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each compound, except that inactive compounds were generally 
examined only twice. In assays performed at 30 °C, magnesi
um-free glutamate was used, the final MgCl2 concentration was 
0.25 mM, and both the preincubation without GTP and the 
incubation in the spectrophotometers was performed at 30 °C. 

Colchicine Binding Assay. The DEAE-cellulose filter assay 
was used.46 Each 0.1-mL reaction mixture contained 0.1 mg/mL 

(46) Borisy, G. G. A rapid method for quantitative determination 
of microtubule protein using DEAE-cellulose filters. Anal. 
Biochem. 1972, 13, 373-385. 

Proteinase enzymes regulate many physiological func
tions such as digestion of dietary protein, blood coagula
tion, activation of physiologically active peptides from their 
inactive forms, and others.1 Under physiological condi
tions, the activity of proteinase enzymes is controlled by 
means of storage in proenzyme forms, through their se
questration in subcellular vesicles, and by the presence of 
endogenous protein inhibitors.2 Imbalances in these 
control mechanisms can result in excessive proteolytic 
activity with consequent alteration in physiological pro
cesses leading to pathological states. Thus agents which 
can inhibit selectively the action of a given proteinase 
without causing toxicity could potentially be developed 
into useful drugs. For example, synthetic inhibitors of 
angiotensin converting enzyme are being used clinically 
for the treatment of hypertension.3 In addition, synthetic 
low molecular weight inhibitors have been used as inves
tigative tools to characterize the catalytic functional 
groups, recognition specificity, catalytic mechanism and 
transition-state structure for proteinase enzymes. 

The cysteine proteinase family includes the plant thiol 
proteinases such as papain, ficin, and actinidin, the mam
malian lysosomal thiol proteinases such as cathepsin B, 

(1) Horl, W.; Heidland, A. Proteases: Potential Role in Health 
and Disease, Plenum Press, New York, 1982. 

(2) Steinbuch, M. Regulation of Protease Activity. In Proteases: 
Potential Role in Health and Disease; Horl, W., Heidland, A., 
Eds.; Plenum: New York, 1982; pp 21-40. 

(3) Cohen, M. L. Synthetic and Fermentation-Derived Angioten-
sin-Converting Enzyme Inhibitors. Annu. Rev. Pharmacol. 
Toxicol. 1985, 25, 307-323. 

tubulin (1.0 MM), 5 iM. [3H]colchicine, 5 )M inhibitor (if present), 
5% (v/v) dimethyl sulfoxide, and either 1,0 M commercial 
monosodium glutamate and 1.0 mM MgCl2 (for 37 °C experi
ments) or 1.0 M magnesium-free monosodium glutamate and 0.25 
mM MgCl2 (for 30 °C experiments). Incubation was for 10 min 
at both temperatures. In individual experiments, triplicate 
samples were obtained for all data points, and each potential 
inhibitor was evaluated in at least three independent experiments. 

Inhibition of Growth of L1210 Murine Leukemia Cells and 
Evaluation of Cultures for Increased Numbers of Cells 
Arrested in Mitosis. These experiments were performed as 
described previously.23 

H, and L, the mammalian calcium-activated neutral pro
teinases (calpains I and II), and certain viral-induced 
cysteine proteinases. The cathepsins play an important 
role in intracellular degradation of proteins and possibly 
in the activation of some peptide hormones.4 Enzymes 
similar to cathepsins B and L are released from tumors 
and may be involved in tumor metastasis.5-7 Defects in 
the regulation of cysteine proteinase activity by their en
dogenous inhibitors (cystatins) have been reported in 
connection with several disease processes, including can
cer,8 amyloidosis,9 and muscular dystrophy.10 Release of 

(4) Docherty, K.; Carrell, R. J.; Steiner, F. D. Conversion of 
Proinsulin to Insulin: Involvement of a 31,500 Molecular 
Weight Thiol Protease. Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 
4613-4617. 

(5) Mort, J. S.; Recklies, A. D.; Pode, A. R. Characterization of a 
Thiol Proteinase Secreted by Malignant Human Breast Cells. 
Biochem. Biophys. Acta 1980, 614, 134-143. 

(6) Sloane, B. F.; Moin, K.; Krepela, E.; Rozhin, J. Cathepsin-B 
and its Endogeneous Inhibitors-The Role in Tumor Malig
nancy. Cancer Metastasis Rev. 1990, 9, 333-352. 

(7) Chauhan, S. S.; Goldstein, L. J.; Gottesman, M. M. Expression 
of Cathepsin-L in Human Tumors. Cancer Res. 1991, 51, 
1478-1481. 

(8) Lah, T. T.; Clifford, J. L.; Helmer, K. M.; Day, N. A.; Moin, 
M.; Honn, K. V.; Crissman, J. D.; Sloane, B. F. Inhibitory 
properties of low molecular mass cysteine proteinase inhibitors 
from human sarcoma. Biochem. Biophys. Acta 1989, 993, 
63-73. 

(9) Ghiso, J.; Jennson, O.; Frangione, B. Amyloid Fibrils in He
reditary Cerebral Hemorrhage with Amyloidosis of Icelandic 
Type B a Variant of -y-trace Basic Protein (Cystatin C). Proc. 
Natl. Acad. Sci. U.S.A. 1986, 83, 2974-2978. 

Structure-Activity Relationships for Inhibition of Papain by Peptide Michael 
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Two series of peptidyl Michael acceptors, iy-Ac-L-Phe-NHCH2CH=CH-E with different electron withdrawing groups 
(E = C02CH3, la; S02CH3, lb; C02H, lc; CN, Id; CONH2, le; and CeH4-p-N02, if) and R-NHCH2CH=CHCOOCH3 
with different recognition and binding groups (R = iV-Ac-D-Phe, 2a; JV-Ac-L-Leu, 3a; N-Ac-L-Met, 4a; PhCH2CH2CO, 
5a; PhCO, 6a), were synthesized and evaluated as inactivators against papain. It was found that the inhibition of 
papain by peptidyl Michael acceptors is a general phenomenon and that the intrinsic chemical reactivity of the 
E group in the Michael acceptors has a direct effect on the kinetics of the inactivation process as reflected in k2/K{. 
At pH 6.2, the reactivity of papain toward the Michael acceptors is about 283000-fold higher than the reactivity 
of the model thiol 3-mercaptopropionate. This large increase in reactivity is attributable to at least 2 factors; one 
is the low apparent pXa of Cys-25 of papain, and the other is the recruitment of catalytic power by specific 
enzyme-substrate interactions. The unexpectedly high reactivity of lc (E = COOH) was rationalized by proposing 
a direct interaction of the acid group with His-159 in the active site of papain. The unexpected inactivity of If 
(E = C6H4-p-N02) as a Michael acceptor and its very powerful competitive inhibition of papain were rationalized 
by molecular graphics which showed the nitrophenyl moiety rotated out of conjugation with the olefin and interacting 
instead with the hydrophobic Si' region of papain. A plot of log (ft2/Kj) for la-6a vs log (k^JK^) for analogous 
R-Gly-p-NA substrates was linear (r = 0.98) with slope of 0.83, suggesting that binding energy from specific 
enzyme-ligand interactions can be used to drive the self-inactivation reaction to almost the same extent as it is 
used to drive catalysis. 
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cathepsin B and other lysosomal proteinases from poly
morphonuclear granulocytes and macrophages has been 
observed in trauma and inflammation,11 and cathepsin L 
is present in diseased human synovial fluid.12 Many pi-
cornaviruses including poliovirus, foot and mouth disease 
virus, and rhinovirus encode for cysteine proteinases that 
are essential for cleavage of viral polyproteins.13"16 Se
lective inhibitors of cysteine proteinases are thus of sig
nificant interest as potential therapeutic agents and have 
been widely sought after.17-25 

Cysteine proteinases are selectively inhibited by several 
types of peptide-derived inhibitors, including irreversible 
affinity labeling peptidyl(acyloxy)methyl, halomethyl, and 

(10) Gopalan, P.; Dufresne, M. J.; Warner, A. H. Evidence for a 
Defective Thiol Protease Inhibitor in Skeletal Muscle of Mice 
with Hereditary Muscular Dystrophy. Biochem. Cell Biol. 
1986, 64,1010-1019. 

(11) Assfalg-Machleidt, I.; Jochum, M.; Nast-Kolb, D.; Siebeck, M.; 
Billig, A.; Joka, T.; Rothe, G.; Valet, G.; Zauner, R.; Scheuber, 
H.-P.; Machleidt, W. Cathepsin B - Indicator for the Release 
of Lysosomal Cysteine Proteinases in Severe Trauma and In
flammation. Biol. Chem. Hoppe-Seyler 1990, 371, Suppl., 
211-222. 

