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L-alanine hydroxamate derivatives were obtained by reaction of alkyl/arylsulfonyl halides with 
L-alanine, followed by treatment with benzyl chloride, and conversion of the COOH moiety to 
the CONHOH group with hydroxylamine in the presence of carbodiimides. Other derivatives 
were obtained by reaction of N-benzyl-alanine with aryl isocyanates, arylsulfonyl isocyanates or 
benzoyl isothiocyanate, followed by a similar conversion of the COOH to the CONHOH moi- 
ety. The obtained compounds were assayed as inhibitors of Clostridium histolyticum collage- 
nase, ChC (EC 3.4.24.3), a zinc enzyme which degrades triple helical collagen. The hydroxamate 
derivatives were generally 100-500 times more active than the corresponding carboxylates. 
In the series of synthesized derivatives, substitution patterns leading to the most potent ChC 
inhibitors were those involving perfluoroalkylsulfonyl- and substituted-arylsulfonyl moieties, 
such as pentafluorophenylsulfonyl, 3- and 4-protected-aminophenylsulfonyl-, 3- and 4-carboxy- 
phenylsulfonyl-, 3-trifluoromethyl-phenylsulfonyl-, or 1- and 2-naphthylsulfonyl among others. 
Similarly to the matrix metalloproteinase (MMP) hydroxamate inhibitors, ChC inhibitors of 
the type reported here must incorporate hydrophobic moieties at the Pz, and Py sites, in order 
to achieve tight binding to the enzyme. 
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112 C.T. SUPURAN ef nl. 

INTRODUCTION 

Hydroxamates recently began to be considered as potential therapeutic 
agents in the treatment of conditions associated with enhanced metallopro- 
teinase (MMP) (mainly collagenase) activity. Furthermore, some of these 
derivatives were also shown to possess in v i w  anti-tumor activity, without 
killing normal cells.3 On the other hand, bacterial corneal keratitis,4" 
a condition leading to serious complications for which efficient cures are 
not available at the moment,4b has also been reported to be associated with 
highly increased collagenase activity in the ocular tissues.5 

As amino acid and oligopeptide hydroxamates were reported to act as 
powerful inhibitors for a large number of metallo-enzymes important as 
targets in drug design (such as the matrix metalloproteinases) M M P s , ~ - ~  
thermolysin and elastase," leucine aminopeptidase,' carboxypeptidase A," 
leukotriene A4 hydrolase," angiotensin I-converting enzyme,14 neuro- 
tensin-degrading enzymes,15 endothelin-converting enzyrnel6 or UDP-3- 
O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacetyla~e '~ l 9  among 
others, we decided to investigate such derivatives as anti-bacterial corneal 
keratitis agents. Some of the above-mentioned derivatives were shown to 
possess strong anti-bacterial activity since by inhibiting some of the above- 
mentioned enzymes, they interfere with lipid A biosynthesis and inhibit the 
growth of Gram-negative bacteria.". l 9  Other compounds of this type were 
also reported to act as anti-HIV agents in vitro." However the most impor- 
tant applications in drug design of the amino acidjoligopeptide hydrox- 
amates is related to their use for the development of MMP inhibitors as 
anti-cancer*'- 25 or anti-arthrit i~ ' .~~ " drugs. The 23 MMPs presently 

are involved in tissue remodeling connected with tumor invasion 
and joint destru~t ion.~-~."  -26 Synthetic high affinity inhibitors for some of 
these enzymes, such as the four vertebrate collagenases (MMPs 1, 8, 13 and 
18). stromelysins 1 and 2 (MMPs 3 and 10, respectively) or the gelatinases A 
and B (MMPs 2 and 9) have been much investigated recently, in order to 
develop novel pharmacological agents of the hydroxamate '' The 
same situation is not true for inhibitors of bacterial collagenases, such as for 
instance the enzyme isolated from Clostridium hisfulyticunz,30~'2 which have 
been much less investigated. This collagenase (EC 3.4.24.3) is a 116 kDa 
protein belonging to the M3 1 MMP family,29 and is able to hydrolyze triple 
helical regions of collagen under physiological conditions, as well as an 
entire range of synthetic peptide substrates."- 32 In fact the crude homog- 
enate of C. histo/!~ticum, which contains several distinct collagenase iso- 
zymes, is the most efficient system known for the degradation of connective 

being also involved in the pathogenicity of this and related tissue' 1.32 
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COLLAGENASE INHIBITORS 113 

clostridia, such as C. perfringens, which cause human gas gangrene and food 
poisoning among other effects.33 

Similarly to the vertebrate M M P s , ~ , ~ ~  C.  histolyticum collagenase (ChC) 
has the cbnserved HExxH zinc-binding motif, which in this specific case is 
His4I5ExxH, with the two histidines (His 415 and His 419) acting as Zn(I1) 
ligands, whereas the third ligand seems to be Glu 447,34,35 (in the case of the 
vertebrate MMPs the zinc ion is coordinated by three histidines, His 218, 
His 222 and His 228), and a water molecule/hydroxide ion acts as nucleo- 
phile in the hydrolytic s c i~s ion .~ -~  Similarly to the MMPs, ChC is also a 
multidomain protein, consisting of four segments, S1, S2a, S2b and S3,35 
with S1 incorporating the catalytic domain. Although the two types of col- 
lagenases mentioned above (the MMPs type and the bacterial ChC) are rela- 
tively different, it is generally considered that their mechanism of action for 
the hydrolysis of proteins and synthetic substrates is quite similar.5-9329334335 

We propose here that the use of a collagen shield impregnated with an 
antibiotic agent specific for the collagen-degrading bacteria would have a 
double benefit for the patients affected by bacterial corneal keratitis: (i) the 
collagenase inhibitor would kill (or impair the growth of) bacteria present 
on the cornea, improving and accelerating healing of the keratitis, (ii) the 
(protective) collagen shield would acquire an increased stability, as its 
degradation by the secreted collagenases would be delayed, promoting/ 
accelerating in this way the healing of the wound. 

