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Abstract

A structure-activity/structure-property relationship study based on the physicochemical as well as 

in vitro pharmacokinetic properties of a first generation matrix metalloproteinase (MMP)-13 

inhibitor (2) was undertaken. After systematic variation of inhibitor 2, compound 31 was identified 

which exhibited microsomal half-life higher than 20 min, kinetic solubility higher than 20 μM, and 

a permeability coefficient greater than 20 × 10−6 cm/s. Compound 31 also showed excellent in 
vivo PK properties after IV dosing (Cmax = 56.8 μM, T1/2(plasma) = 3.0 h, Cl = 0.23 mL/min/kg) 

and thus is a suitable candidate for in vivo efficacy studies in an OA animal model.
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1. Introduction

Osteoarthritis (OA), the degeneration of cartilage, is the most common disabling condition 

in the Western world.1 Several risk factors such as genetic predisposition, obesity, and joint 

malalignment are associated with OA while the pathogenesis of cartilage degeneration 

remains largely unexplained.2 In principle, any synovial joint in the human body can be 

affected by OA, but commonly the larger, weight-bearing joints such as the hips, knees, and 

the lumbar region of the spine are mostly targeted. Clinically, pain and stiffness of affected 

joints with up to complete loss of mobility are the main symptoms of OA. So far, medical 

treatment options are rather limited and are mainly focused on relieving pain to maintain 

motoric and functional capabilities.3 Therefore, oral analgesics, especially paracetamol, 

ibuprofen, and celecoxib, which are all non-steroidal anti-inflammatory drugs (NSAID) and 

selective COX-2 inhibitors, are the first-choice drugs for the treatment of OA.4 These 

treatment options are ultimately ineffective because the biochemical mechanisms 

responsible for cartilage degeneration are not addressed. Therefore, there is an urgent need 

for the development of disease modifying agents to increase the quality of life for OA 

patients. Despite intensive academic and industrial research over the past years the problem 

still remains unsolved.5

Several zinc-dependent matrix metalloproteinases (MMPs) are known to play crucial roles in 

the turnover of extracellular matrix (ECM) and the associated destruction of articular 

cartilage in OA6 In particular, the role of MMP-13, which is also known as human 

collagenase-3, has been extensively analyzed and the enzyme shown to be primarily 

responsible for the cleavage of type II collagen in OA.7

Multiple attempts at developing an MMP-13 inhibitor-based therapeutic have failed mostly 

due to dose limiting side effects collectively described as musculoskeletal syndrome (MSS).
8 The exact cause of MSS is not known. It is believed that the zinc- chelating properties of 

the first generation MMP inhibitors evoked a lack of selectivity toward other 

metalloproteases and/or non-related proteins.8 As a consequence, compounds lacking zinc 

chelating groups have been screened to identify inhibitors that did not suffer from non-

specific binding. Several selective, nonzinc chelating MMP-13 inhibitors have been reported 

and biologically evaluated.9 Although all of these compounds showed very impressive 

selectivity profiles toward MMP-13, none has yet completed clinical trials. Co-crystal 

structural analysis and molecular modeling studies indicate that most of the non-zinc 

chelating compounds modulated the activity of MMP-13 by binding within a “specificity 

pocket” (subsite S1’) and its surrounding loop (S1’ specificity loop or Ω-loop).9d, 10

An initial high-throughput screening (HTS) effort at the Scripps Research Institute, as part 

of the Molecular Libraries Probe Production Centers Network (MLPCN) program, followed 

by a first round of medicinal chemistry efforts identified compound 1 (Figure 1A), a 2.4 μM 

inhibitor of MMP-13.11 The X-ray co-crystal structure of MMP-13 in complex with 1 
revealed that the inhibitor bound within the known S1’ subsite.12 The p-methylphenyl ring 

points toward the catalytic center and shows a π-π stacking interaction with one of the 

imidazole rings, which coordinates the MMP-13 active site zinc ion (Figure 1B). 

Furthermore, the cyclopentyl moiety of the pyrimidinone unit of 1 is oriented toward the S1’ 
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specificity loop.9d Using this cocrystal structure for design purposes, we recently reported a 

three-step approach for the development of highly potent and selective MMP-13 inhibitors.
13 In steps one and two we applied comparative structural analyses followed by molecular 

design to obtain non-selective but highly potent Zn2+-chelating compounds. In the third step 

the chelating moiety was removed to increase selectivity. This approach resulted in the 

synthesis of a set of compounds, including 2, which exhibit a 1000-fold improvement of 

inhibitory potency compared to 1. Due to the assumption that off-target inhibition of zinc 

containing enzymes plays a pivotal role in MSS, 2 was screened against a panel of more than 

25 proteases, including MMP-1, MMP-2, MMP-8, MMP-9, and MT1-MMP, which are able 

to cleave collagen14 and are the closest relatives of MMP-13 with sequence homologies 

higher than 60%. At a concentration of 5 μM, inhibitor 2 did not inhibit any protease outside 

the MMP-family. Even within the MMP- family, 2 showed ca. 1000-fold selectivity versus 

the other MMPs screened (Figure 1A).13

Based on the physicochemcial as well as in vitro pharmacokinetic (PK) properties of 2 we 

have performed and report herein a systematic variation of this inhibitor scaffold and 

investigated the influence of the structural modifications within a structure-activity 

relationship (SAR)/structure-property relationship (SPR) study. Our final goal was to obtain 

a set of compounds suitable for in vivo testing in an OA animal model.