(12) Maciewicz, R A.; Wardale, R.-J.; Wotton, S. F.; Duance, V. C; 
Etherington, D. J. Mode of Activation of the Precursor to 
Cathepsin L: Implication for Matrix Degradation in Arthritis. 
Biol. Chem. Hoppe-Seyler 1990, 371, 223-228. 

(13) Orr, D. C ; Long, A. C.j Kay, J.; Dunn, B. M.; Cameron, J. M. 
Hydrolysis of a Series of Synthetic Peptide Substrates by the 
Human Rhinovirus 14 3C Proteinase, Cloned and Expressed 
in Escherichia coli. J, Gen. Virol. 1989, 70, 2931-2942. 

(14) Cordingly, M. G.; Register, R. B.; Callahin, P. L.; Garsky, V. 
M.; Colonno, R. J. Cleavage of Small Peptides In Vitro by 
Human Rhinovirus 14 3C Protease Expressed in Escherichia 
coli. J. Virol. 1989, 63, 5037-5045. 

(15) Cordingly, M. G.; Callahan, P. L.; Sardana, V. V.; Garsky, V. 
M.; J., C. R. Substrate Requirements of Human Rhinovirus 3C 
Protease for Peptide Cleavage in Vitro. J. Biol. Chem. 1990, 
265, 9062-9065. 

(16) Bazan, J. F.; Fletterick, R. J. Viral cysteine proteases are ho
mologous to the trypsin-like family of serine proteases: 
Structural and functional implications. Proc. Nat. Acad. Sci. 
U.S.A. 1988, 85, 7872-7876. 
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the Inhibition of Human Cathepsis B. Anal. Biochem. 1985, 
149, 461-465. 
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of Cysteine Proteinases. Peptidyl Acyloxymethyl Ketones and 
the Quiescent Nucleofuge Strategy. J. Am. Chem. Soc. 1988, 
110, 4429-4431. 

(19) Smith, R. A.; Coles, P. J.; Spencer, R. W.; Copp, L. J.; S., J. C ; 
Krantz, A. Peptidyl O-Acyl Hydroxamates: Potent New In-
activators of Cathepsin B. Biochem. Biophys. Res. Commun. 
1988,155, 1201-1206. 

(20) Ashall, F.; Angliker, H.; Shaw, E. Lysis of Trypanosomes by 
Peptidyl Fluoromethyl Ketones. Biochem. Biophys. Res. 
Commun. 1991,170, 923-929. 

(21) Murata, M.; Miyashita, S.; Yokoo, C ; Tamai, M.; Hanada, K.; 
Hatayama, K.; Towatari, T.; Kikawa, T.; Katunuma, N. Novel 
epoxysuccinyl pertides. Selective inhibitors of cathepsin B in 
vitro. FEBS Lett. 1991, 280, 307-310. 

(22) Towatari, T.; Nikawa, T.; Murata, M.; Yokoo, C ; Tamai, M.; 
Hanada, K.; Katunuma, N. Novel epoxysuccinyl peptides. A 
selective inhibitor of cathepsin B in vivo. FEBS Lett. 1991, 
280, 311-315. 

(23) Angelastro, M. R.; Mehdi, S.; Burkhart, J. P.; Peet, N. P.; Bey, 
P. a-Diketone and a-Keto Ester Derivatives of N-Protected 
Amino Acids and Peptides as Novel Inhibitors of Cysteine and 
Serine Proteinases. J. Med. Chem. 1990, 33, 11-13. 

(24) Mehdi, S. Cell-penetrating inhibitors of calpain. TIBS 1991, 
16, 150-153. 

(25) Fukushima, K.; Kohno, Y.; Osabe, W.; Suwa, T.; Satoh, T. The 
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diazomethyl ketones and various epoxysuccinyl peptide 
derivatives.26 In contrast peptidyl aldehydes27 and pep
tidyl nitriles28 represent two groups of potent but fully 
reversible cysteine proteinase inhibitors. Our laboratory 
has been active in developing new types of inhibitors for 
cysteine proteinase enzymes, and recently reported that 
the vinylogous amino acid ester la, a peptidyl Michael 
acceptor analogue of substrate, showed strong selectivity 
for inactivation of papain among several other proteinase 
enzymes.29,30 Kinetic studies with this compound showed 
time- and inhibitor concentration-dependent enzyme 
inactivation with a second-order rate constant of 70 M"1 

s"1. Saturated (7) and decarboxylated (8) derivatives of 
this compound showed only weak competitive inhibition 
with Kx values of 19.5 and 9.2 mM, respectively, which 
indicated that the Michael acceptor moiety was essential 
for the inhibition. Compound 9, which is a Michael ac
ceptor analogue of iV-acetyl-L-phenylalanine, did not show 
time dependent inactivation of papain. This observation 
reflects the known substrate specificity of papain for hy
drophobic side chains at the P2 position in its substrates 
and inhibitors. With compound 9, placing the benzyl 
moiety in the hydrophobic S2 subsite of papain would 
prevent the Michael acceptor moiety from reaching over 
to the sulfhydryl of Cys-25. 

As an extension of this previous work two series of new 
peptidyl Michael acceptors la-f and la-6a were designed 
to test the generality of the peptidyl Michael acceptor 
concept and to investigate the chemical basis of their ef
ficiency by exploring the quantitative relationships be-

(26) Rich, D. Inhibitors of Cysteine Proteinases. In Proteinase 
Inhibitors: Barrett, A., Salresen, G., Eds.; Elsevier: New York, 
1986; pp 153-178. 

(27) Hanzlik, R. P.; Jacober, S. P.; Zygmunt, J. Reversible Binding 
of Peptide Aldehydes to Papain. Structure-Activity Relation
ships. Biochim. Biophys. Acta 1991, 1073, 33-42. 

(28) Hanzlik, R. P.; Zygmunt, J.; Moon, J. B. Reversible Covalent 
Binding of Peptide Nitriles to Papain. Biochem. Biophys. 
Acta 1990, 1035, 62-70. 

(29) Hanzlik, R. P.; Thompson, S. A. Vinylogous Amino Acid Es
ters: A New Class of Inactivators for Thiol Proteases. J. Med. 
Chem. 1984, 27, 711-712. 

(30) Thompson, S. A.; Andrews, P. R.; Hanzlik, R. P. Carboxyl-
Modified Amino Acids and Peptides as Protease Inhibitors. J. 
Med. Chem. 1986, 29, 104-111. 
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tween their chemical properties, the kinetic specificity of 
related substrates and their enzyme inhibition reactivity. 
In this paper, we report the synthesis of compounds la-f 
and 2a-6a and their evaluation as inactivators against 
papain. Within the series la-f, in which the chemical 
reactivity of the Michael acceptor moiety is varied keeping 
the "recognition and binding" portion of the molecule 
constant, there is indeed an excellent correlation between 
chemical and enzymatic reactivity, with papain at pH 6.2 
being ca. 283000 times more reactive toward the Michael 
acceptors than the model thiol 3-mercaptopropionate. For 
two of the compounds the activity observed was unex
pected, but molecular graphics analysis of their interaction 
with papain provided plausible explanations for their ob
served activity. Within the series la-6a, in which the 
"recognition and binding" portion of the molecule is varied 
keeping the chemical reactivity of the Michael acceptor 
moiety constant, a strong correlation is found between the 
inactivation rate constants {k2/Ki) and kinetic constants 
{k^t/Km) f°r *ne analogous substrates (i.e. ls-6s). 
Results and Discussion 

Synthesis. Two basically different routes were used 
to synthesize Michael acceptors la-f. The synthesis of lb 
and If followed the Horner-Emmons-Wittig (HEW) ap
proach used previously for la and outlined in Scheme I. 
JV-Boc-allylamine (10) was ozonized and reduced with 
Me2S to give crude JV-Boc-glycinal (ll).30 Attempts to 
isolate and purify the latter led only to extensive decom
position. Instead, crude 11 was dissolved in CHC13, washed 
quickly with dilute HC1 and then NaHC03 solution and 
dried; the aldehyde content of the material was estimated 
by :H NMR. Generally, crude 11 containing 30-50% al
dehyde was used immediately for the HEW couplings, 
although solutions of 11 could be stored in a refrigerator 
for 1-2 days if necessary. Condensation of aldehyde 11 
with HEW reagents, preformed in tetrahydrofuran (THF) 
from (CH30)2P(0)CH2-E (where E = -C02Me, -S02Me, 
or -C6H4N02-p) and NaH, afforded the Boc-protected 
Michael acceptor fragments 12 in low to good yields. 
Deprotection with trifluoroacetic acid (TFA) gave the TFA 
salts 13 in 67-92% yield, and mixed-anhydride coupling 
to JV-acetyl-L-phenylalanine gave the desired inhibitors la, 
lb, and If as crystalline compounds. 

