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Background:Matrix metalloproteinase-2 (MMP-2) activity is regulated by several mechanisms.
Results:We observed that Ca2� ion is essential for MMP-2 homodimerization, which in turn results in the proteolysis of small
peptide substrates and enhances thrombin-mediated activation of pro-MMP-2.
Conclusion: Pro-MMP-2 activation is modulated by MMP-2 homodimerization.
Significance: This study elucidates a novel mechanism to regulate MMP-2 activity.

Matrix metalloproteinase-2 (MMP-2) functions in diverse bio-
logicalprocesses throughthedegradationofextracellularandnon-
extracellular matrix molecules. Because of its potential for tissue
damage, there are severalways to regulateMMP-2 activity, includ-
ing gene expression, compartmentalization, zymogen activation,
and enzyme inactivation by extracellular inhibitors. Enzyme regu-
lation through zymogen activation is important for the regulation
ofMMP-2 activity. In our previous studies, we showed that throm-
bin directly cleaved the propeptide of MMP-2 at specific sites for
enzymeactivation.Wealsodemonstrated that heparan sulfatewas
required for thrombin-mediated activation of pro-MMP-2 by
bindingto thrombin,presumably throughconformationalchanges
at the active site of the enzyme. This suggests a regulatory mecha-
nism for thrombin-mediated activation of pro-MMP-2. In this
study, we found that MMP-2 formed a reduction-sensitive
homodimer inacontrolledmannerand thatCa2� ionwasessential
for homodimerization of MMP-2. Homodimerization was not
associated with protein kinase C-mediated phosphorylation of
MMP-2.MMP-2 formed a homodimer through an intermolecular
disulfide bond between Cys102 and the neighboring Cys102.
Homodimerization ofMMP-2 enhanced thrombin-mediated acti-
vation of pro-MMP-2. Moreover, the MMP-2 homodimer could
cleavea small peptide substratewithout removalof thepropeptide.
Taken together, our experimental data suggest a novel regulatory
mechanism for pro-MMP-2 activation that is modulated through
homodimerization ofMMP-2.

The matrix metalloproteinase (MMP)3 family in humans
comprises 23 zinc-dependent endopeptidases, which are

involved in many biological processes and diseases. These
enzymes act to degrade extracellular and non-extracellular
matrix molecules (1). MMP-2 is implicated in organ growth,
endometrial cycling, wound healing, bone remodeling, tumor
invasion, and metastasis (2). This enzyme functions through
the degradation of components of the basement membrane,
including type IV collagen, fibronectin, elastin, laminin, aggre-
can, and fibrillin (1, 3).
Because of its potential for tissue damage, there are several

ways to regulate MMP-2 activity, including gene expression,
compartmentalization, zymogen activation, and enzyme inac-
tivation by extracellular inhibitors (e.g. tissue inhibitors of met-
alloproteases (TIMPs)) (1). Like most MMPs, MMP-2 main-
tains a latent state via an interaction between a thiol group of a
propeptide cysteine residue and the catalytic zinc ion in the
active site (4). Disruption of this cysteine-zinc ion pairing,
through conformational changes (5) or proteolytic cleavage of
the propeptide (e.g. by plasmin, thrombin, factor Xa, protein C,
legumain, or membrane-type MMPs) (6–14), is required for
activation of the latent enzyme.
Thrombin is involved in the coagulation cascade and inmul-

tiple cellular processes, including mitogenesis of fibroblasts,
lymphocytes, mesenchymal cells, and smooth muscle cells, via
proteolytic activation of protease-activated receptors (15–18).
It also plays a role in cell migration and invasion through
MMP-2 activation (19–21).
Some controversial reports suggest the involvement ofmem-

brane-type 1MMP (MT1-MMP) in thrombin-mediated activa-
tion of pro-MMP-2 (19, 22–24). In our previous studies, we
demonstrated that thrombin directly cleaved the propeptide on
the C-terminal side of Arg98 and Arg101 with a preference for
Arg101; this was followed by intermolecular autoproteolytic
cleavage at the Asn109–Tyr peptide bond, resulting in full enzy-
matic activation (7). We further showed that heparan sulfate
was required for thrombin-mediated activation of pro-MMP-2
(25). Binding of heparan sulfate to thrombin at the cell surface is
primarily responsible for this activation process, presumably
through conformational changes at the active site of the
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enzyme (25). It is likely that the cleavage sites are protected
from thrombin, as these sites are located immediately upstream
of Cys102, which is involved in the cysteine-zinc ion pairing (4),
thus making the cleavage less feasible. In this study, we eluci-
dated the molecular mechanisms of the cleavage through the
investigation of post-translational modifications in MMP-2.

