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A number of epoxysuccinyl amino acid benzyl esters (HO-Eps-AA-OBzl, 1) in which the
amino acid (AA) had been systematically varied were tested as inhibitors of cathepsins L
and S. These E-64 analogs were designed to investigate whether selectivity for cathepsin L
or cathepsin S could be attained by varying the amino acid bound to the essential epoxide
ring which induces inhibition by alkylating the active site thiol of the cysteine proteases. The
results indicate that the specificity of these analogs does not parallel that observed for
substrates. This is possibly due to the fact that the direction of the peptide portion of these
analogs, which is the reverse of that found for the substrate-like chloromethyl ketones (if the
situation is analogous to papain), leads to differences in the orientation of the inhibitor side
chain when bound in the S, subsite compared to substrates. The greatest selectivity was
obtained with HO-Eps-Arg-OBzl which exhibited an 89-fold preference for cathepsin L over
cathepsin S. A change from the L to the D stereochemistry for the phenylalanine analogs
resulted in a 19-fold drop in k,/K; for cathepsin L and a 14-fold drop for cathepsin S. Both E-
64 and Cbz-Phe-Ala-CH,Cl form two hydrogen bonds with Gly 66 in the active site of
papain. With the benzyl esters (HO-Eps-AA-OBzl) one of these hydrogen bonds is necessar-
ily absent. In order to evaluate the importance of this hydrogen bond, three benzyl amide
derivatives (HO-Eps-AA-NHBzl, 2) were synthesized. In all cases the potency of the inhibi-
tor was increased and indeed the HO-Eps-Phe-NHBzl analog is 64-fold more potent than the
corresponding benzyl ester. For cathepsin L, there is also a 237-fold preference for L-Phe
over D-Phe in the benzyl amide analog. In conclusion, although the information available
from S,-P; interactions with substrates cannot be used to enhance the selectivity of the E-64
analogs in a rational manner, the hydrogen-bonding interaction between the amide proton of
the benzyl amid group in HO-Eps-AA-NHBzl and the S, subsite for both cathepsins L. and S
contributes to increase the potency of these types of inhibitors.

INTRODUCTION

The papain superfamily of proteolytic enzymes includes the plant cysteine pro-
teinases papain and actinidin and the animal lysosomal cysteine proteinases ca-
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thepsins B, H, L, and S. Cathepsin L appears to play a physiologically major role
not only in intracellular protein degradation and turnover (/) but also in intracellu-
lar events such as bone remodeling (2). In addition, cathepsin L is involved in a
variety of diseases such as glomerulonephritis (3), arthritis (¢), and cancer metas-
tasis (5). Although less is known about cathepsin S it is believed to be involved in
collagen (6) and elastin (7) degradation.

All these enzymes have closely related amino acid sequences and overall fold-
ing structures and utilize identical catalytic groups (8—72). In spite of these simi-
larities, there is a great divergence in their proteolytic specificities, such as endo-
peptidase (papain (/3), actinidin (/4), cathepsin L (/5), and cathepsin S (/6)),
aminopeptidase (cathepsin H (/7)), and dipeptidylcarboxypeptidase (cathepsin B
(18)). Therefore, it is of interest to investigate the role of amino acid substitutions
around the active site evoking such a divergence in proteolytic activities. In
addition, it is expected that an understanding of a set of closely related proteases
would provide valuable information for the design of specific inhibitors as thera-
peutics and, as well, for the development of artificial proteinases having various
specificities by protein engineering.

Schechter and Berger (19) have shown that the active site of papain can be
considered to consist of seven subsites (S;~S, and S{-S3), each able to accommo-
date one amino acid residue of a substrate. For papain, the nature of the residue at
position P> has been shown to be the predominant factor in terms of determining
specificity (20). Examination of the crystal structures of chloromethyl ketone
derivatives of papain (2/) allows identification of the residues in the S, subsite
whose side chains make the most intimate contacts with the P> residue side chain
of the substrate. These residues are Tyr 67, Pro 68, Val 133, Val 157, and Ala 160.
The corresponding residues in cathepsins L and S can then be identified by se-
quence alignment (/6, 22-28) (Table 1). Sequence comparisons indicate that Ser
205 of papain, located at the back of the hydrophobic pocket, is replaced by
alanine in cathepsin L and by either Phe or Tyr in cathepsin S. Not surprisingly
and consistent with the hydrophobic character of the S, subsite, studies indicate
that cathepsin L., like papain, prefers bulky hydrophobic residues in P, (21, 29~
31). The situation is not as well defined with cathepsin S. Recent work indicates
(32) that a leucine residue is preferred in P, over a phenylalanine residue. Al-
though one might expect the large aromatic side chain of either tyrosine 211
(bovine cathepsin S) or phenylalanine 211 (human cathepsin S) (Ser 205 in papain)
to shorten the S, subsite and regulate its specificity, site-directed mutagenesis
experiments with recombinant human cathepsin S indicate that the Gly 133 resi-
due and not the large aromatic side chain of Phe 211 is responsible for the ob-
served subsite specificity. Replacement of Gly 133 by an alanine results in a
twotold better acceptance of phenylalanine over leucine. In contrast, replacement
of Phe 211 by an alanine does not change the specificity of the subsite.

E-64 is a naturally occurring epoxide inhibitor of cysteine proteinases (33)
which inhibits all the known cystcine proteases. It functions by alkylating the
sulfur of the active-site cysteine residue. The challenge is to alter the structure of
this molecule in such a manner as to make it specific to a particular member of the
cysteine protease class. X-ray crystallographic studies of E-64 in the active site of
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TABLE 1

Amino Acid Residues Whose Side Chains Are Involved in Substrate
Binding in the S; Subsite of Papain and Corresponding Residues in Cathep-
sin L and Cathepsin S

Amino acid No.

