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Two ATP-dependent cytosolic chaperones, mitochon-
drial import stimulation factor (MSF) and hsp7O, are
known to be involved in the import of precursor
proteins into mitochondria. Hsp7O generally recognizes
unfolded proteins, while MSF specifically recognizes
mitochondrial precursor proteins and targets them to
mitochondria in a NEM-sensitive manner. Here we
analyzed the relative contribution of these chaperones
in the import process and confirmed that the precursor
proteins are targeted to mitochondria via two distinct
pathways: one requiring MSF and the other requiring
hsp7O. Both pathways depend on distinct proteinaceous
components of the outer mitochondrial membrane.
The MSF-dependent pathway is NEM-sensitive and
requires the hydrolysis of extra-mitochondrial ATP for
the release of MSF from the mitochondrial import
receptor, whereas the hsp7O-dependent pathway is
NEM-insensitive and does not require extra-mitochon-
drial ATP. The NEM-insensitive, hsp7O-dependent
import became NEM-sensitive depending on the
amount of MSF added. The relative importance of the
two pathways appears to be determined by the affinities
of MSF and hsp7O for the precursor proteins.
Keywords: ATPase/chaperones/mitochondria/precursor
protein/protein import

Introduction
Most mitochondrial proteins are synthesized in the cytosol
as precursors, directed to the outer surface of the mitochon-
dria and then translocated either into or across the mem-
branes to their correct intra-mitochondrial location. This
import process requires ATP in both the cytosol and matrix
as well as the electrochemical potential across the inner
membrane (Attardi and Schatz, 1988; Pfanner and Neupert,
1990; Glick et al., 1992; Stuart et al., 1994; Glick, 1995).
Mitochondrial protein import has been intensively studied
and several components of the import machinery of
the outer and inner membranes have been characterized
(Sollner et al., 1989; Baker et al., 1990; Hines et al.,
1990; Kiebler et al., 1990; Ono and Tuboi, 1990; Sollner
et al., 1990; Baker and Schatz, 1991; Pfanner et al., 1991;
Hines and Schatz, 1993; Kiebler et al., 1993; Nakai et al.,
1993; Ramage et al., 1993; Lithgow et al., 1994; Pfanner
et al., 1994; Nakai and Endo, 1995). Nevertheless, the
events that occur in the cytoplasm are still poorly under-

stood. It has been shown that hsp70 in the cytosol
is involved in the import of precursor proteins into
mitochondria. Deshaies et al. (1988) speculated that hsp70
maintains the import-competent, unfolded conformation
of the precursors in an ATP-dependent manner (Neupert
et al., 1990; Sheffield et al., 1990; Craig, 1993). Another
cytosolic factor sensitive to N-ethylmaleimide (NEM) has
been reported to be involved in yeast mitochondrial
protein import, a role for it in precursor recognition and
mitochondria targeting has been suggested (Murakami
et al., 1988). In this respect, a cytoplasmic factor that
stimulates precursor import into mitochondria in vitro has
been purified from rat liver and termed mitochondrial
import stimulation factor (MSF) (Hachiya et al., 1993).
MSF is a heterodimer of a 32 kDa and a 30 kDa subunit;
it unfolds aggregated precursors in a reaction requiring
ATP hydrolysis and also targets precursors to mitochondria
in a NEM-sensitive manner (Hachiya et al., 1993;
Lithgow et al., 1993; Hachiya et al., 1994; Lithgow
et al., 1995).

Although these cytosolic chaperone proteins are clearly
involved in the import of precursor proteins into mitochon-
dria, the molecular mechanisms of their actions are still
poorly understood. Hsp7O generally recognizes unfolded
proteins while MSF specifically recognizes mitochondrial
precursor proteins and targets them to mitochondria. In
addition, the mechanism requiring cytoplasmic ATP in the
process of mitochondrial protein import and the way
in which the newly synthesized precursor proteins are
transferred to the 'import receptors' on the mitochondrial
surface are also unknown. Two such receptor complexes
of yeast mitochondria are known: Mas7Op/Mas37p and
Mas22p/Mas2Op (Gratzer et al.; 1995; Lithgow et al.,
1995). The Neurospora crassa proteins corresponding to
Mas7Op, Mas22p and Mas2Op are termed MOM72,
MOM22 and MOM19 respectively (Sollner et al., 1989,
1990; Hines et al., 1990; Kiebler et al., 1993; Ramage
et al., 1993; Lithgow et al., 1994; Honlinger et al., 1995).

