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INTRODUCTION 

Matrix metalloproteinases (MMPs) (also known as matrixins), a subfamily 
of the metalloproteinase M 10 family,' are closely related calcium requiring 
zinc endopeptidases of which 18 have been identified to date. The MMPs are 
generally subdivided (i.e. collagenases, gelatinases and stromelysins) accor- 
ding to the general macromolecular substrate requirements or the presence of 
structural features which anchor the enzyme to the cell membrane (mem- 
brane type matrix metalloproteinases, MT-MMPs). Collagenases 1,  2, 3 and 
4 (MMPs 1, 8, 13 and 18) cleave triple helical collagen I and I1 at a single 
locus to produce a characteristic fragmentation pattern. Gelatinases A and B 
(MMPs 2 and 9) demonstrate a preference for cleavage of gelatin which is 
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80 K.M.  BOTTOMLEY e /  al. 

formed following proteolytic cleavage of collagens by collagenases. The 
stromelysins (1 and 2 (MMPs 3 and 10)) have a general and non-specific 
substrate requirement. The MT-MMPs (MMPs 14-17) are localised to the 
cell membrane by a transmembrane domain located towards the C-terminus 
of the enzyme molecule. However a recombinant, truncated and secreted 
form of MTl-MMP has been shown to degrade collagens I, I1 and 111, to 
produce the products characteristic of the collagenases.2 Consequently there 
is some overlap in the current criteria for subclassification of these enzymes. 
Of the remaining known human MPs, matrilysin, stromelysin 3, metalloe- 
lastase (MMPs 7, 11 and 12 respectively) and MMP-193 are generally 
unclassified. 

The MMPs have a common basic modular structure consisting of an 
N-terminal signal peptide sequence followed by a pro-peptide sequence, a 
catalytic domain, and a C-terminal domain. The pro-domain confers latency 
on the enzyme as a result of an interaction between a conserved cysteine 
residue and the catalytic zinc ion. MMPs require the removal of this pro- 
domain for expression of catalytic activity. Stromelysin 3 and the MT-MMPs 
contain a furin recognition sequence [(R(R/Q)(K/R)R)] between the pro and 
catalytic domains. In the former case the intracellular action of furin (or a 
related enzyme) results in removal of the pro-domain and subsequent export 
from the cell of the corresponding active e n ~ y m e . ~  The MT-MMPs may be 
activated in a similar manner to that observed with stromelysin 3 thus being 
expressed at the cell surface as active enzymes. Remaining members of the 
MMP family are secreted from the cell as inactive zymogens and subsequent 
pericellular or extracellular proteolytic removal of the pro-domain leads to 
activation of the enzyme. The catalytic domain, contains a highly conserved 
Zn'+ binding motif consisting of three histidine residues and a conserved 
glutamate which in combination with a water molecule and the zinc ion, 
provide the enzyme's catalytic mechanism. The highly conserved Zn2+ 
binding motif (HExxHxxGxxH) is a feature of all the MMPs and char- 
acteristic of members of the M7, MI I ,  MI0 and M12 metalloproteinases.' 
C-terminal to the Zn2+ binding motif in MMPs is another conserved motif 
which includes a methionine that marks a characteristic turn (met turn) and 
is the feature which has contributed to the designation of these proteins as 
met zinc in^.^ In both gelatinase A and B the catalytic domain also includes an 
additional fibronectin-like insert. The final C-terminal domain is variable 
both in sequence and, for those where a role has been established, function. 
For matrilysin the C-terminal domain is missing, whereas in the collagenases 
it is essential for matrix substrate recognition (the ability to cleave triple 
helical collagen I and I1 is dependent on the presence of this domain'). 
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MATRIX METALLOPROTEINASE INHIBITORS 81 

Domain structure of the MMP family 

Fibmnadin II domain 

Furin cleavable ate 
4 

PrO 

Furin cleavable aka 

1 : Collagenases 1 , 2 , 3  & 4, Stromelysin 1 & 2 and metalloelastase. 

2: Matrilysin (MMP-7). 
3: Gelatinase A & B (MMPs-2 and 9). 

5:  Stromelysin 3 (MMP-11). 

(MMPs-I, 8, 13, 18, 3, 10 and 12 respectively). 

