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External NADH May Use the TOM Complex Channel
to Cross the Outer Membrane ofSaccharomyces
cerevisiaeMitochondria

Nina Antos,1 Olgierd Stobienia,1 Ma"lgorzata Budzińska,1 and Hanna Kmita1,2
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Thus far, only three channel-forming activities have been identified in the outer membrane of the yeast
Saccharomyces cerevisiaemitochondria. Two of them, namely the TOM complex channel (translocase
of the outer membrane) and the PSC (peptide-sensitive channel) participate in protein translocation
and are probably identical, whereas a channel-forming protein called VDAC (voltage-dependent anion
channel) serves as the major pathway for metabolites. The VDAC is present in two isoforms (VDAC1
and VDAC2) of which only VDAC1 has been shown to display channel-forming activity. Moreover,
the permeability of VDAC1 has been reported to be limited in uncoupled mitochondria ofS. cerevisiae.
The presented data indicate that inS. cerevisiae-uncoupled mitochondria, external NADH, applied
at higher concentrations (above 50 nmoles per 0.1 mg of mitochondrial protein), may use the TOM
complex channel, besides VDAC1, to cross the outer membrane. Thus, the permeability of VDAC1
could be a limiting step in transport of external NADH across the outer membrane and might be
supplemented by the TOM complex channel.

KEY WORDS: Saccharomyces cerevisiaemitochondria; external NADH transport; isoform1 of voltage-
dependent anion channel (VDAC1); TOM complex channel.

INTRODUCTION

The major pathway for metabolite transport across
the outer mitochondrial membrane is formed by a channel
called VDAC (voltage-dependent anion-selective chan-
nel) also known as mitochondrial porin (Scheinet al.,
1976; Colombini, 1979; Benz, 1994; Colombiniet al.,
1996). It has been demonstrated that in one organism,
different isoforms of VDAC may be present, display-
ing different properties and probably playing different
roles (Blachly-Dysonet al., 1993, 1997; Elkeleset al.,
1997; Sampsonet al., 1997; Xu et al., 1999). Usu-
ally, in a given organism, a channel-forming activity
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has been found for more than one of VDAC isoforms,
e.g., in humans (Blachly-Dysonet al., 1993), in wheat
(Elkeleset al., 1997), or in mice (Xuet al., 1999). How-
ever, in the yeastSaccharomyces cerevisiaeonly one
of two the VDAC isoforms has been proved to form
a channel (Blachly-Dysonet al., 1997) and to be cru-
cial to external NADH transport across the outer mem-
brane (Leeet al., 1998). This VDAC isoform is called
VDAC1 (or porin1) and its properties are highly con-
served among other species. The second yeast VDAC
protein, VDAC2, probably has lost the channel-forming
activity and its role in the outer membrane permeabil-
ity to external NADH is rather minimal (Leeet al.,
1998).

It is now clear that VDAC1 is not the only protein
supporting metabolite transport across the outer mem-
brane ofS. cerevisiaemitochondria. Yeast cells geneti-
cally depleted of thePOR1gene encoding VDAC1 (Guo
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and Lauquin, 1986; Dihanichet al., 1987; Michejdaet al.,
1990; Blachly-Dysonet al., 1997) are viable on nonfer-
mentable carbon sources. Thus, in the absence of VDAC1,
the mitochondria are able to exchange metabolites across
the outer membrane. Most of the residual permeability
observed for external NADH in VDAC1-depletedS. cere-
visiae mitochondria is also found in mitochondria de-
void of both VDAC isoforms, which indicates that other
outer membrane protein(s) may participate in the pas-
sage of metabolites through the membrane (Leeet al.,
1998). The protein(s) that could functionally substitute for
VDAC1 is (are) also present in wild-type mitochondria,
as there are no differences in the electrophoretic protein
pattern of the outer membrane between1por1 and wild-
type mitochondria (Dihanichet al., 1989; our unpublished
results).

