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After the disappointment of clinical trials with early broad
spectrum synthetic inhibitors of matrix metalloproteinases
(MMPs), the field is now resurging with a new focus on the
development of selective inhibitors that fully discriminate
between different members of the MMP family with several
therapeutic applications in perspective. Here, we report a novel
class of highly selective MMP-12 inhibitors, without a phos-
phinic zinc-binding group, designed to plunge deeper into the
S1� cavity of the enzyme. The best inhibitor from this series,
identified through a systematic chemical exploration, displays
nanomolar potency towardMMP-12 and selectivity factors that
range between 2 and 4 orders of magnitude toward a large set of
MMPs. Comparison of the high resolution x-ray structures of
MMP-12 in free state or bound to this new MMP-12 selective
inhibitor reveals that this compound fits deeply within the S1�
specificity cavity, maximizing surface/volume ratios, without
perturbing the S1� loop conformation. This is in contrast with
highly selective MMP-13 inhibitors that were shown to select a
particular S1� loop conformation. The search for such com-
pounds that fit precisely to preponderant S1� loop conformation
of a particular MMP may prove to be an alternative effective
strategy for developing selective inhibitors of MMPs.

The association of matrix metalloproteinases (MMPs)2 with
a variety of pathological states has stimulated impressive efforts
over the past 20 years to develop synthetic compounds able to
block efficiently (1–7) and selectively the uncontrolled activity
of these enzymes (8). Extremely potent inhibitors of MMPs
have been developed, but inmost cases these compounds act as
broad spectrum inhibitors of MMPs (9). The arguments that
have been proposed to explain the difficulties in identifying
inhibitors able to differentiate oneMMP from another include:
(a) marked sequence similarities between the catalytic domains
of MMPs, (b) a well conserved enzyme active site topology

(backbone RMSD between the MMP catalytic domains is 0.7–
0.8 Å), and (c) the mobility of residues in the so-called S1� spec-
ificity loop (10, 11).
MMPs form a group of 23 proteins in humans, all of which

contain a catalytic domain belonging to the zinc metallopro-
teinase family (12, 13). Retrospective analysis suggests that the
incorporation of strong zinc-binding groups, such as hydrox-
amate functions, potentiates MMP inhibition but unfortu-
nately in an indiscriminate manner affecting most members of
theMMP family (7), as well as other unrelated zinc-proteinases
(14). The use of a less avid zinc-binding group, like the phos-
phoryl group present in phosphinic peptide transition state
analogs, has led to a second generation of more selective MMP
inhibitors, like the selective inhibitors reported for MMP-12
(macrophage-metalloelastase) (15). The third generationMMP
inhibitors possess no zinc-binding group and exploitmainly the
depth of the S1� cavity present in most MMPs (16, 17). This
strategy has led to the discovery of the first extremely selective
MMP-13 inhibitors, such as compound1 (Scheme 1). The x-ray
structure of MMP-13 in complex with compound 1 confirms
that this compound enters deeply into the S1� cavity of
MMP-13 and involves an unusual S1� loop conformation char-
acterized by the presence of an additional S1� side pocket, a
feature absent from other MMP-13�inhibitor complex x-ray
structures. Part of the S1� side pocket of MMP-13 involves res-
idues of the so-called S1� loop, whose size and sequence varies
amongMMPs. The selectivity of compound 1 towardMMP-13
has been explained by the presence of Gly248, a unique feature
of the S1� loop of MMP-13 that allows it to adopt a main chain
conformation that is energetically disfavored for other MMPs
(16). Another selective inhibitor without zinc-binding group
has also been recently reported (compound 2; Scheme 1) for the
MMP-8,MMP-13 pair (18). Interestingly, the x-ray structure of
2 bound to MMP-8 again reveals the presence of an S1� side
pocket, with the distal part of 2 protruding into this pocket, in a
manner similar to that observed in the MMP-13�1 complex.
This suggests that the presence of an S1� side pocket is not
restricted to MMP-13 and might also occur in other MMPs
through a displacement of the S1� loop relative to the protein
body. To explore this possibility, a series of compounds with no
phosphinic zinc-binding group have been developed and
screened against various MMPs, with the objective to identify
highly selective MMP-12 inhibitors. Such attempts previously
achieved only the identification of compounds with low
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potency toward MMP-12 and poor selectivity profile (like 3 in
Scheme 1) (19).
The drive toward the development of highly selective

