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Dynamics of the Preprotein Translocation Channel of the Outer
Membrane of Mitochondria

Melissa Poynor, Reiner Eckert, and Stephan Nussberger
Abteilung Biophysik, Biologisches Institut, Universitat Stuttgart, Stuttgart, Germany

ABSTRACT The protein translocase of the outer mitochondrial membrane (TOM) serves as the main entry site for virtually all
mitochondrial proteins. Like many other protein translocases it also has an ion channel activity that can be used to study the
dynamical properties of this supramolecular complex. We have purified TOM core complex and Tom40, the main pore forming
subunit, from mitochondria of the filamentous fungus Neurospora crassa and incorporated them into planar lipid bilayers. We
then examined their single channel properties to provide a detailed description of the conformational dynamics of this channel in
the absence of its protein substrate. For isolated TOM core complex we have found at least six conductance states. Transitions
between these states were voltage-dependent with a bell-shaped open probability distribution and distinct kinetics depending
on the polarity of the applied voltage. The states with the largest conductance followed an Ohmic I/V characteristic consistent
with a large cylindrical pore with very little interaction with the permeating ions. For the lower conductance states, however, we
have observed inverted S-shaped nonlinear current-voltage curves reminiscent to those of much narrower pores where the
permeating ions have to surmount an electrostatic energy barrier. At low voltages (<=70 mV), purified Tom40 protein did not
show any transitions between its conductance states. Prolonged exposure to higher voltages induced similar gating behavior to
what we observed for TOM core complex. This effect was time-dependent and reversible, indicating that Tom40 forms not only
the pore but also contains the “gating machinery” of the complex. However, for proper functioning, additional proteins (Tom22,
Tom7, Tom6, and Tomb5) are required that act as a modulator of the pore dynamics by significantly reducing the energy barrier

between different conformational states.

INTRODUCTION

The protein translocase of the outer mitochondrial membrane
(TOM) represents the main entry site into mitochondria for
virtually all mitochondrial precursor proteins. It regulates the
interaction of preproteins with the mitochondrion and me-
diates the transfer of unfolded polypeptides across the outer
membrane. In addition, it plays a central role in the integra-
tion of membrane proteins into the outer membrane (1-7).
The TOM transferase is a supramolecular complex. The
central subunit that forms the protein-conducting channel has
been assigned to Tom40 (8—11). TOM core complex includes
the preprotein receptor Tom?22 and three proteins that func-
tion in the assembly and stability of the complex, Tom5,
Tom6, and Tom7 (12—18). TOM holo complex also contains
Tom?20 and Tom70 that interact with the channel at its pe-
riphery only and thus play a minor role in channel formation.
Using an electrophysiological approach, Tom40, TOM
core complex, and TOM holo complex have been shown
to form large ion-conducting channels in lipid membranes
(8-11,19). This channel activity closely resembles channels
found in native mitochondrial membranes. The so-called
peptide sensitive channels, PSC, are slightly cation selective
and are blocked by preprotein peptides (20-24). These PSC
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channels have subsequently shown to be identical with the
TOM-translocase (25,26). Like other protein translocases,
the TOM channel was found to have a considerably large
conductivity and a pore size of ~2 nm (27-33). Using outer
mitochondrial membranes of Saccharomyces cerevisiae
wild-type and tom22A deletion mutants it has also been
suggested that the preprotein receptor Tom22 plays an es-
sential role in regulating the channel activity of the TOM
complex (16).

At high membrane voltages, the TOM channels were
found to undergo fast transitions between multiple conduc-
tance states, particularly from a maximum open state to two
nearly equidistant lower conductance states (10,11,26,30,
34). Based on this observation and low resolution electron
microscopy studies, the TOM core complex has been pro-
posed to form a ‘‘double-barreled’’ channel in the outer
membrane of mitochondria (5).

Although the importance of the TOM complex in the mi-
tochondrial protein translocation pathway is well established,
little is known about the biophysical mechanism of protein
binding and translocation. The current working hypothesis is
that TOM forms an aqueous pore through which polypep-
tides thread across the mitochondrial outer membrane. It is
believed that this pore is identical with the ion conducting
pathway. If this is the case then each transition of a substrate
peptide would block the pore for ion passage and electro-
physiological data could be described in terms of a Woodhull
blocking mechanism (35,36).

doi: 10.1529/biophys;j.108.131003



1512

So far, the transfer of polymers has been studied with model
pores, like a-hemolysin and macromolecules such as oligo-
nucleotides (37-40), peptides (41), or polysugars (42).
Substrate—pore interactions and partitioning of substrate into
individual pores were explored by probing the frequency and
duration of transient substrate-induced current blockages.
Current blockages were found to be sensitive to the properties
of the biopolymers and provided a rich source of information
to elucidate the mechanism of polymer capture and transport
on physical grounds (43).

In contrast to a-hemolysin, TOM shows spontaneous
voltage-dependent gating behavior. Therefore, to adopt a
similar experimental approach to TOM and gain information
regarding the dynamics of polypeptides in the TOM-channel,
the detection of substrate-induced current blockages requires
detailed knowledge of the kinetic behavior of the TOM
channels in the absence and presence of substrate peptides.
Although there is a large body of electrophysiological data
available, a comprehensive characterization of TOM as a
gated ion channel has still been lacking.

