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ABSTRACT: The substrate specificity of the mitochondrial metallopeptidase proteinase 1 (MP1) was
investigated and its mitochondrial targeting signal identified. The substrate specificity of MP1 was examined
with physiological peptides as substrates. Although the enzyme exhibits broad substrate specificity, there
is a trend for peptides containing 13 or more residues to exhibit K,, values of 2 uM or less. Three of four
peptides containing 11 or fewer residues exhibited K, values above 10 uM. Similarly, peptides containing
13 or more residues exhibited k., values below 10 min~!, while three of four peptides containing 11 or
fewer residues exhibited k., values above 30 min~!. Many of the peptide cleavage sites of MP1 resemble
that of the mitochondrial processing protease (MPP); however, MP1 does not process the precursor form
of citrate synthase. The enzyme, however, does cleave the released prepeptide from precitrate synthase.
A mitochondria localization was shown in MP1 transfected NT2 and HepG2 cells. Deletion of the
N-terminal 15 amino acids caused MP1 to be mislocalized to the cytoplasm and nucleus. Furthermore,
when fused to green flourescent protein, this 15-amino acid N-terminal sequence directed the fusion protein

to the mitochondria.

Zinc-dependent peptidases of the M 16 family possess the
active site motif HEXXH, in which the two histidine residues
coordinate a zinc atom and the glutamate facilitates the attack
of a water molecule on the scissile bond. A subgroup of the
M16 family of metallopeptidases contains an inverted Zn-
binding motif HXXEH, and these peptidases are referred to
as inverzincins (/). The first identified inverzincin was
pitrilysin protease III (2), a gene product of the ptr gene in
Escherichia coli.

Besides protease III (EC 3.4.24.55), several mammalian
inverzincins have been identified and classified as M16A
family members (3). These include insulysin (insulin degrad-
ing enzyme, IDE, EC 3.4.24.56) and nardilysin (NRDc, EC
3.4.24.61). Both protease III and insulysin exhibit a broad
substrate specificity cleaving a variety of peptides. The struc-
tures of pitrilysin protease III and insulysin (4) are very
similar and appear to be “clam-shaped” with the insulysin
structure in a closed conformation and the protease III
structure in an open conformation. The closed conformation
tightly locks down the substrate in the interior of the enzyme,
requiring a conformational change to permit product release.
This conformational change is likely the rate-limiting step
for the insulysin reaction. Both of these enzymes have an
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active site pocket that can accommodate and interact with a
variety of peptides, explaining in part their broad substrate
specificity. In contrast, nardilysin has a more defined
substrate specificity, cleaving peptides primarily at or
between dibasic pairs (5).

In terms of cellular functions, insulysin has been implicated
in regulating insulin and amyloid f-peptide levels and thus
has been linked to diabetes and Alzheimer’s disease (6, 7).
Furthermore, insulysin is up-regulated in activated macroph-
ages (8) and some T cells (9) where its ability to cleave
[B-endorphin suggests a role in modulating immune function.
Nardilysin has been implicated in regulating reproduction
(10) and cell cycling (/1) and increasing the efficiency of
energy metabolism (/2). It has also been described as a
surface receptor (/3) and as an interacting protein for the
PIP4 binding protein (/4). The function of protease III
remains unclear since there is no discernible phenotype
detected in mutant ptr.

The mitochondrial processing peptidase (MPP, EC
3.4.24.64) has been classified as an MI16B subfamily
member. MPP plays an important role in the processing of
nuclear encoded proteins as they enter the mitochondria. The
cleavage of the presequence signal of the mitochondrial
precursor proteins by MPP is an important step preceding
folding and subsequent maturation of the precursor polypep-
tides. Except in plants, MPP is a heterodimeric enzyme with
the Zn-binding motif located in -MPP. As for the cleavage
specificity of MPP, Arg is often found two or three residues
at the amino side of the scissile bond. This specificity has
been referred to as R-2 or R-3 motifs, respectively (15, 16).
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However, it is unclear how MPP makes a single and specific
cleavage on preproteins that have very dissimilar presequences.

Mammalian metallopeptidase 1 (MP1; ref /7) and prese-
quence peptidases (PrePs) in Arabidopsis thaliana are the
newest inverzincin family members and are included in an
M16C subfamily. PrePs are located in both mitochondria and
chloroplast (/8). The function of PrePs is thought to involve
the clearance of presequences that are derived from mito-
chondria precursor protein cleavage by MPP. Evidence that
MP1 is also localized in mitochondria has been described
(19, 20); however, a mitochondrial targeting sequence has
not been identified or characterized. On the basis of sequence
similarity and subcellular localization, MP1 may have a
similar function as the PrePs. MP1 was originally described
on the basis of its ability to cleave the T'*—~R'* bond of
leumorphin (dynorphin B-29); however, there have not been
any further studies on its substrate specificity. Furthermore,
MP1 may have additional functions associated with tissue
remodeling, as the expression of MP1 is up-regulated upon
nuclear transplantation in mouse embryonic stem (ES) cells
(21). The present study was designed to further characterize
MP1 in terms of its substrate specificity and mitochondrial
targeting.

