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Abstract
Characterization of the matrix metalloproteinase-2 (MMP-2) substrates and understanding of its
function remain difficult because up to date preparations containing minor amounts of other
eukaryotic proteins that are co-purified with MMP-2 are still used. In this work, the expression of
a soluble and functional full-length recombinant human MMP-2 (rhMMP-2) in the cytoplasm of
Escherichia coli is reported, and the purification of this metalloproteinase is described. Culture of
this bacterium at 18 °C culminated in maintenance of the soluble and functional rhMMP-2 in the
soluble fraction of the E. coli lysate and its purification by affinity with gelatin-sepharose yielded
approximately 0.12 mg/L of medium. Western Blotting and zymographic analysis revealed that
the most abundant form was the 72-kDa MMP-2, but some gelatinolytic bands corresponding to
proteins with lower molecular weight were also detected. The obtained rhMMP-2 was
demonstrated to be functional in a gelatinolytic fluorimetric assay, suggesting that the purified
rhMMP-2 was correctly folded. The method described here involves fewer steps, is less
expensive, and is less prone to contamination with other proteinases and MMP inhibitors as
compared to expression of rhMMP-2 in eukaryotic tissue culture. This protocol will facilitate the
use of the full-length rhMMP-2 expressed in bacteria and will certainly help researchers to acquire
new knowledge about the substrates and biological activities of this important proteinase.
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1. Introduction
Matrix metalloproteinases (MMPs) are a family of zinc-dependent endopeptidases
commonly known for their ability to cleave components of the connective tissue in
physiological and pathological processes (Visse and Nagase, 2003). MMP-2, also known as
gelatinase A/type IV collagenase, is secreted as a zymogen of 72 kDa and becomes activated
after removal of the propeptide (Ra and Parks, 2007). This proteinase has the capacity to
degrade several extracellular matrix components such as type IV collagens as well as all
nonfibrillar collagens, laminin, fibronectin, casein, elastin, and even fibrillar collagens (Back
et al., 2010; Kwan et al., 2004; Page-McCaw et al., 2007). In recent years, it has been shown
that MMP-2 can also cleave many non-matrix endogenous molecules, playing an important
role in different biological processes such as cell-adhesion (Page-McCaw et al., 2007),
platelet aggregation (Sawicki et al., 1997), and vascular tone control by cleavage of big
endothelin-1 (Fernandez-Patron et al., 1999) and the calcitonin gene-related peptide (Ito et
al., 1998). Furthermore, MMP-2 has been detected inside cardiac myocytes, where it has
been described to cleave troponin I (Gao et al., 2003), poly-(ADP-ribose) polymerase (Kwan
et al., 2004), and titin (Ali et al., 2010). So far, a large spectrum of substrates has been
attributed to MMP-2, and an ever growing number of functional roles has been ascribed to it
(Nagase et al., 2006).

In order to study the substrate specificity of MMP-2, infer its role in physiological or
pathological processes, and characterize it from a crystallographic viewpoint, it is absolutely
necessary to have a highly purified and functional full-length (72 kDa) MMP-2, which is not
easy to obtain. Classically, MMP-2 has been purified from human plasma (Steffensen et al.,
2011) or from the conditioned medium of eukaryotic culture supernatants (Morrison et al.,
2001) by affinity chromatography. However, since in most of these systems MMP-2 forms a
tight, noncovalent complex with the tissue inhibitor of metalloproteinase-2 (TIMP-2), it is
many times co-purified with the latter molecule (Chen et al., 1991; Itoh et al., 1995). Small
amounts of other human proteinases, which co-purify (Morodomi et al., 1992) with MMP-2
are also an obstacle to substrate investigation assays when human MMP-2 purified by
affinity chromatography is employed. Some other molecules such as fibronectin also co-
purify with MMP-2 on gelatin columns (Steffensen et al., 2011). All these contaminant
proteins could lead to erroneous results in kinetic assays or mass spectrometry analyses of
enzyme fragments, especially when the aim is to identify the specific cleavage of MMP-2
substrates. Due to these limitations, the production of MMP-2 in bacteria is of great interest
and utility, since in this case this metalloprotein is free from other eukaryotic proteins.

Escherichia coli strains have been most often used for the production of recombinant
proteins that do not require post-translational modifications for bioactivity.

