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Background: Lack of enzyme selectivity has been a major obstacle in developing MMP inhibitors into drugs.
Results: A fusion protein consisting of APP-IP and TIMP-2 has a highly selective inhibitory activity against MMP-2.
Conclusion: The exosite-assisted inhibitory mechanism makes APP-IP-TIMP-2 a highly selective inhibitor.
Significance: APP-IP-TIMP-2 may be developed as an effective drug for treatment of diseases in which MMP-2 activity is
involved.

Synthetic inhibitors of matrix metalloproteinases (MMPs),
designed previously, as well as tissue inhibitors of metallopro-
teinases (TIMPs) lack enzyme selectivity, which has been a
major obstacle for developing inhibitors into safe and effective
MMP-targeted drugs. Here we designed a fusion protein named
APP-IP-TIMP-2, in which the ten amino acid residue sequence
of APP-derivedMMP-2 selective inhibitory peptide (APP-IP) is
added to the N terminus of TIMP-2. The APP-IP and TIMP-2
regions of the fusion protein are designed to interact with the
active site and the hemopexin-like domain of MMP-2, respec-
tively. The reactive site of the TIMP-2 region, which has broad
specificity againstMMPs, is blocked by the APP-IP adduct. The
recombinantAPP-IP-TIMP-2 showed strong inhibitory activity
towardMMP-2 (Ki

app � 0.68 pM), whereas its inhibitory activity
toward MMP-1, MMP-3, MMP-7, MMP-8, MMP-9, or MT1-
MMP was six orders of magnitude or more weaker (IC50 > 1
�M). The fusion protein inhibited the activation of pro-MMP-2
in the concanavalin A-stimulated HT1080 cells, degradation of
type IV collagen by the cells, and the migration of stimulated
cells. Compared with the decapeptide APP-IP (t1⁄2 � 30 min),
APP-IP-TIMP-2 (t1⁄2 �� 96 h) showed a much longer half-life in
cultured tumor cells. Therefore, the fusion protein may be a
useful tool to evaluate contributions of proteolytic activity of
MMP-2 in various pathophysiological processes. It may also be
developed as an effective anti-tumor drug with restricted side
effects.

The matrix metalloproteinases (MMPs)2 comprise a family
of zinc-dependent endopeptidases capable of degrading pro-

tein components of extracellular matrix and play pivotal roles
in tissue remodeling under physiological and pathological con-
ditions such as morphogenesis, angiogenesis, tissue repair, and
tumor invasion (1–4). The MMP family has been an attractive
target for the development of anti-tumor therapies because the
proteases are closely associated with tumor invasion and
metastasis. However, a number of synthetic MMP inhibitors
designed previously (5–8) have not been developed success-
fully as anti-tumor drugs, mainly because of unexpected side
effects and lack of efficacy. The broad specificity of the MMP
inhibitors is probably a major obstacle for developing safe and
effective drugs. Recent studies (2, 9) have further suggested that
some members of MMPs have anti-tumorigenic and -meta-
static functions, and inhibition of their activities by broad-spec-
trumMMP inhibitors therefore offsets anti-tumor effect of the
inhibitors, and even worse, stimulates tumor growth and
metastasis. The activities of MMPs in vivo are regulated by a
family of inhibitors known as tissue inhibitors ofmetalloprotei-
nases (TIMPs). These physiological MMP inhibitors also have
broad specificity against MMPs; the activities of almost all
MMPs are susceptible to TIMP (TIMP-1 to TIMP-4) inhibi-
tion, and some members of a disintegrin and a metalloprotei-
nase (ADAM) family are also inhibited by these inhibitors (10,
11). Lack of selectivity of TIMPs alsomakes it less feasible to use
the physiological protein inhibitors for anti-tumor therapies.
Therefore, design of selective inhibitors against target MMPs
that have tumor-promoting effects is needed. Pioneer studies
aiming to develop selectiveMMP inhibitors recently have been
reported (12–18).
Among the MMP family, MMP-2 and MMP-9, also called

type IV collagenases, are critical in the invasion of tumor cells
across basement membranes, because type IV collagen is a
major component of basement membranes (19–21). Although
they have a common substrate,MMP-2 is categorized as a good
target for anticancer drugs, whereas MMP-9 is not considered
to be a safe target for these drugs (2).
Most MMPs including MMP-2 are secreted as inactive

zymogens called pro-MMPs that are proteolytically activated.
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The activation of pro-MMP-2 is catalyzed almost specifically by
membrane type MMPs localized on the cell surface. So far, six
members of membrane type MMPs have been identified, and
membrane type 1 MMP (MT1-MMP)-catalyzed pro-MMP-2
activation has been well characterized (22–25). Upon the acti-
vation of pro-MMP-2, the protease zymogen is first recruited
on the cell surface, forming a ternary complex consisting of
MT1-MMP, TIMP-2, and pro-MMP-2. In the complex, the
N-terminal reactive site of TIMP-2 interacts with the active site
of MT1-MMP to form the enzyme-inhibitor complex, whereas
the C-terminal non-inhibitory region of TIMP-2 specifically
binds to the hemopexin-like domain of pro-MMP-2. The pro-
tease zymogen in the ternary complex is then cleaved by the
TIMP-2 free, non-inhibited formofMT1-MMPalso located on
the cell surface (22, 26, 27).
TIMPs use their N-terminal �-amino group and carbonyl

oxygen of the main chain of the conserved Cys1 to coordinate
the catalytic zinc ion of MMPs in their inhibitory actions (28–
30). Our previous study (27) demonstrated that carbamylation
of the�-amino group of Cys1 of TIMP-2 completely inactivates
its inhibitory activity towardMMPs. The reactive site-modified
TIMP-2 inhibits the MT1-MMP-mediated activation of pro-
MMP-2, because the modified inhibitor does not interact with
the active site of MT1-MMP but still has an affinity for the
hemopexin-like domain of MMP-2, thereby interfering with
the formation of the ternary complex on the cell surface. It has
also been reported that addition of an extra alanine residue to
the N terminus of TIMP-2 blocks its reactive site (31). On the
other hand, we have identified a �-amyloid precursor protein-
derived decapeptide having the ISYGNDALMP sequence
(named APP-derived inhibitory peptide, APP-IP) as an MMP-
2-selective inhibitor that interacts with the active site of the
protease (32–34). These findings led us to speculate that a
highly selective and strong inhibitor against MMP-2 can be
designed by combining theMMP-2-selective peptide inhibitor,
and the site of TIMP-2 specifically binds to the hemopexin-like
domain of MMP-2.
In this study, we designed a fusion protein named APP-IP-

TIMP-2, in which the sequence of APP-IP is added to the N
terminus of TIMP-2 to replace the broad-specific reactive site
of TIMP-2 with the MMP-2 selective inhibitory sequence. The
fusion protein showed highly selective and strong inhibitory
activity toward MMP-2. APP-IP-TIMP-2 may be developed as
a safe and effective drug for treatment of diseases in which
MMP-2 is involved.

