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Abstract The outer mitochondrial membrane of Saccharo-
myces cerevisiae contains two isoforms of mitochondrial porin,
known also as the voltage-dependent anion channel. The isoform
termed here porinl displays channel-forming activity enabling
metabolite transport whereas the second one, termed here porin2,
does not form a channel and its function is still not clear. We
have shown recently that in the absence of porinl, the channel
within the protein import machinery (the TOM complex) is
essential for metabolite transport across the outer membrane
[Kmita and Budzinska, Biochim. Biophys. Acta 1509 (2000)
6044-6050]. Here, we report that the TOM complex channel
may also serve as a supplementary pathway for metabolites in the
presence of porinl when the permeability of the latter is limited
and the role of the TOM complex seems to increase when porin2
is depleted. © 2001 Federation of European Biochemical So-
cieties. Published by Elsevier Science B.V. All rights reserved.

Key words: TOM complex; Mitochondrial porin isoform;
Metabolite transport

1. Introduction

The major pathway for metabolite transport across the out-
er mitochondrial membrane is formed by a channel called
VDAC (voltage-dependent anion-selective channel), also
known as mitochondrial porin [1-4]. It has been demonstrated
that in one organism, different isoforms of VDAC may be
present, displaying different channel-forming activities and
probably playing different roles [5-9]. In the yeast Saccharo-
myces cerevisiae two VDAC isoforms have been identified [6],
of which only one was proved to form a channel and be
crucial to external NADH transport across the outer mem-
brane [6,10]. This VDAC isoform, encoded by the PORI gene,
is called VDACI (or porinl) and its properties are highly
conserved among other species. The second yeast VDAC pro-
tein, encoded by the POR2 gene and called VDAC2 (or por-
in2), probably has lost the channel-forming activity and its
role in the outer membrane permeability to external NADH
is rather minimal [6,10]. The oxidation of external NADH by
S. cerevisiae mitochondria provides a simple approach for the
estimation of metabolite passage through the outer membrane
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[10,11] since the substrate is oxidized by rotenone-insensitive
and antimycin A-sensitive NADH dehydrogenase located on
the outer surface of the inner membrane [12].

Since S. cerevisiae cells genetically depleted of the PORI
gene [6,13-15] are viable on non-fermentable carbon sources
it is clear that in the absence of porinl, mitochondria are able
to exchange metabolites across the outer membrane. Thus,
porinl is not the only protein supporting metabolite transport
across the outer membrane of S. cerevisiae mitochondria. The
protein(s) that could functionally substitute for porinl is (are)
also present in wild type mitochondria as there are no differ-
ences in the electrophoretic protein pattern of the outer mem-
brane between Aporl and wild type mitochondria [16,17]. So
far only two channels distinct from VDACI1 have been iden-
tified in the outer membrane of S. cerevisiae mitochondria,
namely the peptide-sensitive channel [18,19] and the TOM
complex channel [20-22]. Both serve as the preprotein-con-
ducting channels of the outer membrane [20-23] and are
thought to be identical [21,22,24]. We have shown recently
[25] that in Aporl mitochondria of S. cerevisiae the TOM
complex channel is involved in the permeability of the outer
membrane to external NADH. This additional function of the
TOM complex in the mutant mitochondria seems to be facili-
tated by the upregulation of its components [25,26].

Here, we report that mitochondria isolated from yeast S.
cerevisiae cells deleted for the POR2 gene (Apor2) [6,10] also
display the upregulation of the TOM complex components. In
consequence, the TOM complex blockage by a given amount
of a preprotein (pb,-dihydrofolate reductase (DHFR)) is less
effective when compared to that obtained with wild type mi-
tochondria. Further, external NADH oxidation by Apor2 and
wild type mitochondria is partially inhibited due to the TOM
complex blockage, which suggests that even in the presence of
porinl, the TOM complex may contribute to external NADH
transport across the outer membrane of the yeast S. cerevisiae
mitochondria.