In this study, we have examined the single channel properties
of TOM isolated from Neurospora crassa to provide a detailed
description of the conformational dynamics of the TOM com-
plex pore in the absence of blocking peptide substrate. We
describe a kinetic model of the channel activity that can be used
to identify substrate-induced current blockages among the
intrinsic gating of the TOM machinery. The model will also
help to decide which of the substates are affected by peptide
blockage and represent peptide transporting configurations.

MATERIALS AND METHODS
Isolation of TOM core complex

TOM core complex was purified from N. crassa strain GR-107 that contains
a hexahistidinyl-tagged form of Tom?22. Protein was isolated from detergent
solubilized mitochondria according to the protocol of (44) by nickel-
nitrilotriacetic acid affinity (Ni-NTA) and anion exchange chromatography
with minor modifications regarding the buffer (20 mM Tris, pH 8.5) for the
first isolation steps.

TOM core complex lacking either subunit Tom5, Tom6, or Tom7 was
purified from N. crassa strains tomSRIP, tom6RIP, and tom7KO-35 (13,18).
Purified mitochondrial outer membranes (26) were solubilized in 1%
n-dodecyl B-D-maltoside (DDM), 20% glycerol, 50 mM K-acetate, 10 mM
Mops (pH 7.2), and 1 mM phenylmethylsulfonyl fluoride (PMSF) at 4°C for
30 min. After removal of insoluble material by centrifugation at 130,000 X g,
the soluble extract was bound to an anion exchange Resource Q column (GE
Healthcare, Munich, Germany). TOM core complex was eluted by a linear
salt gradient from 0 to 400 mM KCl.

Isolation of Tom40

Addition of 3% n-octyl B-D-glucopyranoside (OG) to TOM core complex
leads to dissociation of the core complex into the individual components
(10). Based on this observation, a protocol was developed to isolate Tom40
protein. Purified mitochondria of the N. crassa strain GR-107 were solubi-
lized in 1% DDM, 20% glycerol, 300 mM NaCl, 20 mM imidazole, 20 mM
Tris (pH 8.5), and 1 mM PMSF for 30 min at 4°C. After ultracentrifugation at
130,000 X g the clarified extract was bound to a Ni-NTA column (GE
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Healthcare). The column was rinsed with 0.1% DDM, 10% glycerol, 300
mM NaCl, 20 mM Tris (pH 8.5), then with 10% glycerol, 50 mM K-acetate,
10 mM Mops (pH 7.2, SB-buffer) supplemented with 0.1% DDM. Tom40
was then eluted in SB with 3% OG. Tom22 and other bound proteins were
eluted with 300 mM imidazole in SB containing 0.1% DDM. For electro-
physiological measurements isolated Tom40 and TOM core complex were
further purified via a Superose 6 gel filtration column (GE Healthcare) using
SB containing 0.1% DDM.

Electrophysiology

Purified Tom40 as well as TOM core complex protein was reconstituted into
black lipid membranes and single channel currents were recorded according
to standard protocols (10,45,46). A 1% solution of diphytanoyl phosphatidyl
choline (Avanti Polar Lipids, Alabaster, AL) in n-decane/butanol (9:1) was
painted over a circular hole of 300 um diameter in the partitioning wall of a
custom built Teflon bilayer chamber (47) or in a cylindrical Delrin cup of a
bilayer chamber (BCH-13A, Warner Instruments, Hamden, CT). The
chamber was filled with symmetrical KCl saline (1 M KCl, 10 mM Hepes,
pH 7.0), unless otherwise noted. Protein was added to the cis-side of the
membrane. Current fluctuations through single channels were recorded using
an EPC-8 patch-clamp amplifier (HEKA Electronics, Lambrecht/Pfalz,
Germany) in voltage-clamp mode. The headstage of the amplifier was con-
nected to the bilayer chambers by a pair of Ag/AgCl pellet electrodes (WPI,
Berlin, Germany). Current signals were low-pass filtered at 3 kHz using the
built-in Bessel-filter of the amplifier and monitored for channel insertion
using an analog oscilloscope (HAMEG, Mainhausen, Germany). Current
and voltage signals from the amplifier were digitized at a sampling rate of
10 kHz per channel using a NI-USB-6251 interface (National Instruments,
Munich, Germany) controlled by a program of the Strathclyde electro-
physiology suite (WinEDR 2.8 or WinWCP 3.6, J. Dempster, University of
Strathclyde, Glasgow, UK). For current-voltage analysis currents were re-
corded in response to either linear voltage ramps or stepwise voltage changes
of 1 or 10 mV increments and 10 s duration per step.

Data analysis and modeling

Digitized current traces were analyzed using software developed in our
laboratory in conjunction with standard scientific graphic software (Microcal
Origin 7.5, OriginLab, Northhampton, MA).