Enzyme 67 68 133 157 160 205
Papain Y P v A% A S
Human cathepsin L L M A M G A
Mouse cathepsin L L M A L G A
Rat cathepsin L L M A L G A
Chicken cathepsin L L M A L G A
Human cathepsin S F M G v G F
Bovine cathepsin S F M G \' G Y

Note. Sequences are from Gal and Gottesman (24) for human cathepsin
L, Troen ef al. (28) for mouse cathepsin L, Wade ¢# al. (27) for chicken
cathepsin L, Ishidon er al. (25) for rat cathepsin L, Wiederanders ef al. (26)
for bovine cathepsin S, and Wiederanders et al. (16) for human cathepsin
S. The amino acid numbering of papain starting at Ile 1 is used.

papain (34) and actinidin (35) indicate that its leucine stde chain fits in the S,
subsite of these enzymes. These interactions are schematically depicted in Fig.
la. It can be seen that there are two hydrogen bonds between Gly 66 and the
backbone of the peptide. In order to investigate the importance of the S,-P;
interactions in cathepsins L and S and to explore the possibility of developing
specific inhibitors to these enzymes, E-64 analogs of the type HO-Eps-AA-OBzl,
where AA has been varied systematically, were synthesized and tested for their
inhibitory activity with these enzymes. In addition, a few analogs of the type HO-
Eps-AA-NHBzI were also synthesized to evaluate the contribution of a hydrogen
bond interaction between the amide proton of the benzyl amide group and the S,
subsite (Fig. 1¢).

RESULTS AND DISCUSSION

All of the epoxysuccinyl amino acid benzyl amides and esters were synthesized
by coupling the amino acid benzyl amide or ester to the monoethylester of the
epoxysuccinate as synthesized by the method of Mori et al. (36). The benzyl
amides of the amino acids were synthesized by coupling the r-butoxycarbonyl
(Boc)-protected amino acid with benzylamine followed by removal of the t-Boc-
protecting group with trifiuoroacetic acid. If the benzyl ester of the amino acid
was not commercially available it was made by reacting the appropriately pro-
tected cesium salt of the required amino acid with benzyl bromide (37). The ethyl
ester (EtO-Eps-AA-XBzIl, X = O, NH) was then cleaved using pig liver esterase
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Fi1G. 1. Schematic representation of the interaction of various inhibitors in the S, subsite of papain.
(a) E-64 (from the crystal structure (34)): (b) Cbz-Phe-Ala-CH,Cl (from the crystal structure (21)); (c)
proposed binding mode of HO-Eps-AA-NHBzl; (d) proposed binding mode of HO-Eps-AA-OBzl.
Interactions in the S, subsite are represented by numbers (1 and 2, hydrogen bonds between main chain
amide and carbonyl groups of the inhibitor and residue Gly 66 of papain; 3, interaction from the side
chain of the inhibitor).

(38) to give the corresponding acid derivatives (HO-Eps-AA-XBzl, X = O, NH) of
the epoxysuccinyl amino acid benzyl amides and esters (Scheme 1).

Table 2 summarizes the second-order rate constants k,/K; for inactivation of
cathepsin L and cathepsin S by the E-64 analogs, HO-Eps-AA-OBzl. The inhibi-
tory activity of HO-Eps-Leu-OBzl toward both cathepsin S and L is greater than
E-64, indicating that for both of these enzymes the agmatine portion of E-64 is
actually detrimental.

In order to compare the effect of varying P; in the inhibitors with the effect on
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substrate hydrolysis, the specificity constant k.,/Kj has been measured for sev-
eral substrates of the type Cbz-AA-Arg-MCA under the same experimental condi-
tions (Table 3). As mentioned earlier, cathepsin L prefers bulky hydrophobic
residues in P, which was confirmed by our studies (Phe > Leu > Val > Arg). As
predicted for cathepsin S, Leu is favored over Phe in P,. Somewhat surprisingly,
Val is not favored, an indication that 8-branching is not tolerated for cathepsin S.
There is a 2440-fold drop in k.,,/ Ky when one changes the leucine in P; to arginine,
confirming the large influence interactions in the S; subsite have on hydrolysis
rates.

It is clear from a comparison of Tables 2 and 3 that the variation of the residue in
S, for the E-64 analogs does not parallel the variation found for substrates. For
both enzymes the leucine analog of the epoxysuccinyl benzyl ester derivatives are
the best inhibitors. It must be noted that for AA = Leu, Phe, D-Phe, lle, the ratio

TABLE 2

Second-Order Rate Constants for Inactivation of Cathepsin
L and Cathepsin S by HO-Eps-AA-OBzl¢

k/K; (16 M1 s71))

AA® Cathepsin L Cathepsin S

Phe 434 +20 (1) 61 =10 (1)
Leu 791 =32 (0.55) 171 +33  (0.36)
Arg 73 =11 (6) 0.82 = 0.02 (74)
D-Phe 23 +* 2 (19 44 = 04 (14)
Ile 239+ 6 (1.8) 60 + 8 ()
Val 8.1 + 1.8(53.6) 85 = 0.1 (7.2)
Ala 3.7 % 0.4(116) 4.1 = 0.01(15)

7 The corresponding k,/K; values for E-64 are 218 + 20 x
10 M "s'and 99 + § x 10* M~' s! with cathepsin L and
cathepsin S, respectively.

b All amino acids are “‘L"’ unless otherwise specified.