4: MT-MMP(I-4) (MMPs-14, 15, 16, and 17) 

In the case of gelatinase A the C-terminal domain is important for the 
normal activation of the enzyme' while for stromelysins, which have a broad 
range of matrix substrates, its contribution to enzyme function is unclear. 
Removal of this domain results in no significant changes of enzyme activity8 
although it does contribute to interactions with TIMPs9 (Tissue Inhibitors of 
MMPs). The MT-MMPs contain a trans-membrane region within the 
C-terminal domain which serves to localise the enzyme in the cell membrane 
with the N-terminal portion of the molecule protruding into extracellular 
space'". The MT-MMPs appear important in the activation of other MMPs, 
specifically gelatinase A and collagenase 3. 

The MMPs acting collectively have the capacity to degrade all components 
of extracellular matrix. Their activity is tightly controlled at the transcrip- 
tional level through activation of the zymogen and by co-secretion of specific 
TIMPs. MMPs have important roles in the normal matrix turnover which 
occurs in tropoblast implantation, embryonic development, angiogenesis, 
growth, wound healing and the regulation of mammary gland function. 
Poorly regulated MMP activity has been implicated in a number of diseases 
including rheumatoid and osteoarthritis, cancer," peridontal diseaseI4 and 
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82 K.M. BOTTOMLEY et a/. 

inflammatory bowel disease.15 Both rheumatoid and osteoarthritis are 
characterised by the loss of normal joint function, specifically due to 
destruction of the articulating cartilage. This destructive process is believed 
to be mediated largely by the actions of MMPs. Rheumatoid arthritis is a 
chronic inflammatory disease characterised, in part, by inflammation of the 
synovial lining with the resultant formation of pannus. Pannus is a rich 
source of both MMPs and pro-inflammatory cytokines, such as IL-1 and 
TNFa, which in turn induce production of MMPs by cartilage chon- 
drocytes.16-18 In the case of osteoarthritis, joint instability causes inap- 
propriate cartilage remodelling and subsequent destruction of the tissue. In 
both of these diseases cartilage destruction involves loss of aggrecan and 
collagen 11, the two major structural components of cartilage. Studies 
involving bovine nasal explants have demonstrated that potent, non-selective 
inhibitors of MMPs can prevent the breakdown of both of these cartilage 
components and many efforts have been made to elucidate the relative roles 
of the individual MMPs in these and other disease states.’’ Currently, 
attempts to use inhibitors of these enzymes to determine the contribution of 
sub-classes of the MMPs to normal and abnormal matrix remodelling have 
been hampered by the relative lack of selectivity of these compounds. A 
number of reviews covering general aspects of MMP inhibitors have 
appeared in the l i t e r a t ~ r e ~ ~ - ~ ~  and these issues will not be elaborated in this 
article. The purpose of this article is to summarise the specific application of 
inhibitors with varied selectivity profiles to the problem of treating arthritic 
disease as well as to summarise the design principals elucidated by this group 
and the rationale behind the development of collagenase inhibitors as novel 
therapies for rheumatoid and osteoarthritis. 

MMP INHIBITORS 

The most effective low molecular weight MMP inhibitors reported in the 
chemical literature to date have been designed to mimic the conserved 
C-terminal triplet of the collagenase-mediated cleavage-site of collagen and 
without exception incorporate a zinc ligand in the place of the scissile amide 
bond. Of the ligands reported, hydroxamic acids generally provide the most 
potent inhibitors while carboxylic acids, thiols and various phosphorus 
containing ligands are effective in particular molecular environments but it 
would seem that additional lipophilic interactions are usually required to 
compensate for the intrinsically lower binding affinities of these ligands. This 
difference between zinc ligands can be used to introduce a bias towards 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
17

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MATRIX METALLOPROTEINASE INHIBITORS 83 

inhibition of enzymes with larger lipophilic enclosures and has proved 
especially important in the development of carboxylate based  inhibitor^.^^-^^ 

(a) Thiols 

The well documented and successful development of thiol based inhibitors of 
angiotensin converting enzyme (ACE), a zinc endoprotease, led many groups 
to pursue the use of similar thiols as inhibitors of the matrix metallopro- 
 tease^.'^-^* The relatively weak binding to the catalytic zinc atom of the 
MMPs has proven somewhat problematic in this series but advances in this 
area have been forthcoming. The conformationally restricted, indollactam- 
based inhibitor (1) is a very potent inhibitor of MMP-1 and showed 
considerable selectivity over MMP-9.39 Similarly, dipeptidic inhibitors 
incorporating a thiol ligand have been prepared by Schwartz (2)40*4i and 
workers at Glaxo have used solid phase chemistry to generate peptidic thiols 
( e g .  (3)) with useful activities and, once again, good selectivity for MMP-I 
over MMP-9.42 

