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Abstract

The protein(s) responsible for metabolite transport through the outer membrane of the yeast Saccharomyces cerevisiae
mitochondria depleted of mitochondrial porin (also known as voltage-dependent anion selective channel), termed here
porin1, is (are) still unidentified. It is postulated that the transport may be supported by the protein import machinery of the
outer membrane, the TOM complex (translocase of the outer membrane). We demonstrate here that in the absence of
functional porin1, the blockage of the TOM complex by the fusion protein termed pb2-DHFR (consisting of the first 167
amino acids of yeast cytochrome b2 preprotein connected to mouse dihydrofolate reductase) limits the access of external
NADH to mitochondria. It was measured by the ability of the blockage to inhibit external NADH oxidation by the proper
dehydrogenase located at the outer surface of the inner membrane. The inhibition depends on external NADH concentration
and increases with decreasing amounts of the substrate. In the presence of 1 Wg of pb2-DHFR per 50 Wg of mitochondrial
protein almost quantitative inhibition was observed when external NADH was applied at the concentration of 70 nmol per
mg of mitochondrial protein. On the other hand, external NADH decreases the levels of pb2-DHFR binding at the trans site
of the TOM complex in porin1-depleted mitochondria in a concentration-dependent fashion. Our data define an important
role of the TOM complex in the transport of external NADH across the outer membrane of porin1-depleted
mitochondria. ß 2000 Elsevier Science B.V. All rights reserved.

Keywords: Metabolite transport; Mitochondrial porin or porin1 (voltage-dependent anion selective channel) ; Porin1-depleted mito-
chondrion; Translocase of the outer membrane (TOM) complex

1. Introduction

The e¡ective transport of metabolites through
both mitochondrial membranes is crucial to the en-
ergetic and metabolic functions of mitochondria.
While the inner membrane contains speci¢c metabo-
lite carriers, the permeability of the outer one is

thought to be based in di¡usion pores formed by
mitochondrial porin, also known as VDAC (volt-
age-dependent anion-selective channel) [1^4]. How-
ever, the results of studies on mutants of the yeast
Saccharomyces cerevisiae genetically depleted of the
POR1 gene encoding mitochondrial porin [5^7],
termed also porin1, lead to the conclusion that other
protein(s) may contribute to metabolite transport
across the mitochondrial outer membrane. Yeast
cells deleted for POR1 gene (vpor1) are viable on
non-fermentable carbon sources which indicates
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that in the absence of porin1, the mitochondria are
able to exchange metabolites across the outer mem-
brane. The protein(s) that could functionally sub-
stitute for porin1 is (are) also present in wild type
mitochondria as there are no di¡erences in the
electrophoretic protein pattern of the outer mem-
brane between vpor1 and wild type mitochondria
[8].

Recently, a new gene (POR2) was identi¢ed in the
S. cerevisiae encoding a protein that, when overex-
pressed, suppressed the deletion of POR1 gene [5].
However, most of the residual permeability observed
for external NADH in porin1-depleted mitochondria
is also found in mitochondria isolated from vpor1-
vpor2 cells which indicates that other outer mem-
brane protein may participate in the passage of me-
tabolites through the membrane [9]. The protein
might be identical with PSC (peptide-sensitive chan-
nel), present in S. cerevisiae mitochondria independ-
ently of porin1 [10], since the electrophysiological
characteristics of PSC correspond to results obtained
for mitochondria of di¡erent porin1-depleted mu-
tants of S. cerevisiae with both electrophysiological
[8] or functional [9,11] approaches. The conductivity
of PSC is modulated by basic peptides, including
peptides which serve as mitochondrial targeting se-
quences. PSC was demonstrated to participate in the
translocation of peptides and proteins through the
outer membrane [12^13]. Moreover, PSC is regarded
as being identical with Tom 40 [14^16], the putative
translocation pore of the outer membrane protein
import machinery (translocase of the outer mem-
brane, the TOM complex [17]). Thus, if the TOM
complex indeed participates in the transport of me-
tabolites in porin1-depleted mitochondria, interfer-
ence between protein and metabolite transport
through the outer membrane should occur, even in
the presence of the protein encoded by the POR2
gene.