The synthesis of compounds lc-e followed a different 
route (Scheme II). 7-Aminocrotonic acid (14), prepared 
by animation of 7-bromocrotonic acid as described by 
Pinza and Pifferi,31 was purified by chromatography on 
Dowex 50W-X8 cation exchange resin and coupled to 

(31) Pinza, M.; Pifferi, G. Convenient Synthesis of (RS)-4-Amino-
3-hydroxybutyric Acid. J. Pharm. Sci. 1978, 67, 120-121. 
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Figure 1. Irreversible inhibition kinetics of compound la. E 
is the remaining enzyme activity measured after incubation with 
la and dilution with buffer, E0 is the enzyme activity without 
inhibitor and feapp is the slope of the pseudo-first-order kinetic 
plot. 

Table I. Kinetics of Papain Inactivation by 
iV-Ac-L-PheNHCH2CH=CH-E 

compc 

la 
lb 
lc 
Id 
le 
If 

E group 
COOCHg 
S02CH3 
COOH 
CN 
CONH2 
PhN02 

[I], MM k, 
6-35 
2-30 

30-450 
60-500 
60-1000 
80-160 

Table II. Kinetics of Papain Inactivation by 
R-NHCH2CH=CH-C02CH3 

compd 
la 
2a 
3a 
4a 
5a 
6a 

R group 
N-Ac-L-Phe 
iV-Ac-D-Phe 
JV-Ac-L-Leu 
N-Ac-L-Met 
dihydrocinnamoyl 
benzoyl 

[I], mM 
0.006-0.035 
1.0-8.0 
0.056-1.08 
0.07-0.58 
0.87-10 
1.42-10 

/JC„ M-i s"1 

26.1 
18.7 
5.0 
1.7 
1.1 

k2/Klt M"1 s"1 

26.1 
0.25 
2.46 
2.06 
0.23 
0.05 

iV-acetyl-L-phenylalanine to give lc directly. The latter 
was then converted to amide Id and nitrile le using mixed 
anhydride and polyphosphoric ester activation,3233 re
spectively. 

The Michael acceptor fragment methyl 7-amino-
crotonate was synthesized as described by Thompson et 
al.30 and coupled with iV-acetylamino acids (for la-4a) and 
dihydrocinnamic acid (for 5a) by using the mixed anhy
dride procedure of Anderson et al.34 Methyl JV-
benzoyl-7-aminocrotonate (6a) was prepared by treating 
methyl 7-aminocrotonate with benzoyl chloride in the 
presence of base. 

All final products were fully characterized by XH NMR, 
mass spectrometry, polarimetry, and elemental analysis. 
The yields reported should be regarded as minimum yields 
since no attempt was made to optimize the procedures. 

Enzyme Inhibition Studies. The evaluation of com
pounds la-f as inhibitors of papain followed thejtnethod 
of Kitz and Wilson.35 Compounds la-e and 2a-6a (but 

(32) Kanaoka, Y.; Kuga, T.; Tanizawa, K. Polyphosphate Ester as 
a Synthetic Agent. XII. A Convenient Synthesis of Nitriles 
by the Dehydration of Amides with PPE. Chem. Pharm. Bull. 
1970, 18, 397-399. 

(33) Imamoto, T.; Takaoka, T.; Yokoyama, M. A One-flask Con
version of Carboxylic Acids into Nitriles. Synthesis 1983, 
142-143. 

(34) Anderson, G. W.; Zimmerman, J. E.; Gallahan, F. M. A Rein
vestigation of Mixed Carbonic Anhydride Method of Peptide 
Synthesis. J. Am. Chem. Soc. 1967, 89, 5012-5017. 

file:///22liM


1070 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 6 Liu and Hanzlik 

not If) all showed concentration- and time-dependent 
inhibition which could be analyzed using eqs 1-3. Enzyme 

*, k, 

E + I ;=± E-I - E-I 

K{ = (A.! + k2)/kx 

(1) 

(2) 

(3) 

inhibition activity was measured at various times in the 
presence of different initial concentrations of inhibitor with 
the latter always being in excess over enzyme concentration 
(50-5000-fold). All buffer solutions contained acetonitrile 
(20% v/v) to solubilize the test compounds. In agreement 
with observations of Lucas and Williams,36 control ex
periments showed this amount of acetonitrile had little 
apparent affect on the activity of papain toward Cbz-
Gly-ONp. Plots of In (E/E0) vs time were linear and gave 
the slopes feapp, and replots of the reciprocal of these slopes 
vs [I]'1 were used with eq 3 to determine the apparent 
binding constant (if;), the apparent inactivation rate 
constant (k^ and the apparent second order rate constant 
for papain inactivation \k2/K^. Representative plots for 
one such analysis with compound la are shown in Figure 
1. The results for all 11 compounds (la-f and 2a-6a) are 
given in Tables I and II. Note that the kinetic constant 
for la reported here differ slightly from that mentioned 
above; this is due to the use of less cosolvent (7.5% v/v) 
in the earlier study. It is also important to note that the 
inhibitors were evaluated at concentrations below their 
apparent K{ values. This is because at higher concentra
tions inactivation was too fast to measure. According to 
eq 4, a reciprocal form of eq 3, when [I] « X; the reaction 
is essentially first order in inhibitor concentration (but 
overall second order, eq 5) and there is no indication of 
saturable binding. Consequently plots of (k^)'1 vs [I]"1 

k2[I] 

K, + [I] 
k2 

aPP = JFl-'-i (5) 

intercept the axes too close to the origin to allow k2 and 
K\ to be determined with good statistical precision (see 
inset, Figure 1). Nevertheless, the apparent second-order 
rate constant k2/Kit obtained from the slope of the inset 
plot, is not affected by the inhibitor concentration range 
used. Indeed, plots of feapp vs [I] (eq 5) gave the same k2/K[ 
values as determined using plots of (&app)~

x vs [I]"1 (eq 3). 
E-Group Series. For compounds la-e there was a 

25-fold variation in k2/K„ the overall second-order rate 
constant for their (irreversible) reaction with papain. This 
clearly shows that as anticipated, the inhibition of papain 
by Michael acceptor peptide analogs of la is indeed a 
general phenomenon and that the electron-withdrawing 
ability of the E group does affect their relative inhibition 
activity toward papain. The marked reactivity of acid lc 
as a time-dependent irreversible inhibitor was unexpected, 
based on the assumption that a negatively charged ionized 
carboxylate moiety would not activate the C=C double 
bond for a Michael addition reaction. However, while lc 

(35) Kitz, Ft.; Wilson, I. B. Esters of Methanesulfonic Acid as Ir
reversible Inhibitors of Acetylcholinesterase. J. Biol. Chem. 
1962, 237, 3245-3249. 

(36) Lucas, E. C; Williams, A. The pH Dependencies of Individual 
Rate Constants in Papain-Catalyzed Reactions. Biochemistry 
1969, 8, 5125-5135. 
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Figure 2. Relative reactivity of enzymatic and chemical Michael 
addition reactions. 

in solution at pH 6.2 is probably more than 95% ionized, 
it is possible that the form bound by papain is the neutral 
acid, which would be a good Michael acceptor. We will 
return to this point later. 

An important question we sought to answer is whether 
varying the electron-withdrawing group in 1 would affect 
enzymatic reactivity to the same extent as it affects the 
purely chemical reactivity of these Michael acceptors. 
Evidence to the contrary would suggest differential in
teraction of the E groups with the enzyme. Friedman and 
Wall37 devised a scale for expressing the relative reactivity 
of a series of Michael acceptors toward the amine nu-
cleophile glycine using the parameter Pv as defmed in eq 
6. In this equation the k values represent second-order 

Pv = log [fc(CH2-CH-E)/k(CH2=CH-CN)] (6) 

rate constants for the Michael addition of glycine to the 
activated olefin (CH2=CH-E) vs that for addition to the 
reference compound acrylonitrile CH2=CH-CN. The Pv 
scale is thus based on a linear free energy relationship 
analogous to the Hammett a scale. Friedman and Wall 
also applied this approach to the thiol nucleophile 3-
mercaptopropionate (at pH 8.1), and showed that for 
methyl acrylate, acrylonitrile, and acrylamide the ratio of 
second-order rate constants for Michael addition of 3-
mercaptopropionate vs. glycine was ca. 150 in all three 
cases.38 This result is summarized by the bottom line in 
the plot shown in Figure 2. The fact that the slope of this 
line is less than unity indicates that the thiol addition 
reaction is slightly less sensitive to changes in the E group 
than is the amine addition reaction, perhaps because of 
an earlier transition state for addition of the more reactive 
thiol nucleophile. 