MMP-12 inhibitors is justified by recent studies showing the
overexpression ofMMP-12 in several human pathologies, such
as emphysema (20), osteoarthritis (21), atherosclerosis (22),
aneurisms (23), giant cell arteritis (24), and chronic obstructive
pulmonary disease (25). Recently, based on a large clinical
study, testing for an association between both asthma and
chronic obstructive pulmonary disease and single-nucleotide
polymorphisms in the gene encoding MMP-12, a detrimental
role was attributed to the overexpression of MMP-12 (26). In
animal models, mice deficient in MMP-12 were shown to be
less susceptible to emphysema (27–29), atherosclerosis (30),
and aneurisms (21). Furthermore, the need forMMP inhibitors
with better selectivity profile is also justified by the poor out-
comes observed in preclinical studies using broad spectrum
inhibitors (31, 32) and the opposing roles that MMPs play in
pathologies like cancer (33) and atherosclerosis progression
(30). These studies have clearly indicated the absolute need to
specifically target theMMPs involved in pathology progression
and not those counteracting it. Ultimately, highly selective
inhibitors are essential tools to obtain proof of principle for the
efficacy of a chemical intervention in animal models, as com-
pared with gene invalidation.

EXPERIMENTAL PROCEDURES

Chemical Synthesis—Malonic building blocks as precursors
of pseudo-peptides 5–36were first synthesized in solution and
then assembled to peptide sequence on solid support. After
cleavage, the resulting pseudo-peptides 5–36 were purified by
preparative reverse phase HPLC, and their purity was assessed
by analytical HPLC and high resolution mass spectrometry
analysis. On the basis of this criteria, all of the compounds pos-
sess purity at �95%. For further details on synthesis, see sup-
plemental “Experimental Procedures” and the analytical data of
each synthesized compound (supplemental Table S2).
Enzyme Assays—All of the inhibition assays were carried out

in 50 mM Tris-HCl buffer, pH 6.8, 10 mM CaCl2 at 25 °C as
described previously (15, 34). ACE inhibition assays were per-

formed using Mca-Ala-Ser-Asp-
Lys-Dpa-OH as substrate (15 mM)
and human somatic ACE (0.5 nM)
from R & D Systems. NEP inhibi-
tion assays were performed using
Mca-Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Dpa-OH fromEnzo Life Sciences, as
substrate (5 mM, Km � 2 mM) and
human NEP (0.5 nM) from R & D
Systems. MMPs inhibition assays
were performed using Mca-Pro-
Leu-Gly-Leu-Dpa-Ala-Arg-NH2, as
substrate (13mM,Km� 8.5mM) and
human MMPs (nanomolar range
concentration) from R & D Systems
(15), except for human MMP-12
that was produced and purified as
described previously (35). The sub-

strate and enzyme concentrations for the experiments were
chosen so as to remain well below 10% of substrate utilization
and to observe the initial rates. For each inhibitor, the percent-
age of inhibition was determined in triplicate experiments at
five inhibitor concentrations, chosen to observe a 20–80% range
of inhibition. Ki values were determined using the method pro-
posed byHorovitz and Leviski (36) (supplemental Table S3). Con-
tinuous assays were performed by recording the fluorescence
increase induced by the cleavage of fluorogenic substrates,
using black, flat-bottomed, 96-well nonbinding surface plates
(Corning-Costar, Schiphol-Rijk, The Netherlands). Fluores-
cence signals were monitored using a Fluoroscan Ascent pho-
ton counter spectrophotometer (Thermo-Labsystems, Courta-
boeuf, France) equipped with a temperature control device and
a plate shaker.
Crystallization—The protein inhibitor solution for crystalli-