Here we analyze the chaperone-mediated import of the
precursor proteins into mitochondria by means of an
in vitro protein import system using the chemically pure
precursor proteins, preadrenodoxin (pAd) and porin and
the purified chaperones hsp70 and MSF.
We show that the precursor proteins can be imported into

mitochondria by both a NEM-sensitive, MSF-dependent
pathway and a NEM-insensitive, hsp70-dependent path-
way. In addition, hsp70-dependent precursor targeting
occurs through a direct interaction of the precursors with
the membrane receptor. MSF-dependent import of the
precursor proteins requires extra-mitochondrial ATP for
release of MSF. During hsp70-dependent import, hsp70
spontaneously dissociates from the precursor without
requiring extra-mitochondrial ATP.
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Fig. 1. MSF and hsp7O maintain the import-competence of pAd and porin. 1251-labeled pAd or 125I-labeled porin in 7 M urea was diluted 40-fold
into the 'import buffer' containing the indicated amounts of MSF, hsp70 or bovine serum albumin (BSA). After incubation at 0°C for 30 min, the
reaction mixtures were assayed for mitochondrial import of pAd or insertion of porin into mitochondria as described in Materials and methods. The
concentrations MSF and hsp70 were calculated assuming the molecular masses of MSF and hsp7O to be 57 kDa and 70 kDa, respectively. Kapp: the
concentrations of MSF and hsp7O giving a half maximum import of the precursor proteins.

Results
MSF and hsp7O maintain the import-competence
of mitochondrial precursor proteins
MSF stimulated the import of precursor proteins synthe-
sized in a wheat germ system; there was no additional
stimulation by hsp70 (Hachiya et al., 1993). Since it has
been reported that hsp70 and an NEM-sensitive fraction
synergistically stimulate mitochondrial protein import in
yeast (Murakami et al., 1988), we examined the effect of
hsp70 and MSF on mitochondrial import of two chemically
pure, urea-unfolded mitochondrial precursor proteins: pAd
and porin.

Since hsp70 binds to the hydrophobic stretches on

unfolded protein molecules (Flynn et al., 1989, 1991;
Blond-Elguindi et al., 1993; Fourie et al., 1994; Gragerov
et al., 1994; Hartl et al., 1994), we first determined
whether hsp70 recognized unfolded mitochondrial pre-
cursor proteins and stabilized their import-competent states
in the same manner as that previously reported for MSF
(Hachiya et al., 1994). pAd and porin purified in the
presence of 7 M urea rapidly lost their import-competence
after a 40- to 50-fold dilution into the import buffer
(Hachiya et al., 1994). As shown in Figure 1, the presence
of both hsp70 and MSF in the incubation mixture prevented
pAd (left panel) and porin (right panel) from losing their
import-competence dose-dependently. The concentrations
(Kapp) of hsp7O and MSF providing half the maximum
import-competence were: 1.5 and 0.046 ,uM for pAd and
1.6 and 0.31 ,uM for porin respectively. These results
suggest that the affinity of MSF differs significantly among
precursor proteins (see also Figure 3). It should be noted
that porin is the major mitochondrial outer membrane
protein that lacks a cleavable signal sequence. Thus, MSF
recognized mitochondrial precursor proteins irrespective
of the presence of the cleavable signal sequence, con-

firming the previous results that pAd and porin induced
significant MSF ATPase activity (Hachiya et al., 1994).
The element in the structure of porin that is recognized

Fig. 2. MSF-dependent import of pAd but not that of hsp7o, is NEM
sensitive. 3.58 ,uM hsp7o, 0.438 ,uM MSF, 3.58 tM hsp7o plus
0.438 tM MSF, 1.25 mg/ml of yeast cytosol or 5 mg/ml rat liver
cytosol treated in 40 ,ul of the import buffer with 1.25 mM NEM at
30°C for 10 min, then the unreacted NEM was inactivated with 1.25
mM DTT (NEM+). As the control, NEM-treatment was performed in
the presence of DTT (NEM-). 1251_labeled pAd was diluted into the
mixtures at 0.00625 ,uM, incubated at 0°C for 30 min and followed by
the import reaction in 50 ,ul as described in Materials and methods.
Positions of pAd and mature adrenodoxin Ad are indicated in the
figure.

by MSF remains to be identified. In addition, BSA did
not maintain the import-competence of pAd and porin.

Two distinct precursor-targeting pathways
These results indicated that saturating amounts of MSF
and hsp70 can independently support the import of urea-

denatured pAd to a similar extent. Since MSF has a

precursor-targeting function which is inhibited by NEM
(Hachiya et al., 1993, 1994), we examined the NEM-
sensitivity of hsp70-dependent import. Whereas MSF-
supported import was impaired by NEM, hsp70-supported
import was NEM-insensitive (Figure 2, lanes 1-4). In
addition, in the presence of saturating levels of MSF and
hsp70, import of pAd mainly occurred via the MSF-
mediated pathway (lanes 5 and 6). Hence the in vitro
assays of MSF-mediated pathway were performed in the
presence of a saturating amount of hsp70 (Figures 4A, 8
and 9). Yeast cytosol- and liver cytosol-supported pAd
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Fig. 3. Hsp7O-dependent, NEM-insensitive import becomes NEM-sensitive depending upon the amount of MSF added. 2.86 ,uM hsp7o plus the
indicated amounts of MSF in the import buffer were treated or mock-treated with NEM as described in the legend to Figure 2. 1251-labeled pAd
(0.00625 tM) or 125I-labeled porin (0.00625 ,uM) was added to each reaction mixture and incubated at 0°C for 30 min, followed by the import
reaction as described in Materials and methods.
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Fig. 4. (A) MSF- and hsp70-dependent import of pAd depend on distinct proteinaceous components of OM. 1251-labeled pAd in 7 M urea was
diluted into the import buffer containing the indicated amounts of hsp7o or MSF plus hsp7o and incubated at 0°C for 30 min. Trypsin-treated
mitochondria were then added to the mixture and the import reactions were performed as described in Materials and methods. (B) Trypsin
susceptibility of MSF- and hsp70-dependent binding of pAd to OM. [1251]pAd in 7 M urea was diluted into the import buffer containing the
indicated amounts of [125I]hsp7o or [1251]MSF plus [1251]hsp7o and incubated at 0°C for 30 min to form complexes. The complexes were incubated
with 0-100 jg/mI trypsin-treated OM preparations at 30°C for 30 min. The reaction mixtures were mixed with TKM and ultracentrifuged to separate
the supematant and OM fractions. Both fractions were resolved by SDS-PAGE.