Thus, we hypothesized that amino acid hydroxamates and some of their 
derivatives which strongly inhibit MMPs (collagenases, gelatinases, strom- 
elysins, etc.) would also act as potent ChC inhibitors. In this paper we 
report the preparation of a series of ChC inhibitors incorporating alkyl/ 
arylsulfonamido-L-alanine hydroxamate as well as arylsulfonylureido-/ 
arylureido-L-alanine hydroxamate moieties in their molecule. Some of the 
new compounds, assayed for the inhibition of purified ChC, showed high 
affinity for the enzyme (in the nanomolar range), behaving as some of the 
best ChC inhibitors reported to date. It is thus quite probable that com- 
pounds of the type reported in this paper also inhibit the collagenase activity 
of bacterial species involved in corneal bacterial keratitis, but the results of 
the in vivo experiments will be reported elsewhere. 

MATERIAL AND METHODS 

Melting points were determined on a heated plate microscope (not cor- 
rected); IR spectra as KBr pellets, over 400-4000 cm-' using a Perkin-Elmer 
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I14 C.T. SUPURAN ei (11. 

16PC FTIR spectrometer; 'H-NMR spectra with a Varian Gemmini 300 
apparatus (chemical shifts are expressed as S values relative to Me& as 
standard); elemental analysis (fO.4% of the theoretical values, calculated 
for the proposed formulas - data not shown) with a Carlo Erba Instrument 
CHNS Elemental Analyzer, Model 1106. All reactions were monitored by 
thin-layer chromatography (TLC) using 0.25-mm precoated silica gel plates 
(E. Merck). Preparative HPLC was performed on a Dynamax-60A column 
(25 x 250mm), with a Beckman EM-1760 instrument. The detection wave- 
length was 254 nm. 

Amino acids (L-Ala), sulfonyl chlorides, arylsulfonyl isocyanates, aryl 
isocyanates. benzoyl isothiocyanate, triethylamine, carbodiimides, hydroxyl- 
amine, and other reagents/solvents used in the syntheses were commercially 
available compounds (from Sigma, Acros or Aldrich). N-Benzyl-Ala was 
prepared by benzylation of alanine with benzyl chloride. 

General Procedure for the Preparation of Alkyl/Arylsulfonyl Alanines 3 

An amount of 1.78g (20mmol) of L-alanine 2 and 20mmol of sulfonyl 
chloride 1 were suspendedidissolved in a mixture of 100 mL of acetone and 
25 mL of water. The stoichiometric amount (20 mmol) of base (NaHC03; 
KHC03, NaOH or Et3N) dissolved in a small amount (20 mL) of water was 
added and the mixture stirred at  room temperature for 4- 10 h (TLC moni- 
toring). The solvent was evaporated, the reaction mixture was taken up in 
l00mL of water and the crude 3 extracted in ethyl acetate. After evapora- 
tion of the solvent, the products were recrystallized from EtOH or MeOH. 
Yields were around 80-92%. 

General Procedure for the Preparation of Derivatives A1 -A33 

An amount of 10 mM of alkyl/arylsulfonyl-L-Ala 3 and the stoichiometric 
amount of benzyl chloride were suspended/dissolved in 50 mL of anhydrous 
acetonitrile and the stoichiometric amount (10 mM) of triethylamine 
(IOmM, 1.47mL) was added. The reaction mixture was heated at  reflux 
for 2 h and then the solvent was evaporated in vacuo. The residue was taken 
up in 50mL of water, adjusted to pH 7 with citric acid, and the crude car- 
boxylic acids Al-A33 extracted in ethyl acetate. Recrystallization from 
methanol-water afforded the pure title compounds in almost quantitative 
yield. 
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COLLAGENASE INHIBITORS 115 

General Procedure for the Preparation of 
Compounds Bl-B33; Dl-D4; Fl-F6; Hl-H3 and J1 

An amount of 5mM of carboxylic acid derivative Al-A33, Cl-C4, El-E6, 
Gl-G3 or I1 was dissolved/suspended in 50 mL of anhydrous acetonitrile or 
acetone, and treated with 420 mg (6 mM) of hydroxylamine . HCl and 1.10 g 
(6 mM) of EDCI . HC1 or di-isopropylcarbodiimide. The reaction mixture 
was magnetically stirred at room temperature for 15min, then 18OpL 
(12 mM) of triethylamine were added and stirring was continued for 12 h at 
4°C. The solvent was then evaporated in vacuo, the residue taken up in ethyl 
acetate (5 mL) and the solution, poured into a 5% solution of sodium bicar- 
bonate (5mL) and extracted with ethyl acetate. The combined organic 
layers were dried over sodium sulfate, filtered, and the solvent removed 
in vacuo. Preparative HPLC (Dynamax-60A column (25 x 250 mm); 90% 
acetonitrile/lO% methanol; flow rate of 30 mL/min) afforded the pure 
hydroxamic acids. 

General Procedure for the Preparation of 
Compounds Cl-C4; El-E6 and I1 

An amount of 1.79 g (10mmol) of N-benzyl-alanine 5 and the stoichiometric 
amount of arylsulfonyl isocyanate 4, aryl isocyanate 6 or benzoyisothiocya- 
nate were suspended in 50 mL of anhydrous acetonitrile and 150 pL (10 mM) 
of triethylamine were added. The reaction mixture was either stirred at 
room temperature (in the case of derivatives prepared from 4) or refluxed 
(for the other two types of derivatives) for 2-6 h. The solvent was evap- 
orated and the reaction mixture worked up as described above. The new com- 
pounds were recrystallized from ethanol. Yields were almost quantitative. 

General Procedure for the Preparation of Compounds Gl-G3 

The general procedure described above for the preparation of compounds 
Al-A33 has been followed, except that N-benzyl-Ala 5 was used instead of 
alanine 2, and arylsulfenyl halides instead of alkyl/arylsulfonyl halides. The 
yields in the title sulfenamides were around 75%. 

The new compounds were characterized by 'H- and 13C-NMR spectros- 
copy and elemental analysis. Data for a representative compound of each 
series is provided below. 
N-4-Toluenesulfonyl-N-benzyl-L-alanine A13, as white crystals, m.p. 