EXPERIMENTAL PROCEDURES

Materials—The sources of materials used are as follows:
pcDNA3.1/Zeo (�) and Lipofectamine LTX Reagent from
Invitrogen (Carlsbad, CA); pGEM3z from Promega (Madison,
WI); gelatin-Sepharose 4B, heparin-Sepharose CL-6B, and
CNBr-activated Sepharose 4B from GE Healthcare UK Ltd.
(Amersham Biosciences); the synthetic substrate for MMPs,
3163v (7-methoxycoumarin-4-yl)-acetyl-Pro-Leu-Gly-Leu-
[N�-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl]-Ala-Arg amide),
3226v (7-methoxycoumarin-4-yl)-acetyl-Lys-Pro-Leu-Gly-
Leu-[N�-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl]-Ala-Arg
amide) and the synthetic MMPs inhibitor TAPI-1 (N-(R)-(2-

(hydroxaminocarbonyl)methyl)-4-methylpentanoyl-L-naph-
thylalanyl-L-alanine-2-aminoethyl amide) from Peptide Insti-
tute, Inc. (Osaka, Japan); p-aminophenyl mercuric acetate
(APMA) from Tokyo Kasei (Tokyo, Japan); purified human
pro-MMP-1, human pro-MMP-8, and human ADAM17 from
Calbiochem (La Jolla, CA); purified human pro-MMP-3,
human pro-MMP-9, and the active catalytic domain of human
MT1-MMP from EMDMillipore Co. (Billerica, MA); the plant
lectin concanavalin A (Con A, type IV, substantially free of car-
bohydrates) was from Sigma; gelatin from Difco (Detroit, MI);
bovine type IV collagen from Nitta gelatin (Osaka). The cDNA
of human TIMP-2 cloned into pGM vector was constructed as
described previously (35). TIMP-2 free form of pro-MMP-2
was purified from the conditionedmedium (CM) of the human
glioblastoma cell line T98G, as described previously (36). The
recombinant active human MMP-7 was prepared as described
previously (37). All custom oligo-DNA primers were provided
by Rikaken Co., Ltd. (Tokyo). All other chemicals were of ana-
lytical grade or the highest quality commercially available.
Construction of Expression Vectors of Tissue Inhibitor of Met-

alloproteinases-2 (TIMP-2) N-terminally Fused with APP-IP-
containing Sequence—To construct TIMP-2 of which the
N-terminal side is fused with the amino acid sequences of
APP-IP and spacers (see Fig. 1A), cDNA encoding TIMP-2 was
first amplified by PCR using a sense primer with the EcoRI site:
5�-AAAGAATTCATGGGCGCCGCGGCC-3� and antisense
primerwith theHindIII site: 5�-TTTAAGCTTAGGCCTGCT-
TATGGGTCC-3�, and pGM-TIMP-2 (35) as a template. The
resultant PCR product was cleaved with EcoRI and HindIII
and ligated into pGEM3z cleaved with the same pair of restric-
tion enzymes. For introduction of the APP-IP-containing
sequence between the signal sequence and the N terminus of
TIMP-2mature protein, the resultant pGEM-TIMP-2was then
cleaved with Eco52I and PstI, and ligated with two pairs of
annealed oligonucleotides: 5�-GGCCGACGCCGCCGCA-
GGAGGAATTAGTT-3� (sense) and 5�-CCATAACTAATT-
CCTCCTGCGGCGGCGTC-3� (antisense), and 5�-ATGGTA-
ATGATGCATTAATGCCAGGAGGAGGCTGCA-3� (sense),
and 5�-GCCTCCTCCTGGCATTAATGCATCATTA-3� (anti-
sense), respectively. The resultant pGEM-APP-IP-TIMP-2 was
cleavedwith EcoRI andHindIII, and the fragment encoding APP-
IP-TIMP-2 fusionproteinwas ligated into themammalianexpres-
sion vector pcDNA3.1/Zeo (�) cleavedby the samepair of restric-
tion enzymes.
Expression of APP-IP-TIMP-2 inHT1080Cells—ThepcDNA-

APP-IP-TIMP-2/Zeo vector constructed as described above
was transfected into HT1080#10 cells, which had been cloned
from HT1080 cells and found to express low levels of TIMP-2
protein (35), using Lipofectamine LTX Reagent according to
the manufacturer’s instructions. Stable transfectants (APP-IP-
TIMP-2-HT1080#10) expressing the fusion protein were
selected with zeocin. The selection was performed by culturing
the cells for 4 weeks in a 1:1 mixture of Dulbecco’s modified
Eagles medium and Ham’s F-12 medium (DME/F12) contain-
ing 300 �g/ml of zeocin.
Purification of APP-IP-TIMP-2 fromCM of APP-IP-TIMP-2-

HT1080#10 Cells—The APP-IP-TIMP-2-HT1080#10 cells
were grown to confluency in 20 ml of the DME/F12 medium
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supplemented with 10% fetal bovine serum in 150-mm dishes.
To prepare the CM, cells were rinsed three times with phos-
phate-buffered saline (PBS), and the culture was continued in
20ml of serum-freeDME/F12medium.After 18 h, themedium
was replaced with new serum-free DME/F12 medium (10 ml),
and the culture was further continued for 48 h. After incuba-
tion, the CM was harvested, clarified by centrifugation, and
stored at �40 °C until used for purification.
The frozen CM (1000 ml) was thawed and added with 561 g

of ammonium sulfate to make an 80% saturated ammonium
sulfate solution, and stirred at 4 °C for 15 h. The sample was
then centrifuged at 9,000 rpm for 30 min at 4 °C. The resultant
precipitates were dissolved in 50ml of 20mMTris-HCl, pH 7.5,
containing 150 mM NaCl and dialyzed extensively against the
same buffer. After dialysis, the sample was clarified by centrif-
ugation and then loaded on a heparin-Sepharose CL-6B col-
umn (bed volume, 5 ml) equilibrated previously with 20 mM

Tris-HCl, pH 7.5, containing 150 mM NaCl. The column was
washed with the equilibration buffer, and adsorbed proteins
including APP-IP-TIMP-2 were eluted with 20 mM Tris-HCl,
pH 7.5 containing 1 M NaCl.

To remove pro-MMP-2, the fraction eluted from the hepa-
rin-Sepharose column was loaded on a gelatin-Sepharose 4B
column (bed volume, 5 ml) equilibrated previously with 20 mM

Tris-HCl, pH 7.5, containing 1 M NaCl, and the flow-through
fraction was collected. The gelatin-unbound fraction was next
loaded on a Reactive Red-agarose column (bed volume, 5 ml)
equilibrated previously with 20 mM Tris-HCl, pH 7.5, contain-
ing 1 M NaCl. The column was washed with the equilibration
buffer, and adsorbed proteins were eluted with 20 mM Tris-
HCl, pH 7.5, containing 2 M NaCl.

