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(Bacl(ground: The vital interaction between components of the TIM23 import complex and presequences is poorly

Results: A direct interaction between presequences and components of TIM23 was demonstrated and characterized.
Conclusions: Trans binding sites exhibit stronger interaction than cis sites.
Significance: Stronger binding to the trans side of the TIM23 complex provides an additional driving force for mitochondrial

J

Precursor proteins that are imported from the cytosol into the
matrix of mitochondria carry positively charged amphipathic
presequences and cross the inner membrane with the help of
vital components of the TIM23 complex. It is currently unclear
which subunits of the TIM23 complex recognize and directly
bind to presequences. Here we analyzed the binding of prese-
quence peptides to purified components of the TIM23 complex.
The interaction of three different presequences with purified
soluble domains of yeast Tim50 (Tim50;,g), Tim23 (Tim23,,s),
and full-length Tim44 was examined. Using chemical cross-
linking and surface plasmon resonance we demonstrate, for the
first time, the ability of purified Tim50;,,5 and Tim44 to interact
directly with the yeast Hsp60 presequence. We also analyzed
their interaction with presequences derived from precursors of
yeast mitochondrial 70-kDa heat shock protein (mHsp70) and
of bovine cytochrome P4504.. Moreover, we characterized the
nature of the interactions and determined their K,s. On the
basis of our results, we suggest a mechanism of translocation
where stronger interactions of the presequences on the trans
side of the channel support the import of precursor proteins
through TIM23 into the matrix.

The majority of mitochondrial proteins are translocated
from the cytosol with the assistance of several multimeric
translocases that are present in the various mitochondrial com-
partments (1—4). In the outer membrane, the TOM? (translo-
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case of the outer mitochondrial membrane) complex serves
both as a receptor for recognition of mitochondrial precursor
proteins and as the main portal of protein entry into mitochon-
dria (5, 6). The TOM complex is composed of the primary
receptors Tom20 and Tom70 and the core subunits Tom40,
Tom22, Tom7, Tom6, and Tom5. Tom40 forms the protein-
conducting channel, providing a route for precursor proteins to
cross the outer membrane. On their way to the matrix, proteins
that contain cleavable amino-terminal targeting signals are
transferred from the TOM complex to the TIM23 (translocase
of the inner mitochondrial membrane) translocase. The latter is
a multisubunit complex consisting of at least ten subunits. Its
core is composed of two multispanning integral inner mem-
brane proteins, Tim17 and Tim23. These proteins form a chan-
nel that allows proteins to cross, or integrate into the inner
mitochondrial membrane. An additional subunit, Tim50,
serves as a receptor in the mitochondrial intermembrane space
(IMS) and has a role in maintaining the permeability barrier
of the channel (7-11). Together, these three proteins constitute
the cis side of the inner membrane channel. It was shown that
the soluble domains of Tim23 and Tim50 can form a complex
that is essential for translocation through the TIM23 translo-
case (12, 13). The final step of protein import into the matrix
requires the ATP-dependent action of the mitochondrial
import motor of the TIM23 complex, also referred to as a pre-
sequence translocase-associated protein import motor (PAM).
The import motor is predominantly located on the trans side of
the TIM23 channel. Its central components are the ATP-hy-
drolyzing 70 kDa heat shock protein (mHsp70) and Tim44.
Tim44 is a peripheral inner membrane protein that binds
simultaneously to mHsp70 and to the translocation channel of
the TIM23 complex, anchoring the soluble mHsp70 to the
translocation channel. However, additional roles in the regula-
tion and coordination of the motor have also been attributed to

dyl suberate; sulfo-NHS, N-hydroxy-sulfo-succinimide; GLC, general layer
capacity; RU, resonance unit; EDC, 1-ethyl-3-[3-dimethylaminopropyl] car-
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this protein (4, 14). mHsp70 promotes translocation by under-
going conformational changes that are controlled by ATP
hydrolysis. Several cycles of binding and release from the chap-
erone facilitate inward movement of the precursor protein into
the matrix (6, 15, 16). Additional components of the motor are
suggested to play essential regulatory roles in either the func-
tion or stability of the motor. These include the accessory pro-
teins Mgel, Tim14/Paml8, Tim16/Pam16, and Paml7 (4,
17-21).

