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Protein Translocation through Tom40: Kinetics of Peptide Release
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ABSTRACT Mitochondrial proteins are almost exclusively imported into mitochondria from the cytosol in an unfolded or
partially folded conformation. Regardless of whether they are destined for the outer or inner membrane, the intermembrane
space, or the matrix, proteins begin the importation process by crossing the mitochondrial outer membrane via a specialized
protein import machinery whose main component is the Tom40 channel. High-resolution ion conductance measurements
through the Tom40 channel in the presence of the mitochondrial presequence peptide pF1b revealed the kinetics of peptide
binding. Here we show that the rates for association kon and dissociation koff strongly depend on the applied transmembrane
voltage. Both kinetic constants increase with an increase in the applied voltage. The increase of koff with voltage provides strong
evidence of peptide translocation. This allows us to distinguish quantitatively between substrate blocking and permeation.
INTRODUCTION
Understanding the mechanism of protein transport across
lipid membranes has been one of the most challenging
topics over the past three decades (1–7). It is an essential
process in all living cells whereby proteins are sorted to
different cellular compartments or exported out of the cell.
Most proteins are translocated through protein-conducting
channels in an unfolded state, presumably driven by motor
proteins attached to the channels, by a power stroke, by
Brownian ratchet motion, or by entropic pulling.

Until now, most studies that reported on the mechanism
of protein and peptide translocation across lipid membranes
used the ion channels a-hemolysin and aerolysin reconsti-
tuted into planar lipid bilayers or nanofabricated solid-state
pores as model translocation systems (8–13). When recon-
stituted in planar lipid membranes, a-hemolysin and aeroly-
sin are known to exhibit silent open pores, thus allowing
electrical detection of substrate-induced channel blockages
(9,11). Analysis of the frequency and duration of single
substrate-induced blockage events revealed detailed insights
into the kinetics of substrate binding and substrate release,
and thus the energetics of peptide transport through these
pores. The increase of koff with voltage demonstrated trans-
location of peptides through a-hemolysin. However, to date,
this has not been shown for protein translocases of mito-
chondria and other organelles.

Here, we study the interaction of a mitochondrial prese-
quence peptide with the mitochondrial protein-conducting
channel Tom40. Tom40 is the central component of TOM,
the preprotein translocase of the outer mitochondrial mem-
brane. It is an integral membrane protein with a b-barrel
structure and an estimated inner pore diameter of 22–25 Å
(14–16). Electron microscopy, mass spectrometry, and
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biochemical studies suggested that two or three channels
are assembled within one TOM complex (15–17). Together
with the single-pass membrane receptor Tom22 and the
small Tom proteins Tom5, Tom6, and Tom7, it forms the
general import pore (GIP) of the TOM machinery. Associ-
ated with the GIP are the single transmembrane anchored
receptors Tom70 and Tom20, which form the initial recog-
nition site for preproteins with multiple internal and amino-
terminal targeting signals, respectively (18).

To elucidate the relevance of the individual partners of
the TOM machinery, we performed high-resolution ion-
conductance measurements to monitor individual prese-
quence peptide translocation events through single Tom40
molecules purified from Neurospora crassa mitochondria
at submillisecond resolution. Previous single-channel re-
cordings of the mitochondrial protein-conducting channel
Tom40 from Saccharomyces cerevisiae and N. crassa re-
vealed a voltage-dependent increase in the frequency of
channel closures in the presence of mitochondrial targeting
peptides and provided a first glimpse into peptide interaction
with TOM (14,15,19–27). However, these experiments did
not allow the rate of dissociation koff to be estimated as
a function of the voltage required to demonstrate transloca-
tion. Although it seemed like an obvious conclusion to inter-
pret the channel closures as individual peptide translocation
events, the analysis of such experiments was complicated by
the fact that substrate-induced channel blockage had to be
distinguished from spontaneous channel gating. In addition,
peptide blockage does not imply translocation, because the
peptide just binds to the channel surface.