For the construction of I/V curves and state occupancy plots, stationary
current recordings at different voltages of representative experiments were
imported into Origin. From these traces all-point histograms were generated
and fitted with multiple Gaussian peak functions using nonlinear curve fitting
facility in Origin. For each peak, the mean position (current amplitude) and
the relative peak area (occupancy probability) were determined at a corre-
sponding holding potential. For each conductance state the results of several
experiments were averaged and plotted against the respective holding po-
tential. All values are given as mean = SE.

The conductivity for each state was calculated as the slope of the I/V-
relation of that state around its reversal potential at 0 mV. The mean open
probability p, was determined as the relative peak area under current am-
plitude histograms of the main conductance state S5. For fitting the nonlinear
I/V-relations of the low conductance substates we used Nernst-Planck
models for ion permeation through a pore with an energy barrier (48).
The barrier was considered to follow a symmetrical triangular function
with height ® and width d. By introducing the dimensionless variable
u = zq.V /2kgT the membrane current was then modeled according to:

24zq.D _ B (u—d) -1 1= —(ute)
Izied’(cle"—cze”)/e + ¢

d u—a¢ u+¢ |’

where V is the voltage across the membrane and A is the cross-sectional area
of the channel (49). The parameters c;, ¢, D, z, and ¢. represent the
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concentrations on the left and right boundaries of the channel, the diffusion
constant, the valence of the permeant species and the elementary charge. The
barrier height and the cross-sectional area of the channel were used as free
fitting parameters. kgT was equal to 4.116 X 1072 J.

Transitions between different conductance states were made visible by
creating mean-variance plots according to Patlak (50,51). A sliding window
with a width of 15 data points was moved one step at a time along the current
trace. For each step the mean and variance of the data within the window
were calculated and plotted versus each other. In this type of plot, transitions
between current levels appear as parabolic arches that connect clusters of
points with low variance that represent the stable current levels.

For kinetic analysis, stationary single channel records were idealized and
analyzed using software developed in our own laboratory. As a first step
to idealization, the data were separated into segments using a difference
threshold technique (52,53) suitable for recordings with multiple conduc-
tance levels. The segments were then classified according to their mean
amplitude into conductance levels using a half-amplitude threshold dis-
criminator for multiple levels. Consecutive segments belonging to the same
conductance class were merged and the results were stored as a list of
“‘events’” where each event is a tuple containing (among others) the start
time, duration and the mean amplitude of the merged segment along with its
conductance class.

Due to the flickering activity of the channels some of the records con-
tained large amounts of very short events where both duration and amplitude
were ill defined. These events had to be excluded from the analysis by using a
defined dead time (usually one or two sampling intervals). Events shorter
than this dead time were marked as invalid but were not removed from the
event list or merged into other events. Event list data were then used for
kinetic analysis e.g., to construct dwell-time histograms (54,55) for each
subconductance state or to estimate various gross kinetic parameters such as
mean transition frequencies and mean transition rates between the different
conductance states.

To establish a preliminary kinetic scheme for the gating behavior of TOM
channels we estimated the gross frequency of transitions from conductance
states i —j, which is a matrix T with entries

iy = bu
n

and the matrix of mean transition rates K with entries

nHj

Z Tioj

nj,j

kij =

where 1 is the total number of events, n; . j is the number of transitions from
conductance state i — j, and 7;,  is the dwell time (event length) of an event
of conductance state i with a transition to state j. The parameters of several
recordings (n = 5) were combined and imported into Origin and plotted
against the applied voltage to determine which rates were voltage sensitive
and to estimate their voltage sensitivity.

Kinetic modeling of single channel currents according to the resulting
kinetic scheme was done using QuB (56,57).

RESULTS
Isolation of TOM core complex and Tom40

The TOM core complex containing all established compo-
nents was purified from isolated mitochondria according to
established procedures (44). The isolation of Tom40 was
based on the dissociation of isolated TOM core complex
by the detergent n-octyl B-D-glucopyranoside (OG). For
this, mitochondria from a N. crassa strain containing a
hexahistidinyl-tagged form of Tom22 were solubilized in
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n-dodecyl B-D-maltoside and loaded onto a Ni-NTA affinity
column. Fig. 1 A shows a SDS-polyacrylamide gel of the
main fraction after elution of protein with OG and imidazole.
The OG fraction contained high yield of virtually pure
Tom40 (Fig. 1 B). For the electrophysiological measure-
ments isolated Tom40 and TOM core complex were further
purified by an additional gel filtration step (data not shown).

Gating behavior and substates of TOM
core complex

To gain insights into the biophysical properties of the pre-
protein translocase of the outer membrane of mitochondria,
we have reconstituted TOM core complex from N. crassa in
planar lipid bilayers and recorded single-channel currents
under voltage clamp conditions.

