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Abstract

We describe the use of comparative structural analysis and structure-guided molecular design to
develop potent and selective inhibitors (10d and (S)-17b of matrix metalloproteinase 13
(MMP-13). We applied a three-step process, starting with a comparative analysis of the X-ray
crystallographic structure of compound 5 in complex with MMP-13 with published structures of
known MMP-13-inhibitor complexes followed by molecular design and synthesis of potent but
nonselective zinc-chelating MMP inhibitors (e.g., 10a and 10b). After demonstrating that the
pharmacophores of the chelating inhibitors (S)-10a, (/)-10a, and 10b were binding within the
MMP-13 active site, the Zn2* chelating unit was replaced with nonchelating polar residues that
bridged over the Zn?* hinding site and reached into a solvent accessible area. After two rounds of
structural optimization, these design approaches led to small molecule MMP-13 inhibitors 10d and
(5)-17b, which bind within the substrate-binding site of MMP-13 and surround the catalytically
active Zn2* jon without chelating to the metal. These compounds exhibit at least 500-fold
selectivity versus other MMPs.
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1 Introduction

MMP-13 is known to be mainly responsible for the cleavage of type Il collagen in
osteoarthritis (OA).1,2 The expression of MMP-13 is highly upregulated (>40-fold) in the
cartilage of OA patients but is hardly detectable in healthy individuals.3 Transgenic animal
models indicate that overexpression of MMP-13 induces joint abnormalities characteristic of
human OA.4 Recent reports demonstrate that MMP-13 activity is involved in inflammatory
bowel diseases as well as melanoma cell invasion and breast cancer metastasis, which make
MMP-13 an even more interesting therapeutic target.5-7

The 24-membered MMP family is highly conserved, with sequence similarity between 56
and 64% in their active domains.8 The common structural element in the MMP active site is
a Zn%* ion coordinated by a tris(histidine) motif.9 The first MMP inhibitors, discovered in
the 1990s, were not selective for any particular MMP because of their zinc-chelating
functional units.10,11 Several of these compounds entered clinical trials, but all were
withdrawn due to the occurrence of musculoskeletal toxicities evoked by unselective binding
within the MMP family.12-14 More recently, a selective Zn-binding inhibitor containing a
1,2,4-triazole ring as the metal coordinating group showed promising results in the inhibition
of collagen release from cartilage in vitro.15 A more detailed analysis of the MMP active
site led to the discovery of six subsites (S1-S3 and S1’-S3") surrounding the catalytic Zn?*
ion.16 Of these, the S1” subsite is surrounded by a specificity loop (Q-loop), which encloses
the so-called S1"* specificity pocket and varies in the length and amino acid sequence for
different MMP isoforms.16 Targeting Lys140, which is unique at the bottom of the S1”*
subsite of MMP-13 vs other MMP isozymes, has provided the basis for the development of
highly selective MMP-13 inhibitors. Consequently, various agents possessing a benzoic acid
unit, which can form a salt bridge interaction with Lys140, have emerged as highly specific
MMP-13 inhibitors (1-4, Figure 1).17-19 However, no MMP-13 inhibitor has yet received
FDA approval. Some of the most promising recent selective MMP-13 inhibitors had poor
solubility, permeability, biodistribution, metabolic stability, and/or bioavailability, and thus
the search for new MMP-13 inhibitors continues.20

Structure-guided drug design has been increasingly utilized in modern drug discovery and
provides many opportunities for the rational development of drug candidates. Indeed, the
rapidly expanding number of protein X-ray structures constitutes a significant resource of
structural information useful for structure-guided drug design and has greatly facilitated the
drug discovery processes.21-23 In this article, we report the use of comparative structural
analysis and molecular design algorithms to design potent and selective MMP-13 inhibitors.
Our molecular design approach was validated by the results of biochemical assays and a
series of X-ray cocrystal structures of MMP-13 complexed with the designed inhibitors, as
reported herein.

