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Minireview

Coupling Chemical Energy by the hsp70/tim44 Complex to
Drive Protein Translocation into Mitochondrial
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A dynamic complex between the mitochondrial cognate of hsp70 (mthsp70) and the inner
membrane protein tim44 couples energy derived from ATP hydrolysis to drive multiple steps
in the mitochondrial protein import pathway: (1) The AW dependent import step and the
mthsp70/tim44 complex cooperate to facilitate the unidirectional transfer of the mitochondrial
targeting signal across the inner membrane. (2) The mthsp70/tim44 complex helps to unfold
domains on precursors proteins that arrive at the import apparatus in a folded conformation
on the cis side of the outer membrane. (3) Completion of import is then driven by the mthsp70/
tim44 complex in a manner that is independent of AW. Mechanisms proposed to explain how
the mthsp70/tim44 complex harvests chemical energy to drive these aspects of the import
process are discussed.
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INTRODUCTION

How the cell solves the problem of transporting
hydrophilic polypeptides across the membranes that
enclose subcellular organelles is a central question in
biology (Blobel, 1980). Study of the pathway for pro-
tein translocation into mitochondria has provided para-
digms for general mechanisms by which proteins are
translocated across different membrane systems
(Glick, 1995; Pfanner and Meijer, 1995; Schatz and
Dobberstein, 1996; Stuart et al, 1994a; Wickner,
1994). Protein translocation into mitochondria is a
complex multi-step process that requires signals for
the targeting of proteins synthesized on cytosolic ribo-
somes to the outer membrane (reviewed by David
Roise in this series). To enter the import apparatus
proteins must assume an unfolded conformation (Eilers
and Schatz, 1986). Targeting signals must also be
exposed so that they can be recognized by specific

! Abbreviations: hsp70, 70 kilodalton heat shock protein.
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soluble and/or membrane bound import receptor com-
plexes (reviewed by Trevor Lithgow in this series).
Once bound to the outer membrane import machinery,
precursor proteins are transferred through a protein
and possibly lipid-lined channel that permits passage
of polypeptides into the intermembrane space. Once
in the intermembrane space the presequence is recog-
nized by an independent import machinery in the inner
membrane and is transferred through to a second pro-
tein translocation channel in a A¥ dependent import
step (reviewed by Rob Jensen in this series). Upon
entry into the matrix the presequence is bound by
mthsp70/tim44 complex which facilitates the comple-
tion of the import process (Cyr et al., 1993; Stuart et
al., 1994a; Glick er al, 1993; Pfanner and Meijer,
1995). Finally, newly imported polypeptides are folded
and assembled into active molecules in reactions that
often require the action of molecular chaperone pro-
teins (reviewed by Jorg Martin in this series).

How the mthsp70/tim44 complex utilizes energy
derived from ATP hydrolysis to drive protein transloca-
tion into mitochondria is the subject of debate (Glick
1995; Pfanner and Meijer 1995; Stuart et al., 1994a).
In this review a brief overview of the energetics of
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protein translocation into mitochondria will be pro-
vided and then recent experiments which refine steps
in the AY and mthsp70/tim44 dependent reaction cycle
that drives the import process will be discussed.
Aspects of the molecular ratchet and motor models
proposed to explain how the mthsp70/tim44 complex
drives unidirectional transfer of proteins into mito-
chondria will then be presented.

ENERGY REQUIREMENTS FOR PROTEIN
TRANSLOCATION INTO
MITOCHONDRIA

The process of protein translocation into mito-
chondria is fueled by the energy derived from ATP
hydrolysis and the membrane potential across the inner
membrane (AY). AV is essential for translocation of
the presequence into the matrix (Schleyer and Neupert,
1985). In the absence of AW, the presequence binds
mitochondria and is translocated across the outer mem-
brane, but it cannot move beyond the intermembrane
space (Mayer ef al.,, 1995). The exact mechanism of
how AW is consumed to drive the import of the prese-
quence is unknown, but an electrophoretic mechanism
has been proposed (Pfanner and Meijer, 1995). Once
the presequence has been transferred deep into the
matrix and has been proteolytically processed, ATP-
dependent completion of import occurs independent
of AY¥ (Schieyer and Neupert, 1985).

