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A presequence- and voltage-sensitive channel
of the mitochondrial preprotein translocase
formed by Tim23
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Proteinsimported into the mitochondrial matrix are synthesized in the cytosol with an N-terminal presequence
and are translocated through hetero-oligomeric translocase complexes of the outer and inner mitochondrial
membranes. The channel across the inner membrane isformed by the presequence translocase, w hich consists of
roughly six distinct subunits; however, it is not known which subunits actually form the channel. Here we report
that purified Tim23 forms a hydrophilic, (13—24 A wide channel characteristic of the mitochondrial presequence
translocase. The Tim23 channel is cation selective and activated by a membrane potential and presequences. The
channel isformed by the C-terminal domain of Tim23 alone, whereas the N-terminal domain is required for
selectivity and a high-affinity presequence interaction. Thus, Tim23 forms a voltage-sensitive high-conductance
channel with specificity for mitochondrial presequences.

Nuclear-encoded proteins destined for the mitochodrion must
be translocated from the cytosol through an outer and inner
membrane to reach the mitochondrial matrix. Two distinct
protein complexes are essential for this process: the translocase
of the outer membrane (TOM complex) and a translocase of
the inner membrane specific for preproteins containing a
mitochondrial presequence (TIM23 complex)'-. The essential
protein Tom40 forms a continuous hydrophilic channel in the
outer membrane that allows preproteins to pass across the
membrane>®. Other known Tom components function as
receptors for preprotein recognition or in the assembly and sta-
bility of the TOM complex. Preproteins are translocated
through the inner membrane by the TIM23 complex, which
consists of the essential integral membrane proteins Tim23 and
Tim17, the membrane-bound Tim44 with the associated
matrix heat shock protein mtHsp70, and probably additional
translocation components'-+7-12. Translocation of the prese-
quence requires a membrane potential (AY)) across the inner
membrane, whereas an ATP-dependent motor system that
includes mtHsp70 and its membrane anchor Tim44 drives the
translocation of the mature portions of preproteins into the
matrix!=*. Patch-clamp analysis has suggested that the mito-
chondrial inner membrane has a presequence-sensitive chan-
nel®!'!. The identity of the channel-forming Tim protein(s) is
not known, however, and thus the properties of the channel
have not been characterized at the molecular level. Here we
report the reconstitution and functional characterization of
purified Tim23 and provide direct evidence that Tim23 forms
the presequence-sensitive translocation channel of the mito-
chondrial inner membrane.

Tim23 forms a presequence-sensitive channel

We expressed Saccharomyces cerevisiae Tim23 (refs 13,14) at
high levels in Escherichia coli cells, where it accumulated as
inclusion bodies (Fig. 1a, lanes 3 and 4). We denatured these
with urea and purified Tim23 to homogeneity (Fig. 1a, lane 5),
then renatured the protein by diluting the urea in the presence of
the nonionic detergent nonanoyl-N-methylglucamide (Mega-9)
and azolectin and reconstituted it into liposomes’. We fused the
liposomes with a planar bilayer and detected single-channel cur-
rents (Fig. 1b). In contrast, reconstitution of control proteins
such as two other polytopic inner membrane proteins, Tim18
and Tim54 (refs 2,3), did not produce channel activity (unpub-
lished data). The main single-channel conductance state of
Tim23 in symmetrical 250 mM KCl revealed A=450+ 11 pSin a
linear current—voltage relationship (Fig. 1¢). Smaller subcon-
ductance states were also present (Fig. 15), most prominently
A =140 % 15 pS. The main conductance states were observed in
multiples of three. The gating of these main conductance states
occurred largely independently of each other; however, coupled
transitions were also observed, including simultaneous closing
of two main conductance states (Fig. 1b, lower part). Thus, the
Tim23 channel exhibits a complex gating behavior covering a
wide range of conductance states, from 140 pS to 450 pS and
1.35 nS and combinations of these values. In asymmetric buffer,
the reversal potential of the main conductance state was E, =
49.6 + 3.06 mV (Fig. 1d), indicating that the Tim23 channel is
highly selective for cations (Pyg+:Pc- = 16:1). Upon a rapid
increase of the membrane voltage, the number of open channels
increased (Fig. 10). Quantification revealed that after the onset
of the voltage increase, the number of open channels rose expo-
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Fig. 1 Reconstituted Tim23 formsa cation-selective, voltage-sensitive channel. a, Expression and purification of recombinant Tim23 analyzed by SDS
PAGE with Coomassie brilliant blue staining. Lane 1, molecular size markers; lane 2, lysate from noninduced E. coli cells; lane 3, lysate from induced
E coli cells; lane 4, purified inclusion bodies; lane 5, purified Tim23. b, Current recordings at different membrane potentialsfrom a bilayer contain-
ing 18 active channels, with corresponding amplitude histograms shown on the right. Applied membrane potentials are indicated. The buffer on
both sides of the bilayer was 250 mM KCl, 0.1 mM CaCl,, 10 mM MOPSTris, pH 7.0. Two timescale-magnified tracesoriginating from the indicated
panels are shown underneath. ¢, Current—voltage relationship of a single channel deduced from single-channel currents of the main conductance
state (buffer asin b). Data pointsare averagesof five independent bilayers, with error barsrepresenting the standard deviation. d, Current-voltage
relationship of a single channel deduced from single-channel currents of the main conductance state in asymmetric buffers consisting of 0.1 mM
CaCl,, 10 MM MOPS Tris, pH 7.0 with 250 mM KCl (cis) / 20 mM KCl (trans). e, Fraction of Tim23 channelsin an open state in relation to applied volt-
age. After application of different voltage stepsat t = 0, mean currentswere calculated for a time period of 10s(fromt=2stot =12s). Datawere
normalized with respect to the maximal mean current at V,,= 200 mV. Data pointsare averagesfrom three independent bilayers.