2 Results
MMP-13 in Complex with 5 (Figure 2A-C)24 and Design of Zn-Chelating Agents

We performed a comparative structural analysis of our previously published MMP-13.524
complex with multiple MMP-13:inhibitor crystallographic structures currently available in
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the Protein Data Bank (PDB).25 On the basis of this analysis, we found that the benzofuran
ring of the Zn-chelating MMP-13 inhibitor 626 substantially overlaps with the
cyclopentapyrimidinone unit (core scaffold) of 5 (Figure 2D). Although these two fragments
do not have any common structural features, they share the same MMP-13 binding site. On
the basis of this observation, inhibitor (S)-10a was designed and its binding pose in the
active site of MMP-13 was predicted via Glide docking27,28 (Figure 2E). Compound
(5)-10a fits perfectly into the MMP-13 active site with the carboxylic acid unit chelating the
active site Zn2* jon and the hydrogen atom and oxygen atom of the sulfonamide unit
forming hydrogen bond interactions with the amide backbone of Alal86 and Leul85,
respectively. Furthermore, the pyrimidinone —NH and carbonyl groups form hydrogen
bonding interactions with three residues in the Q-loop (Thr245, Tyr246, and Thr247).

As a proof of concept, compounds (S5)-10a, (R)-10a, and achiral 10b were synthesized by
using the synthetic route outlined in Scheme 1. Treatment of 4-(bromomethyl)biphenyl (7)
with the thioxopyrimidinone fragment 829 in DMF in the presence of triethylamine provided
9 in high yield. Chlorosulfonation of 9 followed by treatment with either L- or p- valine or
glycine as the nucleophile gave the chelating MMP-13 inhibitors (S)-10a, (~)-10a, and 10b,
respectively.

All three compounds displayed significant inhibition potency toward MMP-13 (ICsq values
of 2.2, 7.0, and 1.6 nM, respectively) with inhibition constants (Kj) of 2.3, 1.6, and 1.8 nM,
respectively (Table 1). This constituted an almost 1000-fold improvement of inhibition
potency compared to the starting inhibitor, 5, and was achieved in only two rounds of SAR
optimization. We subsequently validated the binding mode of these inhibitors by
determining the X-ray crystallographic structure of MMP-13 in complex with (S)-10a (PDB
5UWK), which was obtained at 1.60 A. The X-ray structure established that 10a-b are
indeed Zn-chelating agents and validates our computational design approach for the
development of potent MMP-13 inhibitors. In addition, the docking structure of
MMP-13-10a was superimposed on the experimentally determined X-ray structure by
forming Ca atom pairs of MMP-13 using the Schrédinger Maestro suites. As shown in
Figure 2F, the theoretical and experimental structures are in excellent agreement (1.4 A
RMSD). This result validates the reliability of the docking studies that we performed in the
course of this work.

To assess the selectivity among the MMP family we tested all compounds discussed in this
manuscript for their inhibition of MMP-1, -2, -8, -9, and -14, which are the close relatives of
MMP-13 with sequence homologies higher than 60% and which are also capable of cleaving
different types of collagen.8,32—34 Triple-helical peptides (THPs) containing a fluorophore
and a quencher within the same peptide chain were used as enzyme substrates, whereby
fluorescence resonance energy transfer (FRET) measurements assessed enzymatic
conversion.31 Because of the conformational features of THPs, the interaction with MMP
subsites is more precise than in the case of single-stranded substrates.30,35

It is known that MMP inhibitors that chelate to the Zn?* ion are often promiscuous,36 as
indeed proved to be the case for 10a,b (Supporting Information, Figure S1). Nevertheless,
we intentionally included the carboxylic acid unit in our initial inhibitor design, with the
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intent that it function as an anchor to place the inhibitor in a predictable position in the
MMP-13 active site. Subsequently, we explored ways to convert the chelating carboxylate of
10a,b into a non-Zn binding unit via molecular design. Therefore, the amino acid units in
10a,b were replaced by amines, such as in 10c and 10d. The binding poses of 10c and 10d
were also predicted via Glide docking, which suggested that these compounds would not be
Zn2* chelating inhibitors (Figure 3A). Both compounds were synthesized following the
sequence as described in Scheme 1 and tested for potency and selectivity for inhibition of
MMP-13 vs other members of the MMP family.

