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Structure-based design of potent and selective inhibitors
of collagenase-3 (MMP-13)
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Abstract—Computer aided drug design led to a new class of spiro-barbiturates (e.g., 4a, MMP-13 Ki = 4.7 nM) that are potent
inhibitors of MMP-13.
� 2004 Elsevier Ltd. All rights reserved.
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The matrix metalloproteinases (MMPs) belong to a
family of zinc proteases that are important in homeosta-
sis of extra-cellular matrix proteins.1 They have been
implicated in several pathologies including cancer,
osteoarthritis, and rheumatoid arthritis.2

Osteoarthritis is a degenerative disease characterized by
the loss of joint function and articular cartilage. Current
therapies, such as COX-2 inhibitors and non-steroidal
anti-inflammatory agents, target signs, and symptoms.
Disease modifying osteoarthritis drugs that may delay
disease progression are not presently available.

Although the inhibition of MMP-13 as a treatment for
osteoarthritis has not been clinically validated, pre-clin-
ical data suggest MMP-13 as a compelling target for the
modulation of osteoarthritis. Articular cartilage consists
of type II collagen and proteoglycan, and studies have
shown that MMP-13 (collagenase-3) cleaves type II col-
lagen.3 MMP-13 over-expression induces osteoarthritis
in transgenic mice, and MMP-13 mRNA expression is
co-distributed with the type II collagenase activity in
osteoarthritis cartilage.4 Thus, the data strongly suggest
that inhibition of MMP-13 may lead to inhibition of
cartilage degradation associated with osteoarthritis. A
major effort is in progress by several research groups
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to discover selective small molecule inhibitors of
MMP-13.5

Historically, most MMP inhibitors have been based on
hydroxamic acids.6 In general, hydroxamic acid based
inhibitors are remarkably potent (e.g., RS-130830 1,
MMP-13 Ki = 0.52 nM, Fig. 1).7 Nevertheless, a grow-
ing body of evidence suggests that hydroxamic acids
have poor pharmacokinetic profiles, exemplified by poor
absorption and rapid metabolism.8 Despite these poten-
tial shortcomings several hydroxamic acid based MMP
inhibitors have been in human clinical trials.9 Because
of these potential liabilities, our goal was to design a
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Figure 1. Functional mapping of MMP inhibitors.
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series of potent MMP-13 inhibitors which did not con-
tain a hydroxamic acid. An additional goal was to iden-
tify an inhibitor of MMP-13 with a good degree of
selectivity among MMP and ADAM family members
(e.g., MMP-1, MMP-2, MMP-12, and TACE).

MMP inhibitors have been widely studied and exten-
sively reviewed.5,6 Most potent MMP inhibitors share
two common structural features: a Lewis base that inter-
acts with the catalytic Zn(II); and a hydrophobic group
that is in contact with the binding pocket (Fig. 1).
Among the zinc chelators, hydroxamic acids have been
used extensively to produce potent enzyme inhibition.
Barbituric acid based inhibitors, as exemplified by inhib-
itor 2, appear to provide an interesting alternative to
hydroxamic acid based inhibitors. Though its potency
against MMP-13 has not been reported, compound 2
is reported to be an inhibitor of MMP-8
(IC50 = 107 nM), and MMP-9 (IC50 = 20 nM).5,10 Since
the appearance of 2 in the literature, there have been re-
ports from other laboratories reporting successful incor-
poration of barbituric acids into inhibitors of MMPs,
including MMP-13.10c Thus the use of a barbiturate as
a zinc ligand seemed to be a reasonable starting point
for the design of a potent and selective inhibitor of
MMP-13.

