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Two different functions have been proposed for the phosphate carrier protein/p32 of Saccharomyces cerevisiae
mitochondria: transport of phosphate and requirement for import of precursor proteins into mitochondria. We
characterized a yeast mutant lacking the gene for the phosphate carrier/p32 and found both a block in the
import of phosphate and a strong reduction in the import of preproteins transported to the mitochondrial
inner membrane and matrix. Binding of preproteins to the surface of mutant mitochondria and import of outer
membrane proteins were not inhibited, indicating that the inhibition of protein import occurred after the
recognition step at the outer membrane. The membrane potential across the inner membrane of the mutant
mitochondria was strongly reduced. Restoration of the membrane potential restored preprotein import but did
not affect the block of phosphate transport of the mutant mitochondria. We conclude that the inhibition of
protein import into mitochondria lacking the phosphate carrier/p32 is indirectly caused by a reduction of the
mitochondrial membrane potential (Ay), and we propose a model that the reduction of A{s is due to the
defective phosphate import, suggesting that phosphate transport is the primary function of the phosphate

carrier/p32.

The phosphate carrier (P;C), also termed phosphate trans-
port protein or p32, is a 33-kDa membrane protein of Saccha-
romyces cerevisiae mitochondria. This protein has been the
subject of a controversial debate in the past years.

The primary structure shows significant homology to the
phosphate translocator of the mitochondrial inner membrane
of mammalian mitochondria (24, 34). A characterization of
mitochondria with mutant P,C/p32 and a reconstitution of P,C/
p32 into liposomes and functional analysis strongly indicated a
function of the protein in phosphate transport (12, 35, 48).

Evidence has been provided, however, that P,C/p32 func-
tions as an import receptor on the mitochondrial surface for
nuclear-encoded preproteins (24, 27). Most mitochondrial pro-
teins are synthesized as preproteins on cytosolic polysomes
(14). They are targeted to receptor proteins on the mitochon-
drial surface and are subsequently translocated through spe-
cific channels of the mitochondrial outer and inner membranes
(32). Protein transport across the inner membrane strictly de-
pends on the presence of a membrane potential (Ays). Anti-
idiotypic antibodies (which mimic mitochondrial targeting se-
quences) were reported to react with P;C/p32 and to inhibit
protein import into isolated mitochondria (27). Murakami et
al. (25) proposed that P;C/p32 functions primarily as a signal
sequence binding subunit of a protein-conducting channel and
that this channel may in addition allow transport of phosphate.

Opposing results have also been obtained for the localiza-
tion of P;C/p32 (mitochondrial outer membrane versus inner
membrane), although recent results indicate that the bulk of
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P,C/p32 is located in the inner membrane like the mammalian
phosphate translocator (7, 9, 27, 50).

With regard to this controversy about the functional assign-
ment of P,C/p32, we noticed that an experimental character-
ization of protein import into mitochondria lacking P,C/p32
(AP;C mitochondria) had not been reported so far. We there-
fore analyzed AP;C mitochondria and found that both phos-
phate transport and protein transport were inhibited. The ini-
tial suggestion that P;C/p32 is indeed a bifunctional protein,
however, could be revised by a further analysis of the mutant
mitochondria. The defective protein import was caused by a
reduction of the membrane potential. Restoration of a mem-
brane potential restored protein import but did not relieve the
block in phosphate transport. The defect in phosphate trans-
port seems to lead to a reduction of the membrane potential
and thus indirectly causes an inhibition of protein import. This
suggests that phosphate transport is the primary function of
P;C/p32.

MATERIALS AND METHODS

S. cerevisiae strains. Construction of the AP;C strain by disruption of the MIR1
gene has been described previously (7). The genotype is MATo ade2-1 leu2-3,112
his3-11,15 trpI-1 ura3-1 mirl::LEU2. The strain W303-1B (MATo ade2-1 leu2-
3,112 his3-11,15 trpl-1 ura3-1) was used as control strain (wild type).