MMP-2 has at least two types of well characterized post-translational modifications, namely
disulfide bridges (Visse and Nagase, 2003) and phosphorylation (Sariahmetoglu et al.,
2007). Therefore, bacterial expression of this MMP is challenging, since in this case there
are several limitations regarding post-translational modifications that are made by
eukaryotic cells. Genetic engineering has enabled expression of heterologous proteins with
appropriate post-translational modifications in bacteria, which still remains as the most
powerful and versatile system for protein expression (Baneyx and Mujacic, 2004).
According to a recent review (Windsor and Steele, 2010) “numerous MMPs have been
successfully expressed and purified from E. coli. These include stromelysin-1,
stromelysin-2, stromelysin-3, matrilysin, elastase, collagenase-1, collagenase-3, neutrophil
collagenase, and membrane type-1 MMP”. However, to our knowledge, full-length MMP-2
has not yet been expressed and purified from E. coli in a standard and reproducible manner.
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Banyai et al. (1994) have expressed the three modules of the fibronectin type II of MMP-2
(FN-II) domain in E. coli. The recombinant proteins were isolated from inclusion bodies and
refolded, and were then used to test the binding affinity of these domains to gelatin.
Steffensen et al. (1995) have also expressed a 21-kDa fragment of MMP-2 consisting of
three tandem fibronectin type II-like modules in E. coli and have purified it from inclusion
bodies.

Ye et al. (1995) have expressed the catalytic domain of MMP-2 in E. coli, and the 19-kDa
protein has been purified after in vitro refolding. Morrison et al. (2001) have studied the
activation of MMP-2 involving membrane type-2 MMP and TIMP-2. While the MMP-2
hemopexin C domain (22 kDa) was expressed in E. coli, the hemopexin C domain deletion
mutant of human pro-MMP-2 as well as the recombinant membrane type-2 MMP catalytic
domain and recombinant TIMP-2 were expressed in Chinese hamster ovary cells.

Cheng et al. (2003) have expressed and purified the catalytic domain of human gelatinase A
with and without the fibronectin-like insert in the E. coli strain BL21(DE3)/pLysS. Both
proteins were functional after refolding from inclusion bodies and had molecular masses of
38 and 20 kDa, respectively. These authors showed that the absence of the fibronectin-like
domain in MMP-2 resulted in decreased digestion rates for the tested substrates.

Each of the three fibronectin type II modules found in the catalytic domain of MMP-2
displays two disulfide bonds, totalling six disulfide bonds in this domain (Visse and Nagase,
2003). When disulfide bonds are not formed properly, proteins may become mis-folded,
giving rise to accumulation of insoluble protein aggregates known as inclusion bodies
(Burgess, 2009). Proteins are normally purified from such inclusion bodies under denaturing
conditions, followed by refolding steps. However, the refolding process may not afford the
same protein structure found in mammalian cells.

Interestingly, Peisley and Gooley (2007) have reported on a method for the expression of the
isolated second type II fibronectin module from MMP-2 (FNII-2) with approximately 5 kDa
fused with a polyhistidine-tag in E. coli. The thioredoxin reductase-deficient E. coli strain
BL21trxB(DE3) was employed in this case, which allowed for formation of a disulfide
bond. In this way, the correctly folded FNII-2 was obtained from the bacterial cytoplasmic
lysate.

In this work a method has been tested in order to find out whether adequate amounts of
functional, full-length MMP-2 can be achieved from the cytoplasmic lysate of bacteria in a
reproducible way, aiming at MMP-2 purification under mild conditions.

