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The import motor for preproteins that are targeted into the mitochondrial matrix consists of the matrix heat
shock protein Hsp70 (mtHsp70) and the translocase subunit Tim44 of the inner membrane. mtHsp70 interacts
with Tim44 in an ATP-dependent reaction cycle, binds to preproteins in transit, and drives their translocation
into the matrix. While different functional mechanisms are discussed for the mtHsp70-Tim44 machinery, little
is known about the actual mode of interaction of both proteins. Here, we have addressed which of the three
Hsp70 regions, the ATPase domain, the peptide binding domain, or the carboxy-terminal segment, are required
for the interaction with Tim44. By two independent means, a two-hybrid system and coprecipitation of
mtHsp70 constructs imported into mitochondria, we show that the ATPase domain interacts with Tim44,
although with a reduced efficiency compared to the full-length mtHsp70. The interaction of the ATPase domain
with Tim44 is ATP sensitive. The peptide binding domain and carboxy-terminal segment are unable to bind to
Tim44 in the absence of the ATPase domain, but both regions enhance the interaction with Tim44 in the
presence of the ATPase domain. We conclude that the ATPase domain of mtHsp70 is essential for and directly
interacts with Tim44, clearly separating the mtHsp70-Tim44 interaction from the mtHsp70-substrate inter-
action.

Most proteins of the mitochondrial matrix are encoded by
nuclear genes and are synthesized on cytosolic polysomes (29,
42, 44, 52, 62). The preproteins typically carry amino-terminal
targeting sequences (presequences) that direct the proteins to
the translocase of the outer mitochondrial membrane (desig-
nated TOM), consisting of receptors and a general import
pore. The preproteins traverse the import pore in an (at least
partially) unfolded state. The presequences then contact the
translocase of the inner membrane (TIM), and the preproteins
are translocated through the inner membrane channel that is
apparently formed by Tim23 and Tim17 (TIM23 complex).
Two driving forces for preprotein translocation are known. (i)
The membrane potential DC is required for transport of the
presequences across the inner membrane. DC (negative in-
side) is thought to exert an electrophoretic effect on the pos-
itively charged presequences (35) and/or to modulate the ac-
tivity of Tim23 (5). (ii) The heat shock protein Hsp70 of the
mitochondrial matrix (mtHsp70) forms an ATP-dependent im-
port motor in cooperation with Tim44 of the inner membrane
(27, 41, 60). Tim44 is a peripheral subunit of the TIM23 com-
plex and mainly exposed to the matrix space (6, 7, 64).

The role of mtHsp70, termed Ssc1 in the yeast Saccharomy-
ces cerevisiae, in driving the import of preproteins into the
mitochondrial matrix is currently discussed in different models.
A first model predicts that mtHsp70 traps unfolded preprotein
segments emerging in the matrix and prevents their backsliding
(known as the trapping, Brownian ratchet, or hand-over-hand

model) (4, 41, 54, 55). A second model implies an active force
generation by mtHsp70 such that the polypeptide chain is
pulled into mitochondria; it is thought that a part of mtHsp70
is anchored to the inner membrane via Tim44 while another
part binds the polypeptide chain and pulls it in by a nucleotide-
induced conformational change (the pulling or motor model)
(18, 36, 45, 63). The observed complex formation between
mtHsp70 and Tim44 has also been incorporated into the trap-
ping model such that the prebinding of mtHsp70 to the inner
membrane increases the local concentration of mtHsp70 at the
import site. When a preprotein segment arrives, the mtHsp70
is then transferred from Tim44 to the unfolded polypeptide
chain, followed by a further mtHsp70 that was prebound to a
second Tim44 (hand-over-hand model) (4, 41). Recent results
with temperature-sensitive mutants of the essential Ssc1 re-
vealed that a single mechanism is not enough to explain the
role of mtHsp70 in protein import, indicating that both mech-
anisms, trapping and pulling, contribute to the translocation of
preproteins (60).

While the detailed discussion of the functional mode of
mtHsp70 action is ongoing (4, 24, 28, 29, 41, 46, 60), very little
is known about the structural prerequisites of interaction be-
tween mtHsp70 and Tim44. Like other members of the Hsp70
family, mtHsp70 is composed of three portions: an amino-
terminal ATPase domain (A) of 42 kDa, the peptide binding
domain (P) of 20 kDa, and a carboxy-terminal segment (C) of
6 kDa that shows the highest variability between different
Hsp70s (20). It is unknown which part of mtHsp70 is actually
binding to Tim44. Information about this interaction will have
interesting implications on the mode of action of mtHsp70-
Tim44. In the trapping model of Bauer et al. (4), the peptide
binding domain of mtHsp70 is in contact with Tim44, render-
ing a simultaneous contact of mtHsp70 with both preprotein
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and Tim44 unlikely. The pulling model, however, would pre-
dict that another portion of mtHsp70 should bind to Tim44
such that conformational changes could be converted into a
pulling force on the polypeptide chain (kept by the peptide
binding domain) while mtHsp70 is still in contact with Tim44.

For this report, we divided mtHsp70 into distinct portions
and analyzed their interaction with Tim44 under two experi-
mental conditions, in the two-hybrid system and in organello.
Both systems revealed that the ATPase domain of mtHsp70 is
the primary site of interaction with Tim44, excluding that the
binding to Tim44 resembles a substrate-type interaction. Ad-
ditionally, the peptide binding domain and the carboxy-termi-
nal segment enhance the stability of binding, raising interesting
comparisons to the mode of interaction of Hsp70 with other
partner proteins.