EXPERIMENTAL PROCEDURES

Materials. An antibody against the sequence (" AEMT-
DIKPILRKLPRIKK) of human MP1 was raised in a rabbit
by Bethyl Laboratory (Montgomery, TX). The monoclonal
antiflag antibody M2 was purchased from Sigma-Aldrich.
Anti-Lampl, anti-calnexin, and anti-cytosolic thiolase were
generously provided by Dr. S.W. Whiteheart (University of
Kentucky). Polyclonal rabbit anti-mitochondrial malate de-
hydrogenase (mMDH) was a generous gift from Dr. Arnold
W. Strauss (Vanderbilt University). Secondary florescent
antibodies to mouse and rabbit were purchased from Vector
Laboratories (Burlingame, CA). Poly-L-lysine was from
Sigma-Aldrich. Recombinant yeast mitochondrial processing
protease (YMPP) was expressed in E. coli and purified as
previously described (22). The citrate synthase (CS) prese-
quence peptide (MALLTAAARLFGAKNASCLVLAAR-
HAS-NH,) was synthesized by the W. M. Keck Foundation
Biotechnology Resource Laboratory (New Haven, CT).
Dynorphin B and -endorphin were purchased from neoMPS
(San Diego, CA) and dynorphin A and Leu-enkaphalin from
Bachem (Torrance, CA), and the rest of the peptides used
in this study were from California Peptide Research (Napa,
CA).

Complementary DNA (¢cDNA) Subcloning. A cDNA clone
for human MP1 (accession no. BC005025) was purchased
from Invitrogen. The cDNA was subcloned into the pFastbac
1 cloning vector (Invitrogen) and used in the Bac-to-Bac
expression system to generate baculovirus. The 5" 416 base
pairs were amplified and introduced into a Bam H1 site of
pFastbac 1 by a polymerase chain reaction (PCR) using the
following forward and reverse primers, respectively: 5’-TCT
GGA TCC CAC CAT GTG GCG CTG C-3’ (BamHI site
underlined) and 5-TTC ATG AAC GTG GAG AGG GAC-
3’. This PCR product contains a Bam H1 and an internal
Age I site. The remaining cDNA fragment was excised from
the original clone with 5’-Age I and 3’-Xhol. These two
fragments were then ligated into the pFastbac 1 vector.
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For subcellular localization studies, the full-length MP1
cDNA was subcloned into the mammalian expression vector
pcDNA3.1 (Invitrogen) with the following modification. The
stop codon was removed, and an oligonucleotide encoding
a flag epitope sequence followed by a stop codon (5-TGT
CCT CGA GTC ACT TAT CGT CGT CAT CCT TGT AAT
CTC GGA TGA TCC AG-3") (Xhol site and stop codon
underlined) was added to the 3’-end of the cDNA. To
determine the mitochondrial targeting signal, two N-terminal
truncation mutants MP1A15 and MP1A38 were constructed
by PCR using the following forward primers: 5’-CAT AGG
ATC CAT GAG CGG CGG ACA-3" (MP1A15) and 5-CAT
AGG ATC CAT GCA GTA TAA ACT A-3" (MP1A33),
which contain a start codon preceded by a BamH 1 site. The
reverse primer and the subsequent cloning procedures were
the same as the above-mentioned method of cloning MP1
into pFastbac 1.

Expression and Purification of MP1. Baculovirus express-
ing MP1 was prepared according to the manufacturer’s
instructions and used to infect Sf9 cells. Three days post-
transfection, cells were collected by centrifugation at 2000g
for 10 min and then frozen at —80 °C until use. The cell
paste was suspended in 10 volumes of 20 mM Tris buffer at
pH 7.5 and sonicated with a Branson Sonifier 450 (output
control at 4, duty cycle 30%, 10 s for three times). The
homogenate was centrifuged 30 min at 30 000g and the
supernatant applied to Waters Acell Plus QMA anion
exchange column (15 mL) in 20 mM Tris buffer at pH 7.5.
Proteins were eluted with a 0—0.5 M linear NaCl gradient
with MP1 eluting at ~0.2 M NaCl. The eluted enzyme was
concentrated and applied to a Pharmacia Superdex 200
column (1.6 cm x 60 cm), equilibrated, and run with 20
mM Tris buffer at pH 7.5. Lastly the enzyme was chro-
matographed on a 1 mL Pharmacia Mono Q column in the
20 mM Tris buffer and eluted with a linear salt gradient.
The active MP1 fractions were pooled, desalted, concentrated
with a Millipore Centricon concentrator, and stored in 20%
glycerol at —80 °C. The purified enzyme appeared essentially
homogeneous as judged by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE; Figure 1a). The
form of MP1 isolated by this method is processed at its
N-terminus as determined by its molecular size and its
mitochondrial location.

MP1 was also expressed in E. coli as a glutathione-S-
transferase (GST) fusion protein using the pGEX-5X expres-
sion vector. A tobacco etch virus (TEV) protease cleavage
site followed by a BamHI1 restriction site in frame with
the MP1 cDNA was subcloned into the pGEX-5X vector.
The construct pGEX-GST-TEV-MP1 was transformed into the
E. coli strain BL-21(DE3), and cells were grown at 37 °C
until an ODgyy of 0.5—0.7 was reached. Expression was
induced by the addition of isopropy-f3-D-thiogalactoside to
a final concentration of 0.5 mM. Induction was carried out
overnight at room temperature. Cells were harvested and
washed with phosphate buffered saline (PBS). Cell pellets
were suspended in 25 mM potassium phosphate buffer at
pH 7.5 containing 1 mM phenylmethylsulfonylfluride and
10 uM E-64, broken with a French press, and centrifuged at
30 000g at 4 °C for 30 min. The supernatant was passed
through a glutathione agarose column (Invitrogen) and
washed with the same buffer without protease inhibitors. The
fusion protein was eluted with 15 mM glutathione and
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FIGURE 1: Recombinant human MP1 from Sf9 insect cells is
processed. (a) Purity of recombinant human MP1 derived from Sf9
cells. Recombinant MP1 (2 ug), purified as described in Experi-
mental Procedures, was analyzed by SDS-PAGE on a 7.5% gel.
Left lane shows the All Blue (BioRad) molecular weight standard.
(b) Molecular weight comparison between purified MP1 from Sf9
cells and from E. coli. Lane 1, purified MP1 from Sf9 cells; lane
2, purified MP1 from Sf9 cells and from E. coli mixed; lane 3,
purified MP1 from E. coli. The recombinant precursor form of MP1
(p) is processed to the mature form (m) in Sf9 cells. (c) Subcellular
localization of MP1 in Sf9 cells. MP1 was detected with a rabbit
anti-MP1 antibody and colocalized with MitoTracker (Invitrogen;
see Experimental Procedures).