Isolation of mitochondria and in vitro protein import. The yeast strains were
grown in YP medium (1% Bacto yeast extract, 2% Bacto Peptone, pH 5.0)
containing 2% galactose. Mitochondria were isolated according to published
procedures (5, 13). The mitochondrial precursor proteins were synthesized in
rabbit reticulocyte lysates in the presence of [>*S]methionine (42). The import
assay mixtures included isolated yeast mitochondria (5 pg of protein), 10%
(vol/vol) reticulocyte lysate, 5 mM MgCl,, 2 mM NADH, and bovine serum
albumin (BSA) buffer (3% [wt/vol] BSA, 250 mM sucrose, 80 mM KCI, 10 mM
MOPS [morpholine propanesulfonic acid], pH 7.2) in a final volume of 0.1 ml.
The import reactions were carried out for 5 min at 25°C and stopped by the
addition of 1 wM valinomycin. Dissipation of the membrane potential Ay was
performed by the addition of 1 uM valinomycin and 20 wM oligomycin prior to
the import incubation. Treatment with proteinase K and analysis by sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), fluorography,
laser densitometry, and Western blotting (immunoblotting) were performed as
previously described (7, 42, 49, 50).

Assessment of the mitochondrial inner membrane potential. The Ay of iso-
lated yeast mitochondria was assessed by recording the fluorescence decrease
(quenching) of the voltage-sensitive dye 3,3’-dipropylthiadicarbocyanine iodide
[DiSC;(5); Molecular Probes] as previously described (10, 30, 39). The measure-
ments were performed with a Perkin-Elmer 650-40 fluorescence spectrophotom-
eter at 25°C with excitation at 622 nm, emission at 670 nm, and slits at 5 nm. The
buffer used for the fluorescence measurements (1.25 ml of 0.6 M sorbitol-0.1%
[wt/vol] BSA-10 mM MgCl,-0.5 mM EDTA, pH 7.4) contained 3.6 uM
DiSC;(5) and 80 mM KCI. The fluorescence value was set to 100 arbitrary
fluorescence units, and yeast mitochondria (25 ug of protein) were injected into
the cuvette to start the experiment. Further additions are reported in the legend
to Fig. 4. The membrane potential across the inner membrane of mitochondria
was dissipated by the addition of 2 wl of valinomycin (in ethanol; 1 uM final
concentration). The difference between the fluorescences prior to and after the
addition of valinomycin represents a relative assessment of the membrane po-
tential.

Swelling of yeast mitochondria. The rate of mitochondrial swelling was mon-
itored by recording the decrease in As,e, essentially as previously described (28),
with a Perkin-Elmer 557 spectrophotometer. Yeast mitochondria (100 ug of
protein) were added to a glass cuvette containing 1 ml of 120 mM ammonium
chloride or 120 mM ammonium phosphate-20 mM Tris-1 mM EDTA-5 pM
rotenone, pH 7.4.

Uptake of [32P]phosphate into isolated yeast mitochondria. Phosphate trans-
port was assayed by measuring the uptake of [*?P]phosphate into isolated mito-
chondria by the inhibitor stop method according to published procedures (29).
Freshly isolated yeast mitochondria (0.25 mg of protein) were incubated at 0°C
in 100 mM KCI-20 mM Tris-HCI (pH 6.5)-1 mM EGTA [ethylene glycol-bis(B-
aminoethyl ether)-N,N-N',N'-tetraacetic acid]-1 pg of rotenone per ml-20 mM
butylmalonate. The uptake was started by adding 1.35 mM [>?P]phosphate and
stopped, after various times, with 1.5 mM mersalyl. After rapid centrifugation of
the yeast mitochondria, the amount of [3?P]phosphate incorporated in the matrix
space was calculated as previously described (29).

RESULTS

Mitochondria lacking P,C/p32 are impaired in protein im-
port. The gene MIRI1, encoding P;C/p32 of S. cerevisiae (24),
has been disrupted in the S. cerevisiae AP;C strain (7). The cells
are strongly impaired in growth on a nonfermentable medium.
They are able to grow on a fermentable medium (the growth
rate is reduced by about one-third compared with that of wild-
type cells). AP;C cells had a significantly higher frequency of
generation of petite colonies (complete inability to grow on
nonfermentable medium due to loss of mitochondrial DNA)
than the wild-type cells, as is often observed with mutants of
mitochondrial proteins (19, 20). To exclude indirect effects in
the analysis of protein import, such as a decrease of the mem-
brane potential due to loss of mitochondrial DNA and inacti-
vation of the respiratory chain, we carefully checked that the
cells used had a functional mitochondrial genome, i.e., were
[fho™] (by crossing with [rh0°] tester strains) (23, 26).