In S. cerevisiae mitochondria the access of external
NADH to the respiratory chain is restricted only by
the outer membrane as electrons from the substrate
are accepted by the rotenone-insensitive and antimy-
cin A-sensitive NADH dehydrogenase located on the
outer surface of the inner membrane [18]. Therefore,
the oxidation of external NADH by mitochondria
provides a simple approach for the estimation of
metabolite passage through the outer membrane

[9,11]. Here we demonstrate that in the absence of
porin1, the access of external NADH to the inter-
membrane space is restricted by chemical amounts
of the fusion protein pb2-DHFR (consisting of the
¢rst 167 amino acids of yeast cytochrome b2 prepro-
tein connected to mouse dihydrofolate reductase) ac-
cumulated at the trans site of the TOM complex. We
also present that external NADH itself may limit the
extent of the TOM complex blockage by the applied
fusion protein.

2. Materials and methods

2.1. Isolation of mitochondria and mitoplasts

A wild type strain of S. cerevisiae DBY747 (MatK,
ura3^52, leu2^3, leu2^112, his3^v1, trp1^289) and
porin1-depleted mutant B5, derived from the above
parent strain [6,19] were grown at 28³C in YPG me-
dium (1% yeast extract, 2% peptone, 3% glycerol) at
pH 5.5. Growth was monitored by determining the
optical density (OD) at 546 nm and the cells were
collected in log phase, at an OD of about 1. Mito-
chondria were isolated according to published proce-
dure [20]. Mitoplasts were obtained by the swelling^
shrinking procedure [20]. The swelling bu¡er con-
tained 20 mM HEPES pH 6.9 and 0.2% bovine se-
rum albumin (BSA). The shrinking bu¡er contained
1.8 M mannitol, 4 mM MgCl2 and 0.2% BSA. The
integrity of the outer mitochondrial membrane was
monitored by the permeability of the membrane for
exogenous cytochrome c [21] or by immunodecora-
tion with antisera against marker proteins of the in-
termembrane space and mitochondrial matrix. (The
antisera were a kind gift of Professor W. Neupert.)

2.2. Accumulation of pb2-DHFR within the outer
mitochondrial membrane

The high level expression and puri¢cation of a
fusion protein called pb2-DHFR was performed as
described in [22]. The fusion protein consists of the
¢rst 167 amino acid residues of yeast cytochrome b2

precursor comprising the mitochondrial targeting se-
quence with the intermembrane space sorting signal
and the entire mouse dihydrofolate reductase. Radio-
labeled pb2-DHFR was synthesized in rabbit reticu-
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locyte lysate (Promega) in the presence of [35S]-
methionine after in vitro transcription by SP6 poly-
merase from transcription vector pGEM4 containing
the gene of pb2-DHFR. (The Escherichia coli strain
expressing pb2-DHFR and the plasmid containing
the fusion protein gene were kind gifts of Professor
W. Neupert.)

Mitochondria or mitoplasts were incubated in the
import bu¡er (250 mM sucrose, 20 mM KCl, 10 mM
MOPS^KOH pH 7.2, 5 mM MgCl2, 3% BSA,
NADH at various concentrations, 0.16 Wg of valino-
mycin and 6 Wg oligomycin per mg of mitochondrial
protein) for 15 min at 25³C in the presence of 1 Wg
pb2-DHFR per 50 Wg of mitochondrial protein [23]
or proper amounts of its radiolabeled form. For an
import reaction valinomycin and oligomycin were
omitted in the import bu¡er. To assay for the fusion
protein binding at the trans site of the TOM com-
plex, mitochondria were washed with HS (high salt)
bu¡er (250 mM sucrose, 10 mM MOPS^KOH pH
7.2, 120 mM KCl) [24^25]. When indicated, mito-
chondria or mitoplasts were treated with proteinase
K (250 Wg/ml, 10 min at 0³C) and washed with SM
bu¡er (250 mM sucrose, 10 mM MOPS^KOH pH
7.2) in the presence of 1 mM phenylmethylsulfonyl
£uoride. In experiments using trypsin pretreatment,
mitochondria were incubated with the protease (50
Wg/ml) for 15 min on ice and then soybean trypsin
inhibitor was added (1 mg/ml) prior to the accumu-
lation reaction. In control samples (3trypsin) the
protease and its inhibitor was applied simultane-
ously. After reisolation (10 min, 12 000Ug), the or-
ganelles were subjected to sodium dodecyl sulfate^
polyacrylamide gel electrophoresis (SDS^PAGE)
[26]. Accumulation of pb2-DHFR was visualized by
the enhanced chemiluminescence (ECL) methods fol-
lowed by immunodecoration with anti-mouse DHFR
antiserum or £uorography and quanti¢ed by Scan-
Pack III. (The antiserum was a kind gift of Professor
W. Neupert.)

