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The import of mitochondrial preproteins requires an electric potential across the inner membrane and the
hydrolysis of ATP in the matrix. We assessed the contributions of the two energy sources to the translocation
driving force responsible for movement of the polypeptide chain through the translocation channel and the
unfolding of preprotein domains. The import-driving activity was directly analyzed by the determination of the
protease resistances of saturating amounts of membrane-spanning translocation intermediates. The ability to
generate a strong translocation-driving force was solely dependent on the activity of the ATP-dependent import
motor complex in the matrix. For a sustained import-driving activity on the preprotein in transit, an unstruc-
tured N-terminal segment of more than 70 to 80 amino acid residues was required. The electric potential of the
inner membrane was required to maintain the import-driving activity at a high level. The electrophoretic force
of the potential exhibited only a limited capacity to unfold preprotein domains. We conclude that the mem-
brane potential increases the probability of a dynamic interaction of the preprotein with the import motor.
Polypeptide translocation and unfolding are mainly driven by the inward-directed translocation activity based
on the functional cooperation of the import motor components.

Although mitochondria can synthesize a small subset of pro-
teins on their own, the vast majority have to be imported after
their synthesis in the cytosol (11, 23, 36, 40). The precursor
proteins are transported through specific translocase com-
plexes residing in the outer and inner membranes (21, 37).
However, the relatively small inner diameter of the transloca-
tion channels presents a major constraint for the import pro-
cess (17, 49). Experimental evidence indicates that preproteins
destined for the mitochondrial matrix cross the membranes in
an extended conformation (42). Posttranslational import of
mitochondrial preproteins therefore requires the unfolding of
folded preprotein domains prior to or during the translocation
reaction.

Two mitochondrial energy sources are responsible for both
vectorial movement of the precursor polypeptide in the trans-
location channel and unfolding of preproteins. The insertion of
the amino-terminal segment of the preprotein into the inner
membrane is dependent on the electric potential (��) across
the inner membrane. It is thought that the potential exerts an
electrophoretic force on the positively charged N-terminal tar-
geting sequence (29). In addition, the �� has been shown to be
involved in the function of the TIM23 protein complex (2). The
full translocation of the polypeptide chain requires a second
energy source, the hydrolysis of matrix ATP. The enzymatic

machinery that couples preprotein translocation and ATP hy-
drolysis is provided by the import motor complex, which is
located at the inner face of the inner membrane in the direct
vicinity of the TIM23 translocation channel (36, 39, 48, 55). Its
core component is the main mitochondrial chaperone of the
Hsp70 family (mtHsp70), named Ssc1 in the yeast Saccharo-
myces cerevisiae. mtHsp70 drives the translocation of the pre-
protein by an ATP-dependent interaction with the incoming
polypeptide chain (5, 13, 22, 51). The chaperone is anchored at
the inner membrane by a specific interaction with the translo-
case component Tim44. The cochaperone Mge1 acts as a nu-
cleotide exchange factor for mtHsp70 and enhances its ATPase
activity. The mode of action of the mtHsp70 import motor is
not entirely clear. It is conceivable that the import motor drives
polypeptide translocation by a combination of a passive ratchet
and an active pulling mechanism (31, 36). Recently, two novel
membrane-associated mtHsp70 cochaperones of the DnaJ
family, Pam18 and Pam16, were identified (8, 12, 24, 34, 50).
Both of them regulate the activity of mtHsp70 and are required
for efficient preprotein translocation (9, 25). The high number
of essential components with many different molecular activi-
ties demonstrates that mitochondrial-protein import under in
vivo conditions is a highly complicated process. Even the ques-
tion of how the mitochondrial energy sources, membrane po-
tential and matrix ATP, cooperate to drive preprotein import
and unfolding is still not entirely clear. The mtHsp70 import
motor has been shown to participate significantly in preprotein
unfolding, decreasing the activation barrier of the unfolding
reaction and changing unfolding pathways (20, 26, 31). How-
ever, it has been proposed that the electric potential across the
inner membrane provides a driving force for translocation that
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FIG. 1. Assay used to determine the inward-directed translocation force in mitochondria. (A) Schematic drawing of the translocation-driving
activity assay. The MTX-stabilized DHFR domain blocks the import of the preprotein b2(167)�-DHFR. The unstructured N-terminal segment of
the preprotein is inserted into the import channel and can interact with the import motor if it crosses both mitochondrial membranes. The
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contributes directly to the unfolding of preproteins on the
cytosolic side of the outer membrane (19).

A characterization of the unfolding reaction can provide
only indirect evidence about the relative contributions of both
membrane potential and the ATP-dependent import motor to
the generation of the import-driving activity. To address this
question, we dissected the import reaction into specific steps,
allowing the direct analysis of the translocation-driving force
precursor proteins in transit. The stabilization of the folding
state of precursor proteins has been shown to restrict or even
inhibit the translocation reaction. Hence, the addition of a
tightly bound ligand to a C-terminal dihydrofolate reductase
(DHFR) domain can efficiently prevent the membrane trans-
port of precursor-DHFR fusion proteins (10, 41). Since N-
terminal parts of the preprotein are still able to insert into the
translocase complexes and reach the matrix compartment,
these membrane-spanning intermediates represent a critical
step of the translocation reaction (4). Due to the close appo-
sition of the methotrexate (MTX)-stabilized DHFR and the
components of the outer membrane, the accumulated translo-
cation intermediates can become inaccessible to degradation
by external proteases (3, 52). Using saturating amounts of
recombinant preproteins, we directly compared the roles of the
inner membrane potential and matrix ATP to the import-
driving activity. In contrast to the ATP-dependent import mo-
tor, the membrane potential was not able to confer an active
translocation force and provided only a limited unfolding ac-
tivity for the folded preprotein domain. However, maintaining
a membrane potential was essential in holding preproteins in
the translocation channel and supporting the ATP-dependent
translocation force generated by the mtHsp70 import motor.

