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(35, 1'S)-3-(1'-Carboxy-2"-phenyl)ethylamino-2-oxetanone (1a) and (3R. 1'S)-3« I"-carboxy-2"-pheny])ethylamino-2-
oxetanone (1b) were designed. synthesized. and evaluated as inhibitors for carboxypeptidase A. a prototy pical
zinc protease that removes the C-terminal amino acid having an aromatic side chain from oligopeptide
substrate. It was concluded from the analysis of inhibition kinetics that while 1a inactivates CPA irreversibly.
its diastereoisomer. 1b is a weak competitive inhibitor for CPA. A possible explanation for the observed
difference in inhibition mode that is dependent on the inhibitor stereochemistry is offered.
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Introduction

Zinc proteases have received an increasing attention in
recent vears as the roles that these enzymes play in
physiological processes and pathological conditions become
wnraveled. Inhibitors of certain zine proteases such as
angiotensin converting enzyme and matrix metalloproteases
are valuable therapeutic agents useful for the treatment of
heart diseases. malignant tumors and arthritis.' These enzymes.
are characterized by having at the active site a zine ion that is
essential for the catalytic activity. Of these enzymes.
carboxypeptidase A (CPA) isolated from the pancreas is the
most extensively studied and serves as a prototypical enzyme
for the zinc proteases.- CPA has been used as a model
enzyvime for developing inhibitor design strategies that may
be useful for designing inhibitors of zin¢ proteases of
medicinal interest. The enzyme removes the C-terminal
amino acid having an aromatic side chain from oligopeptide
and esters structurally reminiscent to the peptide substrates.*
The zinc 1on at the active site of CPA is coordinated to His-
69. His-196. Glu-72. and a water molecule as the fourth
ligand - The water molecule is loosely bound and directly
involved in the hydrolysis of peptide substrate. At the active
site of CPA there is present a carboxylate of Glu-270. which
functions as a general base. activating the zinc bound water
molecule for nucleophilic attack on the scissile peptide bond
of substrate.~** It has been known that in the hydrolysis of
ester substrate the Glu-270 carboxylate attacks directly on
the carbony| carbon fo generate an anhydride intermediate °
In binding the substrate to CPA. the C-terminal carboxy late
forms a hydrogen bond with the guanidinium moiety of Arg-
145 and the aromatic ring in the P,' residue is accommodated
in a hydrophobic pocket (the primary substrate recognition
pocket) at the active site.

We have designed compound 1 as a potential irreversible
inactivator for CPA. It is expected that upon binding of 1 to
CPA. the carbony] oxyvgen of the lactone ring would rest in
the close vicinity to the active site zinc ion to form a

coordinative bond so that the lactone ring may become
further activated for the ring cleavage reaction with the
carboxylate nucleophile present at the active site. Such a
reaction would result in tethering 1 to CPA with concurrent
ring cleavage of the heterocycle. This covalent modification
of the enzyme would impair the catalytic activity of CPA
permanently. In this study we have restricted the inhibitor
having the (S)-configuration at the 1' position since the (S)-
stereochemistry corresponds to the stereochemistry of
substrate. i.e.. the L-series.
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Results

Chemistry. Both the carboxylate and hydroxyl groups in
(R)-2-bromo-3-hydroxypropanocic acid (2a) that was prepared
by the literature method’ were protected to give 3a. The
latter compound was then allowed to react with L-phenylalanine
benzyl ester in the presence of sodium bicarbonate under
reflux conditions to obtain a mixture of 4a and its
diasterecomer (4b) in the ratio of 5:1. The mixture was
separated by column chromatography.® The minor product
(4b) was shown to be the diastereoisomer of 4a having the
(2S.4R)-configuration. Intermediate 4a could also be
prepared by the reductive amination of phenylpyruvic acid
with O-rert-butyl L-serine zer-butyl ester’ followed by
esterification with benzyl bromide. but in a lower vield. It
appears that 4b is formed from (S)-2 generated in the
preparation of 2a from D-Ser' and present in 2a as an
impurity. The amino group in 4a was protected with CbzCl
in the presence of 2.6-lutidine in dichloromethane to obtain
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OBnHCI, NaHCO», CHaCN, 1t to reflux: (¢) CbzCl, 2,6-lutidine,
THF: (d) TFA, CH2Cls, rt to 30 °C; (¢) PhsP. DMAD, THF, -78 °C
to 1t (f) Ha, PA/C, MeOH.