¢ The number in parentheses represents the ratio of k/K;
values for Phe over AA.
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TABLE 3

Second-Order Rate Constants for the Hydrolysis of
Cbz-AA-Arg-MCA with Cathepsin L and Cathepsin S

Substrate Cbz-AA-Arg-MCA
kool Kpyg (10 M1 871

AA Cathepsin L Cathepsin S

Phe 5121 £ 255 (D) 848 + 2.7 (1)

Leu 2175 =187  (2.4) 237 £23  (0.36)
Val 498 = 28 (10.3) 9.6 = 2 (8.8
Arg 6.6 x 0.95(776) 0.99 + .23 (856)

« All amino acids are ‘L’ unless otherwise specified.
» The number in parentheses represents the ratio of .,/ K,
values for Phe over AA.

of the inactivation rate constants with cathepsin L over that with cathepsin S is
3.9-7.1 while for the smaller residues (AA = Ala, Val) the ratio goes down to
0.91-0.95. Increasing the size of the side chain, therefore, seems to increase the
specificity toward cathepsin L. This possibly reflects the contribution of Ala 135
(Val 133 in papain) and Leu 161 (Val 157 in papain) to hydrophobic interactions
with the amino acid side chain of the E-64 analogs. The inhibitor HO-Eps-Arg-
OBzl displays selectivity for cathepsin L to a similar extent as the Cbz-Arg-Arg-
MCA substrate. However, HO-Eps-Arg-OBzl displays a k»/K; = 73 X 10% with
cathepsin L, only 6-fold lower than that of HO-Eps-Phe-OBzl, whereas the sub-
strate Cbz-Arg-Arg-MCA demonstrates a k. /Ky 78-fold lower than Cbz-Phe-
Arg-MCA. In order to study the effect of stereochemistry L.-Phe was replaced by
D-Phe in the inhibitors, which led to a 19-fold drop in k»/K; for cathepsin L and a
14-fold drop for cathepsin S.

In order to understand the specificity differences between the E-64 analogs and
the substrates, a closer examination of the binding modes of E-64 (Fig. la) (34)
and Cbz-Phe-Ala-CH,Cl (Fig. 1b) (2/) in the active site of papain is necessary.
The structure of the peptidyl chloromethyl ketone inhibitors is believed to bear
relevance to enzyme-substrate interactions during the catalytic process (21).
Contrary to most peptidyl inhibitors of cysteine proteases the alkylating epoxy-
succinyl function of the molecule is attached to the amino group of leucine and not
the C-terminal carbonyl group. Although both inhibitors bind in the S subsites of
papain (34), the chloromethyl ketones bind from the N-terminal to C-terminal
direction whereas E-64 binds in the reverse direction (C-terminal to N-terminal).
This reverse arrangement results in differences in the nature of the hydrogen
bonding in this site as well as a large difference in the orientation of the Ca-C8
bond in the S, subsite (39). Consequently, variations in P, of the inhibitors do not
result in the same types of changes in activity as variations in P, of the substrates.
However, both E-64 and Cbz-Phe-Ala-CH,Cl form two hydrogen bonds with Gly
66 in the active site of papain. These two hydrogen bonds have been shown to be
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TABLE 4

Second-Order Rate Constants for Inactivation of Cathepsin
L and Cathepsin S by HO-Eps-AA-NBzl¢

koK (1P M 57
AA Cathepsin L Cathepsin S
Phe 27,765 = 1401 (1) 501 = 26 (1)
Leu 4224 =+ 398% (6.5) 542 + 136 (0.92)
D-Phe 117. = 2 (237) 118 + 2(4.2)

2 All amino acids are *'L"" unless otherwise specified.
% The number in parentheses represents the ratio of ky/K;
values for Phe over AA.

of major importance for the substrate hydrolysis by papain (40). With the benzyl
esters (HO-Eps-AA-OBzl), one of these hydrogen bonds is necessarily absent
(Figs. Ic and 1d). In order to evaluate the importance of this hydrogen bond
interaction in the S, subsite, three benzyl amides (HO-Eps-AA-NHBzl) were
synthesized and their kinetic parameters measured (Table 4) (Fig. 1d). There is a
significant preference for the benzyl amide inhibitors (HO-Eps-AA-NHBzl) for
both enzymes. For cathepsin L, the benzyl amide inhibitor, HO-Eps-Phe-NHBzl,
is 64-fold more potent than its benzyl ester analog and is also now 6.6-fold more
potent than the leucine derivative. When L-Phe is converted to p-Phe there is a
237-fold drop in potency, much more than that observed for the benzyl esters. For
cathepsin S, the leucine derivative (HO-Eps-Leu-NHBzl) and the phenylalanine
analog (HO-Eps-Phe-NHBzl) are now almost of equal potency. For these en-
zymes, the potency of the inhibitor seems to be very dependent on the formation
of the necessary hydrogen bonds between the inhibitor and an enzyme residue in
the S, subsite (Gly 66 in papain).