2. Materials and methods

2.1. Yeast strains

The following S. cerevisiae strains were used: the parental PORI-
POR?2 strain M3 (MATa, lys2 his4 trpl ade2 leu2 ura3), M3-2 (Apor2)
containing a deletion of most of the POR2 gene, and M22-2 (Aporl)
containing a deletion of most of the PORI gene [6,10].

2.2. Isolation of mitochondria and mitoplasts

Yeast cells were grown at 28°C in YPG medium (1% yeast extract,
2% peptone, 3% glycerol) at pH 5.5 and mitochondria were isolated
according to published procedures [27]. Mitoplasts were obtained by
the swelling—shrinking procedure essentially as described in [27]. The
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estimation of the integrity of the outer membrane was based on the
permeability of the membrane to exogenous cytochrome ¢ [28] or on
immunodecoration with antisera against marker proteins of different
mitochondrial fractions.

2.3. Synthesis of pb-DHFR

The fusion protein called pb,-DHFR consists of the first 167 amino
acid residues of yeast cytochrome b, precursor comprising the mito-
chondrial targeting sequence with the intermembrane space sorting
signal (pb,) and the entire mouse DHFR. A radiolabelled form of
pb2-DHFR was synthesized in rabbit reticulocyte lysate (Promega) in
the presence of [*S]methionine. The high level expression and purifi-
cation of pb,-DHFR were performed as described in [30]. Its import
competence was checked as described below.

2.4. Import of pb;-DHFR

Mitochondria or mitoplasts were incubated in the import buffer
(250 mM sucrose, 20 mM KCl, 10 mM 4-morpholinopropanesulfonic
acid (MOPS)-KOH pH 7.2, 5 mM MgCl,, 3% bovine serum albumin,
2 mM NADH) for 15 min at 25°C in the presence of [**S]pb,-DHFR
(or 1 pg of the preprotein per 50 ug of mitochondrial protein). After
washing with SM buffer (250 mM sucrose, 10 mM MOPS-KOH pH
7.2), mitochondria or mitoplasts were resuspended in the same buffer
and treated with proteinase K (250 pg/ml, 10 min at 0°C), halted by
the addition of 1 mM phenylmethylsulfonyl fluoride. After reisolation
(10 min, 12000 X g), the organelles were subjected to SDS-PAGE [29].
Import of pb,-DHFR was visualized by fluorography (or by the ECL
method following immunodecoration with anti-mouse DHFR antise-
rum when the preprotein was applied in chemical amounts) and quan-
tified by ScanPack 3.0.

2.5. TOM complex blockage by chemical amounts of pb,-DHFR

TOM complex blockage was performed as in [25] in the import
buffer supplemented with 0.16 ug of valinomycin and 6 pg oligomycin
per mg of mitochondrial protein in the presence of 6 ug of pb,-DHFR
per 0.1 mg of mitochondrial protein [31]. External NADH was ap-
plied at different concentrations. For accumulation of the fusion pro-
tein within both mitochondrial membranes of coupled mitochondria
(the resting state condition), 2 UM of the cross-linking agent metho-
trexate was used as described in [32] and valinomycin and oligomycin
were omitted from the incubation. To assay for pb,-DHFR binding at
the trans site of the TOM complex, uncoupled mitochondria or mi-
toplasts were washed with HS (high salt) buffer (250 mM sucrose, 10
mM MOPS-KOH pH 7.2, 120 mM KCl) [33,34]. In experiments
using trypsin pretreatment, mitochondria were incubated in the pres-
ence of the protease as described in [25]. After reisolation (10 min,
12000 X g), the samples were subjected to SDS-PAGE [29]. Binding of
pba-DHFR was visualized by the ECL method following immunode-
coration with anti-mouse DHFR antiserum and quantified by Scan-
Pack 3.0.