cleaved with TEV protease (23). MP1 and GST were separated
on an S-200 gel filtration column. The MP1 formed by this
process contains the full-length unprocessed form of MP1 with
two additional amino acids, GIn-Pro, at its N-terminus.
Assay of MP1 Activity. MP1 activity was routinely assayed
in 25 mM potassium phosphate buffer at pH 7.5 using the
fluorogenic peptides Abz-RRQFKVVTRSQ-EDDnp' and
Abz-GGYRRGQ-EDDnp (Abz/Dnp peptides) as described
(5). Hydrolysis of physiological peptides was determined by
following their disappearance at 214 nm by reverse phase
high-performance liquid chromatography (HPLC) on a
Phenomnex C;g column (5.0 x 4.6 mm). Peptides were
separated by a linear gradient from 0.1% trifluoroacetic acid
in 90% water/10% acetonitrile to 0.1% trifluoroacetic acid
in 50% water/50% acetonitrile. The k., values were deter-
mined based on the rate observed at 5% or less hydrolysis
of a physiological peptide at a saturating concentration and
using a molecular weight of 117 kDa for MP1. The K, of
physiological peptides was determined by using them as
alternate substrate inhibitors of Abz-GGYRRGQ-EDDnp
hydrolysis over the range of 0.5K;, to 2K, with five to seven
peptide concentrations used. Data were analyzed by Dixon
plots with Graphpad Prism software (Graphpad, San Diego).
Other kinetic parameters were determined by fitting to the

! Abbreviations: Abz, 2-aminobenzoyl; ANP, atrial natriuretic pep-
tide; EDDnp, ethylenediamine-2,4-dinitrophenyl; Fmoc, 9-fluorenyl-
methoxycarbonyl; EST, expressed sequenced tag; GFP, green fluores-
cent protein; GRF, growth hormone releasing factor; MALDI-TOF,
matrix assisted laser desorption ionization—time of flight.
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Michaelis—Menten equation with the same software. Stan-
dard errors were 10% or less.

Identification of Peptide Cleavage Products. Physiological
peptides were incubated with MP1 for various times to
establish the order of product appearance. Cleavage products
were separated by reverse phase HPLC on a Vydac C,4
column (5). In the case of ANP and somatostatin, the peptides
were reduced and carboxymethylated prior to HPLC analysis.
Peptides or their reaction products were collected manually,
freeze-dried, and identified by mass spectrometry using a
Bruker Autoflex time-of-flight mass spectrometer with a-cy-
ano-4-hydroxycinnamic acid as the matrix or on a Ther-
moFinnigan LCQ, with sample introduction by direct infu-
sion. These analyses were performed at the University of
Kentucky Mass Spectrometry Core Facility.

Cell Culture. HepG2 cells were grown in F12/minimum
Eagle’s essential medium containing 10% iron-supplemented
bovine calf serum (Atlanta Biological, Atlanta, GA). NT2
cells (ATCC# CRL-1973) were grown in Dulbecco’s modi-
fied Eagle medium containing 10% fetal calf serum, 4.5 g
of glucose per liter, and 1% glutamine (Gibco). Penicillin/
streptomycin (Gibco; 1%) was included in all media. Cells
were kept at 37 °C and 5% CO,. The FuGENE 6 reagent
(Roche) was used for cell transfections. The DNA to reagent
ratio was 1 ug per 3 uLL of FuGENE 6 using a total of 6 ug
of DNA per 10 cm culture dish. Cells were harvested 48 h
after transfection. For Sf9 cells, baculovirus containing the
full-length MP1 was used. Virus obtained from the second
round of amplification was diluted 10 times with Sf-900 II
SFM (Invitrogen) and applied directly to Sf9 cells. Immu-
nocytochemistry was performed after 2—3 days of incubation.

Immunocytochemistry. Cells were plated on polylysine
coated coverslips and transfected 12—24 h later. Cells were
washed with PBS 24 h after transfection, then fixed with
4% paraformaldehyde in PBS for 20 min, and permeablized
with acetone/methanol (1:1) for 15 min at room temperature.
Fixed cells were blocked with 10% horse serum in PBS for
20 min and incubated with the appropriate antibody at a
1:200 dilution. The same blocking solution was used for
washing before incubating with secondary antibodies. Mi-
toTracker (Invitrogen) was used according to the manufac-
turer’s instruction. Coverslips were mounted with Vectashield/
Dapi (Vector Laboratories) and examined with a Nikon
Eclipse E600 epifluorescence microscope.

