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In the present study, soluble, functionally-active, recombinant human mitochondrial intermediate pep-
tidase (hMIP), a mitochondrial metalloendoprotease, was expressed in a prokaryotic system. The hMIP
fusion protein, with a poly-His-tag (6� His), was obtained by cloning the coding region of hMIP cDNA into
the pET-28a expression vector, which was then used to transform Escherichia coli BL21 (DE3) pLysS. After
isolation and purification of the fusion protein by affinity chromatography using Ni–Sepharose resin, the
protein was purified further using ion exchange chromatography with a Hi-trap resource Q column. The
recombinant hMIP was characterized by Western blotting using three distinct antibodies, circular dichro-
ism, and enzymatic assays that used the first FRET substrates developed for MIP and a series of protease
inhibitors. The successful expression of enzymatically-active hMIP in addition to the FRET substrates will
contribute greatly to the determination of substrate specificity of this protease and to the development of
specific inhibitors that are essential for a better understanding of the role of this protease in mitochon-
drial functioning.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Despite mitochondria having its own genome, most of the mito-
chondrial proteins are synthesized outside this organelle under the
direction of the nuclear DNA [1]. Several proteins that are targeted
to the mitochondrial matrix, inter-membrane space or internal
membrane are synthesized as precursor proteins that have an ex-
tended N-terminus that is removed by specific peptidases present
in this organelle [2]. The mitochondrial processing peptidase (MPP;
EC 3.4.24.64) is the major enzyme responsible for the processing of
the proteins that have been addressed to the inner membrane, in-
ter-membrane space or mitochondrial matrix. Most of proteins ad-
dressed to the mitochondrial matrix and inner membrane require
only the action of the MPP. In the mitochondrial matrix some pro-
teins also require a second, sequential cleavage after the action of
the MPP, and this has been attributed to the mitochondrial inter-
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mediate peptidase (MIP; EC 3.4.24.59) that removes eight residues
from the newly-generated N-terminus [3–6].

MIP was identified in rats (rMIP) [5,7], humans (hMIP) [8], Sac-
charomyces cerevisiae (yMIP) [9] and Schizophillum commune (sMIP)
[10]. In all cases, it was found as a soluble monomer of about
75 kDa with the canonical zinc ion ligand motif, HEXXH. Site-point
mutation studies confirmed the functionality of this metallopro-
tease motif [11]. MIP is encoded by a nuclear gene, and thus needs
to be transported to the mitochondria. It also presents a signal se-
quence (of 33, 35 and 37 residues for rMIP, hMIP and yMIP, respec-
tively) that is cleaved by MPP. MIP is expressed predominately in
tissues that consume oxygen at a high rate, i.e., in heart and skel-
etal muscle, and in several regions of the brain [12].

In the present work, we describe the expression of hMIP in fu-
sion with a hexahistidine tag in Escherichia coli. The expression
and purification conditions were optimized, and the final yield of
homogeneous active hMIP was �1 mg/L. The advantages and dis-
advantages of this new method for MIP expression are discussed
herein. The protein was structurally characterized by its immuno-
reactivity with three different antibodies, by fluorescence and cir-
cular dichroism analysis. The effects of different protease inhibitors
and DTT on hMIP enzymatic activity were also investigated. For
these activity assays a new strategy to measure the MIP activity
using FRET substrates was developed and it is also described.

http://dx.doi.org/10.1016/j.bbrc.2009.11.014
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Material and methods