2.3. Determination of the rate of NADH oxidation

Mitochondria or mitoplasts were incubated as for
the fusion protein accumulation reaction (see Section
2.2) in the presence of di¡erent external NADH con-
centrations and NADH oxidation was monitored
spectrophotometrically (UV 1602 Shimadzu).

2.4. Other methods

Protein concentrations were measured by the
method of Bradford. The respiration of mitochon-
dria and mitoplasts was monitored at 25³C with a
Rank oxygen electrode in the incubation volume of
0.5 ml. Changes of the inner membrane potential
(vi) were monitored with a tetraphenylophospho-
nium-speci¢c electrode as described in [27].

3. Results

3.1. E¤cient blockage of the TOM complex in wild
type and porin1-depleted mitochondria

To establish conditions under which the TOM
complex would be blocked e¤ciently we used chem-
ical amounts of a fusion protein called pb2-DHFR.
We studied its accumulation at the outer membrane
of isolated wild type and porin1-depleted mitochon-
dria. According to published data, dissipation of the
inner membrane potential (vi) completely blocks
preprotein transfer to the inner membrane. Instead,
the preprotein is bound to the TOM complex at its
trans site facing the intermembrane space [24^25,28].
We performed a binding reaction of pb2-DHFR to
uncoupled mitochondria (MITO) and to uncoupled
mitoplasts (MTP, mitochondria after the removal of
the outer membrane). The latter were used as a con-
trol of an insertion place of the fusion protein in the
absence of vi. Since comparable results were ob-
served with wild type and porin1-depleted mitochon-
dria, in Fig. 1 we present only those obtained for
mutant mitochondria. After the binding reaction mi-
tochondria were washed under high salt conditions
to eliminate pb2-DHFR binding to the cytosolic sur-
face of the TOM complex (the cis site) [23^24] and
translocation of the fusion protein through the outer
membrane was estimated by treatment with protein-
ase K. In the absence of the inner membrane poten-
tial (3vi)(Fig. 1A), pb2-DHFR was mainly bound
at the level of the outer membrane but not at the
level of the inner one as uncoupled mitoplasts bound
only a trace amount of pb2-DHFR. The fusion pro-
tein bound at the level of the outer membrane still
remained accessible to the externally added protease
and was not processed by matrix processing pepti-
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dase (MPP) as only the precursor form of the protein
(p) was detected. Further, the binding reaction was
performed for radiolabeled pb2-DHFR using mito-
chondria preincubated under the trans site binding
conditions in the presence or absence of chemical
amounts of the fusion protein (1 Wg per 50 Wg of
mitochondria). After preaccumulation of pb2-
DHFR at the trans site of the TOM complex mito-
chondria bound distinctly lower amounts of its ra-
diolabeled form than in the absence of the previous
accumulation of the fusion protein (not shown).
These data suggest that under applied conditions
pb2-DHFR was only partially translocated through
the outer membrane and blocked the TOM complex
e¤ciently. To check import competence of the ap-
plied fusion protein, i.e. to test whether its insertion
into the inner membrane is speci¢cally inhibited by
the absence of vi, an import reaction was performed
using coupled mitochondria (+vi) (Fig. 1B). A con-
siderable fraction of pb2-DHFR was processed into
external protease-sensitive intermediate (i) and exter-

nal protease-resistant mature (m) forms indicating
that in the presence of vi, the fusion protein was
e¤ciently imported into mitochondria. Fig. 1C serves
as a control of results shown in Fig. 1A,B. Only
selective rupture of the outer membrane (MTP) al-
lowed proteinase K to digest proteins localized in the
intermembrane space (e.g. CC1HL) while those lo-
cated in the matrix (e.g. Mge1p) were present in sim-
ilar amounts. Thus, a partial translocation of chem-
ical amounts of pb2-DHFR within the outer
membrane due to the collapse of the inner membrane
potential leads to accumulation of the fusion protein
resulting in e¡ective blockage of the TOM complex.