Fig. 2 A shows typical single-channel records from mem-
branes clamped to voltages between —100 and +100 mV.
Membranes were kept at 0 mV for 10 s and then switched to
the test voltage and the currents were recorded. Only current
traces during the test pulse are shown. They show a complex
gating behavior with transitions between six current levels
corresponding to one closed (SO) and five conductive states
(S1-S5). The corresponding amplitude histograms are shown
in Fig. 2 B. To visualize the connectivity between these
subconductance states, we subjected all current traces to
mean-variance analysis (50,51). The mean-variance plots
(Fig. 2 C) of the current traces presented in Fig. 2 A showed
a complex transition pattern that was strongly voltage-
dependent and characteristic for TOM channels. This pattern
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FIGURE 1 Purification of Tom40. (A) Mitochondria from a N. crassa
strain carrying a hexahistidinyl tag on Tom22 were solubilized in 0.3%
DDM and passed through a Ni-NTA affinity column. After various washing
steps Tom40 was eluted with 3% OG; Tom22 among other proteins was
eluted with 300 mM imidazole. Aliquots of the resulting column fractions
were analyzed by Coomassie blue stained tricine gels and with Western
blots. (Lane 1) Mitochondria; (lane 2) flow through; (lane 3) OG eluate;
(lane 4) imidazole eluate. (B) The purity of isolated Tom40 was assessed by
Western blot analysis using antibodies against Tom40, Tom22, Tom7,
Tom6, and Tom5.
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FIGURE 2 Current fluctuations through single TOM core complex channels. (A) Purified TOM core complex was reconstituted into planar lipid bilayers and
membrane currents were recorded in symmetrical 1 M KCI, 10 mM Hepes, pH 7.0 using the voltage clamp technique with clamp potentials between —100 and
+100 mV. At low voltages between —20 and +20 mV hardly any voltage-dependent gating was observed. At higher voltages, TOM-mediated currents were
voltage-sensitive and switched between six nonequidistant conductance states (SO—S5). The conductance states SO-S5 are indicated as dotted lines. (B)
Amplitude histograms (bin widths, 4 pA) produced from 10 s of channel activity. Up to six peaks are evident in the histograms (lower panel) and are labeled
with the corresponding subconductance level. Gaussian curves were fitted to the data and are superimposed to the histograms. (C) Mean-variance plots of the
recordings shown in (A). The window widths used were 15 points, corresponding to 1.5 ms. Transitions between conductance states are visible as parabolic
arches in the plots connecting low variance current levels. (D and E) Enlarged view of the shaded areas shown in (A). (D) Currents at —100 mV. (E) Currents at

+100 mV. Arrows indicate sojourns in the closed state SO.

was distinctively different to currents from VDAC, the pre-
dominant channel protein of the mitochondrial outer mem-
brane (data not shown).

At high positive potentials (>60 mV), the channels flick-
ered rapidly between conductance states S5, S3, and S2 with
very brief sojourns in S5. At lower positive voltages the so-
journs in the open state S5 became more frequent and the
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overall occupancies of the higher conductive states increased.
“‘Bursts’’ of transitions between S5 and S3 were interspersed
with periods where the channel predominantly occupied
states S4 and S2. Transitions to the states S1 and SO occurred
less frequent (Fig. 2 D) and became visible only in longer
recordings (¢ > 60 s). At zero voltage, the occupancy of the
S5 state was close to unity. At negative potentials the occu-
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pancies of the higher conductive states again decreased,
however, the sojourns in S5 and particularly in S2 were
longer with less flickering between states.

The very fast flickering at positive potentials (Fig. 2 E) is
typical for this polarity and can be used to distinguish the
direction of insertion the channel in different recordings. In
all subsequent figures, the voltage polarities of the records
were, therefore, aligned accordingly.

I/V characteristics and selectivity of TOM core
complex channels

To characterize the conductivity of sublevels S1 to S5 we
have used linear and stepped voltage ramps to generate current-
voltage (I/V) curves (Fig. 3 A). As shown in Fig. 3 A and Fig.
3 B, the conductance states S5 and S4 followed a linear
current-voltage relation within the tested voltage range of
*120 mV. From n = 93 records we have determined the
conductivity in 1 M KCl for S5 and S4 as 2.16 = 0.34 nS and
1.09 = 0.15 nS, respectively. The conductance states S3, S2,
and S1, on the other hand, did not show a linear characteristic
but followed a current-voltage relation with increasing con-

o

A ... S5
1000 mM

Current [pA]
=)
[= -]

1515

ductivity at high voltages. In the linear voltage range at |V|<
50 mV states S3, S2, and S1 we have estimated a conduc-
tivity of 0.67 = 0.09 nS, 0.36 = 0.06 nS, and 0.16 = 0.03 nS,
respectively.

Recordings of I/V curves in asymmetric salt solutions
eventually allowed the determination of the ratio of the cation
to anion permeability of the TOM core complex channel
(data not shown). A ratio of ~1.7 was in agreement with
previous reports (8) and indicated that the channel is slightly
cation selective.

Concentration dependence of the conductivity

To facilitate comparison between previously published data
from our laboratory and others, we have also measured the
dependence of the conductivity on the salt concentration.
Similar patterns of conductance levels were observed in the
presence of 125, 250, and 1000 mM KCl (Fig. 3, D-F). The
conductivity of all states followed a Michaelis-Menten rela-
tion of the form y = y,,.¢/[Ks+c] (36). The unit conduc-
tance (S5-state) of TOM core complex channels measured at
125 mM and 250 mM KCl was 0.41 = 0.09 nS (n = 4) and

FIGURE 3 I/V characteristic of TOM channel conduc-
tance states. (A) A representative current trace of a single
TOM core complex channel recorded in 1 M KCI, 10 mM
Hepes, pH 7.0 (upper panel), in response to a linear voltage
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from linear (ohmic) I/V relation with a typical inverted
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0.65 £ 0.05 nS (n = 4), respectively (Fig. 3 C). This corre-
sponds to an apparent Kg of 2.6 = 0.8 M and a maximum
conductivity ymax of 7.7 = 1.7 nS. The conductivities of all
subconductance states are summarized in Table 1.