Sa in 85% vield.® Both ferf-buty] groups in Sa were removed
by the treatment of trifluoroacetic acid in dichloromethane to
afford 6a which was then cvclized to give 7a in 45% vield
under the modified Mistunobu conditions as reported by
Amold er «/.'” The hvdrogenolvsis of 7a gave the target
molecule 1a. The synthesis of 1b was accomplished by the
sanie sequences of reactions as those used for the preparation
of 1a starting with (5)-2-bromo-3-hyvdroxypropanoic acid
(2h).

Inhibition Assay. The inlubitors thus svnthesized were
assaved for their inlubitory activities against CPA. The
enzyme was incubated with excess inhibitor. and the loss of
enzymic activity was followed by withdrawing aliquots at
30 min intervals and assaved for the remaiming activity by
measuring the rate of the CPA catalvzed hvdrolvsis of the
chromophoric substrate. hippuryl-L-phenylalamne (Hip-L-Phe)
at 25 °C in Tns buffer (0.05 M) of pH 7.5. Semi-logarithmic
plot of the activity remaining versus incubation time at
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Figure 2. Time dependent loss of CPA activity caused by 1a in the
absence and presence of 2-benzylsuccinic acid, a CPA mlubitor
known to bind CPA at the active site (substrate, Hip-L-Phe:
[S]F250 uM; [E]= 1.3 uM; Tris buffer of pH 7.5. temperature, 25
C)

different concentrations of the mhibitor gave straight lines
when CPA was treated with 1a (Figure 1a), suggesting that
the inhibition occurs i an irreversible fashion. The mactivated
CPA by 1a failed to gain its enzymic activity upon dialysis
against the assay medium for 2 days, supporting the
ureversible nature of the inlubition.

Kinetic parameters for the nreversible mhibition. K and
Kinae Were estimated from the double reciprocal plot of Ao,
versus mhibitor concentration according to the method of
Kitz and Wilson'' as exemplified by Figure 1b, and are listed
in Table 1. A protection of the CPA hibition by 1a was
observed when CPA was premcubated with 2-benzylsuccinic
acid. a known active site directed competitive inlubitor of
CPA.” indicating that the inactivation takes place at the
active site of the enzyme (Figure 2).

On the other hand. 1b failed to show the time dependent
loss of the enzymic activity. indicating that 1b is devoid of
the CPA mactivating property. It. however, inlubited the
enzyme competitively with the X; value of 246.5 UM as
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Figure 1. (a) Loss of enzymic activity of CPA as a function of time of the incubation of CPA with 1a at different concentrations (substrate,
Hip-L-Phe; [S]=250 uM; [E]=1.3 uM; Tris bufter of pH 7.5; temperature, 25 °C), (b) The double reciprocal plot of Aqs versus concentration

of 1a, [I], for the inactivation of CPA with 1a.
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Figure 3. The Dixon plot for the reversible mhibition of CPA with 1a (a) and 1b (b) (substrate, Hipp-L-Phe: Tris buffer of pH 7.5

temperature, 235 °C)

Table 1. Kinetic parameters for the inactivation of CPA by lactone
derivatives

"y Kingct K Ainaer! K K
Inhibitor {min~") (mM)  (M'min™") (UM)

1a 0.0099+0.0007  1.6+£0.09 6.3+0.4 16.7+1.1

1b NI“ 246.53+292

“NI means no irreversible inlubition.
determined by the Dixon plot (Figure 3b and Table ).

Discussion

We and others have demonstrated that mactivators of CPA

that mmpair the enzymic activity of CPA by covalently
modifyving the catalytically essential nucleoplule of the Glu-
270 carboxylate may be obtaimed by mcorporating a latent
electrophile into a molecular scaffold reminiscence to the
P/’ residue of CPA substrate. ' Small heterocycles having
high ring strain energy such as oxirane." thiirane.'® 3-
oxoisoxazolidine'” have been served effectively as the
latent electroplule. 2-Oxetanone 1s a much studied heterocyele
having a ligh ring stramm energy and susceptible to ring
cleavage reaction by a variety of nucleophiles.’® Thus, the
compounds derived by tethering 2-oxetanone to Phe that is
most frequently found Py' residue n the substrate of CPA are
anticipated to vield a highly potent inactivating activity for
CPA. This strategy has not been explored previously for the
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Figure 4. A proposed inactivation mechanism of CPA by 1a.
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design of ureversible inhibitors for zinc proteases. The
stereochenistry associated with nactivation of proteases.
CPA in particular. has been the subject of our long lasting
interest.'” and in this study we are interested in examining
the stereochemistry associated with the inlubition of CPA by
the novel type of inhibitors. Accordingly. inhibitors. 1a and
1b in a diastereoisomeric relationship were synthesized.

