cytoskeleton, as well as the microtubule network and of
receptor-mediated endocytosis, were not able to block the
targeting of PorB to mitochondria in infected cells (not
shown). This argues against a trafficking process involving
endosomes or other membrane-bound compartments and
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rather suggests a soluble intermediate mobile form of
PorB. However, the precise pathway that is used by PorB
from the bacterial outer membrane to reach the
mitochondria of the host cells remains to be estab-
lished. Interestingly, although VDAC is generally
regarded as residing exclusively in mitochondria, a
subtype of this porin has also been found in other
cellular membranes, including the plasma membrane,
raising the possibility that at least some proteins of
this class may have some mobility in the cell
(Reymann et al., 1994).

Only recently, an increasing number of proteins
were described that are provided by several different
pathogens to interfere with apoptosis by targeting the
mitochondria of host cells. VacA is secreted by
Helicobacter pylori and was shown to target mitochon-
dria and trigger apoptosis (Galmiche et al., 2000).
Other examples include the apoptogenic HIV protein
Vpr (Jacotot er al., 2000, 2001), and the hepatitis B
virus protein X, which interacts with a new human
isoform of VDAC, hVDACS3, inducing an alteration in
transmembrane potential (Rahmani er al., 2000). A
viral protein that acts in an anti- rather than a pro-
apoptotic fashion, but also targets mitochondria, is the
MII1L protein of myxoma virus (Everett et al., 2000).
MII1L is actively taken up by the mitochondria via a
C-terminal targeting signal that conforms to a newly
identified consensus sequence for directing proteins to
mitochondria which is also present in Bcl-2 and Bcl-
XL (Isenmann et al., 1998; Everett et al., 2000). The
definition of this consensus targeting signal seemed
promising with respect to neisserial PorB, since a
similar sequence exists in the second to last mem-
brane-spanning region of this protein. However, dele-
tion of this C-terminal portion of the molecule
sequence did not affect mitochondrial targeting.
Tagging of EGFP with the 40 C-terminal amino
acids of PorB did not direct EGFP to the mitochondria
either (not shown), again confirming the peculiar type
of mitochondrial targeting that is applied by PorB.

In summary, we found that the bacterial porin PorB
is imported into mitochondria via Tom20 and the GIP,
following the same pattern of interactions as the
mitochondrial porin. PorB is assembled into oligomers
of similar composition as in the bacterial outer
membrane. Imported PorB is functional with respect
to rapid dissipation of the membrane potential and
induction of swelling of the mitochondria. Our data on
PorB indicate a unique type of mitochondrial targeting,
defined by a lack of autonomous signal sequences at
either end of the imported protein, and a strict
dependence on a cooperational effect of discontinuous
parts of the sequence.

Our findings are intriguing for several reasons. First,
they reveal a functional parallel between the mitochon-
drial import of VDAC and the bacterial PorB porin,
thereby reflecting an evolutionary link. Secondly, they
represent another astonishing example of the sophisti-
cated strategies that pathogens have evolved to exploit
their host’s cellular functions. Thirdly, they demon-
strate that the subtle differences in protein factors of
pathogenic and commensal origin, despite similar
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Table 1. Oligonucleotides

Name 5’-3” sequence

Ngo PorBj, 5
Ngo PorB3’
Ngo PorBg 5
Ngo PorBg 3’