On their way to the matrix, precursor proteins bind to vari-
ous components of the TIM23 complex that are located on
either the cis or trans sides. The three components studied in
this work were shown to be in close proximity to imported
precursor proteins using cross-linking and immunoprecipita-
tion in vivo. On the cis side of the membrane, Tim50 is the first
component to encounter precursor proteins. Tim50 could be
cross-linked to various preproteins transiting the import chan-
nel, and therefore the function of a receptor was attributed to
this subunit (7, 9-11). Another component on the cis side, the
soluble domain of Tim23, was suggested to receive precursor
proteins from Tim50 and to transfer them further into the
channel (7, 22—24). On the trans side of the membrane, Tim44
could be cross-linked to precursor proteins (25-29). Subse-
quent transfer of the imported precursors from Tim44 to
mHsp70 drives the translocation process to completion. Nota-
bly, an in vitro study using the soluble domain of Tim23 showed
that it indeed interacts with presequences but with only very
weak affinity (K, = 0.47 mm) (23). In contrast, a direct interac-
tion between Tim50 or Tim44 with presequences has not been
demonstrated thus far. In fact, previous studies failed to show
evidence of interaction between Tim44 and the P5 peptide,
which serves as a model peptide for mitochondrial targeting
signals (30, 31), thereby casting doubt on the ability of Tim44 to
bind presequences. In this study, we analyzed the interaction of
three matrix targeting signals with purified mature Tim44 and
with the purified soluble domains of Tim50 and Tim23. We
demonstrate for the first time that Tim44 and Tim50 are capa-
ble of binding presequences in vitro. We also show that the
affinity of the cis side to the presequence is much weaker than
that of the trans side. The significance of our results is discussed
in light of what is known about the mechanism of protein trans-
location across the mitochondrial inner membrane.

EXPERIMENTAL PROCEDURES

Protein Purification—Purification of yeast Tim23,,,
Tim50;,,s Tim44, and Sscl (mHsp70) was carried out as
described previously (12, 32).

Peptides—All peptides were purchased from Sigma. pHsp60
(MLRSSVVRSRATLRPLLRRAYS) represents the entire prese-
quence of yeast mitochondrial Hsp60. pHsp70 represents the
entire presequence of yeast mitochondrial Hsp70 (MLAAK-
NILNRSSLSSSERIATRL). pP450g 1 represents the cleaved
functional targeting sequence of bovine mitochondrial cyto-
chrome P4504, in which Cys-16 was changed to Thr (MLAR-
GLPLRSAVLKATPPIYC). In pP450gc e three basic amino
acid residues of pP450g._ - Were replaced by Ser or Thr. In
addition, Thr-14 was changed to Ser, and Cys-16 was changed
to Thr (MLASGLPLSSAVLSATPPIYC). P5 is part of the prese-
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quence of aspartate aminotransferase from chicken (CALLL-
SAPRR). For the SPR experiments, a single Cys residue was
added to the carboxyl or amino terminus of pHsp60 and
pHsp70, respectively.

Cross-linking Experiments—Cross-linking of the various pro-
teins was carried out with the entire presequence of Hsp60
labeled in its C terminus with biotin. For Tim50;,,s and
Tim23,,s, cross-linking was performed with 50 um disuccin-
imidyl suberate (DSS) at room temperature for 30 min in 20 mm
Na-HEPES (pH 7.4), 5 mm MgCl,, 50 mm KCl, 200 mm NaCl, 5%
glycerol, and 0.01% Triton X-100. The cross-linking reaction
was stopped by the addition of SDS-containing sample buffer
followed by boiling for 3 min. The cross-linked products were
analyzed by SDS-PAGE with a 12% or 14% acrylamide gel and
subjected to Western blotting with streptavidin-HRP accord-
ing to standard procedures. For experiments with Tim44 or
mHsp70, the cross-linking conditions were essentially the same
except that the buffer contained 20 mm Na-HEPES (pH 7.4), 10
mm MgCl,, 100 mm KCl, 300 mm NaCl, and 0.01% Triton
X-100.