Construction of the expression vector

The hMIP cDNA fragment (�2000 bp) was amplified by PCR
from the clone, ID 4053687 from the Mammalian Gene Collection
(MGC) (Invitrogen). The primers 50GCTAGCGTGGGCGCCGCCTT
CAAT30 and 50TGCGGCCGCTTATTCAGAATCCATGAG30 were used
for in-frame cloning with a poly-histidine tag at the N-terminus,
and the primers 50GCTAGCGTGGGCGCCGCCTTCAAT30 and 50CCC
GGGTTATTCAGAATCCATGAGGAAAGTTTCGAAGTCCAG30 were used
to prepare the construct with a poly-His-tag at both the N- and
C-termini. The PCR amplification was carried denaturing the tem-
plate at 95 �C for 2 min, followed by 35 cycles of amplification
(95 �C for 30 s, 60 �C for 1 min and 72 �C for 2.5 min), with a final
reaction at 72 �C for 5 min. The PCR product obtained was sub-
cloned into the T/A vector pTZ57-R/T (InsTAcloneTM PCR Cloning
Kit – Fermentas), and the recombinant colonies were selected by
PCR amplification using the specific primers described above.
Plasmid DNA from the positive clones was purified and double-di-
gested with NheI and NotI restriction enzymes to construct the
version with the poly-histidine tag at the N-terminus. The DNA
was double-digested with NheI and SmaI to construct the version
with the poly-histidine tag at the N- and C-termini. The expression
vector pET-28 (Novagen, USA) was also digested using the same
enzymes. Then, the purified (Wizard SV Gel and PCR Clean UP Sys-
tem (Promega)) double-digested expression vectors (140 fmol) and
the cDNA inserts coding for hMIP (40 fmol) were incubated with 3
units of T4 DNA ligase (Promega) for 12 h at 20 �C. This ligation
mixture containing the pET-28–MIP construct was used to trans-
form chemically-competent E. coli DH5-alpha, which were then
plated on solid LB medium containing 50 lg/mL kanamycin. The
correct placing of the cDNA insert coding for hMIP in the reading
frame of the expression vector was confirmed by sequencing
amplification products from the colony PCR reactions using an
ABI Prism 310 Genetic Analyzer and Dynamic Sequencing reagents
(Applied Biosystems).

Expression of recombinant hMIP

E. coli BL21 (DE3) pLysS (Novagen) was used as the host for
the expression of the hMIP gene. Chemically-competent E. coli
BL21(DE3) cells were transformed with the expression construct.
The transformed E. coli cells were incubated overnight at 30 �C in
10 mL of Luria-broth (LB) medium containing kanamycin (50 lg/
mL) and chloramphenicol (50 lg/mL) under agitation at 150 rpm.
These cells were then transferred to 1 L of fresh LB medium at
30 �C and 150 rpm, until the culture density reached an OD550

of 0.4. The temperature was then reduced to 20 �C until the cul-
ture density reached an OD550 of 0.6–0.7. At this point, isopropyl
b-D-1-thiogalactopyranoside (IPTG) was added to a final concen-
tration of 0.1 mM, and the culture was incubated at 20 �C for 14–
16 h. Then, the bacterial cells were harvested by centrifugation at
5000 rpm, for 10 min, at 4 �C. The pellet was stored at �70 �C.
Purification of the recombinant hMIP

Cell lysis. The pellet was resuspended in 20 mL of binding buffer
(50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, pH 8.0), and
lysozyme was added to a final concentration of 1 mg/mL. The sus-
pension was then incubated on ice for 30 min. RNase and DNase (to
a final concentration of 5 lg/mL each), and 2 mL of 0.2% Triton
X-100, were then added. After incubation, the solution was then
centrifuged at 15,000 rpm for 20 min, and the supernatant was
recovered.
The first purification step– Ni–Sepharose high performance desalt-
ing prep. The supernatant was loaded into a Ni–Sepharose high per-
formance chromatography column (GE Healthcare) that had been
equilibrated with binding buffer at a flow rate of 0.5 mL/min. The
column was washed with 5 mL of binding buffer, and the recombi-
nant hMIP was eluted using a segmented step elution with differ-
ent concentrations of imidazole (50, 100 and 150 mM) in binding
buffer (20 mM NaH2PO4 pH 8.0, 500 mM NaCl). The column was
then washed with 500 mM of imidazole, and each step was
performed using 5 mL of elution buffer. The recombinant protein
eluted between 100 and 150 mM imidazole. These fractions,
�8–10 mL each, were collected and loaded onto a desalting prep
column (GE Healthcare) for desalinization, and the fractions con-
taining hMIP were recovered.