Application of this approach to the k2/K{ data for Mi
chael addition of papain to la, lb, Id, and le (at pH 6.2) 
results in the upper line shown in Figure 2. The slope of 
this line is only slightly less than that for the purely 
chemical model reaction over nearly a 100-fold range in 
olefin reactivity as reflected by the Pv scale. That the 
slopes of these two plots are very similar provides strong 
evidence that the reactivity of the Michael acceptors to
ward papain is governed almost entirely by chemical fac
tors intrinsic to the Michael moiety per se, i.e. there are 
no significant differences in binding or enzymatic activa
tion (if any) among the various E groups. The vertical 
separation of the two lines at the midpoint where Pv = 0 

(37) Friedman, M.; Wall, J. S. Additive Linear Free-Energy Rela
tionships in Reaction Kinetics of Amino Groups with a,/3-Un-
saturated Compounds. J. Org. Chem. 1966, 31, 2888-2894. 

(38) Friedman, M.; Cavins, J. F.; Wall, J. S. Relative Nucleophilic 
Reactivities of Amino Groups and Mercaptide Ions in Addition 
Reactions with a,/3-Unsaturated Compounds. J. Am. Chem. 
Soc. 1965, 87, 3672-3682. 
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is about 2.15 log units, corresponding to an apparent 
144-fold difference in reactivity between these two thiol 
reactants. However to appreciate the difference in re
activity between papain and 3-mercaptopropionate more 
fully, allowance must be made that trarcs-crotonate de
rivatives are 25 times less reactive that acrylate derivatives 
as Michael acceptors,37 and the rates for the 3-mercapto
propionate reaction should be corrected from pH 8.1 to 
pH 6.2. Since only the ionized thiolate form of a mer-
captan shows significant reactivity toward electrophiles39-41 

the ratio of reactivities of a given thiol/thiolate compound 
at two different pH values is equal to the ratio of their 
fractional degrees of ionization at those pH values, as given 
by eq 7. Accordingly, the S nucleophilic reactivity of 3-
mercaptopropionate (pKa = 10.05) is predicted to fall by 
78.6-fold from pH 8.1 to pH 6.2. Considering both the 
acrylate/crontonate difference (25-fold) and the pH dif
ference (78.6-fold), the intercept of the lower line in Figure 
2 should drop an additional 3.28 log units. The apparent 
difference in reactivity between papain and 3-mercaptro-
propionate, both at pH 6.2, would thus be 5.45 log units 
or 283000-fold. 

rate at pHi _ K& + [H+]2 

rate at pH2 " K& + [H+]x 

The extraordinary difference in reactivity between pa
pain and 3-mercaptopropionate may be attributed to two 
primary factors. One is the special environment of the 
sulfhydryl group of Cys-25 in papain. Abundant evidence 
suggests that the sulfhydryl group of Cys-25 in papain has 
a very low pK„ and exists, at pH 6 (the pH optimum for 
papain), predominantly as a thiolate-imidazolium ion pair 
with the adjacent His-159 residue.42-46 Thus the greater 
nucleophilic reactivity of papain vs simple model thiols is 
in part due simply to the fact that at pH 6 or 6.2 the 
sulfhydryl group of papain is ionized to a much greater 
extent than that of the thiols. A second factor which may 
be quite important is the advantage accrued via specific 
binding of the electrophile (Michael acceptor) to the nu-
cleophile (papain) prior to the irreversible Michael addition 
step. It is well known that the kinetic specificity of papain 
toward ligands, both substrates and inhibitors, is enhanced 
by having an L aromatic amino acid at position P2 of the 

(39) Lindley, H. A Study of the Kinetics of the Reaction between 
Thiol Compounds and Chloroacetamide. Biochem. J. 1960, 74, 
577-584. 

(40) Chaikin, I. M.; Smith, E. S. Reaction of Chloroacetamide with 
the Sulfhydryl Group of Papain. J. Biol. Chem. 1969, 244, 
5087-5094. 

(41) Chaikin, I. M.; Smith, E. S. Reaction of the Sulfhydryl Group 
of Papain with Chloroacetic Acid. J. Biol. Chem. 1969, 244, 
5095-5099. 

(42) Lowe, G.; Whiteworth, A. S. A Kinetic and Fluorimetric In
vestigation of Papain Modified at Tryptophan-69 and -177 by 
N-Bromosuccinimide. Biochem. J. 1974,141, 503-515. 

(43) Polgar, L. Mercaptide-Imidazolium Ion-Pair: The Reactive 
Nucleophile in Papain Catalysis. FEBS Lett. 1974,47,15-18. 

(44) Lewis, S. D.; Johnson, F. A.; Shafer, J. A. Effect of Cysteine-25 
on the Ionization of Histidine-159 in Papain as Determined by 
Proton Nuclear Magnetic Resonance Spectroscopy. Evidence 
for a His-159-Cys-25 Ion Pair and Its Possible Role in Cataly
sis. Biochemistry 1981, 20, 48-51. 

(45) Brocklehurst, K.; Kowlessur, D.; O'Driscoll, M.; Patel, G; 
Quenby, S.; Salih, E.; Templeton, W.; Thomas, E. W.; Willen-
brock, F. Substrate-Derived Two-Protonic-State Electrophiles 
as Sensitive Kinetic Specificity Probes for Cysteine Protei
nases. Biochem. J. 1987, 244, 173-181. 

(46) Pickersgill, R. W.; Goodenough, P. W.; Summer, I. G.; Collins, 
M. E. The Electrostatic Fields in the Active-Site Clefts of 
Actinidin and Papain. Biochem. J. 1988, 254, 235-238. 
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Figure 3. Linear free energy correlation of catalysis and inhibition 
efficiency. Inhibition data are from Table II; substrate kinetic 
data are from ref 27. 

ligand structure, and that ligands based on the N-Ac-L-
Phe-Gly-X motif (viz. la-f) are particularly favored by 
papain.47 In fact these compounds were designed with 
this specificity in mind in order to (1) hold constant those 
aspects of structure supposedly related to recognition and 
binding while attempting to vary chemical reactivity 
through changes in the E group in 1 and (2) take advantage 
of possible recruitment of catalytic power to the inacti-
vation reaction in the same way as other specific substrates 
and inhibitors of papain. This later aspect of experimental 
design is specifically addressed below. 

R-Group Series. From studies of the hydrolysis of 
diastereomeric peptides of L- and D-alanine, Schechter and 
Berger concluded that papain has an active center capable 
of accommodating up to seven amino acid residues of the 
substrate.47"49 Kinetic studies50 show that the specificity 
of papain is directed toward substrates with large hydro
phobic sidechains at position P2 (e.g. phenylalanine). 
Crystallographic studies on enzyme-inhibitor combina
tions51 showed that papain consists of a single polypeptide 
chain folded to form two domains connected by a hinge; 
the active site is a cleft whose two sides are formed from 
the two protein domains. The side chain of the P2 Phe 
residue is accommodated so that C(/?) lies between the side 
chains of Pro-68 and Ala-160 while the phenyl ring is ad
jacent to the side chains of Val-133 and Val-157 which, 
together with Tyr-67, Trp-69 and Phe-207, form the S2 
"hydrophobic pocket" of the enzyme. 

Extensive studies of the binding of reversible covalent 
inhibitors (iV-acylglycine nitriles and iV-acylglycinals) have 
revealed striking changes in binding strength depending 
on the structure of the acyl moieties.27,28'52""54 Parallel 

(47) Schechter, I.; Berger, A. On the Active Site of Proteases. III. 
Mapping the Active Site of Papain; Specific Peptide Inhibitors 
of Papain. Biochem. Biophys. Res. Commun. 1968, 32, 
898-902. 

(48) Schechter, I.; Berger, A. On the Size of the Active Site in 
Proteases. Papain. Biochem, Biophys. Res. Commun. 1967, 
27, 157-162. 

(49) Berger, A.; Schechter, I. Mapping the Active Site of Papain 
with the Aid of Peptide Substrates and Inhibitors. Phil. 
Trans. Roy. Soc. Lond. 1970, 257, 249-264. 

(50) Lowe, G.; Yuthavong, Y. Kinetic Specificity in Papain-Cata-
lysed Hydrolyses. Biochem. J. 1971,124, 107-115. 

(51) Drenth, J.; Kalk, K. H.; Swen, H. M. Binding of Chloromethyl 
Ketone Substrate Analogues to Crystalline Papain. Biochem
istry 1976, 15, 3731-3738. 

(52) Lowe, G.; Yuthavong, Y. pH-Dependence and Structure-Ac
tivity Relationships in the Papain-Catalysed Hydrolysis of 
Anilides. Biochem. J. 1971, 124, 116-122. 

(53) Westerick, J. O.; Wolfenden, R. Aldehydes as Inhibitors of 
Papain. J. Biol. Chem. 1972, 247, 8195-8197. 