zation consisted of 0.53mM of the catalytic domain of the F67D
mutant of humanMMP12 residues 106–263 with 100 mM ace-
tohydroxamic acid (AHA) to prevent self-degradation of the
proteinase prior to crystallization in 3mMCaCl2, 200mMNaCl
with 20 mM Tris-HCl at pH 7.5 and 10 mM of one of the four
selective inhibitors (compounds 5, 9, 14, and 36 lyophilized).
This solution was mixed in a ratio 1:1 with reservoir solution
containing the precipitant to give drops of 2 �l (initial volume).
Initial crystallization tests made use of previously published
conditions and of ab initio screening with the “Stura” screens
(37) (MD1–20 from Molecular Dimensions; condition 12;
three-dimensional: 22.5% PEG 10,000, 200 mM imidazole
malate, pH 8.5). The drops were equilibrated by sitting drop
vapor diffusion for 1–4 days at 20 °C in a cooled incubator
before streak seeding (38). Optimization for each inhibitor con-
sisted of small variations in the PEG concentration and in some
cases changes in ionic strength, buffer (Tris-HCl, imidazole,
cacodylate, glycine) or in the molecular weight of polyethylene
glycol (supplemental Table 1S). For data collection, the crystals
were transferred to a cryo-protecting solution consisting of 27%
PEG 8000, 15% monomethyl-PEG 550, 10% glycerol, 90 mM

Tris-HCl, pH 8.0, then picked up with a loop, and cryo-cooled
in liquid nitrogen.

SCHEME 1. Chemical structures of compounds 1– 4.
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FIGURE 1. a, effects of the RXP470 deconstruction; b, the nature of proximal ring on the MMP selectivity profile. For each MMP, the 1/Ki values are reported.
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Data StructureDetermination andRefinement—Thedata for
the MMP-12-inhibitor complexes were collected at the Euro-
pean Synchrotron Radiation Facility, beam lines ID14-2 and
ID23-1 (Grenoble, France) or at the Soleil Synchrotron Facility
(St. Aubin, France) at 100 K from single crystals. Crystals dif-
fracted to high resolution (1.9–1.3 Å). Data reduction was car-
ried out with MOSFLM (39). The crystals belong to the tetrag-
onal space group P21212 with one molecule in the asymmetric
unit with cell parameters similar to Protein Data Bank entry
1RMZ (11). This entry with the inhibitor removed was used for
molecular replacement carried out with MOLREP (40). Subse-
quently structure solutions have been carried out by rigid body
refinement with REFMAC (41), in all cases where lattice
parameters have not varied substantially. The constraint files
for the inhibitor have been generated with Monomer Library
Sketcher from the CCP4 suite of programs (42). The refined
ligand was then fitted in the difference electron density maps
(omit �A-weighted Fo � Fc) calculated and displayed using
XFIT from the XtalView suite of programs (43). In all cases a
single conformation was seen for the inhibitor except for com-
pound 5 where the chloride atom can be found in two distinct
positions. The second position refined with occupancy below

0.2 was omitted from the final
deposited file. Final fitting and ste-
reochemical analysis of the refined
model was carried out with COOT
(44). The figures were made with
PyMOL from DeLano Scientific
(45).
Protein Data Bank Accession

Number—The coordinates and
structure factors for the catalytic
subunit of human MMP12-inhibi-
tor complexes have been deposited
in the RCSB Protein Data Bank with
the following codes: compound 5,
code 3LIL; compound 9, code 3LIR;
compound 14, code 3LJG; and com-
pound 36, code 3LIK (supplemental
Table S1).
Molecular Modeling—The molec-

ular models of the interaction of
compound 36 with MMPs was
achieved with program CHARMM
(version 27), using version 22. The
initial position of compound 36 in
MMP active sites was obtained by
superimposition of the main chain
atoms of the MMP-12�36 complex
crystal structure onto that of other
crystal structures ofMMPs (Protein
Data Bank code for MMP-2 (code
1QIB), MMP-3 (code 1G49),
MMP-8 (code 1I76), MMP-9 (code
2OVZ), and MMP-13 (code 3I7G),
respectively. The geometrical and
nonbonded parameters for com-
pound 36 were derived from ab ini-

tio quantum calculations with the program GAUSSIAN98.
These calculations were done at theMP2 level of theory using a
6–31�G(d,p) basis set. The starting complex structures were
then refined by energy minimization and molecular dynamics
with CHARMM (15).