MATERIALS AND METHODS

S. cerevisiae strains. The S. cerevisiae strains used in this study are as follows:
for the two hybrid-system, the reporter strain Y190 (MATa ade2-101 his3-D200
leu2-3,112 ura3-52 lys2-801 trp1-901 tyr1-501 canR gal4D gal80D chyS

URA3::GAL-lacZ LYS2::GAL-HIS3) (56); for isolation of mitochondria and
protein import studies, strain PK82 (wild type; MATa his4-713 lys2 ura3-52 Dtrp1
leu2-3,112) and strain PK81 [ssc1-2; MATa ade2-101 lys2 ura3-52 Dtrp1 leu2-3,112
ssc1-2(LEU2)] (15).

Two-hybrid assay. The two-hybrid assay was based on the method of Fields
and Song (13). The tested genes were fused to the trans-activating domain of
GAL4 in the vector pPC86 and to the DNA-binding domain (DB) of GAL4 in
the vector pPC97 (9). The cotransformation of two-hybrid vectors into strain
Y190 was performed according to Gietz and Sugino (17). The transformed yeast
cells were plated onto complete synthetic medium containing 2% glucose with-
out tryptophan (selection for pPC86), leucine (selection for pPC97), and histi-
dine but containing 20 mM of 3-aminotriazole (selection for two-hybrid interac-
tion of constructs). b-galactosidase filter assays were performed according to
Rehling et al. (50).

To construct the two-hybrid fusion proteins [GAL4 activator domain (AD) or
GAL4 DB fused in frame to mature-sized TIM44, SSC1(APC), SSC1(A), or
SSC1(PC), the genes were first amplified from yeast genomic DNA in a PCR-
based approach using VentR polymerase and the following oligonucleotides
(containing the indicated restriction sites): TIM44 (1,181 bp), 59-CACGCGGT
CGACCAACCCTCGATCACCACTCC-39 (SalI) and 59-GGCACTAGTCAGG
TGAATTGTCTAG-39 (SpeI); SSC1(APC) (1,894 bp), 59-GGAAGATCTACC
AGTCAACCAAGGTTCAAGG-39 (BglII) and 59-GGCGAGCTCTTACTGCT
TAGTTTCACC-39 (SacI); SSC1(A) (1,170 bp), 59-GGAAGATCTACCAGTC
AACCAAGGTTCAAGG-39 (BglII) and 59-GGCCTCGAGTTAGACGTCAG
TAACCTCACC-39 (AatII); and SSC1(PC) (750 bp), 59-GGAAGATCTACTTA
TTATTAGATGTTACCCC-39 (BglII) and 59-GGCGAGCTCTTACTGCTTAG
TTTCACC-39 (SacI). The PCR products were subcloned into SmaI-digested
pGEM-4Z, and then the inserts were recovered by digestion with SalI and SpeI
(TIM44) or BglII and AatII or SacI (SSC1) and ligated into SalI- and SpeI-
(TIM44) or BglII- and AatII- or SacI-digested (SSC1) pPC86 or pPC97 to give
the in-frame fusion genes. As Escherichia coli host, XL-1 Blue was used and
transformed according to the CaCl2 method (22).

In vitro import of preproteins into isolated mitochondria. For in vitro tran-
scription, the precursor form pSSC1 was cloned into pGEM-4Z. First, the pSSC1
gene was amplified from yeast genomic DNA with the oligonucleotide 59-GGT
GCGGTGTATAAAAACG-39 as upper primer and 59-TTACTGCTTAGTTTC
ACCAGATTCGG-39 as lower primer with cloned Pfu polymerase. The PCR
product (2,185 bp) was purified from 0.5% agarose gel and blunt-end ligated into
SmaI-digested pGEM-4Z to give the plasmid pTK201. For construction of
pSSC1(PC), an inverse PCR with cloned Pfu polymerase on pTK201 was per-
formed, using the upper primer 59-TTATTATTAGATGTTACCCCATTG-39
and the lower primer 59-AACCTTGGTTGACTGCAAACGTG-39. The PCR
product was cleaned by gel extraction and blunt-end ligated to give the plasmid
pTK202. Sequences of both plasmids were verified by sequencing. As templates
for transcription, PCR products were used, which were obtained using the fol-
lowing oligonucleotides and templates in VentRpolymerase-PCR assays. The
upper primer, which was used for all four constructs (59-ATTTAGGTGACAC
TATAGAAGNGGGTGCGGTGTATAAAAACG-39) carried the SP6-RNA-
polymerase consensus sequence (underlined) in front of the target sequence. The
following lower primers were used: pSSC1(APC) (pTK201 as template), 59-TC
ACACAGGAAACAGCTATGAC-39; pSSC1(A) (pTK201 as template), 59-CT
GCAGTCATTGGAGTGGCCTG-39; pSSC1(AP) (pTK201 as template), 59-G
GAATTTGCTTTTTAAGCAACCAACTCCTTCAAGG-39; pSSC1(PC) (pTK202
as template), 59-TCACACAGGAAACAGCTATGAC-39. The preproteins were
synthesized in rabbit reticulocyte lysates in the presence of [35S]methionine and
[35S]cysteine.