2. Results and Discussion

The kinetic solubility, permeability through an artificial membrane (PAMPA assay)15, 

clogD7.4 and clogP values, and in vitro stability in human, rat, and mouse liver microsomes 

for 2 were determined (Table 1). These data were used to focus a SAR/SPR study to design 

selective MMP-13 inhibitors with improved pharmacokinetic (PK) properties. The goal was 

to reach the following in vitro property benchmarks before evaluating compounds further in 

in vivo PK experiments: (A) at least 20 min in vitro half-life (t1/2) in liver microsomes;16 (B) 

kinetic solubility higher than 15 μM as well as permeability coefficients greater than 20 × 

10−6 cm/s;16 and (C) clogP and clogD7.4 values in the 0–3 and 1–4 range, respectively, 

values viewed as suitable for passive diffusion after oral dosing.17

The kinetic solubility of 2 (15.7 μM) as well as the clogP and clogD7.4 values (3.0 and 4.2) 

represented the lower and upper limits of the desired ranges, respectively. Compound 2 
showed a moderate permeability value (2.38 × 10−6 cm/s) and a retention in the lipid bilayer 

of 47%. The in vitro half-life of 2 in human, mouse, and rat liver microsomes was 12, 20, 

and 9 min, respectively. (Sutent was used as a reference for all microsome stability studies, 

and its half-life was 75, 13, and 34 min in human, mouse, and rat microsomes, 

respectively18).

As compounds exhibiting low in vitro metabolic stabilities (t1/2) tend to have high in vivo 
clearance rates and poor in vivo PK properties,19 increasing the metabolic stability of 2 by 

removing metabolically labile groups was the first focus of the present study. The 

monooxygenases of the P450 family in the liver and intestine are the most important 

enzymes for drug metabolism.20 The binding sites of these enzymes are generally lipophilic 

and interact preferably with lipophilic molecules.21 To improve the metabolic stability of 2 
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we wanted to reduce the overall lipophilicity (lower clogP and clogD7.4) and remove or 

block labile groups and metabolically vulnerable sites at the same time.21 Therefore, the 

determination of in vitro half-life in human, mouse, and rat liver microsomes was used to 

assess the in vivo metabolic stability of new compounds. In principle, the reduction of clogP 

and clogD7.4 values by adding more polar atoms or groups would also help to increase the 

solubility of the inihibitor analogs.

Compound 2 was divided into five parts: (1) the terminal methylamine group (Figure 2, 

pink), (2) the amino acid part (Figure 2, blue), (3) the phenyl-furan group (Figure 2, red), (4) 

the carbon-sulfur linker (Figure 2, turquoise), and (5) the pyrimidinone scaffold (Figure 2, 

green). We designed and synthesized analogs of 2 by varying these five subunits in order to 

systematically study SAR and SPR.

All synthesized compounds were first analyzed for their inhibitory activity against MMP-1, 

MMP-2, MMP-8, MMP-9, MMP-13, and MT1-MMP catalyzed hydrolysis of the triple-

helical collagen mimic substrate fTHP-1512, 22 ‘ followed by the determination of the 

inhbition of type II collagen cleavage at an inhibitor concentration of 20 μM. Compounds 

exhibiting at least 5-fold selectivity for MMP-13 and >90% inhibition of collagen cleavage 

at 20 μM were investigated for their metabolic stability in human, mouse, and rat liver 

microsomes as a guidline to assess their in vivo hepatic stability.

Variation of the terminal methylamine unit.

According to the co-crystal structure of MMP13•(S)-3 (Figure 1C), the terminal 

methylamine group of the inhibitor reaches into a substrate binding area of MMP-13 without 

direct interaction with the target structure. Thus, the terminal part of 2 is a desired location 

to install polar groups to improve solubility and microsomal stability. A series of compounds 

was prepared (Scheme 1 and Table 2). Briefly, the Suzuki reaction of bromofuran 4 and 

boronic acid 5 was followed by a benzylic bromination reaction. Substitution of the bromide 

with thiopyrimidone 6 gave methyl ester 7, which was hydrolyzed under basic conditions. 