176-7°C; 'H-NMR (DMSO-d6), 6, ppm: 1.82 (d, 3JHH = 6.5, 3H, CHCH3 
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I16 C.T. SUPURAN et al. 

of Ala), 2.53 (s, 3H, CH3C6H4), 3.75 (s, 2H, CH2 of benzyl), 3.94 (9, lH, 
CH of Ala), 7.22-7.59 (m, 7H, Hortho of CH3C6H4 and Ha,,, of Ph), 7.97 
(d, 3 J ~ ~  = 8.1,2H, H,,,, of CH$&4), 11.61 (br s, IH, COOH). I3C-NMR 

(s, CHCH3 of Ala), 42.1 (s, CH2 of benzyl), 130.2 (s, Cmeta of CH3C6H4), 
(DMSO-dh), 6, ppm: 22.0 (S, CHCH3 Of Ala), 26.1 (s, CH&H4), 34.5 

131.9 (S, Cpara Of Ph), 133.4 (S, Cmeta  Of Ph), 134.4 (s, C o r t h o  Of Ph), 135.7 
(s, Cortho of CH&H4), 141.8 (S, cipso of Ph), 145.5 (s, cipso Of CH3C6&), 
148.8 (s, Cpglra of CH3C6H4), 177.7 (s, C02H). Found: C, 61.10; H, 5.88; 
N ,  4.02. CI7H19NO4S requires: C, 61.24; H, 5.74; N, 4.20%. 
N-4-Toluenesulfonyl-N-benzyl-L-alanine hydroxamate B13, as white 

crystals, m.p. 217-9°C; IH-NMR (DMSO-d6), 6, ppm: 1.82 (d, 3JHH = 6.5, 
3H, CHCH3 of Ala), 2.62 (s: 3H, CH3C6H4), 3.79 (s, 2H, CH2 of benzyl), 
3.93 (q, lH, C H  of Ala), 7.24-7.60 (m, 7H, H,,rth, of CH3C6H4 and Ha,,, 
of Ph), 8.02 (d, ' J H H  =8.1, 2H, H,,,,, of CH3C6H4), 8.70 (br s, lH, NHOH), 
10.49 (br s, lH, NHOH). 13C-NMR (DMSO-d6), 6, ppm: 22.0 (s, CHCH3 
of Ah), 26.5 (s. CH3C6H4). 34.4 (s, CHCH3 of Ala), 42.1 (s, CH2 of 
benzyl), 130.7 (s, C,,,, of CH3C6H4), 131.8 (s, Cpara of Ph), 133.5 (s, Cmeta 
Of Ph). 134.8 (S, C o r t h o  Of Ph), 135.3 (S, Cortho  Of CH3C6H4), 141.6 (S, Cipso 
of Ph), 145.2 (S, cipso of C H ~ C G H ~ ) ,  148.1 (S, Cpara Of CH3C&), 174.5 
(s, CONHOH). Found: C, 58.76; H, 6.01; N, 8.03. C17H20N204S requires: 

1'4-4-Toluenesulfonylureido-N-benzyl-l-aianine C3, as white crystals, 
m.p. 180-2°C; 'H-NMR (DMSO-d6), 6, ppm: 1.82 (d, 3JHH=6.5, 3H, 
CHCH3 of Ala), 2.60 (s, 3H, CH3C6H4), 3.77 (s, 2H, CH2 of benzyl), 3.95 
(q, lH, CHof AIa), 7.29-7.58 (m, 7H, Hortho Of CH3C6H4 and Ha,,, of Ph), 
7.99 (d, 3 J ~ ~  = 8.1, 2H, H,,,, of CH3C6H4), 8.25 (br s, 2H, NHCONH), 
11.72 (br s, IH, COOH). "C-NMR (DMSO-d6), 6, ppm: 22.3 (s, CHCH3 of 
A h ) ,  26.4 (s, CH3C,&). 34.5 (s, CHCH3 of Ala), 42.3 (s, CH2 of benzyl), 

C, 58.60: H, 5.79: N. 8.04%. 

130.4 (s, C,,,, Of CH3C6H4), 131.5 (s, Cpara of Ph), 132.1 (s, NHCONH), 
133.6 (S, c,,,,, Of Ph), 134.6 (S, Cortho Of Ph), 135.0 (S, Cortho  Of CH3C6H4), 
141.5 (S ,  Cipso Of Ph), 145.4 (S, Cipso O f  CH3C&), 148.7 (s, Cpara Of 
CH&H4), 177.6 (s, C02H). Found: C, 57.35; H, 5.12; N, 7.28. 
Ct8H2~N20SS requires: C, 57.43; H, 5.36; N, 7.44%. 
N-4-Toluenesulfonylureido-N-benzyl-L-alanine hydroxamate D3, as 

white crystals, m.p. 222-3°C; 'H-NMR (DMSO-d6), 6, ppm: 1.84 (d, 
'JHH = 6.5, 3H, CHCH3 of Ala), 2.62 (s, 3H, CH3C6H4), 3.75 (s, 2H, CH2 of 
benzyl), 3.94 (q, IH, C H  of Ala), 7.23-7.61 (m, 7H, H o r t h o  Of CH3C6H4 and 
H,,,,,,, of Ph), 7.98 (d, . j J ~ ~ = 8 . 1 ,  2H, H,,,, of CH&,H4), 8.26 (br S, 2H, 
NHCONH), 8.75 (br s, lH, NHOH), 10.54 (br s, lH, NHOH). 13C-NMR 
(DMSO-dd, 6, ppm: 22.5 (s, CHCH, of Aia), 26.3 (s, CH3C6H4), 34.6 
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COLLAGENASE INHIBITORS 117 

(s, CHCH3 of Ala), 42.0 (s, CH2 of benzyl), 130.5 (s, Cmeta of CH3C6H4), 131.6 
(s ,  Cpara of Ph), 132.8 (s, NHCONH), 133.9 (s, Cmeta Of Ph), 134.6 (s, Cortho 

Of Ph), 135.3 (S, Cortho of CH3C6H4), 141.7 ( S ,  Cipso Of Ph), 145.4 (S, Cipso 

Of CH3C&4), 148.5 (S, Cpara Of CH&6H4), 174.8 (s, CONHOH). Found: 
C, 55.39; H, 5.54; N, 10.69. C18H21N305S requires: C, 55.23; H, 5.41; 

N-4-Fluorophenylureido-N-benzyl-L-alanine El, as white crystals, m.p. 
154-5"C, 'H-NMR (DMSO-d6), 6, ppm: 1.85 (d, 3JHH=6.5, 3H, CHCH, 
of Ala), 3.73 (s, 2H, CH2 of benzyl), 3.98 (q, lH, CH of Ala), 7.21-7.54 

FC,&), 8.06 (br s, 2H, NHCONH), 11.40 (br s, lH, COOH). 13C-NMR 
(DMSO-ds), 6, ppm: 22.1 (s, CHCH3 of Ala), 34.5 (s, CHCH3 of Ala), 42.5 

N, 10.73%. 