Compounds 10c and 10d proved to be potent MMP-13 inhibitors, with 12.0 and 3.4 nM
ICsps, respectively (Table 1). The selectivity of both compounds toward other MMP
isozymes was significantly improved compared to the Zn-chelating inhibitors 10a,b (Table 1
and Supporting Information, Figure S2). The inhibition potency of 10c toward MMP-1, -2,
-8, -9, and -14 was ca. 400-fold weaker compared to MMP-13. Compound 10d inhibits
MMP-2 and MMP-8 with 1Cgq values of 730 and 600 nM, respectively, but does not inhibit
MMP-1, -9, and -14 at the highest concentration tested (10 V). We also determined the X-
ray crystallographic structure of MMP-13 with bound 10d, which demonstrated that the
predicted (docked) binding mode of 10d reasonably matched the inhibitor binding mode the
experimental structure except for the orientation of the ethylenediamine unit (Figure 3B,C).
The X-ray crystallographic structure of the MMP-13-10d complex includes five different
protein chains, which have very similar conformations apart from the specificity loop and
the ethylene diamine unit of 10d (Figure 3C). The ethylenediamine units adopt gauche
conformations in all five structures, with the terminal primary amine in each case projecting
into a solvent accessible area. The solvent exposure and poorly defined electron density
observed for the terminal primary amines suggest that multiple conformations are available
to the protein-bound ethylenediamine unit of 10d.

In view of the apparent gauche conformation of the ethylene diamine unit of 10d in the
MMP-13-bound structures, a 1,2-diaminocyclohexane ring was introduced in compounds
10e and 10f to engage hydrophobic contacts with the protein surface composed of Leul84,
Pro242, and 1le243 (yellow surface in Figure 3C). The docking models of 10e and 10f are
shown in Figure 3D,E. Two amine units (terminal -NHz* and —=NH of sulfonamide) of 10e
are predicted to form a bifurcated salt bridge with Glu223 in the MMP-13 active site. The
terminal primary amine of 10f should be able to interact with the amide backbone of Pro242
via a hydrogen bond interaction. Furthermore, the cyclohexane unit of 10f is anticipated to
form hydrophobic contacts with Leu184 and Leul85.

Compounds 10e and 10f are marginally weaker MMP-13 inhibitors (ICsg = 18 and 17 nM,
respectively) compared to 10d but also exhibit high selectivity against other MMP isozymes
(MMP-1, -2, -8, -9, and -14), as shown by the data in Table 1. Inhibitor 10f has ICsq > 10000
nM against all five of these other MMP’s, while 10e exhibits weak inhibition of MMP-2 and
MMP-8 with IC5q values of 2.7 and 3.5 ¢, respectively.
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Application of the Designh Method to Non-Zn Chelating Agents

These results validated our use of comparative structural analysis and molecular design for
the development of potent and selective MMP-13 inhibitors. As a next step, we extended this
method to other known MMP-13-inhibitor crystallographic structures in an attempt to
further validate this approach and to design an additional series of potent and highly
selective MMP-13 inhibitors.

We intended to keep the core of 5 as part of a second-generation set of inhibitors and to
replace the phenylsulfonamide moiety in 10a. To accomplish this, the structure of MMP-13
complexed with 1137 was superimposed with our MMP-13.5 crystallographic structure. The
benzofuran unit of 11 and the cyclopentapyrimidinon scaffold of 5 occupy the same space
(S1” site) within the MMP-13 active site without having common pharmacophores (Figure
4A). Thus, (S)-17a was designed based on docking experiments (Figure 4B) and
subsequently synthesized (Scheme 2).

The Suzuki coupling reaction38 of bromofuran 12 and arylboronic acids 13 and 14 yielded
the expected biaryl fragments, which were subsequently converted into the benzylic bromide
intermediates 15. After alkylation of 15 with the thioxopyrimidinone fragment 8, syntheses
of 17a—c were completed following ester hydrolysis and amide formation.

The inhibition potency of (5)-17a (ICgg = 9.4 nM) vs MMP-13 was nearly 300-fold
improved compared to 5. However, (S)-17a proved to be a moderately active inhibitor of
MMP-2 and MMP-8 when tested at 200 nM in a single-dose assay (Supporting Information,
Figure S3).

