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ABSTRACT Most nuclearly encoded mitochondrial pro-
teins are synthesized with amino-terminal leader peptides that
are removed by the mitochondrial processing peptidase (MPP)
after translocation. Earlier we reported cloning and sequencing
of a cDNA for the larger subunit (MPP a subunit) of this
enzyme from rat liver mitochondria. We have now completed
the cloning and sequencing of a cDNA encoding the smaller
subunit of the enzyme (MPP (3 subunit) from the same source.
The cDNA consists of 1570 bp: 17 bp of 5'-untranslated
sequence, 1467 bp of coding sequence, and 86 bp of 3'-
untranslated sequence. The predicted protein consists of 489
amino acid residues, including a 45-amino acid leader peptide
at the amino terminus and a 444-amino acid mature protein.
The amino acid sequences of four tryptic peptides derived from
purified MPP , subunit precisely match those predicted by the
cDNA sequence, as does the predicted mature amino terminus.
The amino-terminal sequence is typical of a mitochondrial
leader peptide, with eight positively charged arginine residues
and a single negatively charged aspartate residue. When the
amino acid sequence of rat MPP (B subunit is compared with
sequences in the protein data bases, significant homology is
found with the protease-enhancing protein of Neurospora
crassa, the smaller subunit of MPP from Saccharomyces cere-
visiae, and the core I protein of bovine ubiquinol:cytochrome
c reductase. Lower homology is found with other members of
a recently proposed class of endoproteases, which includes
human insulinase and protease HI from Escherichia coli.

The transport ofproteins from cytoplasm to mitochondria has
been studied in a variety of systems (1). Most mitochondrial
proteins are encoded by nuclear genes and are synthesized as
larger precursors with amino-terminal leader peptides of 10 to
70 amino acid residues (1). These sequences are rich in
positively charged amino acids and contain sufficient infor-
mation to target these proteins to mitochondria. It has been
shown that most precursors are cleaved during import in
either one or two steps and that the two-step cleavage
requires two different proteolytic enzymes (2). Most leader
peptides are removed in one step by the mitochondrial
processing peptidase (MPP), whereas others are first pro-
cessed by MPP to an intermediate form that is cleaved by a
second enzyme, mitochondrial intermediate peptidase, to
generate the mature amino terminus (2, 3).
The first protease has been isolated from Neurospora

crassa, where it consists of two dissociable components, the
larger of which has some catalytic activity and has been
called MPP and the smaller of which increases the activity of
the complex and has been referred to as the protease-
enhancing protein (PEP) (4). In Saccharomyces cerevisiae (5)
and rat liver (2, 6, 7), MPP apparently is a true heterodimer
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of two dissimilar subunits, a (-55 kDa) and ,B (A50 kDa). In
these species, it is not yet clear whether protease activity
resides solely in the dimer or whether one ofthe two subunits
may be active by itself. The larger a subunit of rat liver MPP
(a-MPP) has been purified, and a cDNA encoding it has been
cloned and sequenced (6). The mature protein shows 36%
identity with the larger subunits of S. cerevisiae and N.
crassa MPP.
We now report isolation of the 9 subunit of rat liver MPP

(,B-MPP), the cloning and sequencing of a cDNA encoding
this protein,§ and an initial analysis of its relationship to
members of a proposed family of metalloendopeptidases
characterized by the lack of a conventional consensus metal-
binding site (8).

MATERIALS AND METHODS
Enzyme Purification and Peptide Sequencing. MPP was

prepared from rat liver mitochondria as described (2) with a
minor modification. To remove contaminants that migrated
with f-MPP on SDS/PAGE, only the first 30% ofthe activity
peak after DEAE-Biogel was pooled. After chromatography
on w-aminooctyl-agarose, the active fraction was virtually
free from impurities, as judged by SDS/PAGE and amino-
terminal amino acid analysis ofthe (3-MPP band excised from
the gel. Generation of tryptic peptides from the 3-MPP band
and isolation and sequencing of these peptides were done as
described (6). Of the several peptides sequenced, two of
them-namely, the amino-terminal peptide and peptide P
(see Fig. 1)-were used to design degenerate oligonucleotide
primers. Peptide P was chosen because it matched an amino
acid sequence conserved between Neurospora PEP (amino
acids 398-408) and the smaller subunit of yeast MPP (amino
acids 387-397; see Fig. 2). The primer sequences were
5'-CARGCHGCHCCHCARGTBGTBYTBAAYGTBCC-3'
[amino-terminal peptide (sense)] and 5'-RTCYTCRTTD-
ATNGGNGTNSWNCCRTCNARYTG-3' [peptide P (an-
tisense)].
cDNA Amplification and Identification. Poly(A)+ RNA

from rat liver was prepared as described (9) and used for
synthesis of cDNA with random primers (cDNA Cycle kit;
Invitrogen, San Diego). The single-stranded cDNA was used
as a template in a 100-,ul PCR amplification with 500 pmol of
each of the primers corresponding to the amino-terminal