Thus far, only two channels distinct from VDAC1
have been identified in the outer membrane ofS. cere-
visiaemitochondria. These are the peptide-sensitive chan-
nel (PSC) (Thieffryet al., 1988; Fevreet al., 1990) and
the TOM complex channel (Hillet al., 1998; Kuenkele
et al., 1998a,b). The TOM complex, also known as the
translocase of the outer membrane, participates in pro-
tein import into mitochondria (Lill and Neupert, 1996).
It has been proved that both the TOM complex channel
and the PSC serve as the preprotein-conducting channel of
the outer mitochondrial membrane (Valletteet al., 1994;
Hill et al., 1998; Kuenkeleet al., 1998a,b). Moreover, the
ion-conducting properties of the purified TOM complex
resemble those of the PSC. Therefore the both channels
are thought to be identical (Juinet al., 1997; Kuenkele
et al., 1998a,b).

It has been reported that the TOM complex chan-
nel may participate in transport of molecules other than
proteins, e.g., tRNAs (Tarassovet al., 1995). It is also pos-
tulated that in mitochondria of VDAC1-depleted mutant
of S. cerevisiae, the TOM complex channel is involved
in the permeability of the outer membrane for external
NADH (Kmita and Budzińska, 2000). InS. cerevisiaemi-
tochondria, external NADH is oxidized by the rotenone-
insensitive and antimycin A-sensitive NADH dehydroge-
nase located on the outer surface of the inner membrane
(De Vries and Marres, 1987). Therefore, oxidation of ex-
ternal NADH provides a simple approach for the estima-
tion of metabolite passage through the outer membrane
(Michejda et al., 1994; Leeet al., 1998) as its access
to the respiratory chain is restricted only by the outer
membrane. Here, we report that even in the presence of
functional VDAC1, the TOM complex may contribute to
external NADH transport across the outer membrane of
S. cerevisiaemitochondria.

MATERIALS AND METHODS

Isolation of Mitochondria and Mitoplasts

A wild-type strain ofSaccharomyces cerevisiaeM3
(MATα, lys2, his4, trp1, ade2, leu2, ura3) (Blachly-Dyson
et al., 1997) were grown at 28◦C in YPG medium (1%
yeast extract, 2% peptone, 3% glycerol), at pH 5.5. Their
growth was monitored by determining the optical density
(OD) at 546 nm and the cells were collected in the log
phase, at OD of about 1. Mitochondria were isolated ac-
cording to the procedure published by Daumet al.(1982).
Mitoplasts were obtained by the swelling-shrinking pro-
cedure (Daumet al., 1982). The swelling buffer contained
20 mM HEPES pH 6.9 and 0.2% bovine serum albu-
min (BSA). The shrinking buffer contained 1.8 M man-
nitol, 4 mM MgCl2, and 0.2% BSA. The integrity of the
outer mitochondrial membrane was monitored by the per-
meability of the membrane to exogenous cytochromec
(Douceet al., 1984) or by immunodecoration with antis-
era against marker proteins of the intermembrane space
(cytochromec1 heme lyase) and mitochondrial matrix
(Mge1) (not shown).

Synthesis of pb2-DHFR

The fusion protein called pb2-DHFR consists of the
first 167 amino acid residues of yeast cytochromeb2 pre-
cursor comprising the mitochondrial targeting sequence
with the intermembrane space sorting signal (pb2) and the
entire mouse dihydrofolate reductase (DHFR). The high
level expression and purification of pb2-DHFR was per-
formed as described by Wienhueset al. (1992). A radiola-
beled form of pb2-DHFR was synthesized in rabbit reticu-
locyte lysate (Promega) in the presence of [35S]methionine
after in vitro transcription by SP6 polymerase from tran-
scription vector pGEM4, containing the gene of pb2-
DHFR.