Subcellular Localization by Differential Centrifugation.
Harvested cells were washed two times with PBS and
transferred to 1 mM N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (HEPES) buffer at pH 7.4 on ice for 5
min. Cells were then adjusted to 10 mM HEPES buffer at
pH 7.4 containing 250 mM sucrose and homogenized with
a Balch-style ball homogenizer (24). Subcellular fractions
were collected by differential centrifugation, employing a
modification of the method of Lutsenko and Cooper (25).
Briefly, the P1 fraction containing unbroken cells and large
cell fragments was obtained by centrifugation for 5 min at
500g; a P2 fraction containing mitochondria was obtained
by centrifugation for 10 min at 3000g; and finally a P3
fraction containing other light vesicles was obtained by
centrifugation for 45 min at 20 000g. The supernatant of the
P3 fraction (S3) contains soluble proteins.

Electrophoresis and Immunoblot Analysis. SDS-PAGE
was performed in a Bio-Rad Protean system following the
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protocol of Laemmli (26). Resolved proteins were then
transferred according to Towbin et al. (27) onto a polyvi-
nyldifluoride (PVDF-F) membrane (Millipore). CS prese-
quence peptide was resolved in a 10—20% Tricine gel using
an Xcell SureLock Mini-gel system (Invitrogen). Specific
proteins were detected and quantified using a Li-COR
Odyssey Imaging system. The BioRad Precision Plus All
Blue Protein standard was used for estimating molecular
weights of protein bands.

Protein Assay. Protein concentration was determined using
Coomassie Plus (Pierce Chemical Company). Bovine serum
albumin provided with the reagent was used as the protein
standard.

In Vitro Translation and Processing. An MP1 cDNA and
a mitochondrial CS c¢cDNA (accession no. BC010106,
obtained from Invitrogen) were subcloned into the pBlue-
script vector by PCR. Proteins were expressed using a
coupled transcription/translation system (Promega) and ra-
diolabeled with Tran [*S] (20 #Ci/50 uL; MP Biomedicals).
For studying preprotein processing, the protocol of Cavadini
et al. (28) was used except that the incubation temperature
was 30 °C. Briefly, 1 uL of translation mixture was added
to a reaction buffer containing 10 mM HEPES-KOH at pH
7.4, 1 mM dithiothreitol, 1 mM MnCl,, 1 mM ZnCl,, and
varied amounts of processing enzymes. Processed products
were analyzed by 10% SDS-PAGE and detected with a GE
Typhoon system.

RESULTS

Kinetics. MP1 expressed in Sf9 cells is processed as
evidenced by the finding that it exhibits a lower molecular
weight than the enzyme derived from E. coli (Figure 1b).
The latter form of MP1 was expressed as a fusion protein
containing an internal TEV cleavage site such that cleavage
by TEV generated the full-length unprocessed MP1 with two
additional N-terminal amino acids. Furthermore the Sf9 form
of MP1 was shown to have a mitochondrial localization by
immunofluorescence (Figure 1c¢). For kinetic studies we used
the mature processed enzyme.

Since MP1 was previously shown to cleave leumorphin
at a monobasic site, we initially characterized the enzyme
using two intramolecularly quenched substrates containing
either a part of the leumorphin sequence (Abz-RRQFKV-
VTRSQ-EDDnp) or a substrate containing a dibasic pair
(Abz-YGGLRRGQ-EDDnp). The K}, and k, values for these
substrates are nearly equivalent, being 1.07 M and 4.8 min ™"
for Abz-RRQFKVVTRSQ-EDDnp and 0.5 uM and 6.8
min~! for Abz-YGGLRRGQ-EDDnp. The presence of one
or two basic residues does not seem to affect the kinetics
with these substrates.

We next studied the reaction of MP1 with a number of
physiologically active peptides. The K, for each peptide was
determined by using it as an alternate substrate inhibitor of
Abz-GGYRRGQ-EDDnp hydrolysis and thus would reflect
primarily if not totally the intact peptide, while k., was
determined from a linear initial rate at a saturating substrate
concentration and it too would reflect reaction of the intact
peptide. As shown in Table 1, MP1 exhibits a broad substrate
specificity. There appears to be a trend that peptides
containing 13 or more residues exhibit K;, values of 2 uM
or less. Of the four peptides containing 11 or fewer residues

Biochemistry, Vol. 48, No. 13, 2009 2871

Table 1: Kinetics of Hydrolysis of Physiological Peptides by MP1

peptide size K, keal” keal Kin
peptide (no. residues) (uM) (min~") (M x min~!' x 10°)

Leu-enkephalin 5 20.8+0.9 39.0+39 18.7 £ 2.1
bradykinin 9 162+ 0.8 354409 21.8+1.2
angiotensin I 10 1.7+£0.1 7.6+04 446 +43
substance P 11 138+ 1.0 327+£26 23.6 £2.5
dynorphin B 13 1.9+02 89+0.1 46.3 £ 6.8
dynorphin A 17 08+£0.1 48+04 62.6+6.8
endothelin 1 21 0.7+0.1 1.1£0.0 158 £ 4.6
somatostatin 28 0.1+0.0 0.6=£0.0 41.7+£3.8
ANP 28 02+00 45+£04 19924186
leumorphin (human) 29 04+£00 59+04 140.6 £+ 10.7
leumorphin (porcine) 29 0.8+0.0 49+02 63.5+4.5
[-endorphin 31 09+00 58=£0.1 62.6 5.1
calcitonin 32 24+0.0 38=£0.1 154 4+ 0.6
[-amyloid (1—40) 40 1.7+£0.1  33+0.1 195+ 1.1
GRF 40 05+00 14=£0.1 294 +34
insulin 51 545+55 02+£00 0.03 &+ 0.00

