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A number of substrate analogous peptides contain- 
ing a phosphoramidate, phosphonate ester, hydro- 
xamate, carboxylate or sulfhydryl group are known 
to be inhibitors of thermolysin and other metallo- 
proteinases. According to the specificity, most of the 
inhibitors mimic the prime site of the active center. 
Hitherto, peptidyl derivatives with a thiol group at 
the C-terminus have not been described. We have 
synthesized the protected cysteamides Ac-Ala-Ala- 
CA-SH and Z-Aal-Aa2-CA-SH (Aal: Ala, Pro; Aa2: 
Ala, Leu). The binding of these thiol peptide 
inhibitors to the metalloproteinases is characterized 
first by the coordination of the thiolate group of 
the inhibitor to the catalytic zinc ion and second 
by the subsite interaction of the peptide ligand in 
the active site of the enzyme. All peptide 
derivatives were competitive inhibitors of the zinc 
metalloproteinase thermolysin. The strongest inhi- 
bition was found with Z-Pro-Leu-CA-SH ( K i  = 
30 pM). Substitution of the N-protecting benzylox- 
ycarbonyl residue towards the acetyl group in the 
peptide inhibitor, the inhibition constant decreased 
about 25 times. 

Keywords: Metalloproteinases; Themolysin; Thiol-peptides; 
Inhibitor 

Abbreviations: Ac, acetyl; ACE, angiotensin converting 
enzyme; Agly, azaglycyl; CA, 2-mercaptoethylamine (cystea- 
mine); CP(A,B), carboxypeptidase (A,B); Dh4F, dimethylfor- 
mamide; EAC, ethylamidocarbonyl; FA, furylacryloyl; HNC, 
human neutrophil elastase (MMP-8); ibm, isobutylmalonyl; 
MMP, matrix metalloprotease; NEP, neutral endopeptidase 
(neprilysin); TLN, thermolysin; Z, benzyloxycarbonyl 

INTRODUCTION 

Metalloproteases are involved in different phys- 
iological and pathophysiological processes 
including tissue development, tissue remodeling 
and turnover, in degradation of extracellular 
matrix and basement membranes, regulation of 
blood pressure, wound healing, in degradation 
of proteins and biologically active peptides, 
processing of proenzymes as well as in tumor 
invasion and metastasis, rheumatoid and osteo- 
arthritis, demyelating neuropathies and probable 
other autoimmune diseases.',' Because of these 
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340 K. PETERS er al. 

aspects, investigations of the interactions of 
mammalian and bacterial metal lop rot ease^^ 
with substrate-analogous inhibitors at the mol- 
ecular level are of considerable pathophysiolo- 
gical and pharmacological interest. 

The superfamily of metalloendopeptidases 
type 1, termed as "Metzincins", can be sub- 
divided into four families: matrixins, astacins, 
serralysins and repr~lysins.'~~' Metalloproteases 
of the groups of matrixins (collagenases, gelati- 
nases, stromelysins, matrilysin, metalloelastase, 
enamelysin, membrane-type matrix metallopro- 
t e i n a s e ~ ~ , ~ ' ~ )  and other non-type l-metallo- 
peptidases like meprins,' thermolysin,' 
arninopeptidases:-'' carboxypeptidases'*'2 as 
well as angiotensin converting enzyme (ACE)I3 
are characterized by the presence of an essential 
zinc ion. 

Several types of low molecular weight 
inhibitors are known for these enzymes: amino 

synthetic amino acid and peptidyl 
derivatives like phosphon~amidates, '~-~~ 
h y d r o x a m a t e ~ , ~ ~ # ~ ~ * ~ ~ * ~ ~ - ~ ~  thiol-containing 
c0mp0un~s,856,~3,~~,2~-33 c a r b o ~ y l a t e s ~ - ~ ~  and 
chelating agents. The most potent inhibitors of 
metalloproteases with inhibition constants in the 
nano- and picomolar range were found in the 
classes of peptidyl h y d r o ~ a m a t e s ~ ' - ~ ~  and 

investigations for inactivation of metallopro- 
teases were done with N-(HSacyl) peptides for 
matrix metalloproteinases ( M M P S ) , ~ ~ < " * ~ ~  nepri- 
l y ~ i n , ~ ' , ~ ~  t h e r m ~ l y s i n ' ~ ~ ~ ~ ~ ' ~ ~ ~  and 
Further inhibition studies with thiol-containing 
compounds were described with cysteamine on 
thermoly~in'~ and with non-peptidic cysteine 
derivatives3' and thiol-diketopiperazines on 
matrix meta~~oproteinases?~ 

In contrast to the substrate specificity for 
serine4' and cysteine pro tease^^'^^^ which is 
determined by the interactions at the Ssubsites 
of the active center, the specificity of metallopro- 
teases mainly depends on the affinity of the 
prime subsites, especially Sl'. Therefore, the 
most effective peptide hydroxamates, thiols and 

phosphonoamidate Many 

carboxylates have their functional group at the 
N-terminus of the peptide chain and are bound 
to the S'-site of the active site.16t31 Nevertheless, 
peptidyl derivatives with a hydroxamate group 
at the C-terminus of the peptide chain are also 
bound by metalloproteinases with a large 
inhibitory effect.23 However, analogous peptidyl 
thiol inhibitors for thermolysin with the thiol 
group at the C-terminus have not as yet been 
described. On the other hand, thiol derivatives of 
leucine, ly~ine','~ and ~henylalanine~~ were 
found to be very potent inhibitors of exopepti- 
dases containing zinc. 