Subsequent amino acid coupling with different valine derivatives resulted in the synthesis of 

15 analogs (Table 2).13

The IC50 values for inhibition of MMP-13 catalyzed hydrolysis of fTHP-1512‘ 22, the 

selectivity profile among the remaining collagenases (MMP-1, MMP-2, mMp-8, MMP-9, 

and MT1-MMP), and the in vitro microsomal stability in human, mouse, and rat liver 

microsomes of the synthesized compounds were evaluated (Table 2). All compounds 

exhibited IC50 values for MMP-13 in the low nanomolar range and higher than 10-fold 

selectivities among the collagenases compared to MMP-13. Interestingly, substituting the 

methylamine group with polar residues and changing the stereochemistry in the amino acid 

component (as in the enantiomeric pairs 9/10 and 15/16 as well as the diastereomeric pairs 

11/12 and 13/14) did not influence the potency of these compounds toward MMP-13 but did 

impact the selectivity profile negatively compared to 2. Compounds 21, 22, and 23 showed 

no inhibition of fTHP-15 hydrolysis by MMP-1, MMP-2, MMP-8, MMP-9, and MT1-MMP 

at 5 μM, which was the highest concentration tested. Furthermore, all compounds except 19 
and 20 (IC50 > 5 μM in the fTHP-15 assay) were able to inhibit collagen cleavage by >95% 
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at a concentration of 20 μM. Compounds 18 and 21 exhibited acceptable stability in mouse 

and rat liver microsomes (t1/2 for 18 = 26 and 34 min in mouse and rat, respectively, while 

t1/2 for 21 = 22 and 42 min in mouse and rat, respectively), but the stability in human 

microsomes was lower (t1/2 = 13 and 14 min for 18 and 21, respectively). Compounds 22 
and 23 showed excellent selectivity within the MMP family and very desirable in vitro 
stabilities in rat and human microsomes (Table 2).

Variation of the amino acid unit of compound 2.

In the next step, we modified the amino acid component of 2 by coupling 24 with different 

amino acid derivatives (Scheme 2, Table 3). Hydrolysis by proteases or peptidases can 

contribute to drug degradation in the plasma as well as the gastrointestinal tract.23 Avoiding 

amide bonds or shielding them with adjacent bulky groups are common structural 

modification strategies to lower the hydrolysis rate of a compound. Furthermore, if an amino 

acid is part of a lead structure, changing the stereochemistry or incorporating unnatural 

amino acids can help to decrease enzymatic hydrolysis.16 The switch from the naturally 

occurring amino acid L-valine to D-valine (25) caused a 100-fold drop of the inhibition 

potency toward MMP-13 (Table 3). The same effect could be observed for the enantiomeric 

pairs 26 vs. 27 and 28 vs. 29, and changing the stereochemistry of the cyclohexyl and tert-
butyl containing amino acid resulted in a decrease of IC50 values for MMP-13 (4.4 vs. 159 

nM for cyclohexyl and 2.4 vs. 289 nM for tert-butyl). The selectivity amongst MMP-1, 

MMP-2, MMP-8, MMP-9, and MT1-MMP was the same for 25-27 and none of these 

compounds inhibited the remaining collagenases at the highest concentration tested (5 μM). 

In contrast, compound 28 showed low nanomolar inhibition of MMP-8 (IC50 = 17 nM). The 

tetrahydropyran containing compound 30, possessing high inhibition potency for MMP-13 

(IC50 = 1.9 nM), showed increased stability in human liver microsomes compared to the 

cyclohexyl containing compound (26). However, the selectivity of 30 for MMP-13 over 

MMP-8 (IC50 =113 nM) is only ca. 50-fold. Compound 31, which incorporated a 

cyclopropyl moiety, showed a highly increased in vitro half-life in mouse and human liver 

microsomes (31 and 74 min, respectively) compared to 2 and ca. 500- and 100-fold 

selectivity for MMP-13 vs. MMP-2 and MMP-8, respectively. All compounds except 25 
(<40%) and 33 (<10%) inhibited collagen cleavage with >90% at an inhibitor concentration 

of 20 μM (Table 3).

Variation of the phenyl-furan unit of compound 2.

Next studied was the variation of the phenyl-furan biaryl unit in 2. First, the synthesis of 

suitable building blocks containing different heterocycles was needed (Scheme 3). The 

phenyl- thiazole (37) and phenyl-oxazole (41) linkers were synthesized in the same way: a 

Suzuki reaction was followed by a radical benzylic bromination reaction using N-

bromosuccinimide and benzoyl peroxide as the radical initiator to give the desired products. 

The imidazol-phenyl linker 44 was isolated after a three-step sequence: the methyl-

imidazole derivative 42 was brominated, coupled with (4-(hydroxymethyl)phenyl)-boronic 

acid, and finally a benzylic bromination gave the desired product 44. The three-step 

sequence for the formation of the pyridine containing linkers 48 and 50 was initiated by the 

conversion of 45 into the corresponding boronic acid pinacol ester 46 using Pd(dppf)2 as the 
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catalyst. Again, a Suzuki reaction was followed by a benzylic bromination reaction to yield 

48 and 50.