To address this issue, we improved the time resolution of
the ion-current recordings to resolve the peptide-binding
kinetics at the single-molecule level and determined koff as
a function of voltage.Our data provide a quantitative descrip-
tion of the relevant kinetic and electric parameters for peptide
partitioning and translocation through the Tom40 channel.
doi: 10.1016/j.bpj.2011.11.4003
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FIGURE 1 Purification and single-channel recordings of N. crassa

Tom40. (A) Coomassie Blue-stained SDS-polyacrylamide gel of purified

Tom40. Tom40 was purified from the TOM core complex of N. crassamito-

chondria as previously described (15,29). (B and C) Ionic currents through

a single Tom40 channel atþ50 and�50 mV. At 50 mV, the channel exits in

one open conductance state, whereas at �50 mV the channel fluctuates

between an open and a closed conductance state. The corresponding ampli-

tude histogram is shown on the right side. Experimental conditions are 1 M

KCl, 20 mM MES, pH 6, at room temperature.
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FIGURE 2 Typical ion current recordings through a single Tom40

channel in the presence of (A) 0 mM, (B) 5 mM, and (C) 10 mM pF1b peptide

added to the trans side of the lipid membrane with applied voltage

of þ50 mV. Experimental conditions are 1 M KCl, 20 mM MES, pH 6,

at room temperature.
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MATERIALS AND METHODS

Purification of Tom40

Tom40 protein was purified from the N. crassa strain GR-107 (28), which

contains a hexahistidinyl-tagged form of Tom22, as previously described

(15,29) with minor modifications. Isolated mitochondria of the N. crassa

strain GR-107 were solubilized at a protein concentration of 10 mg/ml in

1% (w/v) n-dodecyl b-D-maltoside (DDM; Glycon Biochemicals, Lucken-

walde, Germany), 20% (v/v) glycerol, 300 mM NaCl, 20 mM imidazole,

20 mM Tris (pH 8.5), and 1 mM phenyl methyl sulfonyl fluoride (PMSF)

for 30 min at 4�C. After centrifugation at 130,000 � g, the clarified extract

was filtered and loaded onto an Ni-NTA column (GE Healthcare). The
Biophysical Journal 102(1) 39–47
column was rinsed with 10 column volumes of 0.1% DDM, 10% glycerol,

300 mM NaCl, and 20 mM Tris (pH 8.5). Tom40 was directly eluted with

3% (w/v) n-octyl b-D-glucopyranoside (OG; Glycon Biochemicals, Luck-

enwalde, Germany), 2% (v/v) dimethyl sulfoxide (DMSO), and 20 mMTris

(pH 8.5). Tom22 and other bound proteins were eluted with buffer contain-

ing 0.1% DDM, 2% DMSO, 1 M imidazole, and 20 mM Tris (pH 8.5).

Alternatively, Tom40 was isolated from purified TOM core complex. To

that end, purified TOM core complex (25) was loaded onto an Ni-NTA

affinity column equilibrated with 0.1% DDM, 2% DMSO, and 20 mM

Tris (pH 8.5). The column was washed with 5–10 column volumes of equil-

ibration buffer, and Tom40 was eluted with 3%OG, 2%DMSO, and 20 mM

Tris (pH 8.5). The purity of the isolated protein (~0.4 mg/ml) was assessed

by means of sodium dodecyl sulfate (SDS) polyacrylamide gel electropho-

resis and Coomassie Brilliant Blue staining.
Synthesis of blocking peptide

A polypeptide corresponding to the first 31 residues of the precursor of the

S. cerevisiae F1-ATPase a-subunit (Ac-MVLPRLYTATSRAAFKAAKQS-

APLLSTSWKR-NH2, pF1b, molecular mass ¼ 3451.0 Da (15,26)) was

used as the substrate for Tom40. The polypeptide was custom-synthesized,

confirmed by matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry, and had a high-performance liquid chromatography

purity of at least 95% (Biosyntan, Berlin, Germany). Fresh stock solutions

of polypeptides were prepared for each experiment with peptide concentra-

tions of 0.1 mg/ml in water and kept at 4�C for a maximum of 1 day. For

channel blockage experiments, the peptide concentrations were in the

micromolar range.
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FIGURE 3 (A) Number of binding events increases with an increase

in the concentration of the peptide from 2 mM to 20 mM measured at

20 mV and 50 mV. (B) The number of binding events increases with an

increase in the applied transmembrane voltage from 20 mV to 75 mV at

10 mM peptide. Experimental conditions are 1 M KCl, 20 mM MES,

pH 6, and peptide added to the trans side at room temperature (n ¼ 5,

mean 5 SE).
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FIGURE 4 (A) Single exponential fitting of a dwell-time histogram for

peptide blockage. (B) The residence time decreases with an increase in

the applied transmembrane voltage from 20 mV to 75 mVat 10 mM peptide.