An often used model enzyme for metallopro- 
teases is thermolysin (EC 3.4.24.4), a thermostable 
peptide hydrolase from Bacillus thermoproteolyti- 
cus? Thermolysin contains one zinc ion required 
for activity4 and four calcium ions, which are 
necessary for thermostability4 The enzyme pre- 
ferably hydrolyzes peptides with hydrophobic 
amino acids such as leucine, isoleucine and 
phenylalanine in the P1'-position?6 

Therefore, we have synthesized substrate-like 
peptidyl inhibitors with a C-terminal thiol group, 
which would be directed to the catalytic site as 
well as to the binding site of metalloproteinases. 
Here, we report the synthesis of the N-protected 
dipeptidyl cysteamides Ac-Ala-Ala-CA-SH and 
Z-Aal-Aa2-CA-SH (Aal: Ma, Pro; Aa2: Ala, Leu) 
and their inhibitory activities towards thermolysin. 

MATERIALS AND METHODS 

Thermolysin with a protein content of 52% 
(A;; = 17.6)47 was obtained from Sigma (Sig- 
ma/Aldrich, Deisenhofen, Germany) as a crys- 
tallized and lyophilized powder. The substrate 
FA-Gly-Leu-NH2 as well as the peptides 
Ac-Ala2-OH, Z-Ala2-OH, Z-Pro-Ala-OH, Z-Pro- 
Leu-OH and Z-Ala-Leu-OH were purchased 
from Bachem (Heidelberg, Germany), cystea- 
mine hydrochloride and ethyl isocyanate were 
obtained from Fluka (Sigma/Aldrich, Deisenho- 
fen, Germany). 
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THIOL-PEPTIDES AS METALLOPROTEINASE INHIBITORS 341 

Synthesis 

Analytical Instruments 

The purity of the synthesized products was 
checked by (a) thin-layer chromatography (TLC 
aluminium sheets, silica gel 60, from Merck, 
Darmstadt, Germany), using the following solvent 
systems: system 1, sec. butanol:3% ammonia 
(100:44); system 2, n-butanolacetic acid:water 
(4l:l); system 3, that is CHC13:CH30H (73); 
system 4, CHC13:CH30H (9:l) and system 5, 
CHCl3:CH3OH (191), and (b) HPLC (gradient 
system, from Bischoff, Leonberg, Germany), using 
a Nucleosil RP-18 column (5 pm, 250 x 4 mm) and 
the solvent system acetonitrile/water/O.l% tri- 
fluoroacetic acid. Only products with a purity of 
298% were used for further synthesis and for 
inhibition studies, respectively. Semipreparative 
HPLC was carried out with an Impaq RP-18 
column (10pm,250X8mm) using the solvent 
system acetonitrile/water. Silica gel 60 (from 
Merck, Darmstadt, Germany) in a 30Ox20mm 
glass column and a mixture of chloroform and 
methanol were used for preparative silica gel 
chromatography. 

Mass spectra were obtained on an ESI-mass 
spectrometer LCQ (from Finnigan Mat, USA). 
Elemental analysis were performed on a LECO- 
932 (CHNS; from Leco, USA) and a VAN0 EL 
(CHN; from Elementar, Hanau, Germany), 
respectively. 'H-NMR spectra were recorded on a 
Gemini 2000 spectrometer (400 MHz; from Varian, 
USA). DMSO-4 was used as solvent for all 
compounds, tetramethyl silane as internal stan- 
dard. Questionable assignments of signals were 
decided by aid of H,H€OSY spectra. The kinetic 
measurements were conducted on a Beckman 
spectrophotometer DU 7500 using a sixfold 
cuvette holder at a constant temperature of 22°C. 

S-Ethylamidocarbonyl Cysteamine 
Hydrochloride 1CA-S-EAC. HCl, 11 

Following the synthesis of Cys(EAC)-OH,4* to 
dried cysteamine hydrochloride (12.53 g, 

110mmol) dissolved in 100ml DMF, ethyl 
isocyanate (10 ml, 127 mmol) was added with 
stirring and cooling in an ice bath over 10min. 
After stirring for 70 h at room temperature, the 
reaction mixture was concentrated in vucuo. The 
pale yellow oil was digested with ether to give 
a crystalline product, which was dissolved in 
120ml water (pH 5.0) and three times extracted 
with ether. The aqueous phase was evaporated 
in vucuo, and the solid white product crystal- 
lized from ethanol/ether to give white crystals. 
Yield: 135g, 66%; m-p.: 125-130°C; TLC system 1, 
Rf = 0.61; system 2, Rf = 0.57. Calcd. for 
C&IDN~SO (CA-S-EAC): mol.wt 148.22. Found 
(ESI-MS): m/e 149.0 (M+H)'. Calcd. for C&I1&CXl 

17.36. Found: C, 32.48; H, 7.40; N, 14.82; S, 
17.56%. 'H-NMR (DMSO-d6): G(ppm) = 8.30 (s, 

(m, 2H, EAC-CH,); 2.98 (t, 2H, CA-CHzN); 2.91 

Compound 1 was coupled equimolar (in 
amounts of lmmol) with the N-terminal pro- 
tected dipeptides Ac-Ala2-OH, Z-Ala2-OH, 
Z-Pro-Ala-OH, Z-Pro-Leu-OH, and Z-Ala-Leu- 
OH, respectively, using the mixed anhydride 
method, to give the products 2-6. 

(H-CA-EAC. Ha):  C, 32.52; H, 7.10; N, 15.17; S, 

lH, EAC-NH); 8.01 (s, 3H, CA-NH,'); 3.06-3.17 

(t, 2H, CA-CH2S); 1.01 (t, 3H, EAC-CH3). 