The kinetic analysis for the inlubition of CPA by the
inhibitors showed that 1a is an effective imeversible
inactivator for the enzyme with the £;,./K; value (the second
order inhibitory rate constant) of 6.3+ 0.4 M~ min™. Its
diastereoisomer 1b failed to inactivate the enzvme but 1s a
weak reversible inhibitor for the enzvme. A possible
mechanism for the inactivation of CPA by 1a 1s depicted in
Figure 4. Expectedly. the carboxylate of la forms a
hydrogen bond with the guanidimium moiety of Arg-1435 and
the benzene ring anchors in the S, subsite pocket. This
binding nmode would place the -lactone ring in the vicinity
of the zinc 1on and there may form a coordinative bond
between the carbonyl oxygen of the B-lactone and the zinc
1on, resulting n the activation of the heterocvcle for the
electrophilic reaction with the carboxylate of Glu-270, the
catalvtically essential nucleophile present at the active site.””

2-Oxetanone ring is known to undergo a nng cleavage
reaction by the nucleophilic attack at either the C-2 or C-4
position of the ring.”' Accordingly, there are two possible
routes, /.e.. a and 4 for the cleavage of the B-lactone ring by
the carboxylate in the mactivation of CPA by 1a. In reaction
path ¢ that involves the Sy2 type nucleophilic attack at the
C-4 position of the ring. the carboxylate nucleophile is
required to approach the electrophilic center in the direction
of 180 to the scissile CO bond. On the other hand. i
reaction path 4. the ring cleavage reaction occurs by the
nucleoplulic addition and elimination mechanism. It has
been known that such a reaction does not require the
stringent directionality for the attacking nucleophile. This
has been demonstrated in the inactivation of CPA by o-
benzyl-2-ox0-1.3-oxazolidine-4-carboxylic acid.® In this case
all four diasterecisomers of the hibitor were effective
irreversible inactivators for CPA.~° On the basis of the foregoing
discussion on the stereochemustry in the inactivation of CPA.
it may be concluded that the present covalent modification
reaction takes more likely vier path ¢, the Glu-270 carboxylate
attacking at the 4-position of the 2-oxetanone moiety in 1a.
The lack of CPA mactivation activity shown by 1b mav be
explained on the following ground: If 1b would bind to the
enzyme in the way that its diasterecisomer 1a binds, the
electrophilic center (the C-4) in the 2-oxetanone ring would
not rest at the position amenable for the S;2 tvpe nng
opening reaction to take place with the Glu-270 carboxylate.
In this regard. it 15 worth noting the report of Kim ez ¢/, who
showed that 2-benzyl-3.4-epoxybutanoic acid is a highly
stereospecific CPA inactivator with the stereoisomer having
the (2R 35)-configuration being effective.'*~* Theyv rationalized
the lack of mactivation property shown by its diastereoisomer
with the proposition that in the CPA-inhibitor complex the
C4-0O bond 1n the mhibitor bearing the (2R, 3R)-configuration
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1s not properly aligned with respect to the carboxvlate
nucleophile for the Sy2 type ring cleavage reaction.™

In conclusion. we have demonstrated that the 2-oxetanone
ring is a viable latent electrophile that can be used in the
design of nrreversible inhibitor for CPA and the inactivation
reaction leading to covalent modification of the Glu-270
carboxylate occurs 1n a stereospecific fashion that only the
mhibitor having the (S.5)-configuration 1s effective. The
design strategy reported here may find applications in
designing mhibitors of other zinc proteases. should one be
able to modify judiciously the molecule so that it can bind
the active site of the target enzyme and the lactone carbonyl
achieves coordination with the active site zine.