Replacement of the L-valine unit (in (5)-17a) with the unnatural amino acid p-valine (to give
(R)-17a) resulted in a ca. 40-fold loss of inhibition activity vs MMP-13 (Table 2). The X-ray
crystallographic structures of MMP-13 in complex with both enantiomers of 17a were
obtained. The MMP-13:(R)-17a structure shows that the (/)-valine unit is located in the
substrate binding site and forms hydrophobic contacts with Pro242 and 11e243 (Figure 4E,
red dashed circle). However, the terminal A-methylamide unit of (S)-17a, which is 40-fold
more potent, forms hydrogen bond interactions with the backbone amide groups of Gly183
and Tyr244 (Figure 4C,E, black dashed lines), while the terminal A~methylamide unit of
(R)-17ais oriented toward Leul85 (Figure 4D,E, dark-blue stick). We surmised from these
observations that hydrophobic contacts with 11243 in the substrate binding site are critical
for selective ligand binding to MMP-13 compared to other members of the MMP family,
more so than the hydrogen bond interaction with the backbone amide groups of Gly183 and
Tyr244 (as seen in the (S)-17a structure). To enhance isozyme specificity while retaining
high MMP-13 activity, the ortho-position of the phenyl ring of 17a was substituted with a
fluorine atom, and the natural amino acid L-valine was replaced with p-valine as well as an
unnatural amino acid containing a cyclohexyl ring (hexahydro-Phe, as in 17¢). Compound
(S)-17b, with an ortho-fluorophenyl ring, exhibited improved selectivity for MMP-13
compared to (5)-17a while retaining its inhibition potency (Table 2). The K of (5)-17b is
1.7 nM, and it is comparable to its ICsg (2.7 nM). The introduction of the unnatural amino
acid p-valine ((R)-17b) resulted in a drop of activity by almost 100-fold compared to
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(S)-17b. Furthermore, (S)-17c¢ was a low nanomolar MMP-13 inhibitor (ICsg = 6.3 nM) and
had an excellent selectivity profile, with >1000-fold selectivity when tested against the
MMP isozymes. Again, enantiomeric (A)-17c lost activity toward MMP-13 (IC5p = 159 nM)
but still exhibited a very clean selectivity profile within the collagenases MMP-1, -2, -8, -9,
and -14.

Inhibition of Type Il Collagen Cleavage

The potential of inhibitors 10c—f and 17a—c for modifying the degradation of articular
cartilage by MMP-13 was evaluated in an in vitro type Il collagen cleavage assay.39 These
compounds exhibited >90% inhibition of collagenolysis at 20 #M, while 5 is nearly inactive
at this concentration (Figure 5). Further dose—response type Il collagen cleavage assay
revealed that the highly selective MMP-13 inhibitors 10d, (5)-17b, and (S)-17c¢ possess low
nM inhibition potency (ICsg = 8.3, 8.1, and 7.9 nM, respectively) against the collagen
cleavage activity of MMP-13.

Specificity Profiling of 10d and (S)-17b

The protease selectivity of highly potent MMP-13 inhibitors (10d and (S)-17b) was
evaluated by using a profiling assay against 25 proteases (Table 3). As expected, 10d and
(5)-17b exhibited high inhibition potency vs MMP-13 (97% at 1 ¢M) in this profiling assay
but were substantially if not entirely inactive vs most other proteases tested. Interestingly,
10d is a modestly active inhibitor of MMP-12 (40% inhibition at 1 ¢zM), while (S)-17b is
moderately active against MMP-3 and MMP-12, with 63% and 81% inhibition, respectively,
at 1 4M. Subsequently, the inhibition I1C5q values for 10d and (S)-17b vs MMP-3 and
MMP-12 were determined in a 10-point dilution assays using FRET single-stranded peptide
substrates.40 These determinations established that the I1Cs values for 10d and (5)-17b as
inhibitors of MMP-12 are 470 and 1800 nM, respectively (e.g., 140- and 700-fold less active
than their activity as MMP-13 inhibitors). Because of high structural similarity between
(8)-17b and (S)-17c, these two inhibitors possess similar inhibition potency toward
MMP-13, selectivity against other MMP isozymes, and inhibition of type Il collagen
cleavage as shown in Table 2 and Figure 5. As such, it is also expected that (5)-17¢ should
display similar selectivity profiling as compared to (S)-17b.