“ K, values were determined by using the indicated peptide as an
alternate substrate inhibitor of 2.2 uM Abz-GGFYRRVGQ-EDDnp
hydrolysis (K, = 1.07 uM). Under the assay conditions employed, little
if any of the inhibitory peptide would have been cleaved. ” Since most
peptides are cleaved at multiple sites, k., could reflect cleavages at more
than one site.

that were studied, three exhibited K, values above 10 uM.
Similarly, peptides containing 13 or more residues exhibited
kea values below 10 min~!, while three of the four peptides
containing 11 or fewer residues exhibited k., values above
30 min~!. As a consequence k.,/K., values tend to vary little
among substrates with the exception of human leumorphin
and ANP, which exhibited the highest k.,/K, values. Of the
substrates tested, insulin exhibited the lowest k.,/K},, because
of its high K, and low k., values.

Cleavage Sites. MP1 dependent peptide cleavage products
were isolated by HPLC and identified by mass spectrometry.
This analysis showed that MP1 cleaved at multiple sites
within its peptide substrates and that some products which
appear to be derived from the intact peptide, as judged by
identification of both N- and C-terminal fragments, appeared
at latter time points. In addition the secondary cleavage of
some initial products was evident based on the analysis of
product appearance as a function of time. For example, in
the case of -endorphin, MP1 initially cleaves this peptide
at Ala?'-Ile??> generating fragments YGGFMTSEKSQT-
PLVTLFKNA (b, Figure 2) and IKNAYKKGE. The latter
peptide was identified near the void volume of the column
(not shown). Fragment b is subsequently cleaved by MP1 at
Gly3-Phe* at the N-terminal region generating FMTSEK-
SQTPLVTLFKNA (c, Figure 2). We also found that MP1
acts on FMTSEKSQTPLVTLFKNA (fragment c) by remov-
ing the N-terminal Phe (F). Additionally, MP1 cleaves the
C-terminal region of fragment c at Leu'’-Phe'8, Thr!5-Leu!’,
and to a lesser extent Pro'3-Leu!* and Leu'*-Val's.

One of the substrates of MP1, dynorphin 29, also called
leumorphin (YGGFLRRQFKVVTRSQQDPNAYSGQLF-
DA), was reported to be cleaved at the T—R bond generating
dynorphin B and dynorphin 14—29 (/7). Although we indeed
detected the MP1 dependent cleavage of porcine dynorphin
29 at the T—R bond (Table 2), this turned out to be a minor
cleavage site as it was not observed until latter time points.
Instead the initial cleavage sites were at D'8-P' and L2-
F?7. On the other hand, the initial cleavage site of human
dynorphin 29, which differs by five residues (E17 = Q, Y22
=S, E23 = G, E24 = Q, and V29 = A), is at the T—R
bond, showing the influence of C-terminal residues on the
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A a=YGGFMTSEKSETPLVTLFKNAIIKNAYKKGE
b=YGGFMTSEKSETPLVTLFKNA
¢ =FMTSEKSETPLVTLFKNA

d =MTSEKSETPLVTLFKNA
e=FMTSEKSETPLVTL
f=MTSEKSETPLVTL
g=YGGFMTSEKSETPLVT
h=FMTSEKSETPLVT
i=YGGFMTSEKSETP
j=FMTSEKSETPL

k= MTSEKSETPLVT
1=FMTSEKSETP

* = Impurities
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FIGURE 2: HPLC chromatogram of the [-endorphin and its
fragments produced by hydrolysis by MP1. The $-endorphin (30
uM) was cleaved by 2 ug of MP1 for the indicated time in 25 mM
Tris buffer at pH 7.5. The reaction was stopped by the addition of
trichloroacetic acid to 0.1% and subjected to reverse phase HPLC
on a Vydac C,4 column as previously described (5). Peaks were
collected manually and subjected to mass spectral analysis for
identification.

Table 2: Cleavage Sites of Human Pitrilysin MP1 on Physiological
Peptides®

peptide cleavage sites
angiotensin I ~ DRVYVIHPYFHL
ANP SLRRSSCFGGRMDVYRIGAQSGLGCNSYFRY
bradykinin RPPGVYEFSPFR
calcitonin CGNLSTCYMLGYTYTQDFNKIFHTFPQTAIGVGAP
dynorphin A Y!GGFLRRVRPYKLKWDNQ
dynorphin B YIGGFLRRQFIKYVVT
GRF YIADAIFTNSYRKVLGVYQLSYARKLIQDIMQQGESNQERGA
Leu-enkephalin  Y¥YGGFL
leumorphin Y/GGFLRRQFIKYVVTYRSQQDPNAYSGQLFDA
(human)
leumorphin Y!GGFLRRQFK!VVTIRSQEDVYPNAYYEELVFDV
(porcine)
substance P RPKPQQFIFGYLM
[-amyloid DAEFRHDSGYEVHHQKLVFFYAEDVGSNKGAIIGLIMVGGVV
(1—-40)
B-endorphin YGGIFIMTSEKSETPLVITILYFKNAVIIKNAYKKGE

“ Peptide hydrolysis was followed at several time points to determine
initial and secondary or slower cleavage sites. Filled triangles indicate
initial cleavage sites, while arrows indicate secondary cleavage sites that
were either derived from initial products or appeared at latter time
points.

cleavage site. This may also reflect differences in conforma-
tion of the bound peptide. The product dynorphin B was
subsequently hydrolyzed at the K—V, F—K, and Y—G sites,
which are the same cleavages observed when dynorphin B
was the substrate.