Acetyl-dialany l-S-ethy lamidocarbon y 1 
Cysteamide [Ac-Ala(2)-Ala(l)-CA-S-EAC, 21 

The crude product was crystallized from etha- 
nol/water to give small white needles. Yield: 
278mg, 82%; m.p.: 240-250°C; TLC: system 3, 
Rf = 0.85; system 4, Rf = 0.27. Calcd. for 
C13H24N4S04: mol.wt. 332.43. Found (ESI-MS): 
m/e 355.3 (M+Na)+. Calcd. for C13H2$\T4S04: C, 
46.97; H, 7.28; N, 16.85; S, 9.65. Found: C, 47.01; 
H, 7.28; N, 16.55; S, 9.72%. 'H-NMR (DMSO-d6): 
qppm) = 8.12 (t, lH, EAC-NH); 8.02 (d, lH, 
Ala(2)-NH); 7.95 (t, lH, CA-NH); 7.88 (d, lH, 
Ala(1)-NH); 4.16-4.24 (m, 2H, Ala(2)-CH+A- 
la(1)-CH); 3.09-3.25 (m, [4H]*), CA-CHzN+EAC- 
CH,); 2.78-2.88 (m, 2H, CA-CHzS); 1.82 (s, 3H, 
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342 K. PETERS et al. 

Ac-CH3); 1.19/1.17 (d/d, 6H, Ala(2)-CH3+ 
Ala(1)-CH3); 1.01 (t, 3H, EAC-CH3). 

Benzyloxycarbonyl-dialanyl-S- 
ethylamidocarbonyl Cysteamide 
fZ-Ala(2)-Ala(l)-CA-S-EAC, 31 

The crude product was dissolved in DMF and 
precipitated with water to give a white powder. 
Yield: 293mg, 69%; m.p.: 172-178°C; TLC: 
system 4, Rf = 0.62; system 5, Rf = 0.31. Calcd. 
for C1&28N4S05: mol.wt. 424.52. Found (ESI- 
MS): m/e 447.2 (M+Na)+. Calcd. for 
c19H28N4so5: C, 53.76; HI 6.65; N, 13.20; S, 7.55. 
Found: C, 54.04; H, 6.69; N, 12.94; S, 7.55%. 
'H-NMR (DMSO-db): S(ppm) = 8.13 (t, IH, EAC- 
NH); 8.00 (t, lH, CA-NH); 7.88 (d, lH, 
Ala(1)-NH); 7.44 (d, lH, Ala(2)-NH); 7.30-7.38 
(m, 5H, Z-C6H5); 4.95-5.07 (m, w, Z-CH,); 4.19 
(m, lH, Ala(1)-CH); 4.03 (m, lH, Ala(2)-CH); 
3.07-3.30 (m, [4H]*), CA-CH,N+EAC-CH,); 
2.78-2.88 (m, 2H, CA-CHzS); 1.18/1.17 (d/d, 
6H, Ala(1)-CH3+Ala(2)-CH,); 1.00 (t, 3H, EAC- 
CH3). 

Benzyloxycarbonyl-prolyl-alany1-S- 
ethylamidocarbonyl Cysteamide [Z-Pro-Ala- 
CA-S-EAC, 41 

The crude product was twice recrystallized from 
ethanol/water to give small white needles. Yield: 
251mg, 66%; m.p.: 100-104°C; TLC: system 4, 
Rf =0.67; system 5, Rf = 0.39. Calcd. for 
C21H30N4S05: mol.wt, 450.56. Found (ESI-MS): 
m/e 473.3 (M+Na)'. Calcd. for C21H3&&05: C, 
55.98; H, 6.71; N, 12.43; S, 7.12. Found: C, 55.79; 

G(ppm) = 8.12 (t, lH, EAC-NH); 8.03/7.98/7.89 
(dd/t/t, W, Ala-NH,+Ala-NHb+CA-NHa+CA- 
NHbt); 7.20-7.40 (m, 5H, Z-c,H5); 4.90-5.15 (m, 

H, 6.80; N, 11.83; S, 7.23%. 'H-NMR (DMSO-d6): 

2H, Z-CH,); 4.13-4.30 (m, 2H, Pro-CH+Ala-CH); 
3.04-3.52 (m, [6H]*, CA-CH2N+EAC-CH2+Pro- 
SCH,); 2.78-2.90 (m, 2H, CA-CHZS); 1.68-2.20 
(m, 4H, Pro-PCH2+Pro-$H2); 1.19 / 1.06/ 1.00 
(d/d/t, 6H, Ala-CH3,+AlaCH3bt+EAC-CH3). 

Benz yloxycarbon yl-prolyl-leucy l-S- 
ethylamidocarbonyl Cysteamide fZ-Pro-Leu- 
CA-S-EAC, 51 

The crude product was dissolved in a small 
amount of ethanol and precipitated with water, 
followed by recrystallisation from ethanol/water 
to give small white needles. Yield 374mg, 76%; 
m.p.: 135-138°C; TLC: system 5, Rf = 0.53; 
system 6, Rf = 0.31. Calcd. for C Z ~ H ~ ~ N ~ S O ~ :  
mol.wt. 492.64. Found (ESI-MS): m/e 515.4 
(M+Na)'.Calcd. for C24H3&4S05: C, 58.51; H, 
7.37; N, 11.37; S, 6.51. Found: C, 58.68; H, 7.37; N, 
11.21; S, 6.51%. 'H-NMR (DMSO-d6): S(ppm) = 

d/t, 2H, CA-NHa+Leu-NH,+Leu-NHb+CA- 
NHbt); 7.20-7.40 (m, 5H, ZX6H5); 4.87-5.15 
(m, 2H, Z-CH,); 4.15-4.33 (m, 2H, Pro-CH+Leu- 
aCH); 3.02-3.54 (m, [6H]*), CA-CH,N+EAC- 
CH2+Pro-SCH2); 2.75-2.90 (m, 2H, CA-CH,S); 
1.72-2.20 (m, 4H, Pro-fiCH2+Pro-KH); 1.26- 
1.68 (m, 3H, Leu-PCH,+Leu-$H); 1.00 (t, 3H, 

Leu-CH3,+Leu-CH3bt). 