(C) The residence time does not depend on the concentration of peptide and

remains the same irrespective of an increase in peptide concentration from

2 mM to 20 mMmeasured at 20 mVand 50 mV. Experimental conditions are

1 M KCl, 20 mM MES, pH 6. Peptide was added to the trans side of the

lipid bilayer at room temperature (n ¼ 5, mean 5 SE).
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Single-channel conductance measurements

Purified Tom40 was reconstituted into virtually solvent free planar lipid

bilayers according to standard protocols (30–32). Classical planar lipid

bilayers were formed with the monolayer opposition technique across an

80–100 mm diameter circular aperture in a 25 mm thick polytetrafluoro-

ethylene film (Goodfellow, Cambridge, UK) that was tightly glued

between two Delrin chambers. Each chamber contained 2 ml of an aqueous

bathing solution (1 M KCl, 20 mM MES, pH 6) and a bilayer was formed

by layering 1 ml of a 5 mg/ml solution of 1,2-diphytanoyl-sn-glycero-

3-phosphatidylcholine (DPhPC; Avanti Polar Lipids, Alabaster, AL) dis-

solved in pentane on the buffer surface on each side. Purified Tom40

was added to the cis side of the membrane at a final concentration of

5 � 10�4 mg/ml, and protein insertion was facilitated by mixing the con-

tents of the chamber and applying a transmembrane potential of 300 mV.

Electrical recordings were made through a pair of Ag/AgCl electrodes

(World Precision Instruments, Sarasota, FL). One electrode was used as

the ground (cis) and the other (trans) was connected to an Axon Instru-

ments 200B amplifier with a capacitive headstage, digitized by an Axon

Digidata 1440A digitizer and computer-controlled by Clampex 10.0 soft-

ware (all from Axon Instruments, Foster City, CA). The data were filtered

by an analog low-pass, four-pole Bessel filter at 10 kHz, and digitally

sampled at 50 kHz. Data from several 2- to 10-min current recordings

were analyzed with the use of Clampfit 10.0 software (Axon Instruments,

Foster City, CA). Peptide was added asymmetrically to either the cis

or trans side of the same channel or a different one. Ion current

blockage rates were obtained by using the standard routines available in

Clampfit 10.0, giving the number of blockage events and the average resi-

dence time.
RESULTS

Single-channel properties of the Tom40 channel

A single Tom40 channel (Fig. 1 A) was reconstituted into a
planar lipid bilayer, and ion currents through the channel
were recorded (Fig. 1, B andC, and Fig. S1 in the Supporting
Material). Tom40 reconstituted in stable DPhPC lipid bila-
yers (n¼ 15) showed a characteristic single-channel conduc-
tance of ~3.0 nS in 1 M KCl, 20 mM MES, pH 6, and an
asymmetric channel closure with respect to the polarity of
the applied voltage, in line with previous measurements
(15). Fig. 1, B and C, show representative single-channel
recordings of a Tom40 channel reconstituted in a planar lipid
bilayer at applied voltages of�50 andþ50mV, respectively.
The channel shows typical switching between open and
Biophysical Journal 102(1) 39–47
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FIGURE 5 Typical ion current recordings

through a single Tom40 channel in the presence

of (A) 0 mM and (B) 5 mM pF1b peptide added

to the trans side of the lipid membrane with

applied voltage of þ50 mV. Experimental condi-

tions are 150 mM KCl, 10 mM MES, pH 6, at

room temperature.