(54) Lewis, C. A.; Wolfenden, R. Thiohemiacetal Formation by In
hibitory Aldehydes at the Active Site of Papain. Biochemistry 
1977, 16, 4890-4895. 
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studies with JV-acylglycine p-nitroanilides27,28,59 have re
vealed virtually identical trends in their steady-state ki
netic parameters, suggesting that peptide nitriles and al
dehydes bind to papain as transition state analogues de
spite the obvious differences in the geometry of their ad-
ducts (i.e. sp2 thioimidates vs sp3 hemithioacetals). 

Steady-state kinetic studies by Lowe and Yuthavong50'52 

have shown that the specificity of papain toward several 
AT-acylglycine p-nitroanilides and p-nitrophenyl esters is 
manifest mainly in the acylation step, which begins with 
attack of Cys25-SH on the carbonyl carbon of Pj. Since 
peptide Michael acceptors were expected to undergo a 
similar nucleophilic attack, it was of interest to determine 
whether variations in the side chains known to affect ki
netic substrate specificity would have similar consequences 
for the kinetic properties of analogous inhibitors. This led 
to the design of inhibitors la-6a, in which the E group 
(and thus their purely chemical reactivity) was held con
stant while the "recognition and binding" R group corre
sponding to the P3-P2 portion of normal substrates was 
varied. The side chains in la-6a (and ls-6s) were chosen, 
on the basis of previous studies of the reversible covalent 
binding of peptide nitriles and peptide aldehydes to pa
pain, to examine specifically the roles of P2 hydrophobicity, 
P2 stereochemistry, and enzyme-ligand hydrogen bonding 
involving the P2NH and/or P 3 C=0 groups. As shown by 
the k2/Ki data in Table II, changing the R group has a 
profound affect on the kinetic properties of the inhibitors. 

The specificity of an enzyme for a substrate (or an in-
activator) is best measured kinetically by the parameter 
kilK{ (or kat/Km), the apparent second-order rate constant 
for the overall reaction. The changes in inhibition kinetics 
reported in Table II for la-6a parallel closely those for the 
kinetic properties of analogous substrates (ls-6s) as 
strikingly demonstrated by the linear free energy corre
lation shown in Figure 3. The fact that the slope of this 
correlation (0.83) is less than unity may indicate a slightly 
earlier transition state for sulfhydryl addition to C=CH-E 
compared to 0 = 0 . However, the major conclusions which 
may be drawn from this correlation are (1) that peptidyl 
Michael acceptors are indeed specific inhibitors of papain 
and (2) that binding energy from specific enzyme-ligand 
interactions can be used to drive self-inactivation by 
Michael acceptor peptides in the same way as it is used 
to facilitate substrate hydrolysis. This latter observation 
may be contrasted to the situation with trypsin-like serine 
proteinases,55 where there is only a poor correlation (r = 
0.25) between kCAJKm for tripeptide p-nitroanilide sub
strates and k2/Ki for the analogous chloromethyl ketones. 
It is apparent then that ligand structural changes which 
affect binding interactions may well influence the two 
distinct reaction types (hydrolysis vs alkylation) in rather 
different ways, leading to the low correlation observed. 
Conversely, the strong correlation observed with papain 
(r = 0.98, Figure 3) implies considerable similarity in the 
mechanisms leading to hydrolysis and inactivation. This 
anticipated similarity was in fact the basis of the design 
of peptide Michael acceptors as inhibitors for cysteine 
proteinases.30 

The data in Table II illustrate that two important 
structure-activity relationships for papain substrates and 
transition-state analogue inhibitors also apply to irre
versible inhibition by peptidyl Michael acceptor analogues. 

(55) Collen, D.; Lijnen, H. R.; De Cock, F.; Durieux, J. P.; A., L. 
Kinetic properties of tripeptide lysyl chloromethyl ketone and 
lysyl p-nitroanilide derivatives towards trypsin-like serine 
proteinases. Biochim. Biophys. Acta 1980, 165, 158-166. 
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First, reducing the size of the P2 side chains makes them 
less hydrophobic and less able to reach fully into the S2 
hydrophobic pocket (Scheme III); in turn this leads to 
significant decreases in inhibitor potency. Second, the 
importance to inhibitor specificity of the putative 
P2NH"'0=C(Gly66) hydrogen bond inferred from the 
crystal structure of a papain-inhibitor complex51 is clearly 
illustrated by comparing k2/Ki values for la, 5a, and 2a. 
Thus removing the acetamido group from la to generate 
5a decreases k2/Ki by 112-fold, but adding an acetamido 
group to 5a to generate 2a, the enantiomer of la, has 
almost no effect The P2NH~0=C(Gly66) hydrogen bond 
is clearly not possible with 5a, and for this hydrogen bond 
to form with 2a the benzyl moiety of the side chain cannot 
occupy P2 properly (at least not in the same way as la 
does). Thus only with the L enantiomer la can both in
teractions be achieved; hence la shows the greatest kinetic 
specificity. Finally, the hippuryl analogue 6a can be seen 
as deficient in two important ways. It lacks the amide 
group with which to form the P2NH-0==C(Gly66) hy
drogen bond, and the P2 side chain (if it may be called 
that) is much too short to interact effectively with S2. 

Molecular Graphics. In contrast to la-e, compound 
If showed only competitive inhibition of papain, but 
compared to simple amide substrate analogues (e.g. N-
Ac-L-Phe-Gly-NH2, K{ = 4.7 mM), If was a much more 
potent inhibitor (K, = 0.06 mM). Since there is ample 
precedent for the Michael addition of sulfhydryl nucleo-
philes to p-nitrostyrene56,57, both the reversibility and the 
potency of If were unexpected. Analysis of the interaction 
of If with papain by means of molecular graphics revealed 
a logical explanation for this result. To begin with If was 
superimposed onto the Z-Phe-AlaCH2 moiety in this de
rivative of papain, whose crystal structure was reported 
by Drenth et al.51 The Z-Phe-AlaCH2 moiety was removed, 
a hydrogen was replaced on Cys-25, and the conformation 
compound If was varied to seek an energy minimum. The 
result of this shown in Figure 4 where two significant 
findings are immediately apparent. First, the planes of 
the C=C bond and the phenyl ring form a dihedral angle 
of ca. 129°. Since the nitrophenyl moiety in bound If is 
rotated out of coplanarity with the C=C plane, it is pre
vented from activating the olefin moiety as in p-nitro
styrene in solution; thus compound If does not behave as 
a Michael acceptor when bound to papain. Its potency as 
a competitive inhibitor probably derives from hydrophobic 

(56) Dohner, B. R.; Saunders, Jr., W. H. Mechanisms of Elimina
tion Reactions. 40. Attempted Study of Stereochemistry of 
Elimination from 2-(p-Nitrophenyl)ethyltrimethylammonium 
Ion. Base-Promoted cis-trans Isomerization p-Nitrostyrene-
0-dl. Can. J. Chem. 1986, 64, 1026-1030. 

(57) Masri, M. S.; Windle, J. J.; Friedman, M. p-Nitrostyrene: New 
Alkylating Agent for Sufhydryl Groups in Reduced Soluble 
Proteins and Keratins. Biochem. Biophys. Res. Commun. 
1972, 47, 1408-1413. 
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Figure 4. Stereoview of inhibitor If (dark lines) in the active site of papain. See text for discussion. 

interaction of the nitrophenyl moiety with the Si' subsite 
of papain, which is known to be quite hydrophobic.58 

As mentioned above it was expected that acid lc would 
be extensively ionized in solution and therefore not very 
active as an irreversible inhibitor. A similar molecular 
graphic analysis (not shown) reveals that the carboxylate 
moiety is very close to N-3 of the imidazole ring of His-159. 
We hypothesize that hydrogen bonding (-COOH— 
imidazole) or ion pairing (-C02~—imidazolium) results in 
the carboxyl moiety of bound lc having much greater 
ability to activate the olefinic bond in a Michael sense than 
a fully ionized carboxylate group in solution. A similar 
interaction was also suggested for the inhibition of papain 
and cathepsin B by peptidyl a-ketocarboxylate deriva
tives,59 for the interaction of the acid moiety of the ep-
oxysuccinyl inhibitor E-64 bound in the active site of pa
pain60 and to explain the abnormally rapid inactivation of 
papain (via S alkylation) by chloroacetic acid vs chloro-
acetamide.40,41 Unfortunately, as there is no simple way 
to test this hypothesis in a nonenzymatic model, it must 
remain just a hypothesis. The observation itself is quite 
encouraging, however, because incorporation of the car
boxyl group renders lc much more water soluble than the 
other Michael acceptors, and much less reactive in simple 
solution (or in vivo?) where no specific hydrogen bonding 
exists. This suggests that compounds like lc might have 
much better properties for use as in vivo enzyme inacti-
vators. 