8.12 (t, lH, EAC-NH); 8.03/7.98/7.96/7.90 (t/d/ 

EAC-CH3); 0.86/0.81/ 0.76/0.72 (d/d/d/d, 6H, 

Benzyloxycarbonyl-alanyl-leucyl-S- 
ethylarnidocarbonyl Cysteamide 1Z-Ala-Leu- 
CA-S-EAC, 61 

The crude product was crystallized from etha- 
nol/water, passed down a semipreparative 
HPLC column (CH3CN : H20 = 35 : 65) and 
crystallized from acetonitrile/water to give 
small white needles. Yield: 243mg, 52%; m.p.: 

*signals between 3.37 and 3.47ppm are overlayed by the water signal. 
tThe indices a and b are indicating different conformeres due to the &/trans isomerie of proline. According to the integrals of 

separate signals, the ratio of the isomers is about 45:55. 
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THIOL-PEIPTIDES AS METALLOPROTEINASE INHIBlTORS 343 

177-179°C; TLC: system 4, Rf = 0.81; system 5, 
Rf = 0.47. Calcd. for C22H34N4S05: mol. wt. 
466.60. Found (ESI-MS): m/e 489.3 (M+Na)+. 
Calcd. for CZ2HuN4SO5: C, 56.63; H, 7.34; N, 
12.01; S, 6.87. Found: C, 56.68; H, 6/97; N, 11.50; S, 
6.78%. 'H-NMR (DMSO-d6): G(ppm) = 8.12 (t, 

Leu-NH); 7.43 (d, lH, Ala-NH); 7.25-7.38 (m, 
5H, Z-C,H,); 4.95-5.05 (m, 2H, Z-CH2); 4.22 (m, 
lH, Leu-dH); 4.04 (m, lH, Ala-CH); 3.05-3.37 
(m, [4H]*, CA-CH2N+EAC-CH2); 2,78-2.88 (m, 
W, CA-CHzS); 1.32-1.67 (m, 3H, Leu-PCH2+ 
Leu-SH); 1.18 (d, 3H, Ala-CH,); 1.01 (t, 3H, 
EAC-CH,); 0.86/0.82 (d/d, 6H, Leu-CH3). 

The Sprotected peptidyl cysteamides 2-6 
were treated as follows to give the free thiol- 
peptides 7-11: 

To 0.5 mmol EAC-compound dissolved in 
100ml isopropanol (in the case of 2 in 20% 
isopropanol in water), 100ml 1N NaOH was 
added. The reaction mixture was stirred under 
argon atmosphere at room temperature. Free 
hi01 groups could be identified with sodium- 
pentacyanonitrosyl-ferrat (nitroprusside 
sodium).49 After 30min, the pH was adjusted 
to 4.5-5.0 with 2.5N HC1 and the solvent 
was evaporated in V ~ C U O  to give a crude 
product. The thiol-peptides were strictly handled 
under inert gas during the purification 
procedures. 

lH, EAC-NH); 8.04 (t, lH, CA-NH); 7.78 (d, lH, 

Acetyl-dialanyl Cysteamide 
[Ac-Ala(2)-A1a(l)-CA-SHr 71 

The crude product was extracted three times 
with dry ethanol. The ethanol was removed in 
vucuo and the product was put in succession 
down a silica gel column (CHC13 : CH30H = 7 : 
3) and a semipreparative HPLC column 
(CH3CN : H20 = 5 : 95). The solvent was evap- 
orated and the solid residue was treated with 
ether to yield a white powder. Yield: 44 mg, 34%; 
m.p.: 250-255°C; TLC: system 3, Rf = 0.87; 
system 4, Rf = 0,32. Calcd. for C I O H I ~ N ~ S ~ ~ :  

mol.wt. 261.35. Found (ESI-MS): m/e 284.3 
(M+Na)'. Calcd. for CI0Hl9N3SO3: C, 45.96; H, 
7.33; N, 16.08; S,  12.27. Found: C, 45.58; H, 7.03; 
N, 15.32; s, 11.99%. 'H-NMR (DMSO-d6): 
G(ppm) = 8.04/7.93/7.88 (d/d/t, 3H, Ala(2)-N- 
H+Ala(l)-NH+CA-NH); 4.16-4.24 (m, 2H, 
Ala(2)-CH+Ala(l)-CH); 3.25-3.38 (m, [2H]*, 
CA-CHzN); 3.17-3.22 (m, ZH, CA-CH2S); 2.34 

(d/d, 6H, Ala(2)-CH3+Ala(l)-CH3). 
(t, lH, CA-SH); 1.82 (s, 3H, AC-CH,); 1.19/1.17 