Voltage-dependent substate occupancies of
TOM core complex channels

Next, we investigated the voltage-dependence of TOM core
complex channels. We have determined the occupancy
probability of all substates S1 to S5 at different transmem-
brane potentials (Fig. 4). Current traces were recorded at
constant voltage and the occupancy probabilities were cal-
culated as relative peak areas from Gaussian fits to the cor-
responding amplitude histograms.

Atlow potentials (| V| < 20 mV) the TOM channel resided
predominantly in its main conductive state S5. At interme-
diate voltages (20 mV < |V| < 100 mV), the complex
switched to states S4, S3, and S2, whereas S4 had a signifi-
cantly smaller occupancy probability than S3 and S2. S1 was
occupied at high voltages of |[V| > 100 mV, only. The closed
state SO was only rarely observed. The occupancy probability
of state S5 followed an asymmetric bell shaped curve and
could be fitted by a double Boltzmann equation of the form

p=1/ ((1 + e’“VV“)) (1 + eva(;))),

where Vj and V are the voltages at which the open prob-
ability p is half maximal, and A and A’ are the voltage
sensitivities of the occupancy probability. The curve param-
eters are Vo= —-33 = 7mV,Vy =68 = 10mV,A=0.1 =
0.03mV 'and A’ = —0.06 + 0.02 mV "' corresponding to
an equivalent gating charge z6 =2.5 £ 0.8 and z6' = 1.5 *
0.5, respectively.

Voltage-dependent gating kinetics of TOM core
complex channels

We have further investigated the kinetics of the channel by
estimating the mean transition rates between conductance
states ki = 1 / 7;j from the mean dwell times 7;; of events in
state i that were followed by a transition to state j. These data
were calculated directly from event lists rather than from
dwell-time histograms because due to the limited record
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length, for some transitions, the number of available events
was not sufficient to create meaningful histograms.

The resulting rate estimates were then plotted versus the
applied transmembrane potential and fitted with &;(V) =
kie'iV, where k* is the rate at 0 mV and A is the voltage
sensitivity of the rate. An example of this analysis is shown in
Fig. 5 A for the rates for transitions S5 — S3. As the rate data
cover more than two orders of magnitude, they were plotted
in logarithmic scale. Exponential voltage dependence,
therefore, shows as a linear correlation of data points in the
plots. The rates showed bimodal voltage dependence with
a symmetry about 0 mV. Therefore, each polarity of the
transmembrane potential was fitted separately, which is
equivalent to saying that the data are a superposition of two
transitions between e.g., S5 — S3 for positive potentials and
S5 — S3’ for negative potentials (The complete matrix of
plots for all transitions are given in Supplementary Materials,
Fig. S1. Bimodal voltage dependence was present for almost
all subconductance-state transitions observed. In the case
shown, both rates were voltage-dependent and almost mirror
images about a symmetry axis at 0 mV. However, for some of
the rates we found that they were voltage-independent for
either one or both polarities. In addition to the rates we have
also determined the relative frequency of occurrence of
transitions within a record. These plots were then used to
draft the kinetic scheme of the TOM core complex channel
(Fig. 5 B). Transitions with consistently low frequency of
occurrence (<5%) over the whole voltage range were ex-
cluded. Fig. 5 B shows the simplest kinetic model that was
consistent with the steady-state occupancies in Fig. 4. The
model consists of 10 kinetic states and 16 transitions. The
parameters are summarized in Table 2.

The data shown were collected from five independent bi-
layer experiments. In total » = 102 records were analyzed
covering a voltage range of =120 mV; the time resolution of
the records was ~1 kHz, therefore, the fastest rate visible in
our analysis is ~500 s~ '.

Gating behavior of TOM core complex channels
lacking Tom5, Tom6, or Tom7

To test how the small Tom proteins Tom7, Tom6, and TomS5
affect the conductivity pattern and the gating kinetics of the
TOM complex we compared the channel activity of wild-
type TOM core complex and TOM core complex lacking

TABLE 1 Concentration dependence of substate conductivities of TOM core complex channels

125 mM 250 mM 1000 mM Vimax Ks

Ysi n.d. 0.05 = 0.01 nS 0.16 = 0.03 nS n.d. nS n.d.

s 0.04 = 0.01 nS 0.11 = 0.02 nS 0.36 = 0.06 nS 3 +30nS 4.2 = 6 mol/l

Vs 0.12 = 0.01 nS 0.22 = 0.02 nS 0.67 + 0.09 nS 3+ 10 nS 2.2 + 8 mol/l

Ysa 0.21 = 0.02 nS 0.32 = 0.01 nS 1.09 + 0.15 nS 7 + 23 1S 3.6 + 12 mol/l
yss 0.41 = 0.09 nS 0.65 + 0.05 nS 2.16 = 0.34 nS 13 + 19 nS 3.2 * 5 mol/l