42 Mahendran et al.
closed states, with a prevalence of closed-state conductance
at�50mV. The gating frequency increased with the increase
in the voltage (data not shown). In the case of þ50 mV, the
channel primarily existed in one open conductance state.
The ion currents through the channel were stable without
any flickering. The Tom40 channel reconstituted in the lipid
membrane shows a clear asymmetry in the channel conduc-
tance with respect to the polarity of the applied voltage,
suggesting an asymmetric conformation of the channel.
Although we could not detect the exact orientation of Tom40
with this type of measurement, wewere able to use the asym-
metry in channel closure and conductance as a control for the
orientation of the channel insertion. In some cases, we also
observed that Tom40 channels in the lipid bilayers fluctuated
between different subconductance states with very high
noise (data not shown).
Interaction of peptide with the Tom40 channel

To quantify the mitochondrial presequence peptide-channel
interaction, we used high-resolution ion-conductance mea-
surements through a single Tom40 channel. Because the
Tom40 channels showed spontaneous voltage gating with
characteristics similar to what would be expected for poly-
peptide interaction, we decided to test the influence of the
substrate peptide on a channel where the intrinsic channel
gating was virtually absent. We first analyzed current fluctu-
ations of channels in the absence of peptides at voltages
between �75 and þ75 mV, and then tested the effect of
the polypeptide interaction.

As shown in Fig. 2 and Fig. S1, polypeptides corre-
sponding to the first 31 residues of the mitochondrial
precursor of the S. cerevisiae F1-ATPase a-subunit (pF1b)
Biophysical Journal 102(1) 39–47
block the ion current through a single Tom40 channel in
a peptide-concentration-dependent manner. In the absence
of the peptide, ion currents through selected single Tom40
channels were stable, without any significant ion current
fluctuations (Fig. 2 A and Fig. S1). Addition of peptide to
the trans side of the membrane induced ion current fluctua-
tions, and these fluctuations increased with an increase in
the concentration of the peptide (Fig. 2, B and C). It should
be noted, however, that addition of the cationic pF1b peptide
to the trans side of the membrane required positive poten-
tials to promote the interaction between the peptide and
Tom40, whereas no ion current blockages were observed
when the orientation of the electric field was reversed
(data not shown). We recently showed that nonmitochon-
drial peptides that were similar in length and overall charge
to mitochondrial presequence peptides (i.e., pAK5) induced
significantly less-frequent blocking of TOM core complex
channels compared with mitochondrial presequence pep-
tides (26). An interaction of nonmitochondrial peptides
with the main constituent of the core complex, Tom40,
cannot be expected.

Single-channel analysis was used to calculate the number
(Fig. 3) and the average residence time (Fig. 4) of pF1b
peptide-induced ion current blockage of Tom40. The fre-
quency of ion current blockages increased with an increase
in peptide concentration (Fig. 3 A) and applied voltage
(Fig. 3 B). The latter indicates that the electric field pulled
the peptides from the bath solution into an affinity site inside
the Tom40 channel. The average residence times of peptide
blockages were measured in 1 M KCl and calculated
by single exponential fitting of dwell-time histograms
(Fig. 4 A). They decreased from ~230 to ~120 ms (Fig. 4 B,
n ¼ 5) with an increase in voltage from 20 to 75 mV,
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FIGURE 6 (A) Power spectral densities of the fluctuations in the ion

current caused by peptide blocking a single Tom40 channel at different

peptide concentrations ranging from 5 mM to 20 mM at 50 mV. (B) Power

spectral densities of the fluctuations in the ion current caused by peptide

blocking a single Tom40 channel at different applied voltages ranging

from 20 to 50 mV at 10 mM pF1b peptide. Experimental conditions are

1 M KCl, 20 mM MES, pH 6. Peptides were added to the trans side of

the channels at room temperature.
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respectively. Although the average residence time of the
peptide inside the channel was strongly voltage-dependent,
it did not depend on the concentration of the peptide used
(Fig. 4 C, n ¼ 5).