The second purification step – resource Q Sepharose. The fractions
containing hMIP were loaded into a resource Q column (1 mL) that
had been equilibrated with TB buffer (50 mM Tris, pH 7.4) at flow
rate of 1.0 mL/min. The column was then washed with 6 mL of TB
buffer. The recombinant hMIP was eluted using 40 mL of a linear
gradient with TBS buffer (50 mM Tris–HCl, pH 7.4, 500 mM NaCl).
Recombinant hMIP eluted between 80 and 200 mM NaCl. These
fractions were collected and aliquots were analyzed using SDS/
PAGE. The fractions containing pure, recombinant hMIP were con-
centrated using an Amicon filtration unit (Millipore Corp.),
equipped with a 50 kDa exclusion membrane, and the recovered
protein was stored in TBS buffer at �70 �C.

Circular dichroism (CD)

Far-UV CD spectra were recorded on a Jasco J-810 spectropolar-
imeter. The spectrometer conditions typically included a sensitiv-
ity of 100 mdeg, a resolution of 0.5 nm, a response time of 4 s, a
scan rate of 20 nm/min, and 4 accumulations at 37 �C.

Western blotting

The protein samples that had been separated by SDS/PAGE elec-
trophoresis (10%) were eletro-transferred to a nitrocellulose mem-
brane. The nitrocellulose membrane was incubated with the
primary antibody solutions for �12 h at 20 �C. The primary anti-
bodies used here were raised against full-length hMIP (Protein-
Tech.), against the hMIP N-terminal synthetic peptide (Abgent),
and against the poly-histidine tag (Invitrogen). Then, the mem-
brane was incubated with the peroxidase-conjugated anti-rabbit
IgG secondary antibody (diluted 1:1000) for 1 h at 20 �C. Finally,
the membrane was developed using a peroxidase substrate, 4-
chloro-1 naphthol (Sigma).

Peptide synthesis

Highly sensitive FRET peptides were synthesized by solid-phase
procedures, as described elsewhere [13].

Enzymatic activity assay

Recombinant hMIP was assayed by incubating the synthetic
peptide with the sequence of bradykinin (50 lM (Sigma)) with
11 nM of hMIP in TBS buffer (50 mM Tris, pH 7.4, 100 mM NaCl)
at 37 �C. The final volume was 2 mL. Each hour, 250-lL aliquots
were collected, for 8 h, and the reactions were stopped by adding
4 lL 1 M HCl. The reactions were monitored using analytical high
performance liquid chromatography (HPLC).

Hydrolysis of the FRET peptides Abz-RPPGFSPFRQ-EDDnp and
Abz-GFSPFRQ-EDDnp also used as substrates for hMIP was moni-
tored spectrofluorometrically in a Shimadzu RF-5301PC spectroflu-
orometer with excitation and emission wavelengths of 320 and
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420 nm, respectively. The rate of increase in fluorescence was con-
verted into moles of substrate hydrolyzed per second based on the
fluorescence curves of standard peptide solutions before and after
total enzymatic hydrolysis. The enzyme concentration for initial
rate determinations was chosen so that <10% of the substrate
was hydrolyzed. The activity was measured in the absence or in
the presence of the assayed inhibitors and DTT.

Determination of peptide cleavage sites

The peptide bonds that were cleaved were identified by using
mass spectrometry (LCMS-2010 EV Shimadzu, Tokyo, Japan) and/
or peptide sequencing using a PPSQ-23 protein sequencer (Shima-
dzu, Tokyo, Japan).

Mass spectrometric analysis of hMIP

The molecular mass of the recombinant hMIP was determined
using the positive ionization mode in MALDI-TOF mass spectrom-
etry (Microflex LT, Bruker), using alpha-cyano-4-hydroxycinnamic
acid as the matrix.

