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The mitochondrial phosphate carrier (P;C) is a member of the family of inner-membrane carrier proteins which
are generally synthesized without a cleavable presequence. Surprisingly, the cDNA sequences of bovine and rat
P;C suggested the existence of an amino-terminal extension sequence in the precursor of P;C. By expressing P;C in
vitro, we found that P;C is indeed synthesized as a larger precursor. This precursor was imported and proteolytically
processed by mitochondria, whereby the correct amino-terminus of the mature protein was generated. Import of
P,C showed the characteristics of mitochondrial protein uptake, such as dependence on ATP and a membrane
potential and involvement of contact sites between mitochondrial outer and inner membranes. The precursor
imported in vitro was correctly assembled into the functional form, demonstrating that the authentic import and
assembly pathway of P;C was reconstituted when starting with the presequence-carrying precursor. These results
are discussed in connection with the recently postulated role of P;C as an import receptor located in the outer

membrane.

The mitochondrial inner membrane contains at least nine
transport systems (carriers) for metabolites [1 —4]. This carrier
family includes the ADP/ATP carrier, the uncoupling protein,
the phosphate carrier (P;C), and the oxoglutarate carrier. The
primary structures of these proteins were determined by amino
acid sequence analysis or by cDNA sequencing [5—8]. These
carrier proteins are about 300 amino acid residues in length
and are strongly related in amino acid sequence and structure.
Each carrier consists of three homologous repeats of about
100 amino acid residues, implying that the carrier proteins are
derived from a common ancestor gene that originally coded
for a protein of about 100 amino acid residues.

Most mitochondrial precursor proteins that are translo-
cated into or across the inner membrane are synthesized with
amino-terminal targeting sequences (presequences) that are
cleaved off by processing peptidase in the matrix [9, 10]. The
precursors of the ADP/ATP carrier, the uncoupling protein,
and the oxoglutarate carrier, however, were found not to carry
a presequence [8, 11 —15]. This demonstrated that these pro-
teins of the carrier family contained all the targeting infor-
mation in the mature protein sequence. It was therefore very
surprising that the amino acid sequence of mammalian P;C,
predicted from the nucleotide sequences of bovine and rat
cDNA [7, 16}, suggested the existence of an amino-terminal
extension sequence not present in the mature protein. This
presequence exhibits general features of mitochondrial prese-
quences, in particular a high content of positively charged
amino acid residues. In this study we asked whether P;C is
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Enzyme. Proteinase K (EC 3.4.21.14).

indeed synthesized and imported as a larger precursor. We
expressed the presequence-carrying form in vitro and found
that it was specifically imported and processed by isolated
mitochondria. P;C imported in vitro was correctly assembled,
demonstrating that the authentic import of P;C was reconsti-
tuted.

Recently it was found that a putative import receptor, p32
of yeast mitochondria (which should be an outer-membrane
protein), is related in primary sequence to mammalian P;C
[17,18] and obviously identical to yeast P;C[19, 20]. Therefore,
the localization of cloned P;C in the inner-mitochondrial mem-
brane and their function as P;C were questioned. We show
here that the import of bovine P;C involves specific cleavage
of a presequence and requires the membrane potential (4¥)
across the inner membrane, strongly arguing against P;C being
an outer-membrane protein {9, 21]. P;C imported in vitro ac-
quires specific properties of the native P;C, demonstrating that
the correct P;,C was cloned. Our findings present interesting
implications for the function of the p32 import receptor.