RESULTS

From Phosphinic Inhibitors to Non-zinc Binding Inhibitors—
We previously reported compound 4 (RXP470; Scheme 1) as a
potent and selective inhibitor of MMP-12, in which the isox-
azole side chain in conjunction with the Glu-Glu motif was
shown to play a key role in the selectivity of the inhibitor (15). In
4, the phosphoryl group (PO2

�) is thought to interact with the
zinc ion of the MMP-12 active site, as previously observed in
the x-ray structure of complexes between phosphinic peptide
inhibitors and other MMP members (46, 47). Starting from
compound 4, a series of new compounds was generated by
removal of the phosphinic moiety (Fig. 1a) as in compound 5,
resulting in a concomitant loss in potency and selectivity. Sim-
ilar trends were observed when either the Glu-Glu motif (com-
pounds 6 and 7) or the isoxazole side chain (compounds 8 and
9) were modified. These first results led us to evaluate the role

FIGURE 2. a, overlay of MMP-12 complexes with compounds 9 and 14. MMP-12 is shown in ribbon represen-
tation (gray) with the active site zinc in purple. Compounds 9 and 14 and AHA are shown as sticks with nitrogen
(blue) and oxygen (red), and carbon atoms are colored according to the compound (9, cyan; 14, green). S1� loop
residues are highlighted as sticks with carbon atoms in yellow. b, detailed view at the S1� cavity entrance,
showing the respective positioning of inhibitor side chain in respect to His218 and the peptide bond located
between Thr239 and Tyr240. Cross-section of MMP-12 molecular surface with compound 9 (c) and 14 (d) show-
ing the positioning of the inhibitor side chain into the S1� cavity.
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FIGURE 3. a, effects of the distal phenyl modification. b, nature of distal ring. c, thiophene modification on the MMP selectivity profile.
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of the isoxazole ring trough its substitution by other five-mem-
ber rings (compounds 10–13). As shown in Fig. 1b, with the
exception of compound 11, a loss of potency was observed
highlighting the role played by hetero-atoms in these five-
member rings. However, moving to a six-member phenyl ring
resulted in compound 14 with a better selectivity profile in
favor of MMP-12.
From Isoxazole to Phenyl Ring in the P1� Position—To gain

some insights on the molecular factors contributing to the
change in selectivity profile between compounds 9 and 14,
x-ray structures of their corresponding complexes with the
MMP-12 catalytic domain were determined at high resolution,
1.9 and 1.31Å, respectively (supplemental Table S1 and text). In
these structures (Fig. 2a), the zinc atom is chelated respectively
by a glycine (compound 9) or an acetohydroxamic acid (AHA)
molecule (compound 14) (the presence of these small zinc-
binding molecules originates from the co-crystallization buffer
in the case of glycine or the addition of AHA to prevent
MMP-12 autolysis, see “Experimental Procedures”). Overall,
these structures confirm that the P1�, P2�, and P3� side chains in
these inhibitors point toward their corresponding enzyme sub-
sites (S1�, S2�, and S3�), with no direct interaction between the
zinc ion and inhibitor atoms. This observation is sustained by
the lack of electron density between glycine or AHA and com-
pounds 9 and 14, as well as the distances between the P1� Ca
inhibitor atoms and the zinc ion (4.4 and 4.5 Å, respectively).
Residues of the S1� loop in both structures adopted almost sim-
ilar orientations (Fig. 2a, yellow stick). However, because of the
change in ring size, in 14 the P1� side chain enters more deeply
into the S1� cavity, compared with 9 (Fig. 2, b–d). As a result of
the phenyl shift, a better stacking is achieved between the first
phenyl moiety of inhibitor 14 and His218 side chain on one side
and on the other side with the peptide bond located between
Thr239 and Tyr240 (Fig. 2b). As expected, the S1� cavity in these
structures appears to be partially empty, suggesting that the
bottom part of the S1� cavity could be further probed by adding
groups to the para ormeta position on the second phenyl group
in 14 (Fig. 2d).