AP;C cells and the corresponding wild-type strain W303-1B
were grown on galactose. The AP,C cells accumulated un-
cleaved mitochondrial precursor proteins as shown for the
precursor of the matrix heat shock protein Hsp60 (Fig. 1A,
lane 2). We then studied in vitro import of preproteins into
isolated mitochondria. The precursors of mitochondrial pro-
teins were synthesized in rabbit reticulocyte lysates in the pres-
ence of [**S]methionine and incubated with the isolated mito-
chondria isolated from wild-type or mutant cells. After the
import reaction, the mitochondria were treated with protein-
ase K to remove nonimported preproteins, reisolated, and
subjected to SDS-PAGE. Three preproteins were used: the
ADP/ATP carrier, which is targeted to the inner membrane
(Fig. 1B, lanes 1, 2, 5, and 6); the Fe/S protein of the cyto-
chrome bc, complex, which is targeted to the intermembrane
space side of the inner membrane (Fig. 1B, lanes 3, 4, 7, and 8);
and a fusion protein containing the presequence of Neurospora
crassa F-ATPase subunit 9 and dihydrofolate reductase (Su9-
DHFR), which is transported into the matrix space (Fig. 1C)
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FIG. 1. Inhibition of protein import into mitochondria lacking P;C/p32. (A)
Yeast cells. Cellular extracts from the S. cerevisiae wild-type (WT) strain or the
AP;C strain were subjected to immunodecoration with antiserum directed against
Hsp60 as described previously (22). (B) Import into isolated mitochondria.
Rabbit reticulocyte lysates containing the radiolabeled preproteins of the ADP/
ATP carrier (AAC) and Fe/S protein were incubated (in BSA buffer) with S.
cerevisiae mitochondria (5 pg of protein) isolated from the wild-type strain or
from the AP,C strain. Lanes 1, 3, 5, and 7 contained 2 mM NADH (to generate
a membrane potential, Ay) and lanes 2, 4, 6, and 8 contained valinomycin and
oligomycin (to dissipate the Ays). Incubation was for 5 min at 25°C. The mito-
chondria were reisolated and treated with proteinase K (250 wg/ml). Analysis
was performed by SDS-PAGE and fluorography. The asterisk indicates frag-
ments of outer membrane-accumulated precursor of AAC that were generated
by added proteinase K. (C) Import into isolated mitochondria. Reticulocyte
lysates containing the radiolabeled preprotein Su9-DHFR were incubated with
isolated mitochondria in BSA buffer in the presence of a membrane potential for
the indicated times as described for panel B. The reisolated mitochondria were
treated with proteinase K. Analysis was by SDS-PAGE and laser densitometry of
the fluorographs. The amount of Su9-DHFR imported into wild-type mitochon-
dria after 20 min was set to 100% (control). p, i, and m, precursor-, intermediate-,
and mature-sized form of a protein, respectively.

(33). The Fe/S protein and Su9-DHFR are proteolytically
cleaved during import (removal of the N-terminal targeting
sequence), whereas the ADP/ATP carrier contains internal
targeting sequences and thus is not cleaved. With AP;C mito-
chondria, the import of all three preproteins was strongly in-
hibited (Fig. 1B, lanes 5 and 7, and Fig. 1C).

The possibility that the strong reduction of protein import
was due to a disturbance of the overall protein content or
stability of AP;C mitochondrial membranes was of concern.
The overall protein patterns of AP;C mitochondria (after sep-
aration by SDS-PAGE and staining with Coomassie brilliant
blue R250) were comparable for AP;C and wild-type mitochon-
dria except that a prominent protein band of 33 kDa was
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FIG. 2. The stability of AP;C mitochondrial membranes is not decreased. (A)
Wild-type (WT) and AP;C mitochondria (100 pg of protein) were separated by
SDS-PAGE, transferred to nitrocellulose, and immunodecorated with antibodies
directed against the outer membrane proteins Tom70 and Tom40, cytochrome b,
(cyt. b,) of the intermembrane space, P;C/p32, ADP/ATP carrier (AAC) of the
inner membrane, and matrix Hsp70 (mtHsp70) (11, 37). (B) Wild-type and AP;,C
mitochondria (0.5 mg of protein per ml in 250 mM sucrose-10 mM Tris-1 mM
EDTA, pH 7.2) were treated with proteinase K for 15 min at 0°C, and then 1 mM
phenylmethylsulfonyl fluoride was added. The mitochondria were reisolated and
analyzed by immunodecoration as described for panel A and by densitometry.
The amount of a protein in the absence of protease treatment was set to 100%
(control). Similarly, when the treatment was performed with trypsin, the protease
protections of wild-type and AP;C mitochondria were indistinguishable.