EXPERIMENTAL PROCEDURES
Subcloning and in vitro expression of bovine P,C

A ¢cDNA clone of bovine P;C in pUC8 [7], kindly provided
by Dr. J. E. Walker (MRC, Cambridge, UK), was cut with
BamHI and Bgll. The resulting segment (2.7 kb), containing
the entire coding region (plus a piece of pUCS), was treated
with S1 nuclease and Klenow polymerase and cloned into a
Smal-cut pGEM4 transcription vector (Promega) [22], re-
sulting in plasmid pGEM4/P;,C (Fig. 1A). Insertion was
confirmed by sequencing with SP6-specific and T7-specific
primers. In vitro transcription with SP6 RNA polymerase and
subsequent translation of the capped RNA in reticulocyte
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Fig. 1. Expression of the precursor of P;C. (A) Construction of an in vitro expression vector for P;C. (B) In vitro expression of P;C precursor.
Protein synthesis was carried out in a rabbit reticulocyte lysate in the presence of [*3S]methionine and P;,C mRNA, derived from the
transcription system pGEM4, for 60 min at 30°C. Sample 1 (control), 1 pl postribosomal supernatant. Samples 2 and 3 (1 ul) were subjected
to immunoprecipitation with antiserum specific for P;C (sample 2) or preimmune serum (lane 3) using protein-A — Sepharose. The control
and the immunoprecipitates were analysed by SDS/PAGE and fluorography. MCS, multiple-cloning site; CIP, calf intestinal phosphatase

lysates [23] resulted in a P;C precursor with an apparent molec-
ular mass of 38 kDa on SDS/PAGE.

Preparation of mitochondria

Bovine heart and rat liver mitochondria were prepared as
described previously [24, 25]. Published procedures were used
for the isolation of mitochondria from Neurospora crassa
[26, 27] and Saccharomyces cerevisiae |28, 29).

Import of P;C into isolated mitochondria

Isolated mitochondria (50 pg protein) were incubated in
buffer A (250 mM sucrose, 80 mM KCI, 5mM MgCl,,
10 mM Mops and 3% (mass/vol.) bovine serum albumin,
adjusted to pH 7.2 with KOH [27]) and 20% (by vol.) reticulo-
cyte lysate containing the radiolabeled precursor of P;C in a
final volume of 100 pl. NADH (Sigma; 2 mM final concen-
tration) was added from a 50-fold-concentrated stock solution
in water. Valinomycin and oligomycin (Sigma; 1 puM and
20 uM final concentrations, respectively) were added from a
100-fold-concentrated stock solution in ethanol. The samples
were made chemically identical by adding the same amount
of reagent-free solvent to the control samples. The duration
and temperature of the incubations are given in the figure
legends. For protease treatment, the samples were cooled to
0°C and proteinase K (20 units/mg; Boehringer Mannheim)
was added. After incubation for 20 min at 0°C, phenylmethyl-
sulfonyl fluoride was added to a final concentration of 1 mM.
Samples were further incubated for 10 min at 0°C. Mitochon-
dria were then reisolated by centrifugation for 12 min at
18000 x g.

Assessment of import of P.C
by hydroxyapatite chromatography

Lysis of mitochondria and passage of samples over
hydroxyapatite were performed as previously described [30 —

32]. P,C was precipitated from the hydroxyapatite eluate with
cold acetone at —20°C.

Sequencing

The precursor of P;C was synthesized in reticulocyte lysate
in the presence of [*H] glutamic acid. Mature P,C was prepared
by import into mitochondria (4.0 mg protein) in a volume of
1.0 ml and subsequent lysis of reisolated mitochondria in
0.5 ml lysis buffer [30 mM sodium phosphate, pH 8.2, 2%
(mass/vol.) SDS]. After electrophoresis and fluorography, the
band of interest was excised, washed in water and extracted
by electroelution for 48 h in a buffer containing 1% (mass/
vol.) SDS and 30 mM sodium phosphate, pH 8.2. The
electroeluted material (25000 cpm [*H]glutamic-acid-labeled
protein) was subjected to automated solid-phase Edman
degradation [33].

Miscellaneous

Immunoprecipitation of P;C, SDS/PAGE, fluorography
and quantitation of the **S-labeled P;C were performed as
described [26, 34, 35].