(m, 7H, Hortho of FC6H4 and Ha,,, of Ph), 7.97 (d, 3 5 ~ ~  = 8.1,2H, Hmeta of 

(s, CH2 of benzyl), 130.0 (s, Cmeta of FC&I4), 131.8 (s, Cpara of Ph), 132.3 
(S, NHCONH), 133.9 (S, Cmeta Of Ph), 134.6 (S, Cortho OfPh), 135.1 (S, Cortho 

Of FC6H4), 141.9 (S, Cipso Of Ph), 148.5 (S, Cipso Of FC6H4), 149.5 (S, C p r a  Of 
FC6&), 177.0 (s, C02H). Found: C, 64.62; H, 5.37; N, 8.60. C17H17FN203 
requires: C, 64.55; H, 5.42; N, 8.86%. 
N-4-Fluorophenylureido-N-benzyl-L-alanine hydroxamate F1, as white 

3H, CHCH3 of Ala), 3.79 (s, 2H, CH2 of benzyl), 3.99 (q, lH, C H  of Ala), 

2H, of FCGH~), 8.07 (br S, 2H, NHCONH), 8.75 (br P, lH, NHOH), 
10.63 (br s, lH, NHOH). 13C-NMR (DMSO-d6), 6, ppm: 22.0 (s, CHCH3 
of Ala), 34.6 (s, CHCH3 of Ala), 42.8 (s, CH2 of benzyl), 130.0 (s, Cmeta of 

Crystals, m.p. 221-2"c; 'H-NMR (DMSO-ds), 6, ppm: 1.83 (d, 35HH = 6.5, 

7.19-7.61 (m, 7H, Hortho Of  FC6H4 and Ha,,, of Ph), 7.90 (d, 35HH=8.1, 

&&), 131.5 (s, CPara of Ph), 131.4 (s, NHCONH), 133.9 (s, Cmeta of Ph), 
134.3 (S, Cortho Of Ph), 135.5 (S, Cortho Of FC6H4), 141.0 (S, cipso of Ph), 
145.8 (s, Cipso Of FC6H4), 148.4 (s, Cpara O f  FC6H4), 174.2 (S, CONHOH). 
Found: C, 61.84; H, 5.52; N, 12.63. C17HI8FN3O3 requires: C, 61.62; 
H, 5.48; N, 12.68%. 
N-4-Nitrophenylsulfenyl-N-benzyl-L-alanine G1, as yellow crystals, m.p. 

177-9°C; 'H-NMR (DMSO-d6), 6, ppm: 1.80 (d, 3JHH = 6.5, 3H, CHCH3 
of Ala), 3.75 (s, 2H, CH2 of benzyl), 3.96 (q, lH, CH of Ala), 6.78 ( s ,  lH, 
SNH), 7.20-7.56 (m, 7H, Hortho of 02NC6H4 and Ha,,, of Ph), 8.05 
(d, 3 5 ~ ~ = 8 . 3 ,  2H, Hmem Of O Z N C ~ H ~ ) ,  11.68 (br s, 1H, COOH). 13C-NMR 
(DMSO-d6), 6, ppm: 22.0 (s, CHCH3 of Ala), 34.2 (s, CHCH3 of Ala), 
42.7 ( s ,  CH2 of benzyl), 130.1 (s, Cmeta of02NC6&), 131.8 (s, Cpara of Ph),' 
133.6 (S, Cmeta Of Ph), 134.3 (S, Cortho Of Ph), 135.5 (S, Cortho Of O Z N C ~ H ~ ) ,  
141.6 (S, Cipso Of  Ph), 145.7 (s, Cipso Of  O Z N C ~ H ~ ) ,  150.8 (s, Cpara Of 
O2NC6H4), 177.7 (s, C02H). Found: C, 57.76; H, 4.69; N, 8.37. Cl6HI6N2O4S 
requires: C, 57.82; H, 4.85; N, 8.43%. 
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118 C.T. SUPURAN ef al. 

N-4-Nitrophenylsulfenyl-N-benzyl-L-alanine hydroxamate H1, as yellow 
crystals, m.p. 188-90°C; 'H-NMR (DMSO-d6), 6, ppm: 1.81 (d, 3JHH =6.5, 
3H, CHCH3 of Ala), 3.75 (s, 2H, CH2 of benzyl), 3.99 (q, lH,  C H  of Ala), 
6.74 (s, IH, SNH), 7.21-7.66 (m, 7H, Ifortho of 02NC6H4 and Ha,,, of Ph), 
8.12 (d, 'JHH = 8.2, 2H, Hmeta of 02NC6H4). 8.73 (br s, lH,  NHOH), 10.65 
(br s, IH,  NHOH). "C-NMR (DMSO-d6), 6, ppm: 22.1 (s, CHCH3 of 
Ala), 34.5 (s. CHCH3 of Ala), 42.6 (s, CH2 of benzyl), 130.4 (s, C,,,, 
of 02NC6H4). 131.2 (s, Cpdra of Ph), 133.6 ( s ,  C,,,, of Ph), 134.7 (s, Cortho of 
Ph), 135.6 ( s .  C o r t h o  of 02NC6H4), 141.4 ( s ,  CIps0 of Ph), 148.5 (s, C,,,, 
of 02NC6H4), 150.3 (s, Clps0 of 02NC6H4), 174.9 (s, CONHOH). Found: 
C, 55.48; H, 5.21; N, 12.10. ClgH17N304S requires: C, 55.32; H, 4.93; 

Collagenase type VII (highly purified) and FALGPA were purchased 
from Sigma-Aldrich (Milano, Italy); their concentrations were determined 
from the absorbance at 280 nm and the extinction coefficients furnished by 
the supplier. The activity of such preparations was in the range of 10 NIH 
units;mg solid. The potency of standard and novel inhibitors was deter- 
mined from the inhibition of the enzymatic (amidolytic) activity of the col- 
lagenase, at 25"C, using FALGPA as substrate, by the method of van Wart 
and Steinbrink." The substrate was reconstituted as 5 mM stock in 50 mM 
Tricine buffer, 0.4 M NaCl, 10 mM CaCI2, pH 7.50. The rate of hydrolysis 
was determined from the change in absorbance at 324nm using an 
extinction coefficient for FALGPA ~ 3 0 5  = 24,700 L mol-I cm-' in the above- 
mentioned reaction buffer.30 Measurements were made using a Perkin- 
Elmer spectrophotometer interfaced with a PC. Initial velocities were 
estimated using the direct linear plot-based procedure reported by van Wart 
and Steinbrink." K I  values were then determined according to Dixon, using 
a linear regression program. The Kl values determined are the means of at 
least three determinations. 