Abbreviations: MPP, mitochondrial processing protease; a-MPP and
f3MPP, MPP a and (3 subunits, respectively; PEP, protease-
enhancing protein.
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GenBank data base (accession no. L12965).
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peptide and peptide P of the protein. The reaction conditions
were as follows: 94°C, 1 min; 45°C, 1 min; 72°C, 2 min; 25
cycles. The high homology among the peptides derived from
the rat 8 subunit and those from corresponding regions in the
yeast small subunit and Neurospora PEP suggested that a
PCR product of =1100 bp should be generated with these
primers. A product of this size was found upon agarose gel
electrophoresis (data not shown). The band was excised, and
the DNA was eluted from the gel and amplified again under
the same conditions. Two units ofT4 DNA polymerase were
added to the completed PCR mixture, and it was incubated 15
min at 37°C. The blunt-ended products were ligated with
EcoRV-digested pBluescript (Stratagene). Escherichia coli
DH5a cells (BRL) were transformed with the ligation mixture
and plated on indicator plates, and white colonies were
screened for the presence of the insert by PCR amplification
using T3 and T7 sequencing primers (Stratagene), corre-
sponding to sites in the vector flanking the insert. Selected
plasmids were prepared by an alkaline lysis protocol (10), and
the inserts were sequenced from both ends by a dideoxynu-
cleotide chain-termination method (11) using Sequenase
(United States Biochemical) according to the supplier's pro-
tocols.
Colony Screening and Cloning of the 5' End. The PCR-

generated partial cDNA was labeled with [a-32P]dCTP (Am-
ersham) using a random primerDNA labeling kit (Boehringer
Mannheim) and used to screen a rat liver cDNA library in the
A ZapII vector (Stratagene), following the suppliers' proto-
cols. Several clones were isolated and sequenced. Although
all had long open reading frames, none of them contained a
full-size /-MPP cDNA. All began downstream of the 5'
terminus of the original PCR product; several began at the
same position. The 3' end of several ofthese clones extended
beyond the termination codon to a poly(A) tail.
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To obtain the 5' end of the coding sequence and at least
some of the 5'-untranslated region, we carried out a PCR
protocol referred to as "rapid amplification ofcDNA ends"
(RACE) (12). First-strand cDNA was prepared as above,
starting with 1 pg of poly(A)+ rat liver RNA. Excess primers
were removed by dilution and concentration with a Centricon
30 centrifugal ultrafiltration device (Amicon), repeated once.
Terminal transferase (BRL) was used to add multiple dA
residues to the 3' ends ofthe cDNAs, essentially as described
(12), except that the reaction time was extended to 90 min,
instead of 2 min, to add enough residues. Two specific
antisense oligonucleotide primers were synthesized based on
the known sequence near the 5' end of the longest clone,
along with an adapter primer and an adapter-dT17 primer, as
described (12). One percent (5 ,1l) of the tailed cDNA was
used as template in a 100-jl PCR reaction with 20 pmol of
adapter-dT17 primer, 50 pmol of adapter primer, and 50 pmol
of the downstream, specific primer (corresponding to nt
431-453 in Fig. 1). The cycle pattern was as follows: 94°C, 1
min; 500C, 30 sec; 72°C, 2 min; 25 repetitions. Then 1 p1 of
this reaction was used as template in a second amplification;
this time 50 pmol of the adapter primer and 50 pmol of the
upstream, specific primer (nt 258-284 in Fig. 1) were used.
The PCR conditions were identical to those used before.
When an aliquot of the reaction was analyzed by agarose gel
electrophoresis, a prominent, broad band was observed at
330-360 bp (data not shown). The PCR products were
recovered by extraction and precipitation, cleaved with
EcoRI (site in the adapter primer) and Cla I (site in the
cDNA), and cloned into pBluescript. Individual clones with
the largest inserts were selected, and their inserts were
sequenced as above. The sequences of four independent
clones were compiled to correct for errors introduced in the
PCR amplifications.