lacking in the mutant mitochondria (not shown). To directly
demonstrate that the band represented P;C/p32, the proteins
were transferred to nitrocellulose and immunodecorated with
specific antibodies. Figure 2A demonstrates that P,C/p32 was
completely absent in the mutant mitochondria, whereas
marker proteins for the four mitochondrial subcompartments,
i.e., outer membrane (the import receptor Tom70 and Tom40
of the general import pore [21, 32, 38]), intermembrane space
(cytochrome b,), inner membrane (ADP/ATP carrier), and
matrix (the heat shock protein mtHsp70), were present in
comparable amounts in wild-type and mutant mitochondria. In
particular, components of the protein import machinery, such
as Tom70, Tom40, and matrix Hsp70 (15, 17, 43, 46), were
present in wild-type amounts in the mutant mitochondria.
Thus the reduced rate of protein import does not disturb the
overall protein composition of AP;C mitochondria (the follow-
ing explanations are conceivable: at the reduced growth rate of
AP,C cells, the reduced protein import is still sufficient for
biogenesis of mitochondria; or, alternatively, the reduced pro-
tein import is rate limiting for mitochondrial and cellular
growth such that only mitochondria which show a physiological
protein composition are formed). Moreover, the stabilities of
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FIG. 3. AP,C mitochondria can bind a preprotein to outer membrane recep-
tor sites and import outer membrane proteins. (A) Binding of the precursor of
ADP/ATP carrier to outer membrane receptor sites. Wild-type (WT) and AP;C
mitochondria were either pretreated with trypsin (lanes 4 and 8) to remove the
surface receptor domains (1, 42) or left untreated. Reticulocyte lysates contain-
ing the radiolabeled preprotein of the ADP/ATP carrier (AAC) were depleted of
ATP by preincubation with apyrase (5 U/ml) for 15 min at 25°C and then
incubated with the mitochondria (pretreated with 5 U of apyrase per ml for 25
min at 0°C) in the presence of 1 uM valinomycin, 20 pM oligomycin, and 8 uM
antimycin A for 7 min at 25°C. The mitochondria in lanes 2 and 6 were then
treated with trypsin (20 wg/ml), and the mitochondria in lanes 3 and 7 were
treated with proteinase K (Prot. K) (20 pg/ml). The mitochondria of all samples
were reisolated and analyzed by SDS-PAGE and fluorography. (B) Import of
outer membrane proteins. Wild-type and AP;C mitochondria were pretreated
with proteinase K (20 pg/ml) (lanes 2, 4, 6, and 8) or left untreated (lanes 1, 3,
5, and 7). Reticulocyte lysates containing the radiolabeled precursors of Tom40
or porin were incubated with the mitochondria for 7 min at 25°C in a final volume
of 100 pl. The mitochondria were then treated with 100 pg of trypsin per ml and
reisolated.

the mitochondrial membranes in wild-type and mutant mito-
chondria were comparable: treatment of the mitochondria with
high concentrations of protease (up to 250 wg/ml) followed by
analysis of the marker proteins did not reveal a decreased
stability of the mutant mitochondria (Fig. 2B) (Tom70 is ex-
posed on the outer membrane surface and is thus degraded by
protease). We conclude that the AP;C mitochondrial mem-
branes are of high stability like wild-type mitochondrial mem-
branes.