As noted in the reaction with Leu-enkephalin, MP1 was
able to cleave an N-terminal tyrosine, which was also
detected in the reactions with dynorphin B, dynorphin A,
and GRF (Table 2) and as noted above an N-terminal Phe.
Judging from the cleavage products listed in Table 2, it is
unlikely that this activity can be attributed to contamination
by an aminopeptidase since only an N-terminal Tyr or Phe
was cleaved. However, to rule out aminopeptidase activity
we carried out the hydrolysis of $-endorphin, dynorphin A,
and leumorphin in the presence of 10 uM bestatin, a broad
spectrum aminopeptidase inhibitor. We observed no effect
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FIGURE 3: MP1 can cleave an N-terminal tryosine residue. Leu-
enkephalin (500 uM) was cleaved by 1 ug of MPI in 25 mM
phosphate buffer at pH 7.5. The reaction was stopped and analyzed
by reverse phase HPLC as described in Figure 2. Peaks were
identified by comparison to authentic standards. Upper panel: MP1
incubated with rabbit IgG on ice for 1 h was then absorbed with
protein A Sepharose. Lower panel: MP1 incubated with anti-MP1
on ice for 1 h and then absorbed with protein A Sepharose.

on the rate of peptide hydrolysis or the distribution of
cleavage products. Additionally, we used an anti-MP1
antibody to immunodeplete MP1 and measure the reaction
of the immunodepleted sample with Leu-enkephalin (YG-
GFL). As the Y—G bond is the only cleavage in Leu-
enkephalin, it is clear that elimination of MP1 by immun-
odepletion effectively eliminated the N-terminal cleavage
activity toward Leu-enkephalin (Figure 3).

Since MP1 can cleave a peptide at multiple sites and
secondary cleavages were demonstrated, we focused on
the initial cleavage sites and some notable secondary
cleavages as shown in Table 2. Examination of the
residues at the P1” and P1 sites (based on the nomenclature
of Schechter and Berger (29)) did not reveal a clear pattern
of cleavage preference for a particular residue. However,
two cleavage patterns were observed. The first became
apparent when the cleavage sites were aligned. Here we
note that many, but not all, of the cleavage sites occur
two to five residues C-terminal to an arginine residue,
Table 3. This resembles the cleavage preference of
mitochondrial processing protease (MPP). Another cleav-
age preference is seen at the amino side of Phe when it is
located within three to five residues to the C-terminus.
Examples in Table 2 are angiotensin I, ANP, bradykinin,
porcine leumorphin, and S-endorphin (fragment ¢ conver-
sion to fragment e, Figure 2).

Since one of the cleavage patterns of MP1 resembles that
of the mitochondrial processing protease, we determined
whether or not MP1 is able to actually process a mitochon-
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Table 3: MP1 Cleavage Patterns

Table 4: Effect on Metal Ions on hMP1

MP1 Cleavage Motifs Mimic That of Mitochondrial Processing

Proteases

peptide cleavage alignment motif
angiotensin I DRVYYIHPFHL R-3
ANP RRSSCFGGRMDYRIGAQSGLGCNSFRY R-3
bradykinin RPPGYFSPFR R-4
dynorphin A YGGFLRRIRPYKLKWDNQ R-2,R-4, orR-5
dynorphin B YGGFLRRQF'KVVT R-3 or R-4
dynorphin B YGGFLRRQFKYVVT R-4 orR-5
GRF ..QLSARKLLQDIMSRQQGESNQE R-3
GRF IFTNSYRKVLGYQLS R-5

Primary Cleavage Sites That Did Not Contain an R-2 to R-5 Motif

peptide cleavage site
calcitionin CNSYFRY
calcitonin STC'MLG
ANP MLGYTYT
Leu-enkephalin YYGGFL
pB-amyloid 1—40 VFFYA
f-endorphin KNAYIIK

drial precursor protein. We tested radiolabeled in vitro
translated full-length CS, which contains the presequence
MALLTAAARLFGAKNASCLVLAARHAS as a substrate.
In the presence of 0.2 ug of yMPP, full-length CS is
processed to its mature form within a 2 h incubation period,
Figure 4. However, MP1 did not generate mature CS even
with a five times higher amount of enzyme (1 xg) and longer
incubation time (4 h), suggesting it does not behave as a
protein processing enzyme but rather a true peptidase
cleaving peptides, not proteins.

To determine whether MP1 could be involved in the
clearance of presequence peptides we synthesized the CS
presequence peptide and tested it as a substrate for MP1.
As shown in Figure 5a, MP1 can in fact cleave the
presequence peptide. We determined the kinetic parameters
for this 27-amino acid peptide and observed a K, of 0.17
UM, a k.o of 1.1 min~', and a k.,/K,, of 6.7 x 10° M min~".
The cleavage sites were also determined using mass spec-
trometry to detect peptide fragments generated by MPI
cleavage (Figure 5b). Only the initial cleavage sites are
shown in this figure. In each case both the N- and the
C-terminal complementary fragments were identified, show-
ing that MP1 cleaves primarily at sites in the middle of the
peptide.

Effects of Metal Ions. AtPreP, the plant homologue of
MP1, requires Mg?* or Ca*" for full activity. We thus
examined the effect of metal ions on MP1 activity. As shown
in Table 4, the enzyme is inhibited by nickel and zinc and
slightly activated by manganese, which parallels the effect
observed with nardilysin (39). Other metals were without
effect.