EXPERIMENTAL PROCEDURES

Reagents—Human thrombin was purchased from Haema-
tologic Technologies (Essex Junction, VT). Monoclonal anti-
bodies specific to MMP-2 (sc-13595) and rabbit polyclonal
anti-MT1-MMP antibody (sc-30074) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit poly-
clonal antibodies recognizing phosphoserine (AB1603) and
phosphothreonine (AB1607) were purchased fromMillipore
(Billerica, MA), and anti-phosphothreonine antibody (9381)
was obtained from Cell Signaling Technology, Inc. (Danvers,
MA). Anti-Myc antibody (clone 9E10) was purchased from
Invitrogen. VEGF165, basic FGF, and PDGF-BB were obtained
from ProSpec (Rehovot, Israel). EGF, phorbol 12-myristate
13-acetate (PMA), calphostin C, and thapsigargin were pur-
chased from Sigma-Aldrich. IL-1�, TNF-�, and TGF-� were
purchased from R&D Systems (Minneapolis, MN). Immobi-
lized pH gradient strips (pH 3–10) and Superdex 200 HR were
purchased from GE Healthcare, and calf intestinal alkaline
phosphatase was from New England Biolabs (Ipswich, MA).
Expression Plasmids and Site-directed Mutagenesis—Plas-

mids for expression of full-length MMP-2 or MMP-2 with
C-terminal Myc and His tags were described previously (7). To
make an expression plasmid encoding hemopexin-like domain-
deleted pro-MMP-2, site-directed mutagenesis was used to
convert Pro466 to a stop codon using a mutagenesis kit
(iNtRON Biotechnology, Kyungki-Do, Korea). Site-directed
mutagenesis was used to make all of the mutants used in this
study. The expression plasmid for human MT1-MMP was
kindly provided by Dr. Suneel Apte (Lerner Research Institute,
Cleveland, OH).
Cell Culture, Transfection, and Treatment—COS-1 cells and

HT-1080 human fibrosarcoma cells (ATCC CCL-121) were
maintained in DMEM containing 10% FBS. Human umbilical
vein endothelial cells weremaintained on gelatin-coated plastic
dishes in M199 culture medium containing 20% FBS, 10
units/ml heparin, and 3 ng/ml basic FGF. The endothelial cells
used in the experiments were from passages 3–5. Transfection
with plasmidswas performed using FuGENE6 (Promega,Mad-
ison, WI) according to the manufacturer’s recommendations.
For secreted MMP-2, transfected COS-1 cells were cultured
and then transferred to 293 SFM II medium (Invitrogen).
Immunoblotting and Protein Purification—Cells were lysed

in buffer containing 50mMTris-HCl (pH 7.5), 5mMEDTA, 150
mM NaCl, 1% Triton X-100, and protease inhibitor mixture
(Roche Applied Science) for 10 min at 4 °C and then centri-
fuged. The soluble portion of the lysate was used for Western
blotting, which was performed by separation of nonreduced
samples on SDS-PAGE, followed by electroblotting onto PVDF
membranes and detection of bound antibody by enhanced
chemiluminescence (GE Healthcare). MMP-2 was purified
from the conditioned medium using gelatin-Sepharose (GE

Healthcare) according to the manufacturer’s recommenda-
tions. C-terminallyMyc/His-taggedMMP-2 was purified using
anti-c-Myc antibody-agarose (Sigma-Aldrich) according to the
manufacturer’s recommendations. The signal intensity of rele-
vant bands from the Western blot was quantitated using NIH
ImageJ software.
Digestion Assays Using Fluorescein-conjugated Gelatin and

MCA-Pro-Leu-Gly-Leu-DPA-Ala-Arg-NH2—Substrates were
incubated with purified monomeric and dimeric MMP-2 (5
�g/ml per reaction) in 50 mM Tris-HCl (pH 7.5), 5 mM CaCl2,
and 10 �g/ml leupeptin at 37 °C for 1 h with fluorescein-conju-
gated gelatin (Molecular Probes, Eugene, OR) or for 30 min
with MCA-Pro-Leu-Gly-Leu-DPA-Ala-Arg-NH2 (MP Bio-
medicals, Irvine, CA) according to the manufacturers’ recom-
mendations. The digested substrates were analyzed using a flu-
orometer (Kontron Instruments, Everett, MA) set for
excitation at 495 nm and emission at 515 nm (fluorescein-con-
jugated gelatin) or for excitation at 320 nm and emission at 405
nm (MCA-Pro-Leu-Gly-Leu-DPA-Ala-Arg-NH2).
Statistical Analysis—Data are represented as the mean �

S.D. of n experiments. Statistical analysis was performed using
Student’s unpaired t test. A p value �0.05 was considered sta-
tistically significant.