TCGACGTTACCCTGTACGGCACC

CTGCTAGAATTTTTCTGCGCCTTT
TCGATGTCACCCTGTACGGTGCCA
CTGTTAGAATTTGTGGCGCAGAAC

Nme PorB 5 TCGACGTTACCCTGTACGGCACC

Nme PorB 3’ CTGTTAGAATTTGTGGCGCAGACCGA

Nmu PorB 5 TCGATGTAACTCTGTACGGCCAAA

Nmu PorB 3’ CTGTTAGAATTTGTGACGCAGACCA

Eco OmpC 5’ TCGCTGAAGTTTACAACAAAGACGGC

Eco OmpC 3’ CTGTTAGAACTGGTAAACCAGACC

hVDAC1 5 TCGCTGTGCCACCCACGTATGCCGA

hVDACI 3’ CTGTTATGCTTGAAATTCCAGTCCT

hTOM20 5 TCGCCACCATGGTGGGTCGGAACAGCGCCATCGCC
hTOM20 3’ CTGTCATTCCACATCATCTTCAGCCA

Ngo PorBjs 5’'m2  TCGGTACTGACACAGGCTGGGGCAA
Ngo PorB 5'm4-1 TCGACAATTCGGGCAAAAAtTCGCA
Ngo PorBj, 3'm4-1 CTGCTAGTTAGGCACGTATTGTACGCT
Ngo PorBjs 3'm8-1 CTGCTAGACAACCACTTGGTCGTA
Ngo PorBys 3’AF308 CTGCTATTTTTCTGCGCCTTTGCC
Ngo PorBjp 5’'m3  GGTGGCTTCGGTAAAGTGCGCGT
Nmu PorB 5'm3 GGTGGTTTTGGTARAGTACGT

Ngo PorBjs 3’'m3  CCTTTCAAACCGATGAAGAA

Nmu PorB 3'm3 CCTTCCAAACCAACGAAAGATTCA
Ngo PorBip 5'm4-2 GGTTTCAGCGGCAGCGTACAATACGT
Nmu PorB 5'm4 GGTTTTAGCGCAAACGTTCAATTTACT
Ngo PorBjs 3'm4-2 CCTGCAAATTCGGGAGAATCGTAGCGT
Nmu PorB 3'm4 CCTGCAAATACTGGGGAATCATAA
Ngo PorBjs 5'm8-2 GGTGCGGAATACGACTTCTCC

Nmu PorB 5'm8 GGTGCTGATTACGACTTCTCCAA

Ngo PorBja 3’'m8-2 CCAACAACCACTTGGTCGTAAGTATT
Nmu PorB 3'm8 CCTACTACAACTTGGTTGTACTCA

functions in the bacterial context, can lead to a
completely different outcome.

Materials and methods

DNA constructs

Porin genes from N.gonorrhoeae MS11 (P.IB) and VP1 (P.IA),
N.meningitidis (Z2491), N.mucosa and E.coli (DH50) were amplified
from genomic DNA without their leader sequences using the primers
specified in Table I. PCR products were cloned into the Bg/II and HindIIl
restriction sites of the expression vector pCMV-Tag-1 (Stratagene Corp.)
in-frame with the FLAG tag. The cDNA coding for the human VDACI1
was amplified from a pBluescript plasmid [generously provided by
Dr Friedrich Thinnes, Max Planck Institute (MPI) for Experimental
Medicine, Gottingen, Germany]. The cDNA coding for full-length
Tom20 was amplified from genomic DNA from ME180 cells. Both genes
were cloned into pCMV-Tag-1 as described for the porins. The constructs
for mammalian expression of mitochondrial matrix-targeted RFP are
described elsewhere (T.Rudel, K.Littig, N.Machuy, T.Manke, A.Miiller
and O.Thieck, in preparation).

Deletion constructs of PorBjs of N.gonorrhoeae were made with
additional primers, which bind in the membrane-spanning regions of the
porin (designated m1, m2, m3, etc.). All of these fragments were also
cloned into pCMV-Tag-1. Hybrid porins consisting of PorBjy and
PorBnmu sequences were constructed by standard PCR techniques.
PorB, of N.gonorrhoeae and human VDAC were also cloned into the
EcoRI and BamHI sites of the vector pEYPD for expression in yeast.
PorBy of N.gonorrhoeae containing the loop VIII sequence of N.mucosa
was additionally cloned into the Ncol and Xhol restriction sites of pET28a
(Novagen) for improved in vitro transcription and translation. The
integrity of all constructs was confirmed by sequence analysis. See
Table II for a description of the constructs and the oligonucleotides used
for PCR.
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Table II. Constructs

