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The mitochondrial outer membrane contains machinery for the
import of preproteins encoded by nuclear genes1–3. Eight different
Tom (translocase of outer membrane) proteins have been identi-
fied that function as receptors and/or are related to a hypothetical
general import pore. Many mitochondrial membrane channel
activities have been described4–7, including one related to Tim23
of the inner-membrane protein-import system5; however, the
pore-forming subunit(s) of the Tom machinery have not been
identified until now. Here we describe the expression and func-
tional reconstitution of Tom40, an integral membrane protein
with mainly b-sheet structure. Tom40 forms a cation-selective
high-conductance channel that specifically binds to and trans-

ports mitochondrial-targeting sequences added to the cis side of
the membrane. We conclude that Tom40 is the pore-forming subunit
of the mitochondrial general import pore and that it constitutes a
hydrophilic, ,22 Å wide channel for the import of preproteins.

We expressed Saccharomyces cerevisiae Tom40 (ref. 8) in
Escherichia coli cells (Fig. 1a, lane 2). Tom40, representing ,25%
of total E. coli protein, accumulated in inclusion bodies and could
be solubilized with urea. As Tom40 may be slightly similar to porins
at the secondary structure level9, we modified a method for the
preparation and renaturation of Rhodopseudomonas blastica
porin from E. coli inclusion bodies10. Tom40 was isolated to high
purity (.95%) (Fig. 1a, lane 3). The two protein bands of minor
abundance that are visible in the purified preparation of Tom40
(Fig. 1a, lane 3) are degradation products of Tom40. When diluted
into the non-ionic detergent nonanoyl-N-methylglucamide (Mega-
9), the recombinant Tom40 migrated as a single band on blue native
electrophoresis and this band was indistinguishable from that of
Tom40 that had been solubilized from mitochondria by Mega-9
(Fig. 1b). Circular dichroism analysis of Tom40 in urea and after
dilution into Mega-9 indicated an efficient refolding of the protein
upon dilution (Fig. 1c). We inserted Tom40 into liposomes by
dilution of the urea-denatured protein into a mixture of Mega-9
and azolectin, with subsequent removal of the detergent. The
circular dichroism spectrum of liposome-inserted Tom40 was
comparable to that of Tom40 in Mega-9 (Fig. 1c). A secondary
structure calculation according to ref. 11 indicated a predominance
of b-sheet structure (.60%) and little a-helical structure (,5%) in
the protein.

To assess whether Tom40 was properly reconstituted in the
liposomes, we determined its topological orientation in liposomes
in comparison to that of Tom40 in mitochondria. Treatment of
mitochondria with trypsin cleaved a small peptide (relative mole-
cular mass (Mr) ,2.5K) from Tom40 (Fig. 1d, upper panel, lanes 2,
3). The same cleavage occurred after recombinant Tom40 inserted
into liposomes was treated with trypsin (Fig. 1d, lower panel, lanes
2, 3). The remaining fragment of Tom40 was protected by the
membranes, as, after lysis of mitochondria or liposomes with Triton
X-100, it was digested by trypsin (Fig. 1d, lane 4). Antibodies
directed against the amino-terminal or carboxy-terminal regions
(12 terminal amino-acid residues in each region) of Tom40 showed
that the C-terminal epitope of mitochondrial Tom40 was retained
in the fragment (Fig. 1d, upper panel, lanes 6, 7), whereas the
N-terminal epitope was removed by trypsin (Fig. 1d, upper panel,
lane 10). The same topology of Tom40 was seen in the proteo-
liposomes (Fig. 1d, lower panel, lanes 6, 7, 10). A quantitative
assessment of the fragmentation of Tom40 in mitochondria and
liposomes (including a consideration of the higher resistance of
mitochondrial membranes to trypsin) indicates that at least 50–
60% of the recombinant Tom40 was inserted into liposomes with
the correct orientation (another fraction of recombinant Tom40
was fully digested by trypsin even in the presence of intact liposome
membranes, probably representing Tom40 associated with the
liposome preparation but not inserted into the membrane).
Indeed, a preprotein specifically affected the channel activity only
when added to the cis side of the membrane (that is, to the N
terminus of Tom40) (see below). We conclude that the recombinant
Tom40 molecules that were functionally incorporated into
liposomes were asymmetrically inserted with the same relative
orientation as in the outer mitochondrial membrane.