RESULTS
Synthesis of the precursor of P;C in vitro

A cDNA-encoding P;C of bovine heart mitochondria was
subcloned into pGEM4, resulting in plasmid pGEM4/P;C, as
described in Experimental Procedures (Fig. 1 A). By in vitro
transcription with SP6 polymerase and translation in rabbit
reticulocyte lysates in the presence of [**S]methionine, a pro-
tein of 38 kDa was synthesized (Fig. 1 B, lane 1). This putative
precursor of P,C was specifically recognized by antibodies
prepared against purified mature P;C (Fig. 1B, lane 2).
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Fig. 2. Import of P;C in vitro. (A) Import of P;C into rat liver mito-
chondria. The import was performed as described under Experimental
Procedures. Reticulocyte lysate containing **S-labeled P;C and iso-
lated rat liver mitochondria were incubated in the presence of 2 mM
NADH (lanes 1, 3 and 5) or 1 uM valinomyein and 20 pM oligomycin
(lanes 2 and 4) for 15 min at 25°C. Lanes 3, 4 and 5 were treated with
proteinase K (25 pg/ml) for 20 min at 0°C after the import. Lane 5
received 1% Triton X-100 before the treatment with protease. The
mitochondria (lanes 1 —4) were reisolated and analysed by SDS/
PAGE and fluorography. Lane 5 was subjected to precipitation with
trichloroacetic acid prior to SDS/PAGE. (B) Immunoprecipitation of
precursor and mature P;C after import into rat liver mitochondria.
Reticulocyte lysate containing *3S-labeled P;C and isolated rat liver
mitochondria were incubated in the presence of 2 mM NADH for
15 min at 25°C. The mitochondria were then reisolated, solubilized
in Triton X-100-containing buffer (see Experimental Procedures) and
divided into three aliquots. Sample 1 was precipitated by acetone,
samples 2 and 3 received 10 pul of anti-P;C serum or preimmune serum,
respectively. Immunoprecipitation was then performed as described
under Experimental Procedures. Val., valinomycin; TX-100, Triton
X-100; Prot. K, proteinase K

Import and assembly of P;C in isolated mitochondria

To prove that the authentic precursor of P;C had been
synthesized, specific import into mitochondria was demon-
strated. Reticulocyte lysate containing the precursor of P;C
was incubated with energized rat liver mitochondria for
15 min at 25° C. The mitochondria were then pelleted and the
proteins resolved by SDS/PAGE. A fluorograph of the dried
gel shows the conversion of P;C precursor to a protein of
33 kDa, corresponding to the apparent molecular mass of
mature P;C (Fig. 2A, lanes 1 and 3). The difference of about
5kDa in the apparent molecular masses of precursor and
mature forms agrees well with the predicted length of the
presequence of 49 amino acid residues. The processed form of
P;C was imported into mitochondria and protected against
externally added proteinase K (Fig. 2A, lane 3) unless the
mitochondria were disrupted by detergent (Fig. 2A, lane 5).
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Fig. 3. Sequencing of radioactively labeled imported mature P;C. The
precursor of P;C was synthesized in rabbit reticulocyte lysate in the
presence of [*H]glutamic acid and imported into isolated mitochon-
dria. The processed mature protein was then subjected to sequencing
as described under Experimental Procedures. The amino-terminal
sequence of mature P;C, deduced from direct amino acid analysis of
the purified protein, is displayed in the one-letter code. Glutamate
residues were found at positions 3 and 4. Radioactivity found in
degradation step 1 is merely due to adsorbed (but not covalently
bound) material

The precursor associated with mitochondria was digested by
proteinase K, indicating that it had not been fully imported.
Dissipation of the mitochondrial membrane potential by the
potassium ionophore valinomycin completely blocked the im-
port of P;C, demonstrating that the import depended on an
energized inner membrane, as was found with all other precur-
sor proteins imported into the mitochondrial inner membrane
or matrix (Fig. 2A, lanes 2 and 4) [9, 10, 21]. (Oligomycin
was included to prevent a decrease of ATP levels and the
generation of a membrane potential via the FoF-ATPase.)
Both the precursor and mature form of P;C were immuno-
precipitated with anti-P;C antibodies (Fig. 2B, lane 2). No
reactivity was found with preimmune serum (Fig. 2 B, lane 3).

The precursor of P;C was similarly imported into isolated
bovine heart mitochondria, but not into mitochondria from
N. crassa or the yeast S. cerevisiae (data not shown). This
indicates a high specificity for recognition of the P;C precursor
by mammalian mitochondria. In contrast, several other pre-
cursor proteins such as the ADP/ATP carrier, the Fo-ATPase
subunit 9 and ornithine transcarbamylase had previously been
found to be efficiently imported into both mammalian and
fungal mitochondria [21, 26, 36].