1 
2 
3 
4 

' Ki (nM) 

MMP- 1 
2.3 
49 
40 
420 

ICIO (nM) 
MhP-2 MMPJ MMP-8 MMP-9 

>>SO0 
1.1 470 0.89 0.57' 

>loo0 
1030 2610 50 90 

Recently reported inhibitors developed by workers at Ch i ro~c ience~~-~ '  
(e .g .  (4)) are of some considerable interest as although they are essentially 
peptidic in nature, these compounds make use of a mercaptoamide moiety 
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84 K.M. BOTTOMLEY ef a/.  

which not only binds to zinc to provide relatively potent inhibitors of a 
number of MMPs but is also claimed to confer good oral bioavailability and 
efficacy in animal models on this class of compounds. One of these inhibitors 
(D-5410) is currently in Phase I trials for rheumatoid arthritis and has been 
shown to be safe and well tolerated after oral doses of up to 2 g  in human 
vo~unteers.~' 

(b) Phosphorus Ligands 

Inhibitors based on phosphorus ligands act as transition-state mimics and, in 
contrast to most of the other product-like inhibitors of the MMPs, incor- 
porate some features of both the N- and C-terminal sides of the cleavage sites 
found in the natural substrates. Phosphonamidates and phosphinic acids 
such as (5), (6) (Ro 31-7467) and (7)52-57 exhibit useful in vitro activity and 
also show some selectivity for collagenase in the case of the former two 
compounds and for stromelysin in the latter case. However, as a class, these 
compounds have far from ideal pharmacokinetic properties and none of 
these compounds have found any clinical application. 

(7) 

ICIO (nM) 
MMP-I MMP-2 MMP-3 

5 50 260 
6 16 240 200 
7 4100 430 

(c) Carboxylic Acids 

As was the case for the thiol based MMP inhibitors, the prior use of ami- 
nocarboxylates as effective orally available inhibitors of ACE led to the 
dedication of considerable effort, to the optimisation of this class of com- 
pounds as inhibitors of MMPs. specifically stromelysin. 
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MATRIX METALLOPROTEINASE INHIBITORS 85 

(11) L-758,354 (12) 

Ki (nM) 
MMP-I MMP-2 MMP-3 

8 >1WOO 130 180 
9 720 86 8 
I0 >I0000 310 68 
11 >10000 22 7.6 

Both stromelysin and gelatinase have a deep hydrophobic pocket at  the S', 
subsite58-62 and it is this feature which provides the extra binding affinity 
required to produce potent inhibitors when using the relatively weaker 
binding carboxylate ligand. The size of this pocket also provides a handle for 
obtaining selectivity over collagenase which, in contrast, has a much smaller 
pocket in this p ~ s i t i o n . ~ ~ - ~ j  For example, compound (8) from the Merck 
laboratories,28 has a para-substituted hydrophobic phenethyl moiety in the 
P', position and showed selectivity for MMP-3 and MMP-2 over MMP-1. 
Substituents other than methyl in P I  generally improved the potency of these 
compounds and in some cases a further bias toward selective inhibition of 
MMP-3 was observed (e.g. (9)).30 Some of these compounds were assessed in 
vivo by monitoring the degradation of radiolabelled transferrin by activated 
human MMP-3 after injection into a murine pleural cavity but in most cases 
these compounds showed only small beneficial effects after oral dosing and 
subsequent efforts to find compounds with improved oral profiles were 
largely centred on the analogous C-carboxyalkyl series.32 In general these 
compounds (e.g. (10)) were less potent inhibitors of MMP-3 but improved 
pharmacokinetics more than compensated for this loss of in vitro activity. 
Considerable optimisation of this series of compounds led workers at  Merck 
to identify L-758,354 (11) as a potent stromelysin inhibitor both in vitro and 
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86 K.M. BOTTOMLEY e /  a1 

in the mouse pleural cavity assay (PLCAV). L-758,354 reportedly has an oral 
bioavailability of 78% in the mouse and an EDs0 of 4.7 mg/kg i.v. and 1 1 mg/ 
kg p.0. in the PLCAV model. However, on evaluation of this compound in 
various acute and chronic models of endogenous cartilage degradation, this 
compound was found to be ineffectual in preventing disease 
Some related compounds (e .g .  (12)), developed at B a ~ e r , ~ ~  are also MMP-3 
inhibitors (the selectivity profile of these compounds has not been reported) 
and one compound (BAY-129566) is apparently in phase I1 trials in the USA 
as a potential osteoarthritis therapy. 