To determine whether reconstituted Tom40 could form a chan-
nel, we performed electrophysiological studies. After fusion of
Tom40-containing liposomes with a planar bilayer, single-channel
currents could indeed be measured (Fig. 2a). At membrane poten-
tials below 100 mV, the channels were mainly open and we observed
brief, flickering closures of the channel. When examined at higher
time resolution (10 kHz), the current recordings showed subcon-
ductance levels (lower trace, Fig. 2a). The current traces show that
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direct transitions between the two main conductance levels occur,
indicating that these levels are (sub)conductant states of the same
channel. At more negative membrane potentials, more subconduc-
tance levels were found (details not shown). With 250 mM KCl
buffer on both sides of the membrane, the fully open channel
showed a linear current–voltage relationship with slope conduc-
tance of L ¼ 360 6 3 pS, whereas a value of L ¼ 150 6 2 pS was
observed for the most frequent subconductance level (Fig. 2b). In
asymmetric buffers (250/20 mM KCl) the reversal potential was
Erev ¼ þ40 6 1:3 mV for the open single channel (n . 60; details
not shown). Accordingly, the channel showed a selectivity for
cations over anions (PKþ : PCl 2 < 8 : 1). The relative permeabilities
for different cations calculated from the corresponding reversal
potentials (Cs+, 1.1: K+, 1.0: Na+, 0.7: Li+, 0.5: tetraethylammonium
(TEA+), 0.25: tetrabutylammonium (TBA+), 0.12) roughly reflect
the relative mobility of these ions in water. Therefore these ions are
likely to cross through the sufficiently wide channel without inter-
action with it.

Figure 2c shows the voltage dependence of the channel open
probability. At a membrane potential of 0 mV, the channel was
completely open, whereas it closed symmetrically at positive or
negative membrane potentials. When the concentrations of
permeant ions on both sides were raised, the channel conductance
increased asymptotically to a saturation value of L > 3:58 6 0:35 nS
(Fig. 2d). Using the model that the Tom40 channel is a uniform
cylinder filled with a solution of bulk medium resistivity, its
diameter can be calculated according to refs 12, 13; when using
L ¼ 360 pS (symmetrical 250 mM KCl; assumed length of 50 Å), a
diameter of 12 Å is obtained. However, on the basis of calculations
in ref. 14, which assume that the resistivity in the channel is five

times the bulk resistivity, a pore diameter of 26 Å is obtained. An
experimental assessment of the pore diameter using cations of
various size showed that the Tom40 channels were permeable to
TEA+, TBA+ and different polyamines (cadaverine, spermine),
whereas the polycation poly(L-Lysin)1000 partially blocked the
channel. Using the polymer-exclusion method15, we obtained a
pore diameter of 22 6 1:4 Å.

When we incubated Tom40 with antibodies against the N-
terminal epitope of Tom40, the proteoliposomes were precipitated
and no further bilayer fusions were seen. The calculated number of
Tom40 molecules in the liposomes correlated well with the number
of active channels observed after fusion of the proteoliposomes to
the planar bilayer. Together with the high purity of the Tom40
preparation, these data exclude the possibility that a contaminating
protein was responsible for the channel activity. Moreover, a
polyhistidine-tagged version of Tom40, purified by an independent
procedure, yielded channel activities that were indistinguishable
from those obtained with authentic Tom40. The basic properties of
the reconstituted Tom40 channel (selectivity, conductance and
open probability) were highly reproducible in more than 500
different experiments. We conclude that Tom40 forms a cation-
selective high-conductance channel with multiple conductance
states.

We isolated outer membrane vesicles16,17 and fused them to
liposomes and then to a planar bilayer. We identified a channel
(Fig. 2e, f ) with the same conductance (L ¼ 224 6 10 pS slope
conductance, 250/20 mM KCl), cation selectivity (Erev ¼ þ40 mV,
250/20 mM KCl, PKþ : PCl 2 ¼ 8 : 1), and voltage dependence as the
channel formed by purified Tom40. The open probability of the
outer-membrane-integrated channel was about three- to fourfold
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lower than that of purified Tom40, indicating that the presence of
other Tom proteins may exert a regulatory effect on the gating of the
channel.