3 Discussion

The traditional strategy for the development of MMP-13 inhibitors has targeted the
catalytically active Zn%* ion. However, it is now well established that specificity and toxicity
issues arise due to Zn2* chelation, and so efforts are now focusing on development of
isoform specific inhibitors by other means. Recently, Lys140 located in the S1”* site of
MMP-13 has been targeted for the development of selective MMP-13 inhibitors.17 Most of
these specific inhibitors possess a benzoic acid unit (Figure 1) that can form a salt bridge
interaction with Lys140.18,19 However, the benzoic acid moiety is potentially vulnerable to
phase Il drug metabolism such as glucuronidation, leading to potential limitations in in vivo
efficacy studies.41,42 Hence, the design of new types of MMP-13 specific inhibitors that do
not target either the S1” subsite only or the ZnZ* ion is an important objective.
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We demonstrated here that highly specific MMP-13 inhibitors (e.g., 10d and (S5)-17b) can be
designed by taking advantage of substrate—inhibitor interactions close to the Zn%* ion in the
substrate-binding site. These inhibitors bind within the substrate binding site and bridge
from the S1 subsite over the Zn2* ion toward a solvent accessible area without chelating to
the metal.

The strategy that we utilized in the design of these new, potent, and selective inhibitors (e.g.,
10d and (S)- 17b) is highly efficient; only two rounds of analogue design and synthesis were
required to progress from the starting point 5 to the final inhibitors 10d and (S)-17b.

Key to the success of this effort were systemic analyses of structural features of known
MMP-13 inhibitors, design of new inhibitor candidates by using molecular modeling, and X-
ray crystallographic validation of binding poses of hew generations of inhibitors.

Detailed structural analyses of enzyme—inhibitor interactions in close proximity to the
catalytically active Zn2* ion provided a clear basis for the structure-based design and
development of highly potent and specific MMP-13 inhibitors. While the binding pose of the
Zn-chelating inhibitor (S)-10a was precisely predicted by the molecular docking study, the
orientation of the ethylene amine moiety in 10d was not correctly predicted in the modeling
effort. This discrepancy mainly resulted from the overemphasis of scoring functions
influenced by the ligand—enzyme hydrogen bonding interaction (Figure 3B,C). Interestingly,
all five chains in the X-ray cocrystal structure of MMP-13.10d have very similar binding
poses without any specific interaction of the terminal amine with the target enzyme.
Presumably, the hydrophobic contacts between the ethylene unit and Leul84 and Pro242,
which were not recognized by the docking analysis, make important contributions to the
binding of these MMP-13 inhibitors. The significance of hydrophobic contacts in this region
is also highlighted by the X-ray cocrystal structures of MMP-13 in complex with the two
enantiomers (S)-17a or (R)-17a (Figure 4C,D). The binding pose of (5)-17a was predicted
in the docking model, and we assumed its enantiomer (/)-17a possesses the same hydrogen
bond network with the isopropyl unit pointing toward the opposite direction. However, the
X-ray cocrystal structure of (/)-17a shows that the terminal A~methyl amide unit is twisted
to enable the isopropyl units to form hydrophobic contacts with 116243 and Pro242. Because
the A-methyl amide unit of (R)-17a is not involved in any direct interaction with the target
enzyme (or hydrophobic—r interactions with Leu185), the hydrophobic contacts of the
isopropyl group with 1le243 seemed to be an important contributor for inhibitor binding.
This conclusion was instrumental in the decision to synthesize (S)-17b.

4 Conclusion

We have developed a very useful strategy for the design of highly potent and selective
MMP-13 inhibitors. The process started with a comparative analysis of the X-ray
crystallographic structure of compound 5 in complex with MMP-13 with published
structures of known MMP-13-inhibitor complexes to design, and then to synthesize potent,
but nonselective zinc-chelating MMP inhibitors. After demonstrating that the
pharmacophores of our inhibitors were properly binding in the MMP-13 active site, the Zn2*
chelating unit was removed and replaced with polar residues that bridged over the Zn2* ion
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and reached into a solvent accessible area. This approach led to the development of highly
potent and isoform-selective MMP-13 inhibitors 10d and (S)-17b. To our knowledge, this
strategy has not been previously used in the development of MMP inhibitors. This approach,
namely designing metal-chelating inhibitors and subsequently removing the chelating
moiety to improve selectivity, could become a useful method for the structure-based design
of inhibitors of other metal-containing enzymes, including other MMP isozymes.