The proteins eluted from the Reactive Red-agarose column
were further separated using reversed-phase high performance
liquid chromatography. The sample was loaded on a Cosmosyl
5C4 column (4.6� 100mm) and elutedwith a linear gradient of
0–80% acetonitrile containing 0.1% trifluoroacetic acid for 70
min at a flow rate of 0.5ml/min. The column effluent wasmon-
itored at 280 nm. APP-IP-TIMP-2 eluted at about 52–54%
acetonitrile was collected, freeze-dried, and dissolved in 50 mM

HEPES, pH 7.5, containing 150 mM NaCl and 10 mM CaCl2.
As the preparation of the fusion protein still contained

small amounts of TIMP-2, it was loaded on the MMP-7-
Sepharose 4B column, in which 300 �g of active MMP-7 had
been coupled with 1ml of CNBr-activated Sepharose 4B, and
the flow-through fraction was collected. The collected frac-
tion was dialyzed against 50 mM HEPES, pH 7.5, containing
150 mM NaCl. As the MMP-7-unbound fraction contained a
homogenous 27-kDa protein (Fig. 1C), it was used as a purified
APP-IP-TIMP-2.
N-terminal Sequence Analysis—The N-terminal sequence of

the purified APP-IP-TIMP-2 was analyzed by a commercial
service (Nippi, Inc., Tokyo, Japan).
Preparation of theActive FormofMMP-2and ItsHemopexin-

like Domainless Form—600 �l of the TIMP-2 free form of pro-
MMP-2 (0.93 �M) was incubated with 1mMAPMA at 37 °C for
2 h in 50 mM Tris-HCl, pH 7.5, containing 10 mM CaCl2 and
0.01% Brij 35. As described previously (32), this APMA treat-
ment completely activated the pro-enzyme (66 kDa), and a part

of the resultant active form of MMP-2 (57 kDa) was further
converted into its hemopexin-like domainless form (41 kDa) by
autocatalytic cleavage. The activation reaction was quenched
by mixing with 5.4 ml of ice-cold buffer consisting of 50 mM

Tris-HCl, pH7.5, 150mMNaCl, 10mMCaCl2, and 0.01%Brij 35
(Tris-buffered saline containing calcium ion and Brij 35, TBS-
Ca-Brij). To purify the active forms of MMP-2, the reaction
mixture was applied to a gelatin-Sepharose 4B column (bed
volume, 2 ml) previously equilibrated with TBS-Ca-Brij. After
washing the columnwith the equilibration buffer, the adsorbed
proteins were eluted with the same buffer containing 10%
dimethyl sulfoxide. The eluted sample containing both the 57-
and 41-kDa active forms of MMP-2 was dialyzed against TBS-
Ca-Brij to remove dimethyl sulfoxide. To separate the 57- and
41-kDa forms, the dialyzed sample was applied to a heparin-
SepharoseCL-6B (bed volume, 2ml) equilibratedwithTBS-Ca-
Brij, and the flow-through fraction containing the hemopexin-
like domainless form of MMP-2 was collected. After washing
the column with the equilibration buffer, adsorbed sample
(intact active formofMMP-2)was elutedwith 50mMTris-HCl,
pH 7.5, containing 500 mM NaCl, 10 mM CaCl2, and 0.01% Brij
35. The eluted sample was dialyzed against TBS-Ca-Brij.
Activation of Pro-MMP-1, Pro-MMP-3, Pro-MMP-8, or

Pro-MMP-9—Pro-MMP-1 (0.47 �M), pro-MMP-3 (0.56 �M),
or pro-MMP-8 (0.44 �M) was incubated at 37 °C for 2 h with 2
mMAPMA in 50mMTris-HCl, pH 7.5, containing 10mMCaCl2
and 0.01% Brij 35. Pro-MMP-9 (0.36�M)was activated by incu-
bation with 1 mM APMA at 37 °C for 1 h under the same buffer
conditions.
Gelatin Zymography—Zymography was carried out on 10%

polyacrylamide gels containing 1 mg/ml gelatin, as described
previously (36).
Assay of Inhibitory Activity of APP-IP-TIMP-2—The active

forms of MMP-1, MMP-2, the hemopexin-like domainless
form of MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, the cata-
lytic domain ofMT1-MMP andADAM17, of which concentra-
tions are given in the legends of figures, were each incubated
with various concentrations of APP-IP-TIMP-2 in 190 �l of
TBS-Ca-Brij containing 0.01% bovine serum albumin at 37 °C
for 15 min. Then 10 �l of 1.0 mM 3163v or 1.0 mM 3226v were
added to themixture, and the incubationwas further continued
for 30 min. The reaction was terminated by adding 20 �l of 0.5 M

EDTA, pH 7.5. The amounts of the synthetic substrate hydro-
lyzed by the enzymes were measured fluorometrically with
excitation at 326 nm and emission at 400 nm. The amount of
the substrate hydrolyzed without enzyme was subtracted from
the total amount of the hydrolyzed substrate.
Determination of the Apparent Inhibitor Constant for APP-

IP-TIMP-2 Inhibition of Peptidolytic Activity of MMP-2—
MMP-2 (6.3 pM) was incubated with various concentrations of
APP-IP-TIMP-2 in 190 �l of TBS-Ca-Brij containing 0.01%
bovine serum albumin at 25 °C for 1 h. Then 10 �l of 1.0 mM

3163v were added to the mixture, and the incubation was fur-
ther continued at 37 °C for 4 h. The reaction was terminated by
adding 20 �l of 0.5 M EDTA, pH 7.5. The amounts of the syn-
thetic substrate hydrolyzed by MMP-2 were measured as
described above. The data obtained were fitted to Equation 1,
which is derived from the Morrison equation (38, 39),
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v/v0 � 100 � (1 � (([E]0 � [I] � Ki
app) � (([E]0 � �I� � Ki

app)2

� 4[E]0�I�)0.5)/�2�E�0�) � 100, (Eq. 1)

where v is the observed velocity of hydrolysis of 3163v by the
enzyme, v0 is the velocity in the absence of inhibitor. Therefore,
the left side of the equation represents the relative enzyme
activity in percentage, [E]0 is the total concentration of enzyme,
[I] is concentration of the added inhibitor, and Ki

app is the
apparent equilibrium inhibition constant. The curve fitting was
carried out without fixing the parameter of [E]0, using Kaleida-
Graph (Ver. 4.0) software. To determine the Ki

app value, the
total concentration of MMP-2 (6.0 pM) was chosen so that the
ratio of Ki

app/[E]0 is not less than 1/10 as recommended previ-
ously (40). Both theKi

app and [E]0 valueswere obtained by com-
puter-assisted non-linear curve fitting.
Analysis of Effect of APP-IP-TIMP-2 on Activation of Pro-