Conclusion 
It has been shown that the inhibition of papain by 

peptidyl Michael acceptors is a general phenomenon and 
that both the intrinsic chemical reactivity of the E group 
in the Michael acceptors and the nature and stereochem
istry of the P2 side chain directly affect the kinetics of the 
inactivation process. From the point of view of drug de
sign, it is encouraging that the kinetic properties of the 
irreversible inhibitors are strictly dependent on the 
chemical reactivity of the Michael acceptor moieties. 
However, from the range of compounds studied it is not 

(58) Alecio, M. R.; Dann, M. L.; Lowe, G. The Specificity of the Si' 
Subsite of Papain. Biochem. J. 1974, 141, 495-501. 

(59) Hu, L.-Y.; Abeles, R. Inhibition of Cathepsin B and Papain by 
Peptidyl a-Keto Esters, a-Keto Amides, a-Diketones, and a-
Keto Acids. Arch. Biochem. Biophys. 1990, 281, 271-274. 

(60) Yamamoto, D.; Iahida, T.; Inoue, M. A comparison between 
the binding modes of a substrate and inhibitor to papain as 
observed in complex crystal structures. Biochem. Biophys. 
Res. Commun. 1990, 171, 711-716. 

obvious that a great enhancement in k^/K^ can be achieved 
by means of E-roup manipulation without incurring the 
risk of rendering the compounds too reactive to be toler
ated by living organisms. Although the reactivity of the 
inactivators (fe2/*Q is directly proportional to the chemical 
reactivity of their particular Michael moiety, variations in 
the inactivation rate constant associated with changes in 
the side chain (i.e. "binding group specificity") are in 
general much larger, and correlate directly with changes 
in fecat/^m for analogous substrates. The latter observation 
suggests that binding energy from specific enzyme-ligand 
interactions can be used to drive the self-inactivation re
action to almost the same extent as it is used to drive 
catalysis. 

Experimental Section 
Solvent and reagents were purchased from commercial sources 

and were used without further purification except as noted below. 
Thin-layer chromatography was carried out on glass slides 2.5-
X 10-cm precoated with silica gel (Analtech). Melting points were 
measured in glass capillary tubes on a Thomas Hoover capillary 
melting point apparatus and are uncorrected. NMR spectra were 
run on Varian XL-300 and Bruker AM-500 spectrometers (values 
measured in ppm, J values in Hertz). Electron-impact mass 
spectra (EIMS) were obtained on Ribermag R10-10b quadrupole 
instrument. Optical rotations were measured with a Perkin-Elmer 
Model 141 polarimeter. Elemental analyses were performed on 
a Hewlett-Packard Model 185b and are within ±0.4% of the 
theoretical values. Spectrophotometric enzyme assays were 
performed on a Varian Cary 118 spectrophotometer. 

Synthesis. JV-Boc-glycinal (11). N-Boc-allylamine (2.13 g, 
13.6 mmol) was dissolved in 50 mL of dry methanol and cooled 
to -78 °C. Ozone was bubbled through the solution until it became 
blue. After the excess of ozone was bubbled out with nitrogen, 
dimethyl sulfide (1.5 mL, 20 mmol) was added and the solution 
was kept at -78 °C for 5 h, and then slowly warmed to room 
temperature. After 1 h at room temperature, the solvent was 
evaporated. The residue was dissolved in chloroform, washed with 
2% HC1 and saturated NaHC03, and dried with MgS04. After 
filtration and evaporation, a colorless oil was obtained and used 
immediately for Horner-Wadsworth-Emmons reactions with no 
further purification: *H NMR (CDC13) 6 1.24 (9 H, s), 3.79 (2 H, 
d), 5.67 (1 H, s), 9.41 (1 H, s). 

Horner-Wadsworth-Emmons Reactions (Method A). 
NaH (50% in mineral oil) was washed twice with hexane and 
suspended in anhydrous THF, to which a solution of the Horner 
reagent (1 equiv) in THF was added. After the reaction solution 
was stirred for 1 h, JV-Boc-glycinal (11) (1 equiv) in THF was 
added and the reaction mixture was stirred at room temperature 
for 2 h. The reaction was then quenched with H20, and the 
solvents were removed under reduced pressure. The residue was 
dissolved in CHC13, washed with 2% HC1 and saturated NaHC03, 
dried over MgS04, and evaporated to a yellow product, which was 
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purified by chromatography or sublimation. 
Removal of the tert-Butoxy car bony 1 Group (Method B). 

The N-Boc compound was dissolved in trifluoroacetic acid (20-50 
equiv) and allowed to stand for 0.5-1 h at room temperature. The 
trifluoroacetic acid was removed under reduced pressure and the 
residue was purified by recrystallization from MeOH/ether. 

General Procedure for Mixed-Anhydride Couplings 
(Method C). The N-acetyl-protected amino acid was dissolved 
in THF and N-methylmorpholine (NMM) (1 equiv) was added. 
After the solution was cooled to -15 °C, isobutyl chloroformate 
(1 equiv) was added and the reaction mixture was stirred at -15 
°C for 2 min. The amine trifluoroacetate and NMM (1 equiv) 
in THF were added and the reaction solution was stirred at -15 
°C for 1-2 h and then warmed to room temperature for another 
2 h. The solvent was removed under reduced pressure. The 
residue was dissolved in CHC13 and washed with dilute HC1 and 
saturated NaHC03 and dried over MgS04. Then the solvent was 
removed to give the crude product. 

Methyl iV-Boc-7-aminocrotonate (12a). Trimethyl phos-
phonoacetate (1.32 g, 7.25 mmol) was reacted (method A) with 
JV-Boc-glycinal (11) to give the crude product, which was purified 
by chromatography (10% EtOAc in hexane): yield 840 mg (56%); 
mp 40-42 °C (lit.30 mp 45 °C); JH NMR (CDC13) 8 1.43 (9 H, s), 
3.71 (3 H, s), 3.89 (2 H, m), 4.81 (1 H, s), 5.92 (1 H, d, J ^ = 
16), 6.88 (1 H, dt, </*„„. = 16). 

Methyl 7-Aminocrotonate Trifluoroacetate (13a). Methyl 
iV-boc-7-aminocrotonate (12a) (143 mg, 0.67 mmol) was depro-
tected (method B) to give 148 mg (97%) methyl 7-amino-
crontonate trifluoroacetate (13a): mp 122-123 °C (lit.30 mp 
120-120.5 °C); JH NMR (acetone-d6) 8 3.67 (3 H, s), 4.62 (2 H, 
m), 6.08 (1 H, d, JUaa - 15.9), 6.96 (1 H, dt, J ^ = 15.9). 

Methyl JV-(JV'-Acetyl-L-phenylalanyl)-4-amino-2-pente-
noate (la). N-Acetyl-L-phenylalanine (127 mg, 0.61 mmol) was 
coupled (method C) to methyl 7-aminocrotonoate trifluoroacetate 
(13a) (140 mg, 0.61 mmol). Recrystallization of the crude product 
from EtOH/CHCl3/hexane (1:5:80) gave 146 mg (79%) of pure 
compound la: mp 150-152 °C; [a]25

D +4.83° (c 1, MeOH); *H 
NMR (CDCI3) 8 1.96 (3 H, s), 3.07 (2 H, m), 3.73 (3 H, s), 3.93 
(2 H, d), 4.65 (1 H, m), 5.72 (1 H, d, Jtlan, = 15.8), 6.19 (2 H, m), 
6.75 (1 H, dt, Juua = 15.8), 7.27 (5 H, m); EIMS 304 (M+, 1.6), 
261 (1.7), 245 (2.5), 213 (1.7), 190 (4), 162 (17), 131 (17), 120 (90), 
91 (100). Anal. ( C ^ H ^ a O ^ C, H, N. 

3-(JV-Boc-amino)-l-(methylsulfonyl)-l-propene (12b). 
Dimethyl [(methyfeulfonyl)methyl]phosphonoate (Alfa Products, 
1.01 g, 5 mmol) was reacted (method A) with N-Boc-glycinal (11) 
to give the crude product, which was purified with silica gel 
chromatography (10% EtOAc in hexane): yield 376 mg (32%); 
mp 69-70 °C; *H NMR (CDC13) 8 1.46 (9 H, s), 2.95 (3 H, s), 4.01 
(2 H, m), 4.81 (1 H, s), 6.54 (1 H, d, Jttsm = 15), 6.93 (1 H, dt, 
4*™ = 15); EIMS 235 (M+, 0.1), 220 (0.9), 178 (10), 162 (19), 135 
(17), 120 (17), 57 (100). Anal. (C14H18N204) C, H, N. 