Assessment of this new set of selective MMP-13 inhibitors in in vitro and in vivo
pharmacokinetic studies and ultimately in in vivo disease models are in progress and will be
reported in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations Used

MMP matrix metalloproteinase

RMSD root-mean-square deviation

THP triple helical peptide

FAM-fTHP fluorescein amidite—fluorescence resonance energy transfer triple-

helical peptide

OA osteoarthritis

PDB Protein Data Bank

ACE angiotensin-converting enzyme

ADAM a disintegrin and metalloproteinase

BACE B-secretase

IDE insulin degrading enzyme

TACE tumor necrosis factor-a converting enzyme
uPA urokinase-type plasminogen activator
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Figure 1.
Highly selective MMP-13 inhibitors 1-4.

J Med Chem. Author manuscript; available in PMC 2019 March 15.



s1dLIoSNUBIA Joyany sispund DN 8doin3 g

s1dLIOSNUBIA JOUINY Sispund DN 8doin3 g

Choi et al. Page 13

L

S1'* subsite

-

ST subsnte

6 (yellow)

Figure 2.
Comparative structural analysis and design of Zn-chelating inhibitors. (A) X-ray

crystallographic structure of MMP13.5 complex (PDB 4L19). Hydrogen bond interactions
of 5 with the amide backbone units of Thr245 and Thr247 are represented in black dashed
lines. Leu239, Phe252, and Pro255 form hydrophobic contacts with 5. (B) The 4-
methylphenyl ring of 5 is oriented toward the Zn binding site and the MMP-13 S1 subsite.
(C) The cyclopentyl ring of 5 occupies the S1” subsite of MMP-13. (D) Superimposition of
X-ray cocrystal structures of MMP-13.5 and MMP-13-6 (PDB 1ZTQ) complexes. (E)
Docking model of the designed inhibitor (S)-10a in the MMP-13 active site (ligand—protein
interactions are shown in black dashed lines). (F) Superimposition of the X-ray
crystallographic (green) and model (blue) structures of MMP-13:(S)-10a complex. The X-
ray crystallographic structure of MMP-13-(S)-10a was obtained at 1.60 A (authors will
release the atomic coordinates and experimental data upon article publication; PDB 5SUWK).
The docking structure was superimposed with the X-ray crystallographic structure by
forming Ca atom pairs of MMP-13 using Schrédinger Maestro suites. The two ligand
structures matched with 1.4 A RMSD. Pymol was used to generate figures.
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Figure 3.
Binding poses of 10d in the active site of MMP-13. (A) Docking model of 10d in the active

site of MMP-13. (B) X-ray crystallographic structure of 10d in complex with MMP-13 at
3.20 A resolution (authors will release the atomic coordinates and experimental data upon
article publication; PDB 5UWN). The hydrogen bond interactions between the amide
backbone units of Gly183, Leu185, and Alal86 with the sulfonamide and amine moieties of
the inhibitors are presented in black dashed lines. (C) X-ray crystallographic structure of
MMP-13-10d complex. Flexible specificity loops are red, the ethylenediamine units are
marked with a blue circle, and the hydrophobic surfaces near the ethylenediamine unit are
displayed in yellow. (D) (E) Docking models of inhibitors 10e (D) and 10f (E) in the
MMP-13 active site. Hydrophobic areas of the MMP-13 binding site are yellow surfaces.
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Figure 4.
Comparative structural analysis and design of non-Zn chelating MMP-13 inhibitors. (A)

Superimposition of MMP-13-5 (green) structure with MMP-13-11 complex (yellow, PDB
3171). (B) Predicted binding pose of the designed non-Zn chelating inhibitor (S)-17a. (C) X-
ray cocrystal structure of MMP-13-(S)-17a complex. (D) X-ray cocrystal structure of
MMP-13.(A)-17a complex. (E) Superimposition of X-ray crystallographic structures of
MMP-13 in complex with (S)-17a (green) and (/)-17a (cyan).
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Lad 17a 10c 10d (S)-17b (S)-17c 5 10b empty control

Figure 5.
Inhibition of collagen cleavage activity of MMP13. Inhibition was determined as a percent

of intact type 11 collagen remaining after 24 h of incubation at 37 °C. Collagen oligomers are
observed at >250 kDa. “Empty” refers to type Il collagen and MMP-13 in the absence of
any inhibitor.
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Scheme 2. Synthesis of MMP-13 Inhibitors 17a—c
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Table 1