MP1 - - - + +
MPP - + - ~ -
Time (h) 2 2 4 2 4

P s sm— - — —
m

FIGURE 4: Pre-CS is processed by yMPP but not by MP1. The
mitochondrial precursor form of CS was generated by in vitro
translation in the presence of **S Met/Cys. From this translation
mixture 1 uL. was incubated with MP1 (1 ug) or yMPP (0.2 ug)
and then analyzed by SDS-PAGE. P = precursor form; M =
mitochondrial processed form.

salt % activity remaining®

CaCl,, | mM 98+0

KCl, 2 mM 7719
MgCl,, 1 mM 102 +£0.9
MnCl,, 1 mM 143 £6.5
NaCl, 2 mM 83+0

NiCl,, | mM 18 +£2.8
ZnCly, 1 mM 0

“MP1 was diluted in 20 mM Tris-HCI at pH 7.5 in the presence of
metal salts at the concentration indicated. MP1 activity was assayed in
duplicate with 2.7 uM Abz-YGGLRRGQ-EDDnp as substrate under the
same conditions. Experiments were conducted in duplicates, and average
values are presented with the range given.

Subcellular Localization. To determine the subcellular
localization of MP1, we employed two approaches, namely,
differential centrifugation and immunocytochemistry in a
neuronal NT2 cell line and in a non-neuronal HepG2 cell
line. Differential centrifugation showed that MP1 is enriched
in the pellet derived from centrifugation at 3000g (P2
fraction) and cosediments with mMDH (Figure 6). Although
not shown, fractionation of HepG2 cells produced the same
result. Sonication of the P2 fraction released the enzyme
demonstrating that MP1 is in the soluble fraction of the
mitochondrion in HepG2 cells. MP1 was also shown to
colocalize with the soluble mitochondrial protein mMDH by
immunocytochemistry (Figure 7).

The first 15 amino acids of MP1 contain basic and
hydrophobic residues organized in groups when this sequence
is analyzed on a helical wheel, suggesting this region might
contain a mitochondrial targeting signal. To determine
whether or not this presequence actually contains a functional
mitochondrial-targeting signal, a truncation mutant MP1A15
was constructed. Additionally, as a 22- (30) or 29-amino acid
(31), long presquences are predicted to be cleaved during
the translocation process; we also constructed another 38-
residue truncation mutant (MP1A38) to ensure that the
putative target signal is completely removed. We found that
both of these truncation mutants, when expressed in NT2 or
HepG?2 cells, are mislocalized to cytoplasmic compartments
and the nucleus. This is shown in Figure 7 for MP1A15.
Next, we generated a construct in which the N-terminal 15-
amino acid putative MP1 mitochondrial targeting sequence
(MWRCGGRRGLCVLRR-) was fused to GFP. When trans-

(a)
Min. 0 15 30 45 60 60

- o= -

(b)

y

MALLTAAARLFGAKNASCLVLAARHAS
[—— . _______=
O u |

FIGURE 5: MP1 cleaves the presequence peptide of CS. (a) The
reaction mixture contained 3.6 ug of purified MP1 and 8.6 ug of
peptide in 50 mM Tris-HCI buffer at pH 7.5. The molar ratio of
enzyme to peptide was 1:100. Aliquots were removed at the times
indicated and analyzed on a 10—20% Tricine gel stained with
Coomassie blue. The last lane to the right shows a peptide-alone
control. (b) Cleavage sites were determined by detecting peptide
fragments in the reaction mixture by mass spectrometry. Secondary
structure was predicted with the Prof Prediction program (www.
proteinpredict.org). Helical structures are showed in red and random
coil in green.
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FIGURE 6: Subcellular localization of MP1. NT2 cells were
fractionated by differential centrifugation as described in
Experimental Procedures. (a) A 30 ug portion of protein from
each subcellular fraction was analyzed by Western blotting. The
antibodies used are shown at the right column of the blots. (b)
The intensities of the bands representing the fluorescence signal
of each antibody were calculated from the data in part a and
expressed relative to the total fluorescence for each antibody.

fected into NT2 or HepG2 cells this construct produced
mitochondrial GFP, Figure 8.

DISCUSSION

In this study we have examined the properties of mam-
malian pitrilysin MP1 in terms of its intracellular targeting
and its substrate specificity. Although other metallopeptidases
of the inverzincin family localize to both the cytosol and
the mitochondria (i.e., insulysin (32) and neurolysin (33)),
we demonstrate here that MP1 is primarily, if not exclusively,
a mitochondrial protein with its mitochondrial targeting signal
sequence located within a 15-residue presequence (MWRCG-
GRRGLCVLRR). Removal of this presequence mislocalizes
MP1 in cells, while this sequence is sufficient to target a
nonmitochondrial protein (GFP) into mitochondria. It is
generally accepted that mitochondrial presequences are
amphipathic helices in which basic and hydrophobic residues
are localized to different sides on a helical cylinder (34),
suggesting an initial interaction with multiple proteins at the
mitochondrial membrane. In the case of the presequence of
MP1, Arg residues at positions 3, 7, and 14 can be clustered
on the same side of a helical wheel. Interestingly, MP1 exists
as two variants. The MP1 clone (accession no. BC005025)
used in the present study contains an Arg in the eighth
position. There is a more predominant variant containing Gln
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at this position due to a variation of the eighth codon CGG
(®Arg) versus CAG (%GIn). The 8Arg variant exists at a
frequency of ~20% based on 100 EST clones examined.
However, it is likely that ®Arg is not important in mitochon-
drial targeting since it faces away from the basic cluster.
The MP1 mitochondrial sequence is functionally conserved,
as mammalian MP1 is targeted to insect mitochondria.

