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Unlike other synthetic or physiological inhibitors for matrix
metalloproteinases (MMPs), the B-amyloid precursor protein-
derived inhibitory peptide (APP-IP) having an ISYGNDALMP
sequence has a high selectivity toward MMP-2. Our previous
study identified amino acid residues of MMP-2 essential for its
selective inhibition by APP-IP and demonstrated that the Nto C
direction of the decapeptide inhibitor relative to the substrate-
binding cleft of MMP-2 is opposite that of substrate. However,
detailed interactions between the two molecules remained to be
clarified. Here, we determined the crystal structure of the cata-
lytic domain of MMP-2 in complex with APP-IP. We found that
APP-IP in the complex is indeed embedded into the substrate-
binding cleft of the catalytic domain in the N to C direction
opposite that of substrate. With the crystal structure, it was first
clarified that the aromatic side chain of Tyr> of the inhibitor is
accommodated into the S1’ pocket of the protease, and the car-
boxylate group of Asp® of APP-IP coordinates bidentately to the
catalytic zinc of the enzyme. The Ala” to Pro'® and Tyr? to Ile!
strands of the inhibitor extend into the nonprime and the prime
sides of the cleft, respectively. Therefore, the decapeptide inhib-
itor has long range contact with the substrate-binding cleft of
the protease. This mode of interaction is probably essential for
the high MMP-2 selectivity of the inhibitor because MMPs share
a common architecture in the vicinity of the catalytic center, but
whole structures of their substrate-binding clefts have sufficient
variety for the inhibitor to distinguish MMP-2 from other
MMPs.

The matrix metalloproteinases (MMPs)> comprise a family
of zinc-dependent endopeptidases capable of degrading pro-
tein components of the extracellular matrix and play pivotal
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roles in tissue remodeling under physiological and pathological
conditions such as morphogenesis, angiogenesis, tissue repair,
and tumor invasion (1-4). The association of MMPs with
tumor invasion and metastasis has suggested that these pro-
teases represent attractive target for the development of anti-
tumor therapies. To date, a large number of MMP inhibitors
based on hydroxamic acid derivatives or other synthetic inhib-
itors have been designed (5-8). However, none of them has
been developed successfully as anti-tumor drugs mainly
because of deleterious side effects; the broad specificity of the
MMP inhibitors must be a stiff obstacle for developing safe and
effective drugs. A common architecture of catalytic sites of
MMPs probably relates to the broad specificity of the inhibi-
tors. Moreover, recent studies (2, 9) suggest that some mem-
bers of MMPs have anti-tumorigenic and anti-metastatic func-
tions, and inhibition of their activities by broad spectrum MMP
inhibitors therefore offset anti-tumor effects of the inhibitors,
and even worse, stimulate tumor growth and metastasis.

The activities of MMPs in vivo are regulated by a family of
inhibitors known as tissue inhibitors of metalloproteinases
(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) inhibition, and some
members of a disintegrin and a metalloproteinase family
are also inhibited by these inhibitors (10, 11). In addition to the
protease-inhibitory activity, some TIMPs have cell growth-
stimulating activity. It has been reported recently that binding
of TIMP-2 to cell surface membrane type 1-MMP (MT1-MMP)
activates the ERK1/2 pathway by a nonproteolytic mechanism,
thus contributing to the aggressive tumor cell migration and
proliferation (12, 13). These complexities of the functions of
TIMPs also make it infeasible to use the inhibitor proteins for
anti-tumor therapies.

B-Amyloid precursor protein (APP) is a type [ integral mem-
brane protein, which was initially identified as a precursor of
B-amyloid peptide, the principal component of extracellular
deposits in senile plaques observed in Alzheimer disease brain
(14). In cultured cells, APP is proteolytically cleaved at the cell
surface within the B-amyloid sequence, and the extracellular
domain of APP is released as a soluble APP into the culture
medium (15, 16). Because the soluble APP contains an inhibitor
of MMP-2 (17) and sites to interact with several components of
the extracellular matrix (18 —22), this secreted protein fragment
is assumed to protect the extracellular matrix from the MMP-
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2-catalyzed degradation. Our previous study (23) demon-
strated that the inhibitor is localized within the ISYGNDALMP
sequence corresponding to residues 586 -595 of APP,,, and a
synthetic decapeptide containing this sequence, named APP-
derived inhibitory peptide (APP-IP), has MMP-2-selective
inhibitory activity. So far, the APP-IP region is the only one
physiological inhibitor that has high selectivity toward one
MMP.