Experimental Section

All chemicals were of reagent grade obtaned from Aldrich
Chemical Co. and solvents were purified before use. Flash
chromatography was performed on silica gel 60 (230-400
mesh) and tlun layer chromatography (TLC) was carried out
on silica coated glass sheets (Merck silica gel 60 F-254). All
melting pomts were determmed on a Thomas-Hoover
capillary melting point apparatus and were not corrected. 'H
NMR and "*C NMR spectra were measured on a Bruker AM
300 (300 MHz) instrument using tetramethylsilane as the
mtermal standard. IR spectra were recorded on a Bruker
Equmox 55 FT-IR spectrometer. Optical rotations were
measured on a Rudolp Research Autopol 111 digital polarimeter.
Mass spectra and elemental analyses were performed at
Central Machine and Facilities Shop. Pohang University of
Science and Technology. Pohang. Korea. High resolution
mass spectra were performed by Mass Spectrometry
Analysis Team, Korea Basic Science Institute. Taegu, Korea.

(R)-2-Bromo-3-{fert-butoxy)propanoic acid zere-butyl ester
(3a). Concentrated sulfunc acid (2.7 mL, 50 mmol) was
added to a vigorously stured suspension of anhydrous
magnesium sulfate (47.8 g, 0.4 mol) in 400 mL of CH-Cl-
and the mixture was stirred for 15 min. To this solution. (R)-
2-bromo-3-hydroxypropanoic acid (2a)’ (8.45 g 50 mmol)
was added and sturing was continued for 15 min followed
by addition of rert-butanol (95.6 mL. 0.5 mol). The flask
contaming the mixture was stoppered tightly and stirred for
36 h at room temperature. The reaction mixture was then
quenched with 200 mL of saturated sodium bicarbonate
solution and the stirring was continued until all magnesium
sulfate was dissolved. The orgamc phase was separated,
washed with water, and brine, drnied over MgSO,. and
concentrated to afford the crude product which was purified
by column chromatography (vellowish oil, 11.9 g, 85%).
[@)p =+3.9°(c 1.3, CHCls); 'H NMR 300 MHz (CDCla) §
1.45 (s. 9H), 1.44 (s. 9H), 3.59-3.63 (m, 1H). 3.80 (t./ = 9.0
Hz. 1H). 4.07-4.12 (m, LH). “C-NMR 300 MHz (CDCl:) §
27.8.28.1,44.9.64.0,74.4.82.6. 168.2.

(5)-2-Bromo-3-(zerz-butoxy)propanoic acid ferz-butyl ester
(3b). This compound was obtained as a vellowish o1l in 80%
vield by the same procedure described above starting with
(S)-2-bromo-3-hydroxypropanoic acid 2b). [o]p = —4.0° (¢
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1.0, CHCl:).

(25485)- and (25,4R)-2-Benzyl-3-tert-butoxy-4-tere-butoxy-
carbonyl-3-azapentanoic acid benzyl ester (4a and 4b).
To a solution of L-phenylalanine benzyl ester hvdrochloride
salt (10.2 g. 35.0 mmol) in 80 mL of acetonilnle was added
8.82 ¢ (105.0 mmol) of NaHCOs. After stimng for | h. 3a
(10.6 g, 37.8 mmol) was added dropwise to the nixture and
stirred at room temperature for | day, then under reflux for |
dav. The reaction mixture was cooled and filtered through
Celite and the filtrate was concentrated in vacuo. The
residue was dissolved n ethyl acetate and the solution was
washed with water and brine. dried over MgSO,, and
evaporated under reduced pressure. The residue was punified
by column chromatography on silica gel to give 4a
(colorless oil, 11.3 g. 70.8%) and 4b (colorless oil. 2.26 g.
14.2%). 4a: []; = -9.0° (¢ 1.0. CHCI;): EI-MS m:z 455
(M"). FAB HRMS caled for C-7H3:NOs (MH") 456.2750.
found 456.2755: '"H NMR 300 MHz (CDCl3) & 1.12 (s, 9H).
1.40 (s, 9H), 3.00 (d, J = 6.6 Hz. 2H). 3.32 (t, /=53 Hz.
1H), 3.44-3.54 (m, 2H), 3.74 (t. J=7.1 Hz, 1H), 5.05 (s.
2H), 7.15-7.37 (m, 10H); *C-NMR 300 MHz (CDCl;) &
228, 285, 403, 609, 61.7, 638, 668, 734, 81.5. 1263,
127.1, 128.6. 1289, 1290, 129.7, 136.0. 1374, 1722,
174.1. 4b: [0]5 =+4.9° (¢ 1.0, CHCLs): EI-MS mz 455
(M"). FAB HRMS caled for C-7H3:NO: (MH") 456.2750.
found 456.2763: '"H NMR 300 MHz (CDCl3) & 1.12 (s, 9H).
1.43 (s, 9H), 2.97 (d, /= 6.2 Hz. 2H). 3.25 (t. /=48 Hz.
1H). 3.47 (d. J = 4.8 Hz. 2H). 3.74 (t,.J = 6.7 Hz. 1H). 5.07
d, J=4.1 Hz, 2H), 7.18-7.31 (m. L0H). “C-NMR 300
MHz (CDCl3) 6 27.7. 28.5. 40.2. 60.9, 61.2, 61.9. 63.6. 66.9.
733, 81.5. 1269, 1271, 128.6. 128.7. 128.8. 1298, 136.1,
1379, 1723, 174.2.