2. Materials and methods
2.1. Subcloning of recombinant human MMP-2 (rhMMP-2)

The plasmid containing the cDNA encoding the sequence of the 72-kDa human gelatinase A
(pGelA pBSSK−) was prepared as described previously (Fridman et al., 1992). After
restriction digestion using EcoRI and SspI, the 3.1-kb fragment containing the DNA
encoding MMP-2 was subcloned into the expression vector pET5a, which furnished the
plasmid pET5a-MMP-2 (7.2 kb). The plasmid and the fragment were ligated with T4 DNA
ligase. Ligation reactions were transformed into DH5-α cells, which were made competent
by means of the CaCl2 method (Sambrook and Russell, 2001). The plasmid DNA was
isolated using a Perfect Prep Plasmid Minikit (Eppendorf). The correct sequence was
confirmed via DNA sequencing at the DNA Sequencing Facility of Departamento de
Biologia Celular e Molecular e Bioagentes Patogênicos, Faculdade de Medicina de Ribeirão
Preto, Universidade de São Paulo, Ribeirão Preto, SP, Brazil.
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2.2. Protein expression
The pET5a-MMP-2 DNA was transformed into CaCl2-competent BL21(DE3)/pLysS using
standard procedures (Sambrook et al., 1989). Single transformed colonies were picked with
a sterile loop and streaked onto Luria-Bertani (LB) agar plates containing 100 μg/mL
ampicillin and 34 μg/mL chlorolamphenicol. Isolated colonies were collected from the
streaked plates and used to inoculate 5 mL LB medium containing the same concentration of
antibiotics described above as well as 20% glucose. This procedure was undertaken at 37 °C
and under shaking at 180 rpm overnight (this media will be termed starter culture hereafter).
Five hundred microliters of the starter culture were employed for inoculation of 50 mL LB
medium with the appropriate antibiotics, and the culture was incubated at 37 °C and
submitted to shaking at 180 rpm for 2.5–3 h, until an OD600 of 0.5–0.7 was reached. After
clones with higher protein expression had been selected, the expression levels were
compared using different concentrations of isopropyl β-thiogalactopyranoside (IPTG)
ranging from 0.05 to 1 mM as well as different induction times. In order to determine the
best time to collect cells after induction, aliquots of the culture were harvested at 0, 2, 4, 8,
12, and 24 h. Cells were pelleted by centrifugation at 6000 × g for 10 min and stored at −80
°C until use. 1 mL of the supernatant was also stored and checked for the presence of
MMP-2. No MMP-2 was found in the medium. Cells were subjected to six cycles of 15-s
sonication, and an interval of 1 min was allowed between the cycles, with the cells placed on
ice. The cell lysate was clarified by centrifugation at 10,000 × g for 10 min at 4 °C, to test
whether 72-kDa MMP-2 was present in the supernatant (soluble in the bacterium cytoplasm)
or in the pellet (most likely in inclusion bodies).

To assess the approximate amount, molecular weight, and activity of recombinant MMP-2,
samples were assayed in gelatinzymograms and were also evaluated by means of
fluorimetric gelatinase activity assay.

2.3. Sample preparation (sonication and centrifugation)
Cell pellets were thawed on ice and resuspended in 3 mL buffer containing protease
inhibitors (50 mM Tris–HCl, pH 7.6, 0.15 M NaCl, 10 mM CaCl2, 0.005% Brij 35, 0.02%
NaN3, 2 mM 1,10 ortho-phenanthroline, 2 mM phenylmethanesulfonylfluoride and 2 mM
N-ethylmaleimide), termed TNCi. Lysozyme was added at a final concentration of 0.1 mg/
mL, and the mixture was incubated at 4 °C for 30 min. 1,10 ortho-phenanthroline was
omitted from the buffer used to prepare supernatants intended for fluorimetry. Cell
suspension was then subjected to sonication and centrifugation as described above. Pellets
and supernatants were harvested for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), gelatin zymography, and fluorimetric gelatinase activity
assay.