AP,C mitochondria are not blocked in binding of prepro-
teins to receptor sites and import of outer membrane proteins.
We asked which stage of protein import was affected in AP;C
mitochondria. The precursor of the ADP/ATP carrier can be
bound to outer membrane receptor sites when it is incubated
with isolated mitochondria in the absence of a membrane
potential (Ay) across the inner membrane and after depletion
of ATP (1, 42). **S-labeled precursor of the ADP/ATP carrier
was incubated with isolated wild-type and AP;C mitochondria
under these conditions. The bound precursor (Fig. 3A, lanes 1
and 5) was exposed on the outer membrane surface, as it was
completely degraded by addition of an external protease (tryp-
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sin or proteinase K) (Fig. 3A, lanes 2, 3, 6, and 7). To assess the
specificity of the binding reaction, the mitochondria were pre-
treated with a low concentration of trypsin, which removes the
outer membrane receptor sites (1, 42), and then incubated with
the precursor protein; lanes 4 and 8 of Fig. 3A demonstrate
that the binding to both wild-type and AP;C mitochondria was
strongly decreased. Therefore, the binding of the ADP/ATP
carrier to the mitochondrial surface observed in lanes 1 and 5
of Fig. 3A represents binding to proteinaceous receptor sites.
AP,C mitochondria bound the same amount of preprotein as
wild-type mitochondria. We conclude that AP;C mitochondria
are not blocked in an initial import stage, i.e., preprotein bind-
ing to the outer membrane surface.

We then investigated whether AP;C mitochondria were af-
fected in the subsequent import step, insertion of proteins into
the outer membrane. We used the *>S-labeled precursors of
two outer membrane proteins, Tom40 and porin. The prepro-
teins were incubated with isolated mitochondria and then
treated with protease such that only fully imported proteins
were resistant (16, 18, 22). AP;C mitochondria were competent
in import of both Tom40 and porin (Fig. 3B, lanes 5 and 7).
The specificity of the import reaction was analyzed by using
mitochondria that were pretreated with a low concentration of
protease to remove the surface receptor sites; under these
conditions, the import of Tom40 and porin was strongly inhib-
ited, with both wild-type mitochondria and AP;C mitochondria
(Fig. 3B, lanes 2, 4, 6, and 8). We conclude that the removal of
outer membrane receptor sites, but not the lack of P,C, inhibits
insertion of preproteins into the outer membrane.

Similarly, the experiments with import of the ADP/ATP
carrier shown in Fig. 1B suggest that the AP,C mitochondria
were able to insert preproteins into the outer membrane. The
asterisk in Fig. 1B indicates fragments of not fully imported
precursor of ADP/ATP carrier that were generated by added
proteinase K. In wild-type mitochondria, the fragments were
observed only when the precursor was accumulated at the
general import pore of the outer membrane (incubation with
mitochondria in the absence of a membrane potential [Fig. 1B,
lane 2]) (1). These fragments were the major forms of the
ADP/ATP carrier observed with AP;C mitochondria (Fig. 1B,
lanes 5 and 6).

AP,C mitochondria have a decreased membrane potential.
Since AP;C mitochondria were not inhibited in preprotein
binding to and insertion into the outer membrane, it was pos-
sible that the defect in protein import occurred at the level of
transport across the inner membrane. The presence of a mem-
brane potential (Ay) across the inner membrane is an obliga-
tory prerequisite for any preprotein transport into or across
this membrane (14, 42). We thus assessed the membrane po-
tential of AP;C mitochondria by use of the fluorescent dye
DiSC;5(5) (39). The difference between the fluorescence after
addition of mitochondria and substrates and that after the
subsequent addition of the potassium ionophore valinomycin
(in the presence of external potassium, leading to a complete
dissipation of Ay) is taken as an assessment of the mitochon-
drial membrane potential (8, 10). The valinomycin-sensitive
fluorescence decrease observed with AP,C mitochondria was
only about 10% of that observed with wild-type mitochondria
(mean = standard error of the mean for seven independent
experiments, 0.10 * 0.01) (Fig. 4A), demonstrating that AP,C
mitochondria had a strongly decreased membrane potential.

The isolated mitochondria apparently contained a sufficient
amount of substrates, since the addition of an external sub-
strate (succinate) did not lead to a further fluorescence de-
crease (Fig. 4A) as was previously observed with various yeast
wild-type and mutant mitochondria (2, 10). However, we found
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that the addition of phosphate to the buffer was essential for
measurement of a valinomycin-sensitive fluorescence decrease
with yeast mitochondria (Fig. 4A, upper panel); this is in con-
trast to results with mammalian mitochondria, where genera-
tion of a membrane potential was possible without addition of
phosphate (30). Mersalyl, an inhibitor of the phosphate carri-
ers of S. cerevisiae and mammals (6, 44), prevented the gener-
ation of a membrane potential by yeast mitochondria but not
by mammalian mitochondria (data not shown), suggesting that
phosphate import across the inner membrane of yeast mito-
chondria was required for establishing a Ay. The implications
of this property of yeast mitochondria will be discussed below.