To clarify the mechanism of the selective inhibition, we have
determined the amino acid residues of MMP-2 essential for its
interaction with APP-IP by analyzing APP-IP inhibitions of var-
ious chimeric mutants of MMPs, and we have revealed that
several residues of MMP-2 located far from the catalytic zinc in
the nonprime or the prime side of the substrate-binding cleft
are essential for the selective interaction (24). Our study also
demonstrated that the N to C direction of APP-IP relative to the
substrate-binding cleft of the protease is opposite that of sub-
strate peptide. Although a novel mode of interaction between
APP-IP and MMP-2 has been suggested, detailed interactions
have still remained to be clarified.

Here, we describe the crystal structure of the catalytic
domain of MMP-2 in complex with APP-IP and discuss how
the decapeptide inhibitor can bind selectively with the active
site of MMP-2. Clarification of the detailed mechanism of inhi-
bition provides the potential to develop specific inhibitors for
other individual MMPs.

EXPERIMENTAL PROCEDURES

Materials—The sources of materials used are as follows:
pFLAG-CTC vector from Sigma. cDNA of human proMMP-2
was cloned into pCMV6 vector from OriGene Technologies
(Rockville, MD). PrimeStar Max DNA polymerase was from
Takara Bio Co. (Shiga, Japan), Affi-Gel 10 was from Bio-Rad. All
custom oligo-DNA primers were provided by Rikaken Co., Ltd.
(Tokyo). All other chemicals were of analytical grade or the
highest quality commercially available.

Construction of Expression Vectors for the Catalytic Domain
of MMP-2 and Its Mutants—The previously constructed
pFLAG-N-ins-proMMP-7 vector (25) and proMMP-2-pCMV6
vector were used for the following construction. The cDNA
sequence corresponding to the 7 amino acid residues in the
C-terminal part of the propeptide region, the catalytic domain,
and three fibronectin-like type II domains inserted in the cata-
lytic domain of MMP-2 was amplified by PCR, using a pair of
primers 5 -AAAACCGCGGAGCGGCAACCCAGATG-
TGG-3' (sense primer containing the Sacll site) and 5'-TTTG-
AATTCTTAGTCAGGAGAGGCCCCATAG-3' (antisense
primer containing the EcoRlI site) and the cDNA of proMMP-2
as a template. The resultant PCR product was cleaved with
Sacll and EcoRI and ligated into pFLAG-N-ins-proMMP-7
cleaved also with SacIl and EcoRI. The resultant pFLAG-N-ins-
MMP-2-cat-FN vector was used for the following construction.
To remove the cording region of the three fibronectin type II
domains, PCR with PrimeStar Max DNA polymerase was car-
ried out, using a pair of primers 5'-GGTACAGCCTGTTCC-
TCG-3' (sense primer) and 5'-CTTGGCCTTCTCCCAAGG-3’
(antisense primer) and the pFLAG-N-ins-MMP-2-cat-FN as a
template. The primers were designed in inverted tail-to-tail
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directions to amplify the cloning vector together with the part
of propeptide and the catalytic domain of proMMP-2 sequence.
The resultant PCR product having blunted tails was self-ligated,
and the resultant pFLAG-N-ins-MMP-2-cat vector was used
for the following constructions. To introduce a mutation that
substitutes Glu'?!, the active site residue of MMP-2, with Ala,
PCR with PrimeStar Max DNA polymerase was carried out,
using a pair of primers 5'-GCCCACGCGTTTGGCCACGCC-
ATGG-3’ (sense primer) and 5'-GCCAAACGCGTGGGCTG-
CCACGAGG-3' (antisense primer) and the pFLAG-N-ins-
MMP-2-cat as a template. The primers having a 15-base
overlapped sequence including the mutagenic one were
designed in inverted tail-to-tail directions to amplify the clon-
ing vector together with the part of MMP-2 sequence described
above. The resultant PCR product having adhesive tails due to
the overlapped sequence was used directly for transformation
according to the manufacturer’s instruction. The resultant
pFLAG-N-ins-MMP-2-cat (E121A) vector was used for the fol-
lowing construction. To introduce mutations in a loop region of
the catalytic domain of MMP-2, by which crystallization of the
recombinant protein is probably facilitated, PCR with Prime-
Star Max DNA polymerase was carried out, using a pair of
primers 5'-GGAAAAGGCGTTGGGTACAGCCTGTTCCTC-
3’ (sense primer) and 5'-CCCAACGCCTTTTCCCAAGGTC-
CATAGCTCA-3' (antisense primer) and the pFLAG-N-ins-
MMP-2-cat (E121A) as a template. The primers having a
15-base overlapped sequence including the mutagenic one that
substitute Glu'®® and GIn''° of the catalytic domain of MMP-2
with Lys and Val, respectively, were designed in inverted tail-
to-tail directions to amplify the cloning vector together with the
part of MMP-2 sequence described above. The resultant
pFLAG-N-ins-MMP-2-cat (E108K/Q110V/E121A) vector was
used for expression of the recombinant protein.