The conductivities shown are from the chord conductance of the I/V characteristics around 0 mV transmembrane potential. Due to the nonlinearity of the I/V
relations of S1-S3 these are lower limits. n.d., not determined.
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Tom5, Tom6, or Tom7. This was purified from detergent
solubilized mitochondrial outer membrane vesicles of N.
crassa strains tomSRIP, tom6RIP, and tom7KO-35 (13,18)
by using anion exchange and gel filtration chromatography.
Electrophysiological analysis of TOM core complex defi-
cient in TomS5, Tom6, or Tom7 showed similar channel ac-
tivity as wild-type complex (Fig. S2).

Gating behavior of purified Tom40 channels

Previous studies have shown that Tom40 is the main com-
ponent of the TOM complex that forms the conductive pore
of the outer mitochondrial membrane (9-11) whereas Tom22
has been suggested to play a role in regulating the open

probability of the channel (16).
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FIGURE 4 Voltage-dependent state
occupancies of TOM core complex
channels. Voltages from —120 to +120
mV were applied in increments of 10 mV
to single TOM core complex channels.
Membrane currents were measured for
10 s each (n = 8). For each voltage all-
point histograms were generated and
fitted with Gaussian functions. The oc-
cupancy probabilities p of the substates
S0-S5 were obtained from the area be-
low each peak at the indicated potentials.
The probability of state S5 was fitted to a
double Boltzmann distribution (dotted
line) with parameters Vo= —33 = 7mV,
Vo =68 £ 10 mV, A = 0.1 £ 0.03
mV~'and A’ = —0.06 = 0.02 mV~,
respectively. The solid lines represent
the subconductance state occupancy prob-
abilities predicted by the kinetic model
in (Fig. 5 B).

Purified Tom40 reconstituted into planar lipid bilayers
formed cation selective channels similar to TOM core com-
plex (data not shown). Analysis of n = 119 insertion events
of Tom40 into lipid bilayers exhibited four conductivities
(S2*-S5%*) that corresponded roughly to states S2, S3, S4,
and S5 of the core complex (Fig. 6, A and B). The conduc-
tivities in 1 M KCIl were 0.42 = 0.03 nS, 0.81 = 0.03 nS,
1.41 £ 0.02 nS, and 2.01 = 0.02 nS. Tom40 channels with a
conductance corresponding to the S1 state of the core com-
plex have not been observed.

Application of linear voltage ramps from —70 to +70 mV
resulted in linear current responses with very little gating
transitions (Fig. 6 C). Increasing the voltage range to =150
mV, however, led to voltage-dependent closures (Fig. 7)
similar to those of TOM core complex (Fig. 7 B). The
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FIGURE 5 Voltage-dependent rates of TOM core complex channels.
(A) Voltage dependence of the transition rate between conductance states
S5 — S3. Due to the logarithmic scaling of the ordinate, voltage-dependent
rates are represented as linearly correlated clusters of data points. Note the
bimodal V-shaped relation that indicates that transitions from conductance
states S5 to S3 are governed by two almost symmetric processes with rates
ks;—s, and ks, - s; . In this particular case both rates were voltage-dependent
with k5,5 =21 = 95" and Ag, s, = 0.013 * 0.005 V™" and k§,_,g,=
9= 10s "and As, sy = —0.017 = 0.012 V1. (B) Topology for the kinetic
scheme for TOM core complex gating. The Sx-notation of the kinetic states
refers to the conductance class whereas the S <> S’ notation indicates the
different polarity of the voltage dependence.

S

threshold voltage for closing the channel decreased for each
consecutive voltage ramp. This effect was reversible when
returning to ramps with a small voltage range.

DISCUSSION

In the presence of preprotein peptides, TOM channels have
been observed to show a typical flickering block (10,26,
30,58). This blockage is also voltage sensitive, roughly fol-
lowing a Woodhull formalism (20,59). This suggests a
mechanism for protein translocation through TOM by
threading the polypeptide chain through the open pore of the
TOM channel. If this assumption holds, then more detailed
information about the threading mechanism could be obtained
from analysis of amplitude and duration of the blockage
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events similar to reports on polynucleotide and peptide
translocation through pores formed by Staphylococcus
aureus a-hemolysin (37,38,40,41,60-62). This, however, is
hampered by the endogenous behavior of the channel that
often resembles the behavior that would be expected for
open channel blockage by a charged blocking particle.

In our hands, reconstituted TOM core complex channels
show a very rich behavior that appears much more complex
than might be anticipated from previous reports (8—11,
30,44). We have, therefore, started to characterize the voltage-
dependent behavior of the channels without blocking pep-
tides to compare the endogenous behavior to that induced by
mitochondrial presequence peptides.