MATERIALS AND METHODS

Isolation of mitochondria and import of precursor proteins. Unless otherwise
stated, Saccharomyces cerevisiae strains were grown at 30°C on YPG medium
(1% yeast extract, 2% Bacto peptone, and 3% glycerol). Mitochondria were
isolated according to established procedures (43). The following yeast strains
were used. PK81 (MAT� ade2-101 lys2 ura3-52 trp1 leu2-3,112 ssc1-2::LEU2),
PK82 (MAT� his4-713 lys2 ura3-52 trp1 leu2-3), PK83 (MAT� ade2-101 lys2
ura3-52 trp1 leu2-3,112 ssc1-3::LEU2), MB6 (MAT� ade2-101 his3-�200 leu2-�1
lys2-801 tim44D::LYS2 pTIM44), and tim44-8 (MAT� ade2-101 his3-�200 leu2-�1
lys2-801 tim44D::LYS2 ptim44-8) (3, 13). Recombinant precursor proteins were
purified from Escherichia coli cells and added to a final concentration of 25 pmol
per 25 �g of mitochondrial protein (7, 26). Radiolabeled preproteins were
generated by in vitro transcription and translation in rabbit reticulocyte lysate as
described previously (56). Import into isolated yeast mitochondria in the pres-
ence of 2 mM NADH, 2 mM ATP, and an ATP-regenerating system (5 mM
creatine phosphate and 0.1 mg/ml creatine kinase) at 25°C and subsequent
treatment with proteinase K on ice were performed essentially as described
previously (43). In conditional-mutant strains, the isolated mitochondria were

heat shocked prior to import for 15 min at 37°C to induce nonpermissive con-
ditions. The import buffer contained 3% (wt/vol) bovine serum albumin, 250 mM
sucrose, 80 mM KCl, 5 mM MgCl2, 5 mM KPi, and 10 mM MOPS (morpho-
linepropanesulfonic acid)-KOH, pH 7.2. Heme (final concentration, 50 �M) was
added to the import buffer as indicated. Heme stock solution (1 mM) was
prepared in 90% (vol/vol) ethylene glycol, 2 mM Tris-HCl, pH 8.2, 5 mM KCl.
The �� was dissipated by addition of 1 �M valinomycin, 8 �M antimycin, and 20
�M oligomycin. For a gradual decrease the ��, the protonophore carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was added at the indicated concen-
trations in the presence of 20 �M oligomycin. Samples were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, fol-
lowed by digital autoradiography or immunodecoration with DHFR-specific
antibodies.

Assay to assess an import-driving activity. Cytochrome b2-DHFR fusion pro-
teins were arrested as translocation intermediates spanning both mitochondrial
membranes by pretreating the precursors with 1 �M MTX for 5 min at 0°C. After
import, mitochondria were reisolated and resuspended in import buffer. In some
experiments, matrix ATP levels were reduced by treating mitochondria with 20
�M oligomycin and 10 U/ml apyrase for 5 min at 0°C. The membrane potential
was dissipated by addition of 1 �M valinomycin, and mitochondria were incu-
bated for up to several min at 25°C. The residual import force exerted on the
translocation intermediate was assayed by resistance against treatment with 50
�g/ml proteinase K. Samples were directly analyzed by SDS-PAGE and Western
blotting using antibodies directed against DHFR. In order to monitor the release
of preproteins from the translocation channel, translocation intermediates were
generated as described above. After reisolation, mitochondria were resuspended
in import buffer and incubated in the presence or absence of 1 �M valinomycin
to deplete the inner membrane potential. Mitochondria were centrifuged for 12
min at 15,000 � g and 4°C. The pellet containing mitochondrial proteins and
associated precursor proteins was analyzed by SDS-PAGE.

Generation of the TOM-TIM supercomplex and BN-PAGE. For the accumu-
lation of preproteins in the import sites, isolated mitochondria were incubated
for 15 min at 25°C with recombinant purified cytochrome b2-DHFR fusion
proteins (final concentration, 4 �g of preprotein/100 �g of mitochondria) in the
presence of 5 �M MTX, unless otherwise stated. After reisolation, the mito-
chondria were washed with 250 mM sucrose, 1 mM EDTA, and 10 mM MOPS-
KOH, pH 7.2, and lysed in ice-cold digitonin buffer (1.5% [wt/vol] digitonin, 20
mM Tris-HCl, pH 7.4, 0.1 mM EDTA, 50 mM NaCl, 10% [vol/vol] glycerol, and
1 mM phenylmethylsulfonyl fluoride). To deplete ATP, mitochondria were pre-
treated with 20 �M oligomycin and 10 U/ml apyrase prior to incubation with
preproteins in the presence of 2 mM NADH. Soluble material was analyzed by
blue-native (BN)-PAGE essentially as described previously (7, 44). Mitochon-
drial proteins (70 �g) were solubilized in 50 �l ice-cold 1.5% digitonin-contain-
ing buffer and resolved on a 6 to 13% gradient gel at 4°C. Protein complexes were
transferred to polyvinylidene difluoride membranes and decorated with specific
antibodies. For detection of the TOM-TIM supercomplex, an antibody directed
against the N-terminal portion of Tim23 was used in all experiments. The High
Molecular Weight Calibration Kit for native electrophoresis (GE Healthcare)
was used as a molecular weight standard.

Miscellaneous. Cytochrome b2-DHFR fusion proteins were expressed and
purified as published previously (7, 26). In some figures, nonrelevant gel lanes
were excised by digital treatment. SDS-PAGE and immunodecoration, using the
ECL system (GE Healthcare), were performed according to standard proce-
dures. Quantifications were performed by scanning densitometry or digital
autoradiography.

generation of an inward-directed translocation force prevents the degradation of the preprotein in transit by external proteases. The MPP cleaves
off the first 31 amino acids in the presequence of cytochrome b2 as indicated. The locations of the positively charged amino acids in the presequence
are indicated (�). (B) Diagram of the experimental procedure. The cytochrome b2-DHFR fusion proteins are preincubated with the specific ligand
MTX. In the presence of ATP and the membrane potential, the preprotein in its MTX-stabilized state is bound to the mitochondria. Preproteins
that are not inserted in the import channel are removed by a reisolation step. Subsequently, the load sample (L) is taken and the matrix ATP or
inner �� is depleted or sustained. Samples are taken over time and subsequently treated with proteinase K. (C) Protease resistance of
b2(167)�-DHFR translocation intermediates. Radiolabeled preproteins generated by in vitro translation and purified recombinant preproteins
were stabilized by MTX and incubated with wild-type mitochondria (p, precursor; i, processing intermediate). PK was added at the indicated time
points in the absence of a ��. The amount of the remaining fusion proteins bound to mitochondria was determined by autoradiography or by
Western blotting, using antibodies against DHFR. The value obtained for the accumulated i-b2(167)�-DHFR (L) in the absence of PK was set to
100%.
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RESULTS