We studied whether it was possible to enhance the low
membrane potential observed with AP;C mitochondria and
finally found that the addition of a high concentration of ATP
(5 mM) led to a significant increase of the assessed Ay (Fig.
4B).

Restoration of a membrane potential restores protein im-
port into AP,C mitochondria. If the strong decrease in the
membrane potential caused the import defect of AP,C mito-
chondria, a restoration of Ay by the addition of ATP at a high
concentration should also lead to an increase of protein im-
port. Indeed, the addition of 5 mM ATP strongly increased the
import of Su9-DHFR into AP;C mitochondria (Fig. 5A, lane 8
and Fig. 5B). The ratio of import into AP;C mitochondria to
that into wild-type mitochondria (mean * standard error of
the mean for seven independent experiments) was 0.10 = 0.01
without ATP and 0.53 * 0.04 with 5 mM ATP, and this in-
crease of protein import correlated well with the increase of
the inner membrane potential (assessed by fluorescence
quenching; ratios of 0.10 = 0.01 and 0.57 = 0.05, respectively).
The import stimulation by addition of a high ATP concentra-
tion was inhibited by addition of oligomycin, which blocks the
mitochondrial F,F,-ATPase (Fig. 5A, lane 10).

The transport of ATP into mitochondria can be selectively
blocked by addition of atractyloside, which inhibits the ADP/
ATP carrier of the inner membrane (31). The protein import-
restoring effect of ATP on AP,C mitochondria was blocked by
addition of atractyloside (Fig. 5C, lane 6), indicating that the
ATP must be transported into the mitochondrial matrix to
cause the stimulation of protein import.

The restoration of a Ay also restored the import of the
precursor of the ADP/ATP carrier, as evidenced by the pro-
tease protection of the full-length ADP/ATP carrier (Fig. 5D,
lane 6) and the disappearance of the proteinase K-generated
fragment of the ADP/ATP carrier, which is indicative of outer
membrane accumulation of the precursor (Fig. 5D, lane 4,
asterisk). It was previously shown that the import of the ADP/
ATP carrier into the inner membrane of wild-type mitochon-
dria could also efficiently occur when the matrix was depleted
of ATP (33, 47). This indicates that the inhibition of import
into AP;C mitochondria was not directly caused by a decreased
matrix ATP level (but was due to the decreased Ay) and that
the import-stimulating effect of addition of ATP occurred via
enhancement of the membrane potential, as discussed below.

The restoring conditions do not influence the block in phos-
phate import of AP,C mitochondria. Two methods were used
to measure the mitochondrial import of phosphate: swelling of
mitochondria after addition of ammonium phosphate (Fig.
6A) and uptake of [**P]phosphate (Fig. 6B). Both methods
demonstrated strong inhibition of phosphate import by AP;,C
mitochondria. As reported previously (6, 12), the yeast mito-
chondrial P,C/p32 was not inhibited by the sulfhydryl reagent
N-ethylmaleimide but was inhibited by mersalyl (Fig. 6A, wild-
type). The rates of uptake of phosphate by wild-type yeast
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FIG. 4. Assessment of the membrane potential of AP,C mitochondria. (A)
Strong decrease of the membrane potential in AP;C mitochondria. Wild-type
(WT) and AP;C mitochondria (25 pg of protein) were incubated with the mem-
brane potential-sensitive dye DiSC5(5), and the fluorescence changes were re-
corded as described in Materials and Methods. When indicated, 20 mM phos-
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mitochondria (Fig. 6B) were comparable to those found for
mammalian mitochondria (4).

Do the conditions that restore a Ay and protein import
(addition of 5 mM ATP) also restore import of phosphate?
Figure 6 demonstrates that this was not the case. The addition
of ATP did not promote phosphate uptake by AP;C mitochon-
dria. We conclude that restoration of the Ay and protein im-
port by AP;C mitochondria is not coupled to transport of P;C
across the inner membrane.

DISCUSSION

It has been proposed that the mitochondrial P;C/p32 is a
bifunctional protein, responsible for both protein import and
phosphate transport (24, 25). Our investigations with an S.
cerevisiae mutant lacking P;C/p32 indeed initially suggested a
dual role of P,C/p32, as the AP,C mitochondria were strongly
inhibited in protein import and blocked in phosphate uptake.