To elucidate a possible electrostatic contribution in the
peptide-Tom40 interaction, we repeated the experiments at
lower ionic strength. Decreasing the ionic strength of the
salt solution reduced the single-channel conductance of
Tom40 to ~0.5 nS in 0.15 M KCl, 20 mM MES, pH 6,
and led to a decreased signal/noise ratio. Typically, the
frequency of channel closure (gating) in the absence of
the peptide drastically increased, which indicates that low
salt concentration facilitates the closure of the channel
(data not shown). To distinguish between spontaneous and
peptide-induced gating, we again selected for channels
that showed only little intrinsic gating (Fig. 5 A). In the pres-
ence of pF1b peptide, the number of channel closures was
clearly increased. However, separation of the number of
spontaneous and peptide-induced closure events was diffi-
cult to attribute. Nevertheless, based on control measure-
ments with the Tom40 channel in the absence of the
peptide, we were able to separate endogenous channel
gating with varying closure times from peptide-induced
closures with constant closure times at a given voltage. A
blockage time histogram in the absence and presence of
the peptide revealed the channel closure time (Fig. S2).
The peptide-induced closure time determined at a voltage
of 50 mV was ~400 ms (Fig. 5 B, n ¼ 3). Closures of this
length were virtually absent in the absence of the peptide.
The peptide-induced closure time at low salt concentration
was thus approximately three times larger than that at
high salt concentration. This suggests that charge screening
influences the release of presequences bound to Tom40.

A common analysis method to study ion current fluctua-
tion is to measure the power density spectrum, which indi-
cates how the variance of the current is distributed with
frequency. To highlight the interaction of peptide with the
Tom40 channel, we performed a power spectral density
analysis. Power density spectra of ion currents through
single Tom40 channels obtained in the presence of various
concentrations of peptide revealed excess noise compared
with those obtained in the absence of peptides (Fig. 6 A).
indicating a strong interaction of the peptide with the
channel surface. Noise analysis of ion currents through
single Tom40 also produced measurable excess noise with
an increase in the applied voltage in the presence of the
same concentration of peptide (Fig. 6 B). Noise spectra ob-
tained at 50 mV revealed significant excess noise compared
with those obtained at 20 mV. Noise spectral analyses of the
ion current blockages by pF1b peptide showed a Lorentzian
behavior and indicated that the peptide translocation process
could be described by a two-state Markovian model (33).
According to the chemical relaxation theory, the variation
of the power density function with substrate concentration
provides the on- and off-rates. This approach is identical
to statistical analysis of single-channel fluctuation. Both
approaches provide only the binding kinetics (33).

To test whether pF1b peptide blocks the Tom40 channel
from both sides of the lipid membrane, we added peptide
also to the cis side of the channel. Virtual orientation of
the channel was concluded from the asymmetric channel
closure measured at a high applied voltage of 5100 mV.
The frequency of channel closure increased at negative
voltage in the absence of the peptide and we selected for
channels that showed only little intrinsic gating. We then
set the voltage to 550 mV, where almost no channel gating
was observed (Fig. 7 A), and measured the peptide-binding
kinetics from the cis and trans sides of the same Tom40
channel reconstituted into the bilayer. As noted above, the
interaction of peptides on protein pores depends on the
side of addition and the polarity of the applied voltage.
Biophysical Journal 102(1) 39–47
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FIGURE 7 Typical ion current recordings through single Tom40 channels (A) in the absence of peptide at �50 mV and 50 mV, (B) with 5 mM peptide

added to the cis side of lipid membrane with applied voltage of �50 mVand þ 50 mV, and (C) with 5 mM peptide added to the trans side of lipid membrane

with applied voltage of�50 mVandþ 50 mV. Experimental conditions are 1 MKCl, 20 mMMES, pH 6, at room temperature. The schematic representations