(28, 4R)-2 -Benzyl -3-tert-butoxy-4-tert-butoxycarbonyl-
3-azapentanoic acid benzyl ester (4b). This compound was
obtained as the major product (73% wvield) from 3b by the
same procedure as that used for the preparation of 4a.

(25,45)- and (2R 45)-2-Benzyl-S-tert-butoxy-4-zert-butoxy-
carbonyl-3-azapentanoic acid benzyl ester (4a and 4c). A
solution of O-tert-butyl L-serine zeri-butyl ester (6.52 g.
30.0 mmol), phenylpyruvic acid (3.91 g, 36.0 mmol). and
492 ¢ (60.0 mmol) of anhvdrous NaOAc in 750 mL of
absolute ethanol was cooled under stirring in an ice-water to
which was added slowly NaBH3;CN (3.77 g. 60.0 mmol) in
75 mL of EtOH. The reaction mixture was stirred for 1 hat 0
°C. then at room temperature for 48 h. The solvent was
evaporated under reduced pressure and the residue was
suspended in anhvdrous MeOH (200 mL). Cs-CO; (7.17 g.
22.0 mmol) was added to the mixture and stured for 30 mun.
then concentrated under reduced pressure. The residue was
suspended in DMF (200 mL). To the mixture was added
dropwise benzylbromide (2.3 mL. 20.0 mumol) and stirred
for 12 h. The reaction mixture was diluted with water (300
mL) and extracted with ethyl acetate (3 x 200 mL). The
combined extracts were washed with water and brine. dried
over MgSQs. and evaporated under reduced pressure. The
residue (a mixture of two diastereomers) was separated nto
the (R.S)- and (S5,5)-1somers by column chromatography on
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silica gel to give d4a (colorless oil, 3.83 g, 28%) and 4¢
(colorless oll. 3.42 g 25%). 4a: [a]h =-9.0° (¢ 1.0, CHCla):
EI-MS m:z 455 (M"). '"H NMR 300 MHz (CDCl3) 8 1.12 (s,
9H). 1.40 (s, 9H), 3.00 (d, J = 6.6 Hz, 2H), 332 (t./ =53
Hz. 1H). 3.44-3.54 (m. 2H), 3.74 (t. J = 7.1 Hz. 1H), 5.05 (s,
2H). 7.15-7.37 (m. 10H); *C-NMR 300 MHz (CDCls) &
22.8. 285, 403. 609, 61.7, 63.8, 66.8. 73.4. 81.5. 126.3.
127.1, 1286, 1289. 129.0. 129.7, 136.0. 1374. 1722,
174.1. 4¢: [0]p = =5.0° (¢ 1.0. CHCl3): EI-MS 2 455
(M. 'H NMR 300 MHz (CDCla) & 1.12 (5. 9H). 1.43 (s,
9H). 2.97 (d. J = 6.2 Hz, 2H), 3.25 (t. J = 48 Hz, 1H), 3.47
(d./=48Hz 2H). 374 (t.J=6.7Hz. 1H), 3.07(d.J = 4.1
Hz. 2H). 7.18-7.31 (m, 10H); '*C-NMR 300 MHz (CDCl3) &
27.7. 285. 402, 609, 61.2, 619. 63.6. 669. 73.3. §1.5.
1269, 127.1, 1286. 1287. 1288, 1298. 136.1. 1379,
172.3, 174.2.