import was NEM-sensitive (lanes 7-10). We found further
that the NEM-insensitive import became NEM-sensitive
in the presence of MSF (Figure 3, left panel). The import
rate did not significantly change at any ratios ofhsp70:MSF
which suggests that the precursor-targeting step was not
rate-limiting in this assay. At 0.0175 ,uM MSF, which is
the concentration corresponding to that in the cytosol,
pAd import into the mitochondria was completely NEM-
sensitive. Essentially the same results were also obtained
for the mitochondrial insertion of porin except that an
-10-fold higher concentration of MSF was required to
reach the plateau of NEM-sensitive import (Figure 3 right
panel), suggesting that the affinity of MSF differs between
different precursor proteins.
We then addressed the issue of whether different recep-

tors on the outer membrane are utilized in the MSF- and
hsp70-supported import of pAd into mitochondria. Rat
liver mitochondria were incubated with various concentra-
tions of trypsin and their capacity for MSF- and hsp70-
dependent pAd import was then assayed (Figure 4A).

Both MSF- and hsp70-dependent import was significantly
impaired by trypsin although the former was the more
sensitive. Similar results were obtained for MSF- and
hsp70-dependent binding of pAd to the isolated outer
mitochondrial membrane (OM) (Figure 4B). These results
suggested that the MSF- and hsp70-dependent import of
precursor proteins occurs via distinct import receptors on
the OM.
To determine whether or not these two receptor types

function independently, we examined the competition
between pAd and porin for binding to OM. Figure 5A
shows that the hsp70-pAd complex but not the MSF-
pAd complex, significantly inhibited the hsp70-supported
binding of porin (lanes 3-6). Conversely, the MSF-pAd
complex but not the hsp70-pAd complex, interfered with
the MSF-supported binding of porin (lanes 9-12), thus
indicating that the two receptors function independently.

In a previous report we showed that MSF binds to OM
only in the presence of pAd (Hachiya et al., 1994). To
check whether binding of the complex to mitochondria is
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Fig. 5. (A) Two membrane receptors function independently. The competition between 125I-labeled porin (defined as substrate) and 125I-labeled pAd
(defined as competitor) for binding to OM was examined in the presence of hsp7O, MSF or both as described in Materials and methods. The reaction
mixtures were ultracentrifuged to separate the supematant (S) and OM fractions and both fractions were resolved by SDS-PAGE. (B) A functional
signal peptide induces the binding of MSF to OM. The binding of 1251-labeled MSF and 1251-labeled hsp7O to OM was examined in the presence of
a functional signal peptide, SCC(I-19) or a non-functional mutant peptide, SCC(l-19)M as described in Materials and methods.

mediated by the precursor's signal peptide, we replaced
the precursor with synthetic signal peptides (Figure 5B).
MSF bound to OM in the presence of a functional
signal peptide SCC(1-19) but not in the presence of the
corresponding mutant peptide, SCC(1-19)M, in which
three basic amino acids of SCC(1-19) had been changed
to serine or threonine (Komiya et al., 1994). No significant
binding of hsp70 was observed even in the presence of
the functional signal peptide. These findings suggest that
OM contains a receptor for MSF and that MSF binding
to the receptor is regulated by the signal peptide of the
precursor. From Figure 5B, the putative MSF receptor
was calculated to be present at a concentration of -7.5-
15 pmollmg mitochondrial protein, assuming that the OM
comprises -5-10% (w/w) of total mitochondrial protein.
For comparison, MOM72 and MOM 19 of the mitochon-
drial OM of N.crassa are present at -2-5 and 2-4 pmol/mg
mitochondrial protein, respectively (Sollner et al., 1989,
1990).