2.4. Fluorimetric gelatinase assay
The gelatinolytic activity was measured at λex 495, λem 515 nm on a microplate
spectrofluorometer (Gemini EM, Molecular Devices, Sunnyvale, CA, USA), using a
gelatinase/collagenase activity kit (E12055, Molecular Probes, Oregon, USA). To this end,
samples containing the protein at a concentration of 5 μg/mL per well were employed for
determination by the Bradford method. Bovine serum albumin was utilized as protein
standard (Sigma). Endpoint fluorescence was read after 120 min, and the results were
compared to those of a standard curve prepared as recommended by the manufacturer
(Castro et al., 2008).
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2.5. SDS-PAGE and gelatin zymography of MMP-2
For the zymography experiments, samples were diluted in sample buffer (4% SDS, 125 mM
Tris–HCl; pH 6.8, 20% glycerol, and 0.001% bromophenol blue) and submitted to
electrophoresis on a 12% SDS-PAGE gel or 12% SDS-PAGE co-polymerized with gelatin
(0.1%) as the substrate (Castro et al., 2010). SDS-PAGE gels were stained with Coomassie
Brilliant Blue G-250. Prior to staining, zymograms had been washed for 1 h at room
temperature in 2 baths of a 2% Triton X-100 solution and then incubated at 37 °C for 16 h in
Tris–HCl 50 mM, 10 mM CaCl2, pH 7.4. Gelatinolytic activities were detected as unstained
bands against the background of the Coomassie blue-stained gelatin. A prestained protein
ladder (PageRuler Plus Prestained Protein Ladder, Fermentas) was run in all the SDS-PAGE
gels. Immunoblots were prepared by transferring the proteins from the SDS-PAGE gels to
nitrocellulose membranes (Hybond ECL, Amersham Biosciences, Germany). These
membranes were blocked in low-fat powder milk, followed by incubation of the membrane
with the primary antibody at 1:1000 concentration (MAB3308, Chemicon, Temecula, CA,
USA) and secondary antibody conjugated to horseradish peroxidase (AP160P, Chemicon,
Temecula, CA, USA) at 1:2500 concentration. Membranes were developed using a
chemiluminescent substrate kit (Immobilon Western, Millipore Corp., Billerica, MA, USA).
Images were captured using the MF-ChemiBIS 1.6 system (DNR Bio-Imaging Systems,
Jerusalem, Israel).

2.6. Purification of recombinant human MMP-2 (rhMMP-2)
After determination of the best time for MMP-2 expression (18 h at 18 °C under shaking at
180 rpm), a larger volume of culture (3 L) was expressed. The cells were then harvested by
centrifugation and resuspended in 30 mL buffer. Sonication and centrifugation steps were
performed as described above. The supernatant was loaded on a Gelatin Sepharose™ 4B
(Amersham Biosciences) column pre-equilibrated with buffer. The column was washed with
2 volumes of buffer, and absorbed proteins were then eluted with the same buffer containing
5% DMSO (v/v). This method was based on the purification procedures described by
Shimokawa and Nagase (2001). The fractions were concentrated in Amicon Ultra tubes
(cutoff 50 kDa), and this procedure was also used to wash the DMSO off, via addition of
ultrapure water. The fraction containing rhMMP-2 was lyophilized for 16 h and stored at
−80 °C for further analysis. Prior to use in the different assays such as reverse zymography,
aliquots were tested for activity and molecular mass as described above.

3. Results
The expression vector that resulted from insertion of the MMP-2 cDNA into the pET vector
(pET5a-MMP-2, with 7.2 kb) is shown in Fig. 1.

After clones with higher expression were selected, the expression levels were compared by
using different concentrations of IPTG and different induction times. The best expression
was induced by 100 μM IPTG (expression was considered high when high levels of
gelatinolytic activity were detected by means of the fluorimetric gelatinase activity assay).
After induction, incubation of cells at 18 °C rendered larger amounts of functional MMP-2,
and this temperature was therefore used after induction, with shaking at 180 rpm.

Zymographic and fluorimetric assays revealed the presence of the functional full-length
(~72 kDa) MMP-2 in the supernatant of the bacterial cells after sonication. After IPTG
induction, no MMP-2 was found in the medium or in the cell pellets employed during these
assays (data not shown). No MMP-2 was found in uninduced cells (time 0, Fig. 2A and B).
Some insoluble, non-functional MMP-2 was found in the cell pellets (data not shown), but
this fraction was not further studied.
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Fig. 2 displays the results of the experiment about induction time; only the supernatants
were tested. The highest MMP-2 activity was observed after 18 and 24 h of induction in
solution (Fig. 2A) and gel (Fig. 2B), respectively. The two techniques furnished the same
results. These assays were carried out with different starting samples, at three different
times. The zymographic analysis revealed a doublet around 72 kDa, compatible with the
full-length MMP-2, as well as another lower molecular weight form. This doublet was by far
the most prominent band observed in the zymogram. Other lower molecular forms observed
are probably degradation products.