3.2. pb2-DHFR accumulated within the outer
membrane inhibits the access of external NADH
into porin1-depleted uncoupled mitochondria

We next investigated whether the accumulation of
pb2-DHFR during its translocation through the out-
er membrane could restrict the access of external
NADH into the intermembrane space of mitochon-
dria depleted of porin1. For that purpose we exam-
ined the in£uence of the presence of chemical
amounts of pb2-DHFR bound to the trans site of
the TOM complex on the rate of external NADH
oxidation (Fig. 2). When external NADH was ap-
plied at a concentration of 1.4 Wmol per mg of mi-
tochondrial protein, binding of 1 Wg pb2-DHFR per
50 Wg of mitochondria under the trans site conditions
resulted in inhibition of the rate of its oxidation by
about 25%. The inhibition was signi¢cantly weak-
ened (approximately 60%) by the trypsin pretreat-
ment (causing the removal of receptors important
for preprotein recognition and their subsequent
translocation which results in their decreased levels
of binding at the trans site of the TOM complex).
The removal of the outer membrane of mutant mi-
tochondria eliminated the e¡ect of pb2-DHFR on
external NADH oxidation. The e¡ect was also ab-
sent from wild type mitochondria. It should be em-
phasized here that in the absence of mitochondria,
pb2-DHFR at the concentration applied had no di-
rect e¡ect on the NADH concentrations and did not
display a NAD� reducing activity as tested spectro-
photometrically (not shown). Therefore the results
suggest that the fusion protein accumulated within
the outer membrane may hamper external NADH

Fig. 1. Accumulation of pb2-DHFR within the outer membrane
of porin1-depleted mitochondria. (A) Binding of pb2-DHFR
with mutant mitochondria (MITO) and mitoplasts (MTP) in
the absence of the inner membrane potential (3vi). (B) Import
of pb2-DHFR into porin1-depleted mitochondria (MITO) in
the presence of the inner membrane potential (+vi). (C) Quan-
tity and quality control of results shown in A and B. In all ex-
periments external NADH at a concentration of 4 Wmol per mg
of mitochondrial protein was applied as the respiratory sub-
strate. After washing with HS bu¡er followed by the accumula-
tion or import reaction, all samples were divided in two and
proteinase K was added to one half (+PK) and omitted in the
second one (3PK). They were next washed with SM bu¡er and
reisolated samples were analyzed by SDS^PAGE and immuno-
blotted with anti-DHFR (A, B) as well as anti-CC1HL and
anti-Mge1p (C) antisera.
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passage across the membrane of porin1-depleted mi-
tochondria.

We next tested whether the inhibitory e¡ect of
pb2-DHFR on the rate of external NADH oxidation
could depend on applied concentrations of NADH.
We assumed that a lowering of external NADH con-
centrations might weaken its access to the TOM
complex, leading to a stronger inhibition of its oxi-
dation by pb2-DHFR while higher concentrations of
the substrate ensuring its better access to the trans-
port pathway would result in a weaker e¡ect of pb2-
DHFR. As shown in Table 1, in the presence of the
same amount of pb2-DHFR (1 Wg per 50 Wg of mi-
tochondria), decreasing concentrations of external
NADH resulted in higher levels of the inhibition of

its oxidation. Almost quantitative inhibition was
achieved at approximately 0.07 Wmol NADH per
1 mg of mitochondrial protein. Thus, the transloca-
tion of pb2-DHFR through the outer membrane of
porin1-depleted mitochondria appears to restrict the
simultaneous transport of external NADH in an
NADH concentration-dependent fashion.