3-Amino-l-(methylsulfonyl)-l-propenyl Methanesulfonate 
(13b). 3-(Ar-Boc)aminc-l-(methylsulfonyl)-l-propene (12b) (155 
mg, 0.48 mmol) was deprotected (method B) to give 77 mg (77%) 
of 13b: mp 159-161 °C; *H NMR (acetone-rig) 8 2.96 (3 H, s), 4.72 
(2 H, m), 6.93 (2 H, m); EIMS 136 (MH+, 5.8), 120 (6.8), 56 (76), 
55(100). Anal. (C6H13N06S2) C, H, N. 

JV-(JV'-Acetyl-L-phenylalanyl)-3-amino-l-(methyl-
sulfonyl)-l-propene (lb). iV-Acetyl-L-phenylalanine (35 mg, 
0.17 mmol) was coupled (method C) with 3-amirio-l-(methyl-
sulfonyl)-l-propenyl methanesulfonate (13b) (42 mg, 0.17 mmol). 
Recrystallization of the product from EtOH/hexane gave 14.2 
mg (26%) of pure lb: mp 160 °C; [0]% +10.5° (c = 1.2, MeOH); 
JH NMR (acetone-d6) & 1.87 (3 H, s), 2.89 (3 H, s), 3.0 (2 H, m), 
4.04 (2 H, m), 4.66 (1 H, m), 6.50 (1 H, d, J t raM = 15.2), 6.76 (1 
H, dt, Jtlam = 15.2), 7.30 (5 H, m), 7.51 (1 H, d, J = 5.7), 7.74 (1 
H, s); EIMS 324 (M+, 0.1), 282 (0.3), 265 (0.6), 245 (0.5), 202 (0.6), 
162 (20), 120 (81), 111 (27), 91 (31), 43 (100). Anal. (dsHaoN-jSOJ 
C, H, N. 

7-Aminocrotonic Acid (14). Crotonic acid (20 g, 0.23 mol) 
and iV-bromosuccinimide (NBS) (46 g, 0.25 mol) were mixed in 
dry benzene (200 mL). After the solution was heated to reflux 
under N2, azobis(isobutyronitrile) (AIBN) (500 mg, 3.7 mmol) was 
added and refluxing was continued for 2 h. Then the reaction 
solution was cooled to 10 °C and filtered. The filtrate was 
evaporated and the residue was dissolved in cold CC14, filtered, 

and then evaporated. The residue in 50 mL of MeOH was then 
added into a solution of ammonium hydroxide (29%, 1.3 L) and 
ammonium chloride (130 g, 2.43 mol) at 0 °C. After the mixture 
stirred at room temperature for 48 h, one-third of the solvent was 
removed under reduced pressure and the solution was filtered. 
The filtrate was passed through the Dowex (50W-X8) cation 
exchange resin and eluted with ammonium hydroxide solution 
(gradient from 1% to 5%). The 4.6-g product (20%) obtained 
by precipitating from cold ethanol solution was recrystalized from 
EtOH-H20 solution: mp 173-174 6C (lit.31 mp 174-176 °C); :H 
NMR (D20) 6 3.69 (2 H, m), 6.04 (1 H, d, JUmi = 16.5), 6.96 (1 
H, dt , e/tram = 16.5). 

iV-(JV'-Acetyl-L-phenylalanyl)-7-aminocrotonic Acid (lc). 
7V-Acetyl-L-phenylalanine (518 mg, 2.5 mmol) was coupled (me
thod C) with 7-aminocrotonic acid (14) (257 mg, 2.5 mmol) in 
chloroform. Recrystalization from H20 gave 390 mg (26%) of 
pure product lc: mp 198 °C; [a]26

D +0.15° (c = 2, MeOH); »H 
NMR (DMSO-dg) 6 1.85 (3 H, s), 2.88 (2 H, m), 3.85 (2 H, s), 4.48 
(1 H, m), 5.74 (1 H, d, J ^ = 15.7), 6.72 (1 H, dt, JUlaa - 15.7), 
7.35 (5 H, m), 8.30 (2 H, m), 12.3 (1 H, s); EIMS 291 (MH+, 100), 
273 (7.5), 231 (11), 190 (32), 202 (0.6), 162 (29), 131 (20), 120 (100). 
Anal. (C16H18N204) C, H, N. 

AT-Acetyl-L-phenylalanyl-7-aminocrotonitrile (Id). N-
(N'-Acetyl-L-phenylalanyl)-7-aminocrotonic acid (lc) (580 mg, 
2 mmol) and polyphosphoric acid ester (PPE,32,33 1.2 g) were 
mixed, chloroform (2 mL) and dimethyl acetamide (1 mL) were 
added, the mixture was cooled to 0 °C, and the flask was connected 
with an ammonia-filled balloon. After stirring at 0-5 °C for 30 
min, it was warmed to room temperature and continued stirring 
for another 2 h. The ammonia balloon was removed and PPE 
(2 g) was added into the reaction solution. The reaction solution, 
which was very viscous, was then heated at 80 °C for 11 h. After 
the reaction, the product was purified by prep. TLC and crys
tallized from methanol-ethyl ether solution to give 114 mg (21%) 
of Id: mp 169 °C; [a]26

D +0.15° (c = 1.3, MeOH); JH NMR 
(DMSO-de) 8 8.35 (1 H, m), 8.25 (1 H, d), 7.3 (5 H, m), 6.8 (1 H, 
dt, J ^ = 16.6), 5.25 (1 H, d, JUua = 16.6), 4.45 (1 H, m), 3.81 
(2 H, m), 2.88 (2 H, m), 1.79 (3 H, s); EIMS 272 (MH+, 18), 271 
(M+, 23), 162 (17), 138 (27), 131 (29), 120 (100), 104 (12), 103 (12), 
91 (16). Anal. (C16H17N302) C, H, N. 

JV-(JV'-Acetyl-L-phenylalanyl)-7-aminocrotonamide (le). 
JV-(JV'-Acetyl-L-phenylalanyl)-7-aminocrotonic acid (lc) (2.9 g, 
10 mmol) in dimethyl acetamide (6 mL) was coupled (method 
C) with ammonium hydroxide solution (29%, 50 mL, 850 mmol). 
The crude product was purified by silica gel chromatography 
(EtOH/CHCl3 = 4:50). The pure le (1.42 g, 49%) was obtained 
as white crystals: mp 173-174 °C; [a]\ +0.20" (c = 1.0, MeOH); 
'H NMR (DMSO-d6) 8 8.20 (1 H, m), 7.40 (1 H, s), 7.3 (5 H, m), 
7.0 (1 H, s), 6.5 (1 H, dt, Jtnu = 15.6), 5.9 (1 H, d, J ^ = 15.6), 
4.5 (1 H, m), 3.8 (2 H, s), 2.9 (2 H, m), 1.75 (3 H, s); EIMS 290 
(MH+, 52), 207 (42), 190 (42), 162 (13), 120 (40), 101 (100), 84 (83), 
56(19). Anal. (C18H19N303) C, H, N. 

7V-Boc-3-(p-nitrophenyl)allylamine (12f). Sodium (207 mg, 
9 mmol) was dissolved in 10 mL of absolute ethanol. Diethyl 
(p-nitrobenzyl)phosphonate (1.62 g, 6 mmol) was added. After 
JV-Boc-glycinal (11) was added, the reaction mixture was stirred 
at room temperature for 3 h and then treated following the general 
procedure (method B). The crude compound was purified by 
sublimation to give 66.7 mg (4%) of product: mp 123-124 °C. 
'H NMR (CDC13) 8 1.45 (9 H, s), 3.93 (2 H, m), 4.71 (1 H, m), 
6.37 (1 H, dt, Jaaa = 16.0), 6.55 (1 H, d, J ^ = 16.0), 7.46 (2 H, 
d, J = 8.8), 8.15 (2 H, d, J = 8.8); EIMS 279 (MH+, 10), 223 (M+, 
18), 179 (100), 161 (41), 116 (13). Anal. (C14Hi?N204) C, H, N. 

l-(p-Nitrophenyl)-3-aminopropenyl Trifluoroacetate 
(13f). l-(p-Nitrophenyl)-3-(N-Boc-amino)propene (12f) (27.8 mg, 
0.1 mmol) was deprotected (method B) to give 18 mg (62%) of 
13f: mp 139-139.5 °C; 'H NMR (acetone-d6) 8 4.66 (2 H, m), 6.77 
(1 H, dt, «/„„, = 16.2), 6.96 (1 H, d, J^ = 16.2); EIMS 179 (MH+, 
14), 178 (M+, 65), 162 (12), 132 (65), 77 (37), 56 (100). Anal. 
(CuH„F3N204) C, H, N. 

iV-(JV'-Acetyl-L-phenylalanyl)-3-amino-l-(p-nitro-
phenyl)-l-propene (If). N-Acetyl-L-phenylalanine (57 mg, 0.27 
mmol) was coupled (method C) with l-(p-nitrophenyl)-3-
aminopropene trifluoroacetate (13f) (79 mg, 0.27 mmol). Re
crystallization from acetone gave 80 mg (80%) of pure product 
If: mp 217-217.5 °C. [ a ] 2 ^ +18.6° (c = 1.0, CHC13); *H NMR 
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(acetone-dg) 5 1.89 (3 H, s), 3.0 (2 H, m), 3.16 (1 H, s), 4.02 (2 H, 
m), 4.67 (1 H, m), 6.51 (1 H, m), 6.60 (1 H, m), 7.28 (5 H, m), 7.50 
(1 H, s), 7.65 (2 H, m), 8.22 (2 H, m); EIMS 367 (M+, 6), 217 (8), 
178 (61), 612 (35), 132 (5), 120 (100), 91 (50). Anal. ( C ^ N A ) 
C, H, N. 