Import reactions that require ATP occur both in
the cytosol and mitochondrial matrix (Chen and Doug-
las 1987; Hwang and Schatz, 1989). Cytosolic hsp70/
Dnal chaperone pairs bind and release precursor pro-
teins in an ATP-dependent cycle to maintain them in
transport-competent conformations prior to interaction
with the import machinery (Gething and Sambrook,
1992; Cyret al., 1994). Another cytosolic protein com-
plex involved in the import pathway is the mitochon-
drial import stimulating factor (MSF; Hachiya et al.,
1995). MSF consumes ATP to interact with precursor
proteins in a presequence-dependent manner and helps
target them to interact with subcomponents of the
import receptor complex in the outer membrane (Hach-
iya et al., 1995). Although important for the overall
import process, cytosolic ATP is not essential to drive
the actual protein translocation reaction (Neupert et
al., 1990). If preproteins arrive at the import machinery
in a loosely folded conformation they enter the matrix
without the energy derived from hydrolysis of cyto-
solic ATP (Hwang and Schatz, 1989; Stuart et al.,
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1994a). Energy derived from ATP hydrolyzed in the
matrix by mthsp70 is on the other hand essential to
drive the import reaction (Hwang and Schatz, 1989).
The sections below highlight data which demonstrates
that mthsp70 functions in conjunction with tim44 to
catalyze several specific steps in the mitochondrial
import pathway.

THE mthsp70/tim44 COMPLEX IS
ESSENTIAL FOR PROTEIN TRANSLOCATION

To facilitate the import process mthsp70 must
form a complex with tim44 (Kronidou et al, 1994;
Schneider et al.,, 1994; Rassow et al., 1994). Tim44
is a peripheral inner membrane protein that is a compo-
nent of the inner membrane protein translocation
machinery (Maarse et al., 1992; Berthold et al., 1995).
Tim44 forms a dynamic 1:1 complex with mthsp70
that is sensitive to adenine nucleotides (Kronidou et
al., 1994; Schneider et al., 1994; Rassow et al., 1994).
Tim44 appears to have roles in the import process that
are analogous to the functions of the DnalJ family
of co-chaperone proteins (Cyr et al, 1994). Tim44
concentrates mthsp70 to the import site and puts it
in position to interact with polypeptides simultaneous
with their entry into the matrix. Tim44 can be cross-
linked to and co-immunoprecipitated with protein
translocation intermediates and therefore appears to be
a polypeptide binding protein (Kronidou et al., 1994;
Schneider et al,, 1994; Rassow et al., 1994; Unger-
mann et al., 1996). Tim44 might bind and then transfer
segments of incoming chains to mthsp70 during the
import process. How interactions between mthsp70,
tim44, and the incoming chains are regulated by ade-
nine nucleotides is currently under study.

THE mthsp70/tim44 COMPLEX
FACILITATES MULTIPLE ASPECTS OF
PROTEIN TRANSLOCATION ACROSS THE
INNER MEMBRANE OF MITOCHONDRIA

Since the initial biochemical (Scherer et al., 1990)
and genetic (Kang et al., 1990) studies which estab-
lished the requirement for mthsp70 in the import pro-
cess, its role has been refined continuously. Current
data suggests that the mthsp70/tim44 complex facili-
tates at least three distinct types of reactions that are
essential for the import process to occur. (i) Mthsp70/
tim44 interacts with mitochondrial targeting sequences
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upon their exposure to the matrix and thereby stabilizes
them on the trans side of the inner membrane. This
important mthsp70 action serves to make the initial
import step irreversible and represents the first step of
commitment for the precursor in the import process
(Cyr et al., 1993; Ungermann et al., 1994, 1996). (ii)
Mthsp70, by binding to matrix-exposed parts of pre-
proteins, serves to secure the unfolding of tightly-
folded segments of preproteins on the cis side of the
outer membrane (Stuart et al., 1994b; Glick et al.,
1993; Voos et al., 1993). (iii) Through a series of
binding and release cycles, to additional domains of
the preprotein, mthsp70 action drives the completion
of translocation across the inner membrane (Neupert et
al., 1990; Scherer er al., 1990). Details of the different
aspects of mthsp70 function in these subreactions of
the mitochondrial protein import pathway are pro-
vided below.