RESULTS

MMP-2 Forms a Reduction-sensitive Homodimer—It has
been shown thatMMP-2 forms heterodimers with various pro-
teins, including TIMP-2, TIMP-3, TIMP-4, and glycosamino-
glycans (26–28).Herein,we also report a highmolecularweight
form of MMP-2 as assessed by Western blot analysis of the
conditioned medium from COS-1 cells expressing pro-MMP-
2-Myc/His under nonreducing conditions (Fig. 1A). The high
molecular weight form disappeared under reducing conditions
with a concomitant increase in theMMP-2monomer (Fig. 1A).
Similar results were obtained by SDS-PAGE analysis of purified
MMP-2 (Fig. 1B). These data indicate that the high molecular
weight form of MMP-2 is sensitive to reduction. These results
also show that themolecularmass of the highmolecular weight
form is double that of the monomer, suggesting that the high
molecular weight formmay be a reduction-sensitive MMP-2
homodimer. We further examined this by LC-MS/MS anal-
ysis of the molecular species present in the dimer. MS anal-
ysis of the band showed that MMP-2 was exclusively present
in the dimer band (data not shown), confirming that MMP-2
is a homodimer. Eleven distinct peptides from MMP-2 were
identified in the band. Dimer formation may be due to oxida-
tion of free cysteine residues after treatment of the sampleswith
SDS. To rule out this possibility, the samples were first treated
with iodoacetamide to block any free cysteine residues and then
denatured with SDS in the presence of iodoacetamide, fol-
lowed by Western blot analysis. The MMP-2 dimer was still
observed in the iodoacetamide-treated samples (Fig. 1C). To
examine whether homodimerization of MMP-2 is an intra-
cellular process, cell lysates from the transfected cells were
analyzed by Western blotting with anti-Myc antibody. Cells
were pretreated with trypsin/EDTA to remove MMP-2 from
the cell surface. TheWestern blot data revealed the presence of
the MMP-2 homodimer in the cell lysates (Fig. 1D), indicating
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that the dimerization is an intracellular process. Taken
together, these data suggest that a reduction-sensitive MMP-2
homodimer is formed intracellularly and subsequently
secreted.
Homodimerization of MMP-2 Is Increased by PMA

Treatment—Several studies have reported the spontaneous and
controlled homodimerization of proteins. We explored
whether MMP-2 forms a homodimer spontaneously or in a
controlled manner. When COS-1 cells expressing pro-MMP-2
were treated with various agonists and the conditioned
medium was analyzed by Western blotting with anti-MMP-2
antibody, the results revealed that treatment with EGF or PMA
led to an increase in homodimerization of MMP-2, with PMA
treatment showing the most robust effect (Fig. 2A). Zymo-
graphic analysis also showed an increase in homodimerization
of MMP-2 by PMA treatment (Fig. 2B). Because endogenous
MMP-2 expression in human umbilical vein endothelial cells

andHT-1080 cells was sufficient forWestern blot analysis, par-
allel experiments using PMA were performed on these cells.
Western blot analysis of the conditioned medium using anti-
MMP-2 antibody showed that PMA treatment also resulted in
an increase in homodimerization of MMP-2 (Fig. 2C). Taken
together, these data suggest thatMMP-2 forms a homodimer in
a controlled manner and not spontaneously.
Homodimerization of MMP-2 Is Not Associated with PKC-

mediated Phosphorylation—PMA is an established activator of
PKC in many kinds of cells (29). Therefore, we assumed that
PKC may play a role in this process. We treated COS-1 cells
expressing pro-MMP-2-Myc/His with calphostin C, a potent
inhibitor of PKC (30), and the conditioned medium was ana-
lyzed by Western blotting with anti-Myc antibody. The West-
ern blot data showed that homodimerization of MMP-2 was
completely inhibited by treatment with the PKC inhibitor,
whereas PMA treatment increased homodimerization (Fig. 3A,
left). As expected, the dimer was not detected under reducing
conditions (Fig. 3A, right). Human MMP-2 contains 29 poten-
tial phosphorylation sites, and some of them are phosphory-
lated by PKC (31). Thus, we examined the phosphorylation sta-
tus ofMMP-2 in the conditionedmediumof transfectedCOS-1
cells treated with or without PMA by Western blotting with
antibodies against phosphothreonine and phosphoserine.
These experiments were unsuccessful because the antibodies
could not specifically recognize phosphorylated proteins (data
not shown). Alternatively, we analyzed pro-MMP-2-Myc/His
in the conditioned medium of the transfected cells by two-di-
mensional electrophoresis, followed by Western blotting with
anti-Myc antibody. TheWestern blot data showed thatMMP-2
from untreated cells resolved as a single spot and that MMP-2
from PMA-treated cells resolved as two spots, one with a more
acidic pI (as indicated by the asterisk in Fig. 3B). This suggested
phosphorylation of MMP-2 by PKC (Fig. 3B). These results
clearly revealed that phosphorylated MMP-2 was only slightly
detectable in the conditioned medium of untreated cells. In
contrast, MMP-2 formed appreciable amounts of homodimer
in untreated cells, although homodimerization and phosphor-
ylation of MMP-2 were both increased by PMA treatment (Fig.
3,A andB). Because phosphorylation of several serine and thre-
onine residues in MMP-2 has been reported (31) and probabil-
ity scores for phosphorylation of serine and threonine in
MMP-2 can be estimated using NetPhos 2.0, pro-MMP-2
mutants incapable of phosphorylation by PKC were generated
(S160A, S365A, T250A, T377A/T378A, T73A, T96A, T354A,
T455A, S575A, S644A, and S647A). In agreement with the data
shown in Fig. 3 (A andB), transient transfection of thesemutant
plasmids into COS-1 cells did not affect homodimerization of
MMP-2, as the homodimers were still increased in the condi-
tioned medium from PMA-treated cells (Fig. 3C). Some of the
pro-MMP-2 mutants exhibited greater levels of dimerization
than others (e.g. T377A/T378A and T354A) (Fig. 3C). This
might occur due to conformational changes in MMP-2 by the
mutation. Taken together, these data suggest that homodi-
merization of MMP-2 is not linked to PKC-mediated phosphor-
ylation of MMP-2.
Ca2� Ions Are Responsible for Homodimerization of MMP-2—