Methyl JV-(JV'-Acetyl-D-phenylalanyl)-7-aminocrotonate 
(2a). iV-Acetyl-D-phenylalanine (414 mg, 2 mmol) was coupled 
to methyl 7-aminocrotonate trifluoroacetate (458 mg, 2 mmol). 
Recrystallization of the crude product from EtOH/CHCl3/hexane 
(1:5:80) gave 500 mg (79%) of pure compound 2a: mp 150-151 
°C. [a]M

D -4.93° (c = 1, MeOH); >H NMR (DMSO-d6) 2.0 (3 H, 
s), 3.10 (2 H, m), 3.9 (3 H, s), 4.1 (2 H, m), 4.7 (1 H, m), 6.07 (1 
H, d, J ^ = 15.8), 6.19 (2 H, m), 7.02 (1 H, dt, J^ - 15.8), 7.45 
(5 H, m), 8.5 (m, 1 H). Anal. ( C ^ H ^ A ) C, H, N. 

Methyl iV-(JV'-Acetyl-L-leucyl)-7-aminocrotonate (3a). 
iV-Acetyl-L-leucine (173 mg, 1 mmol) was coupled to methyl 
7-aminocrotonate trifluoroacetate (214 mg, 1 mmol). Recrys
tallization of the crude product from ethyl acetate/hexane solution 
gave 165 mg (61%) of pure compound 2a: mp 93-94.5 °C; [a]M

D 
-30.2° (c = 2, MeOH); JH NMR (CDC13) 0.95 (6 H, m), 1.62 (3 
H, m), 2.02 (3 H, s), 3.73 (3 H, s), 4.03 (2 H, m), 4.5 (1 H, m), 5.88 
(1 H, m, JUllm = 15.7), 6.15 (1 H, d, Jtm = 7.9), 6.89 (1 H, dt, 
J*™ = 15.7); EIMS 271 (MH+, 1), 214 (2), 171 (1), 128 (42), 86 
(100), 43 (65). Anal. (C13H22N204) C, H, N. 

Methyl iV-(JV'-Acetyl-L-methionyl)-7-aminocrotonate (4a). 
iV-Acetyl-L-methionine (191 mg, 1 mmol) was coupled to methyl 
7-aminocrotonate trifluoroacetate (214 mg, 1 mmol). Recrys
tallization of the crude product from ethyl acetate/hexane solution 
gave 145 mg (50%) of pure compound 4a: mp 118-120 °C, [a]\ 
-20° (c = 1.7, MeOH); lH NMR (CDC13) 2.01 (3 H, s), 2.03 (2 H, 
m), 2.11 (3 H, s), 2.56 (2 H, m), 3.73 (3 H, s), 4.05 (2 H, m), 4.65 
(1 H, m), 5.90 (1 H, d, Jaam = 15.8), 6.78 (1 H, d, J = 7.9), 6.89 
(1 H, dt, JUajla = 15.8), 7.36 (1 H, m); EIMS 289 (MH+, 1), 241 
(2), 214 (41), 172 (12), 155 (15), 116 (35), 104 (36), 84 (36), 56 (100). 
Anal. (C12H20N2O4S) C, H, N. 

Methyl JV-Dihydrocinnamoyl-7-aminocrotonate (5a). 
Hydrocinnamic acid (601 mg, 4 mmol) was coupled to methyl 
7-aminocrotonate trifluoroacetate (916 mg, 4 mmol). Recrys
tallization of the crude product from ethyl acetate/hexane solution 
gave 420 mg (43%) of compound 5a: mp 55 °C; JH NMR (CDCI3) 
2.52 (2 H, t, J = 7.62), 2.98 (2 H, t, J = 7.62), 3.73 (3 H, s), 4.05 
(2 H, m), 5.57 (1 H, s), 5.78 (1 H, d, JtaanB = 15.8), 6.85 (1 H, dt, 
J ^ = 15.8), 7.24 (5 H, m); EIMS 248 (MH+, 23), 247 (M+, 19), 
131 (7), 114 (67), 104 (86), 91 (100). Anal. (C14H17NO30 C, H, 
N. 

Methyl JV-Benzoyl-7-aminocrotonate (6a). Methyl 7-am
inocrotonate trifluoroacetate (916 mg, 4 mmol) and NMM (808 
ML, 8 mmol) were dissolved in THF (800 ML) and cooled to 0 °C, 
and benzoyl chloride (514 pL, 4.4 mmol) was added. After the 
reaction solution was stirred at 0 °C for 2.5 h, the solvent was 
evaporated and the residue was dissolved in CHC13 (50 mL), 
washed with 2% HCl and saturated NaHC03 and dried over 
MgS04. After filtration and evaporation, the residue was re-
crystallized from ethyl acetate and hexane to give 670 mg (77%) 
of 6a: mp 74-75.5 °C; *H NMR (CDC13) 7.61 (5 H, m), 6.97 (1 

H, dt, Jto, = 17.6), 6.54 (1 H, s), 5.97 (1 H, d, Jttm = 17.6), 4.23 
(2 H, m), 3.72 (3 H, s); EIMS 220 (MH+, 100), 219 (M+, 31), 114 
(76), 105 (99), 77 (84). Anal. (C;2H13N03) C, H, N. 

Assay of Inhibition of Papain. Mercurial papain was ob
tained from Sigma (type IV) and purified by chromatography over 
mercurial sepharose as described by Sluyterman and Wijdenes.61 

This yielded an enzyme with a turnover number = 5.37 s"1 toward 
Cbz-Gly-ONp. Active papain solution was prepared by dissolving 
6 mg of mercurial papain into 100 mL of buffer (50 mM P0 4 , 1 
mM EDTA, pH 6.2) and activating it by incubating with L-cysteine 
hydrochloride solution (0.1 M, 5 mL) at 25 °C for 45 min. The 
stock substrate solution was prepared by dissolving Cbz-Gly-ONp 
(Sigma, 9.9 mg, 0.03 mmol) in 100 mL of dry acetonitrile. The 
rate of substrate hydrolysis was followed at 340 nm (Ac = 6800 
M"1 cm"1). The observed rates were corrected for spontaneous 
chemical hydrolysis of the substrate. 

For irreversible inhibitors, time-dependent inhibition was 
evaluated as follows. Solutions of papain (0.11 MM) with varying 
concentrations of inhibitor (2-1000 jtM) were incubated at 25 °C 
in buffer solution (pH = 6.2) containing 20% CH3CN. At various 
time intervals (usually every 10 min), 0.3 mL of reaction solution 
was removed and diluted to 3 mL with buffer solution containing 
20% CH3CN and substrate (Cbz-Gly-ONp; 2 mM). The remaining 
enzyme activity was then measured immediately. These data were 
plotted by the method of Kitz and Wilson.38 

Molecular Modeling. The molecular modeling studies were 
accomplished by using the program SYBYL. The structure of active 
site of papain was from the crystal structure61 of the Cbz-L-
Phe-L-Ala-CH2-(ZPACK) derivative recorded in the Brookhaven 
Protein Data Bank file 6PAD. To create the active site, all 
residues except residues 18-26,61-69,131-142,157-160,175-178, 
and 205-207 were deleted and the remaining empty covalences 
were filled with hydrogens. The initial geometry of the peptide 
Michael acceptor in the active site was created by superimposing 
a compound such as lc or If on the coordinates of the ZPACK 
moiety and then deleting the latter. The empty covalence of sulfur 
atom of Cys-25 was then also filled with hydrogen. An energy 
minimization was performed for the non-covalently bound in
hibitor using the parameters in the Tripos Force Field in the 
absence of solvent, holding the structure of the active site fixed. 
The energy minimization processes stopped when the root mean 
square (rms) values of 0.378 kcal/(mol A) for compound lc and 
0.295 kcal/(mol A) for compound If were achieved. Measurement 
of distances and dihedral angles was done using the SYBYL program 
COMPARISON. 
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