(28 AS)-N-Benzyloxycarbonyl-2-benzyl-3-tert-butoxy-4-terz-
butoxycarbonyl-3-azapentanoic acid henzyl ester (3a). To
an ice clulled THF solution (30 mL) of 4a (8.66 g. 19.0
mmol) and 2.6-lutidine (4.2 mL, 36.1 mmol) was added
dropwise benzyl chloroformate (3.8 mL. 26.6 munol). The
reaction mixture was stured for 48 h at room temperature
then evaporated under reduced pressure. The resulting
mixture was dissolved m ethyl acetate (50 mL), and the
solution was washed with 2 N HCL water and brine and
evaporated 7 vacuo. The residue was purified by colunn
chromatography on silica gel to give 3a as a colorless o1l
(9.5 g. 85%). [a]5 = =78.5° (¢ 2.0. CHCl2); IR (neat) 1720,
1684 cm™: EI-MS nz 589 (M™). FAB HRMS caled for
Ca:HiNO; (MH™) 590.3118. found 590.3121: '"H NMR 300
MHz (CDCl3) 8 0.99 (d. J = 15.0 Hz. 9H), 1.33 (d. / = 6.5
Hz. 9H), 3.11-3.18 (m. 2H). 3.27-3.37 (m. 2H), 4.46-4.54
(m. LH). 4.80 (t, J = 7.6 Hz. LH). 4.89-5.27 (m, 4H), 7.13-
7.35 (m. 15H). *C-NMR 300 MHz (CDCls) & 27.7, 282,
36.6. 37.7. 539.1. 604, 67.2, 67.9, 73.6. 81.9. 82.0. 127.1.
128.4, 128.5, 128.6. 1288. 130.0, 130.1. 1359. 1383,
138.5, 155.6. 169.2. 170.0. 172 8.

(28 AR)-N-Benzyloxycarbonyl-2-benzyl-3-tert-butoxy-+4-tert-
butoxycarbonyl-3-azapentanoic acid benzyl ester (Sh).
This compound was prepared as a colorless o1l in 81% vield
from 4b by the same procedure as that used for the
preparation of 5a. [o]p = —4.1° (¢ 1.2, CHCla): IR (neat)
1800. 1725 et EI-MS m:z 589 (M™). FAB HRMS caled
for C3:H.NO; (MH*) 590.3118, found 590.3126; 'H NMR
300 MHz (CDCl3) 8 1.01 (d. J=14.0 Hz. 9H). 1.43 (d,
J =6.0Hz. 9H). 2.76-2.92 (m, 2H), 3.29-3.40 (m, 2H), 4.50-
4.54 (m, 1H), 4.82 (t, J = 7.6 Hz. |H). 4.89-5.27 (m, 4H),
7.13-7.35 (m. 15H). “C-NMR 300 MHz (CDCl;) § 27.7.
29.8. 36.6. 389, 59.1, 604, 67.2. 67.9. 73.6. 81.9. 8§2.0.
127.1, 1284, 1285. 128.6. 1288, 130.0. 130.1. 1359,
138.3, 138.5. 155.6. 169.2. 170.0. 173.9.

(25,45) - N - Benzyloxycarbonyl-2-benzyl-4-carboxy-5-
hydroxy-3-azapentanoic acid henzyl ester (6a). A solution of
Sa (6.7 g. 11.4 mmol) and mfluorcacetic acid (10 mL)
dissolved in CH-Cl» (100 mL) was stured for 1 h at room
temperature then 3 h at 30 °C. Evaporation of the solvent
and excess ftrifluoroacetic acid vielded 6a which was
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purified by colunin chromatography (vellowish resin. 3.32 g.
61%). [o]5 = -19.0° (¢ 1.0. MeOH): IR (neat) 3400. 1730.
1720 em™; EI-MS mz 477 (M"); FAB HRMS caled for
C-7HxNO; (MH") 478.1866. found 478.1871: '"H NMR 300
MHz (CDCl;) 8 3.11-3.18 (m. 2H). 3.27-3.37 (m, 2H), 4.46-
4.54 (m. 1H). 480 (t, J = 7.6 Hz, 1H), 4.89-5.27 (in. 4H).
7.13-7.35 (m. 15H): “C-NMR 300 MHz (CDCl;) & 36.6.
377,59.1. 60,4, 73.6,81.9,82.0. 127.1. 128 4, 1285, 128.6,
1288, 130.0, 130.1, 135.9. 1383, 138.5. 155.6, 169.2,
1729, 178.0.