In addition to the role of PMA in activating PKC by binding to

FIGURE 1. MMP-2 forms a reduction-sensitive homodimer. A, Western blot
analysis using anti-Myc antibody on conditioned medium from COS-1 cells
expressing pro-MMP-2-Myc/His under nonreducing and reducing condi-
tions. �-ME, �-mercaptoethanol. Arrows indicate the monomeric and dimeric
forms of pro-MMP-2 (n � 3). B, SDS-PAGE analysis of purified pro-MMP-2-
Myc/His under nonreducing and reducing conditions. Pro-MMP-2-Myc/His
was purified from the conditioned medium of the transfected cells using
anti-c-Myc antibody-agarose. C, effect of SDS on dimer formation of MMP-2 in
vitro. Purified pro-MMP-2-Myc/His (10 �g/ml) was treated with 10 mM iodo-
acetamide (IAA) at 37 °C for 1 h and then denatured with SDS-PAGE sample
buffer in the presence of 10 mM iodoacetamide, followed by Western blot
analysis using anti-Myc antibody (n � 2). IB, immunoblot. D, Western blot
analysis using anti-Myc antibody of cell lysates from COS-1 cells expressing
pro-MMP-2-Myc/His under nonreducing conditions. Cells were pretreated
with 0.05% trypsin and 0.53 mM EDTA for 30 min on ice (n � 2).
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its diacylglycerol-binding domain (29), it also stimulates cal-
cium influx in various cell types through activation of Ca2�-
ATPase (32). Calphostin C, a known inhibitor of PKC, induces
Ca2� release from intracellular Ca2� stores (33). We also
showed Ca2� ion-induced conformational changes in MMP-2
using circular dichroism spectroscopy (Fig. 4A). Thus, we pos-
tulated that Ca2� ion might play a role in homodimerization of
MMP-2 during protein folding in the endoplasmic reticulum.
To test this,weexaminedhomodimerizationofMMP-2 inCOS-1
cells expressingpro-MMP-2-Myc/His afterdepleting intracellular
Ca2� stores by treatment with thapsigargin, an inhibitor of sarco-
plasmic/endoplasmic reticulum Ca2�-ATPase (34). Western blot
analysis of the conditioned medium showed that the MMP-2
homodimer disappeared after treatmentwith thapsigargin (Fig.
4B). To further explore the effect of Ca2� ions on
homodimerization of MMP-2, in vitro refolding experiments

were performed using purified pro-MMP-2-Myc/His. When
unfolded pro-MMP-2-Myc/His was dialyzed against refolding
buffer (50 mM Tris-HCl (pH 8.0)) containing various concen-
trations of Ca2� ions and the dialyzed sampleswere analyzed by
Western blotting with anti-Myc antibody, the results showed
that homodimerization of MMP-2 was increased in the pres-
ence ofCa2� ions (Fig. 4C). These data suggest thatCa2� ions in
the endoplasmic reticulum are required for homodimerization
of MMP-2.
MMP-2 Forms a Homodimer through an Intermolecular

Disulfide Bond—It has been reported that MMP-9 forms a
reduction-sensitive homodimer through hydrophobic interac-
tions and a salt bridge, which are mediated by hemopexin-like
domains within the protease (35, 36). Thus, we examined
whether hemopexin-like domains of MMP-2 also play a role in
homodimerization of MMP-2. When COS-1 cells expressing