We determined whether the channel formed by reconstituted
Tom40 responded to the presence of a mitochondrial preprotein.
We added a fusion protein containing part of the precursor of
cytochrome b2 together with dihydrofolate reductase (b2–DHFR)18

to the planar bilayer. This fusion protein strongly reduced the
channel open probability and concomitantly increased the fre-
quency of channel gating (Fig. 3a). This markedly reduced the
total current passing through the Tom40 channel. This effect was
only seen when the preprotein was added to the cis side of the planar
bilayer (N terminus of Tom40). The effect was reversed when the
preprotein was removed by perfusion of the chamber bath solution.

To determine the specificity of this inhibition by a preprotein, we
compared the effects of two synthetic peptides on the channel
activity, namely, a peptide corresponding to the mitochondrial-
targeting signal of cytochrome oxidase subunit IV (CoxIV(1–23))
(Fig. 3b), and a related peptide (SynB2) with the same number of
positively charged residues (Fig. 3c) that was, however, unable to
direct the import of mitochondrial preproteins19,20. CoxIV(1–23)
efficiently reduced the channel open probability and increased
the frequency of channel gating in the same way as did b2–DHFR
(Fig. 3b), whereas SynB2 did not (Fig. 3c). The inhibitory effect of
CoxIV(1–23) was, again, only seen when the peptide was added
to the cis compartment (Fig. 3b). By adding b2-DHFR or CoxIV(1–
23), we reduced currents in both directions, whereas currents were
not reduced on addition of 15 mM SynB2. The reduction in the
mean currents was nonlinearly dose-dependent and 15 mM b2–
DHFR and CoxIV(1–23) led to roughly half-maximal inhibition. A
large conductance channel, PSC, with some preference for cations
has been localized to the outer membrane and shown to be blocked
by the presequence peptide CoxIVand the non-mitochondrial basic
peptide dynorphin B (ref. 6). The Tom40 channel, however, was not
affected by dynorphin B (at 15 mM; n ¼ 5), supporting the conclu-
sion that Tom40 interacts specifically with presequences, but not
with other basic peptides.

Crosslinking studies in intact mitochondria showed that there is a
specific interaction between Tom40 and mitochondrial
presequences21. To test biochemically whether reconstituted
Tom40 interacts with a mitochondrial preprotein, we incubated a
fusion protein, consisting of the presequence of FO-ATPase subunit
9 (Su9) and the non-mitochondrial passenger protein dihydrofolate
reductase (DHFR), with Tom40-containing liposomes or Tom40-
free liposomes. A large excess of bovine serum albumin was
included in the binding assay to exclude the possibility that
unspecific protein–protein interactions were measured. After wash-
ing the liposomes with KCl to reduce the association of Su9–DHFR
with the phospholipid headgroups, we observed a significant
association of Su9–DHFR with the Tom40-containing liposomes
(Fig. 3d; 200 mM KCl). The binding was mediated by the pre-
sequence, as DHFR alone showed only background levels of binding
(Fig. 3d).

The complete translocation of presequence-containing prepro-
teins across the outer mitochondrial membrane requires the
import-driving system of the inner membrane (Tim–Hsp70
(heat-shock protein 70) machinery). When using isolated outer
membrane vesicles, only translocation of the presequence could be
monitored22. We therefore determined whether the purified Tom40
could also translocate presequences. We measured the current–
voltage relationship of Tom40-containing bilayers in the presence of
5–100 mM CoxIV(1–23) or 5–100 mM SynB2 on either side of the
membrane. When 10 mM CoxIV(1–23) was added to the cis
compartment containing 20 mM KCl (250 mM KCl trans), a pro-
nounced change in the reversal potential was observed
(DE ¼ 18 6 2 mV; n ¼ 11) (Fig. 3f, g), and at positive potentials,
which force the fivefold positively charged polypeptide towards the

trans compartment, a drastic decrease in the current was observed
(Fig. 3f, g). When the experiments were done in the opposite
direction, a significantly smaller change in the reversal potential
occurred (Fig. 3e) (DE ¼ 9 6 2:5 mV; n ¼ 9) and, concomitantly,
the reduction in current was less pronounced (Fig. 3e).