SPR Experiments—Binding experiments were performed
with a ProteOn XPR36 instrument (Bio-Rad) in running buffer
containing 20 mm Na-HEPES (pH 7.5), 5 mm MgCl,, 50 mm
KCl, 200 mm NaCl, 5% glycerol and 0.005% Tween 20 for
Tim50,,,s and Tim23;,,s, or 20 mm Na-HEPES (pH 8), 400 mm
NaCl, 5% glycerol, and 0.005% Tween 20 for Tim44. All pep-
tides were immobilized through a single cysteine residue on a
general layer capacity (GLC) sensor chip to a level of approxi-
mately 1000 resonance units (RU) as described previously (33).
Briefly, the chip was activated twice for 160 s with a mixture of
0.1 M 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC) and 0.025 M sulfo-N-hydroxy-sulfo-succinim-
ide (sulfo-NHS) (TS-Pierce). Next, 0.5 M cysteine (in running
buffer) was injected for 360 s followed by an injection of 25 mm
Ellman’s reagent (5,5'-dithio-bis-(2-nitrobenzoic acid) in
PBSX10 for 600 s. A reference channel underwent the same
procedure except for pHsp60 immobilization. After immobili-
zation of pHsp60 (0.0375 mg/ml in running buffer), blocking
was performed with 50 mm cysteine (in 10 mm acetate (pH 4.5),
1 M NacCl) for 200 s followed by a 200 s injection of 1 M ethanol-
amine (pH 8.5). The chip was rotated 90°, and five different
concentrations of the various proteins were simultaneously
injected at a flow rate of 30 ul/min.

RESULTS

The Soluble Domain of TimS50 Interacts with Mitochondrial
Targeting Presequences—W'e established two methods for fol-
lowing the interaction between the purified soluble domain of
Tim50 (Tim50;,,5) and presequence peptides. For this purpose,
we first chose the entire presequence of yeast Hsp60 (pHsp60).
In the first method, biotinylated pHsp60 was incubated with
Tim50;,,5 to allow complex formation, followed by mild cross-
linking with alow concentration of DSS, resolution of the cross-
linking products by SDS-PAGE, and detection with streptavi-
din conjugated to horseradish peroxidase. We examined
binding at increasing concentrations of pHsp60 (Fig. 14). Con-
centration-dependent binding was observed, and at 1-1.5 um
of pHsp60, a significant binding was detected. A previous study
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FIGURE 1. Direct binding of Tim50,,, to pHsp60. A complex was formed between biotin-labeled pHsp60 and Tim50,,,s by incubating the proteins for 20 min.
The complex was stabilized by addition of 50 um DSS for 30 min at room temperature. Cross-linked products were analyzed by SDS-PAGE followed by Western
blotting with streptavidin-HRP. A, interaction of Tim50,,s (1.5 um) with increasing concentrations of pHsp60. B, interaction of 2 um pHsp60 with increasing
concentrations of Tim50,,s or Tim23,,s. G, interaction of 1.5 um Tim50,,s with 2 um pHsp60 in the presence of increasing NaCl concentrations.

has shown that the soluble domain of Tim23 (Tim23;,,5) can
bind presequences (pALDH and pCoxIV) with a very low affin-
ity of about 0.47 mm (23). Accordingly, we examined whether
Tim23,,,5 also shows weak binding to biotin-pHsp60. In this
experiment, we kept the concentration of pHsp60 constant (2
uM) and examined its interaction with increasing concentra-
tions of either Tim50;,,5 or Tim23,,,s. The interaction with
Tim50,,,5 was maximal at a concentration of approximately 1.5
1M, whereas a complex between Tim23,,,5 and pHsp60 could
only be observed at 10 uM protein and was maximal at 20 uMm
(Fig. 1B). The latter result confirms that Tim23},,5 binds prese-
quences with very weak affinity compared with Tim50;, .