N, 12.10%. 

RESULTS AND DISCUSSION 

A literature search showed that few inhibitors of ChC (or other bacterial 
collagenases) had been reported up to Since the ChC enzyme cat- 
alyzes the cleavage of the Xaa-Gly peptide bond of the repeating sequence 
of collagen, -GIy-Pro-Xaa-Gly-Pro-Xaa- (Xaa = amino acid residue), it 
appears that the S3, S2 and SI subsites of the enzyme are occupied by Gly, 
Pro and Xaa, re~pec t ive ly .~~ Analogously, the Sit, S2! and S3! subsites 
are also occupied by Gly, Pro and Xaa. re~pec t ive ly .~~ Thus, many of the 
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reported inhibitors of ChC are aldehyde or ketone-type substrate anal- 
ogues, such as Pro6-Gly-L-Pro-GlyH (GlyH = glycine aldehyde), with a 
KI of 3 4 0 ~ M ; ~ ~  phosphoric and phosphonic amide, such as iso-amylpho- 
sphonyl-Gly-L-Pro-L-Ala (KI of 16 P M ) ; ~ ~  thiols such as HS-CH2CH2CO- 
Pro-Xaa (KI of the best compounds around 0.2 pM);38p40 phosphonamide 
peptides of the type p-nitrophenethyl-PO(0H)-Gly-Pro-Xaa (KI of the best 
compound, with Xaa = 2-aminohexanoic acid was 5 nM).41,42 As shown 
from the above data, either the inhibitors are relatively weak, or the high 
affinity ones are phosphorus based ligands which are not suitable for the 
development of pharmaceutical agents, due to their high toxicity. 

zinc binding function 

R1 

/R2 HS3 
Spacer 

7: R1 = H, Me, i-Pr; R2 = Ph, i-Pr 

Thus, the lead molecule that we used for designing the novel ChC inhib- 
itors reported here was not of the type mentioned above. Taking into 
account the strong MMP inhibitory properties of some arylsulfonyl-glycine 
hydroxamic acids of type 7 recently reported by Parker's group,26 we 
decided to use such derivatives as lead molecules. In the above-mentioned 
study it was observed that the best inhibitors of type 7 (against mouse macro- 
phage metallo-elastase) were those incorporating: (i) Gly, Ala or Val as 
spacers between the zinc-binding function (the hydroxamic acid moiety) and 
the P21 site, (ii) benzyl or isobutyl moieties at S 2 6  and (iii) arylsulfonyl moi- 
eties at S3/.26 It should be noted that a relatively small number of arylsul- 
fonyl moieties were investigated in the above-mentioned study,26 and most 
of them contained the 4-methoxybenzenesulfonyl moiety, The proposed 
interaction sites between the inhibitor and the active site of the enzyme is 
also shown schematically in the formula for the inhibitor 7. 

Considering the above-mentioned findings,26 we opted in the present 
study for the inclusion of the following structural elements in the design of 

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/
18

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



120 C.T. SUPURAN e r  nl 

2 3 

PhCH,CI I 

CH, 

B1 -B33 A1 -A33 

SCHEME I Synthesis of Al-A33 and Bl-B33. 

RS0,NCO + o$[a 
4 

CH, 
5 

MeCOMe S)H - 
0 &b0 

1 1 0  
s, 

CH, HN, 

C I 4 4  8 R 

H,NOH 
i-PrN=C=N-Pr-i 

D1 -D4 

SCHEME 2 Synthesis of Cl-C4 and Dl-D4. 
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COLLAGENASE INHIBITORS 121 

RNCO 

6 

+ 

CH3 5 
0 V N y o  

R 
CH3 HN, 

E l  -E6 

i-PrN=C=N-Pr-i H2NoH I 

R 
F1 -F6 

SCHEME 3 Synthesis of El-E6 and Fl-F6. 

the ChC inhibitors: (i) a strong zinc-binding function (of the carboxylic acid, 
or better, hydroxamic acid types),637 (ii) a relatively compact spacer between 
this function and the rest of the molecule, i.e., LLAla,6326 (iii) the already 
optimized26 benzyl group at the S21 site and (iv) variable alkyl/arylsulfonyl-, 
arylsulfonyl-ureido/arylureido- or arylsulfenyl, moieties at Sy . 

The new compounds reported here were obtained by standard synthetic 
procedures, as outlined in Schemes 1-3. These involved reaction of 
L-alanine or N-benzyl-L-alanine with alkyl/arylsulfonyl chlorides,43 aryliso- 
cyan ate^,^^ arylsulfonyl-i~ocyanates~~ or benzoyl-isothiocyanate, followed by 
conversion of the COOH moiety to the hydr~xamate .~~  Related synthetic strat- 
egies led to some sulfenamides of type G,  H, as well as to the thioureas I, J. 

I 

CH3 
GI-G3 
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I1 

Ho\ p 
o + y S  

CH3 HNYo 

J I  

ChC inhibition data for the new compounds reported here as well as 
other reported inhibitors are shown in Tables 1-111. 