IC5p and K| Values and Selectivity Data for 5 and 10a—f

|C50(nM)a
R-NH, | Inhibitor Type | K;(nM) | MMP-13 | MMP-1 | MMP-2 | MMP-8 | MMP-9 | MMP-14
MMP-13
5 - 800 2400 b b b b b
(5)-10a "o)oim Zn?* chelator 2.3 2.2+0.8 _c .c -c .c -c
(R)-10a ™ 7Zn2* chelator 1.6 7.0+1.2 c c c c c
10b woiow, | ZnZ* chelator 1.8 1.6 _c _c c c c
10c MO, non-chelator 9.2+2.0 12.0+2.2 4000 >5000 >5000 >10000 >10000
10d N, non-chelator 13.5+37 3.4+0.4 >5000 730 600 >10000 >10000
10e Q‘m non-chelator - 17.9+1.2 >10000 2700 3500 >10000 >10000
10f QMH non-chelator - 16.9+1.0 >10000 >10000 >10000 >10000 >10000

Page 19

aThe IC50 values were determined by using fluorescence resonance energy transfer triple-helical peptides (fTHP) as substrates in the enzyme
assay.24,30,31

bCompound 5 was tested against MMP-1, -2, -8, -9, and -14 at a single concentration and these data are reported in ref 28 (Roth et al.).

cBecause (5)-10a, (R)-10a, and 10b are expected to be Zn-chelating agents, these were only tested at a single concentration; these data are reported
in Supporting Information, Figure S1. Determination of inhibition constants and modalities were conducted by incubating the range of fTHP-15
substrate concentrations (2—-25 M) with 4 nM MMP-13 at room temperature in the presence of varying concentrations of inhibitors (0.5-50 nM).
Experiments were performed 1-3 times in duplicates or triplicates.
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Table 2
1C5q Values and Selectivity Data for 17a—c

Page 20

|C50(nM)a
R MMP-13 | MMP-1 | MMP-2 | MMP-8 | MMP-9 | MMP-14
(9-17a J/ 9.4+1.7 b b b b b
(R)-17a ,S, 356+95 _c _c _c _c _c
(9-1709 ) ., 2.7+0.6 >5000 >5000 >5000 >5000 >5000
(R)-17b Jy 257+47 >5000 3100 >5000 >5000 >5000
(9)-17c Ou/ 6.3x1.5 >5000 >5000 >5000 >5000 >5000
(R)-17c Q/ 159+60 >5000 >5000 >5000 >5000 >5000

aThe IC50 determination was done as noted in Table 1.24,30,31

blnhibitor (S)-17a was tested against MMP-1, -2, -8, -9, and -14 at a single concentration and data are reported in Supporting Information, Figure

S3.

cNot tested due to decrease in potency compared to (5)-17a.

i of (9-17bis 1.7 £ 0.2 nM.
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Table 3

Protease Selectivity Profiling for 10d and (S)-17b

)

%1 % inhibition& % inhibition®

_8 enzyme 10d (9)-17b enzyme 10d (9-17b

o

< ACE 7 0 cathepsin-S 12 2

2 ACE2 1 0 factor-XA 3 0

= ADAM10 0 0 furin 0 0

% BACE-1 1 0 IDE 0 0

; caspase-1 1 0 MMP-3 (stromelysin) 13 63 (ICsp = 4.4 MV|)b

== caspase-2 0 MMP-7 (matrilysin) 7 4

2 caspase-3 0 MMP-12 40 (1 Co = 467 NM b g1 (ICso=1.8 MV|)b

§ caspase-5 0 0 MMP-13 97 97

g caspase-6 0 0 neprilysin 3 -6

S caspase-7 1 8  TACE 4 -3

E'- cathepsin-D 3 0 thrombin -3 -8
cathepsin-K 0 2 uPA 3 1
cathepsin-L 9 7

a A . L . R . .
Percent inhibition was determined by using single-stranded peptide substrates at an inhibitor concentration of 1 1M. Assays were performed in
duplicates, % inhibition was determined, and average values are present.
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Additional specificity assays against MMP-3 and MMP-12 were performed to determine the 1C5(Q values.
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