To obtain further support for our results, we analyzed the
binding characteristics of pHsp60 by an additional method,
SPR. The peptide was immobilized on the SPR sensor chip via a
single cysteine residue that was added to its carboxyl terminus.
A typical sensogram is presented in Fig. 2A. Binding between
the immobilized peptide and Tim50;,,5 took place in a concen-
tration-dependent manner. Using equilibrium analysis, we esti-
mated the K, between Tim50;,,5 and pHsp60 to be approxi-
mately 45 um (Fig. 2B). Two results indicate that the binding
observed is specific. 1) When we examined the interaction
between Tim23p,,s and pHsp60 using SPR, no binding was
seen, even at a protein concentration of 100 um (Fig. 2E). This
result is in agreement with the cross-linking results, which
showed that an approximately 20-fold concentration of
Tim23,,,5 over Tim50;,;s was required to obtain maximal
binding. 2) When the model peptide, P5, was immobilized on
the sensor chip, it was not able to bind to Tim50;,,¢, although
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an interaction with the bacterial chaperone DnaK could be
detected (supplemental Fig. S1). To show that the observed
results are not unique for pHs60 but reflect a general mecha-
nism, we also examined the binding of two additional prese-
quences to Tim50;,,s: the entire presequence of yeast mito-
chondrial Hsp70 (pHsp70) and the cleaved functional targeting
sequence of bovine mitochondrial cytochrome pP4504cc
(pP4505cc ) (34). Both presequences were found to associ-
ate with Tim50;,,s, with a K, of approximately 25 pum and
approximately 9 um, respectively (Fig. 34). To summarize this
part, we were able to demonstrate a direct binding in vitro
between Tim50;,,5 and the presequences of several precursor
proteins. Notably, when examined by SPR, Tim23,,,5 did not
bind to any of the peptides examined in this study (supplemen-
tal Fig. S2).

In the next step, we sought to determine the nature of the
forces that mediate the interaction between presequences and
Tim50,,,s. To this end, we created a complex between
Tim50;,,5 and pHsp60 in the presence of increasing concentra-
tions of salt. The addition of low salt concentrations led to a
partial dissociation of the complex. However, complete disso-
ciation was not observed, even at a concentration as high as 1 m
NaCl (Fig. 1C). Therefore, although electrostatic interactions
may play some role in the stability of the pHsp60-Tim50,,,4
complex, the fact that the majority of the complex remains
intactat 1 M NaCl (approximately 65%) suggests that hydropho-
bic forces play a major role in complex formation, as reported
recently on the basis of data from in vivo studies (35).
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FIGURE 2. Binding between pHsp60 and components of the TIM23 complex was examined using SPR analysis. Cys-pHsp60 was immobilized on the GLC
sensor chip at a density of approximately 1000 RU via a single Cys residue added at its C terminus (see “Experimental Procedures”). The chip was rotated 90°,
and Tim50,,s, Tim23,,,s, or Tim44 were injected at a flow rate of 30 ul/min at the five indicated concentrations. Typical sensograms of the interaction of
Tim50,s (A), Tim44 (C), or Tim23,,,s (E) with pHsp60 are presented. For Tim50,,,s and Tim23,,,s, the 200 s association phase was followed by 400 s or 300 s of
buffer injection, respectively, to allow complex dissociation. For Tim44, a 60 s association phase was followed by a 300 s dissociation phase. B and D,
representative plots for the equilibrium analysis of the K. Indicated are the mean K, values =+ S.E. on the basis of at least eight experiments. The values were

calculated using the ProteOn Manager software (Bio-Rad).