MMP-2 in Con A-stimulated HT1080 Cells—HT1080 fibrosar-
coma cell line was grown to semi-confluency in the DME/F-12
medium, supplemented with 10% fetal bovine serum. The cells
were rinsed three times with serum-free DME/F-12 medium,
and the culture was further continued in the presence of 70 nM
APP-IP-TIMP-2 or 10 �M TAPI-1, or without inhibitor in
serum-free DME/F-12medium containing Con A (100 �g/ml).
After 24 h, the resultant CM was collected, clarified by centrif-
ugation, and dialyzed against distilled water at 4 °C. The sample
was then lyophilized and dissolved in a small volume of an SDS-
sampling buffer consisting of 50 mM Tris-HCl, pH 6.8, 2% SDS,
and 10% glycerol. By these procedures, the initial CM was con-
centrated 10-fold. To examine the effects of inhibitors on the
activation of proMMP-2,we analyzed theMMP-2 species in the
conditioned media by gelatin-zymography (5 �l of the concen-
trated CM was loaded).
Migration Assays—HT1080 cells were cultured in 35-mm

dishes in the DME/F-12 medium supplemented with 10% fetal
bovine serumuntil they reached confluence. Prior to themigra-
tion assay, the cells were treated for 30 min with serum-free
DME/F-12 medium containing mitomycin C (25 �g/ml) and
Con A (100 �g/ml). Scratch wounds were then made in the
confluent monolayer using a disposable plastic pipette tip.
After gentle rinsing three times with PBS to remove detached
cells, serum-free media containing 70 nM APP-IP-TIMP-2 or
10 �M TAPI-1, or that without inhibitor was added, and the
cells were incubated at 37 °C for 24 h. After incubation, photo-
graphs were taken. The extent of cell migration in the presence
or absence of inhibitors was quantified by measuring the areas
of cells invaded into the scratch wounds with NIH Image J.
Preparation of Fluorescein Isothiocyanate (FITC)-conjugated

Type IV Collagen—Type IV collagen (60 �g/ml) was incubated
with 50�MFITC in 50mMcarbonate buffer (pH9.5) containing
150 mM NaCl at 25 °C for 1 h. After incubation, FlTC-conju-
gated type IV collagen was separated from free fluorescein by
dialysis against PBS at 4 °C under dark conditions.
Analysis of Effect of APP-IP-TIMP-2 onDegradation of FITC-

conjugated Type IV Collagen Coated on Glass Slide by Con
A-stimulated HT1080#10 Cells—Each well of 8-well Lab-Tek
chamber slides (Nunc, Naperville, IL) was incubated with 150
�l of FITC-conjugated type IV collagen (30 �g/ml) in PBS at

4 °C for 24 h to coat the protein. HT1080#10 cells were treated
for 30 min with Con A (100 �g/ml) in DME/F-12 medium sup-
plemented with 10% fetal bovine serum. The stimulated cells
were detached from dishes using PBS containing 0.2% EDTA,
and then resuspended in DME/F-12 medium supplemented
with 10% fetal bovine serum at a density of 4� 105 cells/ml. 250
�l of the cell suspension was inoculated per well of the protein-
coated slide and incubated at 37 °C for 24 h in the presence of 70
nM APP-IP-TIMP-2 or 10 �M TAPI-1, or without inhibitor.
After incubation, cells were removed by washing with PBS con-
taining 0.2% EDTA. The fluorescence image of the FITC-con-
jugated type IV collagen that remained on the glass slide was
analyzed using a fluorescence microscope (model BZ-8000;
Keyence, Osaka, Japan).
Measurement of Stability of APP-IP or APP-IP-TIMP-2 in

Culture of HT1080 Cells—HT1080 cells were cultured in
35-mm dishes in the DME/F-12 medium supplemented with
10% fetal bovine serum until they reached confluence. The cells
were rinsed three times with serum-free DME/F-12 medium,
and the culture was further continued for various lengths of
time in the presence of 50 nMAPP-IP-TIMP-2 or 5 �MAPP-IP,
or without inhibitor in 2 ml of serum-free DME/F-12 medium.
After incubation, 20 �l of samples taken from each culture
mediumwere used tomeasure their inhibitory activities toward
the peptidolytic activity ofMMP-2. The assaywas performed as
described in the legend of Fig. 7. The concentrations of APP-IP
or APP-IP-TIMP-2 remaining in the culture media were esti-
mated using the standard curve of theMMP-2 inhibitory activ-
ity of APP-IP or APP-IP-TIMP-2 plotted against known con-
centrations of each inhibitor.

RESULTS

Inhibitory Activities of APP-IP-TIMP-2 toward MMP-2 and
Its Hemopexin-like Domainless Form—TheN-terminal APP-IP
and C-terminal TIMP-2 regions of APP-IP-TIMP-2 are
designed to interact with the active site and the hemopexin-like
domain of MMP-2, respectively, and three glycine residues are
inserted between the two regions as a flexible connector (Fig. 1).
The fusion proteinwas purified from theCMof theHT1080#10
cells stably transfected with an APP-IP-TIMP-2 expression
vector as described under “Experimental Procedures.” When
theN-terminal sequence of the purified fusion proteinwas ana-
lyzed, the AAGGIS sequence, corresponding to the 1st to 6th
amino acid residue of themature APP-IP-TIMP-2 protein (Fig.
1A), was determined.
To examine whether the interaction between the hemopexin-

like domain ofMMP-2 andTIMP-2 region of the fusion protein
assists the MMP-2-directed inhibitory action of the APP-IP
region, we prepared the active form of MMP-2 and its
hemopexin-like domainless derivative by p-aminophenyl mer-
curic acetate treatment of pro-MMP-2 followed by separation
on a heparin-Sepharose column chromatography. The catalytic
activities of the proteases weremeasured using a synthetic pep-
tidyl substrate, and effects of the fusion protein on the activities
of the two forms of MMP-2 were compared. As shown in Fig.
2A, APP-IP-TIMP-2 sharply inhibited the activity of MMP-2,
and the concentration of the fusion protein required for half-
maximal inhibition (IC50 value) was 0.10 nM. Considering that
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the concentration of MMP-2 (0.20 nM) in the assay system
was 2-fold higher than the IC50 value, the Ki

app value of the
inhibition was thought to bemuch lower than the IC50 value. In
contrast, the fusion protein at the concentration up to 0.5 nM
showed no inhibitory effect toward the activity of the
hemopexin-like domainless form of active MMP-2 (Fig. 2A),

suggesting that the binding of the fusion protein with the
hemopexin-like domain ofMMP-2 effectively assists the inhib-
itory action of the APP-IP region.
The results in Fig. 2A suggest that the APP-IP-TIMP-2 inhi-

bition of the MMP-2 activity is a tight-binding inhibition in
which the Ki

app value is lower than the concentration of
enzyme. To verify this possibility, we examined the inhibitory
effect of the fusion protein in the presence of various concen-
trations of MMP-2. We found that the IC50 value for the inhi-
bition varied depending upon the concentration of MMP-2,
and was decreased with reduced concentrations of the enzyme
(Fig. 2B), being a typical pattern of the tight-binding inhibition
(39). When data from the inhibition study were fitted to Equa-
tion 1, described under “Experimental Procedures,” the Ki