Benzyloxycarbonyl-dialanyl Cysteamide 
[Z-A la(2)-A la (1)- CA-SH, 81 

The crude product suspended in water was three 
times extracted with ethyl acetate and the solvent 
was evaporated. The product was twice passed 
down a semipreparative HPLC column 
(CH3CN : H20 = 25 : 75) and finally lyophilized 
to give a white powder. Yield: 21.2mg, 12%; m.p.: 
210-215°C; TLC: system 4, Rf = 0.86; system 5, 
Rf = 0.61; Calcd. for C ~ ~ H Z ~ N ~ S O ~ :  mol.wt. 
353.44. Found (ESI-MS): m/e 376.2 (M+Na)+. 
Calcd. for C16H23N3S04: C, 54.37; H, 6.56; N, 
11.89; S, 9.07. Found: C, 53.97; H, 6.56; N, 11.25; S, 
9.11%. 'H-NMR (DMSO-d6): S(ppm) = 7.98-8.00 
(m, 2H, CA-NH+Ala(l)-NH); 7.45 (d, lH, 
Ala(2)-NH); 7.30-7.35 (m, 5H, Z-C6H5); 4.95- 
5.07 (m, 2H, Z-CH,); 4.20 (m, lH, Ala(1)-CH); 
4.03 (m, 2H, Ala(2)-CH); 3.25-3.35 (m, [2H]*, CA- 
CH2N); 3.17-3.22 (m, 2H, CA-CH2S); 2.34 (t, lH, 
CA-SH); 1.19 (d/d, 6H, Ala(1)-CH3+Ala(2)-CH3). 

Benzyloxycarbonyl-prolyl-alanyl Cysteamide 
[Z-Pro-Ala-CA-SH, 91 

The crude product was distributed between 
water and ethyl acetate. Then, the ethyl acetate 
layer was washed with water to neutral pH. 
After evaporation of the ethyl acetate in vacuo, 9 
was passed down a semipreparative HPLC 
column (CH3CN : H20 = 28 : 72). After evapor- 
ation of the acetonitrile, the product was 
lyophilized and than treated with ether to give 
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344 K. PETERS et al. 

a white, hygroscopic powder. Yield: 131 mg, 69%; 
m.p.: 138-141°C; TLC: system 4, Rf=0.74; 
system 5, Rf = 0.53. Calcd. for C I ~ H ~ ~ N ~ S O ~ :  
mol.wt. 379.48. Found (ESI-MS): m/e 402.4 
(M+Na)+, Z = 60; 780.8 (M2+Na)+, I = 100. 
'H-NMR (DMSO-d6): &ppm) = 8.07 (d/d, lH, 
Ala-NH,+Ala-NHbt); 7.94/7.83 (t/t, lH, CA- 

4.90-5.15 (m, W, Z-CH,); 4.15-4.30 (m, 2H, 
Pro-CH+Ala-CH); 3.10-3.50 (m, [6H]*, CA- 
CH2N+CA-CH2S+Pro-KH2); 2.28-2.38 (m, lH, 
CA-SH,+CA-SHbt); 1.70-2.20 (m, 4H, Pro- 
/3CH2+Pro-$H2); 1.21/1.08 (d/d, 3H, Ala- 
CH3,+Ala-CH3b t ) . 

NH,+CA-NHbt); 7.24-7.40 (m, 5H, Z-CbH,); 

Benzyloxycarbonyl-prolyl-leucyl Cysteamide 
[Z-Pro-Leu-CA-SH, 101 

The crude product was distributed between 
water and ethyl acetate. Then, the ethyl acetate 
layer was washed with water to neutral pH. 
After evaporation of the ethyl acetate in vucuo, 10 
was crystallized from ethanol/water and then 
passed down a semipreparative HPLC column 
(CH3CN : H20 = 34 : 66). Finally, 10 was crystal- 
lized from acetonitrile/water to give small white 
needles. Yield: 101 mg, 48%; m.p.: 91-93°C; TLC: 
system 5, Rf = 0.74; system 6, Rf = 0.54. Calcd. 
for C Z ~ H ~ ~ N ~ S O ~ :  mol.wt. 421.56. Found (ESI- 
MS): m/e 444.4 (M+Na)+, I =  60; 864.9 
(M2+Na)+, I =  100. Calcd. for CZ1H31N3SO4: C, 
59.83; H, 7.41; N, 9.97; S, 7.61. Found C, 59.32; H, 
7.30; N, 9.54; s, 7.62%. ' H - W  (DMSO-d6): 
S(ppm) = 7.95-8.08/7.85 (m/t, 2H, CA-NH,+ 
Leu-NH,+Leu-N&+CA-NHbt); 7.20-7.42 (m, 
5H, Z-C6H5); 4.87-5.15 (m, 2H, Z-CH,); 4.15- 
4.33 (m, 2H, Pro-CH+Leu-KH); 3.02-3.54 (m, 
[ 6H] *, CA-CH2N+CA-CHZS+Pro- SCH,); 2.25 - 
2.38 (m, lH, CA-SH,+CA-SHb-k); 1.72-2.22 (m, 
4H, Pro-/?CH2+Pro-$H2); 1.25-1.68 (m, 3H, 
Leu-KH,+Leu-$H); 0.87/0.82/0.77/0.73 (d/ 
d/d/d, 6H, Leu-CH3,+LeuCH3bt). 

