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Abstract—Matrix metalloproteinase (MMP)/bacterial collagenase inhibitors incorporating 5-amino-2-mercapto-1,3,4-thiadiazole
zinc binding functions are reported. A series of compounds was prepared by reaction of arylsulfonyl isocyanates or arylsulfonyl
halides with phenylalanyl-alanine, followed by coupling with 5-amino-2-mercapto-1,3,4-thiadiazole in the presence of carbodii-
mides. These new compounds were assayed as inhibitors of human MMP-1, MMP-2, MMP-8 and MMP-9, and of the collagenase
isolated from the anaerobe Clostridium histolyticum (ChC). The new derivatives proved to be powerful inhibitors of these metallo-
proteases, with activities in the low micromolar range for some of the target enzymes, depending on the substitution pattern at the
arylsulfonyl(ureido) moieties.
# 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Proteases, such as the matrix metalloproteinases
(MMPs)1,2 or the bacterial proteases (BPs),3,4 have
recently become interesting targets for the drug design,
in the search of novel types of anticancer, anti-arthritis,
antibacterial or other pharmacological agents useful in
the management of inflammatory processes.1�5 All these
conditions are generally associated with enhanced
activity of several zinc endopeptidases, of which the
different MMPs actually known (more than 25 such
enzymes were reported for the moment)1�7 and the large
number of BPs3 isolated in many pathogenic bacterial
species, are responsible for the efficient degradation of
all components of the extracellular matrix (ECM).
ECM turnover is involved in crucial physiological and
physiopathological events, such as embryonic develop-
ment, blastocyst implantation, nerve growth, ovulation,
morphogenesis, angiogenesis, tissue resorption and
remodeling (such as in the case of wound healing), bone
remodeling, apoptosis, cancer invasion and metastasis,
arthritis, atherosclerosis, aneurysm, breakdown of
blood–brain barrier, periodontal disease, skin and

corneal ulceration, gastric ulcer, or liver fibrosis in the
case of the vertebrate enzymes mentioned above.1�7 In
bacteria, proteases are involved in critical processes
such as colonization and evasion of host immune
defenses, acquisition of nutrients for growth and pro-
liferation, facilitation of dissemination, or tissue
damage during infection.3

The most powerful MMP inhibitors reported up to now
incorporate a hydroxamate zinc binding function, which
generally induces toxicity to these derivatives.1�7 After
the report that CGS-27023A 1 acts as a broad spectrum,
potent inhibitor of some MMPs,8 a large number of
other types of sulfonylated amino acids and their
hydroxamate derivatives have been investigated in the
search of more potent and selective inhibitors.9�15 Such
derivatives incorporating a zinc-binding function of the
hydroxamate (derivatives 1–3) or carboxylate (deriva-
tives 4–6) type, bind within the primed side of the pro-
tease active site, generally interacting with the S10–S30
sites.9�15 The main problem (except toxicity) with such
protease inhibitors is their lack of selectivity towards the
different MMPs, which are generally classified into two
main types, depending on their S10 pocket: (i) the deep
pocket enzymes (such as MMP-2, MMP-3, MMP-8,
MMP-9 and MMP-13), possessing a relatively big S10
pocket, and (ii) the shallower pocket enzymes (MMP-1,
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MMP-7 and MMP-11 among others) which possess a
somehow smaller specificity S10 pocket due to its partial
occlusion by bulkier amino acid residues, such as those
in position 193 (MMP-8 numbering) which from Leu in
MMP-8, becomes Arg in MMP-1, Tyr in MMP-7 and
Gln in MMP-11.2b,4 The S20 and S30 subsites are impor-
tant for the binding of inhibitors as well as for their
specificity towards the different proteases. The S20 sub-
site is generally a solvent-exposed cleft with a preference
for hydrophobic P20 residues, in both substrates and
MMP inhibitors.1�4 The S30 subsite on the other hand is
a relatively ill-defined, solvent exposed region.1�4