To determine if the activity of the Tim23 channel is influenced
by mitochondrial presequences, we used a synthetic peptide cor-

nentially with membrane potential (Fig. le). However, the
Tim23 channels showed a tendency to close during prolonged

application of a constant voltage (Fig. 1b, later time points) or in
response to a slowly increasing voltage ramp (see below; Fig. 2a).
Thus, the Tim23 channel can be activated by a rapid increase in
membrane voltage but closes slowly during prolonged exposure
to amembrane potential.

nature structural biology « volume 8 number 12 » december 2001

responding to the presequence of cytochrome c oxidase subunit
IV (CoxIV) 1. CoxIV affected the channel conductance in a con-
centration-dependent manner. Even at only 20 nM, CoxIV
elicited a strong response (Fig. 2a), but only from one side of the
planar lipid bilayer. When CoxIV was added to the opposite side
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Fig. 2 The Tim23 channel isspecifically influenced by a mitochondrial presequence. a-d, Comparison of the current-voltage relationship from bilay-
erscontaining several copies of active Tim23 channelsin the absence (control) or presence of peptides (CoxIV and SynB2). The buffer was 10 mM
MOPS Tris, pH 7.0, 0.1 mM CaCl, with a salt gradient acrossthe membrane of 250 mM KCl (cis)/20 mM KCl (trans) (a,c) or the reverse (b,d). The sweep
rate of the command voltage was1 mV s™. a, Addition of presequence peptide CoxIV to the transside of the membrane. b, Addition of CoxIV pep-
tide to the cisside of the membrane. At peptide concentrationsbelow 1 pM, the current—voltage relationshipswere superimposable with the con-
trol trace. ¢, Addition of the peptide SynB2 to the transside of the membrane. At concentrationsbelow 1 pM, the current-voltage relationships
were superimposable with the control trace without peptide. d, Addition of SynB2 to the cisside of the membrane. Sngle-channel current record-
ingsin response to a voltage step protocol in the e, absence and f, presence of 100 nM CoxIV (trans/cis). Applied membrane potentialsare indicat-
ed. Symmetrical ionic buffer conditionswere used asdescribed (Fig. 1b). g, Current-voltage relationship of a bilayer containing 25-30 active copies
of the Tim23 channel in the absence (control) and presence of 8 nM b,A-DHFR (cisand trans). Asymmetricionic conditionsand measurements used

were asdescribed for (a).

of the bilayer, micromolar concentrations were needed to influ-
ence the channel (Fig. 2b). This indicates that Tim23 was insert-
ed into the small unilamellar liposomes in an asymmetrical
orientation, as has previously been observed for other reconsti-
tuted channels, including Tom40 (refs 5,16). As a control, we
used the peptide SynB2, which has an amino acid composition
similar to that of CoxIV, including an equal number of positively
charged residues (Fig. 2¢), but does not function as a specific
mitochondrial targeting signal'>. SynB2 influenced the Tim23
channel activity only in micromolar concentrations, indepen-
dent of the side to which it was added (Fig. 2¢,d). The effect of
CoxIV on the channel activity was voltage dependent, because
the peptide induced a rapid gating (flickering) of the channel
only above a threshold potential of L1100 mV (Fig. 2f). We con-
clude that the presequence peptide specifically influences the
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channel activity through a high-affinity interaction with one
side of Tim23 and that a rapid gating of the channel is activated
by a combined action of both presequence and membrane
potential.