The five compounds 37, 41, 44, 48, and 50 were coupled with thiopyrimidone 6 under basic 

conditions before the ester moiety was hydrolyzed and the valine derivative 51 was added 

via amide bond formation using EDC as the coupling reagent to give compounds 52-56 
(Scheme 4 and Table 4).

The furan ring in 2 was replaced by different five-membered heterocyles to minimize the 

potential toxicity and metabolizing liability of the electron rich furan heterocycle,24 which 

can be easily oxidized and degraded by enzymes of the CYP450 family.25 Compounds 52, 

53, and 54 showed low nanomolar IC50s (7.1, 18.1, and 37.5 nM, respectively) as well as 

high selectivity among the collagenases MMP-1, MMP-2, MMP-8, MMP-9, and MT1-MMP 

(Table 4). Among the three compounds 54 exhibited an excellent half-life (96 min) in human 

liver microsomes, but unfortunately only 52 inhibited collagen cleavage with >90% at an 

inhibitor concentration of 20 μM. Further assessment via a dose-responsive assay showed 

that 52 inhibited collagen cleavage with a 14.9 nM IC50.

Substitution of the carbon-sulfur linker of compound 2.

As the sulfur atom of the thiopyrimidone component of 2 could be easily oxidized in vivo, 
we designed a new set of compounds focusing on blocking the possible metabolically labile 

site by replacing the sulfur with either with a nitrogen, oxygen, or a carbon atom (Scheme 

5A-C). 4-Bromo-2-fluorobenzeneacetic acid (57) was reduced to the corresponding homo-

benzylic alcohol and the boronic acid pinacol ester was introduced via a palladium catalyzed 

cross-coupling reaction to give compound 58. A Suzuki coupling was followed by a three-

step sequence to install the amidine moiety in 60 before a condensation reaction with 

ethyl-2-oxocyclopentane-1-carboxylate completed the synthesis of methyl-ester 61 (Scheme 

5A).

4-Bromo-2-fluorobenzylamine (62) was Boc-protected and the boronic acid pinacol ester 

was installed via a cross-coupling reaction using Pd(dppf)Cl2 as the metal catalyst. A Suzuki 

reaction followed by Boc-deprotection provided primary amine 65 and finally, the 

pyrimidone group was added under basic conditions to give methyl ester 67 (Scheme 5B).

4-Bromo-2-fluorobenzyl alcohol (68) was converted into the boronic acid pinacol ester and 

coupled with methyl-5- bromofuran-2-carboxylate to give intermediate 69, which was then 

exposed to triphenylphosphine and tetrabromomethane to provide the corresponding benzyl 

bromide, and the thiopyrimidone moiety was added via a substitution reaction using 70 as 

the nucleophile (Scheme 5C). After the methyl esters in 61, 67, and 71 were hydrolyzed, an 

amino acid coupling finished the syntheses of 72-74 (Scheme 6 and Table 5).

Interestingly, the potency dropped by 3-fold from the nitrogen containing compound (72, 

IC50 = 5.5 nM) to the carbon atom containing inhibitor (73, IC50 = 18.7 nM) and even 100-

fold for the replacement of the sulfur atom in 2 with an oxygen atom (76, IC50 = 697 nM) 

(Table 5). All three compounds showed an excellent selectivity profile among the remaining 

collagenases (MMP-1, MMP-2, MMP-8, MMP-9, and MT1-MMP) with IC50 values higher 
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than 5 μM for all enzymes tested. The newly introduced nitrogen atom in 72 reduced the 

clogP and clogD7.4 values (2.4 and 3.0, respectively) and increased the microsomal stability 

in human and rat liver microsomes to 17 and 22 min, respectively. Substitution of the sulfur 

atom by a CH2 group doubled the human microsomal half-life (26 min) compared to 2. 

Compounds 72 and 73 inhibited collagen cleavage greater than 95% at 20 μM, while 74 was 

not active in inhibiting collagen cleavage by MMP-13.

Variation of the pyrimidinone scaffold.

The next compound set was focused on variation of the cyclopentene ring of 2, binding in 

the S1’ subsite. Potentially, the CH2 groups could be easily accessible to metabolizing 

enzymes in the liver and could contribute to the moderate metabolic stability of 2. The 

thiopyrimidinone building blocks 75-79 were commercially available and six more (82, 84, 

86, 89, 90 and 94) were synthesized (Scheme 7). A condensation reaction of thiourea and 

ethyl-2-cyano-4,4-diethoxybutyrate followed by hydrolysis of the diethyl acetal under acidic 

conditions gave 80 in excellent yield. Treatment of 83 and 85 with sodium hydroxide gave 

the corresponding chloro-pyrimidinones 84 and 86. Aminothiophene 87 was converted into 

the thiourea derivative 88 using amino thiocyanate and benzoyl chloride before refluxing in 

ethanolic KOH gave the desired thiopyrimidinone intermediates 89 and 90.26 Finally, the 

last thiopyrimidinone building block 94 was synthesized in a three-step sequence, whereby 

2-amino-5- fluorobenzoic acid 91 was converted into the thiourea derivative 92 by using 

ethoxycarbonyl isothiocyanate under refluxing conditions, activation of the acid with acetic 

anhydride enabled nucleophilic attack and closure of the thiopyrimidinone ring to give 93, 

and removal of the ethyl carbamate under basic conditions resulted in the isolation of 94 in 

good yield.