CCCTATCCACAGCAGAGATGGCGGCGGCGGCTGTATCCCGGACGTTGTTGCCGGTGGCCGGACGGCGCCTGTGGGGATTTACGCGAAGGC
M A A A A V S R T L L P V A G R R L W G F T R R L

TTCCGCTCCGCGCCGCCGCTGCTCAGCCATTGTACTTTGGAGGGGACCGACTCAGAAGTACACAGGCTGCTCCACAAGTTGTTCTGAATG
P L R A A A A Q P L Y F G G D R L R S Tt Q A A P Q V V L N V

TTCCTGAGACACAAGTCACTTGTTTGGAAAATGGACTCAGGGTAGCTTCTGAAAACTCTGGGATCTCAACATGCACCGTTGGGCTGTGGA
P E T Q V T C L E N G L R V A S E N S G I S T C T V G L W I

TCGATGCTGGCAGTCGGTATGAGAATGAAAAGAACAATGGCACCGCTCACTTTCTGGAGCACATGGCTTTCAAGGGCACTAAAAAGAGGT
D A G S R Y E N E K N N G T A H F L E H M A F K G T K K R S

CCCAGTTAGACCTTGAACTTGAGATTGAGAACATGGGTGCCCATCTCAATGCCTATACCTCCAGAGAGCAGACTGTCTACTACGCCAAAG
Q L D L E L E I E N M G A H L N A Y T S R E Q T V Y Y A K A

CCTTCTCCAAAGATTTGCCAAGAGCTGTAGAAATTCTTGCTGACATAATTCAGAACAGTACATTGGGAGAGGCAGAGATTGAACGTGAGC
F S K D L P R A V E I L A D II Q N S T L G E A E I E R E R

GTGGAGTCATCCTCAGAGAAATGCAGGAAGTTGAGACCAACTTGCAAGAAGTTGTCTTTGATTATCTGCACGCCACAGCCTATCAAAACA
G V I L R E M Q E V E T N L Q E V V F D Y L H A T A Y Q N T

CCGCGCTCGGACGGACAATTCTGGGACCAACCGAGAACATCAAATCTATAAGCCGTAAGGACTTAGTGGACTACATAACCACACATTATA
A L G R T I L G P T E N I K S I S R K D L V D Y I T T H Y K

AGGGACCAAGAATCGTGCTGGCTGCTGCTGGAGGTGTTTGCCATAACGAACTGCTGGAGTTAGCGAAGTTTCATTTTGGTGACTCTTTGT
G P R I V L A A A G G V C H N E L L E L A K F H F G D S L C

GCGCACACAAAGGAGATGTACCAGCTCTGCCTCCCTGTAAATTCACTGGAAGCGAGATTCGGGTGAGGGATGACAAGATGCCACTGGCGC
A H K G D V P A L P P C K F T G S E I R V R D D K M P L A H

ACCTCGCAGTGGCTATTGAAGCAGTTGGTTGGACGCACCCAGACACGATCCGTCTCATGGTCGCAAACACACTGATAGGCAACTGGGACC
L A V A I E A V G W T H P D T I R L M V A N T L I G N W D R

GCTCTTTCGGAGGAGGAATGAATTTATCGAGCAAGCTGGCCCAGCTCACGTGCCATGGCAATCTCTGCCACAGCTTCCAGTCCTTCAACA
S F G G G M N L S S K L A Q L T C H G N L C H S F Q S F N T

CCTCCTACACAGACACAGGATTGTGGGGGCTCTATATGGTTTGTGAACAAGCCACAGTTGCTGACATGCTGCACGCTGTACAAAAGGAAT
S Y T D T G L W G L Y M V C E Q A T V A D M L H A V Q K EW

GGATGCGTCTGTGCACAGCTGTTAGTGAGAGTGAGGTCGCACGCGCCAAAAACCTTCTCAAGACAAACATGCTGCTGCAGCTTGATGGGT
M R L C T A V S E S E V A R A K N L L K T N M L L Q L D G S

CAACTCCGATCTGTGAAGACATCGGTAGGCAGATGCTATGCTACAACAGGAGAATCCCCATCCCTGAGCTTGAGGCCAGGATCGATGCTG
T P I C E D I G R Q M L C Y N R R I P I P E L E A R I D A V

TGGACGCGGAGATGGTTCGAGAAGTGTGCACCAAGTACATTTATGGCAAAAGCCCGGCCATTGCTGCTCTCGGTCCTATTGAGCGCTTAC
D A E M V R E V C T K Y I Y G K S P A I A A L G P I E R L P