To investigate whether the reconstituted Tim23 could interact
with an entire mitochondrial preprotein, we used a purified pre-
sequence-containing model protein, b,A-DHFR?. This prepro-
tein affected the Tim23 channel more strongly than did the
presequence peptide: just 8 nM preprotein induced both a rapid
voltage-dependent inhibition of the channel and a shift of the
reversal potential to E., = 41 £ 2.7 mV (Pyg+:Po- = 8.5:1)
(Fig. 2g). Thus, like Tom40 (ref. 5), recombinant Tim23 may
achieve at least partial translocation of the preprotein.

It has been reported that ¢tim23-1 mitochondria, which con-
tain a mutant form of Tim23 with a single amino acid substitu-

nature structural biology * volume 8 number 12 « december 2001
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Fig. 3 Reduction of the presequence sensitivity in the mutant protein Tim23-1. a, Current-voltage relationship of the channel formed by the recon-
stituted mutant protein, Tim23-1, under asymmetricionic conditionsasoutlined in Fig 2a. b, Current recordingsfrom a bilayer containing reconsti-
tuted Tim23-1 in the absence and presence of 100 nM CoxIV (cisand trans) at the indicated membrane potentials. Measurementswere performed
with 250 mM KCl, 0.1 mM CaCl, and 10 mM MOPS Tris, pH 7.0 on either side of the bilayer asoutlined for Fig. 1b.

tion (G186D), form a channel across the inner membrane that
has a lower sensitivity to presequences'!. We generated a recom-
binant Tim23, Tim23-1, with the same amino acid substitution.
Upon reconstitution into liposomes, Tim23-1 revealed a channel
activity with a conductance similar to that of wild type Tim23
but with a lower reversal potential (E,.,= 38 £ 2.5 mV; Py+:Pq- =
7:1) (Fig. 3a). Tim23-1 showed considerably lower reactivity to
the CoxIV peptide. At a concentration of 100 nM, the peptide
did not affect the Tim23-1 channel activity even at a high mem-
brane potential (Fig. 3b), unlike the results with wild type Tim23
(Fig. 2a,e). Tim23-1 was influenced by the CoxIV peptide only at
high (micromolar) concentrations (not shown). The recombi-
nant Tim23-1 therefore shows characteristics also seen with the
tim23-1 mutant mitochondria'l.

Characteristics of the presequence translocase
The presequence translocase consists not only of Tim23 but also
Tim17, Tim44 and additional components of 14 kDa (Tim14),
33 kDa and 55 kDa (refs 7,9,10,12). The integral membrane pro-
teins Tim17 and Tim?23, which are homologous to one another,
are both essential for cell viability!*!417-1° They are present in
equimolar amounts and stably associated in the 90 kDa core
complex of the translocase'>?, compatible with the hypothesis
that these two proteins together form the import channel.
However, this model does not fit the observation that yeast mito-
chondria containing overexpressed Tim23 import significantly
more matrix-targeted preprotein than do control mitochon-
dria?!. Different functions have been reported for Tim23, includ-
ing roles as a voltage-sensitive presequence receptor!'2122 and as
a regulator, but not as a structural element of the multiple con-
ductance channel of the inner membrane!!. The observation that
purified Tim23 alone forms a presequence-sensitive channel
suggested that it would be revealing to compare the channel
characteristics of purified Tim23 with that of the multiple con-
ductance channel of the inner membrane of yeast mitochondria.
We sonicated mitochondria, separated inner and outer mem-
brane vesicles and collected highly pure inner membrane vesicles
(Fig. 4a, lanes 5 and 12). We fused the inner membrane vesicles
with liposomes and then with a planar bilayer. We detected sev-
eral channel activities, the most frequent being a high-conduc-
tance anion channel with two conductance states of 200 pS and
600 pS that specifically responded to inhibitors of the ADP-ATP