The S. cerevisiae strains PK81 and PK82 were grown in yeast-extract-peptone

medium containing 3% glycerol (YPG medium). Mitochondria were isolated as
previously described (11, 23). The import reactions were performed in bovine
serum albumin (BSA)-containing buffer (250 mM sucrose, 3% [wt/vol] fatty-acid-
free BSA, 80 mM KCl, 5 mM MgCl2, and 10 mM morpholinepropanesulfonic
acid [MOPS]-KOH [pH 7.4]), including 2 mM ATP, 2 mM NADH, and isolated
mitochondria (100 mg of mitochondrial protein/ml) at 25°C (1, 57). The import
was stopped by dissipating the membrane potential (DC) by the addition of 1 mM
valinomycin. Control samples (2DC) received 1 mM valinomycin before the
import reaction was started.

For induction of the temperature-sensitive phenotype of ssc1-2 mitochondria,
the mitochondria were reisolated by centrifugation at 16,000 3 g for 10 min,
resuspended in BSA-containing buffer, and incubated for 15 min at 37°C. After
the samples were cooled to 4°C, they were split into halves. One half was treated
with proteinase K at a final concentration of 100 mg/ml for 10 min at 0°C. The
protease was inactivated by the addition of 1 mM phenylmethylsulfonyl fluoride
(PMSF) to all samples and incubation for 5 min at 0°C. After two washing steps
with SEM (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH [pH 7.4], 1 mM
PMSF) were carried out, the pelleted mitochondria were resuspended in elec-
trophoresis sample buffer and analyzed by sodium dodecyl sulfate-polyacrylam-
ide electrophoresis (SDS-PAGE) and storage phosphorimaging technology (Mo-
lecular Dynamics).

Lysis of mitochondria and coimmunoprecipitation of imported proteins. The
interaction of mtHsp70 or constructs with Tim44 in organello was analyzed by a
method modified after that of Voos et al. (63). Mitochondria with imported
35S-labeled proteins were pelleted (16,000 3 g for 10 min) washed three times
with SEM, and resuspended in lysis buffer (0.3% [vol/vol] Triton X-100 or 1%
digitonin, 50 mM KCl, 20 mM Tris-HCl [pH 7.4], 3% (wt/vol) BSA, 10% (vol/
vol) glycerol, 1 mM PMSF, 13 proteinase inhibitor mix [PIM; final concentra-
tion: antipain, 2 mg/ml; aprotinin, 5 mg/ml; chymotrypsin, 0.25 mg/ml; leupeptin,
1.25 mg/ml; pepstatin A, 0.5 mg/ml]), containing either 5 mM EDTA or 1 mM
ATP–5 mM magnesium acetate. The lysis was performed by carefully resuspend-
ing the mixture six times, shaking it for 30 s, and incubating it for 5 min at 0°C.
After a clarifying spin (16,000 3 g; 5 min), the supernatants were transferred to
antibodies directed against Tim44 or Ssc1 that were bound to protein A-Sepha-
rose in lysis buffer containing BSA and 13 PIM. After being rotated end over
end for 1 h at 4°C, the protein A-Sepharose beads were washed three times in
lysis buffer without BSA, containing 1 mM PMSF and 13 PIM. When digitonin
was used, an additional washing step in 10 mM Tris-HCl, pH 7.4, was performed
to remove residual digitonin. Bound proteins were eluted by the addition of
electrophoresis sample buffer, separated by SDS-PAGE, and detected by storage
phosphorimaging technology. For detection of coprecipitated endogenous
mtHsp70 (Ssc1), proteins that were bound to protein A-Sepharose-bound anti-
bodies were eluted by treatment with 100 mM glycine, pH 2.5, precipitated with
trichloroacetic acid, separated by SDS-PAGE, and subjected to immunodecora-
tion.

Miscellaneous methods. Cell lysates were prepared by resuspending yeast cells
from overnight cultures in electrophoresis sample buffer. Standard techniques
were used for the manipulation of yeast and E. coli DNA and immunodecoration
(2, 21).

RESULTS

The ATPase domain of mtHsp70 (or Ssc1) interacts with
Tim44 in the two-hybrid system. To assay for interactions
between mtHsp70 and Tim44 in the yeast two-hybrid system
(9, 10, 13), yeast Ssc1 was used as the full-length mature pro-
tein, henceforth termed Ssc1(APC), as well as split into the
ATPase domain [Ssc1(A)] and the peptide binding domain
plus the carboxy-terminal segment [Ssc1(PC)]. Each construct
was cloned in frame to the Gal4 AD. Full-length mature Tim44
was cloned to the Gal4 DB. Physical interaction between the
domains was expected to lead to b-galactosidase expression
and His prototrophy. Full-length Ssc1(APC) fused to the car-
boxy-terminus of the AD led to the efficient growth of trans-
formants on medium lacking histidine with Tim44 fused to the
carboxy-terminus of the DB (Fig. 1A), while no growth was
observed when DB-Tim44 was tested with the AD itself (Fig.
1A). The ATPase domain Ssc1(A) fused to the AD led to
reduced, but significant, growth with DB-Tim44 (Fig. 1A). No
growth, however, was detectable when the peptide binding
domain plus the carboxy-terminal segment Ssc1(PC) fused to
the AD were tested together with DB-Tim44 (Fig. 1A). Similar
results were obtained with the b-galactosidase filter assay (data
not shown). Moreover, an interaction between two Tim44 mol-
ecules, one fused to the DB and one to the AD, was indicated
by both growth and the b-galactosidase assay (results not
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shown) in agreement with the recent biochemical observation
of a homodimer formation of Tim44 (41). We controlled the
expression of the AD-Ssc1(PC) construct by immunodecora-
tion of total cell extracts with an antiserum directed against
Hsp70s. AD-Ssc1(PC) was efficiently expressed (Fig. 1B, lane
3), as were AD-Ssc1(A), AD-Ssc1(APC), and DB-Tim44 (Fig.
1B, lanes 2, 4, and 6).