These results show that CoxIV(1–23) can interact with the
channel pore from both sides; however, its affinity for the pore is
about one order of magnitude higher when it is on the cis side of the
pore indicating that the presequence may interact with negatively
charged groups of the pore. As ,10 mM of CoxIV(1–23) on the cis
side (low salt) changed the reversal potential markedly, it is unlikely
that this effect is due only to the permeation of the peptide. As
CoxIV(1–23) did not completely block the channel pore, we
estimate, from comparison with the current–voltage relationship
of spermine, that the presequence peptide can permeate the channel
at significant rates (up to 103–104 molecules per s at a driving force
of 100 mV). After addition of SynB2 (50 mM) to either compart-
ment (n ¼ 5 each side), DE ¼ 10 6 3 mV. Thus, only CoxIV(1–23)
shows high affinity for the pore (cis side). Moreover, the suppression
of the current by SynB2 was about 10–50-fold more pronounced
than that by CoxIV(1–23), indicating that SynB2 is transported at a
considerably slower rate than the presequence peptide. The studies
using low membrane potential (Fig. 3b) show that the presequence
peptide selectively binds to Tom40 from the cis side and thereby
alters the gating of the channel, whereas it is rapidly translocated
through the channel when driven by higher voltage (Fig. 3f ).

Tom40 is, to our knowledge, the first membrane protein of the
mitochondrial protein import machinery that has been purified and
reconstituted in a functional form. It forms a hydrophilic cation-
selective channel. The size of the channel diameter (,22 Å) indi-
cates that typical folded proteins cannot permeate; precursor
polypeptides may pass through in an a-helical conformation or
in an extended conformation. A piece of double-stranded DNA
(diameter ,20 Å) covalently linked to a preprotein has been
imported into mitochondria23. The size of the Tom40 channel
seems to be sufficient to allow passage of the DNA. Recently, a
Tom complex containing about seven different subunits was iso-
lated from Neurospora crassa mitochondria. Negative stain electron
microscopy showed stain-filled pits with an apparent diameter of
,20 Å that may represent import pores24. We propose that the pores
were formed by Tom40. In the protein-import machinery of the
chloroplast outer-envelope membrane, Toc75 (OEP75) was identi-
fied as the pore-forming subunit13. Toc75 has mainly b-sheet
structure, like Tom40, but Toc75 and Tom40 share no sequence
homology and activation of the Toc75 channel depends completely
on a membrane potential. The calculated channel diameter for
Toc75 is smaller (,10 Å) (ref. 13) than that of Tom40, whereas
endoplasmic reticulum protein-transport channel, formed by the
hetero-oligomeric Sec61p complex, has a calculated diameter of
20–60 Å (ref. 25).

Tom40 was identified as an outer-membrane protein that is near
to a preprotein in transit26. The mature part26 and the presequence21

of a preprotein were crosslinked to Tom40, and Tom40 was shown
to be an essential component of the multisubunit Tom
machinery8,17,27,28. In addition, four other Tom proteins, Tom70,
Tom22, Tom20 and Tom5, have been found to be crosslinked to
preproteins16,17,28,29. Despite the complexity of the preprotein trans-
locase of the mitochondrial outer membrane, it is now possible to
assign individual functions to these Tom proteins: Tom70, Tom20
and Tom22 have receptor/binding functions, as shown using
purified cytosolic and intermembrane space domains20,30; Tom5 is
a mediator between receptors and the import pore17; and Tom40
forms the hydrophilic channel of the general import pore for
preproteins. The affinity of Tom40 for mitochondrial-targeting
sequences added to the cis side is close to the range of affinities
seen with several Tom receptors20. We suggest that Tom40 is part of
the proposed chain of multiple interaction sites for preprotein
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transport across the outer membrane17,29,30. The asymmetric affinity
of Tom40 for targeting sequences favours transmembrane transport
in the cis to trans direction and renders Tom40 an important
component that contributes to the directionality of mitochon-
drial-preprotein import. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Expression and reconstitution of Tom40 in liposomes. A 1,164-base-pair
genomic fragment, encompassing the open reading frame of TOM40, was
amplified with Pfu-polymerase, subcloned into the vector pET11a and
transformed into E. coli BL21(DE3). After induction with isopropyl-b-D(−)-
thiogalactopyranoside, Tom40 was purified by a method adapted from ref. 10.
Inclusion bodies were isolated, extensively washed in buffer containing Triton
X-100 and solubilized in urea buffer (8 M urea, 50 mM Tris/HCl pH 8.0, 1 mM
EDTA and 100 mM dithiothreitol (DTT)). The pH was gradually lowered to
6.5, followed by centrifugation at 50,000g, and the supernatant containing
purified Tom40 was dialysed against 6 M urea, 50 mM Tris/HCl pH 8.0, 1 mM
EDTA and 2 mM DTT. Tom40 in urea was diluted tenfold in Mega-9 buffer
(80 mM Mega-9, 10 mM MOPS/Tris pH 7.0, 1 mM EDTA and 100 mM DTT)
and analysed by blue native gel electrophoresis18.