Direct assessment of an inward-directed import-driving
activity using the protease resistance of accumulated translo-
cation intermediates. The preprotein b2(167)�-DHFR, con-
taining the first 167 amino acids (aa) of cytochrome b2 fused to
the entire DHFR from mouse, was used to accumulate mem-
brane-spanning translocation intermediates in the presence of
the DHFR-ligand MTX (Fig. 1A). Due to the deletion of the
intermembrane space sorting signal in the presequence of cy-
tochrome b2 (amino acids 49 to 65), the preprotein b2(167)�-
DHFR is targeted to the mitochondrial matrix. While the sta-
bly folded DHFR domain restricts full translocation, the
amino-terminal segment of the preprotein, consisting of the
presequence (61 aa) and the first 89 aa of the mature part of
cytochrome b2, can engage the translocation machinery and
reach the matrix compartment. Previous experiments indicated
that about 50 aa in a stretched conformation are sufficient to
span both mitochondrial membranes (42). The MTX translo-
cation intermediate of b2(167)�-DHFR therefore exposed a
sufficiently large segment of the matrix to interact with the
import motor complex and to be processed by the matrix-
processing peptidase (MPP) (Fig. 1A). Due to the intrinsic
protease resistance of the MTX-stabilized DHFR domain, the
outer membrane translocase components restrict access of ex-
ternally added protease to the precursor protein in case of an
active translocation reaction. Therefore, after reisolation of
the mitochondria to remove excess preproteins, the protease
resistances of the translocation intermediates were assayed
under different conditions to assess the import-driving activity
acting on the preprotein polypeptide in transit (Fig. 1B).

In the vast majority of import studies, mitochondrial prepro-
teins were generated in a radiolabeled form by cell-free trans-
lation systems. While radiolabeled preproteins are usually im-
ported in substoichiometric amounts, the import sites can be
saturated by using recombinant preproteins purified from
Escherichia coli cells (7). To obtain information about the
number of preproteins in transit that are subjected to a strong
import force, we directly compared the radiolabeled prepro-
tein with the identical precursor purified as a recombinant
preprotein in large amounts from E. coli cells. Under the
conditions used, a large part of the accumulated radiolabeled
translocation intermediates, up to 70%, remained resistant to
external protease, indicating an efficient generation of import-
driving activity in wild-type mitochondria (Fig. 1C). When we
used the purified recombinant preprotein at saturation con-
centrations, MTX translocation intermediates were accumu-
lated efficiently even in the absence of any cytosolic protein
components (Fig. 1C). Between 20 and 25 pmol of precursor
per mg mitochondrial protein were found as intermediates,
representing the approximate number of TIM23 translocation
channels (7). However, after dissipation of the membrane po-
tential and protease treatment, the amount of protease-resis-
tant material was significantly smaller, reaching only between
25% and 35% of the initially accumulated form. Hence, only a
subset of the polypeptides in transit are actually subjected to an
active translocation force despite being fully inserted into the
translocation channel. However, with both types of precursor
proteins, the protease-resistant material decreased to back-
ground levels after prolonged incubation times. We conclude

that the import force assay represents a dynamic reaction in
which the amount of protease-resistant material reflected the
equilibrium between the generation of an inward-directed im-
port activity and the retrograde release of preproteins from the
translocation channel. In order to obtain quantitative data
about the import-driving activity in mitochondria, all further
experiments were performed using saturating amounts of re-
combinant preproteins.

The ATP-dependent import motor is crucial for the gener-
ation of an import-driving activity. The mitochondrial import
motor complex with its core component, mtHsp70, the sole
ATPase required for the import reaction, couples ATP hydro-
lysis with the preprotein translocation reaction. To directly
determine the contribution of the mtHsp70 import motor to
the generation of the import-driving activity, we assayed the
stabilities of the MTX translocation intermediates in mito-
chondria from different temperature-sensitive mutant yeast
strains that are defective in different components of the motor
complex. In the ssc1-2 strain, the mtHsp70 protein carries the
mutation P419S in the peptide-binding domain, resulting in a
stabilized interaction with substrate proteins and a folding
defect (28). Mitochondria isolated from ssc1-2 exhibit a resid-
ual import activity that is limited to unfolded preproteins (13,
22, 52). Although the ssc1-2 mutant mitochondria were able to
accumulate translocation intermediates in amounts compara-
ble to those of wild-type mitochondria, their resistance to ex-
ternal protease was strongly reduced (Fig. 2A). Less than 10%
of the accumulated preproteins were detected after the pro-
tease treatment. The preprotein translocation function of
mtHsp70 is performed in close collaboration with the inner
membrane protein Tim44. Hence, we tested the influence of
Tim44 on the generation of an import force by the analysis
of the temperature-sensitive mutant tim44-8 (3). The behav-
ior of the mutant Tim44 was identical to that of the mtHsp70
mutant, showing a strong defect in the resistance of accumu-
lated translocation intermediates (Fig. 2B). The essential pro-
tein Pam16 has recently been shown to be important for the
import-specific regulation of the mtHsp70 ATPase activity (12,
24, 25). Similar to mutants of the core components Ssc1 and
Tim44, mitochondria isolated from the temperature-sensitive
mutant pam16-1 showed a strongly reduced protease resistance
of the accumulated translocation intermediates, indicating a
strong defect in the generation of an import-driving force (Fig.
2C). Irrespective of the individual functions of the import
motor complex components, all three proteins form a single
functional unit localized at the inner face of the inner mem-
brane that is directly required for the generation of an import-
driving activity on preproteins in the translocation channel.