Binding and Import of pb 2-DHFR

Mitochondria or mitoplasts were incubated in the
import buffer (250 mM sucrose, 20 mM KCl, 10 mM
MOPS-KOH, pH 7.2, 5 mM MgCl2, 3% BSA, NADH
at various concentrations, 0.16µg of valinomycin, and
6 µg oligomycin per mg of mitochondrial protein) for
15 min at 25◦C in the presence of 3µg of pb2-DHFR
per 50µg of mitochondrial protein (Dekkeret al., 1997)
or proper amounts of its radiolabeled form. For an import
reaction, valinomycin and oligomycin were omitted in the
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import buffer. Accumulation of pb2-DHFR within both
mitochondrial membranes of coupled mitochondria (rest-
ing state+ MTX) was performed as described by Voos
et al. (1994) in the import buffer and in the presence of
2 µM cross-linking agent methotrexate (MTX). To as-
say for pb2-DHFR binding inside mitochondria, samples
were washed with HS (high-salt) buffer (250 mM sucrose,
10 mM MOPS-KOH, pH 7.2, 120 mM KCl) (Rapaport
et al., 1997, 1998). When indicated, after the washing mi-
tochondria or mitoplasts were resuspended in SM buffer
(250 mM sucrose, 10 mM MOPS-KOH, pH 7.2) and
treated with proteinase K (250µg/ml, 10 min at 0◦C), the
reaction was halted by the addition of 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). In experiments using trypsin
pretreatment, mitochondria were incubated in the pres-
ence of the protease (50µg/ml) for 15 min on ice and
then soybean trypsin inhibitor was added (1 mg/ml) prior
to the binding reaction. In control samples (-trypsin), the
protease and its inhibitor were applied simultaneously.
After reisolation (10 min, 12,000× g), the organelles
were subjected to SDS–PAGE (L¨ammli, 1970). Binding of
pb2-DHFR was visualized by fluorography or the ECL
methods (Amersham) following immunodecoration with
anti-mouse DHFR antiserum (standard procedure) and
quantified by ScanPack 3.0.

Determination of the Rate of NADH Oxidation

Mitochondria (native or trypsin pretreated) or mito-
plasts were incubated as for the pb2-DHFR binding re-
action (see above) in the presence of different external
NADH concentrations and NADH oxidation was moni-
tored spectrophotometrically (UV 1602 Shimadzu).

Conductance Measurements in Planar
Phospholipid Membranes

Isolation of VDAC1 was performed as described by
De Pintoet al. (1987). Native or trypsin pretreated mito-
chondria (see above) were incubated for 30 min at 0◦C
in the solubilization buffer containing 3% Triton X-100,
10 mM Tris-HCl (pH 7.0), and 1 mM EGTA at the final
concentration of 5 mg of mitochondrial protein per ml.
The solubilization mixture was centrifuged for 30 min
at 15,000× g and 0.6-ml aliquot of the supernatant was
loaded onto a dry hydroxyapatite/celite column (0.6 g,
at ratio 2:1). The elution was performed with the sol-
ubilization buffer. The first 0.6-ml sample of the elu-
ate was checked by SDS–PAGE and used for reconsti-
tution. The planar phospholipid membrane experiments
were performed according to Benzet al. (1978). Mem-

branes were formed from 2% (w/v) solution of diphy-
tanoyl phosphatidylcholine (DPPC, Avanti Polar Lipids,
Alabaster, AL) or soybean asolectin dissolved inn-decane,
across a circular hole (surface area about 0.5 mm2) in the
thin wall of a Teflon chamber separating two compart-
ments which were filled with unbuffered 1 M KCl, pH 7.0
(not shown).

Other Methods

Protein concentrations were measured by the method
of Bradford. Respiration of mitochondria and mitoplasts
was monitored at 25◦C with Rank oxygen electrode
in the incubation volume of 0.5 ml. Changes of the
inner membrane potential (1ψ) were monitored with
tetraphenylphosphonium (TPP+) -specific electrode as de-
scribed by Kamoet al. (1979).