Expression and Preparation of the Catalytic Domain of
MMP-2 and Its Mutant—The expression vectors pFLAG-N-
ins-MMP-2-cat and pFLAG-N-ins-MMP-2-cat (E108K/
Q110V/E121A) were transfected separately into the Esche-
richia coli strain DH5c. The transformants were cultured in 2X
YT medium (0.08% (w/v) tryptone, 0.5% (w/v) yeast extract, and
0.25% (w/v) NaCl) at 37 °C, and the recombinant proteins were
induced by the addition of 1.0 mm isopropyl-B3-p-thiogalacto-
pyranoside. After a 5-h induction, E. coli cells were broken in 50
mM Tris-HCl (pH 8.0) containing 50 mm NaCl, 5 mm EDTA and
1% Triton X-100 with a sonicator, and the resultant inclusion
bodies were collected by centrifugation. The inclusion bodies
were washed three times with Tris-HCI (pH 8.0) containing 50
mwm NaCl, 5 mm EDTA by sonication followed by centrifuga-
tion, and then they were solubilized in 50 mm Tris-HCI (pH 8.0)
containing 6 M guanidine HCl and 100 mm dithiothreitol with
gentle stirring for 2 h at 25 °C. The dissolved samples were then
refolded by rapid dilution method using a refolding buffer con-
taining 1.0 m arginine as described previously (25). The refolded
proteins were dialyzed extensively against 50 mm sodium
HEPES (pH 7.5) containing 150 mm NaCl and 10 mwm CaCl,.
The samples were clarified by centrifugation and concentrated
until their concentrations became approximately 0.5 mg/ml,
using a Centriprep YM-10 ultrafiltration device (Millipore
Corp., Bedford, MA). The protein preparations showed >80%
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homogeneity as judged by SDS-PAGE. In case of the recombi-
nant catalytic domain of MMP-2, the N-terminal 35 amino acid
residues sequence preceding Tyr', which is the N-terminal res-
idue of the active form of MMP-2, was autocatalytically
removed during the dialysis. However, the additional N-termi-
nal sequence of the catalytically inactive mutant was not
removed after dialysis, as expected. To remove the N-terminal
sequence, 10 ml of the mutant catalytic domain of MMP-2 solu-
tion (0.5 mg/ml) prepared as described above was mixed with
1.0 ml of MMP-2-cat-Affi-Gel 10 in which 1.0 mg of the cata-
lytic domain of MMP-2 was coupled with 1.0 ml of Affi-Gel 10
and incubated at 37 °C for 3 h with rotation. After incubation,
the protease-coupled beads were removed by filtration, and the
filtrate was further concentrated using a Centricon YM-10
ultrafiltration device (Millipore).

Co-crystallization of the Catalytic Domain of MMP-2
(E108K/QI110V/EI21A) and APP-IP—One hundred microli-
ters of MMP-2-cat (E108K/Q110V/E121A) of which the con-
centration was adjusted to be 15 mg/ml was mixed with 15 ul of
5 mm APP-IP to allow the two molecules to form an equimolar
complex. Crystals of MMP-2-cat (E108K/Q110V/E121A) in
complex with an APP-IP were obtained by hanging-drop vapor
diffusion method. Rod-shaped crystals were obtained using a
reservoir solution containing of 16% (w/v) PEG6000 and 0.01 m
trisodium citrate at 297 K for several days. Prior to x-ray exper-
iments, crystals were transferred to cryoprotectant consisting

TABLE 1
Data collection and refinement statistics

Values in parentheses are for the highest resolution shell. Ramachandran statistics
indicate the fraction of residues in the most favored/allowed/disallowed regions,
respectively.