2.6. Other methods

Protein concentrations were measured by the method of Bradford.
The levels of mitochondrial proteins were visualized by the ECL
method following immunodecoration with anti-yeast proper antisera.
NADH oxidation was monitored spectrophotometrically (UV 1602,
Shimadzu). Respiration of mitochondria and mitoplasts was moni-
tored at 25°C with a Rank oxygen electrode in the incubation volume
of 0.5 ml. Changes of the inner membrane potential (Ay) were moni-
tored with a tetraphenylphosphonium-specific electrode as described
in [35].

3. Results and discussion

3.1. In the absence of any mitochondrial porin isoform,
S. cerevisiae mitochondria display the upregulation of the
TOM complex components
We have shown recently [25] that porinl-depleted mito-
chondria of S. cerevisiae have profoundly increased levels of
the TOM complex components, namely Tom40 (the main
constituent of the TOM complex channel) and Tom70 (one
of the preprotein receptors). We have concluded that the up-
regulation of the Tom proteins probably facilitates the ob-
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Fig. 1. The levels of the TOM complex components represented by
Tom40 and Tom70 in wild type, Apor! and Apor2 mitochondria of
S. cerevisiae. A: Quantitative analysis of the Western blot results,
obtained with 50 ug of the studied mitochondria, by ScanPack 3.0.
Data are mean values *S.E.M. of eight independent experiments.
B: Typical results of Western blot of the studied mitochondria with
anti-yeast mitochondrial protein antisera. C: Loading control of re-
sults shown in B. Prior to immunodecoration proteins were trans-
ferred to nitrocellulose membrane using the wet blotting technique
and stained with Ponceau S.

served involvement of the TOM complex in metabolite trans-
port across the outer membrane. Since it has been reported
that porin2 probably does not form a permeability pathway
across the outer membrane of S. cerevisiae mitochondria [10],
we expected that the levels of Tom40 and Tom?70 in porin2-
depleted mitochondria should be comparable to those ob-
served with wild type mitochondria. However, as shown in
Fig. 1A,B, in Apor2 mitochondria both proteins were present
in higher amounts that in wild type mitochondria although
the amounts were smaller than in mitochondria of the Aporl
mutant derived from the same parental strain [6,10] and used
here as a control. Moreover, for both mutant mitochondria
the upregulation was more pronounced in the case of Tom70.
The upregulation of Tom70 observed for the applied Aporl
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Fig. 2. Inhibition of external NADH oxidation by wild type and Apor2 mitochondria imposed by TOM complex blockage by pb,-DHFR. Mi-
tochondria were incubated under frans site binding conditions in the presence of 6 pg of pb,-DHFR per 0.1 mg of mitochondrial protein as de-
scribed in Section 2. Different concentrations of external NADH were applied and their oxidation was recorded spectrophotometrically. The in-
hibition shown in the inset was obtained under the same conditions with mitochondria of the Aporl mutant derived from the applied parental
strain. The levels of inhibition varied by not more than 14% in various experiments.

mitochondria was clearly stronger than that previously re-
ported for another porinl-depleted mutant [25]. This discrep-
ancy might be explained by strain-specific phenotypes ob-
served after disruptions of some yeast genes, e.g. TIMIS
[36]. To test that the upregulation of the TOM complex com-
ponents does not result from incorrect determination of pro-
tein concentrations, immunodecoration of different non-Tom
proteins was performed with titration of different protein
amounts of mutant and wild type mitochondria. As shown
in Fig. 1B, none of chosen control proteins, i.e. CC{HL (cy-
tochrome ¢; heme lyase), AAC (ADP/ATP carrier) and
Mgelp (a component of the mitochondrial Hsp70 machinery),
were upregulated in Aporl and Apor2 mitochondria. Fig. 1C
serves as a loading control for results shown in Fig. 1B. Sum-
ming up, the deleted porin isoform is decisive for the extent of
upregulation of the TOM complex components observed with
yeast mutant mitochondria derived from the same parental
strain. While the role of the upregulation has already been
explained, at least partially, in the case of Apor! mitochondria
[25], it is unclear in Apor2 mitochondria. Thus, the question
arises whether the increased levels of the TOM complex com-
ponents could contribute to functions of Apor2 mitochondria
also due to the channel-forming activity of the complex.