The coupling with the thio- and chloro-pyrimidinone fragments 96 and 97 proceeded via 
treatment with triethylamine and Huenig’s base, respectively, to afford 98. Subsequent ester 

hydrolysis followed by an amino acid coupling reaction provided compounds 99-110 
(Scheme 8 and Table 6).

The substitution of the cyclopentene ring with a benzene (99) or a fluoro-benzene ring (100) 

gave two highly potent MMP-13 inhibitors (IC50 = 9.4 and 6.6 nM, respectively). Both 

compounds showed a good selectivity profile among the collagenases (MMP-1, MMP-2, 

MMP-8, MMP-9 and MT1-MMP) with only moderate activity for MMP-8 (IC50 = 400 and 

270 nM, respectively). Additionally, the stability of 100 in human and rat liver microsomes 

dropped to 8 and 4 min, respectively, presumably due to increased lipophilicity (clogD7.4 = 

4.8 and clogP = 3.8) of the compound compared to 2. The incorporation of a thiophene ring 

resulted 101 and 102, which were active MMP-13 inhibitors but only moderately inhibited 

collagen cleavage at an inhibitor concentration of 20 μM (77% and 51%, respectively). The 

potency of the pyrrole containing compounds 103 and 104 decreased significantly; 

compound 103 was not active at the highest concentration tested (5 μM) and 104 exhibited 

an IC50 value for MMP-13 of 2 μM. The pyrazole derivative of 2 (105) also lost potency 

against MMP-13 (IC50 = 274 nM). Removing the cyclopentene ring completely (106) or 

substituting the thiopyrimidinone ring with a fluorine atom (107) or a trifluoromethyl group 

(110) also resulted in a decrease of activity towards MMP-13 (IC50 = 153 nM, 2.6 μM, and 
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1.2 μM, respectively), although 106 and 110 showed excellent stability especially in human 

liver microsomes (>120 min for both compounds). These data supported our hypothesis that 

the saturated carbon atoms in the thiopyrimidone part of 2 are metabolically labile sites and 

easily accessible for hepatic oxidation.

After the comparison and analysis of the in vitro properties of the compounds described 

herein, seven were selected for further evaluation of their permeability and solubility 

properties (Table 7). Inhibitors 21, 22, and 23 were part of the first compound set, which was 

focused on the variation of the terminal methylamine group in 2. The three compounds have 

an excellent selectivity profile within the collagenases (IC50 values for MMP-1, MMP-2, 

MMP-8, MMP-9, and MT1-MMP >5 μM) and all three have improved half-lives in rat liver 

microsomes (72, 29, and 25 min, respectively) compared with 2. A special focus has been 

placed on the in vitro hepatic stability in rats as further in vivo PK is planned to be perfomed 

in rats. Compounds 31 and 28 possessed unnatural amino acids, which could protect these 

compounds from proteolytic cleavage in vivo. Compound 52 does not exhibit improved 

microsomal half-life but is lacking the furan ring from 2 which has been attributed to 

toxicity for other compounds in preclinical studies.24, 27 Finally, compound 72, in which the 

metabolically labile sulfur was replaced by a nitrogen atom, exhibited good microsomal 

stability in rat liver microsomes (22 min) and had significantly reduced clogD7.4 and clogP 

values (3.0 and 2.4, respectively), which contribute to improved solubility properties.

The artificial membrane permeability assay (PAMPA assay)15 is a rapid, low-cost, fast, and 

high-throughput in vitro method to assess the gastrointestinal permeability properties of a 

compound. The passive diffusion of a potential drug through a phospholipid bilayer can be 

monitored to obtain in vivo permeability insights. The permeability in the PAMPA assay for 

the compounds 21 (3.4 nm/s) and 23 (0.3 nm/s) was extremely low. Compound 21, which 

exhibits clogP and clogD74 values of 4.1 and 5.1, respectively, shows 61% retention and is 

too lipophilic to pass the lipid bilayer. On the other hand the retention of compound 23 is 

lower (30%) but presumably the secondary amine within the azetidine ring is protonated 

under the weakly acidic conditions used in the PAMPA assay mimicing the pH in the 

intestine, which restricts the compound from diffusing through the lipid bilayer.

The two best compounds which exhibited low retention (<30%), good permeability (ca. 20 

nm/s), and good kinetic solubility (> 15 μM) were 28 and 31 (17%, 72.9 nm/s, and 16.0 μM 

for 28 and 24%, 19.1 nm/s, and 47.5 μM for 31, respectively).

In vivo PK properties.