app

value for the APP-IP-TIMP-2 inhibition of the activity of
MMP-2 was derived to be 0.68	 0.08 pM (Fig. 2C). As theKi

app

value was about 1/8 of the concentration of total enzyme ([E]0 

5.7pM),whoseparameterwas alsodeterminedby curve fitting, the
error in theKi

app value was thought to be sufficiently small (40).
Specificity in Inhibitory Activity of APP-IP-TIMP-2—To

examine enzyme specificity of the APP-IP-TIMP-2, we tested
the inhibitory activities of the fusion protein toward various
MMPs andADAM17.As shown in Fig. 3, the peptidolytic activ-
ity of the catalytic domain of MT1-MMP was only slightly
inhibited in the presence of 420 nMAPP-IP-TIMP-2. The activ-
ities of MMP-1, MMP-3, MMP-7, MMP-8, MMP-9, and
ADAM17 were not affected by the fusion protein at the con-
centration up to 420 nM (Fig. 3A), suggesting that the fusion
protein is a highly selective inhibitor for MMP-2. These data
also suggest that in the fusion protein, the reactive site of the
TIMP-2 region, which has broad specificity againstMMPs, is
blocked completely by the N-terminally added sequence.
Effect of APP-IP-TIMP-2 on Activation of Pro-MMP-2 in

Concanavalin A-stimulated HT1080 Cells—Our previous
study (27) demonstrated that carbamylation of the �-amino
group of the N-terminal Cys1 of TIMP-2 leads to loss of its

FIGURE 1. Schematic representation of interactions between APP-IP-
TIMP-2 and MMP-2. A, the construction of APP-IP-TIMP-2 described under
“Experimental Procedures” is schematically represented. The amino acid
sequences of APP-IP (bold-face letters) and spacers (normal letters) inserted
between the signal sequence and mature protein sequence of TIMP-2 (gray
letters) are shown at the bottom of the scheme. The numbers shown at the top
of the sequence represent the amino acid residue numbers of mature TIMP-2
protein. The SPase arrowhead represents the predicted site of cleavage by
signal peptidase. SP, signal peptide region of TIMP-2 preprotein; i, the first
methionine residue of TIMP-2 preprotein. B, the interaction between TIMP-2
and MMP-2 (top) and between APP-IP-TIMP-2 and MMP-2 (bottom) are sche-
matically represented. CAT and HPX represent the catalytic and the
hemopexin-like domains of MMP-2, respectively. N and C represent the N-
and C-terminal regions of TIMP-2, respectively. C, APP-IP-TIMP-2 fusion pro-
tein was purified as described under “Experimental Procedures.” SDS-PAGE of
the purified APP-IP-TIMP-2 (2 �g) was performed under reducing conditions
followed by Coomassie Brilliant Blue R-250 staining. Lane 1, standard proteins
(Bio-Rad low range); lane 2, the purified APP-IP-TIMP-2.

FIGURE 2. APP-IP-TIMP-2 inhibition of peptidolytic activity of MMP-2. A, the active form of MMP-2 (0.2 nM, F) and the hemopexin-like domainless form of
MMP-2 (0.2 nM, E) were incubated with 50 �M 3163v at 37 °C for 30 min in the presence of indicated concentrations of APP-IP-TIMP-2. B, four different
concentrations of MMP-2 (0.4 nM, F; 0.2 nM, E; 0.1 nM, Œ; 0.05 nM, ‚) were incubated with 50 �M 3163v at 37 °C for 15, 30, 60, and 120 min, respectively, in the
presence of the indicated concentrations of APP-IP-TIMP-2. C, MMP-2 (6.0 pM) was incubated with 50 �M 3163v at 37 °C for 4 h in the presence of the indicated
concentrations of APP-IP-TIMP-2 as described under “Experimental Procedures.” All reaction mixtures contained TBS-Ca-Brij and 0.01% bovine serum albumin.
The amount of 3163v hydrolyzed by MMP-2 in the absence of APP-IP-TIMP-2 was taken as 100%. The enzyme activity is shown as the relative amount of 3163v
hydrolyzed by the enzyme on the ordinate. The curve fitting of each data was carried out using Equation 1 as described under “Experimental Procedures.” The
Ki

app and [E]0 values shown in C were obtained by computer-assisted non-linear curve fitting.
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inhibitory activity, and the resultant reactive site-modified
TIMP-2 has an ability to inhibit the activation of intrinsic pro-
MMP-2 in theConA-stimulatedHT1080 fibrosarcoma cells, in
which activity ofMT1-MMP is enhanced. It is assumed that the
modified TIMP-2 interferes with the formation of the ternary
complex consisting of MT1-MMP, TIMP-2, and pro-MMP-2
(26). As APP-IP-TIMP-2 is also a reactive site-modified
TIMP-2, it is possible that the fusion protein has the ability to
inhibit the activation of pro-MMP-2 in stimulated cells. To
examine this possibility, HT1080 cells were stimulated by Con
A in the absence or presence of APP-IP-TIMP-2 or TAPI-1, a
broad-spectrum hydroxamate-based MMP inhibitor, and the
pro- and active forms ofMMP-2 in the resultant CMwere ana-
lyzed by gelatin-zymography. As shown in Fig. 4A, gelatinolytic
bands at 57 and 59 kDa, corresponding to the active and inter-
mediate forms ofMMP-2 but not that of pro-MMP-2 (66 kDa),
were detected when the CM of the cells stimulated without

inhibitor was analyzed. On the other hand, a faint band of the
pro-form and a strong band of the intermediate form, but not
that of the active one, were detected in analysis of the cells
stimulated in the presence of APP-IP-TIMP-2. When the cells
had been stimulated in the presence of TAPI-1, pro-MMP-2
was detected as amajorMMP-2 form.These data are consistent
with the view that the MT1-MMP-mediated activation of pro-
MMP-2 was strongly inhibited by APP-IP-TIMP-2 in the step
of the intermolecular auto-activation of MMP-2; the step is pro-
moted strongly by the formation of the ternary complex (27).
Meanwhile, TAPI-1 inhibited the catalytic activity ofMT1-MMP,
thereby inhibiting the MT1-MMP-catalyzed cleavage of pro-
MMP-2, as schematically represented in Fig. 4B.
Effects of APP-IP-TIMP-2 on Migration of Con A-stimulated

HT1080 Cells and Degradation of Type IV Collagen by Stimu-
lated Cells—Ikejiri et al. (41) found that a synthetic inhibitor
having selectivity toward gelatinases (MMP-2 and MMP-9)

FIGURE 3. Enzyme specificity in inhibitory activity of APP-IP-TIMP-2. A, MMP-1 (0.8 nM), MMP-2 (0.2 nM), MMP-3 (27 nM), MMP-7 (1.5 nM), MMP-8 (7.2 nM),
MMP-9 (1.4 nM), and the catalytic domain of MT1-MMP (MT1cat, 1.0 nM) were incubated with 50 �M 3163v, and ADAM17 (2.4 nM) was incubated with 50 �M

3226v at 37 °C for 30 min in the absence or presence of APP-IP-TIMP-2 (420 nM). B, MMP-2 (0.2 nM, F) and the catalytic domain of MT1-MMP (1.0 nM, E) were
incubated with 50 �M 3163v at 37 °C for 30 min in the presence of the indicated concentrations of APP-IP-TIMP-2. The amount of the peptide substrate (3163v
or 3226v) hydrolyzed in the absence of APP-IP-TIMP-2 was taken as 100%. The enzyme activity is shown as the relative amount of the substrate hydrolyzed by
the enzyme. The curve fitting of each data in B was carried out using Equation 1 as described under “Experimental Procedures.”