The transport of preproteins into the inner membrane or
matrix of isolated mitochondria was strongly reduced with
AP;C mitochondria compared with wild-type mitochondria.
Since the import of preproteins was analyzed by protection
against externally added protease, the possibility that the sta-
bility of the mutant mitochondrial membranes was impaired
was of concern. This possibility could be excluded, since the
protease protection of marker proteins for the four mitochon-
drial subcompartments was indistinguishable for mutant and
wild-type mitochondria. The AP;C mitochondria were able to
bind preproteins to receptor sites on their surface and to insert
proteins into the outer membrane, suggesting that the major
block in protein import into AP;C mitochondria occurred at a
later stage of the import pathway.

The membrane potential Ay across the inner membrane of
AP;,C mitochondria was strongly decreased. Since protein
transport into or across the inner membrane requires the pres-
ence of a Ay, it was conceivable that the decrease in Ays was the
cause for the protein transport defect. We thus searched for a
condition to enhance the Ay of AP,C mitochondria and found
that the addition of a high concentration of ATP led to a
significant increase. The increase in the Ays of AP,C mitochon-
dria indeed resulted in a significant increase in protein import.
ATP was needed in the mitochondrial matrix, as the import-
restoring effect was blocked by atractyloside, which inactivates
the ADP/ATP carrier of the inner membrane (31). The restor-
ing conditions had no effect on the transport of phosphate,
which was blocked in AP,C mitochondria both in the absence
and in the presence of additional ATP. We conclude that the
defect in protein import into AP;C mitochondria is an indirect
effect caused by a decrease of the membrane potential and can
be relieved after regeneration of a Ays.

Why does a lack of the phosphate carrier lead to a strong
reduction of the membrane potential of S. cerevisiae mitochon-
dria? AP,C cells showed a high frequency of loss of mitochon-
drial DNA, causing an inactivation of the respiratory chain; no
membrane potential was detectable by use of the fluorescent
dye with mitochondria isolated from [rh0 ] cells. However, for
this report we used mitochondria isolated from [rho*] AP,C
cells, i.e., mitochondria with a functional mitochondrial ge-
nome, and still observed the strong reduction of Ay. S. cerevi-

phate, 5 mM succinate (Succ.), or 1 wM valinomycin (Val) was added. (B)
Enhancement of the membrane potential of AP;C mitochondria by addition of
ATP. AP,C mitochondria (25 wg of protein) were incubated with DiSC;5(5) as
described above. When indicated, 20 mM phosphate, 5 mM Mg-ATP, or 1 pM
valinomycin was added.
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FIG. 5. Restoration of protein import into AP;C mitochondria by addition of a high concentration of ATP. (A) Reticulocyte lysates containing radiolabeled
Su9-DHFR were incubated with wild-type (WT) mitochondria (lanes 1 to 4) or AP;C mitochondria (lanes 5 to 10) (5 g of mitochondrial protein per sample) in BSA
buffer at 25°C for 5 min as described in Materials and Methods. Lanes 1, 3 to 5, 7, 8, and 10 contained 2 mM NADH; lanes 3 and 7 contained 10 mM potassium
phosphate; lanes 4 and 8 to 10 contained 5 mM Mg-ATP (in addition to the ATP supplied from the reticulocyte lysate); lanes 2, 6, and 9 contained 1 WM valinomycin;
and lane 10 contained 40 wM oligomycin (Oligo). The mitochondria were reisolated and treated with proteinase K (250 pg/ml). m, mature-sized form. (B) Su9-DHFR
was imported into isolated wild-type and AP;C mitochondria in the presence of a Ay and added 5 mM Mg-ATP as described for lane 8 of panel A for the indicated
times. The fluorographs were analyzed by laser densitometry. The amount of Su9-DHFR imported into wild-type mitochondria after 20 min was set to 100% (control).
(C) Reticulocyte lysates containing radiolabeled Su9-DHFR were incubated with isolated mitochondria for 5 min at 25°C. All lanes contained 2 mM NADH; lanes 2,
3,5, and 6 contained 5 mM Mg-ATP; and lanes 3 and 6 contained 0.5 mM atractyloside (ATR), a specific inhibitor of the ADP/ATP carrier (31). The mitochondria
were then treated with proteinase K (250 pg/ml). (D) Reticulocyte lysates containing the radiolabeled precursor of ADP/ATP carrier (AAC) were incubated with
isolated mitochondria (5 g of protein) for 5 min at 25°C. Lanes 1, 3, 4, and 6 contained 2 mM NADH; lanes 3, 6, and 7 contained 5 mM Mg-ATP; and lanes 2, 5,
and 7 contained 1 pM valinomycin. The samples were then treated with proteinase K (250 pg/ml) and analyzed by SDS-PAGE and fluorography. The asterisk indicates