For a first assessment of the in vivo stability of the synthesized MMP-13 inhibitors, 

compounds 2, 28 and 30-32 were subjected to PK analysis after IV administration (1 mg/kg 

dose; Table 8) in rats. Lead compound 2 provided a reference, but as our future goal is to 

develop an orally bioavailable MMP-13 inhibitor, we focused on compounds 28 and 30-32 
as the substitution of L-valine in 2 by unnatural amino acids should minimize possible 

cleavage by peptidases and proteases in the gastrointestinal tract. Compounds 28, 30 and 32 
did not show the best selectivity profiles within the different MMPs tested but compound 28 
exhibited excellent permeability (72.9 nm/s) in the PAMPA assay as well as reasonable 
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solubility (16 μM). Compounds 30 and 32 were selected for further evaluation in in vivo PK 

studies due to their increased stabilities in human liver microsomes (29 and 59 min, 

respectively). There was not much difference in the rat in vivo PK parameters after IV 

dosing for the five compounds but all of them exhibited excellent plasma half-lives (> 2.4 h), 

reached maximum concentrations higher than 50 μM, and had very low clearance rates with 

less than 0.3 mL/min/kg. Furthermore, the concentration of 2 in the synovial fluid of the rat 

knee after IP injection was evaluated to determine if the inhibitor was reaching its needed 

place of action. At the 4 h time point the concentration of 2 in the synovial fluid was 380 

nM, which is ca. 140 times higher than its IC50 for MMP-13.

CYP inhibition.

The inhibition of cytochrome P450 isoforms, especially CYP 3A4, can be a major drawback 

in drug development, potentially indicating toxicity. CYP 3A4 inhibition has also been 

responsible for the termination of the development of MMP-13 inhibitors.28 Therefore, we 

further assessed the in vitro inhibition of CYP 1A2, 2C9, 2D6, and 3A4 for the compounds 

2, 28 and 30-32 (Table 9) at a concnetration of 10 μM. The lead compound 2 inhibited CYP 

2C9 and 3A4 at levels of 60 and 16%, respectively. Interestingly, compound 28 inhibited 

CYP 2C9 and 3A4 even more strongly, 75 and 43%, respectively. Compounds 30, 31, and 32 
exhibited lower inhibition of CYP 2C9 (35, 29, and 25%, respectively) and did not inhibit 

the activity of CYP 3A4.

Molecular Modeling.

Docking studies were performed to rationalize potency trends within the SAR study of our 

MMP-13 inhibitors. In particular, we investigated the lack of discrimination of inhibition 

potency between the enantiomeric pairs 9/10, 11/12, 13/14, and 15/16 (Table 2), in contrast 

to 2/25, 26/27, 28/29 (Table 3). We have already demonstrated that a combination of 

hydrophobic interactions of the isopropyl group and hydrogen bonding interactions between 

the amide group in compound 2 with the backbone amide groups of Gly183 and Tyr244 in 

MMP-13 is responsible for a 40-fold higher inhibition potency compared to its enantiomeric 

counterpart.13 A similar trend is observed for the enantiomeric pairs 26/27 and 28/29, 

respectively, which possess hydrophobic groups in their R positions (Table 3). However, in 

9/10, 11/12, 13/14, and 15/16, where the terminal methyl group of 2 is substituted by 

hydrophilic moieties (R1-groups, Table 2), which are able to form additional hydrogen 

bonding interactions with Tyr214 and/or Ser182 as shown in our docking models (Figure 

3A-D), an analogous drop in inhibition potency was not observed. We surmised from these 

observations that the hydrophobic contact between the isopropyl unit and Ile243 is less 

significant than the additional hydrogen bonding interactions by the polar R1-groups. 

Alternatively, the (R)-enantiomers could bind to MMP-13 in the same binding pose as (R)-2 
in the X-ray co-crystal structure (PDB code: 5UWM).13 In this binding mode (Figures 3E, 

3F), the polar R1-groups can form hydrogen bonding interactions with Glu223 or backbone 

amides of MMP-13, and the loss of hydrogen bonds of the amide units of the (R)-

enantiomers can be compensated by the polar interactions of the corresponding R1- group. 

Consequently, the enantiomeric pairs 9/10, 11/12, 13/14, and 15/16 exhibit high inhibition 

potency regardless of their stereoconfiguration.
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We also performed docking studies to examine the preference of the sulfur linkage (2) vs. 

nitrogen (72), carbon (73), or oxygen (74) linkages (Table 5) in terms of inhibition potency. 

We assume that due to the smaller dihedral angle for Csp2-S-Csp3 (101.5°, 2) compared to 

those for Csp2-N-Csp3 (119.3°, 72), Csp2- C-Csp3 (114.4°, 73), and Csp2-O-Csp3 (117.3°, 74), 

respectively, the cyclopentyl unit in compound 2 is aligned in an optimal position for 

forming hydrophobic contacts with the protein surface composed of Phe252, Pro255, and 

Leu239 (Supporting Fig S1 A). Furthermore, the increased dihedral angles in 72, 73, and 74 
lead to a slightly deviated alignment of the carbonyl oxygen within the pyrimidinone part of 

the structures, which results in a less favorable orientation for the formation of hydrogen 

bonding interactions with Thr247 and explains the decreased inhibition of MMP-13. 