The following should be noted regarding ChC inhibition data 
(Tables 1-111) with the new compounds and standard inhibitors: (i) all 
hydroxamates were 100-500 times more active as ChC inhibitors as com- 
pared to the corresponding carboxylic acids, probably due to the enhanced 
Zn(I1) coordinating properties of the CONHOH moiety (bidentate binding) 
as compared to the COOH group (generally monodentate binding to the 
zinc ion),'-' (ii) potent inhibitors were obtained from all classes of hydroxa- 
mates investigated here, such as the alkyl/arylsulfonyl-benzyl-Ala deriva- 
tives (BS. B20-B22, B26, B27, B29, etc.), the arylsulfonylureas- and 
arylureas (such as D2, FS, F6), the sulfenamido-benzyl-Ala derivatives (such 
as H2, H3) or the thiourea J l .  Thus, it seems that the &-binding moiety of 
the arylsulfonamide type, previously investigated for the obtaining of MMP 
inhibitors of type 7.'6 can be efficiently substituted by related moieties such 
as alkylsulfonyl-, arylsulfenyl-, arylsulfonylureido-, arylureido- or benzoyl- 
thioureido, without loss of ChC inhibitory properties, (iii) in the subseries 
of alkyl!arylsulfonamido derivatives (of types A, B (1-33)) the best ChC 
inhibitory properties were correlated with the presence of perfluoroalkyl- 
sulfonyl- (B4. B5). perfluorophenylsulfonyl- (B21), 3-trifluoromethylphenyl- 
sulfonyl- (B22), 3-chloro-4-nitro-phenylsulfonyi- (B17), 3- or 4-protected- 
amino-phenylsulfonyl- (B18-B20; B26), 3- or 4-carboxy-phenylsulfonyl- 
(B28, B29) and 1 - or 2-naphthylsulfonyl moieties (B30-B32). All these 
derivatives possessed inhibition constants in the range of 5-12 nM against 
ChC. being among the most potent inhibitors yet reported. A second group 
of sulfonamide inhibitors, containing moieties such as 4-bromophenyl, 
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COLLAGENASE INHIBITORS 123 

TABLE I Inhibition of ChC with the carboxylic acids Al-A33 and the corresponding 
hydroxamates Bl-B33 

R Compound K< (1M) Compound K< (nM) 

A1 20 B l  103 
A2 3.6 B2 48 
A3 5.5 B3 50 
A4 3.1 B4 12 
A5 1.8 B5 7 
A6 40 B6 68 
A7 22 B7 51 
A8 17 B8 43 
A9 13 B9 45 

A10 13 BlO 44 
A l l  1 1  B11 37 
A12 10 B12 32 
A13 16 B13 40 
A14 5.5 B14 15 
A15 5.2 B15 12 
A16 5.9 B16 21 
A17 3.0 B17 11 
A18 3.6 B18 12 
A19 2.7 B19 9 
A20 2.2 B20 7 
A21 0.5 B21 6 
A22 0.6 B22 6 
A23 4.7 B23 14 
A24 6.2 824 20 
A25 6.8 B25 19 
A26 3.1 B26 7 
A27 3.0 B27 8 
A28 4.5 B2Sb 9 
A29 2.9 B29b 7 
A30 3.6 B30 10 
A31 1.4 B31 9 
A32 2.5 B32 10 
A33 2.4 B33 11 

values were obtained from Dixon plots using a linear regression program, from at least three different 
assays. bThe C6H4-COOH moiety transformed into C6H4-CONHOH. 

4-iodophenyl, 2-, 3- or 4-nitrophenyl, 2,5dichlorophenyl-, 2,4,6-trimethyl- 
phenyl-, 4-methoxyphenyl- or 2-thienyl substituting the N-benzyl-glycine 
hydroxamate, behaved as medium potency inhibitors, with affinities in the 
15-30nM range (Table I). The least active sulfonamides were those con- 
taining methyl-, trihalomethyl-, dimethylamino-, phenyl- and benzyl moi- 
eties (Table I), (iv) the arylsulfonylureido compounds D1 -D4 were more 
active than the corresponding arylsulfonyl derivatives (cf. D1 with B9; D2 
and B10, etc.), acting as strong - medium potency ChC inhibitors. Similarly 
behaved are the ureas of type F, the sulfenamides of type H, except for F5 
and F6, as well as H2 and H3, which are strong inhibitors. A very potent 
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TABLE I1 
the corresponding hydroxamates of types D, F, H, J 

Inhibition of ChC with the carboxylic acids of types C, E, G ,  I and 

R Compound K t  (pM) Conzpourid KI” (nM) 
~ 

4-F- ChH4 - C1 8.2 D1 18 
4-CI-ChH4- c 2  6.4 D2 15 
4-CH3- C6H4- c 3  7.1 D3 15 
2-CH3-C6H4- c 4  9.0 D4 14 
4-F ~ ChH4- E l  10 Fl 33 
3-CI-ChH4- E2 I I  F2 34 

3.4-Cl2-ChHX E5 4.8 F5 10 
1-Naphthyl E6 5.1 F6 1 1  

2-02N-CbHj- G2 6.3 HZ 12 
2,4-(02N)l-C6H3- G3 7.1 H3 10 

I1 0.5 J1 5 

4-CI-C6H4- E3 8.8 F3 30 
2,4-F>-C&- Ex 7.3 F4 24 

4-02N-- ChH4- GI 6.0 H1 15 

‘ K ,  values were obtained from Dixon plots using a linear regression program, from at least 
three different assays. 

TABLE Ill Inhibition of ChC with standard inhibitors 

Compound Kia (vM) 

Pro6-Gly-Pro-GlyH 340 
i-CSH ,PO(OH)GlyProAla 16 
p-02NC6H4CH2CH2PO(OH)GlyPro-2AXh 0.005 

’ K ,  values “ere obtained from Dixon plots using a linear regression 
program. from at least three different assays. ’2AX =2-aminohex- 
anoic acid 

inhibitor is the thiourea derivative J1 (Table 11). By comparing the data of 
Tables 1-111, it is clear that the compounds reported in the present study are 
among the best ChC inhibitors obtained to date, since other such derivatives 
usually had affinities in the micromolar range (except for the phosphonic 
acid derivative mentioned in Table 111, which possessed affinities of the 
same order of magnitude as those of our compounds). 

Although ChC (or its catalytic domain) could not be crystallized up to 
now (in our or in other laboratories), and the precise binding of inhibitors 
cannot be inferred from X-ray crystallographic data, several important con- 
tributions in the field of the MMPs have been made recently, which might 
be useful in interpreting our inhibition data. Thus, Bode’s and Tschesche’s 
groups r e p ~ r t e d ~ . ~ . ~ ’ - ~ ~  several X-ray crystallographic studies for the 
interaction of some types of hydroxamate inhibitors with the catalytic 
domain of MMP-8, a collagenase from vertebrates, inhibited among others 
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with a KI of lOnM by the unique collagenase inhibitor in clinical study, 
batimastat 8.” 