Strain/construct

Description

Oligonucleotides used
for PCR

H3073/pCMV-Tag:PorBia.ngo
H3096/pCMV-Tag:PorBg ngo
H3098/pCMV-Tag:PorBxme
H3079/pCMV-Tag:PorBnmu
H3078/pCMV-Tag:OmpCg,,
H3106/pCMV-Tag:hVDACI
H3085/pCMV-Tag:hTom20
H3075/pCMV-Tag:PorBAloop;
H3076/pCMV-Tag:PorByg,Aloopy
H3077/pCMV-Tag:PorByg,Aloopry_vin
H3105/pCMV-Tag:PorBAloopy
H3104/pCMV-Tag:PorBAF308
H3094/pCMV-Tag:PorBnmuloopri ngo
H3095/pCMV-Tag:PorBngoloopi_ir nmu
H3133/pCMV-Tag:PorBxmuloopmr Ngo
H3134/pCMV-Tag:PorBngoloopmr Nmu
H3135/pCMV-Tag:PorBnmulooprv_vir ngo
H3136/pCMV-Tag:PorBngolooprv_vir Nmu

H3099/pCMV-Tag:PorBxmuloopyim ngo

pCMV-Tag-1 containing the porBj, gene of N.gonorrhoeae strain N242
pCMV-Tag-1 containing the porB;p gene of N.gonorrhoeae strain N138
pCMV-Tag-1 containing the porB gene of N.meningitidis strain 72491
pCMV-Tag-1 containing the porB gene of N.mucosa

pCMV-Tag-1 containing the ompC gene of E.coli

pCMV-Tag-1 containing the human vdacl gene

pCMV-Tag-1 containing the human rom20 gene

pCMV-Tag-1 containing a truncated version of the porB;, gene of
N.gonorrhoeae lacking loop 1

pCMV-Tag-1 containing a truncated version of the porB;, gene of
N.gonorrhoeae lacking loops I-111

pCMV-Tag-1 containing a truncated version of the porB;, gene of
N.gonorrhoeae lacking loops IV-VIII

pCMV-Tag-1 containing a truncated version of the porB;, gene of
N.gonorrhoeae lacking loop VIII

pCMV-Tag-1 containing a truncated version of the porB;, gene of
N.gonorrhoeae lacking the last amino acid (F308)

pCMV-Tag-1 containing a gene fusion of loops I and II of the porB,

gene of N.gonorrhoeae with loops III-VIII of the porB gene of N.mucosa
pCMV-Tag-1 containing a gene fusion of loops I and II of the porB gene
of N.mucosa with loops III-VIII of the porBIA gene of N.gonorrhoeae
pCMV-Tag-1 containing a gene fusion of loops I and II and IV-VIII of
the porB gene of N.mucosa with loop III of the porB;, gene of N.gonorrhoeae
pCMV-Tag-1 containing a gene fusion of loops I and II and IV-VIII of the
porB;, gene of N.gonorrhoeae with loop III of the porB gene of N.mucosa
pCMV-Tag-1 containing a gene fusion of loops I-III and VIII of the porB
gene of N.mucosa with loops IV-VII of the porB,4 gene of N.gonorrhoeae
pCMV-Tag-1 containing a gene fusion of loops I-III and VIII of the porB;,
gene of N.gonorrhoeae with loops IV-VII of the porB gene of N.mucosa
pCMV-Tag-1 containing a gene fusion of loops I-VII of the porB gene of
N.mucosa with loop VIII of the porB;, gene of N.gonorrhoeae

Ngo PorBj, 5" and
Ngo PorBy, 3’

Ngo PorBg 5" and
Ngo PorByg 3’

Nme PorB 5" and
Nme PorB 3’