Generation of an import-driving activity is dependent on the
properties of the preprotein. Since the generation of an inward-
directed import activity is a crucial factor determining import
rates, we asked if the functional interaction of the preprotein with
the motor complex is the sole source of the translocation force.
The interaction with mtHsp70 and the effect of the membrane
potential on the preprotein in transit can be experimentally
distinguished by varying the length of the N-terminal segment
of the imported preprotein in front of the folded DHFR do-
main. For these experiments, we employed a set of specifically
generated cytochrome b2-DHFR fusion proteins that con-
tained N-terminal extensions clustered around the critical
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FIG. 2. Matrix ATP levels and conditional mutants of the import motor complex determine the protease resistance of translocation interme-
diates. Experiments and quantifications were performed as described in the legend to Fig. 1. The reactions were performed with conditional-mutant
mitochondria from the ssc1-2 (A), tim44-8 (B), and pam16-1 (C) strains. The temperature-sensitive phenotype was induced by incubation of the
isolated mitochondria for 15 min at 37°C prior to the import reaction. The protease-resistant processed form of b2(167)�-DHFR was quantified,
and the amount obtained in the absence of protease was set to 100%.
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FIG. 3. The length of the unstructured segment traversing both mitochondrial membranes is critical for the generation of an inward-directed
translocation force. (A) Schematic graph of MTX-bound translocation intermediates of the preproteins b2(107)�-DHFR, b2(98)�-DHFR, and
b2(84)�-DHFR traversing the mitochondrial membranes. Approximately 50 amino acids in an unstructured state are required to span both
membranes. (B) The assay for an import-driving activity was performed as described in the legend to Fig. 1 with the cytochrome b2-DHFR fusion
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length of 50 aa required to reach the matrix compartment as
translocation intermediates. The lengths of the unstructured
N-terminal extensions of the following preproteins are given in
parentheses: b2(107)�-DHFR (precursor, 92 aa; processed in-
termediate, 61 aa), b2(98)�-DHFR (precursor, 83 aa; pro-
cessed intermediate, 52), and b2(84)�-DHFR (precursor, 72
aa; processed intermediate, 41 aa). The precursor forms of all
three preproteins should be able to reach the matrix. However,
the processing of the three precursor constructs is strongly
reduced, since the processing site is not fully accessible (Fig.
3A). All preproteins were purified as recombinant precursors
in large amounts and accumulated in wild-type mitochondria
in the presence of MTX as described above. The preprotein
b2(107)�-DHFR showed highly efficient accumulation of trans-
location intermediates. However, due to the shorter cyto-
chrome b2 part, a strongly reduced processing efficiency was
observed compared to the longer b2(167)�-DHFR (Fig. 3B). In
fact, only the full-length precursor protein, and not the pro-
cessed form, showed significant protease resistance that indi-
cated the action of a translocation-driving activity. A further
reduction of the N terminus by just nine residues, as in the
preprotein b2(98)�-DHFR, completely abolished the protease
resistance of the translocation intermediates. Finally, the pre-
protein b2(84)�-DHFR, which would expose about 20 residues
in the matrix, was not processed by MPP, and no proteinase K
(PK)-resistant signal could be detected, indicating the com-
plete absence of an ATP-dependent import-driving activity.
These results indicate that an efficient translocation force can
be generated only if at least 30 to 40 residues are exposed at
the matrix face of the inner membrane.

The membrane-spanning translocation intermediates gener-
ated by stabilization of the DHFR domain have been shown to
interact with both translocase complexes in the mitochondrial
membranes, forming a large protein complex, the TOM-TIM
supercomplex (4, 7, 45). This large protein complex is suffi-
ciently stable to survive mild detergent treatment, as well as
electrophoresis. Since formation of the supercomplex closely
resembled the situation of the import force assay, we tested the
components and energy sources required for supercomplex
formation. After gentle solubilization of the mitochondria and
separation of protein complexes by BN-PAGE, the TOM-TIM
supercomplex could be detected by the presence of the channel
component Tim23 in a high-molecular-mass complex of about
600 kDa. When we imported the fusion protein b2(167)�-
DHFR in the presence of MTX into wild-type mitochondria,
the TOM-TIM supercomplex was efficiently formed (Fig. 3C).
As a control, in the absence of MTX, only the smaller TIM23
protein complex of the inner membrane, with a mass of about
90 kDa, was detected. Interestingly, the supercomplex was
formed only when the import motor complex with its core
component, mtHsp70, was fully functional, as demonstrated by

the absence of the complex in mitochondria containing condi-
tional-mutant forms of mtHsp70. In contrast to wild-type mi-
tochondria, the partially import-active ssc1-2 mitochondria
were able to form only a very small amount of supercomplex.
The mutant ssc1-3 contains a mutation in the Hsp70 ATPase
domain (G56S), rendering the protein inactive under nonper-
missive conditions (13, 56). Interestingly, no signal correspond-
ing to the TOM-TIM supercomplex could be detected in ssc1-3
mitochondria, indicating that a functional import motor is re-
quired for its formation. Previous studies established that the
initial membrane potential-dependent insertion of preproteins
into the translocation channels is not affected in mutant mito-
chondria defective in mtHsp70 (Ssc1) (13, 56). In addition, the
preprotein release experiment (Fig. 4C) confirmed that wild-
type and ssc1-3 mitochondria contain similar amounts of mem-
brane-inserted preproteins. The formation of the supercom-
plex is therefore an mtHsp70-mediated process and requires
an active translocation force. The activity of the inner mem-
brane potential alone was not sufficient for supercomplex for-
mation. As the generation of an import-driving activity was
strongly dependent on the lengths of the N-terminal segments
of the preproteins, we also tested the abilities of the different
preprotein constructs to form the TOM-TIM supercomplex.
While the standard protein b2(167)�-DHFR resulted in an
almost quantitative accumulation of supercomplex, no signal
for a 600-kDa complex was observed with the slightly smaller
preproteins b2(107)�-DHFR and b2(98)�-DHFR (Fig. 3D).
Although the precursor form of b2(107)�-DHFR was actively
pulled across the mitochondrial membranes, the translocation
force as such was not sufficient for the formation of a TOM-
TIM supercomplex that is stable over prolonged experiment
times. We conclude that the formation of the supercomplex
under steady-state conditions requires a motor-dependent sta-
bilization (“locking in”) that was possible only with the pre-
protein b2(167)�-DHFR.

The import motor and the inner membrane potential coop-
erate in generation of a sustained import-driving activity. ATP
hydrolysis by the import motor complex represented a major
contribution to the import-driving activity. We asked if the
electrophoretic force exerted by the membrane potential might
play a similar role during the translocation reaction. In contrast
to previous experiments that were aimed at the characteriza-
tion of the mtHsp70 function, we performed the import activity
assay in the presence of the inner membrane potential (Fig.
4A). Interestingly, the levels of protease-resistant intermedi-
ates of the preprotein b2(167)�-DHFR remained high over the
complete incubation period, while in the absence of a mem-
brane potential, the resistance was lost rapidly. In contrast,
when we depleted ATP in the matrix compartment prior to the
protease treatment, the amount of resistant material remained
small, similar to the effect of the mutated import motor com-

proteins shown in panel A. (C) Mitochondria from the wild-type (WT) and the temperature-sensitive mutant ssc1-2 and ssc1-3 strains were
incubated with recombinant b2(167)�-DHFR in the presence or absence of MTX as described in Materials and Methods. Mitochondria were
reisolated, lysed under native conditions, and analyzed by BN-PAGE. The translocase complexes were visualized by Western blotting and
immunodecoration with antibodies directed against Tim23. Indicated are the molecular masses and the localizations of the protein complexes. (D)
The formation of TOM-TIM supercomplexes was analyzed as described above using DHFR fusion proteins with the indicated length of the
presequence and mature part derived from cytochrome b2.
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ponents. To test the contribution of the membrane potential to
the stabilization of an import-driving activity, we added the
ionophore valinomycin to dissipate the potential at different
times after the accumulation of the translocation intermedi-
ates. If valinomycin was added after 5 min of incubation in the
presence of high matrix ATP, the protease resistance of the
intermediates was maintained up to that point and then de-
creased rapidly, similar to the decrease in resistance when the
potential was abolished directly at the beginning of the incu-
bation. If the membrane potential was maintained throughout
the incubation period, stable amounts of resistant proteins
were found even after prolonged incubation times (Fig. 4B). In
order to address this supportive function of the membrane
potential more directly, we performed assays in which the
release of preproteins from the translocation channel was in-
vestigated. MTX translocation intermediates of the preprotein
Su9(86)-DHFR were accumulated as described previously
(52). The preprotein had an N-terminal segment that was just
sufficiently long to completely insert into the inner membrane
but did not expose a major segment to the matrix space (52). In