Interestingly, compound 72 has the largest dihedral angle, which should lead to the least 

favorable orientation for the formation of hydrogen bonding interaction as well as 

hydrophobic contacts, but an additional hydrogen bond by the hydrogen atom of the amine 

linkage with Thr245 might be the reason which compensates the drop in inhibition potency 

to only twofold compared to compound 2. (Supporting Fig S1B).

The significance of the hydrophobic contact between the cyclopentyl unit in 2 and the 

hydrophobic surface of MMP-13 is also reflected within the SAR of the compounds shown 

in Table 6. The compounds 106, 107, 108, 109, and 110, which are lacking the cyclopentyl 

moiety and can not form hydrophobic contacts, exhibit decreased inhibition potency by 30 ~ 

1,000 fold compared to 2, while 99, 100, 101, and 102 have similar IC50 values as 

compound 2.

We also investigated the replacement of the furan ring in compound 2 with other 

heterocycles (Table 4) by docking studies. The central part of the structures 2, 52, 53, 54, 55, 

and 56, comprising the phenyl ring connected to the corresponding 5- membered 

heterocycles, occupies the same area within the binding site of MMP-13 with high 

alignment to each other. However, the methyl group attached to the imidazole ring in 53 
causes a non-planar conformation of the amide unit connected to the imidazole ring with a 

dihedral angle of 34.5°. This non-planar conformation results in the loss of hydrogen bond 

interaction between the N-methylamide unit of 53 and the amide backbone of Tyr244, and 

might be responsible for a decreased inhibition of MMP-13 (Supporting Fig s2a, B).

Conclusions.

Starting from compound 2 a comprehensive SAR/SPR study was performed by 

systematically varying all five subunits (Figure 2). As a goal of this study, we were 

interested in finding a set of selective and potent MMP-13 inhibitors that can be used in in 
vivo efficacy studies in a rat OA model. Analogs of 2 were designed and synthesized to 

investigate their SAR/SPR in terms of inhibition potency, specificity, microsomal stability, 

solubility, and permeability. As hepatic metabolization is a significant challenge in drug 

discovery, we focused on the optimization of the in vitro microsomal stability at the 

beginning of the lead optimization process. We found that substituting the terminal methyl 

group of 2 with cyclohexanol (compound 21) gave a highly selective MMP-13 inhibitor with 

increased in vitro microsomal stabilities in rats and mice but the hepatic stability in humans 

was not improved compared to 2. The addition of small saturated heterocycles such as an 
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oxetane (22) or azetidine ring (23) gave potent and selective MMP-13 inhibitors with 

increased microsomal stabilities in human liver microsomes. The variation of the amino acid 

part of 2 provided three compounds (30-32) with very promising human microsomal 

stabilities (t1/2 = 29, 74, and 59 min, respectively). Out of these three compounds only 31 
showed a good selectivity profile within the collagenases; inhibition of MMP-8 resulted in 

an IC50 value of 832 nM, which was a 100-fold worse compared with MMP-13.

Displacement of the furan-phenyl ring system with other heterocyclic rings gave highly 

active compounds with increased human microsomal stabilites (Table 4). However, only 52 
was able to inhibit collagen cleavage at a concentration of 20 μM, while all other compounds 

inhibited the cleavage of the natural substrate by less than 30%. Substitution of the sulfur 

atom within the thiopyrimidone scaffold of 2 with a nitrogen (72) or carbon (73) atom 

improved the human microsomal half-life (17 and 26 min, respectively). This result 

suggested that the sulfur atom could be oxidized by human hepatic metabolizing enzymes. 

Finally, the removal of the saturated carbon atoms within the S1 ‘subsite binding 

thiopyrimidone scaffold enhanced metabolic stability, as compound 106 showed greatly 

improved microsomal stabilities (rat/mouse/human 33/57/160 min) compared to 2. 

Unfortunately, removal of the CH2-groups resulted in a loss of activity (106-110) and/or 

selectivity (99 and 100).

After testing the solubility and permeability of a selected compound set (Table 7) we 

identified compound 31 which exhibited improved microsomal half-life times (human/rat/

mouse 74/13/31 min). Although the permeability coefficient for 31 (21.1 nm/s) is in the 

same range as for compound 2, its retention within the artificial phospholipid bilayer in the 

PAMPA assay is lower (24% for 31 versus 47% for 2) and the kinetic solubility is improved 

by three-fold. Furthermore, compound 31 shows no inhibition of CYP 3A4 and exhibited 

excellent in vivo PK properties after IV dosing. As 31 is structurally closely related to 2 
which could be detected in the synovial fluid at a concentration of 380 nM, we expect 31 to 

show a similar distribution into the rat knee. Therefore, considering the improved 

pharmacokinetic properites, compounds 31 appears to be an appropriate candidate for a first 

round of in vivo efficacy studies in a rat OA model (Table 10). Additionally, combining the 

best results observed here for each subunit modification, i.e. (22 or 23) and (28 or 31) and 

(72 or 73), may provide improved compounds for in vivo use.