3.3. External NADH decreases the levels of
pb2-DHFR binding to the trans site of the
TOM complex in porin1-depleted uncoupled
mitochondria

In order to investigate whether the transport of
external NADH through the outer membrane of por-
in1-depleted mitochondria (being a¡ected by pb2-
DHFR, see Section 3.2) could mutually restrict the
translocation of pb2-DHFR through the membrane,
we performed the trans site binding reaction in the
absence of external NADH and in the presence of
increasing concentrations of the substrate. We as-
sumed that the action of the respiratory chain was
not important here because the binding of pb2-
DHFR to the trans site of the TOM complex pro-
ceeded in the absence of the inner membrane poten-
tial. It should be emphasized here that in the pres-
ence of chosen external NADH concentrations the
e¡ect of pb2-DHFR changed from very strong (0.2
Wmol NADH per mg of mitochondrial protein) to
rather weak (4 Wmol NADH per mg of mitochon-
drial protein) (see Table 1). As shown in Fig. 3, in

Fig. 2. Oxidation of external NADH by porin1-depleted un-
coupled mitochondria in the presence of pb2-DHFR bound at
the trans site of the TOM complex. Mitochondria or mitoplasts
were incubated as for the accumulation reaction and the rate of
external NADH was determined spectrophotometrically. From
left to right the ¢rst three double bars represent the rates of
NADH oxidation calculated for mitochondria, the next two for
mitoplasts. When indicated mitochondria were trypsin pre-
treated. NADH was applied at concentration of 1.4 mol per
mg mitochondrial protein. Data are mean values þ S.E.M. of
three independent experiments.

Table 1
The e¡ect of external NADH concentration on the levels of its
oxidation inhibition by pb2-DHFR bound at the trans site of
the TOM complex of porin1-depleted mitochondria

NADH concentration
(WmolUmg31 mitochondrial protein)

Inhibition of NADH
oxidation (%)

4 15
1.4 25
0.7 40
0.2 90
0.07 100

The rate of external NADH oxidation was determined spectro-
photometrically in the presence of 1 Wg of pb2-DHFR per 50
Wg of mitochondrial protein. For applied external NADH con-
centrations control measurements were made in the absence of
pb2-DHFR and used to calculate the levels of inhibition. Pre-
sented data are the result of a typical experiment.
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the case of wild type mitochondria, the amount of
the fusion protein bound in a salt-resistant way (at
the trans site of the TOM complex) increased slightly
in the presence of increasing concentrations of exter-
nal NADH and the lowest levels of binding was ob-
served in the absence of the substrate. However, with
porin1-depleted mitochondria the highest amount of
pb2-DHFR was bound to the trans site of the TOM
complex in the absence of external NADH and in-
creasing concentrations of the substrate lowered the
levels of the fusion protein binding. Further, the in-
tegrity of the outer mitochondrial membrane was
estimated for all studied samples by immunodecora-
tion with antisera against marker proteins of the in-
termembrane space and mitochondrial matrix (not
shown, see Fig. 1C). This allowed the conclusion
that the di¡erences in the levels of pb2-DHFR bind-
ing to the trans site of the TOM complex did not
result from the damage of the outer membrane. We
infer from these data that in the absence of porin1,
external NADH may restrict the access of pb2-
DHFR to the trans site of the TOM complex in
a concentration-dependent fashion. The hypothesis

seems to be supported by the observation that in
porin1-depleted mitochondria, external NADH re-
stricts the access of presequence peptides of mito-
chondrial proteins to the inner membrane (O. Stobie-
nia, unpublished results).

4. Discussion

Here we report data important for the identi¢ca-
tion of the protein(s) taking over the function of
mitochondrial porin (also known as VDAC and
termed here porin1) in mitochondria of S. cerevisiae
depleted of the protein. It is clear now that porin1 is
not the only protein responsible for the transport of
metabolites through the outer mitochondrial mem-
brane, as several porin1-depleted yeast mutants
have been found to be viable on non-fermentable
carbon source [5^7,19]. It was suggested previously
[9,11,29] that in porin1-depleted mitochondria the
function of porin1 can be taken over by another out-
er membrane channel such as the PSC, described
among others in mutant B5, being the object of
present studies [10]. The PSC is now regarded as
being identical with Tom 40 [13^14,16], the putative
translocation pore of the outer membrane protein
import machinery, i.e. the TOM complex [17].