MP1 was initially described as a metallopeptidase cleaving
the opioid peptide leumorphin, but its specificity was not
investigated. We have further characterized MP1 with a series
of opioid and other bioactive peptides that have been studied
as substrates for other metallopeptidases. MP1 generally
exhibits a preference for peptides of 13 or more amino acids
in terms of lower K, values, while k., values show an inverse
relationship with peptides of 13 or more amino acids
exhibiting lower k., values. Although the structure of MP1
has not been determined, it exhibits 54% sequence similarity
(30% sequence identity) to insulysin, suggesting it has a
similar structure. The long extended substrate-binding site
of insulysin, if conserved in MPI1, would account for
the lower K, values generally seen with larger peptides. At
the same time these extended interactions may contribute
to the lower k., values if product dissociation or opening of
a closed conformation were rate limiting.

There are, however, exceptions in terms of the trends
observed between substrate size and K. Most notable is
insulin with its two chains linked by disulfide bonds. It may
be too large to optimally fit into the active site of MP1.
Another exception is angiotensin I which is a 10-residue
peptide that has a lower K, and a lower k., than other
similar-sized peptides. This apparent anomaly likely reflects
a sequence that interacts favorably with the active site.

When comparing the residues at the P1 and P1” cleavage
sites of physiological peptides, the cleavage preference of
MP1 appears unique as it does not follow any known pattern
of other inverzincins. For example, insulysin prefers hydro-
phobic or basic residue at either the amino side (35) or the
carboxyl side (36) of the scissile bond. PreP, a plant
homologue of MP1, prefers P1 to be a basic residue and P1’
to be uncharged residue (/8). However, P1 can be a basic,
acidic, small, or hydrophobic residue for MP1. Two conse-
quences result from these differences. First, MP1 shares
substrates but not cleavage sites with other inverzincins. For
example, except for the T—R bond in leumorphin, there are
no overlapping cleavage sites for this substrate between
bacterial pitrilysin (37) and MP1. Second, MP1 exhibits even
broader substrate specificity than other M16 metallopepti-
dases. This is exemplified by the fact that angiotensin I and
bradykinin are not cleaved by protease III (37), insulysin
(38), or nardilysin (39) but are substrates of MP1. Addition-
ally, the ability to cleave an N-terminal Phe or Tyr residue
is unique to MP1.

It is noted that the multiple cleavage sites for MP1 within
the CS presequence peptide are clustered in the middle of
the peptide. Structural analysis predicts that this central
region is an unstructured one, flanked by two helical structure
regions of the peptide. Thus, in this case the open acces-
sibility of this central region could contribute as a cleavage
site determinant.

Solely on the basis of its mitochondrial localization, MP1
has been postulated to be a peptidase that clears free
presequences inside the mitochondria (20). We have provided
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mMDH/Texas red Anti-Flag/FITC Merge

NT2
wtMP1-Flag

NT2
Truncated
MP1-Flag
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wt
MP1-Flag

HepG2
Truncated
MP1-Flag

FIGURE 7: Subcellular localization of MP1 in NT2 and HepG2 cells. NT2 or HepG2 were transfected with either a full-length Flag tagged
MP1 (wtMP1-Flag) or an N-terminal truncated MP1-Flag. After a 24 h culture, cells were fixed and probed with rabbit anti-mMDH and

mouse anti-Flag (see Experimental Procedures).

mMDH/Texas Red GFP Merge

NT2
+
PEGFP vector

NT2
+
pEGFP-N15

HepG2
+
PEGFP vector

HepG2
+
pEGFP-N15

FIGURE 8: N-terminal sequence of MP1 targets GFP to mitochondria. NT2 and HepG2 cells were transfected with a GFP expression vector
to which a 15-residue N-terminal MP1 is fused (pEGFP-N15). Cells were incubated for 24 h and then stained and imaged as described in
Experimental Procedures.
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in vitro evidence that MP1 can in fact degrade a mitochon-
drial presequence peptide, that of mammalian CS. The
cleavage of the CS presequence exhibited similar kinetics
to other peptides examined, indicating that MP1 is indeed a
potential candidate for such a function. If in fact MP1
functions to hydrolyze released mitochondrial presequence
peptides, then its broad substrate specificity may serve this
function well, as mitochondrial presequence peptides are
rather diverse in their sequences. In the yeast intermembrane
space, a metallopeptidase MoP112 (40) belonging to the M16
pitrilysin family has recently been shown to cleave peptides
along with another metallopeptidase saccharolysin (PRD1).
Presequence peptides were detected in the double mutant
Amopl12Aprdl but not found in wild type yeast. Interest-
ingly, although fewer presequences were detected in mutants
of either Amopl12 or Aprdl, the identity of these peptides
differed, indicating that these two enzymes have overlapping
but not identical specificity. It is tempting to speculate that
MP1 may serve a similar function as MoP112 or PRD1 in
mammalian mitochondria.

On the basis of the ability of MP1 to degrade a number
of physiological peptides, it is also likely that the enzyme
may degrade other peptides in the mitochondria. Besides
presequence peptides, mitochondrial peptides are derived
from the degradation of misfolded proteins by adenosine
triphosphate (ATP)-dependent proteases in the inner mito-
chondrial membrane (47). These peptides are subsequently
either degraded by oligopeptidases or exported out of the
mitochondria.
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