FIGURE 4. Effect of APP-IP-TIMP-2 on processing of pro-MMP-2 in Con A-stimulated HT1080 cells. A, HT1080 cells were incubated for 24 h in serum-free
medium containing Con A (100 �g/ml) with APP-IP-TIMP-2 (70 nM) or TAPI-1 (10 �M), or without inhibitor. The CMs were prepared from the incubated cells and
subjected to gelatin zymography as described under “Experimental Procedures.” Arrowheads indicate the gelatinolytic bands of pro-MMP-2 at 66 kDa (upper),
the intermediate form at 59 kDa (center), and the active form of MMP-2 at 57 kDa (lower). An arrow at 90 kDa indicates a gelatinolytic band of pro-MMP-9.
Ordinate, molecular size in kDa. B, pro-MMP-2 (pro-form), the intermediate form, and the active form of MMP-2 are schematically represented. The numbers
shown at the bottom of each scheme represent the amino acid residue numbers of pro-MMP-2. The MT1-MMP arrow and the MMP-2 arrow represent the sites
of cleavage by MT1-MMP and MMP-2, respectively. SH represents the Cys residue interacting with catalytic zinc ion in pro-MMP-2.
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inhibitsmigration ofHT1080 cells in a scratchwound assay. To
examine whether APP-IP-TIMP-2 inhibition of MMP-2 activ-
ity affects the migration of HT1080 cells, we monitored cell
migration under the condition that activated intrinsic pro-
MMP-2 and inhibited cell proliferation, which were achieved
by pretreatment of cells with Con A and mitomycin C, respec-
tively, and an effect of APP-IP-TIMP-2 or TAPI-1 on the cell
migrationwas tested. As shown in Fig. 5A, APP-IP-TIMP-2 and
TAPI-1 similarly inhibited themigration of the stimulated cells,
and the rates ofmigration in the presence of the inhibitors were
about 50% of that in the absence of the inhibitors. These results
suggest that at least among MMPs, the proteolytic activity of
MMP-2 mainly contributes to the migration of cells.
We further examined whether APP-IP-TIMP-2 inhibits the

degradation of type IV collagen in the Con A-stimulated
HT1080 cells. As shown in Fig. 6, when the stimulated cells
were plated on the FITC-conjugated type IV collagen-coated
slide and then incubated, several dark spots, whose sizes are
similar to those of HT1080 cells, were observed in the fluores-
cence microscopic analysis. In contrast, the number of spots
and their intensities were significantly reduced when the cells
were plated and incubated in the presence of APP-IP-TIMP-2
or TAPI-1 (Fig. 6). These data are consistent with the view that
pericellular MMP-2 is the major MMP capable of degrading
type IV collagen in stimulated HT1080 cells.
Stability of APP-IP-TIMP-2 in Culture of Tumor Cells—To

examine the stability ofAPP-IP-TIMP-2 in the culture of tumor
cells, the fusion protein or the decapeptide APP-IP was incu-
bated with HT1080 cells, and time course of change in their
inhibitory activities toward the peptidolytic activity of MMP-2
was investigated. As shown in Fig. 7, the inhibitory activity of
the decapeptide was rapidly diminished during the incubation.
The half-life of the inhibitory peptide was about 30 min. In
contrast, the inhibitory activity of APP-IP-TIMP-2 was not
changed even after 96-h incubation, suggesting that the
TIMP-2 region of the fusion protein not only assists the inhib-

itory action of theAPP-IP region but also endows the inhibitory
sequence with high stability.

DISCUSSION

We designed a highly selective and strong inhibitor against
MMP-2 by combining the MMP-2-selective peptide inhibitor
APP-IP and physiological MMP inhibitor TIMP-2, which has a
site capable of binding specifically to the hemopexin-like
domain of MMP-2. Recent studies have suggested that the
accessory domains of several metalloproteinases contribute to
their recognition of substrates, thereby determining their sub-
strate specificities. For instance, the interaction of the cysteine-
rich/spacer domains of ADAMwith thrombospondin motif 13
with its specific substrate von Willebrand factor is reported to
be critical for the metalloproteinase-catalyzed cleavage of the
protein substrate (42, 43). It is also suggested that Russell’s viper
venom factor X activator, a metalloproteinase belonging to the
snake venom metalloproteinase family, uses its lectin-like
domains to recognize and bind the �-carboxyglutamic acid
domain of coagulation factor X; themetalloproteinase activates

FIGURE 5. Effects of APP-IP-TIMP-2 on migration of Con A-stimulated HT1080 cells. HT1080 cells were cultured in 35-mm dishes until they reached
confluence. Cells were treated for 30 min with serum-free DME/F-12 medium containing mitomycin C (25 �g/ml) and Con A (100 �g/ml). Scratch wounds were
then made in the confluent monolayer. The wounded cell cultures were then incubated at 37 °C for 24 h in serum-free medium containing 70 nM APP-IP-TIMP-2
or 10 �M TAPI-1, or without inhibitor (Control). Before (0 h) or after (24 h) incubation, photographs were taken (A). The extent of cell migration in the presence
or absence of inhibitors was quantified by measuring the areas of cells invading the scratch wounds using NIH Image J (B). In B, the area of invaded cells (healed
area) in the absence of inhibitor was taken as 100%. The extent of cell migration is shown as the relative healed area on the ordinate. Each bar represents the
mean 	 S.D. for six assays. Statistical significance was determined by an unpaired test. *, p � 0.01.