To determine whether the correct mature form had been
produced after import and processing of the P;C precursor by
rat liver mitochondria, we determined the processing site by
sequencing the mature radioactively labeled P;C protein. The
P;C precursor was synthesized in reticulocyte lysate containing
[’H]glutamic acid. After import into rat liver mitochondria,
the mature P;C was obtained by electroelution from SDS/
polyacrylamide gels and subjected to automated solid-phase
Edman degradation. Fig. 3 shows the sequence of the mature
protein. We observed peaks at position 3 (Glu3) and at posi-
tion 4 (Glud). This demonstrates that the processing site is
after the amino acid residue at position 49 of the precursor.
Thus, the amino-terminus of the mature P;C, generated during
import and processing by rat liver mitochondria, is identical
to the amino-terminus of the mature P;C purified by hydroxy-
apatite chromatography from solubilized bovine heart mito-
chondria [37, 38] (V. Zara, unpublished results).

In order to analyse whether P;C was imported to its func-
tional location, we made use of a unique property of the
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Fig. 4. Assembly of in vitro imported P;C. Import of the P;C precursor
into mitochondria in the presence of NADH (lanes 1, 3 and 5) or
valinomycin (lanes 2, 4 and 6) was performed as described under
Experimental Procedures. The mitochondria were reisolated and
treated as follows: samples 1 and 2 were treated with proteinase K
(25 pg/ml) for 20 min at 0°C; samples 3—6 were solubilized with
Triton X-114 buffer in the presence (samples 5 and 6) or in the absence
(samples 3 and 4) of 5 mg/ml of cardiolipin, then chromatographed
on hydroxyapatite [30 —32]. Analysis of reisolated mitochondria and
of acetone-precipitated eluates was performed by SDS/PAGE and
fluorography. DPG, p-glycerate 2,3-bisphosphate; HTP, hydroxy-
apatite; Val., valinomycin

mature P;C. P;C can be purified by a one-step chromatography
by passing it over hydroxyapatite in the presence of cardiolipin
[31]. In contrast, without added cardiolipin, P;C is absent
from the hydroxyapatite eluate (at a mitochondrial protein
concentration of 1 —3 mg/ml). Fig. 4 shows that P;C imported
in vitro (lane 1) bound to hydroxyapatite in the absence of
cardiolipin (lane 3) and was eluted in the presence of 5 mg/ml
cardiolipin (lane 5). The non-imported precursor form of P,C
was retained by hydroxyapatite even in the presence of 5 mg/
ml cardiolipin (compare lanes 3 and 5 of Fig. 4 to lane 1
of Fig. 2A; data not shown). We conclude that P;C can be
expressed in vitro and specifically imported and assembled in
mitochondria.

Characteristics of the import pathway of P;,C

Fig. 5A shows a time course for the import of P;C at 25°C
that is comparable to those of other mitochondrial precursor
proteins in vitro [35]. The import rate was linearly dependent
on the time of incubation up to at least 15 min. For the
experiment shown in Fig. 5B, the import of P;C was
performed for 15 min at different temperatures and evaluated
by an Arrhenius plot. There was a linear dependence between
log (import rate) and 1/7. The activation energy derived was
114 kJ/mol (27 kcal/mol).

What are the energy sources that drive the transport of
P;C into mitochondria? In Fig. 2 we showed that a potential
across the inner membrane was required. Hydrolysis of ATP
is necessary for the import of a number of mitochondrial
precursor proteins [39 —42]. To directly test if ATP was re-
quired for the import of P;C, the reticulocyte lysate containing
P,C was depleted of endogenous ATP and ADP by incubation
with apyrase (an ATPase and ADPase from potato). Oligo-
mycin was included to prevent synthesis of ATP and sub-
sequent dissipation of the membrane potential by FyF,-
ATPase [39]. Lane 2 of Fig. 6 shows that removal of ATP led
to a block in P;,C import. Re-addition of ATP, but not of
GTP, restored the import (Fig. 6, lanes 3 —6), indicating that
the import of P;C depended on the addition of ATP.