3.2. The blockage of the TOM complex by pb,-DHFR causes
different modes of inhibition of external NADH oxidation,
dependent on the depleted porin isoform.

We next investigated whether the upregulation of the TOM
complex components observed with Apor2 mitochondria
might contribute to the permeability of the outer membrane
to metabolites as was reported for Aporl mitochondria [25].
For that purpose, we compared the influence of TOM com-
plex blockage on external NADH oxidation by wild type and
Apor2 mitochondria. We have shown recently [25] that a fu-

sion protein termed pb,-DHFR incubated with S. cerevisiae
mitochondria under trans site binding conditions [33,34,37]
blocks the protein import channel within the TOM complex.
Since we found that the levels of the upregulation of the TOM
complex components connected with PORI gene disruption
could depend on strain background we applied mitochondria
of the Apor! mutant derived from the applied parental strain
as an additional control. As shown in Fig. 2, the blockage of
the TOM complex caused different modes of inhibition of
external NADH oxidation, depending on the type of studied
mitochondria. In the case of the applied Aporl mitochondria
(inset) the inhibition decreased with increasing concentrations
of external NADH as we have shown recently for another
porinl-depleted mutant [25], which suggests that external
NADH using the TOM complex channel to cross the outer
membrane prevents pb,-DHFR from binding at the trans site
of the complex. However, a higher amount of pb,-DHFR had
to be used in the present study to obtained comparable levels
of inhibition in the presence of a given external NADH con-
centration, which might result from different levels of the
TOM complex components in mitochondria of Apor! mu-
tants. When the same amount of pb,-DHFR was incubated
with wild type and Apor2 mitochondria the inhibition of ex-
ternal NADH oxidation appeared at its concentration of ap-
proximately 50 nmol per 0.1 mg of mitochondrial protein and
increased in the presence of higher concentrations of the sub-
strate (see also [26]). The inhibitory effect of pb,-DHFR at a
given concentration of external NADH was weaker with
Apor2 mitochondria than with wild type ones, which might
result from the upregulation of the TOM complex compo-
nents in the mutant mitochondria. Similar to Aporl mitochon-
dria [25], the inhibitory effect of pb,-DHFR observed with
Apor2 and wild type mitochondria disappeared in mitoplasts,
i.e. after the removal of the outer membrane. The effect was
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Fig. 3. Efficiency of pb,-DHFR import into mitochondria of wild
type, Aporl and Apor2 S. cerevisiae strains. A: The levels of
[?>S]pb,-DHFR binding and its import into wild type and mutant
mitochondria. Bands representing different forms of [*S]pb,-DHFR
were visualized by fluorography and quantified by ScanPack 3.0.
The obtained data varied by not more than 10% in various experi-
ments. B: Typical results of [*>S]pb,-DHFR import into wild type
and mutant mitochondria. C: Loading control of results shown in
B. Prior to fluorography the gel was stained by Coomassie brilliant
blue G250.

also remarkably decreased by trypsin pretreatment of mito-
chondria causing the removal of the surface receptor of the
TOM complex (not shown). Since in the absence of the re-
ceptors preprotein binding to the tranms site is significantly
slowed down [33], the data point to involvement of the
TOM complex in external NADH transport across the outer
membrane in all types of studied mitochondria. It might be
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concluded that in Aporl mitochondria the TOM complex
channel supports metabolite transport incessantly whereas in
wild type and Apor2 mitochondria the additional function of
the channel is triggered under conditions of insufficient per-
meability of porinl.