We conclude that the two-hybrid analysis suggests an inter-
action between Tim44 and the ATPase domain of mtHsp70,
although the interaction is not as efficient as that between
Tim44 and full-length mtHsp70. To assess the significance of
this observation we went to a biochemical approach and ana-
lyzed the interaction between Ssc1 constructs and Tim44 in its
physiological environment, i.e., in organello.

The ATPase domain of Ssc1 associates with Tim44 in or-
ganello but with lower stability than full-length Ssc1. We pre-
pared several constructs consisting of one or more domains of
Ssc1 (Fig. 2A): Ssc1(AP) lacked the carboxy-terminal segment
but contained the ATPase domain A and the peptide binding
domain P; Ssc1(A) only contained the ATPase domain; and
Ssc1(PC) lacked the ATPase domain but contained the pep-
tide binding domain and the carboxy-terminal segment. Each
construct received the entire Ssc1 presequence, to allow effi-
cient import into isolated mitochondria (plus four amino acids
of the mature part to preserve the cleavage site of the process-
ing peptidase). The preproteins were synthesized in rabbit
reticulocyte lysate in the presence of [35S]methionine and
[35S]cysteine and incubated with isolated S. cerevisiae mito-
chondria. In the presence of a membrane potential (DC)

FIG. 1. Interaction of Tim44 and the ATPase domain of mtHsp70 (Ssc1) in
the two-hybrid system. (A) Two-hybrid interaction of Ssc1(APC) and Ssc1(A)
with Tim44. The reporter yeast strain Y190 was transformed with the two-hybrid
plasmids expressing the indicated fusion proteins. Transformants were grown for
2 days at 30°C on minimal medium lacking tryptophan and leucine. One clone of
each transformation was streaked out on minimal medium lacking tryptophan,
leucine, and histidine but containing 3-aminotriazole and cultured for 3 days at
30°C. (B) The two-hybrid fusion proteins are expressed in yeast. The yeast strain
Y190 was transformed as described in the legend to panel in A. One clone of
each transformation was cultured overnight in minimal medium lacking trypto-
phane and leucine. Cells of a 1-ml liquid culture were resuspended in 15 ml of
electrophoresis sample buffer and separated by SDS-PAGE. The proteins were
detected by immunodecoration with antibodies directed against Hsp70 or Tim44.
endog., endogenous (authentic) Hsp70s and Tim44 reacting with the antibodies.

FIG. 2. Separation of mtHsp70 into domains and import into isolated mito-
chondria. (A) Ssc1 constructs used. (B) Import into mitochondria. Rabbit re-
ticulocyte lysates with radiolabeled mitochondrial preproteins (2% [vol/vol] of
import reaction mixture) were incubated with isolated yeast wild-type mitochon-
dria (25 mg of mitochondrial protein/100 ml of import reaction mixture) for the
indicated times in the presence (1) or absence (2) of a DC. Import was stopped
by the addition of 1 mM valinomycin. Half of the samples were treated with
proteinase K (Prot. K). After reisolation of the mitochondria and separation by
SDS-PAGE, imported proteins were detected by digital autoradiography. The
asterisk indicates a fragment of Ssc1(AP) that was generated in small amounts by
proteinase K upon incubation of the construct with mitochondria in the presence
of a DC, apparently representing an incompletely imported membrane-spanning
form of the protein; the quantitations shown in the following figures did not
include this fragment but are only based on the fully imported mature forms. m,
mature form; p, precursor form.

VOL. 20, 2000 MITOCHONDRIAL Hsp70-Tim44 INTERACTION 5881



across the inner membrane, a considerable fraction of the
preproteins was imported into mitochondria as evidenced by
the proteolytic processing to the mature-sized forms (Fig. 2B,
lanes 1 and 2) and transport to a protease-protected location
(Fig. 2B, lanes 4 and 5). The precursor forms that accumulated
also in the absence of a DC (Fig. 2B, lane 3) were located on
the mitochondrial surface, as they were digested by added
protease (Fig. 2B, lane 6).