nature structural biology « volume 8 number 12 » december 2001

carrier, the most abundant protein of the mitochondrial inner
membrane (not shown). A channel activity resembling the mul-
tiple conductance channel®!! displayed a high cation selectivity
and conductance much like the reconstituted Tim23 channel
and was the only inner membrane activity sensitive to a mito-
chondrial presequence (Fig. 4b,c). Antibodies directed against
Tim23 inhibited this channel activity of inner membrane vesi-
cles!! (Fig. 4d) as well the activity of reconstituted Tim23
(Fig. 4f). Preimmune antibodies did not affect the channel
activity (Fig. 4e). Moreover, the anti-Tim23 antibodies used
here, which were generated against the N-terminal (intermem-
brane space) domain of Tim?23, exerted a strong inhibitory effect
on the Tim23 activity only from one side of the membrane
(Fig. 4e, legend). This is the same side from which the CoxIV
peptide exerted its high-affinity effect (Fig. 2a), supporting the
conclusion that reconstituted Tim23 has an asymmetric orienta-
tion. The characteristic multiple conductance state, with sub-
conductances and a main conductance frequently present in
multiples of three, was seen both for the inner membrane activi-
ty®!1:2 and for reconstituted Tim23 (Fig. 1b) in a comparable
pattern. Taken together with the properties of Tim23-1, these
findings provide strong evidence that the characteristics of
reconstituted Tim23 are comparable to that of the multiple con-
ductance channel, indicating that Tim23 not only regulates'! but
also directly forms the multiple conductance channel.

To assess whether Tim23 could form a channel in the mito-
chondrial inner membrane in the absence of a stable association
with Tim17, we used a mutant form, Tim23-2, with a single
amino acid substitution in the membrane domain (G112E) that
destabilizes the 90 kDa TIM23 complex®. Upon lysis of tim23-2
mitochondria with digitonin and separation by blue native poly-
acrylamide electrophoresis (BN-PAGE), Tim23 and Tim 17 were
lost from the 90 kDa complex (Fig. 5a, lanes 2 and 4). Both pro-
teins probably migrated in the low molecular weight range and
thus were not resolved. We determined the total mitochondrial
content of Tim23 and Tim17 and their extractability with digi-
tonin and did not find any difference between mutant and wild
type (Fig. 5a, lanes 5-10). This indicates that both Tim23 and
Tim17 are present in wild type amounts in tim23-2 mitochon-
dria, but their interaction is destabilized. To quantitatively test
the function of the inner membrane protein import channel of
tim23-2 mitochondria, we used saturating amounts of the pre-
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Fig. 4 Tim23-specific characteristicsof the inner membrane translocase channel. a, Separation of mitochondrial inner and outer membrane vesicles.
Upper panel: fractions collected from sucrose gradients were analyzed by immunodecoration with anti-Tim23 and anti-porin antibodiesfollowing
SDSPAGE and western blotting. Lower panel: purified inner membrane vesicles (IMV; 5 pug protein) were analyzed by immunodecoration with mito-
chondria (10 ug protein) asreference. AAC, ADP/ATP carrier. b, Current recordingsfrom purified wild type IMV fused with preformed liposomes. The
corresponding amplitude histograms are shown on the right. Current recordings were performed in standard symmetrical buffer of 250 mM KCl,
0.1 mM CaCl, and 10 mM MOPS-Tris, pH 7.0 at V,,= +125 mV (upper) and V,=-125 mV (middle). The lower trace showsa timescale-expanded view of
the upper trace. ¢, Current—voltage relationship of a bilayer fused with wild type IMV in the absence or presence (1 uM) of CoxIV peptide obtained
by sweeping the membrane potential (1 mV s') from 0 mV to +150 mV and from 0 mV to -50 mV. The buffer was 10 mM MOPS-Tris, pH 7.0, 0.1 mM
CaCl, with a salt gradient of 250 mM (cis)/20 mM KCl (trans) acrossthe membrane. d, Current—voltage relationship of a bilayer containing purified

wild type IMV in the absence (control) or presence of anti-Tim23y antibod

ies. In the presence of preimmune antibodies, the current-voltage rela-

tionship wassuperimposable with the control trace. Measurement and asymmetricionic buffer conditionswere asdescribed in (c). Current—voltage
relationship of a bilayer containing purified recombinant Tim23 in the e, absence of antibody (control) or f, in the presence of preimmune or anti-
Tim23y (trans). The current-voltage relationship of recombinant Tim23 in the presence of anti-Tim23y antibody added to the cisside of the mem-
brane waslargely superimposable with the control trace. Measurement and asymmetricionic buffer conditionsused were asdescribed (Fig. 2a).