RESULTS AND DISCUSSION

According to published data (Mayeret al., 1995;
Rapaportet al., 1997, 1998), in the absence of the in-
ner membrane potential (1ψ), import of preproteins into
mitochondria is arrested at the level of the outer mem-
brane, after presequence translocation and binding to the
TOM complex at thetranssite facing the intermembrane
space. Since the translocation is supported by the pro-
tein import channel within the TOM complex (Hillet al.,
1998; Kuenkeleet al., 1998a,b), the resulting translo-
cation intermediate bound at thetrans site of the TOM
complex should stick in the channel causing its blockage
(Kmita and Budzi´nska, 2000). In the presence of1ψ ,
preproteins cross both mitochondrial membranes because
of the TOM complex and its counterpart in the inner
membrane, namely, the TIM complex. The import pro-
cess requires close opposition of the complexes enabling
the formation of the translocation contact sites. Within
these sites, translocated preproteins spanning both mito-
chondrial membranes link TOM and TIM complexes (Lill
and Neupert, 1996). It is possible to arrest a translocated
preprotein within the both complexes by stabilization of
the folded state of its part remaining outside mitochon-
dria. For example methotrexate (MTX) is well known
to stabilize the folding state of fusion proteins contain-
ing dihydrofolate reductase (DHFR), preventing this part
of fusion proteins from translocation (Vooset al., 1994;
Dekkeret al., 1997). Taking these data into account, we
blocked the TOM complex channel in yeast mitochondria
under the following conditions: (1) thetranssite binding
conditions (uncoupled mitochondria) and (2) the resting
state+ MTX conditions (coupled mitochondria in the
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presence of MTX). For that purpose, we used chemical
amounts of pb2-DHFR (3µg per 50µg of mitochondrial
protein) being a fusion protein between the N-terminal
167 amino acids of yeast cytochromeb2 preprotein and
mouse dihydrofolate reductase. As shown in Fig. 1A, in
the presence of1ψ , incubation of pb2-DHFR (p) with
isolated yeast mitochondria (MITO) resulted in formation
of the intermediate form (i) and the mature form (m) of
the preprotein, sensitive and resistant to externally added
proteinase K (PK), respectively. Thus, in the presence of
1ψ , pb2-DHFR was efficiently imported into yeast mi-
tochondria. In the presence of MTX (MITO+ MTX),

Fig. 1. Arresting of pb2-DHFR within the TOM complex of yeast mi-
tochondria. (A) pb2-DHFR (3µg per 50µg of mitochondrial protein)
was incubated with coupled (+1ψ) and uncoupled (−1ψ) yeast mito-
chondria (MITO) or mitoplasts (MTP) as described in the section Ma-
terials and Methods. For accumulation of pb2-DHFR within both mi-
tochondrial membranes, the preprotein was preincubated for 15 min on
ice in the presence of 2µM methotrexate before coupled mitochon-
dria were added (MITO+ MTX). External NADH, at concentration
of 200 nmoles per 0.1 mg of mitochondrial protein, was applied as
the respiratory substrate. After incubation samples were washed with
HS buffer and reisolated (10 min, 12,000× g). The pellets were resus-
pended in SM buffer and divided in two. One aliquot was treated with
proteinase K (250µg/ml, 10 min at 0◦C) (+PK) while the second one was
left untreated (−PK). Next, mitochondria or mitoplasts were reisolated,
obtained pellets were subjected to SDS-PAGE, and bound pb2-DHFR
was visualized by immunoblotting with anti-mouse DHFR antiserum.
(B) Mitochondria preincubated with chemical amounts of pb2-DHFR
(3 µg per 50µg of mitochondrial protein) under thetranssite binding
(−1ψ ,−MTX) and the resting state+MTX (+1ψ ,+MTX) conditions
were used to perform [35S]pb2-DHFR binding under thetranssite bind-
ing conditions (see Materials and Methods). After the binding reaction
samples were treated as in (A) and bound [35S]pb2-DHFR was visualized
by fluorography. The levels of pb2-DHFR and [35S]pb2-DHFR binding
varied by not more than 14% in various experiments. p, i, and m, pre-
cursor, intermediate, and mature forms of pb2-DHFR, respectively; ch.
am., chemical amounts.