From our results one cannot exclude the possibility that the epoxysuccinyl
amino acid benzyl esters and benzyl amides used in this study bind to cathepsins L
and S in a manner different from that of E-64 to papain or actinidin. However,
based on the similarity between the cysteine proteinases and also between our
epoxysuccinyl amino acid derivatives and E-64, we believe that their binding
mode is essentially the same as that of E-64 in subsites S; and S, of the enzyme.
The main difference between the E-64 type inhibitors and the substrate-like chlo-
romethyl ketones is that the chemically reactive epoxysuccinyl group in the
former is attached to the amino group of the amino acid residue, while in the latter
the chloromethyl function is a the C-termnal part of the peptide. Thus, the amino
acid residue in the epoxysuccinyl derivatives binds in the reverse direction com-
pared to the chloromethyl ketones and substrates. Consequently, the interactions
in the S, subsite are affected, and for this reason the specificity of the E-64 analogs
cannot be altered in a rational manner by using the information available from S,
P- interactions with substrates. However, modifications in the hydrogen-bonding
interactions in the subsite lead to large perturbations in the potency of these types
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of E-64 analogs, leading us to conclude that they will be an important factor in the
development of specific inhibitors for these enzymes.

EXPERIMENTAL

Materials

All compounds were checked for purity by either HPLC or TLC and all new
compounds were then subjected to high-resolution exact mass analysis to confirm
their identities.

The aminomethylcoumarin substrate were obtained from Aminotech, Canada,
except Z-Val-Val-Arg-MCA which was synthesized as previously described (31).

Hg-inhibited cathepsin L (EC 3.4.22.15) was prepared from lysosomal fractions
from rat liver as described previously by Kirschke (/7). Active recombinant hu-
man cathespin S (EC 3.4.22.27) was purified from yeast (41). The molarities of the
proteases were determined by active-site titration with E-64 (42).

Methods
Enzyme Assavs with Methylcoumarylamide Substrates

Initial rates of hydrolysis of the methylcoumarylamide substrates as well as the
progress curves for the inactivation were monitored in 1-cm cuvettes at 22°C in a
Cary 2200 spectrometer at an excitation wavelength at 380 nm and with a 450-nm
emission filter. The kinetic experiments were carried out with a constant enzyme
concentration in 50 mMm sodium acetate buffer, pH 5.5, for cathepsin L and in 50
mM potassium phosphate buffer, pH 6.5, containing 0.01% Triton X-100, 2.5 mm
dithioerythritol, and 2.5 mMm EDTA for cathepsin S. Hg-cathepsin L was activated
for 5 min at 22°C with 2.5 mM dithioerythritol, 2.5 mMm Na,EDTA and 0.005% Brij-
35 in the assay buffer before starting with the substrate. The Kinetic constants
were obtained by nonlinear regression analysis using the program Enzfitter.

Inactivation Measurements with Epoxysuccinyl Amino Acid Benzyl Esters

The inactivation rates (k) for different inhibitor concentrations in the pres-
ence of the substrate were determined according to the method of Tian and Tsou
(43). Fitting of the k,, values against the inhibitor concentration to Eq. [1] gives
the individual values of K*? and k,. The K" must be corrected to zero substrate
concentration by the term (1 + [S]/Ky) in Eq. [2]. The second order rate constants
k,/K; were directly calculated from the individual constants or from the reciprocal
slope of the appropriate Lineweaver—Burke plot.

kobs = KalI)/(KFPP + [1]) (1]
K: = K¥/(1 + [S)/Ky) (2]

The kinetic experiments were performed at constant enzyme concentrations in
a manner similar to the substrate assays. For cathepsin L, Cbz-Phe-Arg-MCA
(1 uM, Ky = 0.66 uM) was used as a substrate while for cathepsin S the substrate
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employed was Cbz-Val-Val-Arg-Mca (10 uM, Ky = 17 uM). The enzyme concen-
trations in the assay were 0.2 nM for cathepsin L and 2 nM for cathepsin S. Stock
solutions of the epoxysuccinyl amino acid benzyl esters were prepared in acetoni-
trile. The acetonitrile concentration in the assay mixture was always below 1%
(viv).

Synthesis of Epoxysuccinyl Peptides

Monoethyl-(25,35)-threo-2,3-epoxysuccinate. Cleavage of the diethyl ester by
the method of Hanada et al. (44) gave very low yields. Therefore, the monoethyl
ester was synthesized using the method of Jones et al. (38) Pig liver esterase (1000
units) was added to a slowly stirred solution of diester (1.0 g, 5.3 mmol) in 0.1 M
KH,PO, of pH 7.0 at 20°C. The pH was maintained at 7 by pH-stat controlled
addition of 1 M aqueous NaOH. The hydrolysis was continued until 1 eq of base
was taken up at which time the reaction mixture was washed with Et;O (6 X 50
ml). The aqueous phase was acidified to pH 2 with 2 M HCI and the product
extracted with EtOAc. The product was distilled (116-120°C/0.3 mm) to yield
57.7% of the monoethyl ester: lit. bp (¢4) 116-119°C/0.3 mm). 'H NMR (DMSO-
de): 81.2(t,J =7.4Hz,3H,CH,),3.60(d,J = 1.7Hz, IH),3.69(d,J = 7Hz, 1H),
4.2 (q.J = 7.4 Hz, CH,).

N-(2S8,35)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-amino acid benzyl ester
(ErO-Eps-AA-OBzl). The general procedure outlined below was used to couple the
benzyl ester of alanine, leucine, valine, isoleucine, L- and D-phenylalanine to
monoethyl-(25,35)-threo-2,3-epoxysuccinate. This procedure was based on that
of Tamai et al. (45) and will be described for the coupling of leucine benzyl ester to
the epoxide. N-Methylmorpholine (6.0 ml, 0.54 mmol) was added drop by drop to
a suspension of the p-toluenesulfonate salt of L-leucine benzyl ester (0.54 mmol) in
THF. This suspension was added to a cooled solution of the monethyl ester of the
epoxide (86 mg, 0.54 mmol) in THF (15 ml). DCC (111 mg, 0.54 mmol) was added
and after 0.5 h of stirring HOBt was added (73 mg, 0.54 mmol). The solution was
stirred at —5°C for 1 h and at 25°C for 2 days. The solid (DCU) was filtered and the
THF was removed in vacuo. The residue was dissolved in CH;Cl; and refrigerated
overnight to precipitate the remaining DCU. The solvent was removed and the
resulting oil purified by silica gel chromatography (hexane/ethyl acetate) to give a
white solid (leucine, isoleucine, colorless oil).