FIGURE 6. Effects of APP-IP-TIMP-2 on degradation of type IV collagen by
Con A-stimulated HT1080#10 cells. FITC-conjugated type IV collagen was
coated on 8-well glass slides as described under “Experimental Procedures.”
HT1080#10 cells pretreated with Con A as described under “Experimental
Procedures” were plated onto the slides coated with FITC-conjugated type IV
collagen and incubated in DME/F-12 medium supplemented with bovine
fetal serum in the absence (Control) or presence of APP-IP-TIMP-2 (70 nM) or
TAPI-1 (10 �M) at 37 °C for 24 h. After incubation, the cells were removed, and
the FITC-conjugated type IV collagen remaining on the slides was visualized
as described under “Experimental Procedures.” Scale bar, 50 �m.
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the serine protease zymogen to its active form factor Xa by
cleaving a specific peptide bond in the serine protease domain
of the zymogen (44). Very recently, the crystal structure of an
active site mutant of MMP-1 bound to a triple-helical collagen
peptide has been determined (45). The studies revealed that an
exosite in the hemopexin-like domain of MMP-1, which binds
to residues of the substrate peptide 10 residues apart from the
scissile bond, is critical for collagenolysis. It is likely that an
appropriate distance between the exosite and the active site is
important for proteases to recognize precisely the scissile pep-
tide bond of their substrates. In the case of APP-IP-TIMP-2, the
distance between theMMP-2 binding site in theTIMP-2 region
and the reactive site APP-IP sequence is therefore assumed to
be critical for the MMP-2 selective inhibitory action of the
fusion protein. We have previously demonstrated that the
APP-IP sequence added to the N terminus of the catalytic
domain of MMP-2 works as an effective intramolecular inhib-
itor, whereas the C-terminally added one does not (33), also
suggesting the importance of appropriate positioning and
direction of the APP-IP sequence relative to the active site of

MMP-2 for the inhibitory action. Considering that the interac-
tion between the C-terminal region of TIMP-2 and the
hemopexin-like domain of MMP-2 facilitates the enzyme inhi-
bition (46), it is likely that the exosite interaction brings the
�-amino group of N-terminal Cys1 of TIMP-2, the reactive site
of the inhibitor, into close proximity of the catalytic zinc ion of
MMP-2. We speculate that the N-terminal APP-IP region of
the fusion protein is similarly presented to the catalytic site of
MMP-2 with the assistance of the exosite interaction as sche-
matically represented in Fig. 1B.
We found that APP-IP-TIMP-2 strongly inhibited the pepti-

dolytic activity of MMP-2 with a Ki
app value of 0.68 pM. This

value is about 40,000-fold lower than the IC50 value of APP-IP
inhibition of the MMP-2 activity (30 nM) determined in the
previous study (32). Therefore, it is likely that the exosite inter-
action effectively assists the binding of the APP-IP region of the
fusion protein to the active site of MMP-2. In contrast, APP-IP
(32) and APP-IP-TIMP-2 (Fig. 3B) similarly inhibited the activ-
ity of the catalytic domain of MT1-MMP with IC50 and Ki

app

values of 2 �M and 1.7 �M, respectively, suggesting that the

FIGURE 7. Stability of APP-IP or APP-IP-TIMP-2 in the culture of HT1080 cells. A, HT1080 cells were incubated with (F) or without (E) 5 �M APP-IP in
serum-free DME/F-12 medium for indicated lengths of time. After incubation, 10 �l of samples taken from culture medium were mixed with 180 �l of MMP-2
solution consisting of 0.38 nM MMP-2, TBS-Ca-Brij, and 0.01% bovine serum albumin, and each mixture was incubated at 37 °C for 15 min. B, cells were
incubated with (F) or without (E) 50 nM APP-IP-TIMP-2 for indicated lengths of time. After incubation, samples taken from culture medium were first diluted
by 10-fold with TBS-Ca-Brij containing 0.01% bovine serum albumin, and 10 �l of the diluted samples were then mixed with 180 �l of the MMP-2 solution and
incubated at 37 °C for 15 min. Then, 10 �l of 1.0 mM 3163v was added to the mixture, and the incubation was further continued for 30 min. The amount of 3163v
hydrolyzed by MMP-2 in the absence of the cell culture-derived samples was taken as 100%. The enzyme activity is shown as the relative amount of 3163v
hydrolyzed by the enzyme on the ordinate. The concentrations of APP-IP (C) or APP-IP-TIMP-2 (D) remaining in the culture media were estimated using the
standard curve of the MMP-2 inhibitory activity of APP-IP or APP-IP-TIMP-2 plotted against known concentrations of each inhibitor. The concentration of each
inhibitor before incubation was taken as 100%. The concentration of inhibitor in the cell culture is shown as the relative concentration on the ordinate.
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TIMP-2 region of the fusion protein neither support nor inter-
fere with the interaction between the APP-IP region and the
MMP. Besides the MMP-2 selective inhibitory activity of the
APP-IP region, the MMP-2-specific exosite-assisted inhibitory
mechanism makes the fusion protein highly selective inhibitor
for MMP-2. The inhibitory activity of APP-IP-TIMP-2 toward
MMP-1,MMP-3,MMP-7,MMP-8,MMP-9 (IC50 �� 0.42�M),
or MT1-MMP (Ki

app 
 1.7 �M) was indeed six orders of mag-
nitude or more weaker than that toward MMP-2 (Ki

app 
 0.68
pM). These data also suggest that in the fusion protein, the
N-terminal reactive site of TIMP-2, which has broad-spectrum
inhibitory activity against MMPs, is completely blocked by the
APP-IP adduct. It has been reported that addition of a single
alanine residue to the N terminus of TIMP-3 is sufficient to
inactivate its inhibitory activity toward MMPs, but insufficient
to inactivate the inhibitory activity toward ADAM17 (47).
Although TIMP-2 inhibition of ADAM17 activity has not been
reported, it raises a possibility that TIMP-2 retains the inhibi-
tory activity toward member(s) of the ADAM family even after
the addition of theAPP-IP sequence.More recently, however, it
has also been reported that increasing number of alanine resi-
dues added to theN terminus of TIMP-3 causes stepwise loss of
its ADAM17 inhibitory activity, and addition of eight alanine
residues essentially inactivates the inhibitory activity (48). This
reportmakes it unlikely that APP-IP-TIMP-2 retains the inhib-
itory activity of TIMP-2, because the fusion protein has a
17-residue extension including the APP-IP sequence on the
N-terminal side of the TIMP-2 region (Fig. 1A).
In cell culture systems, and probably in vivo, APP-IP-TIMP-2

prevents exertion of proteolytic activity of MMP-2 by dual
mechanisms; one is through the inhibition of the activation of
pro-MMP-2 mediated by both MT1-MMP and TIMP-2, and
the other is through the strong inhibition of the enzyme activity
of the activated MMP-2. When one uses the fusion protein to
probe the role of enzyme activity of MMP-2 in various patho-
physiological processes, the latter mechanism may be critical,
because it has been reported that the MT1-MMP-mediated
activation of pro-MMP-2 is stimulated by claudins in a TIMP-
2-independent manner (49). The MT2-MMP-catalyzed con-
version of the pro-form of MMP-2 to its active form also does
not require TIMP-2 (50). Considering that the inhibition of the
MT1-MMP-mediated activation of pro-MMP-2 by the reactive
site-modified TIMP-2 is based on a competitive binding of the
modified or native TIMP-2 to the hemopexin-like domain of
pro-MMP-2 (27), it is unlikely that the modified inhibitor pre-
vents the TIMP-2-independent activations of pro-MMP-2.
Therefore, the suppressive effect of APP-IP-TIMP-2 on the
activation of pro-MMP-2 in vivo is assumed to be limited.
We demonstrated that APP-IP-TIMP-2 significantly inhibits