(d) Hydroxamic Acids 

The majority of potent inhibitors with broad activity against matrix metal- 
loproteinases that have been reported in the literature to-date are peptide 
mimics based on the natural matrix substrates and usually utilise a hydro- 
xamic acid as the zinc-binding motif. Most incorporate a succinate moiety as 
a non-hydrolyzable amide isostere (e.g.  (13)-(16)). Compounds (13) 
[Roche*'] and (14) [British Biotech6' are close analogues of the endogenous 
peptidic cleavage products and are relatively potent inhibitors showing little 
preference for either collagenase, gelatinase or stromelysin (MMPs-I, 2, and 
3 respectively). In cases where the carbon atom in the position a to the 
hydroxamic acid is substituted by a lipophilic group ((15) [Roche] and (16) 

Icso (d) 
MMP-1 MMP-2 MMP-3 MMP-8 MMP-9 

13 9 38 a 
14 20 60 10 
15 1.5 8 2.6 
16 3 4 20 10 1 
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MATRIX METALLOPROTEINASE INHIBITORS 87 

[British Biotech24q70]) the lack of selectivity persists but the compounds are 
somewhat more active under in vitro assay conditions. Despite the somewhat 
less than ideal pharmacokinetic profiles of many of the hydroxamic acids, it 
is this class of inhibitor which has made the most progress toward providing 
an effective clinical therapy for arthritic patients. Early tripeptidic, substrate 
mimics based on the hydroxamate moiety ((17)” 73 and (18) [BB-2516 or 
Marimastat - currently in Phase 111 oncology trials74975]) were shown to be 
highly potent against most of the MMPs with some considerable degree of 
selectivity for collagenases and gelatinases over stromelysin in particular. 
Due to their poor oral bioavailabilities, very few of these compounds were 
evaluated in animal models of arthritis although Ro 31-9790 (17) did pro- 
gress as far as the clinic. The t-butyl glycine group in the Pi position of this 
compound conferred improved proteolytic stability and hence sufficient oral 
bioavailability ( 3 - 7 %  in rats; 18% in marmosets) for this compound to show 
good in vivo activity in animal models of arthritis after oral dosing. The 
compound did not progress to phase I1 due to an undesirable drug-related, 
histopathological event. Substitution of the C-terminal amide bond by 
hydrolytically stable imidazole isosteres (e.g. (19)) has also been proposed76 
as a useful approach to the problem of compound stability in plasma but 
although such compounds retain a considerable degree of in vitro potency the 
pharmacokinetic benefits are unclear. 

(17) RO 3 1-9790 (18) BB-2516 

(20) CGS 27023A I (1% 

Ic50 (m) 
MMP-I MMP-2 MMP-3 MMP-9 

17 5 160 10 
18 8 6 200 3 

20 33 1 1  13 7 
19 9 320 
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88 K . M .  BOTTOMLEY CI  ul. 

In a novel departure from the peptidomimetic inhibitors discussed so far, 
workers at Ciba-Geigy reported a range of sulfonamide inhibitors based on 
(D)-amino acids.77 The hydroxamic acid group was essential for good inhi- 
bitory activity and (20) [CGS 27023A1, with Ki values in the 10-30nM range 
against MMPs 1, 2 and 3, was shown to inhibit collagen loss from IL-I 
treated cartilage explants and was also orally active in a stromelysin-induced 
rabbit model of proteoglycan degradation.78379 Some adverse side-effects 
( e g .  synovial fibrosis and osteophyte formation) have been associated with 
this compound" and its current development status as an arthritis therapy is 
unclear.The subsequent discussion summarises work carried out at Roche in 
which detailed structure-activity relationships for hydroxamic acids based on 
the succinyl framework were developed to provide a library of inhibitors with 
differing MMP selectivity profiles which, along with data gleaned from 
various animal models and from X-ray crystallography, were used to develop 
bioavailable non-peptidic analogues and ultimately to select a compound 
which is currently in development as a treatment for rheumatoid arthritis. 
The identification of the subsite requirements for hydroxamate containing 
inhibitors of collagenase I ,  stromelysin 1 and gelatinases are detailed and key 
inhibitor-enzyme interactions are noted. Substituents in the Pi, Pi, PI (a) 
and Pi, (Pi) positions were systematically varied (see Table I) in order to 
identify selective inhibitors of each of the three classes of MMPs. The inhi- 
bitors thus obtained were subsequently used to determine the contribution of 
each of these classes of enzyme to the process of cartilage degradation 
observed in rheumatoid and osteoarthritis. 