Data collection

Space group P2,2,2,
Cell dimensions

a(A) 61.8

b(A) 76.0

c(A) 37.0
Resolution range (A) 50.0-2.00 (2.07-2.00)
Observed reflections 83,976
Unique reflections 12,160

merge 0.073 (0.175)
Completeness (%) 97.5 (94.9)
<I>/o<I> 19.6 (14.7)

Refinement
Resolution range (A) 20.0-2.00
R/Rg. 0.162/0.204
Root mean square deviation bond 0.009/1.091
distances (A)/angles (°)

Ramachandran statistics (%) 88.8/11.2/0
Protein Data Bank ID code 3AYU

of the reservoir solution containing 25% (v/v) ethylene glycol.
Then, the crystal was cooled in a nitrogen gas stream at 100 K.
X-ray data collection was carried out using an UltraX in-house
x-ray generator with an R-AXIS IV"" detector (Rigaku,
Japan). X-ray diffraction data were integrated, scaled, and aver-
aged using the program HKL2000 (26). The crystal structure of
MMP-2-cat (E108K/Q110V/E121A) in complex with an
APP-IP was determined by molecular replacement method
with the program MOLREP (27), using the structure of MMP-2
(28) (Protein Data Base (PDB) ID code 1QIB) (28).The struc-
ture was manually improved by the program COOT (29) and
refined by the programs CNS (30) and REFMAC (31). Crystal-
lographic statistics are given in Table 1. Atomic coordinates
and structure factors have been deposited in the Protein Data
Bank (PDB ID code 3AYU).

RESULTS

Primary Structure and Numbering for Amino Acid Residues
of Mutant Form of the Catalytic Domain of MMP-2 Co-crystal-
ized with APP-IP—W e first tried to co-crystalize the catalytic
domain of MMP-2 with APP-IP by extensive screening, but no
crystal was obtained. Then, according to the previous report
(28), we used a mutant form of the catalytic domain of MMP-2
for the co-crystallization and obtained a crystal of the MMP-2
mutant in complex with the peptide inhibitor. The amino acid
sequence of the crystalized MMP-2 mutant, named MMP-2-
cat (E108K/Q110V/E121A), which has Glu'*! in the active site
replaced with Ala, and residues Glu'®® and GIn''® in a loop
region of the catalytic domain replaced with Lys and Val,
respectively, is shown in Fig. 1. To facilitate understanding, we
use the catalytic domain numbering and APP-IP numbering for
the amino acid residue numbers of the MMP-2 mutant and
those of APP-IP, respectively. Therefore, the residues Tyr1 to
GIn''% and Gly""" to Asp'®” of the catalytic domain of MMP-2
correspond to residues Tyr®' to GIn'® and Gly**° to Asp*** of
proMMP-2, respectively, and residues Ile' to Pro'® of APP-IP
correspond to residues I1e**® to Pro®*® of APP,,,.

Structure of APP-IP Bound to the MMP-2 Mutant—The crys-
tal structure of MMP-2-cat (E108K/Q110V/E121A) in complex
with APP-IP was determined at 2.0 A resolution (Fig. 24). In the
crystal structure, APP-IP, the decapeptide inhibitor, is embed-
ded in the substrate-binding cleft of the protease mutant in an
almost extended conformation (Fig. 2, B and C). The N to C
direction of APP-IP relative to the cleft is opposite that of sub-
strate, as predicted previously (24). Only a part of the main

MMP-2-cat: YNFFPRKPKWDKNQITYRIIGYTPDLDPETVDDAFARAFQVWSDVTPLRFSRIHDGEADI

tutant T 20 30 40 50 60
FNx3

MMP-2-cat: MINFGRWEHGDGYPFDGKDGLLAHAFAPGTGVGGDSHFDDDELWTLGE@G/YSLFLVAAH

fatant s mmmmmmes 70 80 90 100 B T R PY)