contrast to the import activity assay, no protease was added
after reisolation to monitor the total amount of preprotein
inserted into the import sites. The amounts of preproteins
remaining associated with mitochondria over time were deter-
mined in the presence and the absence of the membrane po-
tential to assess the release of preprotein from the transloca-
tion channel. In this case, we had to use the preprotein in a
radiolabeled form, since the excess amounts of the recombi-
nant preproteins distorted the results of the experiments in the
absence of protease treatment. In the presence of the mem-
brane potential, we observed only a minor slow decrease in the
amounts of associated preproteins (Fig. 4C). In contrast, de-
pletion of the membrane potential caused a significant release
of accumulated preproteins, essentially to background levels.
Interestingly, no difference in the release of the preprotein was
observed between wild-type and ssc1-3 mitochondria that do
not exhibit a translocase function under nonpermissive condi-
tions. Holding the inserted preprotein in the translocation
channel per se is therefore mainly dependent on the mem-
brane potential and is not directly affected by the activity of the

FIG. 4. The �� assists the generation of an inward-directed translocation force. (A) The assay for an import-driving activity and its quanti-
fication were performed as described in the legend to Fig. 1 using the preprotein b2(167)�-DHFR dependent on the ��. The matrix ATP levels
were reduced by treatment with apyrase (�ATP) as indicated. The membrane potential was depleted by the addition of valinomycin, antimycin,
and oligomycin as indicated. (B) Time course of protease resistance after depletion of the membrane potential. The experiment was performed
as described in the legend to Fig. 1. The �� was depleted by the addition of valinomycin at the indicated time points. (C) Backward release of
preproteins from the translocation channel is not affected by import motor mutants. The radiolabeled preprotein Su9(86)-DHFR was accumulated
as an MTX translocation intermediate in wild-type and ssc1-3 mutant mitochondria under nonpermissive conditions. Mitochondria were reisolated,
and the membrane potential was depleted as indicated. The amount of precursor associated with the mitochondria was monitored over the
indicated incubation times by SDS-PAGE of the mitochondrial pellet and detection by autoradiography.
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mtHsp70 import motor. We conclude that the levels of matrix
ATP and the correlated activity of the import motor complex
determined the total amount of resistant material at the start
of the reaction, while the membrane potential seemed to be
responsible for the stabilization of the preproteins in the im-
port channel. This “holding” activity increases the likelihood of
an interaction between the precursor and the import motor,
thereby contributing indirectly to the maintenance of the pro-
tease resistance of translocation intermediates.

In order to assess a potential direct role of the membrane
potential as an import-driving activity, we also utilized a pre-
protein that was not able to interact with the import motor
complex when accumulated as a translocation intermediate.
Any import-driving activity for this protein should result only
from the electrophoretic force of the membrane potential.
Using the recombinant preprotein b2(47)-DHFR, containing
an N-terminal extension of 47 amino acids, we first determined
its overall import efficiency compared to that of the standard
fusion protein b2(167)�-DHFR. The precursor proteins were
used in a folded, native conformation or artificially unfolded by
a urea treatment prior to the import reaction (Fig. 5A). In the
case of b2(167)�-DHFR, containing a long N-terminal exten-
sion, both folding states of the preprotein were imported with
high efficiencies that were slightly increased after urea dena-
turation. In contrast, while the denatured preprotein b2(47)-
DHFR was imported with very fast kinetics, the native precur-
sor showed significantly slower kinetics. We reasoned that an
intermediate situation is represented by the preprotein
b2(84)�-DHFR. The N-terminal segment of b2(84)�-DHFR
should be long enough to insert completely into the import
channels and to expose some part of its targeting sequence in
the matrix. Surprisingly, when we performed standard in vitro
import experiments with purified saturating amounts of
b2(84)�-DHFR in the native state, we could detect hardly any
protease-resistant mature protein, even after prolonged incu-
bation times (Fig. 5A). The import defect was directly corre-
lated with the folding state of the preprotein, since after urea
denaturation, the unfolded b2(84)�-DHFR was imported with
high efficiency. Our analysis showed that the mtHsp70 import
motor was not able to confer an import-driving activity on
b2(84)�-DHFR translocation intermediates (Fig. 3B). How-
ever, in case of a folded C-terminal DHFR domain, b2(84)�-
DHFR can insert deeper into the translocation channel than
b2(47)-DHFR. The apparent lack of completed import is
therefore consistent with a certain spatial arrangement of the
N-terminal segment inside the import channel, where neither
the membrane potential nor the import motor can confer a
significant import-driving activity.

Due to its short N-terminal segment, the motor complex
cannot interact with the preprotein b2(47)-DHFR before the
DHFR domain is unfolded (Fig. 5E). The initiation of the
unfolding and subsequent translocation of a folded b2(47)-
DHFR can be achieved only by the electric force of the mem-
brane potential. Indeed, when we tested the dependence of the
import b2(47)-DHFR on the inner ��, the preproteins b2(47)-
DHFR and b2(167)�-DHFR as a control were imported as
folded or unfolded precursors into isolated mitochondria. The
membrane potential was gradually lowered by the incubation
of the mitochondria with increasing concentrations of the pro-
tonophore CCCP (Fig. 5B and C). The import efficiency of the

long construct b2(167)�-DHFR was decreased in the same
manner for the folded and unfolded preproteins with increas-
ing amounts of CCCP. In contrast, the import efficiency of the
folded b2(47)-DHFR decreased very rapidly with increasing
CCCP concentrations. Already at 20 �M, the import efficiency
was almost abolished. Interestingly, the unfolded b2(47)-
DHFR was still imported very efficiently and showed a CCCP
sensitivity comparable to that of b2(167)�-DHFR. The differ-
ent �� dependences of folded and unfolded b2(47)-DHFR
indicate that not only the amino acid composition of the pre-
sequence, but also the conformational state of the preprotein,
is a major factor in determining the initial translocation rate.
We asked if the action of the membrane potential could re-
place the ATP-dependent import motor in generating an in-
ward-directed translocation force. However, translocation in-
termediates of b2(47)-DHFR generated by the addition of
MTX did not exhibit any resistance to external protease, indi-
cating that the membrane potential was not able to generate an
apposition of folded DHFR and translocation machinery to
prevent digestion comparably close to that in the case of
b2(167)�-DHFR (Fig. 5D). Hence, the different import kinet-
ics of the folded and denatured precursor protein of b2(47)-
DHFR were a consequence of the lack of a strong import-
driving activity. This observation indicated that the location of
the N-terminal segment in relation to the local environment of
the translocation machinery is a major influence on the import
efficiency. Depending on the environment of the presequence,
either the membrane potential or the import motor, or a com-
bination of both, became decisive for driving the polypeptide
transport.