MSF- and hsp70-dependent binding ofpAd to the
outer mitochondrial membrane
We first examined whether urea-unfolded pAd can form
complexes with hsp7O or hsp7O plus MSF. The complex
formation was examined by co-immunoprecipitation with
IgG raised against mature adrenodoxin (Ad) or the MSF
large subunit (MSFL) or with pre-immune IgG (Figure
6). When urea-unfolded [1251]pAd was mixed with
[125I]hsp70 at a molar ratio of 1:5, pAd and hsp70 were
both immunoprecipitated with anti-Ad IgGs (lanes 3 and
4). Similarly, when [125 I]Ad was mixed with ['25I]MSF
and ['25I]hsp7O at a molar ratio of 1:1.4:5, all of the
components were immunoprecipitated either with anti-Ad
IgGs (lanes 11 and 12) or with anti-MSFL IgGs (lanes 19
and 20). These results indicate that hsp70 or hsp70 plus
MSF formed a binary or ternary complex with pAd. These
complexes dissociated in the presence of ATP (lanes 5, 6
and 13-16) and this dissociation was inhibited by an
excess of AMP-PNP, a non-hydrolyzable ATP analogue
(lanes 7, 8, 17 and 18). Dissociation of the complexes
thus required ATP hydrolysis. No interaction between
MSF and hsp70 was observed (data not shown). We then

Fig. 6. Unfolded pAd forms a complex with hsp7o or MSF and hsp7o.
1251-labeled pAd was diluted into TKM containing 1251-labeled hsp7o
or 1251-labeled hsp70 plus 125I-labeled MSF and incubated at 30°C for
30 min (the final concentrations of pAd, hsp7o and MSF were 0.005,
0.025 and 0.007 gM, respectively). The reaction mixtures were
incubated with or without ATP or with ATP plus excess AMP-PNP,
for another 30 min. The complex formation was examined by co-
immunoprecipitation using IgGs raised against mature Ad or the large
subunit of MSF (MSFL) or pre-immune IgG (Pre-IgG). The
immunprecipitate (P) and the supernatant (S) fractions were resolved
by SDS-PAGE. Lanes 19 and 20 show the results of another
experiment.

examined the binding of these complexes to OM (Figure
7). When the pAd-hsp70 complex was incubated with
OM in the absence of ATP, only pAd was recovered from
the membrane while, unexpectedly, hsp70 was recovered
from the supernatant (lanes 1 and 2). In marked contrast
to the data shown in Figure 6, neither treatment with
apyrase nor AMP-PNP prevented dissociation of hsp70
from the complex (lanes 3-6). In addition, the pAd-hsp70
complex did not bind to trypsin-treated OM (t-OM; lanes
7 and 8). These results further indicate that pAd interacts
directly with an import receptor on OM in the hsp70-
dependent targeting. When the pAd-MSF-hsp70 complex
was incubated with OM, hsp7O dissociated from the
complex and MSF and pAd were bound to the OM (lanes
9 and 10). Again, neither apyrase (lanes 11 and 12) nor
AMP-PNP (data not shown) prevented dissociation of
hsp70 from the complex. Furthermore, ATP did not cause
dissociation of MSF from the complex (lanes 13 and 14),
which seems to be consistent with the data that OM
inhibited the ATPase activity of MSF (Hachiya et al.,
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OM causes conformational changes in the precursor and
thereby induces the dissociation of hsp7O from the complex
even in the absence of ATP. These experiments, in conjunc-
tion with the data that NEM inhibits the precursor targeting
function of MSF, further suggest that pAd binds to the
membrane via MSF and its membrane receptor in MSF-
dependent targeting, whereas pAd interacts directly with
the membrane receptor in the hsp7O-dependent precursor
targeting.

Fig. 7. Interaction of the binary or ternary targeting complexes with
OM induces the release of hsp7o in the absence of ATP hydrolysis.
pAd-hsp70 or pAd-MSF-hsp7o complexes prepared as described in
the legend to Figure 6 were incubated at 30°C for 30 min, each with
5 pg of either OM or trypsin-treated OM (tOM) under the indicated
conditions. The reaction mixtures (50 ,l) were mixed with 300 p1 of
TKM and ultracentrifuged to separate supernatant (S) and OM (P).
Both fractions were resolved by SDS-PAGE. Other conditions are
described in Materials and methods.

Fig. 8. (A) Hsp70-dependent import of pAd does not require extra-
mitochondrial ATP. 1251-labeled pAd and 1251-labeled hsp70 were
mixed in TKM and incubated at 30°C for 30 min. This complex was
subjected to the import assay. Where indicated, I mM ATP (ATP+) or
1 mM ATP plus 5 mM AMP-PNP (AMP-PNP+) was added to the
reaction mixture or apyrase-treated mitochondria (Apyrase+) was used
in lieu of the intact mitochondria. After the import reaction
mitochondria (Mt) and supernatant (S) fractions were separated by
centrifugation and were subjected to SDS-PAGE. Percent import in
lanes 1, 3, 5 and 7 were 45%, 58%. 56% and 48%, respectively.
(B) MSF-dependent import of pAd requires extra-mitochondrial ATP.
The ternary complex was prepared from 1251-labeled preparations of
pAd, MSF and hsp70 and subjected to the import assay under the
indicated conditions. Other conditions are described in the legend to
Figure 8A and in Materials and methods. Percent import in lanes I
and 7 as calculated from c.p.m. of Ad/c.p.m. of (pAd + Ad)X 100
were 55% and 52%, respectively.

1994). Apparently some components required for the
release of MSF were lost or inactivated in the isolated
OM (for comparison, see Figure 8B).