MMP-2-cat: EFGHAMGLEHSQDPGALMAPIYTYTKNFRLSQDDIKGIQELYGASPD

Mutant f A

FIGURE 1. Amino acid sequence of MMP-2-cat (E108K/Q110V/E121A). Hyphens represent the identical residues between the catalytic domain of MMP-2
(MMP-2-cat) and MMP-2-cat (E108K/Q110V/E121A) (Mutant). The boldface letters in the sequence represent the active site residues of MMPs. FN X 3 represents
the site of residues deleted to excise the fibronectin-like type Il repeat region of MMP-2.
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FIGURE 2. Structure of the MMP-2 mutant bound to APP-IP. A, the MMP-2 mutant and APP-IP shown as magenta ribbons and yellow sticks, respectively. Zinc
and calcium ions are shown as gray and white spheres, respectively. The refined electron density map (oA weighted 2F, — F. map, 2.1 A resolution, contoured
at 1.00) for APP-IP is shown as a blue cage. B, molecular surface of the MMP-2 mutant in complex with APP-IP. Various subsites in the substrate-binding cleft of
MMP-2 are shown. , stereo representation of B. The figures were prepared by using PyMOL.

chain corresponding to Gly* and Asn® of the inhibitor slightly
loops out of the cleft, and the hydrophilic carboxamide group of
Asn” is exposed into the solvent. The residues of Tyr® and Asp®,
neighboring the small loop region of the inhibitor, are posi-
tioned in the hydrophobic subsite 1’ (S1’) pocket and close to
the catalytic zinc atom of the protease, respectively (Fig. 2, B
and C). The Ala” to Pro'® and Tyr? to Ile* strands of the inhib-
itor extend into the nonprime and the prime sides of the cleft,
respectively.

Detailed Interactions between the MMP-2 Mutant and
APP-IP—The distances between the catalytic zinc atom and
two oxygen atoms of the carboxylate residue of Asp® are 2.17
and 2.30 A, respectively (Fig. 34), indicating that the carboxy-
late group coordinates bidentately to the zinc atom. The phenol
ring of Tyr® of APP-IP is accommodated in the hydrophobic S1’
pocket of the protease. The most prominent interaction in this
pocket is the parallel planer stacking between the phenol ring
and an imidazole ring of His'*° at a distance of 3.7 A (Fig. 3B).
The aliphatic side chains of Leu®” and Val''” in the S1’ pocket of
the protease also contribute to the hydrophobic interaction
with the aromatic side chain of the inhibitor. Other hydropho-
bic interactions between the aliphatic side chains of the inhib-
itor and the corresponding subsites of the protease schemati-
cally represented in Fig. 2B also make a large contribution; the
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residues Ile', Ala’, Leu®, and Met” of the inhibitor interact with
the S2’ to S3’, S2, S3, and S4 subsites of the protease, respec-
tively. Although there is no clear definition of S5 subsite in
MMPs (32), the aliphatic residue of Pro'® of APP-IP has hydro-
phobic interactions with an edge of the substrate-binding cleft,
probably corresponding to the S5 subsite or an exosite, via res-
idues Phe®, Val®?, and Ala®” of the protease. The main chain of
the N-terminal Ile'-Ser>-Tyr® region of APP-IP runs anti-par-
allel with that of the Pro'*°-Ile’*'-Tyr'** region of the MMP-2
mutant (Fig. 3C), whereas the C-terminal Asp®-Ala’-Leu®
region of the inhibitor runs parallel with the Ala®>-Phe®¢-Ala®”
region of the protease (Fig. 3D), and six hydrogen bonds
between their main chains are formed.