Translocation of P;C through sites of close contact be-
tween mitochondrial outer and inner membranes (translo-
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Fig. 5. Temperature dependence of the import of P.C. (A) Kinetics
of transfer of P;C into mitochondria. Import of P;C synthesized in
reticulocyte lysate into mitochondria was performed at 25°C for the
times indicated as described in the legend of Fig. 2. The amount of
35S-labeled P;C transferred into a proteinase-K-resistant location was
determined. The reisolated mitochondria were analysed by SDS/
PAGE and fluorography. Imported P;C was quantified by laser
densitometry [35]. The total amount of radiolabeled P;C added to the
import reaction was set to 100%. (B) Arrhenius plot of the tempera-
ture dependence of the import of P;C into mitochondria. Import of
P;C into mitochondria was performed at the indicated temperatures
for 15 min as described in the legend of Fig. 2. The rates of import
were calculated as described for (A). Import rate of 1, 1% imported
P;C/min

cation contact sites) was investigated [43 —47]. When the im-
port reaction was performed at low temperature (8°C) the
precursor of P;C associated with mitochondria, yet remained
accessible to externally added protease (Fig. 7) under con-
ditions where the mitochondrial membranes remained intact
[29, 48, 49]. The membrane potential was then dissipated by
addition of valinomycin and a second incubation at 25°C
was performed. P;C was thereby processed and imported into
mitochondria as assessed by its protection against proteolysis
by proteinase K (Fig. 7). Since the presence of a membrane
potential is a prerequisite for the entry of precursor proteins
into the inner membrane (Fig. 2A) [43, 50}, the precursor of
P,C accumulated at 8°C must have been in an intermediate
location. The precursor must have been beyond the 4¥-de-
pendent step, i.e. it had entered the inner membrane. The
protease accessibility demonstrates that a portion of the pre-
cursor was located outside the outer membrane. We conclude
that the intermediate of P;C, observed at 8°C, bridges both
mitochondrial membranes, thereby spanning contact sites [43,
50]. The chase of the precursor to the processed and fully
imported form confirms that a true translocation intermediate
had been generated.

DISCUSSION

We report here that the bovine P;C is synthesized as precur-
sor protein carrying an amino-terminal extension sequence
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Fig. 6. Import of P,C requires ATP. Reticulocyte lysate containing
P,C was treated for 15 min at 25°C with apyrase (0.5 units/ml in
samples 2—6) or an apyrase preparation that had been heated to
95”C for 10 min prior to use (corresponding to 0.5 units/ml;
sample 1). Isolated mitochondria, NADH and oligomycin were
added. Samples 3 and 4 received ATP and samples 5 and 6 GTP.
After incubation for 15 min at 25°C, the samples were treated with
proteinase K (25 pg/ml) for 20 min at 0°C. Then the mitochondria
were reisolated and analysed by SDS/PAGE, fluorography and
densitometry. The amount of P;C imported without treatment with
apyrase was set to 100%
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Fig. 7. The precursor of P;C is imported via contact sites. Reticulocyte
lysate, mitochondria and NADH were incubated for 10 min at 8°C.
1 uM valinomycin was added and a second incubation at 25°C was
performed for the indicated times. One sample received valinomycin
before the first incubation. After the second incubation, the samples
were treated with proteinase K (25 pg/ml). The mitochondria were
reisolated and analysed by SDS/PAGE, fluorography and densi-
tometry. The amount of P;C imported after 15 min at 25°C was set
to 100%. Val., valinomycin; inc., incubation; Prot. K, proteinase K

(presequence). In contrast, the other members of the mito-
chondrial carrier family analysed so far such as the ADP/ATP
carrier, the uncoupling protein and the oxoglutarate carrier,
are synthesized without a presequence. Analysis of the trans-
port pathway of the P,;C precursor revealed the characteristics
of general mitochondrial import. The import of P;C into rat
liver and bovine heart mitochondria required the presence
of ATP (the requirement for ATP was specific because the
addition of GTP did not restore the import of P;C into mito-
chondria). The import of P;C also required the membrane
potential, A¥, across the inner membrane and occurred at
membrane contact sites between outer and inner membranes,
the major site for mitochondrial protein uptake. The imported

409

protein was processed, whereby the correct amino-terminus
of the mature protein was generated, demonstrating that the
entire 49-amino-acid-residue presequence was removed. Fi-
nally, P;C was correctly assembled. Assay for assembly of P,C
imported in vitro, binding to hydroxyapatite at low protein
concentration and release in the presence of cardiolipin is
highly specific; a similar assay for assembly of low amounts
of proteins imported in vitro was previously only reported for
the ADP/ATP carrier [32].