All subsequent experiments on the interaction between Ssc1
constructs and Tim44 were performed with the fully imported
(i.e., protease-protected) mature-sized constructs. The exper-
imental approach is outlined in Fig. 3A. After import of the
constructs into mitochondria for 10 min in the presence of a
DC, the ionophore valinomycin was added to dissipate the DC,
and proteins that were not fully imported were degraded by
added proteinase K. The mitochondria were reisolated,
washed, and lysed in Triton X-100 in the absence or the pres-
ence of ATP, followed by coimmunoprecipitation with anti-
bodies directed against Tim44. To assess the validity of the
approach, we first assessed the association of the full-length
protein Ssc1(APC) with Tim44. In the absence of ATP, a
fraction of Ssc1(APC) was recovered with anti-Tim44 (Fig. 3B,
top panel, lane 2), whereas no Ssc1(APC) was found in asso-
ciation with Tim44 in the presence of ATP (Fig. 3B, top panel,
lane 3). This agrees with the nucleotide-sensitive interaction
observed for the interaction of endogenous Ssc1 and Tim44
(26, 33, 48, 54, 55, 61). The constructs Ssc1(AP) and Ssc1(A)
showed a reduced, yet significant, interaction with Tim44 in an

ATP-sensitive manner (Fig. 3B, middle panels, lanes 2 and 3),
whereas no interaction was observed between Ssc1(PC) and
Tim44 (Fig. 3B, lower panel, lanes 2 and 3). We quantified the
efficiency of interaction of the constructs with Tim44 in com-
parison to that of the full-length (wild-type) Ssc1(APC).
Ssc1(AP) yielded 40 to 50% of the wild-type efficiency, while
the ATPase domain alone [Ssc1(A)] gave only 10% efficiency
(Fig. 3C).

We wondered if the low efficiency of coprecipitation of the
ATPase domain Ssc1(A) with Tim44 might be attributable to
the conditions of the coprecipitation in the detergent Triton
X-100. Indeed, the use of milder conditions by employing the
detergent digitonin considerably enhanced the yield of copre-
cipitation for Ssc1(A) (Fig. 3B, third panel from top, lane 5). A
quantitative analysis revealed a threefold enhancement com-
pared to the Triton X-100 conditions (Fig. 3C). In case of the
full-length Ssc1(APC), the efficiency of coprecipitation was
comparable between digitonin-lysed mitochondria and Triton
X-100-lysed mitochondria (Fig. 3B, top panel, lanes 2 and 5).
Similarly, the efficiency of coprecipitation of Ssc1(AP) with
Tim44 in digitonin yielded a coprecipitation efficiency (;50%
of full-length Ssc1) close to that in Triton X-100 (Fig. 3C). In
all cases, the specificity of association was demonstrated by
complete disruption in the presence of ATP (Fig. 3B, lane 6).
Despite the milder conditions, we still did not observe any
association between Ssc1(PC) and Tim44 (Fig. 3B, bottom
panel, lanes 5 and 6; Fig. 3C).

We performed a number of control experiments to deter-

FIG. 3. ATP-sensitive interaction of the Ssc1 ATPase domain with Tim44. (A) Experimental approach. (B) ATP-sensitive coprecipitation with anti-Tim44. Rabbit
reticulocyte lysate with radiolabeled mitochondrial preproteins (25% [vol/vol] of import reaction mixture) was incubated with isolated yeast mitochondria (50 mg of
mitochondrial protein/100 ml of import reaction mixture) for 10 min in the presence of a DC. Import was stopped by the addition of 1 mM valinomycin, and the
mitochondria were treated with proteinase K. A fraction of the import reaction mixture was taken as a control (lanes 1 and 4). The rest was split into halves and lysed
in buffer containing Triton X-100 or digitonin in the absence or presence of ATP as indicated. Then, a coimmunoprecipitation with antibodies directed against Tim44
was performed. The proteins were separated by SDS-PAGE and detected by digital autoradiography. (C) Efficiency of coprecipitation. The amount of each Ssc1
construct coprecipitated with anti-Tim44 was quantified from 15 independent experiments. The coprecipitated amount of Ssc1(APC) under the Triton X-100 or
digitonin condition was set to 100%, respectively. Error bars indicate the standard errors of the mean.
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mine the efficiency and specificity of the coprecipitation ap-
proach. (i) About 2% of total imported Ssc1(APC) was found
in a complex with Tim44 (Fig. 3B). This quantitative assess-
ment agreed well with the properties of endogenous Ssc1,
which is about 50-fold more abundant than Tim44 (7, 12, 41,
60). The coprecipitation of endogenous Ssc1 was analyzed by
immunodecoration of anti-Tim44 precipitates. Tim44 was

quantitatively precipitated (Fig. 4A, lanes 2 and 3), while ;2%
of Ssc1 was found in the precipitate in the absence of ATP
(Fig. 4A, lane 2). When the mitochondria were treated with
apyrase to further deplete the levels of ATP, the yield of
coprecipitation of Ssc1 with anti-Tim44 was not increased
(data not shown) (61). (ii) Ssc1(APC) synthesized in reticulo-
cyte lysate was not precipitated by anti-Tim44 antibodies in the