N-(25,35)-3-trans-Ethoxycarbonyloxiran-2-carbonylj)-L-leucine benzyl ester
(EtO-Eps-Leu-OBzl). (41.3% vyield), [a]lf = +33.9 (¢ 1.26, MeOH). 'H NMR
(CDCl3): 6 0.90 (d, J = 6.3 Hz, 6H, CH,), 1.31 (t,J = 7.4 Hz, 3H, CHj;), 1.53 (m,
2H, CH,), 1.66 (m, 1H, CH), 3.4(d, J = 1.9 Hz, 1H, EpoxH), 3.69 (d, J = 1.9 Hz,
1H, EpoxH), 4.26 (m, 2H, CH,), 4.64 (m, 1H, «-CH), 5.16 (s, 2H, CH;Ar), 6.45 (d,
J = 8.6 Hz, 1H, NH), 7.32-7.38 (m, 5SH, ArH). ir (CDCl,): 3200, 2400, 1520, 1420,
1200, 1040, 920, 800 cm~!. MS (EI) 363.1682, calcd. 363.1686.

N-(25,38)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-alanine benzyl ester
(EtO-Eps-Ala-OBzl). (24% yield, mp 75-78°C). [a]} = +42.8 (c 0.44, MeOH). 'H
NMR (CDCl;): 8 1.31(t,J = 7.0 Hz, 3H, CH,), 1.41 (d, J = 7.4 Hz, 3H, CH;), 3.48
(d,J = 1.8 Hz, 1H, EpoxH), 3.68 (d, J = 1.8 Hz, 1H, EpoxH), 4.25 (m, 2H, CH,),
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4.60 (m, 1H, «-CH), 5.19 (m, 2H, CH,), 6.61 (d,J = 7.0 Hz, 1H, NH), 7.3-7.4 (m,
SH, ArH). ir (KBr disk): 3310, 1750, 1730, 1530, 1200, 750, 700 cm~'. MS (EI)
321.1212, caled. 321.1205.
N-(25,35)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-phenylalanine  benzyl
ester (EtO-Eps-L-Phe-OBzl). (52.7% yield, mp 57-59°C, [a]§ = +36.9 (c 0.45,
MeOH). 'H NMR (CDCl,); 8 1.26 (t,J = 7.0 Hz, 3H, CH4), 2.98 (d of d, J = 9.0
Hz,J = 13.9 Hz, IH, CHAr), 3.19(d of d, J = 5.8 Hz, J = 13.9 Hz, 1H, CHAr),
3.29(d, J = 1.8 Hz, 1H, EpoxH), 3.55 (d, J = 1.8 Hz, 1H, EpoxH), 4.2 (m, 2H,
CH,,4.7(dofd,J=5.8Hz,J=8.9Hz, a-CH), 5.13(d,J = 4.0 Hz, CH,Ar), 7.13
(d,J =6.8 Hz), 7.2-7.3 (m, 5H, ArH). ir (KBr disk): 3310, 1750, 1730, 1655, 1530,
1200 750, 700 cm~'. MS (EI) 397.1532, calcd. 397.1525.
N-(25,38)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-D-phenylalanine  benzyl
ester (EtO-Eps-D-Phe-OBzl). (43% vyield, mp 82-84°C), (@] = +62.6 (¢ 0.556,
MeOH). '"H NMR (CD:CD: 6 1.25(t, J = 7.0 Hz, 3H, CH,), 3.1 (m, 2H, CH,An),
3.39(d,J = 1.8 Hz, 1H, EpoxH), 3.61 (d,. J = 1.8 Hz, 1H, EpoxH), 4.19 (m, 2H,
CH>), 4.84 (m, 1H, o-CH), 5.10 (d of &, J = 12.0 Hz, J = 31.3 Hz, 2H, CH,Ar),
6.36 (d, J = 8.5 Hz, 1H, NH), 6.9-7.4 (m, 10H, ArH). ir (KBr disk) 3320, 3000,
1730, 1660, 1540, 1200 700 cm~'. MS (EI) 397.1518, calcd 397.1525.
N-(28,38)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-isoleucine benzyl ester
(EtO-Eps-lle-OBzl). 25.2% vyield, [a]l = —80.67 (¢ 0.98, MeOH). '"H NMR
(CD;0D): 60.82 (t,J = 7.4 Hz, 3H, CH»), 0.85(d, J = 6.9 Hz, 3H, CH,), 1.08 (m,
1H,CH), 1.25(t,J = 7.1 Hz, 3H, CH5), 1.28 (m, 1H, CH), 1.89 (m, {H, CH), 3.48
(d,J =1.8Hz, IH, EpoxH), 3.67(d,J = 1.8 Hz, EpoxH), 4.18 (m, 2H, CHa,), 4.56
(dofd,J =4.7,9.15Hz, IH, «-CH), 5.1 (d of d, J = 12.2,49.0 Hz, 2H, CH>»), 5.4
(d,J = 9.0 Hz, 1H, NH), 7.3 (m, SH, ArH). ir (CHCl;): 3420, 3020-2940, 1740,
1690, 1530 cm'. MS (FAB) 364.1754, calcd. 364.1760.
N-(28,38)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-valine  benzyl ester
(EtO-Eps-Val-OBzl). (32.6% yield, mp 41-42°C), [a]} = —90.57 (¢ 1 MeOH). 'H
NMR (CD;OD): § 0.9 (d of d, J = 3.9, 6.9 Hz, 6H, CH3), 1.27 (t,J = 7.0 Hz, 3H,
CH:), 215 (m, 1H, CH), 3.56 (d, J = 1.5 Hz, 1H, EpoxH), 3.73 (d, J = 1.5 Hz,