Benzyloxycarbonyl-alanyl-leucyl Cysteamide 
[Z-Ala-Leu-CA-SH, 331 

The crude product was treated as described for 
10 (semipreparative HPLC with solvent 
CH3CN : H20 = 28 : 72). Yield: 111 mg (small 
white needles), 56%; m.p.: 167-170°C; TLC: 
system 4, Rf = 0.89; system 5, Rf = 0.66. Calcd. 
for C I ~ H ~ ~ N ~ S O ~ :  mol.wt. 395.52. Found (ESI- 
MS): m/e 418.3 (M+Na)+, I =  70; 812.9 
(MZ+Na)+, Z = 100. Calcd. for CI9Hz9N3SO4: C, 
57.70; H, 7.39; N, 10.02; S, 8.11. Found: C, 57.33; 
H, 6.92; N, 10.13; S, 7.92%. 'H-NMR (DMSO-d6): 
S(ppm) = 7.98 (t, lH, CA-NH); 7.83 (d, lH, Leu- 
NH); 7.44 (d, lH, Ala-NH); 7.25-7.40 (m, 5H, 
Z-C&15); 4.93-5.07 (m, 2H, Z-CH,); 4.24 (m, lH, 
Leu-KH); 4.03 (m, lH, Ala-CH); 3.10-3.45 (m, 

SH); 1.38-1.65 (m, 3H, Leu-KHp+Leu-$H); 
1.18 (d, 3H, Ala-CH3); 0.86/0.82 (d/d, 6H, Leu- 

[4H]*, CA-CH,N+CA-CH,S); 2.32 (t, lH, CA- 

(333). 

Kinetic Measurements 

Stock solutions of enzyme, substrate and inhibi- 
tors were made as follows. The commercial 
enzyme preparation was dissolved in Tris/HCl 
buffer (0.1 M, pH 7.5) containing NaCl (0.3 M) 
and CaC1, (10 mM) with a concentration of about 
1.0 mg protein/ml. The substrate FA-Gly-Leu- 
NH2 was dissolved in DMF and diluted with the 
buffer to a concentration of 3.2mM (DMF 
concentration, 2%). The inhibitors were dis- 
solved in pure DMF. The determination of the 
inhibition constant was based on a set of 20 
assays for each inhibitor. The enzymatic hydroly- 
sis of the substrate was monitored for 5min by 
following the decrease in absorbance at A =  
345 nm for four different substrate concentrations 
(0.4, 0.6, 0.8, l.0mM) in combination with five 
different inhibitor concentrations. The enzyme 
concentration was about 10 pg protein/ml 
([S]%[E]) for each assay. Each assay was 
performed three times; the average value was 
used for graphic analysis. Because of the more or 
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TABLE I Peptidyl cysteamides as inhibitors of thermolysin 

Inhibitor no. 

10 
9 
8 
11 
7 

5 
2 

Inhibitor 

Z-Pro-Leu-CA-SH 
Z-Pro-Ala-CA-SH 
Z-Ma-Ma-CA-SH 
Z-Ala-Leu-CA-SH 
Ac- Ala- Ala-CA-SH 
Cysteamine 
Z-Pro-Leu-CA-SEAC 
Ac- Ala- Ala-CA-S-EAC 

Ki (IJW 

3026 
70t13 

150t29 
2300t690 
4000t590 
6502115 

No inhibition 
No inhibition 

DMF (Yo)* 

2.2 
2.2 
3.75 
8.12 
2.2 
2.2 
2.2 
2.2 

“Nessesary concentration of the organic solvent for solubility of the inhibitor in the enzymatic assay. 

less limited solubility of the inhibitors, different 
concentrations of DMF (2.2 to 8.12 YO) in the 
assays was required (Table I). The data were 
analyzed by Dixon plots and, to confirm the 
competitive nature of the inhibition, by Line- 
weaver-Burk plots. The slopes of the straight 
lines obtained in the Dixon plot were replotted 
against inhibitor concentration to obtain the 
inhibition constant (Ki) from the horizontal 
intercept. In the case of the Lineweaver-Burk 
plots, l /Ki  could be obtained from the point of 
intersection of the straight lines. Each Ki value 
was determined twice; the average value is given 
in Table I. 

RESULTS AND DISCUSSION 

Zinc metalloproteases are, beside other pro- 
teases, responsible for protein degradation in 
different physiological and pathophysiological 
processes. In the most cases, these enzymes are 
not commercially available in large amounts and 
are also expensive. Therefore, thermolysin was 
often used as a model enzyme for inhibition 
studies although the binding of substrate- 
analogous inhibitors in thermolysin may be 
something different from the binding in other 
metallopr~teinases.~~ 

Thermolysin (EC 3.4.24.4) is a thermostable 
and a catalytic Zn2+-containing endopeptidaseu 
secreted from Bacillus thermoprotolyticuss and has 
a well-known three-dimensional structure.’6 Its 
primary specificity is governed by the S1’ subsite 

(nomenclature according to Schechter and Ber- 
ger5’), which prefers to bind large hydrophobic 
amino acid residues:’ tolerates small D-amino 
acids23 but excludes proline residues.46 S2‘ shows 
also a significant preference for hydrophobic 
amino acid residues but not to such an extent as 
SK5’ Proline residues, equally whether in the D- 
or L-configuration, are not accepted by S2’.52 S3’ 
has a low but slightly hydrophobic specificity 
leading to only weak interactions between S3’ 
and P3’; for instance D-amino acids are well 
accepted?’ S1 also favors hydrophobic inter- 
actions, but the restrictions are not so strong as 
for Sl’. However, D-amino acids in P1 lead to 
competitive inhibition. The strength of influence 
of S2 to the substrate specificity is comparable to 
that of S2’. Small hydrophobic residues are 
bound weaker than large residues, but the 
differences are smaller as in the case of S1. S3 
seems to be situated near the surface of the 
protein and has a very weak specificity, which 
includes nearly no stereospecificity?’ 

For thermolysin, a large number of inhibitors 
have been found and enzyme-ligand complexes 
characterized.16 Thiol-peptides with the SH- 
group at the C-terminus of the peptide chain 
are not among them. 