FIGURE 2. MMP-2 homodimer is increased by PMA treatment. A, effect of various agonists on homodimerization of MMP-2 in COS-1 cells. Cells expressing
pro-MMP-2 were treated with VEGF (10 �g/ml), basic FGF (bFGF; 10 �g/ml), PDGF-BB (20 �g/ml), EGF (20 �g/ml), IL-1� (10 �g/ml), TNF-� (10 �g/ml), TGF-� (10
�g/ml), or PMA (10 ng/ml). After a 16-h incubation, conditioned media were analyzed by Western blotting using anti-MMP-2 antibody. The bar graph shows
the ratio of dimeric to monomeric MMP-2. Arrows indicate the monomeric and dimeric forms of pro-MMP-2. Data represent the mean � S.D. of three
experiments. *, p � 0.05 versus the untreated control (Con). IB, immunoblot. B, zymogram of conditioned medium from cells expressing pro-MMP-2 treated
with or without PMA (10 ng/ml) (n � 3). C, Western blot analysis of conditioned media from human umbilical vein endothelial cells (HUVEC) and HT-1080 cells
using anti-MMP-2 antibody. Cells were treated with PMA (10 ng/ml) in serum-free medium for 16 h. The conditioned medium (500 �l) from human umbilical
vein endothelial cells was concentrated using gelatin-Sepharose, and the bound sample was used for Western blot analysis. The conditioned medium from
HT-1080 cells was analyzed without concentration. Note that activated MMP-2 was detected in the conditioned medium from PMA-treated HT-1080 cells. The
bar graph shows the ratio of dimeric to monomeric MMP-2. Data represent the mean � S.D. of three experiments. *, p � 0.05 versus the untreated control.
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hemopexin-like domain-deleted pro-MMP-2were treatedwith
PMA and the conditioned medium was analyzed by Western
blotting with anti-MMP-2 antibody, the data showed that the
MMP-2mutant still formed a homodimer, and PMA treatment
resulted in a significant increase in homodimerization of
MMP-2 (Fig. 5A), ruling out the involvement of the
hemopexin-like domain in homodimerization of MMP-2. The
homodimer was reduction-sensitive (Fig. 1) and did not disso-
ciate into monomers upon incubation in 8 M urea at room tem-
perature for 24 h (data not shown). Therefore, we assumed that
MMP-2 formed the homodimer through intermolecular disul-
fide bonds. To further determine which cysteine residue is
involved in this process, cysteine residues in pro-MMP-2,
except those in the hemopexin-like domain, were individually
mutated to serine residues (C60S, C65S, C102S, C233S, C247S,
C259S, C274S, C291S, C305S, C317S, C332S, C349S, C363S,
C375S, and C395S), and COS-1 cells were transfected with
thesemutant plasmids.When the transfected cells were treated
with PMA and the conditionedmediumwas analyzed byWest-
ern blotting with anti-MMP-2 antibody, the results showed
that the pro-MMP-2 C102S mutant did not form the
homodimer (Fig. 5B). This indicates that MMP-2 forms the
homodimer through an intermolecular disulfide bond between
Cys102 and the neighboring Cys102. In these experiments,
MMP-2 was not detected in the conditioned media of COS-1
cells transfected with pro-MMP-2 mutants C233S, C259S,
C291, C305, C332S, C349S, C363S, C375S, and C395S, possibly
due to their proteasomal degradation (data not shown). Cys102
plays a role in inhibition of catalytic activity through a cysteine-

zinc ion pairing (4). Therefore, we postulated that this pairing
might be disrupted by the intermolecular disulfide bond in the
MMP-2 homodimer, resulting in enzyme activation. To test
this, we performed proteolysis experiments on fluorescein-
conjugated gelatin with the MMP-2 dimer purified from the
conditioned medium of COS-1 cells expressing pro-MMP-2
treated with PMA. As a negative control, the proteolytically
inactive pro-MMP-2E404Amutantwas used.Our data showed
that the enzymatic activity of the MMP-2 monomer was barely
detectable, and the activity was not altered by homodimeriza-
tion of MMP-2 (Fig. 5C, left panel). Although homodimeriza-
tion of MMP-2 can open the active site, it is not likely to be big
enough to cleave large substrates, including gelatin, as shown in
Fig. 5C. However, the opened active site may be sufficient to
allow small peptides to diffuse into the active site. Thus, we
examined whether the MMP-2 homodimer could cleave low
molecular weight peptides using MCA-Pro-Leu-Gly-Leu-
DPA-Ala-Arg-NH2. The results showed that the MMP-2
homodimer catalyzed the proteolysis of the small peptide (Fig.
5C, right panel). Taken together, these data suggest that disrup-
tion of the cysteine-zinc ion pairing by homodimerization of
MMP-2 opens the active site, but it may accommodate only
small peptide substrates. Thus, MMP-2 propeptide processing
is a prerequisite to gain its proteolytic activity against large sub-
strates, including gelatin.
Thrombin-mediated Activation of Pro-MMP-2 Is Enhanced

by Homodimerization of MMP-2—Because Cys102 is located
immediately downstreamof the thrombin cleavage sites (7), the
cysteine-zinc ion pairing may hinder thrombin-mediated acti-