UNIDIRECTIONAL TRANSFER OF THE
PRESEQUENCE ACROSS THE INNER
MEMBRANE REQUIRES BOTH AW AND
mthsp70/tim44

The mitochondrial presequence is transferred
across the inner membrane in a AW dependent reaction
(Schleyer and Neupert, 1985). Recent reports that ana-
lyze protein translocation intermediates that accumu-
late when matrix ATP is depleted reveal that in addition
to AW, the mthsp70/tim44 complex also acts in the
process of presequence insertion across the inner mem-
brane (Cyr et al., 1993; Glick et al., 1993; Hwang and
Schatz, 1989; Ungermann et al., 1994, 1996). Interfer-
ence with formation of the mthsp70/tim44 complex
causes the presequence of import intermediates to dif-
fuse out of the inner membrane import channel in the
presence of high AW (Ungermann et al., 1994, 1996).
The presequence apparently oscillates in the import
channel during translocation and the mthsp70/tim44
complex serves to trap it on the trans side of the inner
membrane (Cyr et al., 1993; Ungermann et al., 1994,
1996). A¥ alone appears insufficient to block reverse
translocation of the presequence out of the matrix
(Ungermann et al., 1994, 1996). The AW and mthsp70/
timd4 dependent import machinery therefore must
cooperate to lock incoming chains in the import chan-
nel and confer unidirectionality on the initial steps in
protein translocation across the inner mitochondrial
membrane.
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IN SOME CASES mthsp70/tim44
FACILITATES THE UNFOLDING OF
PRECURSORS OUTSIDE THE
MITOCHONDRIA

Precursor proteins cannot cross membranes in a
folded conformation (Eilers and Schatz 1986). During
import it appears that segments of 50 amino acid resi-
dues of incoming precursor proteins span the import
channels in an extended conformation (Rassow et al.,
1990). These constraints require that precursor proteins
destined for the matrix do not fold tightly upon transla-
tion in the cytosol. Folding of precursor proteins is
prevented by a number of factors in the cytosol. These
include hindrance of folding by the targeting signal or
presequence, the lack of bound prosthetic groups which
sometimes form an integral part of the mature func-
tional enzyme, and, as discussed previously, interaction
of cytosolic chaperones with precursors. On the other
hand, it is clear that subdomains of some preproteins
do indeed fold tightly while in the cytoplasm and yet
these preproteins are imported efficiently into mito-
chondria (Glick et al., 1993). How does the import
machinery cope with such folded domains? Does a
mechanism exist to “unfold” domains on precursor
proteins after they engage the import machinery? The
answer to this question is yes and the mthsp70/tim44
complex plays an important role in the process of
preprotein unfolding.

During the course of studying the energy require-
ments of the import of the precursor of cytochrome b,
(pby), it was demonstrated that mthsp70 activity is
required for the unfolding of tightly-folded segments
in the mature part of this precursor outside of mito-
chondria. Cytochrome b, (L-lactate dehydrogenase) is
located in the intermembrane space and contains both
heme and flavin as prosthetic groups. The initial 100
amino acid residues of the mature cytochrome b, poly-
peptide chain constitute a tightly-folded structure,
termed the cytochrome bs or heme binding domain
(Xia and Matthews, 1990). The heme binding domain
folds in the cytosol prior to its translocation across the
outer mitochondrial membrane (Glick et al., 1993).

The import of cytochrome b, displayed a very
strong requirement for matrix ATP (Glick et al., 1993;
Stuart et al., 1994b). In the absence of matrix ATP,
the precursor accumulated as an unprocessed species
on the outer surface of mitochondria. Similar results
were obtained if import was performed using mito-
chondria prepared from mutant strains of yeast with
defects in mthsp70 (Voos er al., 1993). The necessity
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for matrix ATP for cytochrome b, import reflected a
dependence on mthsp70. Furthermore, if the precursor
of cytochrome b, was unfolded in 8 M urea prior to
import, it could be imported very efficiently into both
ATP-depleted mitochondria and into mthsp70 mutant
mitochondria (Glick et al., 1993; Stuart et al., 1994b;
Voos et al., 1993).