Inhibitors of metalloproteases like thermolysin 
have to fullfill two conditions: (a) a functional 
group, which is able to coordinate the zinc ion, 
and @) a peptide sequence, which corresponds 
to the subsite specificity. Therefore, we have 
synthesized N-protected peptidyl cysteamides 
by coupling of Sprotected cysteamine with 
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1 A S-Ethylamidocarbonyl cysteamine hydrochloride (CA-S-EAC. HCI) 

HCI 

IB: Synthesis of peptidyl cysteamides 

All: Ah, Pro 
Aaz: Ala, Leu 

k Z 
12 

FIGURE 1 
Synthesis of peptidyl cysteamides. 

Synthesis of thiol-peptide inhibitors. (1A) SEthylamidocarbonyl cysteamine hydrochloride (CA-SEAC HC1) (18) 

different benzyloxycarbonyl and acetyl dipep- 
tide acids using the mixed anhydride method, 
followed by deprotection of the C-terminal thiol 
group (Fig. 1). We decided on the ethylamido- 
carbonyl group as thiol protecting group, since it 
has proved to be a very effective 
S-Ethylamidocarbonyl cysteamine hydrochlo- 
ride (CA-SEAC. HCl, 1) was synthesized by 
reaction of cysteamine hydrochloride with ethyl 
isocyanate& (Fig. 1A). Then, CA-SEAC. HCl 
was coupled to the Z- or Ac-dipeptide acids, 
using the mixed anhydride method again, to 
yield the SEAC-protected thiol ethyl amide 
dipeptides 2-6 (Fig. 1B). In the following step, 
the EAC group was removed with NaOH to yield 
the peptidyl thiolate sodium salts, which could 
be converted with HCl into the C-terminal free 
thiol-peptides 7-11. To suppress oxidation of the 
thiol-peptides to the more stable disulfides 12, 

the peptide derivatives 7-11 were strictly 
handled in an argon atmosphere during the 
deprotection and purification procedures. 

The SEAC-protected peptides 2-6 do not act 
as inhibitors of thermolysin indicating, that an 
inhibitor needs a free thiol/thiolate group for 
interacting with the catalytic zinc ion of the 
metalloprotease. 

The thiol-containing peptide inhibitors as well 
as their inhibition constants for thermolysin in 
comparison to the Ki value of the pure 
cysteamine are summarized in Table I. At pH 
7.5 used in the measurements the SH group of 
the inhibitors appears in the thiolate form. It is 
assumed that the thiolate group is bound to the 
catalytic zinc ion and the peptidyl chain to the 
Ssubsites of the active center in accord with the 
crystal structure studies with Sf-oriented thiol- 
l i g a n d ~ . ~ ~  For our inhibitors, the interactions of 
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the cysteamine in P1 of the peptide ligands with 
the thermolysin subsite S1 should be, because of 
the lacking side chain in cysteamine, negligible. 
Therefore, the binding of the inhibitor to 
thermolysin should mainly be governed by the 
P2/S2, followed by the P3/S3, and possibly the 
P4/9 interactions. 

Z-Pro-Leu-CA-SH (10) with a Ki of 30 pM was 
found to be the most effective inhibitor (Table I). 
When the amino acid leucine in P2 position 
was substituted with alanine, the Ki was 
increased to 70pM. Replacing the proline by 
alanine led to Z-Ala-Leu-CA-SH (11) with 
an inhibition potency about 75 times lower. 
This means that both subsites, 52 and S3, 
prefer more hydrophobic amino acids as 
ligands. Comparing the inhibition constants 
of Ac-Ala2-CA-SH (7) and Z-Ma2-CA-SH (8), it 
is additionally shown, that the voluminous 
hydrophobic benzyloxycarbonyl residue in P4 
is about 25 times more tightly bound than 
the small acetyl residue. Our results agree with 
those of other a ~ t h o r s ~ l , ~ ~  resulting from inves- 
tigations with different synthetic substrates. 
However, the differences of the Ki values for 7 
and 8 as well as for 10 and 11 are somewhat 

In comparison to the thiol-peptides, the small 
molecule cysteamine is already able to inactivate 
thermolysin in a substrate-unspecifical manner 
with a reasonable Ki value of 650pM (Table I) 
comparable with a Ki of 700 pM14 found earlier. 
All our results are also in good agreement with 
the micromolar inactivation range of the thiol 
inhibitors described for collagenases." 

The ranking of the inhibition constants found 
seems to support our thesis that the thiol-peptides 
are bound to the Ssite of the active site of 
thermolysin. However, certainty can only be 
provided by X-ray investigations and "unusual" 
binding of the inhibitors like that described by 
Gaucher et aL31 and Roedern et ~ 1 . ~ ~  or inverse 
binding at the prime site mentioned by Nishino 
and Powers" for Z-Gly-Gly-Leu-NHOH cannot 
be excluded at this point. 

surprising. 

In comparison to the thiol-peptides syn- 
thesized, N-terminal thiol-containing peptide 
derivatives exhibit a stronger inhibitory effect if 
the peptide chain is adapted to the specificity of 
the prime site subsites. Gaucher et aL3' have 
reviewed a number of HSacyl compounds for 
their Ki values on thermolysin and their 
recognition mode of the enzyme. From this 
paper, it could be very clearly derived that the 
recognition mode decisively influences inhibi- 
tory potency. If the amino acid residues of the 
peptide inhibitor in P1' and P2' have strong 
hydrophobic properties, then P1' interacts with 
subsite S1 of thermolysin and the side chain of 
P2' with S1' according to the pronounced 
hydrophobic specificity of both enzyme subsites 
(Fig. 2). In this case, the HSacyl inhibitor 
develops a bidentate coordination to the zinc 
ion (the sulfur and the oxygen of the €25-acyl 
function being coordinated to the metal ion). 
This kind of "unusual" binding is the reason 
for lower Ki values (on thermolysin in the range 
of lO-'M) in comparison to "usually"-bound 
HSacyl peptides behaving as monodentate 
ligands (Ki values in the range of 10-6M)?1 
Figure 2 shows the enzyme-inhibitor inter- 
actions assumed for our C-terminal thiol- 
peptide inhibitors in comparison to those for 
the N-terminal thiol peptides considering the 
different recognition modes. 