FIGURE 3. Homodimerization of MMP-2 is not linked to PKC-mediated phosphorylation of MMP-2. A, effect of calphostin C on homodimerization of
MMP-2 in COS-1 cells. After cells were treated with 50 nM calphostin C for 16 h, the conditioned medium was analyzed by Western blotting using anti-Myc
antibody under nonreducing and reducing conditions. PMA was used as a positive control to increase MMP-2 homodimer formation. Arrows indicate the
monomeric and dimeric forms of pro-MMP-2 (n � 3). B, two-dimensional electrophoresis of pro-MMP-2 using immobilized pH gradient strips (pH 3–10) for the
first dimension and SDS-polyacrylamide gels for the second dimension. After electroblotting onto PVDF, Western blotting was done using anti-Myc antibody
(n � 2). C, Western blotting using anti-MMP-2 antibody of conditioned media from cells expressing pro-MMP-2 mutants S160A, S365A, T250A, T377A/T378A,
T73A, T96A, T354A, T455A, S575A, S644A, and S647A treated with or without PMA (10 ng/ml) for 16 h. IB, immunoblot.
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vation of pro-MMP-2. Moreover, these cleavage sites are likely
to be easily accessible to thrombin following formation of the
intermolecular disulfide bond due to disruption of the cysteine-
zinc ion pairing. Thus, to examinewhether thrombin-mediated
activation of pro-MMP-2 could be increased by homodimeriza-
tion of MMP-2, we compared thrombin-mediated MMP-2
activation using pro-MMP-2 from transfected COS-1 cells
treated with or without PMA. Western blot data showed that
thrombin-mediated MMP-2 activation was greatly increased
by PMA treatment (Fig. 6A). When similar experiments were
performed using calphostin C, the activation was significantly
decreased by treatment with the inhibitor (Fig. 6B). Because it
has been reported that MMP-2 and its phosphorylated form
possess different biochemical properties (31), we tested
whether the effects of PMA and calphostin C on thrombin-
mediatedMMP-2 activation are exerted through phosphoryla-
tion of MMP-2. When pro-MMP-2 was dephosphorylated
using alkaline phosphatase and the dephosphorylated MMP-2
was incubated with thrombin under cell-associated conditions,
Western blot analysis of the reaction mixture showed that

thrombin-mediated MMP-2 activation was not affected by
dephosphorylation of MMP-2 (Fig. 6C), confirming that
MMP-2 phosphorylation does not influence thrombin-medi-
ated activation of pro-MMP-2. Dephosphorylation of MMP-2
was confirmed byWestern blotting with anti-MMP-2 antibody
following two-dimensional electrophoresis (data not shown).
We also examined the role of MMP-2 homodimerization in
MT1-MMP-mediated activation of pro-MMP-2.When COS-1
cells coexpressing pro-MMP-2 and MT1-MMP were treated
with or without PMA,Western blot analysis of the conditioned
medium showed that pro-MMP-2 was activated in cells
expressing MT1-MMP, but activated MMP-2 was not de-
tected in PMA-treated cells (Fig. 6D), indicating that MT1-
MMP-mediated activation of pro-MMP-2 is not increased by
homodimerization ofMMP-2. In this experiment, one possible
explanation for the absence of activated MMP-2 in PMA-
treated cells is that phosphorylation of MMP-2 may prevent its
activation by MT1-MMP. Next, experiments were performed
using C-terminally Myc/His-tagged pro-MMP-2, followed by
immunoblotting with anti-Myc antibody. When pro-MMP-2-

FIGURE 4. Ca2� ions are required for homodimerization of MMP-2. A, circular dichroism spectra of pro-MMP-2 in the presence or absence of Ca2� ions.
Purified pro-MMP-2 was further dialyzed against 50 mM Tris-HCl (pH 7.5) for 18 h. Pro-MMP-2 (0.2 mg/ml) was treated with or without 2 mM CaCl2 at 27 °C for
20 min, and circular dichroism spectra were obtained at 27 °C in the wavelength range of 220 –260 nm. HT represents high tension. Six scans were averaged for
each sample with a scan speed of 10 nm/min. mdeg, millidegrees. B, effect of thapsigargin on homodimerization of MMP-2 in COS-1 cells. Cells were treated
with 0.5 �M thapsigargin for 16 h, and the conditioned medium was analyzed by Western blotting using anti-Myc antibody. Arrows indicate the monomeric and
dimeric forms of pro-MMP-2 (n � 2). IB, immunoblot. C, effect of Ca2� ions on homodimerization of MMP-2 during in vitro refolding. Purified pro-MMP-2-Myc/
His was unfolded using 8 M urea in 50 mM Tris-HCl (pH 8.0). Unfolded pro-MMP-2-Myc/His was dialyzed against refolding buffer containing various concentra-
tions of Ca2� ions at 4 °C for 2 days, and the dialyzed samples were analyzed by Western blotting with anti-Myc antibody. The bar graph shows the ratio of
dimeric to monomeric MMP-2. Data represent the mean � S.D. of three experiments. *, p � 0.01 versus the untreated control.
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Myc/His was incubated with thrombin under cell-associated
conditions, theMMP-2 homodimer disappeared rapidly with a
concomitant increase in activated MMP-2, whereas the mono-
mer was slightly decreased (Fig. 7A). Moreover, MMP-2 from
calphostin C-treated cells that secreted exclusively theMMP-2
monomer was very slowly activated by thrombin (data not
shown). Next, we tested whether thrombin does not simply
cleave the MMP-2 dimer by comparing the enzymatic activity
of pro-MMP-2 treated with or without thrombin. Our data
showed that thrombin-processed MMP-2 from the dimer pos-
sessed the enzymatic activity, although the level of the activity
was lower than that of p-aminophenylmercuric acetate-treated
pro-MMP-2 (Fig. 7B). These results indicate that the MMP-2
homodimer may be more readily activated by thrombin but
that the thrombin cleavage site in the monomer may not be
easily accessible to thrombin, leading to resistance to thrombin
cleavage. Taken together, our experimental data suggest that
the MMP-2 monomer is not readily activated by thrombin and
that its homodimerization enhances thrombin-mediated acti-
vation of pro-MMP-2.