(i) Stromelysin Inhibitors 

Modifying compound (21) by replacing the isobutyl group in the Pi position 
with an n-pentyl group (23) resulted in a doubling of activity against stro- 
melysin. As the length of this alkyl group is extended even further, activity 
increases proportionally and compounds containing seven (24) and nine (25) 
carbon chains in this position are significantly more potent than the parent. 
In the Pi position, cyclohexylalanine (27) was less effective than r-butyl- 
glycine (24), but leucine (29), phenylalanine (26) and neopentylglycine (28) 
groups all gave some improvement in activity while compounds with smaller 
amino-acid residues in this position were only weakly active. Replacing the 
methylamide in (29) with a methyl ester (30) resulted in a 20-fold loss of 
activity but similar substitution with a leucine amide (32) or leucine ethyla- 
mide (33) was tolerated and gave a small increase in activity. Substitution in 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
17

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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TABLE I M M P  inhibitors ~ selected SAR 

ICSO (nM)’ 

N O .  PI Pl(,) Pi  f - ; ( P i )  MMP-I  MMP-3  MMP-Y 
collugm 

h-cas ,fluor hexu ,fluor 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
3x 
39 
40 
41 
42 
43 
44 
45 
46 
47 
4x 
49 
50 
51 
52 
53 
54 
55 
56 

I 1  

B:g 
11 

11 

11 

Phe 
Cha 
NPg 
Leu 

11 

I1 

11 

I t  

B:g 
II 

11 

NPg 

II 

Phe 

B:g 

B:g 

Phe 
11 

I1 

Pip 
Piper 

I1 

11 

II 

II 

II 

NHMe 
11 

11 

I1 

I1 

I1 

I1 

I1 

I1 

OMe 

Leu.NH2 
Leu.NHEt 

NHMe 

NHCH?‘BU 

I1 

II 

I1 

I1 

I1 

I1 

I1 

II 

II 

II 

II 

I1 

II 

II 

II 

II 

470 
37 

215 
54 
20 
39 
71 
29 
50 

2000 

39 
33 
105 
240 

~ 

~ 

~ 

~ 

160 
7.5 

31 
9 
16 

5.6 
23 

~ 

- 

- 

- 

16 
8.2 

28 
2.7 

< 0.4 
< 0.35 

- 

12 
4.3 
13 
I .2 

< 0.8 
I .95 

< 1.0 
I .7 

3.4 
250 
320 

- 

- 

~ 

~ 

- 

- 

300 
7.2 

~ 

- 

255 
~ 

- 

- 

0.9 
~ 

10.4 
- 

- 

I .3 
<0.16 

~ 

~ 

~ 

- 
~ 

~ 

~ 

310 
- 
~ 

- 

< O . l  

~ 

6.3 
I .6 
0.6 
355 
3.9 

0.85 
5.5 
0.2 

<0.1 

Ahhreviatioti.~: C 0 . d  

Bug = tertButylglycine Cha = cyclohexylalanine Npg= neopentylglycine TMH = .( N.SUCC= .(‘g 
C 0 - t  

pip= ? Piper= 0 
co 

‘Assays used were cleavage of CIClabelled collagen. $casein. and a hexapeptide for collagenase, stromelysin and gelatinase 
respcctively. Fluorogenic assays later replaced the p-casein and hexapeptide assays to overcome mutual depletion problems 
observed in the case of potent inhibitors. 
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P;(a) generally led to increased activity but the extent of this effect was 
highly dependent on the nature of the group introduced at this position. A 
methyl group in Pi(a) (34) results in a four-fold increase in activity and a 
phthaloylaminomethyl group (22) gives compounds that are up to 20 times 
more potent. Removing the imide portion of (22) as in the phenylpropyl 
substituted (36) is more effective yet (60-fold improvement over (21)) and 
illustrates some of the subtleties of the effects in this position. In most cases, 
the individual effects of groups in Pi, Pi(a) and Pi are independent and 
additive and compounds with Pi = long alkyl chain; Pi = hydrophobic resi- 
due; and P((a) = phenylpropyl have ICso values below the detection limit of 
the assay employed (e.g. (37) < 0.4 nM and (38) < 0.35 nM). 