The preprotein-unfolding activity of the inner membrane
potential is limited. In the absence of a stabilizing ligand, the
overall thermodynamic stability of the DHFR domain is rela-
tively low (14, 53). However, due to extensive secondary-struc-
ture interactions at the N terminus, the mechanical unfolding
of the DHFR domain during import requires global destabili-
zation with a relatively high activation energy barrier (20).
Based on the low unfolding activity of the membrane potential,
we observed a kinetic inhibition of the import reaction in the
case of b2(47)-DHFR and a strong import reduction for the
longer b2(84)�-DHFR. To assess the relevance of the confor-
mational properties for the import reaction, we compared the
results obtained for DHFR with those for a protein domain
that exhibits different structural properties and occurs in a
native mitochondrial protein. The first 102 amino acid residues
of the mature N-terminal part of the yeast cytochrome b2 are
able to form an independently folded heme-binding domain
(HBD) (Fig. 6A) that has a higher thermodynamic stability
than DHFR (14). Similar to the stabilization of DHFR by
MTX, the folding state of the HBD can be influenced by the
addition of the ligand heme. However, previous experiments
using radiolabeled preproteins showed that ligand stabilization
of the HBD was not able to interfere with the import reaction
into wild-type mitochondria (54). Surprisingly, when we prein-
cubated the purified preprotein b2(167)�-DHFR with heme,
import into wild-type mitochondria in vitro was completely
abolished (Fig. 6B). The strong import inhibition was observed
despite the fact that, with 89 aa of the mature part, b2(167)�-
DHFR does not contain the complete heme-binding domain
(59). However, an analysis of the three-dimensional structure
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FIG. 5. The rate and efficiency of mitochondrial import are dependent on the lengths of the membrane-spanning segments in front of folded
domains. (A) Import of recombinant purified cytochrome b2-DHFR fusion proteins b2(167)�-DHFR, b2(84)�-DHFR, and b2(47)-DHFR in native
and urea-denatured states. The import reaction was performed as described in Materials and Methods (p, precursor; i, processing intermediate).
Nonimported preprotein was removed by treatment with proteinase K. The proteins were separated by SDS-PAGE and detected by Western

420 KRAYL ET AL. MOL. CELL. BIOL.



(data not shown) indicated that the residual segment in
b2(167)�-DHFR comprised the core of the heme-binding do-
main, which is sufficient for a stable interaction with the ligand.
The control reaction using the related preprotein b2(107)�-
DHFR, in which the heme-binding core was not present,
showed no inhibition by heme, excluding an indirect effect of
heme on the import machinery. The presence of a folded HBD
at the N-terminal end of the mature preprotein b2(167)�-
DHFR did result in a translocation intermediate that was too
short to reach the matrix compartment (Fig. 6C). Similar to the
construct b2(84)�-DHFR (Fig. 5A), the translocation block of
b2(167)�-DHFR in the presence of heme indicates the limited
unfolding capacity of the electrophoretic force generated by
the membrane potential. These experiments show that unfold-
ing and initiation of translocation of preproteins containing
domains with high conformational stability cannot be catalyzed
by the inner membrane potential alone. The inner membrane
translocase component Tim44 has been shown to link the ac-
tivity of the ATPase mtHsp70 to the preprotein import reac-
tion in the matrix. Mutations in Tim44 lead to a delayed trans-
location reaction due to the failure of the import motor to
actively unfold preprotein domains (3, 33). In order to test the
activity of the import motor and its high import-driving activity
on the translocation of stably folded domains, we tested the
import of the HBD-containing preprotein b2-DHFR-HB in
tim44-8 mutant mitochondria. In this case, the HBD was in-
troduced at the C terminus to circumvent the problem of the
weak unfolding efficiency of the ��, leaving a sufficient length
of N-terminal extension in front of the folded domain (Fig.
6D). The fusion protein was expressed in E. coli cells, purified,
and then incubated with mitochondria isolated from wild-type
and tim44-8 mutant strains. The tim44-8 mutant mitochondria
were treated with a short heat shock at 37°C before import to
induce nonpermissive conditions. While the import of the b2-
DHFR-HB into tim44-8 mitochondria was only slightly re-
duced in the absence of heme, the addition of the specific
ligand and the subsequent stabilization of the heme domain
reduced the import of the reporter construct dramatically
(Fig. 6E). The close correlation of the preprotein-unfolding
defect in the mutant tim44-8 with its defect in generating an
import-driving activity corroborates the notion that the
ATP-driven active-force generation is the main cause of
preprotein unfolding.

DISCUSSION

The driving forces of preprotein translocation have been a
central but controversial topic in the research on mitochon-
drial protein biogenesis (16, 31, 39). Previous studies utilized
the unfolding of C-terminal preprotein domains during the
translocation process as an assay to determine the generation

of an inward-directed import activity (14, 19, 26, 30, 47). The
unfolding process has been shown to be mechanically coupled
to the translocation reaction, since the pathways of protein
unfolding during import and spontaneous unfolding in solution
can differ markedly (20). However, since the unfolding assays
are based on a complete import reaction, too many parameters
influence the reaction to allow detailed conclusions about the
functions of individual components of the translocation ma-
chinery. In this study, we addressed the relative contributions
of the mitochondrial energy sources, the inner �� and ATP
hydrolysis in the matrix compartment, to the preprotein trans-
port process. We employed a specific translocation assay that is
based on the resistance of accumulated translocation interme-
diates against externally added proteases. The intermediates
represent a specific and crucial stage of the import process in
which the membrane insertion of the presequence is com-
pleted and the transport of the bulk polypeptide chain com-
mences. Accumulation of productive translocation intermedi-
ates is achieved by the conformational stabilization of the
C-terminal DHFR domain with the specific ligand MTX (10,
41). Interestingly, similar translocation intermediates can also
form in intact cells, demonstrating that newly synthesized pre-
proteins can acquire a folded conformation under in vivo con-
ditions before being imported (57).