DISCUSSION

The data provided herein include several novel observations.
First,MMP-2 forms a reduction-sensitive homodimer in a con-
trolled manner. Second, homodimerization of MMP-2 is not
linked to PKC-mediated phosphorylation of MMP-2. Third,
Ca2� ions are required for homodimerization of MMP-2.

Fourth, MMP-2 forms the homodimer through an intermolec-
ular disulfide bond between Cys102 and the neighboring Cys102.
Finally, homodimerization of MMP-2 enhances thrombin-me-
diated activation of pro-MMP-2.
Protein dimerization or oligomerization plays a key role in

the regulation of proteins such as enzymes, ion channels, recep-
tors, and transcription factors. Protein dimerization results
in the formation of hetero- and homodimers. Heterodimers are
formed when two different molecules are linked, and proteins
exist as homodimers when the same molecules are linked
together. Proteins are covalently linked to each other either
through disulfide bonds or through hydrophobic interactions
and/or salt bridges for dimerization to occur. Some snake
venom metalloproteases form homodimers through disulfide
bonds (37, 38). In addition, dimeric forms of MT1-MMP and
MMP-9 have been reported (35, 39–41). These studies show
that MT1-MMP forms a homodimer through noncovalent
interactions in the hemopexin-like domains (39). Likewise,
MMP-9 forms a homodimer through hydrophobic interac-
tions and a salt bridge, which are mediated by the
hemopexin-like domain (36). MMP-9 also forms het-
erodimers with various molecules, including TIMP-1 and
TIMP-3 (27), MMP-1 (42), gelatinase B-associated lipocalin
(43), and proteoglycans (41), through covalent or noncovalent
interactions via the hemopexin-like domain. MMP-2 is known
to form heterodimers with TIMPs and glycosaminoglycans via

FIGURE 5. MMP-2 forms a homodimer through an intermolecular disulfide bond. A, Western blot analysis using anti-MMP-2 antibody of the conditioned
medium from cells expressing hemopexin-like domain-deleted pro-MMP-2 (MMP-2(�)HEX). Cells were treated with PMA (10 ng/ml) for 16 h. Arrows indicate
the monomeric and dimeric forms of hemopexin-like domain-deleted pro-MMP-2 (n � 2). IB, immunoblot. B, Western blotting using anti-MMP-2 antibody of
the conditioned media from cells expressing wild-type pro-MMP-2 (WT) and mutants C60S, C65S, C102S, C247S, C274S, and C317S (n � 3). C, digestion assays
using fluorescein-conjugated gelatin and MCA-Pro-Leu-Gly-Leu-DPA-Ala-Arg-NH2. MMP-2 was first purified from the conditioned medium of cells expressing
pro-MMP-2 treated with PMA (10 ng/ml) using gelatin-Sepharose and subsequently separated into monomeric and dimeric MMP-2 on Superdex 200 HR. The
digested substrates were analyzed as described under “Experimental Procedures.” Data represent the mean � S.D. of five experiments. The results from
Western blot analysis of purified monomeric and dimeric MMP-2 using anti-MMP-2 antibody are shown on the right.
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the hemopexin-like domain of the enzyme (26–28), but its
homodimerization has not been reported. In this study, we have
shown that the hemopexin-like domain of MMP-2 is not
involved in its homodimerization, unlike in MT1-MMP and
MMP-9. Another difference is that MMP-2 forms a
homodimer through an intermolecular disulfide bond formed
between Cys102 and the neighboring Cys102. This cysteine res-
idue plays a role in inhibition of catalytic activity through a
cysteine-zinc ion pairing (4). Our observation that a cysteine
residue in the cysteine-zinc ion pairing is involved in the disul-
fide bond formation is, to our knowledge, a novel finding in the
protease field.
Several studies have shown that protein dimerization is reg-

ulated by phosphorylation. Dimerization of receptor tyrosine
kinases is induced by tyrosine phosphorylation of the cytosolic
domains (44). Moreover, homodimerization of Mel-18, a poly-
comb group protein, is inhibited by PKC-meditated phosphor-
ylation (45). However, our experimental data show that
homodimerization of MMP-2 is not associated with PKC-me-
diated phosphorylation ofMMP-2, althoughwe cannot exclude
the possibility that structural changes in MMP-2 by PKC-me-
diated phosphorylation may affect the homodimerization.
The disulfide bond is not likely to be formed between Cys102