These results suggest that the interaction of pAd-hsp7O
or pAd-MSF-hsp7O complexes with the receptors on

Hsp7O- and MSF-dependent import of pAd into
mitochondria
We then examined the fate of hsp7O and MSF during the
mitochondrial import of pAd in pAd-hsp7O and pAd-
MSF-hsp7O targeting complexes (Figure 8A and B). When
the pAd-hsp7O complex was analyzed by the standard
import assay, pAd was imported and both pAd and mature
Ad were recovered from the mitochondria, while hsp7O
was released into the supematant (Figure 8A, lanes I and
2). Import of pAd into the mitochondria and release of
hsp7O into the supernatant occurred even in the absence
of extra-mitochondrial ATP (apyrase treatment in the
presence of carboxyatractyloside, an inhibitor of the ATP-
ADP translocator of the mitochondrial inner membrane;
lanes 5 and 6) or in the presence of AMP-PNP (lanes 3
and 4). However, when the pAd-MSF-hsp7O complex
was subjected to the standard import assay, pAd was
imported into mitochondria while both MSF and hsp7O
were recovered from the supematant fraction (Figure 8B,
lanes 1 and 2). When AMP-PNP was present (lanes 3 and
4) or when extra-mitochondrial ATP was depleted with
apyrase in the presence of carboxyatractyloside (lanes 5
and 6), hsp7O was released into the supernatant but pAd
import was completely arrested and MSF remained bound
to the mitochodria. When the apyrase-treated reaction
mixture was replenished with ATP, the mitochondrial
import of pAd was restored, concomitant with the release
of MSF into the supernatant (lanes 7 and 8). These results
indicate that the MSF-dependent import pathway requires
extra-mitochondrial ATP to release MSF from its receptor
on the OM whereas the hsp7O-dependent pathway does
not.

Characterization of the receptors of MSF- and
hsp70-dependent import pathways
In order to characterize the putative import receptors in
the two targeting pathways, we examined the effect of
IgGs against OM proteins on MSF- and hsp7O-dependent
import of pAd (Figure 9). IgG against a 37 kDa OM
protein (OM37) inhibited MSF-dependent binding and
import of pAd to mitochondria (lanes 5 and 6) but it did
not inhibit hsp7O-dependent import of pAd (lanes 7 and
8). In contrast, IgG against a 14 kDa OM protein (OM14)
which recognized a rat homolog of Mas2Op (J.Iwahashi,
S.Yamazaki, T.Komiya, H.Matsuo, N.Nomura and
K.Mihara, unpublished data) inhibited the binding as well
as the import of pAd in the hsp7O-dependent pathway
(lanes 11 and 12). On the other hand, it did not inhibit
MSF-dependent binding of pAd to mitochondria but
inhibited pAd's import therein (lanes 9 and 10). Pre-
immune IgG did not inhibit MSF-dependent import of
pAd (lanes 3 and 4). These results indicate that the pAd-
MSF-hsp70 complex is first targeted to OM37 in the
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Fig. 9. IgGs raised against two OM proteins discriminate between
MSF- and hsp70-dependent binding of pAd to mitochondria. [1251]pAd
in 7 M urea was diluted into 50 gl of the import buffer containing
[1251]MSF plus [1251]hsp7O (MSF+, hsp7O+) or [125I]hsp7O (MSF-,
hsp7O+) and incubated at 0°C for 30 min to form complexes under
the conditions described in the legend to Figure 8. The complexes
were subjected to the import assay in 100 gl in the presence of
mitochondria which had been mock-treated (none) or treated with
IgGs raised against OM14 (ctOM14), OM37 (aOM37) or pre-immune
IgG (Pre-IgG) as described in Materials and methods. After the import
reaction, mitochondria (Mt) and supernatant (sup) fractions were
separated by centrifugation and were subjected to SDS-PAGE. The
positions of hsp7O, MSF large and small subunits, pAd and Ad are
indicated in the figure.

MSF-dependent pathway. The precursor is then imported
into mitochondria via rat Mas2Op. In contrast, pAd
bypasses OM37, binds to rat Mas2Op and is then imported
into mitochondria in the hsp70-dependent pathway.

Discussion
We showed that pAd can be imported into rat liver
mitochondria via MSF-dependent, NEM-sensitive, as well
as hsp70-dependent, NEM-insensitive targeting pathways.
Both pathways depend upon the distinct proteinaceous
receptors on OM. This study indicated that pAd in the
targeting complexes docks onto the membrane receptor
mediated by MSF in the MSF-dependent pathway (referred
to as the 'MSF receptor'), whereas in the hsp70-dependent
pathway, precursor proteins interact directly with the
membrane receptor (referred to as the 'precursor recep-
tor'). The receptor for the former pathway is more sus-
ceptible to trypsin digestion than that for the latter pathway.
The protease-sensitivity is reminiscent of the two 'import
receptors' of yeast and N.crassa mitochondria, Mas7Op/
MOM72 for the former and Mas2Op/MOM 19 respectively.
Mas7Op/M0M72 is completedy digested with trypsin at
concentrations as low as 25-50 jg/ml, whereas Mas2Op/
MOM 19 requires 100-150 gg/ml trypsin to be completely
digested (Hines et al., 1990; Kiebler et al., 1990, 1993).
In support of this conjecture, IgGs raised against OM 14,
which reacted with a rat homolog of Mas2Op, inhibited
hsp70-dependent binding of pAd to mitochondria, indicat-
ing that rat Mas2Op is a component of the 'precursor-
receptor'. In marked contrast, IgGs raised against OM37
inhibited MSF-dependent but not hsp70-dependent binding
of pAd to mitochondria. Thus, distinct roles of the mem-
brane receptors in the MSF- and hsp70-dependent pre-
cursor targeting pathways could be demonstrated, although