(ii) Gelatinase Inhibitors 

As was observed with stromelysin, long alkyl groups in the P; position 
resulted in a substantial increase in activity against gelatinase (e .g .  (24) and 
(25)). Although the benzylic group (39) was not tolerated, phenyl substi- 
tuents were allowed on longer carbon chains ((40) and (41)). (This obser- 
vation is in good agreement with work reported by the Celltech group"). 
Interestingly the phenyl group in (40) could not be replaced by cycloalkyl 
substituents (e.g. (43)), but in the case of the higher homologue (41), replace- 
ment of the aromatic moiety by cyclopentyl (44) led to only a negligible loss 
of activity. Branching at  the more remote C6 of the Pi side-chain gave a small 
mark-up in activity in some cases (45) but very large groups reversed this 
effect (46). Altering the amino-acid residue in Pi (e.g. (24), (26), (28) and (29)) 
had only minor consequences as did replacement of the methylamide in Pi by 
a neopentylamide (31). Extension of the inhibitors into the Pi and Pi subsites 
((32) and (33)) led to much less active inhibitors (250-320 nM) while incor- 
poration of a Pi(&) group into any of the compounds containing a long alkyl 
group in Pi generally gave inhibitors with ICSo values below the limit of the 
assay (< 0.1 nM). The nature of the grouping in P i ( a )  was relatively flexible 
but simple alkyl or phenalkyl groups tended to be slightly more active than 
the analogous imides. 

(iii) Collagenase Inhibitors 

The sub-site requirements for collagenase inhibitors have been reviewed 
previously.2o As with the aforementioned enzymes the addition of a Pi(cr) 
group results in a substantially more active series of inhibitors. The phtha- 
loylaminomethyl group in (22) improved potency by an order of magnitude 
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and by comparison with the succinyl (49) (and the imide (35)) and phenyl- 
propyl (36) substituted compounds it was obvious that the imide function 
was contributing to the improved binding observed. Incorporation of a 
proline methylamide in Pip; gave weakly active inhibitors but the homo- 
logous pipecolic acid (50) was a potent inhibitor of collagenase (2.5 nM). 
Furthermore, removal of the terminal methylamide (e .g .  (51)) led to inhibi- 
tors with useful activity and the trimethylhydantoin derivative (52) had an 
ICso = 10 nM. Detailed structural studies of the collagenase catalytic domain 
suggested that the isobutyl group favoured in the Pi position did not fill all 
of the available space in this region and the more bulky cycloalkyl groups 
((53)-(56)) were introduced in its place. Some increase in potency was seen 
with the cyclobutyl and cyclopentyl analogues ((54) and (55)). 

(iv) Selective Inhibitors 

From the SARs outlined above it was apparent that the subsite requirements 
for the three enzymes of interest were sufficiently different (see summary in 
Figure 1) to allow the design of selective small molecule inhibitors (Table 11). 
Of the three enzymes only stromelysin will tolerate large substituents in the 
P{(Pi) position. This major difference, together with differing preferences 
in the other subsites allowed for the straightforward design of compounds 

FIGURE 1 Subsite requirements for selective MMP inhibitors. 
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TABLE TI Selective MMP Inhibitors 

Pi (e) Pi P; (Pi) Stromelysin Gelarinase Collagcnase 
fluor fluor collugetr 

N O .  p ;  

21 CH*CH(CH& H Bug NHMe I60 10.4 5 
57 (CHdKH3 H Npg Npg.NHMe 4.7 252 8200 
58 (CH&Ph Leu Leu.NHEt <0.19 19 > I0000 
25 (CHdxCH, H Bug NHMe 9 ~ 0 . 1 6  320 
52 CH2CH(CH& CHrTMH Piper 2175 240 10 

with a high degree of selectivity (>50000) for stromelysin over collagenase 
((57) and (58)). The closer resemblance of stromelysin to gelatinase (espe- 
cially in the Pi subsite) led to difficulties in obtaining compounds which were 
selective for gelatinase. The long alkyl group in PI easily gave selectivity for 
gelatinase over collagenase and some selectivity over stromelysin (>50) was 
noted when the chain length was increased from seven to nine carbon atoms 
(see (24) and (25)). Branching in this position led to more selective com- 
pounds but this effect was not optimised. Compounds with the relatively 
small isobutyl or cycloalkylmethyl groups in PI, combined with an imide 
function in Pl(a) and a tertiary amide replacing the P4P; groups, 
were reasonably selective for collagenase. Compound (52) is selective for 
collagenase over stromelysin and gelatinase by factors of >200 and 24 
respectively. 