The Tim50,,,s-Tim23,,,; Complex Can Bind the Presequence
Peptide pHsp60—Because Tim50 and Tim23 interact via their
IMS domains and because both could bind pHsp60, albeit with
different affinities, we examined whether a complex of these
domains is also able to bind a presequence. We first formed a
complex between Tim23,,,5 (30 um) and Tim50;,5 (10 um) and
then added increasing concentrations of pHsp60. Complex for-
mation was detected by cross-linking as described in Fig. 1. As
expected, Tim50;,,5 alone showed very strong binding to the
peptide, whereasTim23,,,5 displayed a much weaker affinity
(Fig. 4). Importantly, a strong binding of pHsp60 was also
observed with the Tim23;,,s-Tim50;,,s complex. Previous
studies showed that the Tim50;,,5-Tim23,,,5 interaction has a
K, of approximately 60 um (12), which is much lower than that
reported for Tim23,,,5 with presequences. Taken together, our
results imply that in the intermembrane space, binding of pre-
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sequences to Tim50 alone or in complex with Tim23 comprises
the first stage of protein import. In either case, the presequence
will end up bound to the Tim50-Tim23 complex for further
translocation through the channel.

Tim44 Interacts with Model Mitochondrial Presequences—
Previous studies carried out with purified Tim44 failed to
detect binding to P5. This hydrophobic decapeptide represents
only a part of the mitochondrial targeting sequence of aspartate
aminotransferase from chicken. Because this peptide was able
to interact with mitochondrial Hsp70, it was initially assumed
that it would also bind to Tim44 (36), a prediction that turned
out to be not viable (30, 31). However, the possibility that P5
does not contain all the elements required for association with
Tim44 was not excluded. To test this possibility, we examined
the association of pHsp60 with Tim44 using cross-linking as
carried out for Tim50;,,s. Interestingly, Tim44 was able to
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FIGURE 3. Summary of SPR equilibrium analysis of Tim50,,, and Tim44
with the various presequences. Column diagrams summarizing the equi-
librium K values of Tim50,,,s (A) and Tim44 (B) with the various prese-
quences. The average K, of at least five measurements is indicated, and the
error bars represent mean =+ S.E.
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FIGURE 4. Interaction between the complex of Tim50,,,s-Tim23,,,s and
pHsp60. Tim50,,s (10 um) and Tim23,,5 (30 M) were incubated together for
10 min to allow complex formation and subjected to cross-linking with bioti-
nylated pHsp60 as described for Fig. 1A, except that the experiment was
carried out with 1 mmDSS. The brackets indicate higher cross-linking products
of the Tim23,y,5-Tim50,,,s-pHsp60 complex.

interact with pHsp60 in a peptide concentration-dependent
manner, exhibiting a substantial signal at 1-1.5 uMm (Fig. 54). To
obtain a precise estimation of the affinity between Tim44 and
presequences, we conducted SPR experiments similar to those
described for Tim50,,,5. Surprisingly, the interaction of Tim44
with the three presequences pHsp60, pHsp70, and
pP4504,c 1 Was the strongest among the proteins analyzed in
this study, with a K, of 0.23 um, 0.30 uM, 0.31 uMm, respectively

ACEVEN
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FIGURE 5. Direct binding of Tim44 to pHsp60. The interaction between
Tim44 and pHsp60 was analyzed using cross-linking with DSS essentially as
described in Fig. 1. A, the interaction of Tim44 (1.5 um) with increasing con-
centrations of pHsp60. B, the interaction of 1.5 um Tim44 with 1.5 um pHsp60
in the presence of increasing NaCl concentrations. C, the interaction of 2 um
Tim44 with 0.9 um pHsp60 in the presence of T mm ADP and increasing con-
centrations of mHsp70. In this experiment, the DSS concentration was 0.2 mm.

(Figs. 2, C and D, and 3B). In agreement with previous results,
Tim44 could not bind to P5 in SPR, again confirming the spec-
ificity of our system (supplemental Fig. S1D).

Next, to identify the forces that contribute to the interaction
between presequences and Tim44, we examined the effect of
increasing concentrations of salt on complex formation with
pHsp60. Increasing the NaCl concentration led to a decrease in
the formation of the pHsp60-Tim44 complex (Fig. 5B). This
complex was almost completely dissociated upon addition of 1
M NaCl. Thus, we suggest that the pHsp60-Tim44 interaction is
driven mainly by electrostatic forces, in contrast to the hydro-
phobic interaction observed for Tim50; .