CAGATTTTAACCAGATTTGTAGTAACATGCGCTGGACTCGTGACTGATTTTTGTGATGAATTATCCTACACATACATATTTATAAAACTG
D F N Q I C S N M R W T R D*

AGACCTAGAAGTTTTGAAAGACTGCTCATCTTCAAGTGAA
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FIG. 1. Nucleotide and deduced amino acid sequence of,-MPP from rat liver. The sequenced peptides used to design primers for PCR-aided
cloning and to confirm the cloned sequence are underlined; peptide P consisted of amino acids 409-423. The arrow indicates the cleavage site
between the leader peptide and mature ,B-MPP.
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Comparison of Rat Liver (-MPP with Other Proteins.
Computer programs from the Genetics Computer Group
(version 7) (Madison, WI), and the Protein Identification
Resource (National Biomedical Research Foundation, Wash-
ington, DC) were used to compare the nucleotide and amino
acid sequences of P-MPP with sequences found in the Gen-
Bank and SwissProt data libraries.

RESULTS AND DISCUSSION
Nucleotide and Amino Acid Sequence of 3-MPP. The nu-

cleotide sequence ofthe cDNA encoding rat liver ,B-MPP and
the deduced amino acid sequence of the protein are given in
Fig. 1. The total length of 1570 bp includes 17 bp of 5'-
untranslated region, 1467 bp of coding sequence, and 86 bp
of 3'-untranslated region. The deduced amino acid sequence
is 489 amino acids long, with a 45-amino acid leader peptide
and a 444-amino acid mature protein. Also indicated in Fig.
1 are the peptides for which predicted sequences were
confirmed by those obtained from the isolated protein and
those used to generate PCR primers for the initial cloning.
The calculated molecular size of the precursor protein is 54.3
kDa, whereas that of the mature protein is 49.4 kDa, slightly
less than that estimated from SDS/PAGE (50-52 kDa) (6).
The mature protein is mildly acidic; the predicted isoelectric
point is 5.9. It has a hydrophobic amino terminus and a highly
hydrophilic region in the vicinity of amino acid 95, although
the general distribution of residues is consistent with that of
a soluble, globular protein. The leader peptide is strongly
positively charged (eight arginines, one aspartate) and has the
general appearance of a mitochondrial leader sequence. The
predicted cleavage site (Fig. 1), Arg-Ser-Thr- -Gln-Ala, is
typical of many sites recognized by MPP itself (13, 14),
suggesting that, after being imported, pre-j-MPP is cleaved

by preexisting MPP. A similar prediction has been made with
respect to pre-a-MPP (6).

Secondary Structure Prediction. The secondary structure of
rat ,B-MPP was predicted by using both the Chou-Fasman
(15) and Garnier-Osguthorpe-Robinson (16) algorithms (data
not shown). The protein appears to have a somewhat more
ordered secondary structure than Neurospora PEP or the
yeast B subunit. Perhaps the most conspicuous feature is an
a-helix predicted for the region between amino acids 165 and
205. This a-helix is predicted to be conserved among all three
of these proteins and in the bovine core I protein as weil.
Interestingly, the first part of this region (residues 168-186)
is highly charged (seven glutamates, three arginines) and
appears homologous to the putative negatively charged a-he-
lix predicted previously for rat a-MPP and the homologous
yeast and Neurospora proteins (6). The presence of this
amphiphilic, highly charged helix in both subunits of MPP
gives further support to the hypothesis that it has an impor-
tant role in this enzyme, perhaps as part of the site that binds
the positively charged, leader peptide substrates.
Comparison with Related Enzymes and with a Family of