The assay essentially represents a two-step reaction. First,
mitochondrial preproteins were accumulated as MTX-stabi-
lized membrane-spanning translocation intermediates under
standard conditions. In a second step, the generation of an
inward-directed translocation activity on the polypeptide chain
in transit was assayed by the resistance of the translocation
intermediates to externally added proteases. At this stage of
the import reaction, the mitochondrial energy sources promote
polypeptide movement and unfolding. In contrast to previous
experiments (3, 52), we used excess amounts of purified re-
combinant proteins to accumulate translocation intermediates
in saturating amounts (7, 26). The use of recombinant proteins
to analyze the mitochondrial import reaction offers several
advantages: (i) any influence of cytosolic factors on the unfold-
ing and translocation reactions is excluded, (ii) the possibility
of saturating the translocation machinery allows quantitative
data about the efficiency of the import reaction to be obtained,
and (iii) the high load of substrate proteins requires recycling
of the ATP-dependent import motor to sustain a strong trans-
location-driving activity. In contrast to the studies using radiola-
beled preproteins, only a fraction of the accumulated intermedi-
ates showed protease resistance under substrate-saturating
conditions. This observation could indicate that rather than the
number of translocation channels, the engagement with other
components of the translocation machinery, most likely the im-
port motor complex, determined the amount of actively trans-
located polypeptides. Although the exact stoichiometry and

blotting and immunodecoration with antibodies against DHFR. Import of the recombinant purified fusion proteins b2(167)�-DHFR (B) and
b2(47)-DHFR (C) was performed dependent on the membrane potential. The proteins were imported in their native or urea-denatured state in
the presence of increasing amounts of the ionophore CCCP. The imported and processed preproteins were quantified, and the value obtained for
the control (0 �M CCCP) was set to 100%. (D) The assay for an import-driving activity for the fusion proteins b2(167)�-DHFR and b2(47)-DHFR
was performed as described in the legend to Fig. 1. (E) Schematic graph of an MTX-bound translocation intermediate of b2(47)-DHFR inserted
into the mitochondrial membranes.

VOL. 27, 2007 MITOCHONDRIAL PROTEIN IMPORT-DRIVING ACTIVITY 421



FIG. 6. The unfolding of the stable folded HBDs cannot be initiated by the membrane potential alone. (A) Schematic representation of
the preproteins b2(167)�-DHFR and b2(107)�-DHFR. The presequence, the HBD of cytochrome b2, and the DHFR domain are labeled.
(B) The import of the recombinant purified preproteins b2(167)�-DHFR and b2(107)�-DHFR was performed as described in Material and
Methods in the absence or presence of heme. Nonimported proteins were removed by proteinase K. Proteins were separated by SDS-PAGE and
detected by Western blotting and immunodecoration with antibodies against DHFR. (C) Schematic representation of the preprotein b2(167)�-
DHFR with a stably folded HBD traversing both mitochondrial membranes. (D) Schematic representation of the preprotein b2-DHFR-HB. The
fusion protein consists of the presequence of cytochrome (cyt) b2, the DHFR domain, and the HBD of cytochrome b2 as indicated. (E) The recombinant
purified preprotein b2-DHFR-HB was imported into wild-type and tim44-8 mitochondria under nonpermissive conditions in the absence and
presence of heme. The imported and processed protein was quantified. The maximal amount of protein imported was set to 100%.
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the amounts of translocation components are not known, pub-
lished estimates for the channel protein Tim23 are about 20
pmol/mg mitochondrial protein and 5 to 7 pmol for the import
motor component Tim44 (35), while mtHsp70 as an abundant
matrix chaperone is in large excess. Hence, the amount of
observed protease-resistant translocation intermediates most
closely reflects the amount of Tim44.

As the sole ATP-dependent enzyme involved in the import
reaction, the activities of the chaperone mtHsp70 (Ssc1) and its
cofactors have been directly correlated with the transport and
unfolding of preproteins (30, 31, 38, 56). The membrane pro-
tein Tim44 forms the core component of the import motor, or
“presequence translocase-associated motor complex” (1, 48),
connecting the TIM23 translocation channel with the ATP-
hydrolyzing chaperone. In close agreement with previous re-
sults, we were able to show that the crucial components of the
import motor, mtHsp70, Tim44, and the Pam18/16 system, are
essential to generate a strong driving force for protein trans-
location in a close mechanistic collaboration. Interestingly, our
results demonstrate a clear distinction between the energy
sources ATP and �� on the generation of the import force. At
high matrix ATP levels, the translocation intermediates exhib-
ited high protease resistance, indicating that the generation of
an inward-directed translocation force is an active process di-
rectly based on the ATPase activity of mtHsp70. However, if
the membrane potential is depleted, the strong translocation
force could not be maintained over prolonged incubation
times, and the amounts of protease-resistant precursors de-
creased quickly. Although in the case of the MTX intermedi-
ates, the ��-dependent insertion steps into the inner mem-
brane TIM23 complex had been completed, the membrane
potential seemed to be required to increase the likelihood of
interaction between the precursor protein and the import mo-
tor, resulting in a sustained translocation-driving activity. This
conclusion is supported by the observation that accumulated
translocation intermediates with short N-terminal segments
are released from the translocation channel in a reaction
strongly dependent on the �� but are not affected by the ssc1-3
mutation of mtHsp70 with its strong translocation defect.

Our experiments revealed that the location of the positively
charged presequence in relation to the �� across the inner
membrane has important consequences for the overall import
reaction. The presequence of the small preprotein b2(47)-
DHFR could not completely insert into the import channel
and did not interact with the import motor complex in the
matrix. In this case, it was postulated that the membrane po-
tential was able to exert an inward-directed force on the pre-
sequence (46) that was based on the ionic interaction of the
positively charged presequence and the negatively charged ma-
trix side of the inner membrane. However, no protease resis-
tance of the translocation intermediate was observed, i.e., the
electric potential across the inner membrane alone was not
able to generate a strong translocation force. As a result, the
import of b2(47)-DHFR is strongly dependent on the ��.
However, the electrophoretic force was involved in the unfold-
ing of the DHFR domain, most probably by trapping sponta-
neous unfolding events (19), resulting in an initial lag phase in
the overall translocation kinetics. Since the machinery of the
outer membrane does not contribute prominently to prepro-
tein unfolding (18), the �� becomes the only energy source

available for the initiation of the import reaction of prepro-
teins with small N-terminal extensions.