Results and discussion

Construction of the expression vector

The recombinant MIP that was obtained had a hexahistidine tag
at its N-terminus in the place of the residues that correspond to the
mitochondrial signal sequence. However, the histidine tag at the
N-terminus did not alter the enzymatic activity of the recombinant
MIP, as removal of the tag by thrombin did not affect the enzymatic
activity (data not shown). Therefore, we used the fusion form of
the hMIP with the His-tag in this work. We also tried another con-
struct, taking advantage of the different reading frame of the vector
(pET-28b). This allowed the expression of an active form of hMIP
that had the histidine tag at both extremities, i.e., the N- and C-ter-
mini, and this hMIP fusion showed the same kinetic profile for the
peptide substrates that we tested (data not shown). Considering
that MIP has the same overall folding of its homologous the thimet
oligopeptidase (EC 3.4.24.15; TOP) and neurolysin (EC 3.4.24.16;
NEL) these observations are supported by the positions of the N-
and C-termini in the 3D structures of these peptidases [14,15].
However, unlike TOP and NEL, MIP can act on large proteins [4–
6]. This is very intriguing, as it is believed that the folding of TOP
and NEL prevents the hydrolysis of large substrates by these pep-
tidases. This is because their active sites reside at the end of a
‘‘deep channel” [14,15]. It is not known to what extent the struc-
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Fig. 1. Recombinant hMIP purification. (A) SDS/PAGE analysis of the aliquots taken from
affinity chromatography using Ni–Sepharose high performance as showed in (B). Lanes 2
(C). (B) Affinity chromatography using Ni–Sepharose high performance. (C) Ion exchang
ture of MIP is different from TOP and NEL, since the 3D structure
of MIP has not been determined to date.

Expression and purification of recombinant hMIP

The average yield of purified protein obtained using the hMIP
expression protocol described in the Materials and Methods sec-
tion, was approximately 1 mg per liter of culture medium. The
tight controlled temperature during the expression induction step
as the IPTG concentration that must be lower than 0.1 mM are crit-
ical for a successful protein expression and thus to the final yield.
Fig. 1 shows the results of the SDS/PAGE analysis (Fig. 1A) of the
two purification steps used and the respective chromatograms
(Fig. 2B and C). As assessed by SDS/PAGE, the purification protocol
yielded an apparently homogenous protein sample (purity >95%).
We also tested gel filtration using Sephadex 75 or 200 resin (data
not shown) after the affinity chromatography step, instead of an io-
nic exchange step. However, the best results were obtained using
the resource Q column (Fig. 1C).

There is a previous description of a methodology for MIP pro-
duction that consists in the purification of the protein from mito-
chondria of transformed S. cerevisiae, which resulted in the
expression of MIP fused with a myc-tag sequence at its C-terminus
[10,11]. The protein was purified from the mitochondrial isolated
fractions because the extended N-terminus signal sequence directs
the MIP-myc to mitochondria where this protein is then processed
by MPP. The myc-tag facilitates the purification in a column with
immobilized anti-myc. Therefore, this methodology can also be
successfully applied for hMIP production. However, the alternative
strategy described in the present work is easier and has the conve-
nient advantages of a bacterial expression over a yeast expression
in a laboratory scale. For an enzyme like hMIP some additional
advantages can be pointed, for instance, when mutants or some
other modifications such as the addition of different tags is aimed.
As well known, for each desired modification new transformation/
selection processes are required, and these critical steps are highly
time-consuming processes in yeast systems, on the other hand
they are simple and effortless in bacteria.

The primary structure and immunochemical characterization of hMIP

To confirm the molecular mass of the obtained recombinant
hMIP, the molecular weight was determined using SDS–PAGE
and MALDI-TOF mass spectrometry. The mass spectrometry indi-
cated a main peak of 78,644 Da, in agreement with the theoretical
size for the deduced amino acid sequence (78,750 Da), considering
the error of the technique using the external calibration. Moreover,
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Fig. 2. Western blotting assays for hMIP. (A) Assay with the antibody against the poly-histidine tag. (B) Assay using the antibody against full-length hMIP. (C) Assay using the
antibody against the hMIP N-terminal synthetic peptide.
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in the Western blotting experiments hMIP was recognized by three
different antibodies, i.e., the polyclonal anti-hexahistidine tag anti-
body (Fig. 2A), the polyclonal anti-MIP raised against GST-MIP
(Fig. 2B), and the polyclonal anti-MIP raised against the hMIP N-
terminal synthetic peptide (Fig. 2C).

Structural characterization

The tertiary and secondary structures of the obtained recombi-
nant hMIP were analyzed using fluorescence and far-UV CD.