Very few MMP/BP inhibitors binding on the S side of
the cleavage point were reported up to now, that is
inhibitors that interact with the unprimed sites of these
metalloproteases.1�5 Recently, scientists from Pharma-
cia & Upjohn reported a series of stromelysin (MMP-3)
inhibitors of type 7, incorporating a 5-amino-2-mer-
capto-1,3,4-thiadiazole zinc binding function, which
were shown to bind to the left side of the enzyme cleft.16

By means of NMR spectroscopy it was shown that the
exocyclic sulfur belonging to the mercapto-thiadiazole ring
of 7 coordinates to the zinc ion of the metalloprotease

active site, whereas the urea-thiadiazole moiety is
accommodated within the S1 site, the methylamide car-
bonyl moiety within the S2 site and the penta-
fluorophenyl moiety within the S3 site of the protease.

16

Using this relatively unexplored zinc binding function,
we report in this paper the preparation of a series of
MMP and Clostridium histolyticum collagenase (ChC,
EC 3.4.24.3) inhibitors incorporating arylsulfonyl(ur-
eido)-phenylalanyl-alanyl-5-amino-2-mercapto-1,3,4-
tyhiadiazole in their molecule, with low micromolar
affinity for these metalloproteases.

Chemistry

Except for derivatives of type 7 mentioned above, few
other MMP inhibitors bind to the unprimed site of these
proteases. One of them is Pro-Leu-Gly-hydroxamate,17

which binds very similarly with the substrate of the
protease, that is collagen, with the Gly moiety occupy-
ing the S1 site, the Leu one the S2, and Pro accom-
modating within the S3 site. Considering such left hand
MMP inhibitors, 7 and Pro-Leu-Gly-hydroxamate as
leads,16,17 for which the structure of adducts with
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MMP-3 has been determined by means of NMR or X-
ray crystallography, it is obvious that the S1-S3 sites are
more shallow with respect to the corresponding S10–S30
sites, in most of the MMPs of interest from the phar-
macological point of view, such as MMP-1,-2,-3,-8 and-
9. This finding may be important for the potential
selectivity of such metalloprotease inhibitors and thus,
we decided to use derivatives of type 7 as leads for the
design of tight binding MMP/BP inhibitors, taking into
consideration the following structural requirements of
such a compound: (i) a zinc binding function of the
amino-mercapto-1,3,4-thiadiazole, which should prob-
ably occupy the S1 pocket of the protease; (ii) a rather
compact, and preferentially hydrophilic P2 residue. In 7,
this moiety is represented by the methylamide carbonyl
group, whereas in the substrate generally by the more
hydrophobic Leu residue. On the other hand, the S2
environment is more hydrophilic in MMP-1 and MMP-
8 as compared to MMP-3,1�4,16,17 and these are the
reasons why we opted for an Ala residue as P2 group
(we considered the Gly as a too compact moiety, but
such a possibility was also taken into account); (iii) since
the S3 pocket is the best defined and deeper left-hand
pocket in MMPs,1�4,16,17 we decided to employ a bulky
Phe scaffold in this position, and thus, a Phe-Ala moiety
was the most logical synthon to be used for the coupling
with 5-amino-2-mercapto-1,3,4-thiadiazole (which is
stable in the thione tautomeric form);18 (iv) the amino-
terminal moiety of the Phe-Ala part of the molecule
should be derivatized in order to assure better interac-
tions with the S4 site of the protease and also to dimin-
ish the peptidomimetic character of these derivatives. A
sulfonamido and sulfonylureido derivatization appeared
of interest, since in other protease inhibitors previously
reported by us, these groups induced good activity.14,15

The syntheses of the new MMP/BP inhibitors 12 and 13
reported here were achieved starting from Phe-Ala which
was derivatized with either sulfonyl halides leading to sul-
fonamides 9, or with arylsulfonyl isocyanates, leading to

arylsulfonylureido derivatives 10 (Scheme 1).14,15 These
intermediates were then coupled with 5-amino-2-mer-
capto-1,3,4-thiadiazole 11 in the presence of carbodii-
mides, leading with excellent yields to 12 and 13.19 A
large series of sulfonamido derivatives 12 were obtained,
incorporating different aromatic/heterocyclic R moi-
eties, whereas the number of arylsulfonylureido deriva-
tives 13 was more restricted (Table 1).