the MSF receptor of rat liver mitochondria still remains
to be characterized.
The protein import system of mammalian mitochondria

would be expected to be basically similar to that of other
organisms, such as yeast and N.crassa, since the precursor
proteins of yeast mitochondria are efficiently imported
into mammalian mitochondria or vice versa. Indeed, the
Mas7Op-Mas37p complex of yeast mitochondria (Gratzer
et al., 1995; Lithgow et al., 1995) functions as the receptor
for MSF-precursor complexes (Hachiya et al., 1995).
Furthermore, Mas2Op/MOM 19 has been reported to func-
tion as the receptor for a chemically pure, urea-denatured
precursor (Becker et al., 1992) interacting with the mito-
chondrial targeting signal (Haucke et al., 1995).
The relative contribution of MSF-dependent and hsp70-

dependent pathways in the precursor import depended on
the affinity of the precursors for the two cytoplasmic
chaperones. The apparent affinity of MSF for porin is
-10-fold lower than that for pAd. In physiological concen-
trations of MSF and hsp7O (0.0175 and 2.86 ,uM, respec-
tively), pAd would be imported almost exclusively via
the MSF-dependent pathway, whereas -70% of porin
would be imported via the hsp70-pathway with the rest
imported via the MSF-dependent pathway. Pfanner et al.
(1988) have reported that integration of the reticulocyte
lysate-synthesized porin into the OM requires extra-mito-
chondrial ATP. However, the reported result cannot be
compared directly with the present data since the estima-
tion of the amounts of MSF and hsp70 that had been
carried over from the reticulocyte lysate in the import
system is difficult. We speculate that the relative import-
ance of the targeting pathway is determined by the affinity
of the precursor proteins for the two chaperones as
well as by the relative abundance of the chaperones in
the cytosol.

Cytoplasmic ATP is required for the mitochondrial
import of a class of precursor proteins and it seems
to promote the release of the precursor proteins from
cytoplasmic chaperones (Wachter et al., 1994; Lithgow
et al., 1995). However, no direct interaction has yet been
demonstrated between the cytoplasmic chaperones and the
precursor proteins during mitochondrial protein import.
We have found that the MSF- and hsp70-dependent import
pathways differ markedly in their requirement for the
extra-mitochondrial ATP, even though the same precursor
was used as the import substrate; the former required
cytoplasmic ATP while the latter did not. In this context
we found that hsp70, be it in the form of pAd-hsp70
complex or pAd-MSF-hsp70 complex, dissociated from
the complexes in the absence of ATP when incubated with
either OM or intact mitochondria. The binding of the
targeting complexes to the membrane receptors would
probably cause a conformational change of the precursor,
thus inducing the dissociation of hsp70 from the com-
plexes. Hence, hsp70-dependent precursor import into
mitochondria does not require extra-mitochondrial ATP.
On the other hand, MSF and pAd in the ternary targeting
complex remained bound to the mitochondria when the
complex was incubated with mitochondria in the absence
of ATP; the addition of ATP induced the release of MSF
from the membrane, thus triggering the import of pAd
into mitochondria. The ATP-dependent release of MSF
from mitochondria occurred in the absence of either the
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electrochemical potential across the inner memubrane or
the matrix ATP (T.Komiya and K.Mihara. unpublished
data). These results indicate that the MSF-dependent
import requires extra-mitochondrial ATP for the release
of MSF from the receptor. The mechanism of releasing
MSF fromii the membrane remains to be clarified.

In the MSF-dependent targeting pathway. MSF probably
binds to the mitochondrial targeting signals of the nascent
chains as soon as they emerge fi-om the ribosomes. This
in turn increases the affinity of MSF for the mitochondrial
OM receptor, thus accomplishing the docking of the
targeting complex to the membrane. On the other hand.
hsp7() is considei-ed to bind to the mature portions of the
precui-sors and co-operate with MSF to keep the pre-
cursor's unfolded conformation, since both chaperones
exhibit different recognition specificity (Flynn et ttl.. 1989;
1991; Blond-Elauindi eit Ctl. 1993; Fourie Cet tl.. 1994;
Gracero evtcitl. 1994; Hachiya ct atl. 1994; Hartl ('t til.
1994; Komiya eit atl. 1994). These processes require a
mechanism that stabilizes the ternary targreting complex
auainst the dissociating action of ATP in the cytosol. since
MSF exhibits higher ATPase activity ini vitro in the
presence of the precursors (Hachiya ct alt.. 1994). Such a
stabilization was indeed found, since urea-unfolded pAd
diluted into rat liver cytosol was present in a stable
complex wvith hsp7O and MSF even in the presence of
ATP (T.Komiva and K.Mihara. unpublished results).