The three dimensional structure of the catalytic domain of fibroblast 
collagenase complexed with several inhibitors revealed some features which 
are crucial to an understanding of the enzyme-inhibitor interactions. No 
reliable model of gelatinase is available as this enzyme contains a large, 
structurally undefined amino-acid insertion but a model of stromelysin was 
successfully developed based on the collagenase structural data and this 
model was found to be in good agreement with more recently published 
X-ray data. The collagenase data and the stromelysin model successfully 
explain the preferences observed in the Pi and Pi(a) binding regions. When 
(22) was co-crystallised with collagenase a hydrogen bond was observed 
between one of the imide carbonyls and an asparagine residue (Figure 2(a)). 
In stromelysin this residue is replaced by valine (Figure 2(b)) and hence is 
consistent with the hydrophobic interaction observed in the SARs and 
selectivity data. 
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FIGURE 2(a) X-ray crystal structure of compound (22) co-crystaked with MMP-I, 
See Color Plate I .  

FIGURE 2(b) Computer-generated model of compound (36) bound to MMP-3. See Color 
Plate 11. 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
17

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



94 K.M. BOTTOMLEY et al. 

FIGURE 3(a) X-ray crystal structure of compound (13) co-crystallised with MMP-I. See 
Color Plate 111. 

FIGURE 3(b) Computer-generated model of inhibitor with large alkyl chain in F", bound to 
MMP-3. See Color Plate 1V. 
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In the Pi hydrophobic binding site the collagenase data revealed a rela- 
tively shallow pocket bounded by a buried arginine residue (Figure 3(a)). 
Molecular modelling suggested that the larger cyclopentylmethyl group 
would be tolerated and this hypothesis was vindicated with compounds (53) 
and (56). In stromelysin this arginine residue is replaced by leucine and this 
smaller group does not appear to limit the depth of the pocket to the extent 
seen in collagenase. The pocket now goes through the enzyme (Figure 3(b)) 
and is consistent with the preference for long alkyl groups in the PI position 
of potent stromelysin inhibitors. It appears that the major differences in 
subsite selectivity between stromelysin and collagenase can thus be attri- 
buted to only two single-point mutations in the active site (i.e. Asn - Val and 
Arg - Leu). 

It is well documented that stromelysin mRNA and protein are found at 
elevated levels in the synovial fluid of patients suffering from rheumatoid and 
osteoarthritis8238’ and it was thought that its associated proteolytic activity 
both in degradation of the matrix84 and in the activation cascade of other 
MMPsXS would make the inhibition of this enzyme a useful point of inter- 
vention for the regulation of the arthritic disease process. As a result a 
number of research groups invested considerable resource in the develop- 
ment of selective stromelysin inhibitors. The ability of such compounds (e.g.  
(57) and (58) to prevent aggrecan metabolism was studied using bovine nasal 
explants which had been stimulated with recombinant human IL-1 a. 
A significant correlation ( r  = 0.93) between in vitro inhibition of MMP-3 and 
inhibition of aggrecan breakdown in the bovine cartilage explant model was 
observed (There was little or no correlation in the cases of MMP-9 and 
MMP-1 respectively) but a concomitant 1000-fold decrease in potency was 
noted in the latter assay.” As aggrecan metabolism is a rapidly reversible 
process, this data would suggest that for a stromelysin inhibitor to prove 
therapeutically useful, the attainment of unfeasibly high tissue concentra- 
tions would be required. Furthermore, no correlation between MMP-3 
inhibition and collagen metabolism was observed. Considering this data and 
that reported by other groups using the carboxylate inhibitor class,33 it seems 
highly unlikely that inhibition of stromelysin alone is sufficient to arrest the 
process of cartilage destruction which is typically associated with osteo- and 
rheumatoid arthritis. Similarly, selective inhibition of gelatinase also appears 
to be insufficient to prevent the degradation of the articular matrix.” 