Based on the above considerations, another set of com-
pounds was designed by introducing various small substituents
on the distal phenyl group of compound 14. This series did not
lead to major improvements in inhibitory potency (Fig. 3a).
Some compounds (compounds 18 and 21) displayed an
improved selectivity profile, but their potency towardMMP-12
remained too low (Ki� �100 nM). Further elongation of the P1�
side chain by adding a third phenyl strongly increased the
inhibitor potency (compound 23) but at the expense of inhibi-
tor selectivity. These results led us to explore alternative cycles
in the distal part of the P1� side chain (Fig. 3b). With the excep-
tion of a thiophene ring (compounds 25 and 26), most com-
pounds in this series exhibited lower potency compared with
14.
For chemistry considerations, compound 25was selected for

further modification (Fig. 3c). The introduction of a methyl at
the � position relative to the sulfur atom in the thiophene ring
led to marked changes both in potency and selectivity toward
MMP-12 (compound 32). In contrast, the samemodification at
� or � position of the thiophene sulfur atom decreased potency
(compounds 33 and 34). With a phenyl, the � substitution
(compound 36) provided better results than the � one in terms
of selectivity (compound 35) (the � position was discarded in
this case to avoid steric clash within the S1� cavity). As com-
pared with our starting compound (compound 4, RXP470),
compound 36 is slightly less potent toward MMP-12 and dis-
plays overall a similar selectivity profile toward a set of nine
MMPs (Table 1), except for MMP-3 andMMP-10, where 36 is
10-fold less potent as compared with 4. No inhibition of TACE
(TNF-�-converting enzyme), ACE, and NEP was observed
when 36 was tested up to a 10 mM concentration.
Crystal Structure of Compound 36 Bound to MMP-12—A

high resolution x-ray structure of MMP-12 in complex with
inhibitor 36 was solved in the presence of AHA (1.8 Å). In this
complex, 36 adopts a very well defined structure (Fig. 4, a and
b), with improved complementary fit between the P1� side chain
of the inhibitor and the S1� cavity. Compounds 14 and 36 pos-
sess in common the Glu-Glu motif and the first phenyl ring.

TABLE 1
Comparison of compounds 36 and 4 potency towards MMPs and their selectivity factors towards MMP-12
Ki values were determined in 50 mM Tris/HCl buffer, pH 6.8, 10 mM CaCl2 at 25 °C.

MMP-12 Selective Inhibitors

NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 35905

http://www.jbc.org/cgi/content/full/M110.139634/DC1


Comparison of their x-ray structures in interaction with
MMP-12 revealed that these parts shared by the two inhibitors
adopt almost the same binding mode. However, 36 achieves a
larger number of Van der Waal’s contacts between the distal
part of the inhibitor (thiophene-phenyl) and several MMP-12

residues (Val235, Tyr240, Lys241,
Val243, and Phe248) (Fig. 5a). This
optimal accommodation relies on
the bent structure of the inhibitor
P1� side chain induced by the thio-
phene ring. The above observations
led us to wonder whether the inhib-
itor P1� side chain position in the S1�
cavity might induce the concomi-
tant conformational shift of the S1�
loop. To address this issue, we com-
pared the crystal structures of
MMP-12 in complex with 36 in the
presence of AHA and MMP-12
complexed to AHA (Protein Data
Bank code 1Y93, 1.03 Å) (11). The
two MMP-12 structures overlay
with only minor differences in their
S1� loop conformations, with the
exception of Lys241 side chain (Fig.
4, c and d; RMSD in figure legend).
In presence of 36, the Lys241 side
chain appears to fold back over the
distal phenyl of 36 (Figs. 4c and 5a),
with the � CH2 of Lys241 making a
CH-� interaction with the phenyl
ring of the inhibitor, whereas in the
MMP-12�AHA complex, the lysine
side chain points toward the sol-
vent (Fig. 4c). Overall, this com-
parison supports the view that the
accommodation of the 36 P1� side
chain into the S1� cavity can be
realized without major rearrange-
ment of the MMP-12 S1� loop
canonical conformation.
Compound 5 versus 36—Com-