Materials and methods
Materials
NMSF and hsp7() were purified from rat liver cvtosol according to the
pr-ocedures ot Hachiva et al. ( 1993) and Chirico et til. ( 1988) respectively.
pAd and porini were expressed in E.she-lchia co/i and puritied in 7 M
urea solutioni a1s described previously I.wahashi et til.. 1992). Outer
iiltochotndriall Imemllbrane was prepared trom rat liver niitochonidria as

described bs Halchiva et til. ( 1994).

Import of precursor proteins into mitochondria
Nlitochoiidrial iniport ot L.coli-expressed preCursor- proteins was assayed
ais described previouslS (Hachiva t oil.. 1994) with ai slight modification.
The substrate imixture containine I->labeled pAd or >15-'labeled porin
WLas inCLuibated with rat liver mitochondril ( Pgu/pl) in the import buffer'
101 mNI HEPES-KOH buffer (pH 7.4) contailillni miiNl EDTA. I minI
DTT. (0.22 NI mannitol and 0.07 M sucrosel conitainine 5 mNI NADH.
20) mM sodiumii succinate and the ATP-eeneration systemr)n.5 mM
ATP. (0.I mM GTP. 1.5 mM creatine phosphate and 15 pu/nil creatine
phosphokinazse) ait 30'C for 50 min. The reaction mixtures were then
ceitrifuced to sepairate niitochondria and the superntatant. Both fractions
were resolved bs SDS-PAGE.

1251-labeling of pAd, porin, MSF and hsp7O
lodinazltion was per)ornied using IODO-BEADS (Pierce) accordine to

the m.anufactturer-'s protocol. Briefl!. 5(0 pg each ot pAd. porin. hsp7fl
or NISF were iiICubated at room temperaituire for 2)) miii in a l10 p1 of
the reaiction iiiixture contaiining 50(0 iNAl sodiuiii phosphate butfer
(pH 7.1). 5)00) uCi Na[' 11 and three -,rains ot IODO-BEADS. The
reaictioni was tertiiinated by 20 rmM HEPES-KOH bLufter (pH 7.4)
contailnirie 10) riL/nil tvrosine. 0.1'-k Lflvcerol aid (1.1xvilene cvanol.
followed hb gel-liltratio'n through a Sephadex G-25 colun1n.

Analysis of SDS-PAGE gels
Unless otherwise stated. SDS-PAGE eels were aialvxied with a Fuji
BioirnaL,e Analwier BAS2()00.

Assay for the maintenance of the import-competence of
pAd and porin by hsp7O and MSF
'1-labeled pAd or -'1-labled porin in 7 NI urea was diluted 40-fold
into the iiiipo(-t butfer either- with or without the indiclateCd almounts of
hsp7() or NISF. The fitial concentrationi o(f 1>I1labeled pAd or 12'1

labeled poriii was (.11(15 uM. After incubation aIt 0)C f'or 3(1 min the
reaction riiixtures were assayed for tiitochondrial imiiport in the presence
of atn ATP-genieration systeri arid respiratory substrates as described
above. The reactioni mixtures were then treated with t).2 nii/ll/ trvpsin
at 0)C for 3(1 mini to iiieasure the integration of porini into rnitochoindria
bv the criterion ot' resistaiice to trvpsin digestion (INlihara ct o.. 1982).

Trypsin treatment of mitochondria and outer mitochondrial
membrane
Mitochondria ().5 mg/runl) were incubated with the indiclated amounits
of trypsin at (OC for 3(1 in. then a 10-fold excess aiiiouiit ot' soybean
trvpsin inhihitor was added arnd the mixture was iiicubated ait WC for
2() mm.inMitochonidria were recovered by centrifuoation. washed once

with the import buf'ter' and re-suspended in the samile buffer. Trypsin
dii estion ot' ruitochonidrial OM was perfornied aIs follows: 0. mg/mil of
ON) was incubated with fI-lOfi pg/ml of trypsin at ('C for 3(1 mil.
Then. 50(1( pg/nil soybean trypsin inhibitor was added to the reaction
iuiixtule and ilncubated ait (0 C (or 2( mill.

Complex formation of unfolded pAd with hsp7O or MSF plus
hsp7O
l-'1-labeled pAd was diluted in 50 pl of 'TKNI [10 miiNl Tris-HCI
buffer (pH 7.5) containing 50 mM potassiul11 acetate aild 2 iniM
magnesiuiii acetate] contaiiing ->-labeled hsp70 or 1>l-labeled hsp7fi
plus '>1-labeled MSF (the fitial concentrations of pAd. MSF aind hsp7fi
were ((.)1)5. 1.1(17 and 0.025 pNI. respectively) aind incubated at 30)C
for 3(1 miii to form the binarv or ternary coiiiplex. The coiiiplexes were
incubated with or without I iiiM ATP or iiiNl ATP plus 5 rmI\ AMP-
PNP for atnother 3)) iiiin. T\ventv-five microgramiis each ot' pre-immuiine
IgG. arnti-adreniodoxini IgG (Hachiva ct fl.. 1994) or inti-NISIF larLe
subuinit IgYG (Alamit alf. 1994) wnere added to the iuiixtures aiid incubated
overniiiht ait 4'C. The reaction iiiixtures were incuba.ted with proteiii A-