To gain further support for the differences between
Tim50,,,s and Tim44 in regard to forces that govern their inter-
action with presequences (hydrophobic versus hydrophilic), we
analyzed an additional peptide, pP450gcc_ e In this peptide,
three basic amino acid residues of pP450g- 1 Were replaced
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by serine or threonine residues, and it was shown that this pep-
tide does not constitute a functional presequence (34). Indeed,
this peptide showed an approximately 4-fold increase in the K,
value for Tim44 compared with pP450¢cc 1> Whereas for
Tim50;,,5 there was no significant difference (Fig. 3). This is
consistent with our findings that Tim50y, ¢ interacts with pre-
sequences mainly through hydrophobic forces, whereas posi-
tively charged residues play a key role in Tim44 binding.

The Presequence Can Be Detected Either Bound to Tim44 or
mHsp70—A fundamental step in the translocation process is
the transfer of the precursor from Tim44 to mHsp70 to pro-
mote its entry into the matrix. The addition of P5 to a pre-
formed mHsp70-Tim44 complex has been shown to lead to its
dissociation (30 -32). Thus, it was concluded that mHsp70 can
bind either Tim44 or the presequence, but not both simultane-
ously. Because the P5 peptide does not bind to Tim44 it was not
possible to demonstrate a direct transfer of this peptide from
Tim44 to mHsp70 (30-32). Hence, in the following experi-
ment, we examined the effect of increasing the concentration of
mHsp70 on the Tim44-pHsp60 complex. Increasing the
mHsp70 concentration led to dissociation of pHsp60 from
Tim44, enabling its transfer to the chaperone (Fig. 5C). This
result should be taken in perspective of the in vivo concentra-
tions of Tim44 and mHsp70 (30, 37, 38), where the latter is
present in a large excess over Tim44, a fact that ensures that
such a transfer will be favorable in vivo as well.

DISCUSSION

Binding of precursor proteins to various components
belonging to the TIM23 translocase represents essential steps
during their import into the matrix. Proteins participating in
such interactions may include channel forming subunits,
receptors, and other constituents that modulate and regulate
the translocation process. Previous in vivo studies identified
several proteins (including Tim23, Tim50, Tim44, and
mHsp70) that are found in close proximity to a translocating
precursor. However, a direct interaction was only demon-
strated with the soluble domain of Tim23 in vitro. This left the
question unresolved as to whether Tim50 and Tim44 can bind
precursors directly. In this work, we used cross-linking and SPR
to demonstrate for the first time the specific binding of
Tim50,,,5 and Tim44 to model presequences in vitro. In addi-
tion, we confirm that Tim23,,4 displays a weak affinity for pre-
sequences, as reported previously (23), which supports the
validity of our approach. Interestingly we found that compo-
nents that are located on the cis side of the membrane (Tim50
and Tim23) bind presequences with a relatively low affinity,
whereas at the trans side, Tim44 shows strong binding (Fig. 2).
Moreover, we observed that the essential complex formed
between Tim23 and Tim50 can bind pHsp60, suggesting that
the integrity of this complex is not affected upon presequence
binding. Finally, we show that despite the strong interaction
between Tim44 and pHsp60, it can be transferred further to
mHsp70.

On the basis of our results, we suggest the following model
for the translocation of precursor proteins into the matrix after
emerging from the TOM complex. In the IMS, the precursor
protein binds to Tim50 and Tim23, each with a low affinity.
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This step is followed by the formation of a ternary complex of
Tim50-Tim23-precursor that was demonstrated to be essential
for maintaining the interaction of precursor proteins with these
components iz vivo (7). At this stage, opening of the channel
exposes the imported presequence to the pulling effect of the
membrane potential. Significant directionality of presequence
movement is imbued by Tim44, which binds the presequence
with much higher affinity than at the cis side of the inner mem-
brane. Further transfer of the presequence to mHsp70 allows
for completion of its import into the matrix. This work did not
address the effect of the actual channel on the translocating
precursor. Further work on this topic will increase our under-
standing of additional forces that contribute to the directional
movement of precursor proteins into the matrix.
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