PI* 

I p3 

HO 

8:  Batimastat 

These showed that batimastat is bidentately coordinated to 
the Zn(I1) ion of the enzyme, through the hydroxamate OH moiety and 
hydroxamate CO group. The OH and NH of the hydroxamate moiety partic- 
ipate in supplementary interactions with the enzyme, forming hydrogen 
bonds with Glu 198 and Ala 161.47 The hydrophobic residues in the PI, (iso- 
butyl) and PZ (benzyl) positions are also critical for the formation of a 
strong E-I adduct: thus, the leucine side chain of PI! extends into the Slf 
pocket, making hydrophobic contacts with several amino acid residues such 
as His 197, Pro 217 and Val 194, whereas the phenyl ring of Pz, interacts 
with the side chains of Ile 159, Val 129 and Pro 217. Although the class I11 
collagenase inhibitors (in the classification of Babine and Bender6) of the sul- 
fonamide type, to which the compounds reported here presumably belong, 
were much less investigated crystallographically, it is assumed that the gen- 
eral binding mode illustrated above is also valid for them, although some 
differences were also seen.6,26 Based on these observations, we propose a 
similar binding mode of the sulfonamide inhibitors reported here to ChC, as 
showed schematically in Figure 1. 

The inhibitor probably coordinates bidentately to the Zn(I1) ion of ChC, 
whereas the hydrophobic moieties from the and P2’ sites (benzyl and 
pentafluorophenyl, respectively) participate in hydrophobic contacts which 
assure the strong affinity of this inhibitor for ChC (the inhibitor B21 for 
which the schematic binding is shown above has KI = 6 nM). 

In conclusion, we describe here a novel class of strong inhibitors of the 
zinc protease EC 3.4.24.3, a collagenase from C. histolyticum. As no X-ray 
crystallographic structure of this enzyme is available, the drug design has 
been realized by utilizing X-ray data for the MMPs, related enzymes which 
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FIGURE 1 Proposed schematic binding of inhibitor B21 within the active site of ChC 

degrade extracellular matrix in vertebrates. The hydroxamates were 100- 
500 times more inhibitory against ChC as compared to the corresponding 
carboxylic acids. Best substitutions for obtaining high affinity inhibitors, 
involved hydrophobic moieties at Sz., such as perfluoroalkylsulfonyl-, sub- 
stituted-arylsulfonyl (pentafluoro-phenylsulfonyl, 3- and 4-carboxy-phenyl- 
sulfonyl-, 3-trifluoromethyl-phenylsulfonyl or 1- and 2-naphthylsulfonyl) 
moieties among others. This is the first study reporting nanomolar affinity 
ChC inhibitors of the sulfonamide type. 

Acknowledgements 

This research was financed in part by the EU grant ERB CIPDCT 940051. 
Special thanks are addressed to Prof. Osamu Matsushita (Kagawa Medical 
University, Japan) for critically reading and correcting our manuscript. 

References 

[ I ]  S. Wojtowicz-Praga. J.  Low, J. Marshall, E. Ness. R. Dickson, J .  Barter, M. Sale, 
P. McCann, J. Moore. A. Cole and M.J. Hawkins (1996) Invesi. New Drugs, 14, 193-202. 

[2] Y.  Lelievre, R. Bouboutou, J. Boiziau and T. Cartwright (1989) Puthol. Biol., 37,43-46. 
[ 3 ]  L. Qiu, M.J. Kelso, C .  Hansen, M.L. West, D.P. Fairlie and P.G. Parsons (1999) Br. J .  

Cuncer. 80. 1252-1258. 
[4] (a) W.M. Schiff. M.G. Speaker and S.A. McCormick (1992) CLAU J . .  IS, 59-63; 

(b) E.B. Groos (1997) In Corneu: Fimdamenials of Corriea atid E.yternnl Diseuse, Vol. 6 
(Krachmer, J.H., Mannis. M.J. and Holland. E.J.. Eds.) pp. 105-142. Mosby-Year Book; 
St. Louis. MO. 

[S] (a) J.J. Reidy, B.M. Gebhardt and H.E. Kaufman (1990) Cornea, 9, 196-199; 
(b) M.R. Sawusch. T.P. O’Brien. J.D. Dick and J.D. Gottsch (1988) A m .  J. Uphthalmol., 
106. 279-281; (c) M.T. Dorigo. R. De Natale and P.A. Miglioli (1995) Chemotherapy. 41. 
1-4. 

[6] R.E. Babine and S.L. Bender (1997) C/iem. Rer.. 97. 1359- 1472. 

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/
18

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COLLAGENASE INHIBITORS 127 

[7] K.M. Bottomley, W.H. Johnson and D.S. Walter (1998) J.  Enz. Inhib., 13, 79-101. 
[8] F. Grams, P. Reinemer, J.C. Powers, T. Kleine, M. Pieper, H. Tschesche, R. Huber and 

[9] D. Krumme, H. Wenzel and H. Tschesche (1998) FEBS Lett., 436,209-212. 
101 D. Grobelny, L. Poncz and R.E. Galardy (1992) Biochemistry, 31,7152-7154. 
111 W.W. Chan, P. Dennis, W. Demmer and K. Brand (1982) J .  Biol. Chem., 257,7955-7957. 
121 D.H. Kim and Y. Jin (1999) Bioorg. Med. Chem. Lett., 9, 691-696. 
131 J.H. Hogg, I.R. Ollmann, J.Z. Haeggstrom, A. Wetterholm, B. Samuelsson and 

W. Bode (1995) Eur. J.  Biochem., 228,830-841. 

C.H. Wone 11995) Bioorg. Med. Chem.. 3. 1405-1415. 
[14] R.B. Ha&; P.D: Stroni and I.B. Wilson (1983) Biochem. Biophy. Res. Commun., 116, 

394-399. 
[I51 E. Bourdel, S. Doulut, G. Jarretou, C. Labbe-Jullie, J.A. Fehrentz, 0. Doumbia, 

[16] R. Bihovsky, B.L. Levinson, R.C. Loewi, P.W. Erhardt and M.A. Polokoff (1995) J .  Med. 