The P;C precursor was not imported into mitochondria
from yeast and N. crassa, suggesting that the import of bovine
P;Cisrestricted to mammalian mitochondria. This is probably
due to a different specificity of the recognition machinery of
mammalian and fungal mitochondria. Additionally, we have
found that the purified matrix processing peptidase from V.
crassa {51] was not able to process the bovine P;C precursor,
while a matrix fraction derived from rat liver mitochondria
specifically removed the presequence of P;C (V. Zara, unpub-
lished results).

In summary, the biogenesis pathway of mammalian P;C is
unusual in comparison with that of the other mitochondrial
carriers studied so far, as it involves the synthesis of a cleavable
amino-terminal presequence. Obviously members of this fam-
ily of homologous proteins have developed different ways of
mitochondrial targeting. The exact nature of the targeting
signals located in the mature parts of the ADP/ATP carrier,
the uncoupling protein, and the oxoglutarate carrier is un-
known, although preliminary evidence suggests the presence
of at least three non-coherent internal signal sequences [52 —
55]. Future studies will have to identify these putative targeting
sequences and compare them to the corresponding regions in
P;C. It may be speculated that the putative internal signais of
P;C were not sufficient to direct efficient import of the precur-
sor. Among the possible functions of the presequence of P;C
are involvement in interaction with cytosolic cofactors [56]
and mitochondrial surface receptors [57, 58], and the response
to the membrane potential across the inner membrane (nega-
tive inside) {27].

By employing anti-idiotypic antibodies, which were raised
using a synthetic mitochondrial presequence, Blobel and col-
leagues identified a 32 kDa protein from yeast mitochondria
(p32) as a putative import receptor [17]. F,, fragments directed
against p32 inhibited protein import into isolated mitochon-
dria, indicating that the receptor was exposed on the mito-
chondrial surface, i.e. represented an outer-membrane pro-
tein. Unexpectedly, the primary sequence of p32 was found to
be identical to that of the yeast P;C [18 —20]. It was thus
speculated that the cloned proteins reported to be the P;C
were not located in the mitochondrial inner membrane and in
fact should not function as P;C [18]. Our results show the 4¥-
dependent import and proteolytic processing of mammalian
P.C, clearly excluding an outer-membrane location of P;C,
since outer-membrane proteins do not carry cleavable exten-
sion sequences and are imported without a requirement for
AY 19, 21, 58, 59]. Furthermore, we demonstrate that the
cloned P;C acquires specific properties of native P,C (passage
over hydroxyapatite in the presence of cardiolipin [31]) after
import into mitochondria, confirming that indeed the auth-
entic P;C had been cloned. A possible explanation is that the
anti-p32 antibodies recognize several members of a family of
carrier proteins some of which are in the outer membrane and
some in the inner membrane. Secondly, the anti-p32 antibodies
might recognize some low-abundance outer-membrane pro-
teins in addition to p32. In fact, the 38 kDa protein, MOM3§,
that forms part of the general insertion site in the outer mem-
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brane, contains a sequence of about 70 amino acid residues
with remarkable similarity to P;C [59]. As MOM38 is about
30— 100-fold less abundant than p32/P;C [19, 59], some anti-
body preparations that are apparently specifically directed
against p32/P;C could also recognize MOM38 and thereby
inhibit the import of precursor proteins. In any case, un-
ravelling the exact relation between the outer~-membrane im-
port receptor described by Pain et al. [17] and the inner-
membrane P;,C will be a major challenge in the analysis of
mitochondrial protein uptake and mitochondrial structure.
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