fragments of outer membrane-accumulated AAC.

siae mitochondria, but not mammalian mitochondria, were re-
ported to possess an uncoupling activity of the inner
membrane that is blocked by addition of phosphate (3, 36, 45).
Indeed, we found that the addition of phosphate to isolated
yeast mitochondria, but not to mammalian mitochondria, was
required for detection of a membrane potential by the fluo-
rescence assay (in the in vitro protein import assays, phosphate
is supplied by the reticulocyte lysate). Inactivation of P;C/p32
by mersalyl prevented the phosphate-induced generation of a
membrane potential in yeast mitochondria but not in mamma-
lian mitochondria, suggesting that the phosphate had to be
present in the matrix of yeast mitochondria to prevent uncou-
pling. In AP;C mitochondria, the matrix is depleted of phos-
phate, and thus the uncoupling activity across the inner mem-
brane should be on, leading to a reduction of Ay.

The addition of a high concentration of ATP enhanced the
membrane potential and protein import yet did so only when
the ATP could be transported via the ADP/ATP carrier across
the inner membrane into the matrix. Moreover, the restoring
effect of ATP was blocked by inhibition of the F,F,-ATPase by
oligomycin. This suggests that, in the absence of oligomycin,
the F F,-ATPase hydrolyzes the ATP in the matrix, causing a

threefold effect: generation of phosphate, which diminishes an
uncoupling activity; generation of ADP, which can be exported
from the matrix in exchange for import of more ATP (leading
to a net transport of negative charge); and use of the energy
from ATP hydrolysis to drive the export of protons. When the
uncoupling activity is diminished, the latter two effects can
support the generation of a Ay (positive on the outside). All
three effects thus enhance the membrane potential, explaining
the stimulation of protein import.

The comparison of wild-type yeast mitochondria and AP,C
mitochondria demonstrated that P,C/p32 represents a major
band of the total mitochondrial protein pattern. P,C/p32 is thus
far more abundant than known components of the preprotein
translocase of the outer and inner mitochondrial membranes
(Tom and Tim proteins [32, 40, 41]). Although it cannot be
fully excluded that P,C/p32 is somehow involved in interaction
with preproteins (25), it is now clear that P,C/p32 is essential
only for phosphate transport and not for protein targeting and
translocation. The strong defects of AP,C mitochondria in pro-
tein import are indirectly caused by a reduction of the mem-
brane potential.
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FIG. 6. AP;C mitochondria are blocked in phosphate transport. (A) Turbid-
ity changes corresponding to the swelling of isolated wild-type (WT) and AP;C
mitochondria. The incubation buffer contained the indicated ammonium salts at
120 mM, 20 mM Tris, 1 mM EDTA, 5 pM rotenone, and 0.1 mg of mitochondrial
protein in a final volume of 1 ml (pH 7.4). The turbidity changes of the mito-
chondrial suspensions were recorded at 546 nm. When indicated, 1 mM N-
ethylmaleimide (NEM), 0.5 mM mersalyl (Mers.), or 5 mM ATP was added. (B)
Uptake of [**P]phosphate into wild-type and AP,C mitochondria. The time
dependence of uptake of phosphate into freshly isolated yeast mitochondria was
determined by the inhibitor stop method (29) as described in Materials and
Methods. Briefly, 1.35 mM [*?P]phosphate was added at time zero to intact
mitochondria incubated at 0°C in the presence (triangles) or absence (circles) of
5 mM ATP. The transport reaction was blocked at the times indicated by the
addition of 1.5 mM mersalyl. The radioactivity associated with the reisolated
mitochondria was counted, and the amount of [3?P]phosphate transported into
the matrix space was calculated as previously described (29).
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