correctly translocated pb2-DHFR accumulated as the pre-
cursor form (p) partially processed by matrix protease into
the intermediate form, both of which being accessible to
externally added proteinase K. The accessibility to the pro-
teases displayed by the intermediate form allow the con-
clusion that it became arrested simultaneously within the
TOM and TIM complexes. Dissipation of1ψ eliminated
processing of pb2-DHFR into its intermediate and mature
forms, but the precursor form (p) was still bound by yeast
mitochondria. Uncoupled mitoplasts (MTP), obtained due
to removal of the outer mitochondrial membrane, bound
only trace amounts of the fusion protein. Further, pb2-
DHFR bound by uncoupled mitochondria was digested by
externally added proteinase K. These data indicate that the
binding of pb2-DHFR with uncoupled yeast mitochondria
was confined to the outer membrane. After the binding
reaction, but prior to proteinase K treatment, uncoupled
mitochondria or mitochondria incubated under the resting
state+MTX conditions were washed under high salt con-
ditions (120 mM KCl) to remove pb2-DHFR bound at the
cytosolic surface of the TOM complex (Rapaportet al.,
1997, 1998). Therefore, in Fig. 1A, bands corresponding
to pb2-DHFR bound by uncoupled mitochondria and by
mitochondria incubated under the resting state+ MTX
conditions represent the preprotein firmly associated with
the trans site of the TOM complex or moving from the
transsite of the TOM complex to the TIM complex while
a band corresponding to the intermediate form of pb2-
DHFR means the fraction of the preprotein arrested simul-
taneously within the TOM and TIM complexes. Taking
into account the amount of bound pb2-DHFR, one could
conclude that under thetranssite binding conditions, the
binding proceeds at remarkably higher levels than under
the resting state+MTX conditions, which can be explain
by excess of the TOM complex over the TIM complex
(Dekkeret al., 1997; Sirrenberget al., 1997).

To check weather the above interactions of the pre-
cursor form of the applied preprotein with the TOM com-
plex indeed caused the TOM complex blockage, we used
mitochondria preincubated under thetrans site binding
and the resting state+ MTX conditions in the presence
or absence of chemical amounts of pb2-DHFR (3 µg
per 50µg of mitochondrial protein) to perform thetrans
site binding for [35S]pb2-DHFR, i.e., pb2-DHFR synthe-
sized byin vitro transcription and translation in reticulo-
cyte lysate in the presence of radioactive [35S]methionine.
Mitochondria preincubated in the presence of chemical
amounts of pb2-DHFR bound distinctly smaller amounts
of the radiolabeled form of the preprotein at thetrans
site of the TOM complex than control mitochondria
preincubated under the same conditions, but in the ab-
sence of pb2-DHFR (Fig. 1B). Further, higher amounts
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of [35S]pb2-DHFR were bound after preincubation un-
der the resting state+MTX conditions. Thus, pb2-DHFR
bound under thetrans site binding conditions restricted
the permeability of the TOM complex considerably and
more efficiently than after binding under the resting state
+ MTX conditions. Summing up, pb2-DHFR bound by
yeast uncoupled or coupled mitochondria, i.e., under the
transsite binding or the resting state+ MTX conditions,
respectively, blocks the TOM complex channel, although
at different levels.

We next investigated whether the blockage of the
TOM complex channel would influence the transport of
external NADH to the intermembrane space where the
proper dehydrogenase is located on the surface of the in-
ner membrane. In this case, oxidation of external NADH
should be inhibited in the presence of pb2-DHFR. To

Fig. 2. Influence of pb2-DHFR binding at thetranssite of the TOM complex on oxidation of external NADH increasing concentrations
by yeast uncoupled mitochondria. (A) The effect of trypsin pretreatment on inhibition of external NADH oxidation imposed by
pb2-DHFR binding at thetrans site of the TOM complex. Native or trypsin-pretreated mitochondria, as well as mitoplasts, were
incubated as for thetranssite binding reaction (see Materials and Methods) and the rate of oxidation of different concentrations of
external NADH was recorded spectrophotometrically. The data are mean values± SEM of five different experiments. (B) The effect
of trypsin pretreatment on the TOM complex activity. Trypsin pretreated (+TP) and control (−TP) mitochondria were incubated in
the presence of [35S]pb2-DHFR under conditions enabling thetranssite binding reaction. After incubation samples were washed
with HS buffer and reisolated (10 min, 12,000×g)5. Fractions of [35S]pb2-DHFR representing binding at thetranssite of the TOM
complex were visualized by fluorography and quantified by ScanPack 3.0. The rightmost lane contains 50% of input preprotein as
standard (St.). Binding of [35S]pb2-DHFR at thetranssite of the TOM complex or its import into mitochondria varied by not more
than 15% in various experiments.