pounds 5 and 36 incorporate P1�
side chains of similar size but dis-
play markedly different selectivity
profiles. To gain some insights into
the molecular determinants that
may explain this difference, x-ray
structures of 5 in complex with
MMP-12 were also solved in the
presence of AHA (1.8 Å). Overall, in
these two MMP-12 crystal struc-
tures, the protein adopts almost the
same structure (Fig. 4, e and f), but
on closer inspection the differences
are observed between the S1� loop
residue conformation (Fig. 4f) and
in the packing of the P1� side chains

of compounds 5 and 36 and residues within the MMP-12 S1�
cavity (Fig. 5, a and b). In the MMP12�5 complex, the distal
chloro-phenyl group points toward Lys241, pushing the lysine
side chain toward the solvent (Fig. 5b). In contrast,
in the MMP12�36 complex, the distal phenyl points in the

FIGURE 4. a, complex of MMP-12 with compound 36 in presence of AHA. Carbon atoms of 36 and AHA are
shown as sticks colored light blue. b, 2Fobs � Fcalc electron density map (1�, blue; 4�, brown) of the inhibitor
binding region. c, overlay between complexes of MMP-12 with AHA (beige) or with 36 in presence of AHA (blue).
AHA and 36 are shown as stick models with their carbon atoms in green. The S1� loop of each complex is
emphasized in sticks for each complex: AHA/MMP12 (beige; Protein Data Bank code 1Y93) and 36�MMP-12 in
presence of AHA (blue). The RMSD on C� for this superposition is 0.43 Å. d, a close-up view of S1� loop (residues
236 –249) as in c (RMSD for this segment: 0.31 Å on C�; 1.03Å for all atoms). e, overlay between complexes of
MMP-12 with 5 (cyan) or with 36 (blue) in presence of AHA. The RMSD on C� for the superposition is 0.35Å. f, a
close-up view of the S1� loop in complexes between MMP-12 and 5 (yellow stick) or with 36 (blue stick). The
RMSD for the superposition of residues 236 –249 is 0.61 Å on C� and 1.44 Å for all atoms).
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opposite direction, toward Phe248 (Fig. 5a). Overall, the pres-
ence of a five-member ring in 36 allows better packing between
the inhibitor P1� side chain and S1� residues (Tyr240 and Lys241),
compared with the P1� side chain of 5, so that the void volume
between the inhibitor P1� side chain and the S1� cavity appears
lower with 36, as compared with 5 (Fig. 5, a and b). These
differences may explain the higher potency of 36 toward
MMP-12 and its better selectivity profile. To support this con-
tention, we tested whether the structure adopted by 36 when
bound to MMP-12 might fit in the active sites of other MMPs.
Strikingly, 36 can be easily docked into otherMMP active sites,
without steric clash. However, these simple models reveal that
the optimal close contacts observed between the distal part of
the P1� side chain of 36 and the five residues of the MMP-12
delineating the bottom part of the S1� cavity (Val235, Tyr240,
Lys241, Val243, and Phe248), with the exception of MMP-8, are
not observed in other MMPs (Fig. 5c) (we selected MMPs for
which the inhibitor selectivity has been improved between
compound 5 and 36). Besides differences in the S1� loop con-
formation between MMPs, the above observations also arise
from the variability in the nature of the residues at positions 241

and 243 in various MMPs (Fig. 5c).
From the above considerations, the
poor selectivity displayed by com-
pound 5 may arise from the linear
shape of its P1� side chain, as com-
pared with the bent P1� side chain
structure of 36.