MMP/ChC inhibition

The new 5-mercapto-1,3,4-thiadiazoles 12 and 13
reported in the present paper showed broad metallo-
protease inhibitory activity, as illustrated by data of
Table 1, where inhibition against four MMPs and a
bacterial protease (ChC) are presented.23 The following
SAR may be observed: (i) most of the new thiadiazoles
12 and 13 are micromolar inhibitors of MMP-1, -2, -8, -9
and ChC; (ii) substitution pattern at the sulfonamido/
sulfonylureido moiety of 12 and 13 is the primary factor
influencing MMP/BP inhibitory properties, with the
sulfonylureido derivatives 13 generally more active than
the sulfonamides 12. Thus, for the first subgroup of
compounds (13), low micromolar inhibitory activity was
observed against MMP-2,-8,-9 and ChC (with inhibition
constants in the range of 0.1–8 mM), whereas these
derivatives were slightly less active against MMP-1
(inhibition constants in the range of 10–19 mM). All the
substitution patterns of the aryl moieties in the sulfony-
lureido function of these derivatives were inducing good
metalloprotease inhibitory activities, with the 4-fluor-
ophenyl/4-chlorophenyl ones being the most effective;
(iii) among the sulfonamides 12, only few derivatives
were as active as the sulfonylureido compounds 13.
Thus, the poly-halogenosubstituted compounds 12m–
12o as well as the 4-acetamidophenylsulfonyl derivative
12k were among the most effective inhibitors in this
subseries, with KIs in the range of 1–17 mM against
MMP-2, -8, -9 and ChC, and 9–19 mM against MMP-1,

Scheme 1.
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respectively. Other substitution patterns wich led to
effective MMP/BP inhibitors were those incorporating
monohalogeno-phenylsulfonyl, nitrophenylsulfonyl-, 2-
thienylsulfonyl-, benzylsulfonyl of phenysulfonyl among
others. These compounds were slightly less effective
than the previously mentioned ones, with KIs in the
range of 10–33 mM against MMP-2,-8,-9 and ChC, and
14–30 mM against MMP-1, respectively. The most inef-
fective inhibitors in this subgroup were those incorpor-
ating bicyclic aromatic moieties, of the naphthyl or
quinoline type (12r–12t and 12v) as well as the 10-cam-
phor-sulfonyl derivative 12x. These compounds showed
KIs in the range of 25–53 mM against MMP-2, -8, -9 and
ChC, and 69–80 mM against MMP-1; (iv) the affinity of
the different metalloproteases investigated here for this
class of inhibitors generally varied in the following
order: MMP-8>ChC>MMP-9>MMP-2>MMP-1 for
the sulfonyureido derivatives 13, and in the order:
MMP-9>MMP-2ffiChC>MMP-8>MMP-1 for most
of the derivatives 12 (although for some derivatives,
such as 12m–12o, the best inhibition was seen against
MMP-8 as for compounds 13 discussed above). It is
rather hard at the present time to explain this type of
susceptibility to inhibition of these metalloproteases
with the new clas of inhibitors reported here.