Based on the crystal structure of proMMP-2 (33), the C-ter-
minal region of the propeptide, containing the PRCGNPDVAN
sequence that precedes the Tyr' of the catalytic domain of
MMP-2, interacts intramolecularly with the substrate-binding
cleft in the N to C direction also opposite that of substrate. The
mode of interaction of the region of the propeptide with the
cleft of the protease is compared with that of APP-IP in Fig. 3, E
and F. The numbers —10 through —1 are given for the amino
acid residue numbers of the PRCGNPDVAN sequence region.
The main chain of the N-terminal Pro™ "°-Arg~?-Cys™ ®-Gly ’
region of the propeptide runs parallel and anti-parallel with
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FIGURE 3. Detailed interactions between APP-IP and the MMP-2 mutant. A, catalytic zinc ion coordinated by the carboxylate group of Asp® of APP-IP.
B, details of the histidine-tyrosine stacking interaction in the S1" pocket. C, hydrogen bonds formed between the backbone of lle'-Ser>-Tyr® region of APP-IP
and that of Pro"#°-lle'*'-Tyr'*? region of MMP-2. D, hydrogen bonds formed between the backbone of Ala’-Leu®-Met® region of APP-IP and that of Ala®>-Phe®¢-
Ala®” region of MMP-2. Leu®, Met®, and Pro'® of APP-IP involved in hydrophobic interactions with various subsites are also shown. E, hydrogen bonds formed
between the backbone of Pro ™~ '%-Arg~°-Cys ™~ 8-Gly 7 region of the propeptide and that of Gly®°-Leu®'-Leu®?-Ala® or Pro'*°-lle’*'-Tyr'*? region of the catalytic
domain in the crystal structure of proMMP-2 (PDB ID code 1GXD). The PRCGNPDVAN sequence region of the propeptide, corresponding to residues —10
through —1, is shown as cyan sticks. F, view of the C-terminal region of the propeptide corresponding to residues —6 through — 1 in the structure of proMMP-2.

that of Gly*>-Leu®'-Leu®*-Ala®® and Pro'*’-lle'*'-Tyr'**
regions of the catalytic domain of MMP-2, respectively, and five
hydrogen bonds between their main chains are formed (Fig.
3E). The thiol side chain of Cys ® involved in the cysteine
switch mechanism coordinates to the catalytic zinc ion. On the
other hand, the C-terminal region of the propeptide corre-
sponding to residues —6 through —1 has no hydrogen bond
with main chain of the protease (Fig. 3F). Although the side
chains of Pro™ ' and Asn ™ ° of the propeptide interact with the
S2" and S1 subsites, respectively, no other side chain of the
PRCGNPDVAN region has direct interaction with the subsites
of MMP-2, indicating that the interaction between the region of
the propeptide and the protease is supported mainly by the
localized inter-main chain hydrogen bonds and the zinc coor-
dination via the thiol side chain of Cys_g. In contrast, interac-
tions of the side chains of APP-IP with their respective subsites
of MMP-2 mainly stabilize the protease-inhibitor complex.
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Structure of the MMP-2 Mutant Bound to APP-IP—Signifi-
cant differences are apparent in the APP-IP-bound MMP-2
mutant structure compared with previously determined struc-
ture of the hydroxamate-based inhibitor-bound MMP-2
mutant (28). The two structures are superimposed with a root
mean square deviation value of 0.81 A for the comparable 160
Coa atoms (Fig. 4). The most prominent difference is found in
the N-terminal region of the protease; the Tyr' to Pro® strand of
the APP-IP-bound protease adopts ordered structure, which is
stabilized partially by a salt bridge formed between the a-amino
group of Tyr' and the carboxylate group of Asp'®?, whereas the
corresponding region of the hydroxamate inhibitor-bound one
is unstructured. The conformations of the loop region corre-
sponding to Gly'®” to Gly'"! are also different between the two
structures, and the B-factor of this region in the hydroxamate
inhibitor-bound protease is much higher than the other. Com-
pared with the hydroxamate inhibitor-bound protease, the
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FIGURE 4. Comparison of protein structures between the MMP-2 mutant
bound to APP-IP and that bound to a hydroxamate inhibitor. The crystal
structure of the MMP-2 mutant bound to a hydroxamate inhibitor shown in
blue (PDB ID code 1QIB) and the APP-IP-bound mutant shown in magenta are
superimposed. The differential regions corresponding residues 1-7, 73-82,
107-111,and 140-143 of the APP-IP-bound form are highlighted in light pink.
APP-IP is shown as a stick model.

APP-IP-bound one has slightly wider substrate-binding cleft
due to shifts in the regions corresponding to residues 73— 82
and 140-143 that include the “northern” and “southern” rims
of the cleft, respectively.

