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ABSTRACT: Matrix metalloproteinases (MMPs) have nu-
merous physiological functions and share a highly similar
catalytic domain. Differential dynamical information on the
closely related human MMP-8, -13, and -14 was integrated
onto the benzoxazinone molecular template. An in silico library
of 28,099 benzoxazinones was generated and evaluated in the
context of the molecular-dynamics information. This led to
experimental evaluation of 19 synthesized compounds and
identification of selective inhibitors, which have potential utility
in delineating the physiological functions of MMPs. Moreover,
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the approach serves as an example of how dynamics of closely related active sites may be exploited to achieve selective inhibition
by small molecules and should find applications in other enzyme families with similar active sites.

KEYWORDS: Matrix metalloproteinases, Molecular dynamics, Virtual library design, Molecular docking, Enzyme kinetics,

Animal studies

Matrix metalloproteinases (MMPs) comprise a family of
23 closely related human zinc-dependent endopepti-
dases with many physiological functions spanning tissue
development and growth, remodeling and repair, angiogenesis,
and wound healing, among others.”” The activities of these
enzymes are highly regulated, and when this regulation is
disrupted, MMPs manifest pathological outcomes such as
cancer development and metastasis, rheumatoid arthritis, and
cardiovascular and neurological diseases, to name a few.>*
MMPs are evolutionarily related to each other, and their active
sites share significant structural similarities.”® Indeed, these
similarities explain the overlapping activities that the various
members of the family exhibit, a testament to the critical
functions that MMPs perform, mandating redundancy in
catalysis.

Notwithstanding the documented central roles that individ-
ual MMPs play in the onset and progression of various diseases,
inhibitors for MMPs have not been introduced to the market,
with one exception. Doxycycline, an antibacterial agent that
exhibits poor broad-spectrum MMP-inhibitory activity, is used
clinically for treatment of periodontitis.”® The experience of the
clinical trials of MMP inhibitors in treatment of cancer defined
the essential challenge. The key impediment in the progress of
these inhibitors to the clinic was the use of broad-spectrum
inhibitors, which complicated treatment due to indiscriminant
inhibition of many MMPs (and related zinc-dependent
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enzymes), which culminated in failure in clinical trials.”

The poor outcome of these trials is reflected in the reality that
in the diseased tissue one sees expressions of both the beneficial
and the detrimental MMPs. A compelling example of this
contrast is our recent finding that MMP-8 has a healing
(beneficial) and MMP-9 a pathological (detrimental) effect in
wound healing in diabetes.'"'* This is paradoxical. Expression
of MMP-8 is the body’s response to the need for wound repair,
yet that of MMP-9 is a consequence of the aforementioned
dysregulation. It is of interest that broad-spectrum MMP
inhibition in a clinical trial of nondiabetic wounds actually
showed delayed wound healing."> However, highly selective
MMP-9 inhibition in a rodent model of diabetic wounds sped
up the healing process.'”'> As the details of the involvement of
MMPs in these beneficial and detrimental activities will be
elucidated for various MMP-mediated diseases in the future, the
need for highly selective inhibitors for the MMPs as both
mechanistic tools and potential therapeutics is self-evident. The
present study addresses this need for highly selective MMP
inhibitors.

MMPs remain as worthy targets for drug development, as
long as selectivity in targeting could be imparted onto the
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Figure 1. (A) Chemical structure of lead compound 1. (B) X-ray structure of inhibitor 1 bound to MMP-8, showing the displaced Tyr227. Residues
218-228 of the Q-loop are shown as a tube. (C) Sequence alignment of the catalytic domain amino acids of the 23 members of the MMP family was
performed (see Figure S1), of which that for the segments of MMP-8, MMP-13, and MMP-14 are given here. The rectangular box highlights the Q-
loop residues Pro217— Pr0230 for MMP-8, Pro242—Pro255 for MMP-13, and Pro259—Pro272 for MMP-14, respectively. The sequence logo
(created with WebLogo v2.8' ©) shows the residue conservation. The arrow points to the aromatic residues within the Q-loop critical for
differentiation of the dynamics of the loop. (D) Superimposition of the X-ray crystal structures for the native Q-loop conformations of MMP-8
(green; PDB ID: 20Y4), of MMP-13 (purple; PDB ID: 456C), and of MMP-14 (gray; PDB ID: 3MA2) shows nearly identical loop conformations
(root-mean-squared deviation (RMSD) for the Ca of loop residues of 1.6 A for MMP-8 vs MMP-13, 0.8 A for MMP-8 vs MMP-14, and 1.4 A for
MMP-13 vs MMP-14). The arrow points to the middle of the Q-loops. (E) The ligand-induced MMP-8 Tyr227-out conformation (in green; PDB
ID 3DNG) is superimposed to the Tyr-227-in the conformation found in the unlinganded MMP-8 (PDB ID: 20Y4). The arrow points to the Tyr-
227 site. (F) Time evolution of the backbone root-mean-square deviation (RMSD) of loop residues Pro242—Pro255 of MMP-13 (purple) and the
corresponding residues MMP-8 (green) and MMP-14 (gray) over SO0 ns molecular-dynamics simulations. (See Figure SS of the Supporting
Information for the corresponding plots for all the residues of the catalytic domain.) (G) Side-chain dihedral angle that defines rotamers based on
the Ca—Cp bond torsional axis (calculated with C—Ca—Cp-Cy atoms) of Tyr227 over the simulation time, along with that of corresponding
residues of MMP-13 (Phe252) and of MMP-14 (Phe269). (H) Superimposition of the MMP-13 native conformation (PDB ID: 456C; purple) with
that of the MMP-8-inhibitor-induced conformation (PDB ID: 3DNG; green) showing the requirement for Phe252 in MMP-13 to be displaced to
accommodate the inhibitor. The structure of compound 1 is superimposed to the SiteMap binding-site-calculation result of the MMP-8 crystal
structure (PDB ID: 3DNG). Blue-dot points indicate the location where ligand occupancy is favored, while the gray mesh indicates hydrophobic
preference.