Barbituric acid could in principle bind to a zinc atom via
interactions with either a carbonyl oxygen, a ring nitro-
gen or a combination of the two atoms.11 To aid inhib-
itor design, we first sought to gain a better
understanding of how a barbituric acid might be bound
to zinc in the active site of an MMP by building a model
system.12 Semiempirical AM113 calculations with tert-
Figure 2. Structure of Zn(II) tris-imidazole with barbituric acid 3 (gray) and i

electrically neutral.
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Figure 3. Design features for a selective, non-hydroxamate acid inhibitor of
butyl hydroxamate (HONHCO-tert-butyl) and tris-
imidazole Zn(II), reproduced the bidentate mode of
interaction with slightly longer (calculated: 2.13 Å and
2.34 Å; the complexation enthalpy, relative to separated
tert-butyl hydroxamate and tris-imidazole Zn(II) is
DHcx = �108.3 kcal/mol) zinc–oxygen bond distances
when compared to those found in RS-130830/MMP-13
crystal structure (X-ray structure bond lengths: 1.9 Å
and 2.1 Å).14 The longer bond length is characteristic
of AM1 calculations. AM1 optimization with a barbitu-
ric acid 3 showed that a monodentate nitrogen–Zn(II)
interaction was the most enthalpically favored, with a
Zn(II)–nitrogen distance of 2.09 Å (enthalpy of com-
plexation: DHcx = �91.8 kcal/mol). An overlay of tert-
butyl hydroxamate and barbituric acid 3 is shown in
Figure 2.15

Based on our understanding of the barbiturate–zinc
interaction and the reported X-ray structure of RS-
130830 1 bound to MMP-13 we sought to apply struc-
ture-based design to produce potent barbiturate
containing inhibitors of this enzyme (see Fig. 3). The X-
ray structure of RS-130830 provides the distance from
hydroxamate to zinc ion and the relative distance from
the hydroxamate to the biaryl ether group. The barbitu-
rate zinc model system described above was utilized to
suggest a reasonable starting conformation for projec-
tion into the binding pocket from the barbiturate ligand.
Finally, a linker structure that retained the bound con-
formation of RS-130830 was designed to provide both
constraint and a novel structural motif. The linker re-
gion of RS-130830 that joins the hydroxamic acid to
the biaryl ether group contains at least two bonds that
are to some extent freely rotating and it is unknown if
ts overlay with tert-butyl hydroxamate (magenta). Note that complex is
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the compound shows significant conformational prefer-
ence in solution. In principle, a linker structure that
mimics the bound conformation of acyclic 1 should be
entropically favored (pre-organization).16

Several constrained linkers fit both the conformational
profile of the docked inhibitor 1 to MMP-13 and the cal-
Figure 4. Modeled structure of barbituric acid 4a in MMP-13 and its overlap

MOL2MAP methyl probe interaction energy contour at �1.8 kcal/mol (yell
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Scheme 2. Reagents and conditions: (a) 7, DMF, 100 �C, ethyl acrylate, N
EtOH, 3 h (45%); (c) Pd(dppf), bis(pinacolato)diboron, KOAc, DMSO, 65

(balloon), 10% Pd–C, 1 h, DMF (92%); (e) ArOH, Cu(OAc)2, TEA, CH2Cl2,

85%); (g) for X = H: H2 (balloon), 10% Pd–C, EtOH, rt, 5 h (86%); for X = Ph

EtOH, 80 �C (35–55%).
culated constraint of the barbituric acid–zinc interac-
tion. Specifically, modeling predicts that the ground
state conformation of spiro-barbiturate 4a to be nearly
identical with the bound conformation of inhibitor 1
in the MMP-13 active site.17 An overlay of spiro-barbi-
turate 4a with RS-130830 1 is shown in Figure 4. It
is interesting to note that the carbonyl oxygen in the
with the bound structure of RS-130830 1 (magenta). Also shown is the

ow) for the RS-130830 binding site.
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Table 1. SAR of aromatic substitution
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Compd X MMP-13 Ki (nM)a

4d H 2200

4e Br 130

4a OPh 4.7

4f Ph 934

4g OBn 1100

4h OPh(4-Cl) 0.95

4i OPh(3-Cl) 54

4j OPh(3-OMe) 1.9

4k OPh(2-OMe) 110

4l OPh-3,4-(OCH2O) 5.8

4m O(4-OMe-3-pyridyl) 25

4n OPh(4-CO2Me) 4.2

4o OPh(4-CO2H) 2.7

4p OPh(4-OPh) 0.33

aWith the exception of compounds 4d, 4e, and 4g (single runs, MMP-

13 IC50), all compounds in Tables 1 and 2 are reported as Kis and

based on triplicate runs with standard deviation of less than 15%.20
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lactam ring of 4a overlaps well with one of the sulfone
oxygen atoms in inhibitor 1.