DISCUSSION

Based on the crystal structure of the MMP-2 mutant-APP-IP
complex, we first identified APP-IP as a carboxylate-type met-
alloproteinase inhibitor in which the carboxylate group specif-
ically coordinates with the catalytic zinc ion of the enzyme. The
carboxylate side chain of Asp® of APP-IP acts as the zinc ligand,
consistent with the previous data that the substitution of the
residue of the inhibitor with Ala (23) or Asn (24) leads to great
loss of its inhibitory activity. To our knowledge, APP-IP is the
first physiological metalloproteinase inhibitor categorized to be
the carboxylate-type, although a number of synthetic carboxy-
late-type inhibitors have been designed. The physiological
MMP inhibitors TIMPs use their N-terminal a-amino group
and carbonyl oxygen of main chain of the conserved Cys' to
coordinate the catalytic zinc ion in their inhibitory actions (34—
36). Compared with hydroxamate group, carboxylate group is a
weaker chelator for zinc ion. The relatively weak binding of
APP-IP to the catalytic center of the protease may be important
for the enzyme selectivity of the inhibitor as discussed later.

APP-IP has long range contact with the substrate-binding
cleft of the protease, which covers almost the entire cleft. We
also found that the N to C direction of APP-IP bound to the
substrate-binding cleft is opposite that of substrate peptide,
consistent with our previous prediction (24). We speculate that
the inversely directed interaction of APP-IP with the protease
supports its inhibitory action because peptide bonds of the
inhibitor are not located appropriately to the catalytic center of
the enzyme, thereby making the active site-bound peptide
resistant to cleavage. APP-IP is indeed resistant to MMP-2

SEPTEMBER 23,2011 +VOLUME 286-NUMBER 38
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cleavage (23). Although the propeptide of proMMP-2, an intra-
molecular inhibitor of the protease, also binds to the substrate-
binding cleft of MMP-2 in the N to C direction opposite the
substrate, its mode of interaction is significantly different from
that of APP-IP; the interaction between the propeptide and the
cleft is supported mainly by the localized inter-main chain
hydrogen bonds and the zinc chelation by the cysteine residue
in the propeptide (Fig. 3E), whereas the multiple interactions
between the side chains of APP-IP and subsites of the protease
mainly contribute to their high affinity interaction (Fig. 2B).
Considering that the sequence of the propeptide at positions
—10 through —7 is highly conserved among MMPs and the
region is commonly used to inhibit the activities of MMPs in
their pro-forms, the inversely directed interaction of inhibitors
itself does not necessarily relate to their enzyme selectivity. The
multiple side chain-subsite interactions between inhibitor and
protease are thought to be rather important for the selectivity.

Our previous study (23) demonstrated that the residues Asp®
(24 kJ/mol), Leu® (20 kJ/mol), and Tyr* (16 kJ/mol) of APP-IP
have relatively large energetic contribution in its inhibition of
MMP-2 activity. In the structure of the complex, the residue
Tyr? of APP-IP is accommodated in the S1’ pocket of the pro-
tease, and its phenol group interacts with the side chain of
His'?® by the 7- stacking. This interaction supports the rela-
tively high contribution of Tyr>. The - stacking interaction
between the histidine residue of MMP-8, corresponding to
His'*° of MMP-2, and phenyl group of a synthetic inhibitor also
has been reported (6). Many synthetic MMP inhibitors are
commonly designed to have both a zinc-chelating group and a
hydrophobic (aromatic or aliphatic) group accommodated in
the S1’ pocket. Therefore, the YGND sequence of APP-IP con-
taining the zinc-chelating residue Asp® and aromatic residue
Tyr® with the linker sequence may be a minimum structural
unit for MMP inhibitor. The flexibility of the linker region cor-
responding to Gly* and Asn® of APP-IP reflected by the high
temperature B-factor is probably important for the appropriate
positioning of the zinc-chelating and hydrophobic groups in
the catalytic cleft. The high contribution of the residue Leu® in
the inhibitory activity is also supported by the hydrophobic
interaction between the aliphatic residue of Leu® and S3 subsite
consisting of residues Tyr”?, His®*, and Phe®® of the protease. In
the structure of MMP-8 inhibited by a nonprime side-directed
inhibitor Pro-Leu-Gly hydroxamate, the proline residue of the
inhibitor also has a hydrophobic interaction with a phenylala-
nine of the S3 site (37). This interaction in the S3 site explains
the substrate preference of MMP-8 that cleaves peptide sub-
strates with preference for Pro at P3 position. Considering that
many MMPs as well as MMP-8 prefer Pro at P3 position of
substrates (32), the hydrophobic S3 subsite is likely to be a com-
mon determinant among MMPs.