The blue shifted maximum intensity of the hMIP intrinsic fluo-
rescence emission spectrum at 331 nm (Fig. 3A), indicated that
most likely, the Trp residues of the analyzed protein are predomi-
nantly in hydrophobic environments. This could be further
confirmed, denaturing the protein at 50 �C, when the Trp residues
were exposed to the polar environment of the solvent (water) its
intrinsic fluorescence decreased with the incubation time at this
elevated temperature (Fig. 3B). What is characteristic of correctly
folded globular proteins.

The CD spectrum of the recombinant hMIP is shown in Fig. 3C.
hMIP form 3 different batches were analyzed and the spectra from
both of these samples were very similar. The content of secondary
structure was estimated by deconvoluting the spectra of hMIP:
a-helix 11.1 ± 0.6%; antiparallel b-sheet 31.7 ± 1.4%; parallel
b-sheet 5.7 ± 0.1%; b-turn 18.5 ± 0.2%; random coil 35.1 ± 0.1%.
These results are consistent with those expected from correctly
folded proteins. The spectrum of an unfolded protein presents an
intense characteristic negative band at �200 nm, not observed in
the hMIP far-UV CD spectra as shown in Fig. 3C, what result in
higher percentages of random structures [16] than that verified
here for the recombinant hMIP. The correct folding of the protein
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Fig. 3. (A) Fluorescence emission spectrum of hMIP (kEX = 280 nm), showing a maximu
incubated at 50 �C, evaluated using fluorescence emission measurements (kEX = 280 nm;
decay equation (two phases). UAF, arbitrary unit of fluorescence. (C) The CD spectrum o
is also supported by the fact that the specific activities from both
batches were highly similar.

Characterization of the enzymatic activity

MIP removes eight N-terminal residues from imported mito-
chondrial protein precursors [3–5]. The ornithine transcarbamoyl-
ase intermediate (M-iOTC) has been used as a substrate for MIP
activity assays [11]. However, for this work, we took advantage
of a previous observation that MIP can also hydrolyze the nonapep-
tide, bradykinin (RPPGFSPFR) [17]. Although probably this peptide
is not a natural substrate for MIP, measuring the hydrolysis of bra-
dykinin-like synthetic peptides is clearly a simpler and easier
method to evaluate the peptidase activity of hMIP. In addition, bra-
dykinin and its respective synthetic peptide analogues have been
used to characterize the two most studied peptidases from the
MIP family (M3 of the metallopeptidases), i.e., the TOP and NEL
[18–21]. Therefore, two of these bradykinin-derived FRET peptides,
Abz-RPPGFSPFRQ-EDDnp and Abz-GFSPFRQ-EDDnp, were assayed
with hMIP as substrates. The groups Abz–EDDnp represent the do-
nor–acceptor fluorescence pair where Abz is ortho-aminobenzoic
acid and EDDnp is N-(2,4-dinitrophenyl) ethylenediamine.

Recombinant hMIP hydrolyzed bradykinin at the . . .F;S. . . pep-
tide bond, which is the same cleavage site that has been previously
described [17]. The other peptidases from MIP family, i.e., TOP and
NEL, also cleave bradykinin at the same site (RPPGF;SPFR) [18,19].
Interestingly, recombinant hMIP hydrolyzed both bradykinin FRET
derived substrates, Abz-RPPGFSPFRQ-EDDnp and Abz-GFSPFRQ-
EDDnp at the . . .F–S. . . bond, differently to TOP and NEL that cleave
the FRET substrates at . . .P–F. . . Table 1 shows the cleavage sites at
bradykinin and the FRET derived peptides by MIP, TOP and NEL.
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Table 1
The cleavage sites at bradykinin, Abz-RPPGFSPFRQ-EDDnp and Abz-GFSPFRQ-EDDnp
by TOP, NEL and hMIP. The cleaved sites are indicated by ;.