The synthesis of compounds 4a–c is shown in Scheme 1.
Alkylation of 4-phenoxyaniline 5 with bromodiethyl-
malonate followed by condensation with either ethyl
acrylate or methyl trans-2-pentenoate provided 6a–c.
Condensation of 6a–c with urea provided the desired
spiro-barbiturates 4a–c.18

Once it was determined that 4a was a potent inhibitor of
MMP-13, a flexible synthetic route which permitted late
stage diversification of the terminal aryl group was de-
signed as shown in Scheme 2. Boronic acid and
Cu(OAc)2 mediated oxidative couplings were chosen
as a means of accessing a wide range of substitution.19

Condensation of malonates 10, 11, or 14 with urea pro-
vided inhibitors 4d–p.
Table 2. Selectivity SAR of compounds 4a–p
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Compd R X MMP-1 Ki (nM) MMP-2 Ki (nM) MMP-3

1a — — 590 0.22 9.3

4a H H >5000 1.6 4500

4b Et H >5000 0.40 92

4c Et H >5000 1.7 1200

4h H Cl >5000 0.43 430

4n H CO2Me >5000 4.7 1300

4o H CO2H >5000 0.23 3200

4p H OPh >5000 1.8 110

aData for compound 1 reported Ref. 7.
Spiro-barbiturate 4h is a potent inhibitor of MMP-13
(Ki = 0.95 nm). Its potency suggests that it interacts with
MMP-13 in a manner similar to RS-130830 and vali-
dates the structure based de novo design of an MMP-
13 inhibitor. Examination of the SAR (Table 1) shows
that MMP-13 potency is maintained with a variety of
aryloxy systems. Replacement of the aryloxy group by
hydrogen (4d) results in nearly a 500-fold loss in po-
tency. It is interesting to note that the biphenyl analogue
4f (Ki = 934 nm) is significantly less potent against
MMP-13 than compound 4a. In general para-substitu-
tion on the aryl ring provided the most potent analogs
(4h,m,n,o,p).

MMPs are structurally similar but show differences in
the S1 0 binding pocket, thus the region of inhibitor
(P1 0) that interacts with S1 0 is likely to be important
to selectivity. Deep S1 0 binding pockets are found in
MMP-13, MMP-12, MMP-9, MMP-3, MMP-2, and
TACE; shallow S1 0 pockets are found in MMP-1 and
MMP-7.21 In general the compounds in Table 2 have
a improved selectivity for MMP-13 compared to that re-
ported for RS-130830 1;7 however, there was no signifi-
cant difference among the compounds with respect to
selectivity against MMP-2 and MMP-9. The data for
enantiomers 4b and 4c suggest that chirality in the linker
region had an effect on MMP-13 potency but no major
effect on the selectivity profile.

Pre-clinical evidence suggests that inhibition of MMP-
13 could be useful in osteoarthritis and rheumatoid
arthritis. The spiro-barbiturates 4b and 4p have a similar
potency and improved MMP-3 selectivity compared to
the hydroxamic acid based inhibitor 1, (RS-130830).
MMP-13 structural information, together with AM1
calculation of the Zn(II)–barbiturate interaction, led to
a predictive binding model which played a crucial role
in the selection process of the initial constrained lead
4a.15,22 Although significant selectivity against the
MMP-2 and MMP-9 was not achieved for the com-
pounds reported, this work demonstrates that appropri-
ately substituted barbituric acids can achieve similar
potency to hydroxamic acid based systems.
O

X

Ki (nM) MMP-9 Ki (nM) MMP-13 Ki (nM) TACE Ki (nM)

0.55 0.52 —

4.7 4.7 >1000

0.87 0.54 >1000

7.2 4.1 >1000

0.72 0.95 >1000

1.2 4.2 >1000

0.72 2.7 >1000

1.9 0.33 >1000
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