We previously identified the amino acid residues of MMP-2
essential for its selective interaction with APP-IP and found
that the residues of MMP-9 at positions 87 and 93 and those of
MMP-7 at positions 144 —147 are the structural elements unfa-
vorable for their interaction with APP-IP (24). When the struc-
ture of the MMP-2 mutant-APP-IP complex is superimposed
with that of the catalytic domain of MMP-9 (38), the residue of
Leu® of the peptide inhibitor collides with the side chain of
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FIGURE 5. Structural elements in MMP-9 and MMP-7 unfavorable for their
interaction with APP-IP. The crystal structure of the catalytic domain of
MMP-9 (PDB ID code 1GKC) of which N-terminal two residues had been
removed (see “Discussion”) or that of MMP-7 (PDB ID code TMMQ) is super-
imposed with the MMP-2 mutant bound to APP-IP, and the molecular sur-
faces of the catalytic domain of MMP-9 (left) and MMP-7 (right) are shown in
this figure. APP-IP is shown as a stick model, and the residues of MMP-9 at
positions 87 and 93, and those of MMP-7 at positions 144-147 are shown in
pink. The S1” pocket located inside of MMP-7 molecule is schematically rep-
resented by a green dotted circle.

GIn%3

N-terminal Phe' of MMP-9 because both of the residues inter-
act with the S3 site. Considering that the structure of MMP-9
has very high B-factor in its N-terminal region corresponding
to residues Phe' to Glu?, and MMP-9 likely uses its S3 site upon
peptide hydrolysis (32), the N-terminal region of the protease is
assumed to move away from the substrate-binding cleft upon
its interaction with peptide substrates or nonprime side-di-
rected inhibitors. Based on this assumption, we removed the
N-terminal two residues of the structure of MMP-9, and the
modified structure is superimposed with that of the MMP-2
mutant-APP-IP complex (Fig. 5). We found that the C-terminal
region of APP-IP still has collisional interactions with Pro®” and
GIn”? of MMP-9, consistent with the previous observation that
substitution of both the residue Pro®” and GIn®® of the catalytic
domain of MMP-9 with Ala and Gly, respectively, enhances its
affinity for the inhibitor by 196-fold (24). On the other hand, we
previously speculated that Tyr® of APP-IP locates close to
Tyr'** of MMP-2 because replacement of the residues Tyr***
and Thr'*® of MMP-2 with their corresponding residues of
MMP-7 affects its interaction with Tyr® of the inhibitor (24).
However, the present study clarified that the aromatic side
chain of the inhibitor is accommodated in the S1’ pocket and
locates apart from Tyr'** of the protease. As the region of
MMP-7 corresponding to residues 144 —147 is located at the
side of the S1’ pocket opposite where the P1’ residue of sub-
strate or inhibitor binds (Fig. 5), it may affect the size or shape of
the pocket, thereby having an adverse effect on its interaction
with Tyr® of the inhibitor.

Compared with the synthetic inhibitors so far designed,
APP-IP has much more groups to interact with the substrate-
binding cleft of MMP-2, and some of the interactions are sen-
sitive to the local structural variation observed among MMPs;
these interactions likely contribute to the high enzyme selectiv-
ity of the inhibitor. On the other hand, the synthetic inhibitors
and APP-IP share some common inhibitory mechanisms that
include the chelation of the catalytic zinc ion and interaction
with the hydrophobic S1" pocket. APP-IP may be converted
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into a more potent inhibitor by replacing the carboxylate group
of Asp® with a hydroxamate group. Replacement of the flexible
linker sequence corresponding to Gly* and Asn® of the inhibitor
with other linkers having appropriate length and rigidity also
may enhance its inhibitory activity. However, these modifica-
tions probably reduce the selectivity of the inhibitor by increas-
ing the relative contribution of the common inhibitory mecha-
nisms. We speculate that APP-IP uses the YGND sequence as
an inhibitory unit that has the common inhibitory mechanisms
with limited contribution; the minimally required contribution
of the common mechanisms in the APP-IP inhibition is proba-
bly important for its selectivity.

Because some of the interactions between APP-IP and the
substrate-binding cleft of MMP-2 contribute to the selectivity,
substitutions of amino acid residues of APP-IP may alter its
enzyme preference. As discussed above, the modifications of
the residues of APP-IP other than the YGND sequence may
convert it into the inhibitors that have high selectivity toward
other individual MMPs. This possibility is currently under
investigation in our laboratory.
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