FIG. 4. The coprecipitation of Ssc1 constructs with anti-Tim44 is specific. (A) Efficiency of coprecipitation of endogenous Ssc1 with anti-Tim44. Isolated yeast
mitochondria were lysed with Triton X-100 and subjected to coprecipitation with antibodies directed against Tim44. Precipitated Ssc1 and Tim44 were identified by
immunodecoration. A total of 5% of the nonprecipitated material is shown in sample 1. (B) Neither Ssc1 in reticulocyte lysate nor control preproteins in mitochondria
are coprecipitated with anti-Tim44. Topmost two panels: the precursor form (p) and the mature-sized form (m) of Ssc1(APC) were synthesized and radiolabeled in
reticulocyte lysates and subjected to coprecipitation with anti-Tim44 in the presence of Triton X-100. Bottom three panels: the precursors of Ssc1(APC), F1b-bla and
Su9-F1b, were imported into mitochondria. The mitochondria were lysed with Triton X-100-containing buffer and subjected to coprecipitation with anti-Tim44 as
described in the legend to Fig. 3B. A total of 2% of the material subjected to immunoprecipitation (reticulocyte lysate or mitochondria, respectively) is shown as a
control (sample 1). (C) Control preproteins are not coprecipitated with anti-Tim44 under digitonin conditions. The experiment was performed as described for the
bottom three images of panel B except that the mitochondria were lysed with digitonin instead of Triton X-100. (D) The Ssc1 constructs are stable upon lysis in the
presence of ATP. Rabbit reticulocyte lysates containing the radiolabeled Ssc1 constructs were incubated with isolated mitochondria as described in the legend to Fig.
3B. After lysis in Triton X-100-containing buffer in the absence or presence of ATP, a precipitation with antibodies directed against Ssc1 was performed. The amount
of precipitated proteins was determined by digital autoradiography, and the ratio of the signals in lane 2 to those in lane 1 is shown.
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absence of mitochondria, either with or without a presequence
(Fig. 4B, topmost two panels). (iii) There was a concern that
the Ssc1 constructs might interact with Tim44 because of their
properties as preproteins during the translocation across the
mitochondrial membranes, and thus the longer constructs
would have a greater chance of interaction with Tim44. This
possibility seemed unlikely for several reasons: the imported
Ssc1(APC) behaves like the endogenous Ssc1; the interaction
of Ssc1 constructs with Tim44 is fully ATP sensitive, i.e., like
mature Ssc1; the proteinase K treatment largely degrades pre-
proteins that are still spanning the mitochondrial membranes
(53); and the different lengths of the proteins do not correlate
with the efficiency of interaction with Tim44 [68 kDa for
Ssc1(APC), 62 kDa for Ssc1(AP), 42 kDa for Ssc1(A), and 26.5
kDa for Ssc1(PC)]. To further rule out the possibility, we
selected two long preproteins, the precursor of F1-ATPase
subunit b fused to b-lactamase (F1b-bla; a mature-sized pro-
tein of 87 kDa) and the precursor of Fo-ATPase subunit 9
fused to F1b (Su9-F1b; 66 kDa) (34), imported them under the
conditions outlined in Fig. 3, and performed a coimmunopre-
cipitation with anti-Tim44. As expected, no association with
Tim44 was observed, either with Triton X-100 (Fig. 4B, lower
two panels) or with digitonin (Fig. 4C, lower two panels). (iv)
Moreover, we wanted to exclude that the lack of association
between Ssc1 constructs and Tim44 in the presence of ATP
was caused by an ATP-dependent proteolytic activity in the
mitochondrial extracts. We therefore determined the total
amount of the Ssc1 constructs under the coprecipitation con-
ditions by performing a precipitation with anti-Ssc1 antibodies.
The precipitable amounts of the Ssc1 constructs were not di-
minished by the presence of ATP (Fig. 4D).

We conclude that the ATPase domain of Ssc1 alone is able
to specifically interact with Tim44 in an ATP-sensitive manner,
although with a reduced stability. The additional presence of
the peptide binding domain and, further, the carboxy-terminal
segment enhance the stability and efficiency of interaction.
However, no interaction with Tim44 is observed when the
ATPase domain is lacking [Ssc1(PC) construct].

The binding of imported Ssc1 constructs to Tim44 is not
impaired in ssc1-2 mitochondria. Like other Hsp70s (32), Ssc1
can self-associate to homooligomers under low-ATP condi-
tions (dimer, trimer, and tetramer) (3). Although under the
high-ATP conditions in the mitochondrial matrix, mtHsp70
should be preferentially present as a monomer, it could not be
ruled out a priori that the ATPase domain does not bind to
Tim44 directly but forms an oligomer with endogenous full-
length Ssc1 that would mediate the interaction with Tim44. To
investigate this possibility, we used mitochondria from the tem-
perature-sensitive yeast mutant strain ssc1-2, which carries a
point mutation in the SSC1 gene (30). When the mutant mi-
tochondria are incubated at a nonpermissive temperature, the
Ssc1-2 protein is strongly impaired in binding to Tim44 (54, 60,
63).

The Ssc1 constructs were efficiently imported into the ssc1-2
mitochondria (Fig. 5A, lanes 1 and 4). The association with
Tim44 was determined after lysis of the mitochondria with
Triton X-100 (Fig. 5A, lanes 2 and 3) or digitonin (Fig. 5A,
lanes 5 and 6). We observed a nucleotide-sensitive pattern of
interaction that was comparable to that observed with wild-
type mitochondria, i.e., Ssc1(AP) and Ssc1(A) were found in
association with Tim44 (Fig. 5A, middle panels), whereas
Ssc1(PC) did not interact (Fig. 5A, bottom panel). To exclude
that long preproteins in transit were kept in complex with
Tim44 in ssc1-2 mitochondria, the control experiment with
F1b-bla and Su9-F1b was performed and did not reveal any
coprecipitation with anti-Tim44 (Fig. 5B).