protein b,A-DHFR. The tim23-2 mitochondria specifically
processed and imported the protein in a membrane potential-
dependent manner (Fig. 5a, lanes 16-20) with an efficiency of
50-70% relative to wild type mitochondria. Similar import effi-
ciencies were seen with purified inner membrane vesicles (not
shown). The tim23-2 inner membrane vesicles contained a
channel with the same basic characteristics as wild type mito-
chondria (Fig. 5b,c), with one exception. In the presence of the
CoxIV peptide, the E, of the inner membrane vesicles of tim23-
2 mitochondria was lower, indicating that the channel was less
cation selective (Fig. 5¢). In contrast, the peptide did not affect
the E,., of wild type inner membrane vesicles (Fig. 4c). This pro-
vided us with another assay to determine if Tim23 formed the
presequence-sensitive channel seen in the mitochondrial inner
membrane. We expressed, purified and reconstituted the mutant
protein Tim23-2 (Fig. 5d). It showed the same channel charac-
teristics (Fig. Se,f) as reconstituted wild type Tim23, except that
in the presence of the CoxIV peptide, E., was changed in the
same manner as we had seen for total inner membranes of
tim23-2 mitochondria (compare Fig. 5fto 5c). We conclude that
Tim23 is responsible for forming the presequence-sensitive
channel of the inner membrane. This conclusion, combined
with the fact that the TIM channels are four-fold less abundant
than the TOM channels and, thus, limiting for the import of pre-
sequence-containing preproteins?, explains the observation that
overexpression of only Tim23 strongly stimulates the import of
these preproteins into mitochondria?'.
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Channel formation by the C-terminal domain of Tim23

Tim23 consists of two domains, a C-terminal hydrophobic
domain located in the inner membrane and an N-terminal
domain that is exposed to the intermembrane space and binds
mitochondrial presequences!®7:212224 (Fig. 6a). Surprisingly, it
has been reported that Tim23 is integrated into the outer mem-
brane through its N-terminal domain®. Therefore, we investi-
gated which domain of Tim23 forms the cation-selective
channel identified here. We expressed and purified both Tim23
domains separately (Fig. 6a). Although Tim23y did not form
detectable channels, reconstituted Tim23. formed a channel
with the same basic characteristics as were seen for full-length
Tim23 (Fig. 6b). The cation selectivity of Tim23. was lower
(Eey =27 mV; Pg+:Pc- = 3.8:1), however, and its affinity to a pre-
sequence peptide was markedly lower than that of full-length
Tim23. The CoxIV peptide still caused channel flickering and
current block, but only at micromolar concentrations (Fig. 6¢);
no effect was detected at nanomolar concentrations. We con-
clude that Tim23y is required for the selectivity and high-affini-
ty influence of a presequence on the channel activity of Tim23.

Estimated pore diameter

The diameter of the Tom40 translocation pore has been experi-
mentally estimated at [20-22 A, indicating that a polypeptide
in an O-helical conformation can easily be translocated through
it and that two O-helices (for example, a preprotein in a loop
formation) could even be translocated together>®2. The rela-