test this experimentally, isolated yeast mitochondria were
preincubated with chemical amounts of pb2-DHFR (3µg
per 50µg of mitochondrial protein) under thetrans site
binding or the resting state+ MTX conditions and ox-
idation of different concentrations of external NADH
was recorded spectrophotometrically. In the case of mito-
chondria preincubated with pb2-DHFR under the resting
state+MTX conditions (coupled mitochondria), no inhi-
bition of external NADH oxidation was observed. How-
ever, with mitochondria preincubated with the preprotein
under thetranssite binding conditions (uncoupled mito-
chondria), external NADH oxidation was inhibited, pro-
viding the substrate was applied in higher concentrations.
As shown in Fig. 2A, when external NADH was applied
at concentrations lower than 50 nmoles per 0.1 mg of mi-
tochondrial protein, the blockage of the TOM complex
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channel did not influence its rates of oxidation by yeast
mitochondria. However, with higher concentrations of ex-
ternal NADH, the blockage of the TOM complex channel
resulted in an increasing inhibition of the substrate ox-
idation. For example, in the presence of 200 nmoles of
external NADH per 0.1 mg of mitochondrial protein, its
oxidation was inhibited by about 25%. When mitoplasts
were preincubated with the same amounts of pb2-DHFR
under thetranssite binding conditions, inhibition of exter-
nal NADH oxidation was not obtained. Thus, pb2-DHFR
can inhibit external NADH oxidation under thetranssite
binding conditions whereas under the resting state+MTX
conditions, inhibition does not occur. This may result from
the higher levels of the preprotein binding at the TOM
complex in uncoupled mitochondria (see Fig. 1), as well
as from the faster transport of external NADH to the in-
termembrane space of the mitochondria caused by the
higher rate of external NADH oxidation resulting from
dissipation of1ψ . Since the inhibition appeared when
external NADH was applied at concentrations higher than
50 nmoles per 0.1 mg of mitochondrial protein, one could
conclude that in the presence of higher amounts of the
substrate, its transport across the outer membrane may be
supplemented by the TOM complex channel.

To test weather the inhibition of external NADH ox-
idation observed with uncoupled mitochondria was re-
ally due to the TOM complex blockage by pb2-DHFR,
we performed the same assay, but for trypsin-pretreated
mitochondria. According to published data, preprotein
binding to thetrans site of the TOM complex is signif-
icantly slowed by removal of the surface receptors of the
complex by trypsin pretreatment (Rapaportet al., 1998)
since the receptors are important for preprotein recogni-
tion and their subsequent translocation. Taking the ob-
servation into account, we assumed that removal of the
surface receptors would weaken the inhibition of external
NADH oxidation observed in the presence of pb2-DHFR,
if the latter resulted from the blockage of the TOM com-
plex channel by pb2-DHFR. To test this experimentally,
isolated mitochondria were treated with trypsin prior to
the binding reaction of pb2-DHFR (3µg per 50µg of mi-
tochondrial protein) and oxidation of external NADH was
recorded spectrophotometrically. It is important to note,
from Fig. 2B, that the applied trypsin pretreatment indeed
weakened [35S]pb2-DHFR binding at thetranssite of the
TOM complex. In the case of trypsin-pretreated mitochon-
dria (+TP), the binding was decreased by about 40% when
compared to control mitochondria (−TP). This indicates
that removal of the surface receptors hinders pb2-DHFR
transfer to thetranssite of the TOM complex. As shown
in Fig. 2A, the removal of the surface receptors also re-
sulted in a weakened inhibition of external NADH oxida-

tion by pb2-DHFR incubated with mitochondria under the
transsite binding conditions. For example, when external
NADH was applied at concentration of 200 nmoles per 0.1
mg mitochondrial protein, the inhibition was decreased
by about 40%. It should be emphasized here that neither
pb2-DHFR nor trypsin had any effect on VDAC1 (porin1)
reconstituted into planar phospholipid membranes (not
shown; see also Thieffryet al., 1994). Thus, the effect
of pb2-DHFR on oxidation of external NADH at concen-
trations higher than 50 nmoles per 0.1 mg of mitochon-
drial protein appears to be specifically connected with the
blockage of the TOM complex channel.