If subdomains on precursor proteins fold into sta-
ble structures prior to entering the import channel, this
can prevent further import of the polypeptide when
the folded domain comes in contact with the outer
membrane. ATP-dependent binding of mthsp70 to
matrix exposed parts can facilitate the unfolding of
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portions of import intermediates that are outside of
mitochondria. How mthsp70 overcomes the thermody-
namic barriers that stabilize folded subdomains on
polypeptides is a matter of debate (Glick, 1995; Stuart
et al., 1994a). The molecular ratchet model predicts
that mthsp70 uses energy derived from ATP hydrolysis
to unfold import intermediates by binding them and
shifting the equilibrium of spontaneous unfolding reac-
tions away from the native state (Stuart et al., 1994a).
The molecular motor model predicts that ATP hydroly-
sis powers a conformational change in mthsp70 that
generates a force which pulls folded domains on pre-
proteins apart (Glick, 1995).
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Fig. 1. Proposed models of how the mthsp70/tim44 complex drives protein translocation into mitochondria. The shaded ovals and squares
denote the inner (IM) and outer (OM) membrane protein translocation machineries. Top: the molecular ratchet model. Bottom: the molecular
motor model. The plus signs (+) mark regions of the mitochondrial presequence. Processing of the presequence is not denoted, but appears
to occur after release of mthsp70 from the incoming chain.
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COMPLETION OF IMPORT IS DRIVEN BY
THE mthsp70/tim44 COMPLEX

Mthsp70 and tim44 cooperate to drive polypep-
tides that are inserted across the inner membrane into
the matrix. This process occurs in a reaction cycle that
involves the interaction of the incoming chain with
both mthsp70 and tim44 (Kronidou et al., 1994; Ras-
sow et al., 1994; Schneider et al., 1994; Ungermann
et al., 1994, 1996). There is evidence to support the
proposal that the mthsp70 and tim44 function as a
molecular ratchet to drive the import process (Fig. 1A;
Berthold et al,, 1995; Schneider et al., 1994; Simon
et al., 1992; Ungermann et al., 1994, 1996). There
are also alternative arguments for the mthsp70/tim44
complex acting as molecular motor to pull polypep-
tides into the matrix (Fig. 1B; Glick et al., 1993; Glick,
1995; Pfanner and Meijer, 1995). In both models
incoming chains are delivered to mthsp70 that is local-
ized to the matrix face of the inner membrane through
complex formation with tim44. It appears that the ATP
form of mthsp70 binds tim44 and the incoming chain
in a reaction that is accompanied by the hydrolysis of
ATP. At this point the different models for hsp70 action
diverge. In the motor model the conformational change
in mthsp70 that occurs upon ATP hydrolysis is pro-
posed to generate a force that is sufficient to pull
polypeptides across the inner membrane (Glick, 1995).
The ratchet model predicts that ATP hydrolysis desta-
bilizes the complex between mthsp70 and tim44, while
stabilizing the interaction of this chaperone with the
incoming chain (Schneider et al., 1994; Ungermann et
al., 1996). This causes the mthsp70/precursor protein
complex to dissociate from tim44, which unlocks the
incoming chain from the import channel and allows it
to diffuse reversibly in the membrane. Diffusion of
import intermediates out of the inner membrane is
limited by the presence of mthsp70 on the incoming
chain. Deeper movement of incoming chains into the
matrix then proceeds via brownian motion (Neupert
et al., 1990; Simon et al., 1992). When the incoming
chain has moved deep enough it is bound again by the
mthsp70/tim44 complex. This reaction locks the chain
in the import apparatus and confers net movement on
the translocation reaction cycle. Release of ADP from
mthsp70 in a MGE-dependent step then allows for the
recycling of mthsp70 and the continuation of the
import process (Bolliger et al., 1994; Laloraya et al.,
1994). Repeated cycles of mthsp70/Tim44 action then
drive the completion of the import process.
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Many aspects of the molecular ratchet model and
motor models are identical (Fig. 1). The major differ-
ence in the models concerns how mthsp70 utilizes ATP
to drive the unfolding of domains on preproteins that
engage the import apparatus in a folded conformation.
This is a critical question because the mechanism for
the unfolding of proteins is likely to reflect how
mthsp70 drives the overall protein translocation reac-
tion. To resolve this issue biophysical experiments
which measure the extent to which mthsp70 changes
conformation after it hydrolyzes ATP and the force
this movement generates need to be carried out.
The rates at which domains on precursor proteins
spontaneously unfold also need to be compared with
rates of their import to determine if the kinetics for
spontaneous unfolding at the import site are fast
enough to account for import via the molecular
ratchet mechanism.
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