nature structural biology * volume 8 number 12 « december 2001
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Fig. 5 The translocase channel ispresent in tim23-2 mutant mitochondria despite a destabilization of the Tim23-Tim17 interaction. a, The 90 kDa
core complex isstrongly destabilized in tim23-2 mitochondria. Mitochondria were isolated from wild type (WT) and tim23-2 yeast and analyzed by
immunodecoration with anti-Tim23 and anti-Tim17 antibodiesfollowing separation on BN-PAGE (lanes 1—4; after lysisof the mitochondria with 1%
digitonin) or on SDS-PAGE (lanes 5-10): lanes 5,6, total (T) mitochondrial protein;lanes 7,8: insoluble protein pellet (P) following solubilization of
mitochondriawith 1% digitonin; lanes9,10: digitonin-solubilized (S) mitochondrial protein (precipitated with TCA). Lanes 11-20: mitochondriawith
destabilized 90 kDa core complex import saturating amountsof preprotein. Purified b,A-DHFR (640 pmol mg~' mitochondrial protein) wasimported
into isolated wild type or tim23-2 mitochondria in the presence or absence of a membrane potential (Ag). Precursor (p) and intermediate (i) prepro-
tein wasdetected by immunodecoration with anti-DHFR antibodies after separation of reisolated mitochondria by SDSPAGE and subsequent west-
ern blotting. b, Current-voltage relationship deduced from the single-channel conductance from bilayersfused with tim23-2IMV with 250 mM KCl,
0.1 mM CaCl,, 10 MM MOPS-Tris, pH 7.0 on either side of the bilayer (average of at least three independent bilayers). ¢, Current-voltage recording
from a bilayer fused with tim23-2IMV in the absence or presence of 1 uM CoxIV peptide obtained by sweeping the membrane potential (1 mV s)
from 0 mVto +110 mV and from 0 mV to -50 mV. The ciscompartment contained 250 mM KCl, 0.1 mM CaCl,, 10 mM MOPSTris, pH 7.0 and the trans
compartment 20 mM KCl, 0.1 mM CaCl,, 10 mM MOPS-Tris, pH 7.0. d, Purity of recombinant Tim23-2 assessed by SDSPAGE with Coomassie brilliant
blue staining. e, Sngle-channel current tracesof purified Tim23-2 at different membrane voltagesasindicated. f, Current-voltage recording from a
bilayer containing purified Tim23-2in the absence or presence of 1 uM CoxIV peptide obtained by sweeping the membrane potential (1 mV s) from
0mVto +125mV and from 0 mV to -50 mV (conditionsasfor ¢).

tively large size of the outer membrane translocation channel
was puzzling in light of functional studies indicating that pre-
proteins are substantially unfolded during translocation, so that
they should cross the membranes in the form of linear chains?.
Only indirect information is available about the pore size of the
TIM23 translocase. Gold particles of 20 A diameter can be
transported across the outer membrane but are strongly inhib-
ited in translocation across the inner membrane®. Assuming a
cylindrical protein channel with a five-fold higher resistance
than the bulk medium? and using the conductance of the
reconstituted Tim23 channel (and the corresponding inner
membrane channel), the calculated mean pore diameter is
(1819 A. To obtain more direct evidence of the effective pore
diameter, we used the polymer-exclusion method?* with poly-

nature structural biology « volume 8 number 12 « december 2001

ethylene glycol of different sizes. The conductance ratio depen-
dence on the polymer size leads to a calculated external
(vestibule) diameter of (24 A and an inner (restriction zone)
diameter of (13 A (Fig. 7). Thus, the Tim23 channel is not sim-
ply a cylindrical pore; rather, its internal and external diameters
differ considerably. At its narrowest point, the Tim23 channel is
smaller than both the Tom40 channel>%% and the functional
translocon of the endoplasmic reticulum (L20-50 A)30-32 but is
similar to the average diameter of the polypeptide exit channel
of the ribosome large subunit (15 A)®. The restriction zone
diameter of the Tim23 channel is just large enough to accom-
modate one polypeptide chain in an O-helical conformation
but not large enough to contain two a-helices at the same time.
This suggests that the mechanism of protein translocation
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Fig. 6 The Cterminal domain of Tim23 forms the channel. a, Sructural
and functional domainsof Tim23. Purity, asdetermined by SDSPAGEwith
Coomassie brilliant blue staining, of recombinant Tim23 N-terminal
domain (Tim23y) and Tim23 C-terminal domain (Tim23c). b, Current
recordings from a bilayer containing active Tim23; channels at different
membrane potentials as indicated. Both bath chambers contained
250 mM KCl, 0.1 mM CaCl, and 10 mM MOPS Tris, pH 7.0. The lower trace
indicatesa timescale-magnified view from the trace above (V,,=—-150 mV).
¢, Current recording from a bilayer containing active Tim23;channelsover
a range of applied voltages (increment 1 mV s). The cis compartment
contained 250 mM KdCl, 0.1 mM CaCl, and 10 mM MOPS Tris, pH 7.0 and
the transcompartment 20 mM KCl, 0.1 mM CaCl, and 10 mM MOPS Tris,
pH 7.0. Recordingsin the absence (control) and presence of 5 uM CoxIV in
the transcompartment. At CoxIV peptide concentrations <1 pM, the cur-
rent—voltage relationshipswere superimposable with the control trace.

across the inner membrane requires polypeptides to unfold at
least to the level of individual a-helices.