Nmu PorB 5" and
Nmu PorB 3’

Eco OmpC 5" and
Eco OmpC 3’
hVDACI 5" and
hVDACI 3’
hTOM?20 5’ and
hTOM?20 3’

Ngo PorBy 5'm2 and
Ngo PorBj, 3’

Ngo PorBjs 5'm4-1
and Ngo PorBy, 3’
Ngo PorB;, 5" and
Ngo PorBj 3'm4-1
Ngo PorB;, 5" and
Ngo PorB;, 3'm8-1
Ngo PorBja 5" and
Ngo PorB;, 3’AF308
Nmu PorB 5'm3 and
Ngo PorBjs 3'm3
Ngo PorBy, 5'm3 and
Nmu PorB 3’'m3

Ngo PorBy 5'm3 and
Ngo PorB;s 3'm4-2
Nmu PorB 5'm3 and
Nmu PorB 3'm4

Ngo PorBs 5'm4-2 and
Nmu PorB 3’'m4
Nmu PorB 5'm4 and
Ngo PorB;s 3'm4-2
Ngo PorB;s 5'm8-2 and
Nmu PorB 3'm8

Yeast strains and mammalian cell cultures

The yeast fom mutants and respective wild-type strains used in this study
have been described elsewhere: tom5A (Dietmeier et al., 1997); tom20A
(Moczko et al., 1994; Honlinger et al., 1996); tom40-4 (Krimmer et al.,
2001); tom70A (Moczko et al., 1994). HeLa cells were cultured in RPMI
supplemented with 10% FCS.

Immunofluorescence microscopy

Cells were seeded on cover slips, transfected with the mammalian
expression vector pCMV-Tag encoding either bacterial or mammalian
proteins with the Lipofectamine 2000 lipofection reagent (Gibco)
according to the manufacturer’s instructions and fixed in 3%
paraformaldehyde 24 h after transfection. Fixed cells were permeabilized
using 0.2% Triton X-100, unspecific binding was blocked by 30 min of
incubation in goat serum, and staining was performed using specific
antibodies against the FLAG and Myc tags (Chemicon) as well as a
monoclonal antibody against native cytochrome ¢ (PharMingen, San
Diego, CA), followed by detection with fluorochrome-coupled secondary
antibodies. Co-localization experiments required additional staining of
live mitochondria with 150 nM Mitotracker (Molecular Probes, Eugene,
OR) for 30 min at 37°C prior to fixation. When indicated, cells were
treated with 100 pM antimycin (Sigma) prior to transfection in order to
dissipate the mitochondrial membrane potential. Samples were analysed
on a Leica confocal microscope using TCS software.

Purification of mammalian mitochondria, cross-linking and
sodium carbonate extraction

Mitochondria were purified as described previously (Miiller et al., 2000).
For extraction of membrane-associated but not integral proteins from

mitochondrial membranes, purified mitochondria were resuspended in
freshly made 0.1 M Na,COj; and incubated for 30 min on ice. Membranes
were pelleted for 15 min at 100 000 g in a fixed angle rotor, and both
pellet and supernatant were subjected to SDS—PAGE followed by western
blotting using antibodies against Hsp60 (U.Steinhoff, MPI for Infection
Biology, Berlin, Germany) and cytochrome ¢ (PharMingen) as soluble
marker proteins, and antibodies against VDAC (F.Thinnes, MPI for
Experimental Medicine, Gottingen, Germany) and cytochrome ¢ oxidase
(Molecular Probes) as insoluble marker proteins. Cross-linking was
performed with the chemical cross-linker DSP (Pierce Chemical Co.)
according to the manufacturer’s instructions for 30 min at 0°C. The
reaction was stopped by addition of Tris buffer. Cross-linked proteins
were solubilized in sample buffer with or without B-mercaptoethanol,
thereby destroying or protecting the amide bond, respectively. Samples
were run on an SDS gel followed by western blotting and detection with
an antibody directed against gonococcal porin.