Recent studies have produced a variety of selective MMP-13 inhibitors.29 However, distinct 

drawbacks to these inhibitors have been reported. For inhibitors presented as organic anions, 

binding to human organic anion transporter 3 resulted in nephrotoxicity.30 Inhibitors 

possessing carboxylic acids may generate reactive metabolites through protein conjugation 

of the resulting acyl glucuronide.30,31 Pyrimidine-2-carboxamide-4-one-based inhibitors 

have exhibited poor bioavailability, low volume of distribution, poor metabolic stability, 

and/or P450 3A4 inhibition.28 Obtaining appropriate kinetic solubilities for MMP- 13 

inhibitors has proved challenging.12, 32 Due to design considerations based on activity 

profiles and prior data, several of the compounds described herein avoid many of these 

pitfalls, particularly poor solubility and metabolic stability as well as the potential for 

nephrotoxicity and generation of reactive metabolites.
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Figure 1. 
(A) Hit to lead optimization of 2. (B) The co-crystal structure of 1 with MMP-13 (PDB 

4L19). Compound 1 is represented in green carbon sticks (red oxygen, blue nitrogen, and 

yellow sulfur), and hydrogen atoms are omitted for clarity. Three Zn-chelating His residues 

(His 222, His 226, and His 232) are represented in magenta carbon sticks. The S1’ 

specificity loop is shown as a blue tube. (C) The co-crystal structure of (S)-213 with 

MMP-13 (PDB 5UWL). Compound 2 is represented in green carbon sticks. The S1’ 

specificity loop is shown as a blue tube. The amino acid side chains that can form direct 

interaction with parts of (S)-2 (N-methylvaline-biaryl units) are shown as magenta sticks.
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Figure 2. 
The five subunits of compound 2.
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Figure 3. 
Predicted binding poses of compounds 9 (A), 10 (B), 11 (C), 12 (D,E), and 14 (F) in the 

active site of MMP-13. (E, F) Alternative binding poses of 12, 14, and other (R)-

enantiomers. Ligand-protein interactions are shown in black dashed lines. Hydrogen bond 

interactions are marked with a red dashed circle. Inhibitors are presented in green sticks, and 

amino acids near inhibitors are in yellow sticks. Pymol was used to generate figures.
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Scheme 1. 
Synthesis of compounds with variation of the terminal methylamine unit of 2.
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Scheme 2. 
Synthesis of compounds with variation of the amino acid component of 2.
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Scheme 3. 
Synthesis of building blocks containing different heterocycles.
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Scheme 4. 
Replacement of the phenyl-furan linker in 2.
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Scheme 5. 
Synthesis of intermediates replacing the sulfur atom of compound 2.
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Scheme 6. 
Synthesis of 72-74; replacing the sulfur atom of compound 2.
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Scheme 7. 
Structures and synthesis of thiopyrimidinone building blocks.
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Scheme 8. 
Synthesis of compounds 99–110. Compound 95 was previously described.13
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Table 1.

Physicochemical and in vitro PK properties of 2.

 Property Compound 2

 clogD7.4
a 4.2

 clogP
b 3.0

 Kinetic solubility 15.7 μM

 Permeability 2.38 × 10−6 cm/s

 t1/2 (human/rat/mouse) 12/9/20 min

a
Calculated with Pipeline Pilot workflow application (Accelrys) at pH 7.4.

b
Calculated with ChemDraw.
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Table 7.

Permeability and solubility of compounds selected by their in vitro microsomal stability.

Compd.
Permeability

[nm/s] Retention
Solubility

[μM]

2 23.8 47% 15.5

21 3.4 61% nd

22 13.2 34% nd

23 0.3 30% 58.7

28 72.9 17% 16.0

31 21.1 24% 47.5

52 34.3 40% nd

72 1.98 45% 36.7
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Table 8.

Rat in vivo PK parameters of selected MMP-13 inhibitors.

Compd. T1/2 (h) cmax(μM) Cl (mL/min/kg)

2 2.9 47.6 0.18

28 2.6 59.4 0.25

30 2.8 75.6 0.16

31 3.0 56.8 0.23

32 2.4 56.9 0.22

Dose: IV, 1 mg/kg; formulation = 1 mg/mL in 10/10/80 DMSO/Tween 80/water.
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Table 9.

CYP isoform inhibition of selected MMP-13 inhibitors.

% Inhibition of human CYPs at 10 μM

Compd. 1A2 2C9 2D6 3A4

2 8 60 −33 16

28 −2 75 −35 43

30 −5 35 −31 −6

31 −12 29 −45 −17

32 −3 25 −19 −3
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