Conclusions

We report that Tim23 forms a channel in the presequence
translocase of the mitochondrial inner membrane. The success-
ful reconstitution of purified Tim?23 into a lipid bilayer described
here has allowed a direct measure of its properties and, together
with the use of mutants, an assessment of its role in mitochon-
dria. The reconstituted channel exhibits all the characteristics of
the physiological channel, including high cation selectivity, large
multiple conductance®!! and an effective pore size that requires
unfolding of the polypeptide chain during translocation.
Bauer et al.*' reported that a membrane potential promotes
dimerization of the N-terminal domains of Tim23 and an inter-
action with presequences. Our reconstitution of the Tim23
channel shows that the channel can be activated either by a rapid
increase of the membrane potential alone or by the combined
presence of both a presequence and a membrane potential of
sufficient magnitude. The latter combination is probably the
typical physiological situation in mitochondria. The membrane
potential thus promotes protein import by several means,
including an electrophoretic effect on the positively charged pre-
sequences'~* and direct stimulation of both the receptor function
and channel activity of Tim23. Upon prolonged exposure to a
membrane potential in the absence of preproteins, the Tim23
channel tends to close; this probably helps to maintain an elec-
trochemical gradient across the inner membrane. The mem-
brane channel is formed by the C-terminal domain of Tim23.
Tim 17 is weakly homologous to this domain'>'41"-19 indicating
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that Tim17 might also form a channel, although functional
expression and reconstitution of this protein alone has not been
possible so far. It is evident, however, that Tim23 represents the
presequence-sensitive channel of the mitochondrial inner mem-
brane. Only Tim23 contains a large N-terminal domain exposed
to the intermembrane space that binds presequences with high
affinity!®!17:192122; Tim 17 lacks such a domain. Both functions of
Tim23, as presequence receptor and channel, are intimately
linked, because the high-affinity influence of a presequence on
the channel formed by the C-terminal domain is mediated by
the N-terminal domain. Tim?23 thus offers an efficient means by
which presequence recognition at the inner mitochondrial
membrane can be coupled to transport of the preprotein across
the membrane.

Methods

Expression and reconstitution of Tim23. Yeast Tim23 and the
mutant forms Tim23-1 and Tim23-2 were expressed from the plas-
mid pET10N with an N-terminal His,-tag in the E coli strain C43
(DE3)34. After induction with 1 mM isopropyl-p-D-thiogalactopyra-
noside (IPTG) (3 h), cellswere lysed and inclusion bodieswere isolat-
ed® and denatured in 8 M urea, 100 mM NaH,PO,, 10 mM Tris-HCl,

Fig. 7 Estimation of the Tim23 pore size by the polymer exclusion
method. a, Ratio of the Tim23 channel conductance without (A,) and
after (A) partition into the pore of polyethylene glycol (PEG) of different
hydrodynamic radii (ranging from PEG 200 to PEG 6000) and additional
smaller nonelectrolytes®. The buffer contained 15% (w/v) nonelec-
trolyte, 100 mM KCl and 10 mM MOPS Tris, pH 7.0, on either side of the
bilayer. Data points are averages of at least three independent bilayers.
The line shows the fit of the data according to reported methods®.
b, Second derivative of the data fit from the upper panel, showing the
first turning point where partitioning into the inner pore of the small
nonelectrolytesof increasing radiusbecomesrestricted. The second turn-
ing point indicates the size of the large nonelectrolytes of decreasing
radiusthat are still able to enter the outer partsof the channel.

nature structural biology * volume 8 number 12 « december 2001
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pH 8.0. The mixture was applied to NiNTA-agarose and the adsor-
bent washed sequentially with 8 M urea, 100 mM NaH,PO, and
10 mM Tris-HCl, pH 6.3 and 80 mM imidazole and with 8 M urea,
100 mM NaH,PO,, 10 mM Tris-HCl, pH 5.9, then eluted with 8 M
urea, 100 mM NaH,PO, and 10 mM Tris-HCl, pH 4.5. Tim23y (amino
acid residues 1-96) was expressed from pET10C with a Cterminal
Hisio-tag in C43 (DE3). Tim23¢ (residues 92—222) was expressed from
pET10N in E coli strain BL21-Codon Plus (DE3)-RIL (Sratagene).
E coli cells were lysed with 6 M guanidinium chloride, 100 mM
Na,HPO,, 10 mM Tris-HCl, pH 8.0, and Tim23y and Tim23;were puri-
fied via NiNTA—agarose chromatography. Wash and elution buffers
were asfor full-length Tim23. To raise antibodies against the N-ter-
minal domain of Tim23, the purified recombinant domain Tim23y
wasused to immunize rabbits.