EpoxH), 4.22 (m, 2H, CH,), 4.37(d,J = 6.0 Hz, 1H, «-CH), 5.14 (d of d, J = 12.2,
35.6 Hz, 2H, CH>), 7.35 (m, 5H, ArH). ir (CHCls): 3410, 2800-3100, 1740, 1685,
1530 cm~!. MS (FAB) 350.1621, calcd. 350.1604.
N-(28,38)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-1-arginine benzyl ester
(EtO-Eps-Arg-OBzI). The procedure was the same as that outlined for tyrosine
except that DMF was used as a solvent. The reaction mixture was stirred for 2
days, the DCU was filtered off, and the DMF was removed in vacuo. The residue
was dissolved in H,O. The remaining DCU was filtered off and the aqueous layer
extracted with ethyl acetate. The aqueous layer was evaporated to dryness and
the resulting oil purified by reverse-phase chromatography to give the desired
compound. (17.5% yield, mp 120-122°C), [a]} = —34.91 (c 0.5, MeOH). '"H NMR
(CD;OD): 6 1.28 (t, J = 7.1 Hz, 3H, CH;), 1.56-1.98 (m, 4H, CH,CH,), 3.15 (m,
2H, CH,), 3.53(d,J = 1.8 Hz, 1H, EpoxH), 3.64 (d, J = 1.8 Hz, 1H, EpoxH), 4.22
(m, 2H, CH,), 4.50 (d of d, J = 5.1 Hz, J = 9.4 Hz, a-CH), 5.15(d of d, J = 12.2
Hz,J = 19.1 Hz, 2H, CH»), 7.3-7.4 (m, 5H, ArH). ir (KBr disk): 3480, 3380, 3220,
1745, 1725, 1675, 1200 cm™'. MS (FAB) 407.1931, calcd. 407.1931.
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N-(28,3S5)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-amino acid benzyl es-
ter (HO-Eps-AA-OBZl). The general procedure outlined below was used to hydro-
lyze the ethyl ester of the epoxide to the acid. This procedure uses the method of
Jones and Sabbioni (38) and will be described below for the hydrolysis of N-
(25,35)-3-trans-ethoxycarbonyl oxiran-2-carbonyl)-L-leucine benzyl ester (EtO-
Eps-Leu-Bzl). EtO-Eps-Leu-Bzl (142 mg, 0.465 mmol) was dissolved in an aque-
ous solution of KH,PO,4 (60 ml) and adjusted to pH 7.0 using 0.1 N NaOH at room
temperature. Pig liver esterase (25 units) was added and the pH was maintained at
pH 7.0 by pH-stat controlled addition of 0.1 N NaOH. The hydrolysis was contin-
ued until 1 eq of base had been taken up. The reaction mixture was washed with
Et,0 and the aqueous phase acidified to pH 2.0 using 2 M HCI and extracted with
ethyl acetate. The organic layer was dried and the solvent removed. The resulting
oil was purified by reverse-phase chromatography). (34.4% yield, mp 132-134°C,
[aly = +19.9 (c 0.42, MeOH). 'H NMR (HO-Eps-Leu-OBzl, CDCls): § 0.90 (d of
d, J = 6.0 Hz, J = 19.3 Hz), 1.60-1.63 (m, 3H, CH,CH), 3.32 (s, 1H, EpoxH),
3.62 (s, 1H, EpoxH), 4.5 (m, «-CH), 5.14 (d of d, J = 12.1 Hz, J = 24.6 Hz, 2H,
CHAr), 7.3-7.35 (m, 5SH, ArH). ir (KBr disk) 3370, 3200-2900, 1760, 1715, 1660,
1560, 1280, 1270, 1210 cm~'. MS (FAB) 336.1467, calcd. 336.1447.

N-(28,38)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-alanine benzyl ester
(HO-Eps-Ala-OBzl). 80% yield, o]} = +17.4(c 2.5, MeOH). 'H NMR (CDCl,): 8
1.41(d,J = 7.3 Hz, 3H, CH;), 3.53 (d, J = 1.8 Hz, 1H, EpoxH),3.72(d,J = 1.8
Hz, 1H, EpoxH), 4.62 (m, 1H, «-CH), 5.19 (m, 2H, CH,), 7.3-7.45 (m, 5H, ArH).
ir (CHCI;): 3410, 2800-3100, 1740, 1685, 1540, 1460 cm™'. MS 293.0899, calcd.
293.0899.