Purified Tom40 was resuspended in 80 mM Mega-9, 6 M urea and 10 mM
MOPS/Tris pH 7.0 and reconstituted in liposomes by the dialysis technique.
Briefly, small unilamellar liposomes were obtained from purified azolectin
(Sigma, type IV S) as described13 and were lysed in Mega-9. Tom40 was diluted
,50-fold into the mixture and proteoliposomes were then formed by dialysis.
The proteoliposomes contained ,10–20 molecules of Tom40 per liposome.
Circular dichroism spectra were recorded using a Jasco-J-600A spectropolari-
meter as described13. Samples were adjusted to the same protein concentration
(100 6 30 mg) and spectra were averaged (n ¼ 30) to improve the signal:noise
ratio. For digestion with trypsin, proteoliposomes were concentrated by
discontinuous sucrose or Ficoll density gradient centrifugation and treated
with 1–5 mg ml−1 trypsin. Mitochondria were treated with 10–50 mg ml−1

trypsin (the presence of other Tom proteins requires a higher concentration
of trypsin in order to obtain access to Tom40 (refs 16, 17)). The preprotein
Su9–DHFR and DHFR were synthesized in rabbit reticulocyte lysate in the
presence of [35S]methionine/cysteine16 and incubated with Tom40-containing
liposomes and Tom40-free liposomes in buffer containing 20 mM KCl and 2%
(w/v) BSA, followed by addition of further KCl (concentration as in wash
buffer). The liposomes were isolated by centrifugation and washed in KCl
(100–200 mM)-containing buffer.
Electrophysiological measurements. Planar lipid bilayers were produced
using the painting technique13. The resulting bilayers had a typical capacitance
of ,0.5 mF cm−2 and a resistance of .100 GQ (root mean square < 1 pA at
5 kHz bandwidth). After a stable bilayer was formed in symmetrical solutions
of 20 mM KCl, 10 mM MOPS/Tris pH 7.0, the solution of the cis chamber was
changed to asymmetrical concentrations (cis chamber: 250 mM KCl, 10 mM
CaCl2, 10 mM MOPS/Tris pH 7.0) by adding concentrated solutions of KCl and
CaCl2. The liposomes were added to the cis compartment directly below the
bilayer through the tip of a micropipette to allow the flow of the liposomes
across the bilayer. If necessary, the solution in the cis chamber was stirred to
promote fusion. After fusion, the electrolytes in both compartments were
changed to the final composition by perfusion. The Ag/AgCl electrodes were
connected to the chambers through 2 M KCl–agar bridges. The electrode of the
trans compartment was directly connected to the headstage of a current
amplifier (EPC 7, List Medical). Reported membrane potentials are referred
to the trans compartment. The amplified currents were recorded on a modified
DAT recorder digitized at sampling intervals of 0.05–0.2 ms.
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T-cell factor (TCF), a high-mobility-group domain protein, is the
transcription factor activated by Wnt/Wingless signalling1–4.
When signalling occurs, TCF binds to its coactivator, beta-cate-
nin/Armadillo, and stimulates the transcription of the target
genes of Wnt/Wingless by binding to TCF-responsive
enhancers1,5. Inappropriate activation of TCF in the colon epithe-