Sucrose gradient separation of mitochondrial inner and
outer membranes

The protocol was modified from Pon et al. (1989). In brief, purified
mitochondria were resuspended in buffer A (2.5 mM EDTA, 100 mM
KCl, 20 mM MOPS-KOH pH 7.2) supplemented with 3 pg/ml pepstatin
and 1 mM PMSF, and sonicated six times for 5 s at intervals of 15 s
with continuous cooling on ice. Intact mitochondria were removed by
centrifugation at 16 000 g for 10 min (4°C). Membrane vesicles were
pelleted by centrifuging the supernatant for 30 min at 100 000 g in a fixed
angle rotor (Beckman table top ultracentrifuge). The pellet was
resuspended in buffer A and layered onto a 55-20% sucrose gradient
(overall volume 10 ml). The gradients were centrifuged for 16 h at
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100 000 g (4°C) in a swing-out rotor. Fractions of 800 ul were collected,
the proteins were precipitated with 12% TCA final concentration and
washed once in acetone. Proteins were analysed by SDS-PAGE and
western blotting using monoclonal antibodies against VDAC and
gonococcal porin or a polyclonal serum directed against ANT.

Isolation of yeast mitochondria

The method was modified from Daum et al. (1982). In brief, an overnight
culture of S.cerevisiae in YP medium was harvested, resuspended in 30 ml
of TD buffer (100 mM Tris-SO4 pH 9.4, 10 mM DTT) and incubated for
5 min at 30°C. After one wash in SP buffer (1.2 M sorbitol, 20 mM
potassium phosphate pH 7.4), the cells were resuspended in 40 ml of SP
containing 1.5 mg of zymolyase 100T (Seikagaku Corp., Japan) per gram
of yeast wet weight. Enzymatic breakdown of the cell wall was performed
for 30 min with gentle shaking. The resulting spheroplasts were collected
by centrifugation and washed twice in ice-cold SP. They were then lysed
in SHP buffer (0.6 M sorbitol, 20 mM HEPES-KOH pH 7.4, | mM
PMSF) by 20 strokes of a glass homogenizer. Unbroken cells were
removed by centrifugation at 2500 g before the mitochondria were
harvested at 12 000 g for 10 min. The pellet was resuspended in SH and
layered onto a 14.5%/18.5% Nycodenz gradient. The gradient was then
centrifuged for 30 min at 270 000 g in a swing-out rotor. Purified
mitochondria were harvested from the interface and centrifuged at
12 000 g prior to aliquoting in SH and freezing in liquid nitrogen.

Protein import into isolated mitochondria

In vitro translated proteins were imported into isolated mitochondria
according to standard protocols (Krimmer et al., 2001). Both S.cerevisiae
and mammalian mitochondria (isolated from Jurkat T cells) were used.
The in vitro transcription and translation reaction was performed
according to the manufacturer’s instructions (TnT coupled reticulocyte
lysate system; Promega) in the presence of [3>S]methionine (Amersham
Pharmacia Biotech). Five microlitres of preprotein were mixed with 50 ug
of mitochondria, 2 mM ATP, 1 mM NADH (yeast mitochondria) or
10 mM sodium succinate (mammalian mitochondria) in import buffer
(3% BSA, 250 mM sucrose, 80 mM KCl, 5 mM MgCl,, 5 mM
methionine, 10 mM MOPS-KOH pH 7.2) and incubated at 30°C for
5-20 min. The import reaction was stopped on ice. One half of every
sample was subjected to PK digestion on ice (10 min, 50 pg/ml) followed
by inhibition of PK with 1 mM PMSF for 10 min on ice. Import samples
were centrifuged (12 000 g, 10 min) and mitochondrial pellets were
washed once in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM
MOPS-KOH pH 7.2) prior to analysis by SDS-PAGE. Autoradiography
was performed to visualize radiolabelled proteins.
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