molecules. However, the similarities of these enzymes within
their active sites have presented a formidable challenge in
design of such inhibitors. Indeed, there are extraordinarily few
examples of highly selective inhibitors for MMPs.'*'> One is
the thiirane class of inhibitors from our laboratory, which shows
high selectivity for MMP-2 and/or MMP-9."”'® Members of
this class of inhibitors undergo a ring-opening reaction within
the active sites of MMP-2 and MMP-9, which leads to a tight-
binding inhibitor species generated within the active site.'”’
These inhibitors have been used widely in many animal models
for MMP-2- and MMP-9-dependent diseases.""*'~*° Similarly,
MMP-13 selective inhibitors have potential use in the study of
cardiovascular diseases and osteoarthritis.”*>” We describe here
the design of specific benzoxazinones, which target MMP-13
for selective inhibition.

The literature on inhibitors of metalloproteinases, inclusive
of MMPs, is extensive.'”** However, the vast majority of the
inhibitor classes are zinc-ion chelators, which often suffer cross-
reactivity with other enzymes. We were drawn to the previously
reported benzoxazinone class of inhibitors for the reasons given
below.” An X-ray structure of inhibitor 1 (Figure 1A) bound to
the active site of MMP-8 (Figure 1B) showed that the
compound was ensconced deep within the S1” pocket and did
not directly interact with the catalytic zinc ion. The S1’ pocket
is present in all MMPs. It is defined by a surface, which is
capped by an Q-loop (Figure 1C). The length of the loop is
variable among the MMPs (Figure S1), and from the known X-
ray crystal structures, it appears to be a mobile element.*”*'
Yet, MMP-8, MMP-13, and MMP-14 have essentially S1’ loops
with the identical length of 12 amino acids flanked by proline
residues at each end (Figure 1C). Compound 1 inhibits MMP-

DOI: 10.1021/acsmedchemlett.7b00130
ACS Med. Chem. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00130/suppl_file/ml7b00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00130/suppl_file/ml7b00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00130/suppl_file/ml7b00130_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00130/suppl_file/ml7b00130_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.7b00130

ACS Medicinal Chemistry Letters

8 and MMP-13, among the eight MMPs that were
evaluated.””*” This observation is easily explained by the
similarity of the S1’ pockets in these MMPs (Table S1 and
Figure S2), but that the inhibitor does not inhibit MMP-14
stood out as a noteworthy curiosity, to which we will return. In
the present report, we exploit the properties of the S1” loops of
the closely related MMP-8, MMP-13, and MMP-14 in arriving
at molecules of the benzoxazinone class with selectivity for
either MMP-8 or MMP-13. This work also sheds light on how
the active site of MMP-14 is distinct, notwithstanding the
seemingly high structural similarities.