It is well known that the major pathway for external
NADH transport across the outer membrane of yeast mi-
tochondria is constituted by VDAC1 (Leeet al., 1998).
However, our results allow the conclusion that in yeast
uncoupled mitochondria, the permeability of VDAC1 to
external NADH is probably limited when the substrate is
present in higher concentrations. This observation is in
agreement with our previous finding that VDAC1 could
restrict the traffic of external NADH through the outer
membrane of yeast mitochondria under conditions lead-
ing to its faster transport through the membrane, i.e., in
the uncoupled state obtained due to dissipation of1ψ

(Kmita et al., 1999). It has been recently reported (Kmita
and Budzińska, 2000) that the TOM complex plays an
important role in transport of external NADH into yeast
mitochondria depleted of VDAC1. The inhibitory effect
of the TOM complex blockage on oxidation of external
NADH (applied at concentrations higher than 50 nmoles
per 0.1 mg of mitochondrial protein) by wild-type un-
coupled mitochondria suggests that, even in the presence
of functional VDAC1, some amounts of external NADH
might cross the outer membrane due to the TOM com-
plex channel. In this case, one could expect pb2-DHFR
to compete with external NADH applied at higher con-
centrations for the transport through the outer membrane.
Since, for chemical amounts of pb2-DHFR, the compe-
tition was not observed (see also Kmita and Budzi´nska,
2000), [35S]pb2-DHFR was used. The binding reaction
was performed by using isolated uncoupled mitochondria
and binding of [35S]pb2-DHFR at thetrans sites of the
TOM complex was assessed by washing of the samples un-
der high salt conditions (120 mM KCl). As shown in Fig. 3,
an increase in external NADH concentrations slightly de-
creased amounts of bound [35S]pb2-DHFR. The largest
amount of [35S]pb2-DHFR was bound in the absence of
external NADH. Applying of external NADH at concen-
trations of 80 and 200 nmoles per 0.1 mg of mitochondrial
protein resulted in a decrease of [35S]pb2-DHFR levels of
binding by about 4 and 10%, respectively. Thus, increas-
ing concentrations of external NADH slightly restrict the
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Fig. 3. Binding of [35S]pb2-DHFR to thetrans site of the TOM com-
plex of yeast uncoupled mitochondria in the absence and in the pres-
ence of external NADH. Mitochondria were incubated in the presence
of [35S]pb2-DHFR under thetranssite binding conditions (see Materials
and Methods) in the absence of external NADH or in the presence of the
substrate at the concentrations of 80 and 200 nmoles per 0.1 mg of mito-
chondrial protein. After washing with HS buffer, samples were separated
by SDS-PAGE. Bound [35S]pb2-DHFR was visualized by fluorography
and quantified by ScanPack 3.0. Binding of [35S]pb2-DHFR varied by
not more than 10% in various experiments.

access of the applied preprotein to thetrans site of the
TOM complex, which could be due to the transport of a
fraction of the substrate by the TOM complex. The fraction
would increase with increasing concentrations of external
NADH.

It has been concluded by Xuet al. (1999) that the
probability of VDAC channels being open in isolated
mitochondria varies with the particular isoform display-
ing channel-forming activity. Further, VDAC closures are
known to be facilitated by external NADH (Leeet al.,
1994; Zizi et al., 1994). TheS. cerevisiaemitochondria
contain only one VDAC isoform able to form a channel
(VDAC1). Our results allow the conclusion that, under
conditions of its limited permeability, transport of metabo-
lites across the outer membrane may be supplemented by
the protein import channel within the TOM complex.
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