Tight-binding thiol-peptide inhibitors fitting to 
the prime site of the active center with inhibition 
constants in the nanomolar range were also 
found for metalloproteases other than thermo- 
lysin. Some examples are given in Table II. H S  
(3-Phenyl)-propanoyl-Phe-Ala-OH, one of the 
strongest thiol-inhibitors of thermolysin known, 
interacts with the subsites S1, Sl', and S2' of the 
active site and inhibits the enzyme with a Ki of 
19 nM?' whereas the most potent monodentate- 
coordinating inhibitor ever described, HS- 
(2-benzyl)-propanoyl-Ala-Gly-NH2, has a Ki of 
750 nM.I9 

Except for the thiol group, other effective 
Zn'+-coordinating groups are hydroxamates 
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S2' I THERMOLYSIN 
s1 

" 2 R 
R I 

P2 p1 I I P1' P2' P3' 
! 

Ligand 

S 

inhibitor 
typc 

A 

B 

C 

FIGURE 2 Schematic illustration demonstrating the enzyme-ligand interactions of different thermolysin inhibitors with 
substrate-analogous structure. S p  tidy1 chain of the ligand; inhibitor typs: A, Z-Pro-Leu-CA-SH (10, this paper); B, H S  
(2-ben~yl)-propanoyl-Ala-Gly-NI-I~~~ C, HS-(3-phenyl)-propan0yl-Phe-Ala-OH;[~~~ D, HONH-benzylmalonyl-Ala-Gly-OH.[211 

and phosphoramidates. Quantum-chemical cal- 
culation~~* have proved that only the hydro- 
xamate group exhibits a stronger binding to 
the metal ion than the thiolate group. 
However, the most potent among all reported 
inhibitors of thermolysin is the phosphorami- 
date derivative Z-Phep-Leu-Ala-OH, a slow 
binding transition state analogue inhibitor with 
a Ki of 68pM and a first order rate constant 
kinact of 6.8 X 10-8/s.16t18~55 Peptide-coupled 
hydroxamate~~**~~ inhibit thermolysin in both 
situations, whether the functional group is 
bound at the C- or at the N-terminus of the 

peptide chain, with Ki values in the micro- 
molar range. In general, according to the 
importance of the different subsites for the 
binding of ligands to metalloproteases, N-term- 
inal hydroxamates are somewhat stronger 
inhibitors than C-terminal ones. The most 
effective hydroxamate inhibitor of thermolysin 
is with an N-terminal orientation of the 
functional group, HO-NH-ibm-Ala-Gly-NH2 
(Ki = 0.48 FM) and with the hydroxamate in 
the C-terminal position, Z-Agly-Leu-NH-OH 
(Ki = 2.7 pM).19p21 It should be noted, that at 
pH 7-8, the optimal pH for catalytic activity of 
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TABLE II Comparison of the inactivation of zinc metalloproteases by thiol-inhibitors 

Inhibitor 

cystearnine 
mercaptoethanol-2 

HS-(2-benzy1)-propanoyl-Ala-Gly-NH2 
HS-(3-phenyl)-propanoyl-Phe-Ala-OH 
HS-(3-phenyl)-propanoyl-Phe-Tp-OH 
HS(3-phenyl)-propanoyl-Phe-Ala-OH 
HS-(3-phenyl)-propanoyl-(5’-Ph)-Pro-OH 
HS-(2-benzy1)-propanoyl-Ala-Gly-NH2 
HS-(2-ibu)-propano yl-Leu-G1 y-OEt 
HS-diketopiperazine 
HS-diketopiperazine 
HS-diketopiperazine 
HS-(3-phenyl)-propanoyl-Ala-Prc-OH 
HS-propiona te-3 
HS-propionate-3 

(S)-thiorphan 

Enzyme 

TLN 
TLN 
TLN 
TLN 
TLN 
NEP 
NEP 
NEP 
MMP-8 (HNC) 
MMP-1 
MMP-1 
MMP-3 
MMP-9 
ACE 
CPA 
CPB 

Xi (ILM) Reference 

700 14 
1000 19 

1.6 31 
0.75 19 
0.019 31 
0.0029 28 
0.0023 31 
0.0016 29 
1.2 23 
1.3, 54 
0.03* 39 
3.8, 39 
0.079* 39 
0.0003 31 

18 17 
71 17 

* ICs0 value 

thermolysin, the reactive hydroxamate group 
of the inhibitor is deprotonated and in the cis- 
configuration. This is a precondition for 
hydroxamates to be able to act as bidentate 
donors to the metal ion like phosphoramidates 
and thiolates in “unusual” binding. 

In conclusion, a new class of C-terminal-acting 
thermolysin inhibitors, which are able to coordi- 
nate the catalytic zinc ion by a thiolate group 
have been synthesized and characterized in this 
work. The described compounds should open 
the way for design of new pharmacologically 
active compounds inhibiting inflammation, 
degradation of extracellular matrix and other 
pathological processes. 
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