These observations argue for potential differential structural
flexibility among the three active sites. In the native states of
MMP-8, MMP-13, and MMP-14, with the S1’ sites unoccupied,
the Q-loop adopts a comparable conformation in all three
(Figure 1D). Binding of benzoxazinone 1 to the active site of
MMP-8 causes a unique conformational change in the Q-loop
according to the X-ray structure (the Arg222—Ser228 stretch;
Figure 1E). This observation is evidence for molecular
flexibility within the active site in the case of MMP-8, but the
question becomes if MMP-13 and MMP-14 also exhibit this
property, or alternatively, do they have differential flexibility
that could be exploited in the design of selective inhibitors. In
order to assess this, we carried out molecular-dynamics
simulations of MMP-8, MMP-13, and MMP-14 under identical
conditions. The starting points for the simulations were the
crystal structures of MMP-8, MMP-13, and MMP-14 with the
Q-loop conformations in the apoenzyme positions (Figure 1D;
PDB structures 20Y4, 456C, and 3MA2, respectively). The
structures were solvated with explicit water and were subjected
to molecular-dynamics simulations for 500 ns using the
AMBERI14 suite.””** As observed by the RMSD of the Q-
loop residues over the simulation time (Figure 1F), MMP-14
showed the most stable Q-loop. The molecular-dynamics
simulation trajectory of MMP-14 revealed unique interactions
of the Q-loop residues Trp263 and Glu267 (Figure S2). The
residue Trp263 of MMP-14 formed a consistent hydrogen-
bonding interaction with Asn22S during the time course, while
Glu267 maintained a salt-bridge with Lys146 (Figure S3). The
corresponding amino acids in MMP-8 and MMP-13 are unable
to make similar interactions. The MMP-13 Q-loop showed
considerable flexibility in comparison to that of MMP-8 and
MMP-14. Interestingly, Phe252 of MMP-13, which corre-
sponds to Tyr227 in MMP-8, made a dramatic motion during
the simulation (see Supporting Information movie), as
demonstrated by the plot of the dihedral angle corresponding
to the atoms C—Ca—Cpf—Cy that define the side-chain
rotamers (Figure 1G and Figure S4). These simulations
indicated that all three enzymes are different within the S1’
cavity, notwithstanding the seeming similarities from the X-ray
structures. The structure for MMP-14 is the most stable
(static), but those of MMP-8 and MMP-13 are more flexible
(dynamic). The flexibility for MMP-13 is more exaggerated
compared to that for MMP-8. Such differences present
challenges in inhibitor discovery, as the static crystal structure
cannot guide the design. Yet, once identified, the nature of the
dynamics could be exploited in opportunities for selective
inhibitor design. As we describe below, this task has been
accomplished in the design of selective MMP-13 inhibitors.

The use of the SiteMap program™ (Schrodinger, LLC, NY,
USA) on the crystal structure of the MMP-8 complex with
compound 1 (PDB ID: 3DNG) indicated that the protein loci
in the vicinity of the labels R1 and R2 (Figure 1A), which

underwent significant dynamics in the cases of MMP-8 and
MMP-13 (Figure 1H), were promising regions for inhibitor
design. The matching sites on the chemical structure of 1 were
targeted for structure elaboration by molecular modeling. In
preparation for this effort, a synthetically accessible virtual
library of 28,099 compounds was constructed by the use of the
in silico combinatorial library enumeration method imple-
mented in the CombiGlide program (v. 3.2, Schrddinger, LLC,
NY, USA). The analysis was based on the structural template of
benzoxazinone (1), where the structural variations were
introduced at the highlighted points (Figure 1A). Meanwhile,
we computationally clustered snapshots from the 500 ns of the
dynamics trajectory of MMP-13, which resulted in identi-
fication of a total of six conformations in which R1 and R2
pockets were created (See Supporting Information for method
details). We docked comPound 1 into these structures by the
use of the Glide program™ (Schrédinger, LLC, NY, USA), and
the complexes were energy-minimized. We could reproduce the
crystallographic fit seen for MMP-8 in two of these conforma-
tional states within 1 A of the root-mean-squared deviation.
These two conformations were then used for screening of the
28,099-strong virtual library using Glide. The compounds were
ranked for the goodness of fit, but were eliminated, if they did
not conform to Lipinski’s rule of five’” and Jorgensen’s rule of
three.”®*’ With synthetic access (and availability of the starting
materials) being a final filter, we selected for synthesis 19 of the
high-ranking compounds (See Supporting Information for
method details).

Five of the target compounds are given in Table I; an
additional 14 compounds are shown in the Supporting
Information (Figure S6). We highlight the five-step synthesis

Table 1. Kinetic Parameters for Inhibition of MMPs
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of compound 8 below (Scheme 1). The synthesis is a variation
of a reported method for compound 1.°* 1-(4-

Scheme 1. Synthesis of Inhibitor 8
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(Trifluoromethyl)phenyl)ethan-1-one (2) and ethyl cyanoace-
tate were heated in toluene to afford the a,f-unsaturated ethyl
ester 3 as a mixture of E- and Z-isomers. This isomeric mixture
was allowed to react with elemental sulfur to give 4. The
reaction of ethyl cyanoformate in the presence of acid afforded
compound 5. Subsequent hydrolysis of the ethyl ester of §
resulted in compound 6. Coupling of 6 and amine 7, which
itself was synthesized in three steps according to the
literature,”* afforded the desired product 8.