The rhMMP-2 doublet was not visible to the naked eye by ordinary SDS-PAGE before its
chromatographic purification. This is indication that it was not overexpressed as compared
to other bacterial proteins. After chromatography, one single 72-kDa MMP-2 form was
observed by Coomassie Blue staining (Fig. 3; lane 6). Western blotting further confirmed
the identity of MMP-2, and that the full-length 72 kDa was the major molecular form that
was purified. This technique also revealed the presence of MMP-2 degradation products
whose molecular weight did not coincide much with the lower molecular weight bands
observed by zymography.

After lyophilization, a final yield of approximately 0.12 mg rhMMP-2/L of LB medium was
obtained.

4. Discussion
This study provides evidence that it is feasible to express the full-length rhMMP-2 in
bacteria and purify high amounts of this protease to homogeneity under mild conditions. The
final purified MMP-2 product is mostly constituted by the 72-kDa MMP-2 form, which
displayed functional activity in different assays.

The use of genetically modified bacteria described herein was essential for attainment of the
results. Different bacterial strains were tested, and the best results regarding MMP-2 activity
were obtained when BL21(DE3)/pLysS was transformed. This strain is deficient in 2
proteases, namely lon and omp-t (Terpe, 2006), and is therefore suitable for expression of
proteins that are toxic to bacteria, which is probably the case of MMP-2. BL21(DE3)/pLysS
had been previously employed by Cheng et al. (2003), and following high expression levels,
the catalytic domain of MMP-2 had been refolded. The aim of the present study was not to
achieve MMP-2 overexpression, since high expression levels in bacteria sometimes lead to
formation of inclusion bodies, which has already been described in earlier studies. The low
level expression seems to have created adequate conditions for MMP-2 to remain soluble in
the bacterium cytoplasm. The rhMMP-2 produced in this way conserved its full length up to
the end of the purification process (using protease inhibitors and low temperature throughout
the study), and displayed activity in two activity assays. The possibility to purify MMP-2
under mild conditions in a gelatin-sepharose has many advantages over the need of refolding
it after its recovery from inclusion bodies. Firstly, the chromatographic steps are easier and
faster as compared to the refolding process. Secondly, the ability of MMP-2 to bind to
gelatin culminates in purification of functional MMP-2 molecules, since only MMP-2
molecules with adequately folded FN-II domains can bind to gelatin columns. Moreover, in
this purification process there is no need for employing a tag that would later have to be
removed by proteinases, or that could adversely affect folding of the recombinant protein.

In summary, the method described here involves fewer steps and reduced inducing time, is
less expensive, and is less prone to contamination with other proteinases and MMP
inhibitors as compared to expression of rhMMP-2 in eukaryotic tissue cultures. This
protocol will simplify the preparation of full-length rhMMP-2 from bacteria and will
facilitate studies on the gamut of biological actions of this important proteinase.
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Fig. 1.
Expression vector map showing the major restriction enzyme cleavage sites, transcription
control region, and antibiotic resistance information. After subcloning the resulting plasmid
had 7.205 bps.
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Fig. 2.
Expression of rhMMP-2 in BL21(DE3)/pLysS. Cytoplasmic supernatants were collected
after different times of induction by IPTG. The rhMMP-2 activity was detected in the
soluble fraction in neutral pH buffer after sonication of the bacterium pellet. Gelatinolytic
activity was detected by a fluorimetric assay and is expressed as mean and S.D. (A) and in a
gelatin zymogram (B). Recombinant protein expression was induced with 100 μM IPTG,
and bacteria were harvested after different induction times, as indicated. Bacteria were
grown at 18 °C and 180 rpm. RFUs: relative fluorescence units.
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Fig. 3.
Gelatin affinity purification of rhMMP-2 produced from BL21(DE3)/pLysS. The rhMMP-2
was purified on a gelatin-sepharose column as described in Section 2, samples from each
step were analyzed in a 12% SDS-PAGE gel, and proteins were stained with Coomassie
Blue. Lane 1, molecular weight markers (in kDa); lane 2, BL21(DE3)/pLysS whole pellet;
lane 3, soluble fraction after cells were sonicated; lane 4, unbound fraction; lane 5, wash
fraction; lane 6, relatively pure rhMMP-2 (72 kDa) eluted with 5% DMSO. Western blotting
(Wb) confirmed the identity of the rhMMP-2 and revealed the presence of some possible
degradation products of the full-length protein.
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