FIG. 5. The association of Ssc1 constructs with Tim44 is not impaired in
ssc1-2 mutant mitochondria. (A) Coprecipitation of Ssc1 constructs with anti-
Tim44. The experiment was performed essentially as described in the legend to
Fig. 3B with the following modifications. ssc1-2 mitochondria were used. The
mutant phenotype was induced by incubation of the mitochondria for 15 min at
37°C as described in Materials and Methods. Triton X-100 or digitonin was used
for lysis of the mitochondria as indicated. No difference in the association of Ssc1
constructs was observed when wild-type mitochondria were treated at 37°C or
not (results not shown). (B) Control proteins are not coprecipitated with anti-
Tim44 from ssc1-2 mitochondria. The experiment was performed as described in
panel A except that the preproteins F1b-bla and Su9-F1b were included. (C)
Association of Ssc1 constructs with Tim44 in wild-type and ssc1-2 mitochondria.
The amounts of Ssc1 constructs coprecipitated with anti-Tim44 were determined
from wild-type and ssc1-2 mitochondria, under both Triton X-100 and digitonin
conditions (means of 15 independent experiments for each condition are shown,
as described in the legends to Fig. 3 and 5A). Columns 1 to 3 and 5 to 7 show the
ratios of coprecipitation of imported constructs between ssc1-2 and wild-type
mitochondria. Columns 4 and 8 show the ratios of coprecipitation with anti-
Tim44 for endogenous Ssc1-2 versus wild-type Ssc1 (determined by immuno-
decoration as described in Materials and Methods).
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We directly compared the coprecipitation efficiencies of Ssc1
constructs with Tim44 from ssc1-2 mitochondria and wild-type
mitochondria by determining the ratio of ssc1-2 to wild-type
efficiencies in Triton X-100 and digitonin (Fig. 5C). Addition-
ally, we analyzed the association of endogenous Ssc1 of ssc1-2
and wild-type mitochondria with Tim44 by immunodecoration
of anti-Tim44 immunoprecipitates. Fig. 5C demonstrates that
the mutant protein Ssc1-2 was strongly impaired in interaction
with Tim44 under both Triton X-100 and digitonin conditions.
In contrast, the imported Ssc1 constructs interacted with
Tim44 of ssc1-2 mitochondria with a much higher yield in a
manner similar to that in wild-type mitochondria [and some-
what higher for Ssc1(AP) and Ssc1(A) in Triton X-100 (Fig.
5C). Therefore, the association of imported Ssc1 constructs
with Tim44 in ssc1-2 mitochondria does not correlate with the
properties of the endogenous Ssc1-2, excluding that the inter-
action of Ssc1 constructs with Tim44 is indirectly mediated by
dimerization with endogenous Ssc1.

DISCUSSION

Tim44 plays a central and essential role in the action of
mtHsp70 in driving the import of preproteins into the matrix.
The characterization of the mode of interaction between
Tim44 and mtHsp70 is thus an important step towards an
understanding of the mitochondrial import motor. Here, we
report the first analysis of how the distinct domains of
mtHsp70 or Ssc1 contribute to the interaction with Tim44. Of
the three portions of mtHsp70, the ATPase domain, the pep-
tide binding domain, and the carboxy-terminal segment, only
the ATPase domain is able to bind to Tim44 by itself. In the
absence of ATP, the ATPase domain remains associated with
Tim44, whereas the addition of ATP causes a dissociation,
similar to the interaction between Tim44 and full-length
mtHsp70. However, the stability of interaction between the
ATPase domain and Tim44 is significantly reduced compared
to the wild-type situation. In the detergent Triton X-100, the
ATPase domain achieves only about 10% of the binding yield
that the full-length mtHsp70 does. With a milder detergent,
digitonin, the interaction is about threefold more stable. The
presence of the peptide binding domain markedly stabilizes the
mtHsp70-Tim44 interaction, while the full yield of association
is only obtained when the carboxy-terminal segment is present
too.

The interactions between mtHsp70 domains and Tim44
were analyzed under the physiological conditions, i.e., in a
mitochondrial context. With the combined evidence of the
following results, we exclude the possibility that alternative or
indirect explanations are conceivable. (i) The association of
the ATPase domain alone, but not the peptide binding domain
(plus carboxy-terminal segment) alone, with Tim44 is demon-
strated by two independent assays, after import into mitochon-
dria and in the two-hybrid system. (ii) The yield and ATP
sensitivity of interaction with Tim44 are comparable for im-
ported and endogenous mtHsp70. The mtHsp70 constructs are
not simply coprecipitated with Tim44 as preproteins in transit
according to their length, since even longer control preproteins
are not found in complex with Tim44 under both conditions
(Triton X-100 and digitonin). (iii) The ATP-dependent lack of
association is not explained by an ATP-dependent breakdown
of the imported mtHsp70 constructs, since they are stable
independently of the level of ATP. (iv) The interaction of the
ATPase domain with Tim44 is not indirectly mediated by an
oligomerization with endogenous mtHsp70. By using ssc1-2
mitochondria containing a mutant mtHsp70 that is strongly
impaired in binding to Tim44, we can directly demonstrate that

the interaction of the mtHsp70 domains with Tim44 is inde-
pendent of the properties of the endogenous mtHsp70.