and the neighboring Cys102 because this cysteine residue inter-
acts with the catalytic Zn2� ion via its side chain thiol group (4).
Thus, we suggest that the coordination of Cys102 with the cat-
alytic Zn2� ion may be prevented by Ca2� ion-induced confor-
mational changes in MMP-2 that result in the formation of the
disulfide bond. MMP-2 can bind two Ca2� ions in the catalytic
domain, one within the S-shaped loop and the other bound by

two peripheral loops (46). There are several reports showing
Ca2� ion-dependent protein dimerization. However, unlike
homodimerization of MMP-2, Ca2� ion-mediated dimeriza-
tion of these proteins occursmainly throughnoncovalent inter-
actions. For example, Ca2� ion promotes dimerization of a sub-
tilisin-like protease from a Bacillus subtilis strain through
electrostatic interactions (47). Ca2� ion is also involved in
homodimerization of E-cadherin through hydrogen bonds
(48). Through interactions with amino acid residues in the
linker region of E-cadherin, Ca2� ion structures a large compo-
nent of the 2-fold symmetric dimer interface (48). Ca2� ions are
also implicated in the folding and disulfide bond formation of
several proteins (49–51). In the absence ofCa2� ions, negligible
amounts of �-lactalbumin are refolded, whereas substantial
renaturation is attained in the presence of Ca2� ions (49).
Moreover, folding intermediates of �-lactalbumin contain only
two native disulfide bonds in the presence of Ca2� ions and
subsequently form the native structure when Ca2� ions bind to
the �-sheet calcium-binding domain (50). In the case of �-am-
ylase, Ca2� ion acts as an anti-aggregatory agent (51). Taken
together, these data suggest that Ca2� is a major mediator in
protein folding and dimerization.
Cell signaling is initiated by dimerization of receptor tyro-

sine kinases (44). MT1-MMP forms a homodimer that keeps
MT1-MMP molecules close together to facilitate pro-
MMP-2 activation (39). The subtilisin-like serine protease
from the B. subtilis strain maintains its stability and catalytic
activity through dimerization (47). As described above, pro-
tein dimerization is essential for various biological functions of
proteins. Therefore, we also investigated the biological role of

FIGURE 6. Thrombin-mediated activation of pro-MMP-2 is enhanced by homodimerization of MMP-2. A and B, Western blot analyses of 10 �g/ml
pro-MMP-2 incubated with 50 nM thrombin (TH) in COS-1 cells for 4 h using anti-MMP-2 antibody. Prior to these experiments, pro-MMP-2 was purified from the
conditioned medium of cells expressing pro-MMP-2 treated with or without PMA (10 ng/ml) or calphostin C (50 nM). The bar graph shows the ratio of activated
MMP-2 to pro-MMP-2. Data represent the mean � S.D. of three experiments. *, p � 0.05 versus the untreated control. IB, immunoblot. C, Western blot analysis
of 10 �g/ml pro-MMP-2 incubated with 50 nM thrombin in COS-1 cells for 4 h using anti-MMP-2 antibody. Purified pro-MMP-2 was pretreated with or without
calf intestinal alkaline phosphatase (AP; 50 units/ml) at 37 °C for 1 h (n � 2). D, Western blotting of the conditioned medium from cells coexpressing pro-MMP-2
and MT1-MMP treated with or without PMA (10 ng/ml) using anti-MMP-2 antibody (n � 2).
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MMP-2 homodimerization. Thrombin preferentially cleaves
pro-MMP-2 immediately downstream of Arg101, resulting in
MMP-2 activation (7). However, this cleavage site is likely to be
protected from thrombin cleavage by adjacent cysteine-zinc
ion pairing. This hypothesis is supported by our experimental
data showing that MMP-2 monomers from calphostin
C-treated cells are very slowly activated by thrombin (data not
shown). Moreover, the MMP-2 homodimer does not possess
catalytic activity against large substrates, although it catalyzes
the proteolysis of small peptides. Thus, we suggest that one of
the biological functions for MMP-2 homodimerization is
enhancement of thrombin-mediated MMP-2 activation.
There are a number of small biological peptides (e.g. calci-

tonin gene-related peptide) that are cleaved by MMP-2 (52).
Thus, the fact that the MMP-2 homodimer can cleave low
molecular weight peptides suggests an interesting pathophysi-
ological function of the MMP-2 homodimer without cleavage
of the propeptide.

In conclusion, we propose a novel regulatory mechanism for
thrombin-mediated activation of pro-MMP-2 that is modu-
lated through homodimerization of MMP-2. Ca2� ions may
induce conformational changes in MMP-2 that result in pre-
vention of cysteine-zinc ion pairing and subsequent formation
of the disulfide bond. Finally, this homodimerization results in
the proteolysis of small peptide substrates without cleavage of
the propeptide and enhances thrombin-mediated activation of
pro-MMP-2 for proteolysis of large substrates.
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