The cleavage of triple helical collagen I1 by collagenases is thought to be 
the key irreversible event in the degradation of cartilage and the process 
which leads to the loss of the functional and structural properties usually as- 
sociated with normal articular cartilage.86 The degradation of proteoglycan 
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is rapidly reversible in the presence of the supporting collagen network and 
consequently it is the initial destruction of the structural collagen I1 network 
that marks the irreversible step in the arthritic process. As a result, the 
selective inhibition of collagenases has been the focus of a number of research 
groups, our own included. The work outlined above has led to the discovery 
of a new series of potent non-peptidic inhibitors based on a disubstituted 
succinyl framework. A relatively small lipophilic residue in and an a! side- 
chain bearing a hydrogen bonding imide moiety are the features which confer 
the selectivity of this series. Examples of this series (e.g.  (51) and (55)) not 
only exhibit considerable selectivity for collagenase (over gelatinase as well as 
stromelysin) but also have greatly improved solubilities (> 100 mg/ml in the 
case of (55)) and oral bioavailability (upto 41 %). Unlike selective inhibitors 
of MMP-3 (and/or MMP-9), these selective collagenase inhibitors are potent 
inhibitors of cartilage collagen metabolism in both in vitro and in vivo models 
of arthritis. TrocadeTM (55)87-89 has been selected for further development 
and is currently in phase I1 trials as a cartilage protective agent. TrocadeTM 
selectively inhibits all three members of the collagenase family (MMPs 1, 8 
and 13) in preference to MMPs 2,3 and 9; it inhibited interleukin-la! induced 
cartilage collagen degradation in vitro in bovine nasal cartilage explants 
(IC50 = 60 nM); it was well absorbed in rats when administered orally and 
systemic exposure was dose related with an oral bioavailability of 26% 
(25 mg/kg p.0.); it prevented granuloma-induced degradation of bovine nasal 
cartilage cylinders implanted subcutaneously into rats (EDSo = 10 mg/kg, 
b id . ,  p.0.); and it also successfully inhibited degradation of articular 
cartilage in a rat, p.acnes - induced monoarthritis model (dosed once daily 
for 14 days at 50mg/kg p.0.). TrocadeTM promises to break new ground in 

A N 80 / o  

(55) TrocadeTM 

MMP-1 MMP-2 
13.7 
7.0 154 

ICSO (nM) 
MMPJ MMP-8 MMP-9 MMP-13 
2900 
521 4.4 59 3.4 
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this field and has the potential to provide sufferers of osteo- and rheumatoid 
arthritis with the means to prevent the chronic joint debility associated with 
these diseases. 

CONCLUDING REMARKS 

Considerable advances in the understanding of the roles of individual MMPs 
in degradative arthritic processes have been made in recent years but many 
questions still remain unanswered. For example, although it appears that 
stromelysin and gelatinase do not play a significant role in the destruction of 
articular cartilage, the elusive aggrecanase is still being actively pu r~ued’~*~’  
and some workers have recently published data which supports the view that 
a collagenase-like enzyme may have a role in the degradation of the pro- 
teoglycan core.92 The role of the collagenases, on the other hand, is now 
fairly well established but there is evidence to suggest that inhibitors exhib- 
iting selectivity within the collagenase family may also prove efficacious in 
treating arthritic disease. MMPs 1, 8 and 13 have all been found in articular 
cartilage and have all, in turn, been implicated in the degradation of the type 
I1 collagen, articular cartilage matrix. The relative contribution of each of the 
collagenases to the destruction of cartilage in rheumatoid and osteoarthritis 
has not yet been fully established but inhibitors with differing selectivities 
towards these enzymes will be crucial in determining such detailed infor- 
mation. Workers at Roche Bioscience have reported tht RS-I 13,456, a 
compound which inhibits MMPs 8 and 13 (Ki(nM)=0.13 and 0.17) in 
preference to MMP-1 and -3 (Ki(nM) = 70 and 9, is effective in an in vivo 
model of articular degradation after oral dosing.” Finally, although not 
strictly an MMP, the recently characterised TNF-a! converting enzyme 
(TACE)94*95 is readily inhibited by hydroxamic acid  inhibitor^^^-^' of the 
MMP family and shows promise as an alternative therapeutic target in the 
area of rheumatoid and osteoarthritis. 
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