In conclusion, the present paper reports the first broadly
active metalloprotease inhibitors incorporating 5-mer-
capto-1,3,4-thiadiazole zinc-binding functions. Starting
from some stromelysin inhibitors recently reported by
Pharmacia,16 we designed effective MMP-1, -2, -8, -9
and ChC inhibitors incorporating this zinc-binding
function and a Phe-Ala peptidomimetic derivatized at
the aminoterminal moiety by means of sulfonamido or
sulfonylureido functionalities. SAR for this class of
metalloprotease inhibitors showed that arylsulfonylur-
eido- or perfluorophenylsulfonyl-substituted such com-
pounds act as low micromolar MMP/BP inhibitors.
Although these compounds are not as effective as the
hydroxamates, presumably the lower toxicity of 1,3,4-
thiadiazoles compared to that of the hydroxamates,
makes the present class of compounds interesting for
more detailed pharmacological evaluation.
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Birkhäuser: Basel, Boston, Berlin, 1999, p 85. (b) Hooper, N.
M. Overview of the Biological Roles of Metalloproteinases in
Health and Disease. In Metalloproteinases as Targets for Anti-
Inflammatory Drugs; Bottomley, K. M. K., Bradshaw, D.,
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(s, Cipso of CH3C6H4), 148.6 (s, Cpara of CH3C6H4), 154.5 (C-2
of thiadiazole), 166.9 and 172.3 (CONH), 183.1 (C¼S). Anal.,
found: C, 48.37; H, 4.66; N, 15.14; S, 17.82%; C22H24N6O5S3
requires C, 48.16; H, 4.41; N, 15.32; S, 17.53%..
20. Bieth, J. G. Meth. Enzymol. 1995, 248, 59.
21. (a) Powers, J. C.; Kam, C. M. Meth. Enzymol. 1995, 248,
3. (b) Johnson, L. L.; Bornemeier, D. A.; Janowicz, J. A.;
Chen, J.; Pavlovsky, A. G.; Ortwine, D. F. J. Biol. Chem.
1999, 274, 24881.
22. Van Wart, H. E.; Steinbrink, D. R. Anal. Biochem. 1981,
113, 156.
23. Human purified MMPs (MMP-1, MMP-2, MMP-8 and
MMP-9) were from Calbiochem (Inalco, Milan, Italy). They
were activated in the assay buffer by adding bovine trypsin (50
mL, 0.6 mg/mL) to the proenzyme, followed by incubation at
37 �C for 10 min. The trypsin was then inactivated with apro-
tinin (50 mL, 1.2 mg/mL). Initial rates for the hydrolysis of the
thioester substrate AcProLeuGly-S-LeuLeuGlyOEt, coupled
to the reaction with 5,50-dithiobis-(2-nitrobenzoic acid) were
used for assessing the catalytic activity and inhibition of the
four MMPs mentioned above, by the spectrophotometric
method of Powers and Kam,21a modified by Johnson et al.21b

The change of absorbance (e=19,800M�1 cm�1)21 at 405 nm
was monitored continuously at room temperature, using a
Cary 3 spectrophotometer interfaced with a PC. A typical 100
mL reaction contained 50 mM MES, pH 6.0, 10 mM CaCl2,
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100 mM substrate, 1 mM 5,50-dithiobis-(2-nitrobenzoic acid)
and 5 nM MMP. For the KI determinations, DMSO solutions
of the inhibitor were included in the assay, resulting in a final
concentration of 2% DMSO in the reaction mixture. In these
conditions, KI values varied from 5 to 10% in replicate
experiments. KIs were then determined by using Easson–Sted-
man20 plots and a linear regression program. C. histolyticum
highly purified collagenase and its substrate, FALGPA (fur-
anacryloyl-leucyl-glycyl-prolyl-alanine) were from Sigma-
Aldrich (Milan, Italy), and their concentrations were deter-
mined from the absorbance at 280 nm and the extinction
coefficients furnished by the supplier. The activity of such
preparations was in the range of 10NIH (National Institute of
Health) units/mg solid. The potency of standard and newly

obtained inhibitors was determined from the inhibition of the
enzymatic (amidolytic) activity of the collagenase, at 25 �C,
using FALGPA as substrate, by the method of van Wart and
Steinbrink.22 The substrate was reconstituted as 5 mM stock
in 50 mM Tricine buffer, 0.4M NaCl, 10 mM CaCl2, pH 7.50.
The rate of hydrolysis was determined from the change in
absorbance at 324 nm using an extinction coefficient for
FALGPA e305=24,700M�1 cm�1 in the above-mentioned
reaction buffer.22 Measurements were made using a Cary 3
spectrophotometer interfaced with a PC. Initial velocities were
thus estimated using the direct linear plot-based procedure
reported by van Wart and Steinbrink.22 KIs were then deter-
mined according to Easson–Stedman20 plots and a linear
regression program.
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