Conductance levels

In this report, we have identified at least six electrically dis-
tinct conductance states of the TOM core complex channel
(SO-S5). The transitions among these are coupled to the
membrane voltage and are modulated by the presence of the
small Tom subunits (Tom22, Tom7, Tom6, and TomS5) but
not by Tom7, Tom6, and Tom5 alone. The predominant
conductance states of the channel are the main open state S5
and the two intermediate states S3 and S2.

Although multiple open conductance states in the TOM
core complex have been reported previously (9,20,26,34) no
detailed characterization has been available so far. Previous
studies on mitochondrial outer membranes and TOM com-
plex channels of S. cerevisiae and N. crassa have focused
on transitions between three approximately equidistant con-
ductance levels (8,9,11,26,30,34) suggesting a ‘‘double-
barrel’” model similar to that proposed for the CIC-0 chloride
channel (63,64). In our records we did not observe equal
spacing of the conductance levels and the transitions between
them (see Table 2, last column), except at high voltages,
where states S1, S2, and S3 display nonlinear I/V charac-
teristics. This data, therefore, clearly argues against such a
simple view. Because the occupancy probabilities of all sub-
conductance states depend on membrane potential, not all
subconductances are visible at a given voltage. Thus, earlier
studies may have overlooked the open conductance levels S1,
S2, and S4. In patch clamp recordings, the presence of the S1
state may have been mistaken for a finite seal conductance and
therefore assigned to a fully closed state. In our recordings the
nonconductive state SO can be distinguished clearly from
S1. It has the conductivity of a protein-free lipid bilayer (R >
30 GQ in 1 M KCl).

I/V relation

For the main conductance state S5 and subconductance S4
TOM core complex channels exhibited a linear (ohmic) I/V
relationship consistent with a straight cylindrical pore model
(36). By contrast, the lower subconductance states S1 to S3
followed inverted S-shaped I/V curves where the current
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TABLE 2 Rates and voltage sensitivities of TOM core complex channels

Transition ks AVTY Transition ks AVTY Ay [nS]
So — S1 3000 % 400 —0.053 = 0.002 - S 170 = 25 —0.017 = 0.001 0.2
So — S 7500 = 700 0.09 * 0.002 - So 350 = 80 —0.046 = 0.004 0.2
S — S, 270 * 200 —0.019 = 0.009 - S 20 = 15 0.02 0.2
Sy — 83 120 = 13 — 3 = S 130 = 30 — 0.5
S — S; 50 = 60 0.006 = 0.010 53— 5, 110 = 12 — 0.3
Sy — Ss 200 *= 70 —0.004 = 0.006 s — S, 1.5*15 0.03 + 0.01 1.8
S3 — S84 102 £ 15 — — S5 480 *+ 350 —0.021 = 0.009 0.4
S3 — Ss 200 * 67 —0.008 *+ 0.005 s — S; 219 0.012 = 0.005 1.5
S4 — Ss 170 = 18 — — Sy 8 +7 0.021 = 0.009 1.1
Ss — S5 24 12 —0.023 = 0.005 — S5 700 = 800 0.05 * 0.03 1.8
Ss — S5 9+10 —0.02 = 0.01 — Ss 56 = 17 — 1.5
Ss — S} 3+2 —0.027 = 0.007 Si— Ss 170 = 18 — 1.1
ST — S5 90 = 100 0.01 £ 0.02 - S 80 = 20 — 0.3
ST — S5 300 = 150 0.03 = 0.01 - S 1.3 0.7 —0.034 = 0.005 0.2
Sy — 8% 15+ 10 —0.010 = 0.008 — S5 3+5 —0.02 = 0.016 0.3
S5 — 84 54 £8 — b — S5 600 = 400 0.03 = 0.01 0.4

Transitions where no voltage sensitivities A are shown are voltage independent.

increased faster than the voltage. This observation indicates
that the TOM channel can switch to a conformation in which
the permeating ions sense a repelling force originating either
from surface charges or image forces in the pore.

More quantitative information on this interaction can be
obtained from fitting the I/V data with a Nernst-Planck barrier
model (48,49). Assuming a symmetrical triangular barrier
with a fixed width of ~70 A (pore length as determined by
(44)), the I/V curves for states S1-S3 predict an energy

A
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FIGURE 6 Properties of single channels of Tom40. (A) Purified Tom40
was added to one side of a planar lipid membrane and single channel
currents were measured in the presence of a membrane potential of 70 mV.
Step-like increases in current levels indicate incorporation of Tom40
channels into the bilayer. The aqueous phase contained 1 M KCl, 10 mM
Hepes, pH 7.0. (B) Histogram of channel conductances. A total of n = 119
conductance increments as shown in (A) was analyzed. S*, conductance
states of Tom40. (C) I/V curves of single Tom40 channels recorded by
application of linear voltage ramps between —70 and +70 mV. Four
independent recordings with different conductivities were overlaid.

barrier of ~3.6, ~2.0, and ~0.7 kgT. Values of this mag-
nitude are consistent with electrostatic barriers in other ion
channels such as the nicotinic acetylcholine receptor or gly-
cine receptor channels (nAChR: ~3 kgT, GlyR: ~4 kgT
(65)). The energy barrier for substates S4 and S5 was found to
be lower (~0.4 kgT) than those for states S1-S3 consistent
with an ohmic channel (36). Because the TOM channels
accommodate both cations and anions (8,9,23,58) we would
predict that dielectric image forces significantly contribute to
this energy barrier.