showing peptide translocation through N. crassa Tom40 driven by applied transmembrane potential are based on the work of Gessmann et al. (44).
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The application of a negative potential induced fluctuations
in the ion current through the Tom40 channel when
peptide was added on the cis side of the chamber
(Fig. 7 B). It is important to note that dilution of the
peptide concentration in the bilayer chamber completely
reduced the number of blockage events (data not shown).
Peptide was then added to the trans side of the chamber
(same channel), and application of a positive potential in-
duced fluctuations in the ion current (Fig. 7 C). The
numbers of ion current blockages caused by addition of
peptides to the cis side of the bilayer depended strongly
on the applied voltage (Fig. 8 A). The average residence
time of the peptide (n ¼ 5) depended on the applied voltage
(Fig. 8 B) and did not depend on the concentration of the
peptide used (data not shown). The average residence time
of the peptide blockage inside the channel surface was the
same irrespective of the side of peptide addition. It should
be noted that the Tom40 channel starts to fluctuate between
open and longer closed states in the absence of peptides at
�75 mV. In this case, in the presence of peptide, we reduce
the statistical analysis to the open time interval only
(Fig. S1). A histogram analysis of kon (open time histogram)
for 25 mV and 50 mV is shown in Fig. S3. Table 1 sum-
marizes the association rate constants kon, dissociation
constants koff, and equilibrium binding constants K for
Biophysical Journal 102(1) 39–47
peptide addition to the cis and trans sides of the lipid
membrane, respectively.
DISCUSSION

Most studies that addressed the mechanism of protein trans-
port through TOM were based on in vitro import studies
(18,28,34–37) in which S35-radiolabeled mitochondrial
preproteins were incubated with mitochondria or mitochon-
drial outer membrane vesicles purified from wild-type and
mutant cells. These studies allowed the identification of
numerous intermediate states along the import pathway.
The mitochondrial protein import machinery includes motor
complexes and chaperones that are essential components in
the translocation process to drive polypeptides through pas-
sive protein-conducting channels in outer and inner mito-
chondrial membranes (18). According to the current view,
the incoming polypeptides are pulled into the organelle
by motor proteins once they have emerged at the trans
side of the inner membrane of mitochondria. On the other
hand, it has been also shown that chaperones bind incoming
polypeptides and hinder polypeptide diffusion back into the
cytosol. The global picture involves the TOM complex, with
Tom40 serving as the channel that allows peptide transloca-
tion. However, quantitative information about the import
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FIGURE 8 (A) Number of binding events increases with a decrease in the

applied transmembrane voltage from�20 mV to�75 mVat 10 mMpeptide.

(B) The residence time decreases with a decrease in the applied transmem-

brane voltage from �20 mV to �75 mV at 10 mM peptide. Experimental

conditions are 1 M KCl, 20 mM MES, pH 6, and peptide was added to

the cis side of the channels at room temperature (n ¼ 5, mean 5 SE).
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kinetics and the mechanism of substrate interaction with
TOM is limited by the unavailability of suitable protein
import systems that allow substrate/Tom40 interactions to
be monitored at the single-molecule level and with suffi-
ciently high temporal resolution.

Translocation of proteins is a fundamental process in
biology; however, most studies of peptide translocation
have been limited by the lack of structural details about
the TOM machinery. In previous studies, a-hemolysin was
used as a model system to elucidate the kinetics of polypep-
tide translocation (8,9,38,39). These studies revealed that
peptide binding strongly depends on the charge, the length
of the peptide, and the applied transmembrane voltage. In
TABLE 1 Rate constants of pF1b association kon, dissociation koff,

pF1b and Tom40

Voltage

(mV)

kon
trans

(M�1s�1) $ 106
koff

trans

(s�1) $ 103
Ktrans

(M�1) $ 103

20 46 5 7 4.7 5 0.5 9.5 5 0.5

50 100 5 15 6.5 5 0.7 15.0 5 0.5

75 125 5 19 7.7 5 0.7 16.0 5 0.6

Rate constants kon
trans, kon

cis, koff
trans, and koff

cis (mean 5 SE, n ¼ 5) were deter

(Figs. 3, 4, and 8), respectively, where kon ¼ number of events s�1/[peptide], k
contrast, the Tom40 channel alone contains intrinsic flick-
ering that renders a straightforward analysis more com-
plex. A frequency analysis revealed an additional fast
gating in the presence of peptide, in contrast to the slower
kinetics of intrinsic fluctuation, which allows one to separate
intrinsic from peptide-induced gating.