(Bradykinin)
RPPGFSPFR

Abz-RPPGFSPFRQ-
EDDnp

Abz-GFSPFRQ-
EDDnp

hMIP RPPGF;SPFR Abz-RPPGF;SPFRQ-
EDDnp

Abz-GF;SPFRQ-
EDDnp

TOP RPPGF;SPFR Abz-RPPGFSP;FRQ-
EDDnp

Abz-GFSP;FRQ-
EDDnp

NEL RPPGF;SPFR Abz-RPPGFSP;FRQ-
EDDnp

Abz-GFSP;FRQ-
EDDnp

Table 3
Inhibition constants for hMIP by JA-2, captopril and thiorphan. The Ki values for the
correspondent specific metalopeptidase target of each inhibitor were also shown for
comparison.

Inhibitor Ki (lM)

MIP Inhibitor enzyme target

JA-2 7.7 aTOP – 0.045
aNEL – 0.534

Captopril 57 bACE – 0.046
Thiorphan 1.5 cNEP – 0.01

Ki values afrom Ref. [21], bfrom Ref. [24] and cfrom Ref. [25].
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Using the Abz-GFSPFRQ-EDDnp the enzymatic activity of re-
combinant hMIP was measured in the presence of DTT (Fig. 4)
and various protease inhibitors (Table 2).

The effect of different DTT concentrations on hMIP activity is a
distinguish feature of this peptidase as well as of TOP [22,23]. Fig. 4
shows the kcat/KM ratio of hydrolysis of Abz-GFSPFRQ-EDDnp by
hMIP determined in the presence of increasing DTT concentrations.
At low concentrations (<100 lM) DTT activates hMIP but at higher
concentrations DTT inhibits the enzyme activity. The kinetic
parameters for the hydrolysis of Abz-GFSPFRQ-EDDnp by hMIP
were determined in the presence of the optimum DTT concentra-
tion observed (100 lM): KM = 1.0 lM; kcat = 0.04 s�1; kcat/KM =
40 mM�1 s�1. In addition to the different cleavage site hMIP hydro-
lyzed this substrate with an efficiency 12.5-fold lower than NEL
and 65-fold lower than TOP [19]. But, despite this relatively low
susceptibility of this FRET substrate by hMIP, future developments
may lead to improved FRET substrates, for instance, based on pre-
dicted MIP cleavage regions of mitochondrial protein precursors.

The hMIP was inhibited totally by ortho-phenanthroline
(10 mM), 90% inhibited by EDTA (10 mM), and inhibited signifi-
cantly by bestatin (10 lM). A small effect was observed with PMSF,
and no inhibition was detected with E-64 (Table 2). As expected, this
inhibition profile is highly consistent with a metallopeptidase such
as hMIP. JA-2 (a TOP inhibitor) [21], captopril (an angiotensin-con-
verting enzyme inhibitor) [24] or thiorphan (a neprilysin inhibitor)
[25] presented lower affinities by hMIP in comparison with the
respective target enzymes of these inhibitors (Table 3). These results
are of special interest because these compounds are potent metallo-
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Table 2
The effect of inhibitors on the hydrolytic activity of recombinant hMIP.

Inhibitor (concentration) Relative hydrolysis rate (%)

Control with no inhibitor 100
E-64 (10 lM) 100
EDTA (10 mM) 10
Bestatin (10 lM) 58
PMSF (1 mM) 84
ortho-Phenanthroline (10 mM) 0
peptidase inhibitors that are used widely to measure TOP, ACE
(angiotensin-converting enzyme) or NEP (neprilysin) enzymatic
activity in cells and/or tissue samples, and also for in vivo treatments.

Conclusions

Taken together, the data presented here demonstrate the
expression of recombinant hMIP in E. coli. The purified recombi-
nant enzyme was active and properly folded.

The activity assay with the bradykinin-derived FRET substrates
described herein is the first description of a continuous method for
MIP activity measurement [18,19]. FRET substrates are useful tools
to evaluate the substrate specificity of MIP, an important step for
the development of specific inhibitors, given that it has been pro-
posed that the inhibition of MIP could attenuate some complica-
tions of Friedreich ataxia a neurodegenerative disease [17].

MIP is a good target for structural studies because its 3D struc-
ture has not been determined to date. Therefore, the expression
strategy employed here can contribute to further biochemical
and structural studies of this protease.
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