In addition to the barrier height it was also possible
to estimate the effective radius of the TOM core complex
channel in states S1-S5 (rs; & 5 A, ro = 5 A, rg3 = 6 A,
rsa =7 A, and rgs ~ 9 A). These values are consistent with
the pore radius determined by electron microscopy (r ~ 10 A
(44)). Considering the dimension of an unfolded polypeptide
chain the large conductance states S4 and S5 are the likely
candidates that represent the protein-conductive pore con-
formation. Electrophysiological experiments studying the
interaction of TOM core complex with model peptides are
currently under way.

Voltage dependence

As shown in previous reports, TOM core complex channels
show voltage-dependent gating with channel closure on a
bell-shaped open probability (66). The main conductance
state S5 showed a strong asymmetry of the voltage-dependent
open probability and characteristic flickering behavior at one
polarity (Fig. 2, A, upper traces, and E). This allowed us to
identify the orientation of the channel in the bilayer and align
the voltage polarity for the analysis accordingly. Fig. 4 shows
the voltage-dependent occupancies of all subconductance
levels that were identified in the records of Fig. 2. Note the
low occupancy probability of the S4 subconductance level is
inconsistent with a binomial distribution of multiple open
pores or a kinetic scheme with a sequential arrangement of
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FIGURE 7 Voltage-dependence of single-channels of Tom40. (A) Re-
sponse of a single Tom40 channel to linear voltage ramps of different
amplitude ranging from —70 to +70 mV and from —150 to +150 mV.
Initially very little gating between substates could be observed; increasing
the amplitude of the ramps induced voltage-dependent gating. Subsequent
decrease of the voltage amplitude reversed the gating behavior to the initial
gating pattern. (B) Expanded view of the response of a linear voltage ramp
ranging from —150 to +150 mV as in (A). (C) Open probability of the main
conductance state of Tom40 determined as described in Fig. 4. Application
of linear voltage ramps from —70 to +70 mV resulted in very few gating
transitions (solid squares). Increasing the voltage range to =150 mV led to
voltage-dependent closures (open squares) approaching the characteristics
of TOM core complex (dashed line, Fig. 4). For all records, the cis and trans
compartments contained 1 M KCl, 10 mM Hepes, pH 7.0.

the subconductance levels. The kinetic scheme shown in Fig.
5 B represents the simplest kinetic model that was qualita-
tively consistent with the steady-state occupancies and the
overall behavior of the channels (Fig. 4, solid lines). The
deviations from the model predictions, particularly the large
main state occupancy around 0 mV may be explained by the
relatively short periods used for estimating the occupancies
as some of the rate constants span at least three orders of
magnitude. Another factor may be the limited time resolution
of the data, which cuts off the visible rate constants at ~500
s~ ! and, therefore, probably leads to an underestimation of
both rates k* and voltage sensitivities A of the fast voltage
sensitive rates. Both limitations arise from the large orifice
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(diameter ~300 wm) of the bilayer chamber that was used in
these experiments. This produces large bilayer membranes
with high capacitance and low stability, particularly at
transmembrane potentials above 100 mV. The same limita-
tions also prevented a more rigorous analysis using dwell-
time histograms or conditional dwell-time histograms. We
were, therefore, unable to distinguish any aggregated kinetic
substates within a given subconductance state other than
those that were apparent from their different voltage sensi-
tivities (i.e., Sx versus S%). In this respect, the model should
be regarded as preliminary and represents our current
working hypothesis until more detailed data with higher
resolution are available.

Tom40 channels

Another interesting finding was that purified Tom40 channels
lacking Tom22, Tom7, Tom6, and TomS5 appeared to be
“frozen’’ in one of five conductance states. This behavior
resembles that of trypsin treated PSC-channels (59,66).
However, in our experiments after applying high membrane
potentials (V| > |100 mV]) transitions between different
conductance states similar to normal TOM core complex
behavior could be induced. This was reversed after switching
back to lower voltages. Because the channel properties of
TOM core complex lacking Tom5, Tom6, or Tom7 were
similar to those of wild-type core complex, loss of Tom?22 is
the most likely cause for this effect.

From Fig. 7 C we would estimate V| for Tom40 to be
initially at about —90 mV. Assuming the same voltage sen-
sitivity as in TOM core complex this would correspond to a
transition energy of ~9 kgT that is reduced to 3.3 kgT after
application of higher voltages. Therefore, Tom22 acts as a
modulator of the voltage-dependent gating by reducing the
initial transition energy by ~6 kgT.

SUMMARY

In summary, we have shown that the TOM machinery is a
highly dynamic structure that can switch between a complex
set of functionally distinct conformational states. We have
also shown that the low molecular mass Tom subunits
(Tom22 and/or Tom5, Tom6, and Tom7) contribute addi-
tional flexibility to the TOM complex by significantly re-
ducing the energy required for transitions between some of
these states. Future studies using model substrates will have
to show the significance of this dynamic behavior for the
mechanism of protein translocation.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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