Our study provides insights into the first part of this
process, i.e., the entry of presequence peptides into the
TOM machinery. In particular, we focused on the role of
Tom40 alone. We elucidated the kinetics of peptide translo-
cation through Tom40, the central subunit of the TOM core
complex. An ion current fluctuation analysis of single
Tom40 channels in the presence of a mitochondrial prese-
quence peptide revealed the kinetic parameters of peptide
binding. We found a strong electrostatic component of the
interaction between the peptide and the Tom40 channel, in
agreement with previous biochemical studies that addressed
the interaction of mitochondrial preproteins with the TOM
machinery (34,40). A strong attractive interaction between
mitochondrial presequence peptides and Tom40 thus plays
a major role in partitioning the peptide into the Tom40
channel.

In our study, we observed ion current blockage in chan-
nels when peptide was added asymmetrically to either the
cis or trans side of the Tom40 channel. Addition of peptide
to the cis side of the channel required trans-negative poten-
tials to facilitate peptide-induced ion current blockages,
whereas addition of peptide to the trans side reversed the
voltage dependence, i.e., positive voltages enhanced ion cur-
rent blockages. This indicates that the presequence peptide
used in this study was able to enter the channel from both
its cytosolic side and its intermembrane-space side (Fig. 7).
The apparent dissociation constants for peptide binding at
the trans and cis sides of the complex were virtually iden-
tical, suggesting a simple kinetic model for peptide-pore
interaction with a single peptide affinity site inside the
Tom40 channel. An optimal strength of interaction between
the peptide and the affinity site in the channel may reduce the
entropic barrier, resulting in higher translocation efficiency.
In addition, this facilitated translocation was strongly
dependent on the applied transmembrane voltage. We hy-
pothesize that the applied transmembrane potential (electric
field) and peptide charge can be a determining factor for the
interaction that facilitates peptide transport across the
channel. Our experimental results show that the applied
and equilibrium binding constant K of the interaction between

Voltage

(mV)

kon
cis

(M�1s�1) $ 106
koff

cis

(s�1) $ 103
Kcis

(M�1) $ 103

�20 42 5 6 4.5 5 0.5 9.3 5 0.6

�50 85 5 13 6.2 5 0.8 13.7 5 0.5

�75 110 5 17 7.4 5 0.9 15.0 5 0.5

mined for pF1b peptide added to the trans and cis sides of the lipid bilayer

off ¼ 1/average residence time, and K ¼ kon/koff.

Biophysical Journal 102(1) 39–47



46 Mahendran et al.
transmembrane voltage can serve as a driving force for
peptide translocation across Tom40 channels reconstituted
in artificial lipid bilayers. Although the existence of a signif-
icant electrochemical potential across the outer membrane of
mitochondria (41–43) is still a matter of debate, our data on
peptide-Tom40 interactions can provide new insights into
the energetic details of protein translocation in vivo.

We previously showed the interaction of pF1b peptide
with a mitochondrial TOM core complex consisting of five
subunits (Tom40, Tom22, Tom7, Tom6, and Tom5) (26,40).
The pF1b peptide-binding kinetics obtained for the TOM
core complex and our similar results for the Tom40 channel
alone indicate that Tom40 constitutes the central peptide-
binding subunit. We conclude that the central subunit
Tom40, which organizes the translocation pore that serves as
an affinity site for the peptide interaction, and Tom22, Tom7,
Tom6, and Tom5 are not necessarily needed for interaction of
TOM channels with substrate peptides. The molecular details
and the kinetic role of other TOM subunits (e.g., Tom20 and
Tom70) in peptide translocation remain to be determined.
CONCLUSION

Binding of mitochondrial presequence peptides to the
Tom40 channel does not imply translocation. The kinetic
data obtained from our single-channel measurements can
be used to distinguish peptide binding from peptide translo-
cation. We have shown that the average residence time of
the mitochondrial presequence peptide pF1b within the
Tom40 channel decreases with the increase in applied
voltage. The equivalent increase of the peptide dissociation
rates koff

trans and koff
cis with applied voltage demonstrates

translocation of the peptide. The results presented in this
work should now make it possible to characterize the
protein translocation pathway through the Tom40 channel
in more detail. Analysis of substrates of different charges
and lengths can provide new insights into the energetic
details of protein translocation into mitochondria.
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