Reconstitution into liposomes was achieved by the dialysis tech-
nique. Preformed small, unilamellar liposomes obtained from puri-
fied azolectin (Sgma, type IV S5 were lysed in Mega-9 buffer
(80 mM Mega-9, 10 mM MOPS-Tris, pH 7.0, and 1 mM EDTA), and
Tim23 (O1 mg ml-") in urea wasdiluted (10-fold into the mixture to
yield a lipid-to-protein ratio of 10:1 (w/w). Proteoliposomes were
formed following dialysis against 10 mM KCI, 1 mM CaCl, and
10 mM MOPS Tris, pH 7.0.

Inner membrane vesicles. Isolated yeast mitochondria were
adjusted to a protein concentration of 10 mg ml-'. Mitochondria
were swollen for 30 min on ice by 10-fold dilution with 20 mM
HEPESKOH, pH 7.2 and 1 mM PMSF After restoration of isotonic
conditions and sonication, crude vesicles were isolated by centrifu-
gation at 20,000 g. Pellets were resuspended in 5 mM HEPES-KOH,
pH 7.2, 10 mM KCl and 1 mM PMSF and loaded onto discontinuous
0.85-1.6% (w/v) sucrose gradients. Following centrifugation for
16 h at 100,000g, vesicles were harvested and subjected to
SDSPAGE analysis. The vesicleswere mixed 1:1 (v/v) with preformed
small, unilamellar liposomes and fused by sonication five timesfor
30 s each in a 20 ml water bath mounted in a microtip-equipped
Branson sonifier. The fused vesicles were exposed to one
freeze/thaw cycle and sonicated again for 30 sbefore being subject-
ed to electrophysiological measurements.

Electrophysiological measurements. The painting technique
was used to form planar lipid bilayers®'6. The cischamber solution
was changed to asymmetrical concentrations (cischamber: 250 mM
KCl, 1 mM CaCl, and 10 mM MOPS Tris, pH 7.0) once a stable bilayer
was formed in symmetrical solutions of 20 mM KCl and 10 mM
MOPS Tris, pH 7.0. The liposomes were added to the cis compart-
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ment directly below the bilayer. The standard buffer for symmetri-
cal measurements was 250 mM KCl, 0.1 mM CaCl, and 10 mM
MOPSTris, pH 7.0. Agar bridges containing 2 M KCl were used to
connect the Ag/AgCl electrodesto the chambers. The electrode of
the transcompartment (reference chamber for reported membrane
potentials) wasdirectly connected to the headstage (Cv-5-1GU) of a
current amplifier (Geneclamp 500, Axon Instruments). Amplified
currents were recorded using a Digidata 1200 A/D converter. For
analysis, a self-developed Microsoft Windows-based analysis soft-
ware (SCIP, single-channel investigation program) wasused in com-
bination with Origin 6.0 (Microcal Software).

BN-PAGE and protein import into mitochondria. For BN-PAGE,
mitochondria (50 pg) were resuspended in 50 pl of ice-cold digi-
tonin buffer (1% (w/v) digitonin, 20 mM Tris-HCl, pH 7.4, 0.1 mM
EDTA, 50 mM NaCl, 10% (v/v) glycerol and 1 mM PMSF), incubated
on ice for 15 min and then centrifuged at 12,000g, 4 °Cfor 15 min.
Sample buffer (5 pl) was added (5% (w/v) Coomassie brilliant blue
G-250, 100 mM Bis-Tris, pH 7.0 and 500 mM 6-aminocaproic acid)
and the samples were then separated on 6-16.5% polyacrylamide
gradient gelsat 4 °C(ref. 20).

The preprotein b,A-DHFR was purified as described?. Isolated
yeast mitochondria were resuspended in import buffer (3% (w/v)
BSA, 250 mM sucrose, 5 mM MgCl,, 80 mM KCl, 5 mM methionine,
10 mM MOPSKOH, pH 7.2) and supplemented with 2 mM each of
ATP, NADH and GTP. Just before import, the preprotein wasdiluted
to 0.16 uM in import buffer (minus BSA) and the sample clarified by
centrifugation. Following import at 25 °C, mitochondria were reiso-
lated, washed in 250 mM sucrose, 1 mM EDTA and 10 mM MOPS
KOH, pH 7.2, and then separated by 14% SDSPAGE. Import was
assessed by immunodecoration with an anti-DHFR following trans-
fer to polyvinylidene difluoride (PVDF) membrane?.
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