It has been shown that porinl restricts the traffic of external
NADH across the outer membrane of the yeast S. cerevisiae
mitochondria under conditions leading to faster transport of
the substrate through the membrane, i.e. in the uncoupled
state [38]. Therefore the permeability of porinl could be re-
garded as a limiting step in transport of higher concentrations
of external NADH oxidized quickly by wild type and Apor2
mitochondria under trans site binding conditions. Thus, under
these conditions, some amounts of the substrate might be
transported across the outer membrane by the TOM complex
channel. The conclusion seems to be supported by the lack of
inhibition of external NADH oxidation in the case of wild
type and Apor2 mitochondria incubated with pb,-DHFR in
the presence of methotrexate in resting state conditions. The
latter results in a slower rate of external NADH transport into
mitochondria than the frans site binding conditions. On the
other hand, methotrexate stabilizing the folded state of
DHFR prevents the part of pb,-DHFR from translocation
through the mitochondrial membranes. This causes pb;-
DHFR to link only a part of the TOM complex pool to the
protein import machinery of the inner membrane (the TIM
complex) as the TOM complex is present in large excess over
the TIM complex [31,39]. Therefore under the resting state
conditions applied in the presence of methotrexate, transport
of some amounts of external NADH might be supported by
the TOM complex and not influenced by the presence of pbs-
DHFR.

3.3. Deletion of porinl or porin2 weakens pb,-DHFR import
into S. cerevisiae mitochondria but not into mitoplasts
To check whether the upregulation of the TOM complex
components may result in a deeper involvement of the com-
plex in transport of external NADH under resting state con-
ditions, we studied import of the radiolabelled form of pb,-
DHFR into wild type, Aporl and Apor2 mitochondria. In this
case, import of the preprotein into the mutant mitochondria
should be weakened in the presence of external NADH when
compared to results obtained with wild type mitochondria. It
should be emphasized here that in the presence of the chosen
external NADH concentration (200 nmol per 0.1 mg of mi-
tochondrial protein), the effect of pb,-DHFR bound at the
trans site of the TOM complex was comparable for all studied
types of mitochondria (see Fig. 2). The import reaction was
performed simultaneously for all types of mitochondria in the
presence of the same amount of [**S]pb,-DHFR. The total
amount of [¥S]pb,-DHFR associated with each type of mi-
tochondria (Fig. 3A,B) was determined by quantification and
addition of bands representing the precursor (p), intermediate
(1) and mature (m) forms of the preprotein obtained in the
absence of proteinase K (—PK). The amounts of imported
protein (Fig. 3A,B) were quantified using bands representing
the mature form of [*S]pb,-DHFR protected against exter-
nally added proteinase K (+PK). Fig. 3C serves as a loading
control for results shown in Fig. 3B. The total amount of
[*>S]pb,-DHFR associated with mitochondria was highest in
the case of Aporl mitochondria, lower with Apor2 mitochon-
dria and lowest in the case of wild type mitochondria whereas
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the amount of imported [**S]pb,-DHFR (PK-resistant frac-
tion) was highest with wild type mitochondria, lower in the
case of Apor2 mitochondria and lowest with Apor!/ mitochon-
dria. Further, the rate of the import, defined here as the con-
tribution of the PK-resistant fraction to the total amount of
[*S]pb,-DHFR associated with a given type of mitochondria
(Fig. 3A), was highest in the case of wild type mitochondria,
lower with Apor2 mitochondria and lowest in the case of
Aporl mitochondria. The differences in [*S]pb,-DHFR im-
port rate disappeared after the removal of the outer mem-
brane, i.e. in mitoplasts (not shown). Therefore, it might be
concluded that upregulation of the TOM complex compo-
nents results in higher levels of [*S]pb,-DHFR association
with mitochondria, probably due to increased levels of its
binding at the TOM complex, but the rate of subsequent
translocation is markedly slowed down, probably because of
involvement of the TOM complex in external NADH trans-
port across the outer membrane under resting state condi-
tions. The involvement seems to be deeper in Aporl mitochon-
dria than in Apor2 mitochondria, which correlates with the
observed levels of TOM complex component upregulation.

Summing up, the obtained results point to a functional
‘crosstalk’ between the TOM complex channel and both iso-
forms of porin in mitochondria of S. cerevisiae. Thus, genetic
or physiological elimination of porin isoform functions could
cause significant interaction between metabolite transport and
protein import into mitochondria due to the contribution of
the TOM complex to metabolite transport.
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