DISCUSSION

The development of most MMP
inhibitors for the last 15 years has
relied on the use of a strong zinc-
binding group, such as hydroxam-
ate, and by targeting the entrance of
the S1� cavity. This strategy was
selected to obtain potent inhibition
through tight hydroxamate/zinc ion
interaction and maintaining the
inhibitor in a low molecular weight
range by limiting the size of the P1�
side chain. Unfortunately, although
providing extremely potent MMP
inhibitors, all of the compounds
obtained through this strategy dis-
played poor selectivity toward
MMPs and also targeted other unre-
lated zinc-metalloproteinases like
NEP (14). The use of a weaker zinc-
binding group (carboxylate or phos-
phoryl group) led to more selective
inhibitors, in particular for MMP-
12 (15, 48, 49). First, the present
study demonstrates that pseudo-
peptides with no phosphinic zinc-
binding group in their structures
can behave as potent MMP-12
inhibitors. Second, this study shows

that exploring the bottom part of the S1� cavity of MMP-12 by
using long and bent P1� side chain resulted in inhibitors show-
ing even better selectivity profile than the best selective
MMP-12 reported so far (compound 4) (15). Third, this study
indicates that the inhibitor P1� side chain accommodation into
the S1� cavity occurs without major conformational shift of the
S1� loop, in contrast to what was observed withMMP-13 selec-
tive inhibitors (16) andmixedMMP13/MMP-8 inhibitors (18).
Selective MMP-13 inhibitors have been proposed to select a
particular/minor conformation of MMP-13 from a conforma-
tional ensemble. Even if this concept seems to apply also to
MMP-8, noncanonical S1� loop conformation in MMPs is
poorly documented; thus translation of this approach for devel-
oping selective inhibitor toward other MMPs approach
remains challenging. In contrast a lot of three-dimensional
structures (x-ray or NMR) of MMPs are available in which a
preferred S1� loop conformation can be potentially targeted by
inhibitors probing the bottom part of the S1� cavity for devel-
oping more selectiveMMP inhibitors. Although this strategy is
appealing, the present study shows that subtle variations in the
inhibitor structure entail profound selectivity and potency vari-

FIGURE 5. a and b, close-up views of the S1� bottom part of MMP-12 in complex with 36 in front (top) and back
(bottom) view (a) or in complex with 5 in front (top panels) and back (bottom panels) view (b). 36 is colored in
cyan, 5 is in magenta, and MMP-12 residues are in blue (ball-stick representation). c, a close-up view of MMP�36
models showing the S1� bottom part of MMPs and the packing between the P1� side chain of 36 and the MMP
S1� loop residues.

MMP-12 Selective Inhibitors

NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 35907



ations. Potency and selectivity are in fact a function of several
linked and complex parameters. Thus, the exact positioning
of the P1� side chain inside the S1� cavity seems to be critical.
Such positioning depends on the nature of the ring (isox-
azole versus phenyl) in the inhibitor P1� side chain at the
entrance of S1� cavity. The shape of the P1� side chain is also
important. A long P1� linear side chain like in 23 strongly
increases the inhibitor potency but yields a poor selectivity
profile. Only with a bent side chain have the best results in
terms of selectivity been achieved. Compounds 5 and 36
highlight how very subtle structural differences act in syn-
chrony to yield a different selectivity profile. The small
adjustments of the residues lining the S1� cavity in response
to inhibitor binding are difficult to predict, yet such knowl-
edge could potentiate the use of structure-based design
approach to develop highly selective inhibitors. These limi-
tations explain why the development of selective MMP
inhibitors has been so disappointing in the past 20 years.
In summary, the present study reports how the systematic

modification of the P1� side chain has resulted in the identifica-
tion of selective inhibitors. The absence of a zinc-binding group
has facilitated the discovery process by strengthening the role
played by the P1� side chain and by removing the positional
constraints associated with the zinc interaction. Considering
the previous successes obtained with MMP-13, it appears
extremely likely that more non-zinc-binding inhibitors of
MMPs with high selectivity profile will be reported in the
future.Whether such compounds will select highly or less pop-
ulated S1� loop conformations of MMPs is more difficult to
foresee.
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