[17] J.E. Jackmann, C.R. Raetz and C.A. Fierke (1999) Biochemistry, 38, 1902-191 1 .  
[18] H.R. Onishi, B.A. Pelak, L.S. Gerckens, L.L. Silver, F.M. Kahan, M.H. Chen, 

A.A. Patchett, S.M. Galloway, S.A. Hyland, M.S. Anderson and C.R. Raetz (1996) 
Science, 274,980-982. 

[19] M.H. Chen, M.G. Steiner, S.E. de Laszlo, A.A. Patchett, M.S. Anderson, S.A. Hyland, 
H.R. Onishi, L.L. Silver and C.R. Raetz (1999) Bioorg. Med. Chem. Lett., 9,313-318. 

[20] S.D. Malley, J.M. Grange, F. Hamedi-Sangsari and J.R. Vila (1994) Proc. Nutl. Acad. Sci. 

[21] D.E. Levy, F. Lapierre, W. Liang, W. Ye, C.W. Lange, X. Li, D. Grobelyn, 
M. Casabonne, D. Tyrrell, K. Holme, A. Nadzan and R.E. Galardy (1998) J.  Med. Chem., 

[22] L. Lozonschi, M. Sunamura, M. Kobari, S.  Egawa, L. Ding and S. Matsuno (1999) Cancer 

[23] L.L. Johnson, R. Dyer and D.J. Hupe (1998) Curr. Opin. Chem. Biol., 2,466-471. 
[24] J.C. Tonn, S. Kerkau, A. Hanke, H. Bouterfa, J.G. Mueller, S. Wagner, G.H. Vince and 

[25] M. Yamamoto, H. Tsujishita, N. Hori, Y. Ohishi, S. Inoue, S. Ikeda and Y. Okada (1998) 

[26] A.Y. Jeng, M. Chou and D.T. Parker (1998) Bioorg. Med. Chem. Lett., 8,897-902. 
[27] R.D. Groneberg, C.J. Burns, M.M. Morrissette, J.W. Ullrich, R.L. Morris, 

S. Darnbrough, S.W. Djuric, S.M. Condon, G.M. McGeehan, R. Labaudiniere, 
K. Neuenschwander, A.C. Scotese and J.A. Kiine (1999) J .  Med. Chem., 42,541-544. 

[28] D.H. Steinmann, M.L. Curtin, R.B. Garland, S.K. Davidsen, H.R. Heyman, J.H. Holms, 
D.H. Albert, T.J. Magoc, I.B. Nagy, P.A. Marcotte, J. Li, D.W. Morgan, C. Hutchins and 
J.B. Summers (1998) Bioorg. Med. Chem. Lett., 8,2087-2092. 

P. Kitabgi and J. Martinez (1996) Int. J .  Pept. Protein Res., 48, 148-155. 

Chem., 38,2119-2129. 

USA,91, 11017-11021. 

41,199-223. 

Res., 15, 1252-1258. 

K. Roosen (1999) Int. J .  Cancer, 80,764-772. 

J.  Med. Chem., 41,1209-1217. 

[29] N.D. Rawlings and A.J. Barrett (1995) Meth. Enzymol., 248, 183-228. 
[30] H.E. Van Wart and D.R. Steinbrink (1981) Anal. Biochem., 113,356-365. 
[31] M.D. Bond and H.E. Van Wart (1984) Biochemistry, 23,3077-3085. 
[32] M.D. Bond and H.E. Van Wart (1984) Biochemistry, 23,3085-3091. 
[33] J.I. Rood (1998) Annu. Rev. Microbiol., 52, 333-360. 
[34] 0. Matsushita, C.M. Jung, J. Minami, S. Katayama, N. Nishi and A. Okabe (1998) J .  Biol. 

[35] C.M. Jung, 0. Matsushita, S. Katayama, J. Minami, J. Sakurai and A. Okabe (1999) 

[36] D. Grobelny and R.E. Galardy (1985) Biochemistry, 24,6145-6152. 
[37] D. Grobelny and R.E. Galardy (1983) Biochemistry, 22,4556-4561. 
1381 C.F. Vencill, D. Rasnick, K.V. Crumley, N. Nishino and J.C. Powers (1985) Biochemistry, 

Chem., 273,3643-3648. 

J.  Bucteriol., 181, 2816-2822. 

- -  
24,3149-3157. 

1391 A. Yiotakis and V. Dive (1986) Eur. J .  Biochem., 160,413-418. . ,  
i46] A. Yiotakis, A. Hatgiyannacou, V. Dive and F. Toma (1988) Eur. J.  Biochem., 172, 

[41] V. Dive, A. Yiotakis, A. Nicolaou and F. Toma (1990) Eur. J .  Biochem., 191,685-693. 
761 -766. 

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/
18

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



128 C.T. SUPURAN ct nl. 

[42] A. Yiotakis. A. Lecoq, A. Nicolaou, J .  Labadie and V. Dive (1994) Biochem. J. ,  303, 

[43] C.T. Supuran, M.A. Ilies and A. Scouafava (1998) Eur. J .  Med. Chem., 33.739-751. 
[44] C.T. Supuran, A. Scozzafava. B.C. Jurca and M.A. Ilies (1998) Eur. J .  Med. Chem., 33, 

1451 A. Scozzafava and C.T. Supuran (1999) J .  E m .  Inhib., 14,343-363. 
[46] F. Kurzer and K .  Douraghi-Zadeh (1967) Chem. Rev.. 67, 107-152. 
[47] F. Grams. M. Crimmin, L. Hinnes, P. Huxley, M. Pieper, H. Tschesche and W. Bode 

1481 H. Brandstetter, R.A. Engh, E. Graf von Roedern. L. Moroder, R. Huber, W. Bode and 

[49] E. Graf von Roedern. H. Brandstetter, R.A. Engh. W. Bode. F. Grams and L. Moroder 

[SO] C. Campion, A . H .  Davidson, J.P. Dickens and M.J. Crimmin (1990) WO Patent 

323-327. 

83-93. 

(1995) Biochemistr?, 34. 14012-14020. 

F. Grams (1998) Protein Sci., 7, 1303- 1309. 

(1998) J .  Med. Cheni., 41, 3041-3047. 

90:05719. 

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/
18

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