the migration of Con A-stimulated HT1080 cells and degrada-
tion of type IV collagen by the stimulated cells. These effects of
the fusion protein on the cells were quite similar to those of
TAPI-1, a broad spectrum MMPs inhibitor. Therefore, it is
likely that, at least among MMPs, the proteolytic activity of
MMP-2 contributes mainly to the cell migration and the deg-
radation of type IV collagen. The fusion proteinmay be a useful
tool to evaluate specific contributions of the proteolytic activity
of MMP-2 in various in vitro and in vivo systems. Although the

gene knockout and knockdown approaches are also useful to
probe roles of individual MMPs in pathophysiological pro-
cesses, they do not distinguish between proteolytic and non-
proteolytic functions of the proteases. Recent reports suggest
that MT1-MMP (51) andMMP-9 (52) stimulate cell migration
in a proteolysis-independent manner; the interactions between
the dimerized forms of theseMMPs andCD44 cause phosphor-
ylation of EGF receptor, thus activating MAPK and PI3K sig-
naling pathways. As both the intracellular signaling and the
proteolysis support cell migration, the proteolytic and the non-
proteolytic functions of MMPs need to be analyzed separately
to evaluate their precise contributions.
As compared with the decapeptide APP-IP, the fusion pro-

tein APP-IP-TIMP-2 showed much higher stability in the cul-
tured tumor cells. In general, peptides are susceptible to pro-
teolytic cleavage by both exo- and endopeptidases. We have
previously reported that APP-IP is not cleaved by MMP-2, but
it is very susceptible to the endopeptidase Asp-N cleavage (32).
Considering that the truncation ofN- orC-terminal amino acid
residues of APP-IP aswell as the endopeptidaseAsp-N cleavage
of the peptide leads to drastic loss of its MMP-2-inhibitory
activity (32), the observed rapid loss of the inhibitory activity of
APP-IP in the tumor cell culture is possibly caused by the tumor
cell-derived exo- and/or endoproteases other than MMP-2.
The TIMP-2 region of APP-IP-TIMP-2 may protect the
APP-IP region from the proteolytic cleavage by limiting acces-
sibility of the proteases. Because of the instability of APP-IP in
cell culture, usefulness of the peptide as an MMP-2-selective
inhibitor has been very limited. Therefore, the highly enhanced
stability of the APP-IP sequence endowed by its fusion with
TIMP-2 also enhances the usefulness of the MMP-2-selective
inhibitor.
Besides being a good target for anticancer drugs, MMP-2 is

likely involved in some types of cardiovascular diseases. For
instance, it has been reported that deletion of theMMP-2 gene
prevents cardiac rupture after myocardial infarction in mice;
proteolytic activity of MMP-2 is suggested to promote macro-
phage infiltration in the infarcted myocardial tissue (53). It has
also been suggested that platelet-derived active MMP-2 ampli-
fies platelet aggregation in response to weak stimuli, thus
inducing arterial thrombosis (54). As APP-IP-TIMP-2 is a
highly selective inhibitor for MMP-2, it may be developed as a
safe and effective drug for treatment of diseases in which pro-
teolytic activity of MMP-2 is involved.
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Moreau, F., Prunet, M. L., and Tertre, A. (2005) Structure-based design
and synthesis of novel non-zinc chelating MMP-12 inhibitors. Bioorg.
Med. Chem. Lett. 15, 3787–3790

16. Devel, L., Rogakos, V., David, A., Makaritis, A., Beau, F., Cuniasse, P.,
Yiotakis, A., and Dive, V. (2006) Development of selective inhibitors
and substrate of matrix metalloproteinase-12. J. Biol. Chem. 281,
11152–11160

17. Engel, C. K., Pirard, B., Schimanski, S., Kirsch, R., Habermann, J., Klingler,
O., Schlotte, V., Weithmann, K. U., and Wendt, K. U. (2005) Structural
basis for the highly selective inhibition of MMP-13. Chem. Biol. 12,
181–189

18. Devy, L., Huang, L., Naa, L., Yanamandra, N., Pieters, H., Frans, N., Chang,
E., Tao,Q., Vanhove,M., Lejeune, A., vanGool, R., Sexton,D. J., Kuang,G.,
Rank,D.,Hogan, S., Pazmany, C.,Ma, Y. L., Schoonbroodt, S., Nixon,A. E.,
Ladner, R. C., Hoet, R., Henderikx, P., Tenhoor, C., Rabbani, S. A., Valen-
tino,M. L.,Wood,C. R., andDransfield, D. T. (2009) Selective inhibition of
matrix metalloproteinase-14 blocks tumor growth, invasion, and angio-
genesis. Cancer Res. 69, 1517–1526

19. Liotta, L. A. (1986) Tumor invasion and metastases–role of the extracel-
lular matrix: Rhoads Memorial Award lecture. Cancer Res. 46, 1–7

20. Collier, I. E., Wilhelm, S. M., Eisen, A. Z., Marmer, B. L., Grant, G. A.,
Seltzer, J. L., Kronberger, A., He, C., Bauer, E. A., andGoldberg,G. I. (1988)
H-ras oncogene-transformed human bronchial epithelial cells (TBE-1)
secrete a single metalloprotease capable of degrading basement mem-
brane collagen. J. Biol. Chem. 263, 6579–6587

21. Wilhelm, S. M., Collier, I. E., Marmer, B. L., Eisen, A. Z., Grant, G. A., and
Goldberg, G. I. (1989) SV40-transformed human lung fibroblasts secrete a
92-kDa type IV collagenase which is identical to that secreted by normal
human macrophages. J. Biol. Chem. 264, 17213–17221

22. Sato, H., Takino, T., Okada, Y., Cao, J., Shinagawa, A., Yamamoto, E., and
Seiki, M. (1994) A matrix metalloproteinase expressed on the surface of

invasive tumour cells. Nature 370, 61–65
23. Pei, D. (1999) Identification and characterization of the fifth membrane-

typematrixmetalloproteinaseMT5-MMP. J. Biol. Chem. 274, 8925–8932
24. Pei, D. (1999) Leukolysin/MMP25/MT6-MMP: a novel matrix metallo-

proteinase specifically expressed in the leukocyte lineage. Cell Res. 9,
291–303

25. Yana, I., and Seiki, M. (2002) MT-MMPs play pivotal roles in cancer dis-
semination. Clin. Exp. Metastasis 19, 209–215

26. Strongin, A. Y., Collier, I., Bannikov, G., Marmer B. L., Grant, G. A., and
Goldberg, G. I. (1995)Mechanism of cell surface activation of 72-kDa type
IV collagenase. Isolation of the activated form of the membrane metallo-
protease. J. Biol. Chem. 270, 5331–5338

27. Higashi, S., andMiyazaki, K. (1999) Reactive site-modified tissue inhibitor
of metalloproteinases-2 inhibits the cell-mediated activation of progelati-
nase A. J. Biol. Chem. 274, 10497–10504
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