Sepharose ait 4 C for 1 (10iiin and centrifuged to sepairaite the superriatant
aiid proteini A-Sepharose fractions. The superiiataiit was TCA precipitated
aiid the protein A-Sepharose was washed twice with PBS coiit inint

0.05%;s Tweei 20( aiid suspended iIi gel-loading bUfferi Both fractions
wvere resolved and analwed bs SDS-PAGE.

Interaction of pAd-hsp70 and pAd-MSF-hsp7O complexes
with mitochondrial OM
pAd-hsp7fi aind pAd-MSF-hsp7fl complexes were prepared frotii -1l
labeled components as described above and incubated at 30 C for 3(1 ruin
with 5 pg each of ONI\ or trvpsin-treated OM (tOM) in the presenice or
absenlce of miiNl ATP. ruM ATP plus 5 ruM AMP-PNP or 2(1 U/Lil
apyrase in ai final volurie of 50 pl. The reaction mixtures were diluted
vith 3)1( pl of' TKNI. layered over a cushion ot' 1(0( pi 0.54 NI sucrose

and theni centrifuged at 1(0(0 00)) g for 9(0 miun to separate ONI and
sLipernatant t'ractioris and both fractions were subjected to SDS-PAGE.

Competition between pAd and porin for the binding to OM
'>1-labeled porin (1.011 pM. defined as substrate) and 47'1-labeled pAd
(0.03 pM. detined as coiiipetitor) were incubated separately at 3WC for
31) nin in 25 p1 ot' TKM with 5.72 pM hsp7fi (unlabeled) or (1.7 pNM
MSF (unlabeled). The substrate mixture was incubated with 2 pg of
OM in the presence or absence of the comiipetitor at 30WC for 30 ruin in
a final volume ot( 5( ph. The reaction mixtures were ultracentrifuced to

separate ONI and the supernatatit fractions aiid both fractions w'ere
resolved by SDS-PAGE.

Mitochondrial import of pAd in pAd-hsp70 and pAd-MSF-
hsp7O complexes
'>1-labeled pAd (1.111 pM) and 2'>1-labeled hsp7() (1.115 pNI) were
miiixed in the absenice or presence of '>1-labeled NISF ((.114 pNI) in
5(1 ph of TKNM but'ler and incubated at 3(0C for 3(1 rmin. The hinary and
ternary coriiplexes thus obtainied were incubated at 3(0C for 5(0 ruin in

100 p1 ot' 101ruN) HEPES-KOH buffer (pH 7.4) containing (.25 NI
sucrose. ruM DTT. ruM EDTA. 20 ruM sodiurii succinate. 5 ruM
NADH and 1(0() pg, of niiltochondria. Where indicated. ruM ATP or

I riiNl ATP plus 5 ruM AMP-PNP was added to the reaction niiixture.
or apyrase-treated mitochondria were used. The reaction miiixtures wvere
then centrifuged to separate the mitochondria and suIpertuatant fractionls:
both t'ractions were resolved by SDS-PAGE.

Apyrase treatment of mitochondria
Nlitochondria (1)(1p) wNere incubated wvith 2(1 U/iil apvrase in the

iiiiport butter- (5(0 ph) containing 20(0 pg/ml carbox-vatractyloside at 30'C
for 3(1 min. NMitochondria wNere then isolated by centirifuLatioi. washed
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once with the import buffer, suspended into the same buffer and used
in the import assay.

Treatment of mitochondria with antibodies
Mitochondria (100 .tg) were incubated with 10 ,tg each of IgGs raised
against OM14 or OM37 or pre-immune IgG in 50 1ul of the import
buffer at 0°C for 60 min, then sedimented by centrifugation. The
mitochondria were washed once with the import buffer by centrifugation,
resuspended into the same buffer and used for the import assay.

Preparation of the antibodies against OM37 and OM14
Purified rat liver outer mitochondrial membranes (OM) were resolved
by SDS-PAGE and the proteins with the apparent molecular weight of
37 kDa (OM37) and 14 kDa (OM 14) were electro-eluted. The antibodies
against both proteins were raised separately in rabbits using Ribi
Adjuvant system (RIBI Immunochem Research, Inc.) according to the
manufacturer's protocol.

Signal peptide-induced binding of MSF to OM
The indicated amounts of 1251-labeled MSF or 1251-labeled hsp7o were
incubated with 3 tM synthetic peptides, SCC(I-19) or SCC(1-19)M in
50 ,ul of TKM at 30°C for 30 min. Two micrograms each of OM were
added to the mixtures and incubated at 30°C for 30 min. The mixtures
were centrifuged at 100 000 g for 90 min to separate the supernatant
and OM fractions and both fractions were resolved by SDS-PAGE.
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