Metallopeptidases. The amino acid sequence of rat 3-MPP
was compared with proteins that had been shown (8, 17) to
have a similar function and/or structure (Fig. 2). The com-
parison was designed both to assess the overall homology to
these proteins and to determine whether structural features
believed to underlie the function of homologous enzymes
were present in the rat protein. It has been proposed recently
that S. cerevisiae ,B-MPP and N. crassa PEP are members of
a family of metallopeptidases that includes the S. cerevisiae
and N. crassa large MPP subunits, human insulinase, E. coli
protease III, and subunits I and II of yeast ubiquinol:cy-
tochrome c reductase (8). The recently published amino acid
sequences of the core I and II proteins of bovine ubiquinol:
cytochrome c reductase are also homologous to these pro-
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FIG. 2. Comparison of rat (3-MPP with Neurospora PEP, yeast smaller MPP subunit (MAS1/MIF1 protein), and bovine ubiquinol:cy-
tochrome c reductase core I protein. The alignment was generated by the program PILEUP from the Genetics Computer Group and does not
include the leader peptides (the mature terminus of MIFi was deduced by cleavage-site homology). The core I alignment was not significant
beyond residue 265, and the remaining residues are not included in the figure. Residues identical in all four (or all three beyond amIino acid 265)
sequences are shaded. Amino acid sequences were recovered or translated from GenBank and are designated ,B-MPP (rat S-MPP, this
manuscript), PEP (N. crassa small subunit, no. M20928), MAS1 (= MIFi, S. cerevisiae small subunit, no. X07649), and BoCOREl (corelIprotein
of bovine ubiquinol:cytochrome c reductase, no. X59692).
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Table 1. Comparison of rat /-MPP amino acid sequence with sequences of putatively related proteins
a-MPP MAS1 MAS2 PEP MPP Corely CoreIB IDE ProtIII

Segment comparison 8.110 26.377 5.881 30.031 8.620 7.614 25.606 2.878 3.022
score, SD units

Similarity/identity, % 55/32 65/45 50/28 70/52 51/30 51/28 70/52 44/20 46/24
Data are the output of the RELATE program from the Protein Identification Resource, in which the complete amino acid sequences of the

indicated proteins as translated from GenBank were used. Values are the segment comparison scores in SD units, calculated using a fragment
length of 10, the Dayhoffmutation data matrix (250 accepted point mutations) (19), and 100 random runs per comparison. Values >3 or 4 suggest
some homology, values >6 or 7 indicate significant homology, and values >10-12 indicate strong homology across large regions of sequence.
a-MPP, a subunit of rat MPP (no. M38282); MAS2 (= MIF2), large subunit of S. cerevisiae MPP (no. M36596); MPP, large subunit ofN. crassa
MPP (no. J05484); CoreIy, core I protein of S. cerevisiae ubiquinol:cytochrome c reductase (no. J02636); CorelB, bovine core I, as in Fig. 2;
IDE, human insulinase (no. M21188); ProtlIl, E. coli protease III (no. X06227); other sequences are as in Fig. 2.

teins, especially in their amino-terminal portions (18). Table
1 shows that rat 3-MPP is clearly most closely related to N.
crassa PEP and S. cerevisiae ,B-MPP and also to the core I
protein of bovine ubiquinol:cytochrome c reductase. The
similarity of rat 3-MPP with this last protein is very high up
to amino acid 310 of ,B-MPP (77% similarity, 58% identity).
The remaining carboxyl-terminal portions share much less
homology; in addition, the bovine protein is =115 amino
acids shorter. These observations suggest that in mammals,
/-MPP and core I are products of different genes, unlike the
situation in N. crassa in which these are identical proteins,
encoded by a single gene (20).
Rat l3-MPP is considerably less homologous, overall, to

other members of the proposed endopeptidase family (Table
1). The residues suggested by Rawlings and Barrett (8) to be
involved in metal binding-namely, His-101, Glu-181, and
His-198-are conserved, however. There is another potential
metal-binding site in the rat protein-namely, His-101-Phe-
Leu-Glu-His. This inversion of the more usual, thermolysin-
like His-Glu-Xaa-Xaa-His zinc-binding motif (21) is also
present in the yeast ,B subunit and N. crassa PEP. Interest-
ingly, this site is not precisely conserved in the a-MPP
subunits or in yeast and bovine core I, but it is present in
insulinase (22) and protease III (23). Recently, in vitro
mutagenesis of these residues in protease III has revealed
that they are important for both zinc binding and catalytic
activity (24). Substitution ofarginine for either ofthe histidine
residues abolishes both zinc binding and activity, whereas
substitution of glutamine for glutamate results in the com-
plete loss of activity without apparent effect on metal bind-
ing. The roles of these residues (and the corresponding ones
in a-MPP) in metal-ion binding and catalysis will be inter-
esting to explore, particularly given that MPP, unlike insuli-
nase and protease III, has a preference for Mn2+ (instead of
Zn2+) as its divalent cation (6). This difference may explain
the divergence of this site in MPP from that in the other
members of this proposed family of proteases.

Note. While this manuscript was being edited, we became aware of
the recent paper by Kitada et al. (25) reporting the cloning ofa partial
cDNA for rat /-MPP, which they refer to as "P52," that is missing
some 5'-coding and untranslated sequences.
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