While the unfolding activity of the membrane potential is re-
stricted to small preproteins with short N-terminal extensions
below 50 aa, the unfolding of longer preproteins is provided by
the translocation force exerted by the mtHsp70 import motor. An
interesting intermediate situation is represented by the construct
b2(84)�-DHFR. The extreme N terminus of b2(84)�-DHFR
should be able to reach the matrix, but no translocation force
due to the import motor activity could be observed. With an
N-terminal segment of 72 aa, the unprocessed form of b2(84)�-
DHFR would expose sufficient residues in the matrix to allow
binding of at least one mtHsp70 molecule. However, one
round of mtHsp70 interaction does not seem to be sufficient to
maintain sustained translocation activity. This is in agreement
with the observation that the mtHsp70 membrane anchor
Tim44 and, in correlation, also the chaperone itself form a
dimer in the active translocation complex (35). While the
shorter b2(47)-DHFR showed an initial import lag, the trans-
location of the purified b2(84)�-DHFR in a folded state was
completely blocked. In this case, the longer N-terminal seg-
ment allowed deeper insertion into the import channel. How-
ever, it is likely that this specific spatial arrangement prevented
the generation of the driving force based on the membrane
potential. In contrast to b2(84)�-DHFR, the precursor form of
the preprotein b2(107)�-DHFR, with an N-terminal extension
of 92 aa, might be able to present several mtHsp70-binding
sites, resulting in an active translocation-driving force and con-
comitant protease resistance. The processed intermediate as
such was too short to expose these binding sites, leading to the
loss of protease resistance. As a result, b2(107)�-DHFR is
efficiently imported even in a folded conformation (26).

The long preprotein b2(167)�-DHFR was imported effi-
ciently and with kinetics very similar to those of b2(107)�-
DHFR, correlating with the observed strong translocation-
driving activity. We were able to show that this activity was also
required for the generation of the stable TOM-TIM supercom-
plex that represents a “locked-in” preprotein substrate and
connects the translocation complexes of the outer and inner
membranes. However, the stabilization of the preprotein in the
supercomplex also showed specific topological requirements.
The formation of the stable TOM-TIM supercomplex required
a long amino-terminal extension that is present in the fusion
protein b2(167)�-DHFR. Here, several binding sites for
mtHsp70 and/or other components of the import machinery
are required to stabilize the translocation intermediate. We
conclude that the membrane potential is not able to generate
a substantive translocation force per se but plays an important
supportive role to maintain the translocation activity of the
import motor. Interestingly, it has been observed that an en-
hanced preprotein binding activity of a mtHsp70 mutant was
able to compensate for the partial loss of �� during the import
reaction (15), indicating a cooperative action between the
membrane potential and the mtHsp70 import motor. In this
case, the supportive role of the �� in maintaining the ability of
the import motor to generate an import-driving activity was
partially replaced by a high binding affinity of mtHsp70 to the
preprotein in transit.

The extent to which individual preproteins are dependent on
import-driving forces for initiation of translocation is certainly
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influenced by their different structural properties. Especially,
the structural composition near the presequence has been
shown to be a major influence on the unfolding reaction (58).
The N terminus of DHFR is inserted deeply into the interior of
the structure, exhibiting strong intramolecular interactions
within a �-sheet structure. Although the overall thermody-
namic stability of DHFR is relatively low, membrane translo-
cation requires a global unfolding step of the whole domain
prior to the insertion step (20). In the short b2(47)-DHFR,
spontaneous unfolding events of the DHFR domain could be
trapped by the membrane potential in a reaction sufficient to
initiate the import reaction. In contrast, the specific spatial
arrangement of the b2(84)�-DHFR presequence in the trans-
location channel precludes an import-driving activity of the
membrane potential, effectively blocking translocation. Com-
pared to DHFR, the HBD of cytochrome b2 exhibits higher
thermodynamic stability (14). Due to the absence of extensive
secondary-structure interactions, its conformation at the N ter-
minus suggests a relatively low mechanical stability. However,
in the presence of the ligand heme, our results show that
unfolding of the HBD is effectively prevented in the absence of
a strong import-driving activity like that generated by the im-
port motor complex. Even with a long N-terminal extension,
import of the HBD strongly depends on a functional Tim44
and hence on the activity of the import motor. The conforma-
tional state of the HBD exhibits properties similar to those of
the enzyme barnase, which has been used as a model protein
for unfolding studies. It has been shown that the �-helical N
terminus of barnase can be unfolded relatively easily by the
mechanical action of the import machinery (20). The fusion
protein b2(65)-barnase, was unfolded and imported by mito-
chondria dependent on the membrane potential (19) although
it contained an N-terminal segment similar to that of b2(84)�-
DHFR. However, apart from the lower structural stability of
the N terminus of barnase, an influence of cytosolic factors on
the unfolding of the precursor cannot be completely excluded
in these experiments, since the preproteins were synthesized in
a radiolabeled form and imported in the presence of reticulo-
cyte lysate. Interestingly, previous experiments using the pre-
proteins b2(167)�-DHFR and b2(220)�-DHFR, containing the
full N-terminal HBD, did not show an inhibitory effect of heme
(14, 54) when they were generated by translation in reticulo-
cyte lysate, as long as the function of the import motor was not
compromised. The difference in the import behaviors of puri-
fied recombinant preproteins and those generated by in vitro
translation indicates that cytosolic factors may play an impor-
tant role in determining the unfolding kinetics.

Taken together, our results indicate that the contributions of
the import-driving forces to the translocation and unfolding
reactions in the in vivo situation might be more complex than
anticipated. In accordance with the “active-motor” model for
the mtHsp70 import mechanism, a cooperative action of
mtHsp70 and Tim44 is responsible for the generation of the
main driving force of the translocation reaction, while the
membrane potential has a supportive role. Recent in vitro
experiments using the purified components Ssc1, Tim44, and
Mge1 seemed to suggest that the mtHsp70 system might not be
capable of active force generation (27). However, in intact
mitochondria, the presence of additional regulatory factors,
like Pam18 and Pam16, might substantially alter the reactivi-

ties of the individual components (9, 25, 32). A newly proposed
model for the mechanism of the import motor, called “entropic
pulling,” postulates the generation of an active import-driving
force based on thermodynamic principles and molecular ge-
ometries of the preproteins during translocation (6). Accord-
ing to this model, the translocation force is generated by the
excluded-volume constraint between mtHsp70 and the mem-
brane. This model also requires efficient interaction of
mtHsp70 with Tim44 to obtain an efficient translocation and
unfolding reaction. Irrespective of the still-controversial mech-
anistic details of the activity of the import motor complex, our
results demonstrate its decisive role in the generation of an
inward-directed translocation force, assisted by a “holding”
activity exerted by the electric potential across the inner mem-
brane.
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