The observations made here give some interesting hints in
the discussion about the role of mtHsp70 in the mitochondrial
import motor. In the trapping model, a simple single-site bind-
ing of mtHsp70 to Tim44 would be sufficient to increase the
local concentration at the protein import site. In particular, it
has been suggested in this model that mtHsp70 is bound to
Tim44 via the peptide binding domain, and thus a pulling
action would be difficult to explain (4). In contrast, the primary
interaction of Tim44 with the ATPase domain of mtHsp70
observed here proves that the binding of Tim44 is clearly
different from a substrate-like interaction but is well compat-
ible with the proposed formation of a ternary complex of
mtHsp70 with Tim44 and preprotein substrate, an essential
prerequisite of the pulling model (18, 26, 36, 45, 60, 63). This
view is supported by the observation that mtHsp70 carrying an
iodinated substrate peptide could associate with Tim44 (26).
Future studies will have to address if the substantial stabiliza-
tion of the mtHsp70-Tim44 interaction by the peptide binding
domain and the carboxy-terminal segment plays a role in per-
mitting conformational changes of mtHsp70 that is still bound
to Tim44.

Moro et al. (41) proposed that Tim44 forms a dimer and
recruits two molecules of mtHsp70. A dimerization of Tim44 is
supported by our two-hybrid analysis. The binding of mtHsp70
constructs to Tim44 does not involve an oligomerization with
preexisting mtHsp70 molecules. Moreover, the interaction of
radiochemical, i.e., tiny, amounts of imported mtHsp70 with
Tim44 occurs with the same efficiency as that of large amounts
of preexisting mtHsp70. Since the amount of in vitro-imported
mtHsp70 molecules is several orders of magnitude lower than
the amount of endogenous mtHsp70 (43), it is thus highly
unlikely that a homooligomerization of the imported mtHsp70
molecules is a prerequisite for binding to Tim44. We conclude
that individual mtHsp70 molecules in a monomeric form bind
to Tim44.

Besides Tim44, several other partner proteins of 70-kDa
heat shock proteins have been described, including Hip,
BAG-1, and Hop in the eukaryotic cytosol-nucleus, GrpE
(Mge1) in the prokaryotic-mitochondrial system, and DnaJ
(Hsp40) in both the eukaryotic and prokaryotic systems (8, 14,
25, 39, 59). The cofactors Hip and BAG-1 bind to the ATPase
domain of the heat shock cognate protein Hsc70 of the mam-
malian cytosol in a competitive manner, while the peptide
binding domain and the carboxy-terminal segment of Hsc70 do
not seem to be involved in binding. The cofactor Hop binds to
the carboxy-terminal domain of Hsc70 and acts as an Hsc70-
Hsp90-organizing component of chaperone complexes in
mammals and in yeast. Thus, the characteristics of interaction
between Hsc70 and these cofactors are distinct from the
Hsp70-Tim44 interaction. Moreover, the interaction of the
mitochondrial GrpE, Mge1, with mtHsp70 is distinct from the
mtHsp70-Tim44 interaction. This was demonstrated by the
finding of a ternary complex between mtHsp70, Tim44, and
Mge1 (27, 37, 55, 61), i.e., that Tim44 and Mge1 bind to
distinct sites of mtHsp70. However, some similarity in the
mode of interaction with Hsp70 can be seen between Tim44
and DnaJ. Tim44 is not a DnaJ homolog, since it does not
contain a J domain, the ;70-amino-acid residue domain con-
served between all J proteins (31, 40, 49), but Tim44 is con-
sidered to perform a partially analogous function. A short
segment of 18 amino acid residues of Tim44 shares a weak
similarity with a segment of DnaJ, in particular when primary
and secondary structure analyses are combined. This J-related
segment of Tim44 is essential for its function and modulates
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the interaction with mtHsp70 (38, 47, 48). Interestingly, the
corresponding segment of DnaJ has recently been shown to
represent a binding site to DnaK (19). Additionally, the AT-
Pase domain of DnaK has been reported to represent an im-
portant site for interaction with DnaJ, although an involve-
ment of the peptide binding domain was also proposed (16,
58). These results resemble the situation found with Tim44 and
mtHsp70, i.e., primary interaction via the ATPase domain but
enhancement and/or stabilization by the additional mtHsp70
domains. Since no involvement of a true mitochondrial DnaJ
in protein import has been observed (51, 65), Tim44 may take
over DnaJ-like functions at the protein import site of the
mitochondrial inner membrane.

In summary, the ATPase domain of mtHsp70 is the primary
site of interaction with Tim44, while the peptide binding do-
main and the C-terminal segment play a stabilizing role. The
interaction of mtHsp70 with Tim44 is fundamentally different
from the interaction with preprotein substrates and is distinct
from the interaction of most cofactors with Hsp70 or Hsc70
proteins. However, the mtHsp70-Tim44 interaction shows
some similarity to the Hsp70-DnaJ interaction, supporting the
view that Tim44 has been developed instead of a DnaJ at the
mitochondrial preprotein import site.
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Kruijff, G. Schatz, and A. Azem. 1999. Domain structure and lipid interac-
tion of recombinant yeast Tim44. Proc. Natl. Acad. Sci. USA 96:8890–8894.

65. Westermann, B., and W. Neupert. 1997. Mdj2p, a novel DnaJ homolog in the
mitochondrial inner membrane of the yeast Saccharomyces cerevisiae. J. Mol.
Biol. 272:477–483.

VOL. 20, 2000 MITOCHONDRIAL Hsp70-Tim44 INTERACTION 5887