We have demonstrated here that the absence of
porin1 leads to interference between the fusion pro-
tein pb2-DHFR and external NADH transport
through the outer membrane. Firstly, the access of
external NADH into the intermembrane space is lim-
ited by the simultaneous blockage of the TOM com-
plex by chemical amounts of pb2-DHFR bound at
the trans site as measured by adequate changes in the
rate of external NADH oxidation. The e¡ect of the
fusion protein on external NADH accessibility ap-
pears to be speci¢cally connected with the TOM
complex as its becomes weaker after the removal of
surface receptors of the complex and is diminished
completely after the removal of the outer membrane.
Secondly, the interference between pb2-DHFR and
external NADH seems to be concentration-depen-
dent, indicating the competition between both species
for transport through the outer membrane. In the
presence of an unchanged amount of pb2-DHFR,
the lowering of applied external NADH concentra-
tions results in a stronger inhibition of its oxidation

Fig. 3. Binding of pb2-DHFR to the trans site of the TOM
complex of porin1-depleted uncoupled mitochondria in the ab-
sence and presence of external NADH. During the accumula-
tion reaction external NADH was omitted or applied at con-
centrations of 0.2, 1 and 4 Wmol per mg of mitochondrial
protein. After washing with HS bu¡er samples were separated
by SDS^PAGE. Accumulation of pb2-DHFR was visualized by
immunodecoration with anti-mouse-DHFR antiserum and
quanti¢ed by ScanPack III. Binding of pb2-DHFR varied by
not more than 12% in various experiments.
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up to the maximal level of 100%. On the other hand,
the pb2-DHFR binding at the trans site of the TOM
complex is decreased in the presence of external
NADH, especially when higher concentrations of
the substrate are applied. It should be noted here
that these results were obtained only with porin1-
depleted mitochondria whereas with wild type mito-
chondria no interference between external NADH
and pb2-DHFR under applied conditions was ob-
served.

The presented data suggest that external NADH
and pb2-DHFR may use the same pathway to cross
the mitochondrial outer membrane when porin1 is
absent. As shown in Fig. 4, external NADH is trans-
ported through the outer membrane as it is easily
oxidized at the level of the inner membrane both in
wild type and porin1-depleted mitochondria [9,11].
In wild type mitochondria the transport of external
NADH is mainly supported by porin1 [9]. In the case
of porin1-depleted mitochondria, external NADH
crosses the outer membrane due to still unidenti¢ed

protein(s). In wild type mitochondria (Fig. 4A) the
transport of metabolites and preproteins seems to
proceed independently as any direct interference be-
tween both processes was not observed for wild type
mitochondria under applied trans site conditions.
Thus, one can conclude that the porin1-supported
transport system probably acts independently of the
mitochondrial import machinery (see also [12]).
However, in the absence of functional porin1 (Fig.
4B), transport of external NADH may be preserved
by a protein being a component of the TOM com-
plex. The TOM complex is known to contain a cat-
ion-selective high-conductance channel. A central
role in organizing the channel is assigned to Tom40
[13,16,30]. Studied porin1-depleted mitochondria
contain higher levels of Tom40 when compared to
wild type mitochondria (Fig. 4C). The upregulation
is also observed for other Tom proteins, e.g. for
Tom70 belonging to import receptors, which might
enable the TOM complex to participate in metabolite
transport. The pore for metabolites formed by the

Fig. 4. Working model for the TOM complex as the possible pore for metabolite transport across the outer membrane of porin1-de-
pleted mitochondria. (A) In wild type mitochondria, porin1 and the TOM complex seem to form independent pathways of molecule
transport through the membrane. (B) In the absence of porin1, its function may be taken over by the TOM complex. (C) The levels
of Tom40 and Tom70 expression in wild type and porin1-depleted mitochondria. Samples were separated by SDS^PAGE. The levels
of Tom40, Tom70 and Mge1p were visualized by immunodecoration with proper antisera. OM, the outer membrane; DH, the exter-
nal NADH dehydrogenase; RC, respiratory chain; IM, the inner membrane.
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TOM complex might be responsible for the residual
permeability of the outer membrane for external
NADH observed for mitochondria of the S. cerevi-
siae mutant depleted of both POR1 and POR2 genes
[9].
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