N-(28,38)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-phenylalanine benzyl
ester (HO-Eps-L-Phe-OBzl). In this case the hydrolysis was carried out at pH 7.5.
The EtO-Eps-L-Phe-OBzl (100 mg) was dissolved in CHi:CN (3 ml) and then added
to the phosphate buffer (50 ml) for solubility reasons. The hydrolysis was carried
out at pH 7.5 to prevent hydrolysis of both esters. In this case approximately 30%
of the product was N-(25,35)-3-trans-ethoxycarbonyloxiran-2-carbonyl)-L-pheny-
lalanine and 70% was the desired benzyl ester. 13% yield, [a]f = +27.14 (¢ 0.55,
MeOH). NMR (CD;0D): 62.98 (dofd,J = 9.1 Hz, J = 13.8 Hz, IH. CHAr), 3.19
(dofd,J =5.8Hz,J =13.8Hz, IH, CHAr),3.23(d,J = 1.8 Hz, IH, EpoxH}), 3.5
(d, J = 1.8 Hz, 1H, EpoxH), 4.74 (m, IH, a-CH), 5.13 (d of d, J = 12.2 Hz, J =
15.9 Hz), 7.1-7.3 (m, 10H, ArH). ir (CHCI;): 3020, 1750, 1680, 1220, 780 cm™'.
MS (FAB) 370.1283, calcd. 370.1291.

N-(28,3S5)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-p-phenylalanine benzyl
ester (HO-Eps-p-Phe-OBzl): The hydrolysis was carried out in the same manner
as for the L-isomer. [a]¥ = +63.53 (c 0.956, MeOH), yield 42.8% NMR (CD,0D):
8299 (dofd,J=89Hz, J=13.8Hz, |H, CHAr),3.17(dofd, J =5.9Hz,J =
13.8 Hz, 1H, CHAr), 3.36 (d, J = 1.75 Hz, 1H, EpoxH), 3.54 (d, J = 1.75 Hz, 1H,
EpoxH),4.71(d of d, J = 5.8 Hz, J = 8.9 Hz, IH, a-CH), 5.12 (s, 2H, CH>), 7.1-
7.3 (m, 10H, ArH). ir (KBr disk) 3500-2700, 1740, 1650, 1200. 700 cm~'. MS
(FAB) 369.1223, calcd. 369.1212.

N-(28,38)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-valine benzyl ester
(HO-Eps-Val-OBzl). The hydrolysis was carried out as described above for the
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EtO-Eps-Gly-OBzl to give the desired benzyl ester as the only hydrolysis product.
32.0% yield, [a]¥ = —92.4 (c 0.80 MeOH). '"H NMR (CD;0D): $0.9 (d of d, J =
4.1,6.75 Hz, 6H, CHj), 2.15 (m, 1H, CH), 3.51 (d,J = 1.7 Hz, 1H, EpoxH), 3.69
(d,J =1.7Hz, IH, EpoxH), 4.36 (d,J = 6.0 Hz, 1H, «-CH), 5.15(d of d, J = 12.2,
33.7 Hz, 2H, CH,), 7.3 (m, 5H, ArH). ir (CHCly): 3410, 2800-3100, 1740, 1690,
1525 cm™!. MS (FAB) 322.1291, calcd. 322.1304.
N-(25,358)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-isoleucine benzyl es-
ter (HO-Eps-Ile-OBzl). The hydrolysis was carried out as described above for the
EtO-Eps-Gly-OBzl to give the desired benzyl ester as the only hydrolysis product.
33.0% yield, [a]} = —84.68 (c 1.13 MeOH). 'H NMR (CD;0D): § 0.86 (t, J = 7.3
Hz, 3H, CH3), 0.87 (d, J = 6.7 Hz, 3H, CH;) 1.20 (m, 1H, CH), 1.39 (m, 1H, CH),
1.89 (m, 1H, CH), 3.51 (d, J = 1.7 Hz, IH, EpoxH), 3.69 (d, J = 1.7 Hz, 1H,
EpoxH), 4.3(d,J = 5.6 Hz, IH, a-CH), 4.14 (d of d, J = 12.2, 42.6 Hz, 2H, CH,),
7.4 (m, SH, ArH). ir (CHCl,): 3410, 2800-3100, 1740, 1680, 1530, 1455 cm™'. MS
(FAB) 336.1472, calcd. 336.1447.
N-(258,38)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-arginie benzyl ester
(HO-Eps-Arg-OBzl). The hydrolysis was carried out as described above for the
EtO-Eps-Leu-OBzI at pH 5 to give the desired benzyl ester as the only hydrolysis
product. (36% yield), [a]f = +15.86 (c 0.696, MeOH). 'H NMR (CD;OD): 8 1.6
(m, 2H, CH,), 1.75 (m, 1H, CH), 1.92 (m, I1H, CH), 3.15 (m, 2H, CH,N), 3.55 (d,
J = 1.8 Hz, 1H, EpoxH), 3.65(d, J = 1.8 Hz, 1H, EpoxH), 4.5 (m, 1H, «-CH),
5.15(d of d, J = 12.3 Hz, J = 19.7 Hz), 2H, CH,), 7.29-7.35 (m, 5H, ArH). MS
(FAB) 378.1540, calcd. 378.1539.
N-(28-3S)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)amino acid benzyl amide.
The general procedure outlined above for the benzyl esters was used for the
benzyl amides as well.
N-(258-3S)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-phenylalanine  benzyl
amide (EtO-Eps-1L-Phe NHBzl). (22% yield, mp 130-132°C), [a]} = +27.7 (¢ 1.17,
MeOH). ir (KBr disk): 3270, 1750, 1635, 1540, 1200 cmm™~'. NMR (CD;OD): 6 1.27
(t,J = 7.2 Hz, 3H, CH3), 2.90 (d of d, J = 8.7, 13.7 Hz, 1H, CHPh), 3.15 (d of d,
J = 6.6, 13.7 Hz, 1H, CHPh), 3.26 (d, J = 2.0 Hz, 1H, EpoxH), 3.57 (d,J = 2.0
Hz, 1H, EpoxH), 4.20 (m, 2H, CH>), 4.31 (d of d, J = 15.0, 24.5 Hz, 2H, CH,Ph),
4.66 (d of d, J = 6.25, 8.5 Hz, 1H, «-CH), 7.1-7.3 (m, 10H, ArH). MS (FAB)
396.1695, calcd. 396.1685.
N-(28-3S)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-D-phenylalanine  benzyl
amide (EtO-Eps-p-Phe NHBzl). (6% yield, mp 167-168°C), [a]l = +65.6 (c 1.12,
MeOH). ir (KBr disk): 1750, 1640, 1480, 1200 cm~*'. NMR (CD;0D): 6 1.27 (t, J =
7.5Hz,3H, CH3y),2.90(d of d, J = 8.5, 13.5 Hz, IH, CHPh), 3.13(d of d, J = 6.8,
13.5 Hz, 1H, CHPh), 3.47 (d, J = 1.9 Hz, 1H, EpoxH), 3.57 (d, J = 1.9 Hz, 1H,
EpoxH), 4.20(d of d, J = 7.0, 14.3 Hz, 2H, CH,), 4.30 (d of d, J = 14.9, 32.4 Hz,
2H, CH,Ph),4.64 (dof d,J = 6.8, 8.2 Hz, 1H, a-CH), 7.1-7.3 (m, 10H, ArH). MS
(FAB) 396.1687, calcd. 396.1685.
N-(25-35)-3-trans-Ethoxycarbonyloxiran-2-carbonyl)-L-leucine benzyl amide
(EtO-Eps-L-LeuNHBzl). (22.5% vyield, mp 158-159°C), [al} = +49.8 (¢ 0.50,
MeOH). ir (KBr disk): 3300, 1745, 1640, 1550, 1530, 1200 cm™'. NMR (CD;0D): §
0.9(d,J = 6.0Hz, 3H, CH;), 0.94 (d,J = 6.0 Hz, 3H, CH,), 1.28 (t, 3H CHay), 1.61
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(m, 3H, CHCH3), 3.55(d, J = 1.5 Hz, EpoxH), 3.65 (d, J = 1.5 Hz, EpoxH), 4.23
(m, 2H, CH,), 4.35 (s, 2H, CH;N), 4.45 (m, 1H, a-CH), 7.2-7.4 (m, 5H, ArH). MS
(FAB) 362.1851, calcd. 362.1842,