The synthetic compounds were evaluated for their in vitro
enzyme inhibition on a panel of eight representative MMPs. A
rapid up-front screening was conducted by incubating the
compounds at 10 yM with the corresponding enzymes and the
requisite substrates. Those compounds that showed >50%
inhibition were further evaluated, and their dissociation
constants (K;) were determined (Table 1 and Table S2).
These compounds showed marginal to no inhibition of MMP-
1, MMP-2, MMP-3, MMP-7, MMP-9, and MMP-14.

Compound 8 emerged as the most selective for MMP-13
among the synthesized compounds. This compound is a
competitive inhibitor with 240-fold selectivity for MMP-13 over
MMP-8 (K; of 36 + 11 nM vs 8500 + 1400 nM). Similarly,
compounds 9 and 10 showed 35- and 40-fold selectivity,
respectively, for MMP-13 over MMP-8 (compound 9, 190 +
14 nM vs 6500 + 900 nM; compound 10, 0.47 + 0.06 nM vs
19 + 5 nM). The activities of these two compounds indicated
the importance of hydrophobic bulky substitution in this region
for MMP-13 selectivity. Selectivity in inhibition by compound
11 was switched in favor of MMP-8, as opposed to MMP-13,
but only modestly so. On the other hand, compound 12
inhibited MMP-8 and MMP-13 equally well and equally
potently (subnanomolar inhibition).

The thienopyrimidinone cyclic system, connected to the
benzoxazinone scaffold via the amide linker was substituted
with other diverse groups in the rest of the compounds
reported here (13—26, Supporting Information Figure S6 and
Table S2). Pyrazole substitution (compound 13, 14, 15)
resulted in loss in binding affinity from nanomolar to
micromolar level, but demonstrated weak selectivity for
MMP-13. Compound 13, with bulkier naphthalene ring
occupying the S1’ site, showed 4-fold preference for MMP-13
over compounds 14 and 15, with smaller substitutions (phenyl

and thiophene, respectively). These compounds showed
weaker inhibition for MMP-8, likely due to their less flexible
and thus unaccommodating S1’ site. These findings collectively
suggest the requirement of a bulkier rigid hydrophobic group
that can replace the Tyr/Phe for the S1’ site and accommodate
the pocket for inhibition. We note that not all the synthesized
compounds showed inhibitory properties for the panel of the
enzymes that was screened, which is the limitation of the
method, but the properties of compound 8 fit the traits that we
set out to identify: selectivity for MMP-13 over MMP-8 and
lack of inhibition of MMP-14. Although our repeated efforts in
crystallography of compound 8 with MMP-13 did not succeed,
the potent in vitro inhibition data support direct binding of the
compound to the target.

The pharmacokinetic properties of compound 8 were
assessed in mice (n = 3 mice per time point per route of
administration, total 54 mice) after intravenous (iv) and oral
(po) dose administration (Figure 2, and Supporting Informa-
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Figure 2. Plasma concentration—time curves after a single 1 mg/kg
intravenous (iv, red) dose and 10 mg/kg oral (po, blue) dose
administration of compound 8 in mice (1 = 3 per time point per route
of administration, total 54 mice).

tion). After a single 1 mg/kg iv dose of 8, the plasma
concentration was 4.4 + 1.6 uM at 2 min and remained above
the K; for MMP-13 at 24 h (0.062 + 0.078 uM). Compound 8
had AUC,, of 889 uM-min, low clearance (CL) of 2.2 mL/
min/kg (3% of hepatic blood flow), high volume of distribution
(Vd) of 1.0 L/kg, and an elimination half-life of 5.3 h. After a 10
mg/kg po dose, the maximum plasma concentration was 0.40 +
0.13 uM at 6 h and declined to 0.042 + 0.032 uM at 48 h;
however, it was above K; for MMP-13. The elimination half-life
was 17.5 h. AUC,, , was 415 yM-min. Comparison of the AUC
after po to that after iv gave an absolute oral bioavailability of
4.7%, after dose adjustment.

In conclusion, we report here an example of how
crystallographically similar binding sites may be exploited for
selective inhibitor design based on their dynamic nature. Our
computational simulations offered insights on the flexibility of
the structurally similar binding sites of MMP-8, MMP-13, and
MMP-14. Encouraged by the opportunity offered by this
simulation, a virtual focused library was designed and evaluated
in silico. Synthesis and in vitro evaluation of a subset of the
library successfully identified compounds with desired activity.
The kinetic data clearly document that selectivity based on the
design paradigm is achievable. The compound disclosed herein
has favorable in vivo pharmacokinetic properties in mice and
can potentially serve as a useful tool for delineating the
functions of the MMP family of enzymes.
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