N-(258-38)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)amino acid benzyl amide
(HO-Eps-AA-NHBzl). The same procedure was used as that for the hydrolysis of
N-(2§5-35)-3-trans-ethoxycarbonyloxiran-2-carbonyl)amino acid benzyl esters.

N-(28-35)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-phenylalanine benzyl
amide (HO-Eps-L-PheNHBzl). (48% yield, mp 152-153°C), [a)E = +27.4 (c 0.44,
MeOH). ir (KBr disk): 3250, 3000, 1730, 1650, 1560, 1360 cm~'. NMR (CD;0D): &
290 (d of d, J = 8.7, 13.6 Hz, 1H, CHPh), 3.15(d of d, 7 = 6.5, 13.6 Hz, 1H,
CHPh), 3.20 (d, J = 1.7 Hz, 1H, EpoxH), 3.57 (d, J = 1.7 Hz, 1H, EpoxH), 4.31
(m, 2H, CH,Ph), 4.65(d ofd,J = 6.6, 7.6 Hz, IH, a-CH), 7.1-7.3 (m, 10H, ArH),
8.5 (s, NH). MS (FAB) 368.1369, calcd. 368.1372.

N-(28-35)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-D-phenylalanine benzyl
amide (HO-Eps-p-Phe NHBzl). (62% yield, mp 173-175°C), [a]F = +60.8 (c 0.90,
MeOH). NMR (CD;0D): 62.90(d of d, J = 8.4, 13.6 Hz, 1H, CHPh), 3.15 (d of d,
J = 6.8, 13.6 Hz, 1H, CHPh), 3.42 (d, J = 1.7 Hz, 1H, EpoxH), 3.56 (d, J = 1.7
Hz, 1H, EpoxH), 4.26 (dofd, J = 5.5, 14.9 Hz, 1H, CHPh), 4.33 (d of d, J = 5.9,
14.9 Hz, 1H, CHPh), 4.65 (m, 1H, «-CH), 7.1-7.3 (m, 10H, ArH), 8.5 (s, NH). ir
(KBr disk): 3260, 1730, 1650, 1555, 1360 cm~!. MS (FAB) 368.1366, calcd.
368.1372.

N-(28-38)-3-trans-Hydroxycarbonyloxiran-2-carbonyl)-L-leucine benzyl amide
(HO-Eps-L-LeuNHBzl). (60% yield, mp 159-161°C), [a]} = +41.2 (c 0.52,
MeOH). NMR (CD;0D): § 0.90 (d, J = 6.0 Hz, 3H, CH;),0.93 (d, J = 6.0 Hz, 3H,
CH,), 1.61 (m, 3H, CHCH,), 3.48 (d, J = 1.8 Hz, EpoxH}, 3.61(d,J = 1.8 Hz, IH,
EpoxH), 4.35 (s, 2H, CH,), 4.45 (m, 1H, «-CH), 7.2-7.4 (m, SH, ArH). ir (KBr
disk): 3280, 2980, 1720, 1680, 1650, 1620, 1550, 1220 cm'. MS (FAB) 334.1528,
calcd. 334.1529.
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