(25,4R)-N -Benzyloxycarbonyl-2-benzyl-4-carboxy-3-
hydroxy-3-azapentanoic acid benzyl ester (6b). This
compound was obtained as a vellowish resin in 80% vield
from 3b by the same procedure as that used for the preparation
of 6a. []; =-10.0° (¢ 1.0, MeOH); IR (neat) 3300. 1735.
1719 em™; EI-MS mz 477 (M"). FAB HRMS caled for
C-7H:NO; (MH") 478.1866. found 478.1870: '"H NMR 300
MHz (CDCl;) & 2.76-2.92 (m, 2H). 3.29-3.40 (m. 2H), 4.50-
4.54 (m. 1H). 482 (t, J = 7.6 Hz, 1H), 4.89-5.27 (in. 4H).
7.13-7.35 (m. 15H): “C-NMR 300 MHz (CDCls) & 36.6.
389, 59.1. 60.4. 67.2. 67.9. 73.6, 81.9. 82.0. 1271, 128.4.
1285, 128.6, 1288, 130.0. 130.1, 1359. 1383, 1385,
155.6,169.2, 173.9, 178.0.

(35.1'S)-N-Benzyloxycarbonyl-3-(1'-benzyloxycarbonyl-2'-
phenyl)eth¥lamino-2-oxetanone (7a). A solution of
triphenyIphosphine (2.39 g, 9.1 mmol) in anhvdrous THF
(30 mL) was stured for 15 min at 78 °C. Dimethyl
azocarboxylate (40% solution 1n toluene. 3.44 g. 9.4 mmol)
was added dropwise to the mixture over 30 min and the
stirring was continued for 30 nun, at which time was added
dropwise 6a (3.0 g. 6.29 mmol) in THF (3 mL) in 20 min
and the resulting mixture was continued to stir for an
additional 1.5 h at 78 °C. It was allowed to warm slowly to
room temperature, and evaporated i vacno. The residue was
purified by chromatography on silica gel to give 7a as a
colorless o1l (1.3 g, 45%). [0]; =-284° (¢ 0.5, CHCly); IR
(neat) 1805, 1720 cm™'; EI-MS m:z 459 (M"); FAB HRMS
caled for C+7H2sNOs (MH") 460.1760. found 460.1765: 'H
NMR 300 MHz (CDCls) & 2.89-3.06 (m. 1H), 3.37 (id.
J =354, 14.7Hz. 1H), 3.88-3.95 (m, LH). 4.00-4.04 (m, LH).
4.83-4.89 (m. 2H). 4.99-5.24 (m. 4H), 7.01-7.33 (m, L5H):
BC-NMR 300 MHz (CDCls) 8 36.5. 36.8. 60.1. 60.6. 63.3.
64.1, 65.3. 66.5,68.0, 689, 69.1. 127.7. 127.7, 1287, 1288,
129.1, 1355, 135.6, 135.7. 1362, 155.0. 1554, 1704,
170.7.

(3R,1'S)-N-Benzyloxycarbonyl-3-(1'-benzyloxycarbonyl-
2'-phenyljethylamino-2-oxetanone (7b). This compound was
obtained as a colorless oil in 40% yield from 6b by the same
procedure as that used for the preparation of 7a. [o]; =
—2.0° (¢ 1.0. CHCL;): IR (neat) 1810, 1740 cm™; EI-MS m:z
459 (M"). FAB HRMS caled for C-sH:sNO; (MH")
460.1760. found 460.1764; 'H NMR 300 MHz (CDCls) §
2.96-3.01 (m. LH), 3.26-3.32 (m. LH). 4.02-4.12 (m. LH).
4.68-4.72 (m. LH), 4.82-4.86 (m. LH). 4.98-5.20 (m. 5H).
7.08-7.37 (m, 15H): "C-NMR 300 MHz (CDCl;) & 36.5.
38.0, 60.3, 61.6, 644, 645, 655, 668, 683, 69.5. 1277,
128.0, 1289. 1292, 1293, 1295, 129.8. 1354, 1359,
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136.2, 168.0.170.1. 171.5.

(35,1'S)-3-(1'-Carboxy-2'-phenyl)ethylamino-2-oxetanone
(1a). To a methanol solution (20 mL) contaming 7a (1.5 g,
3.26 mmol) and a catalytic amount of Pd/C was stirred for 3
h at room temperature. The product was precipitated out as
the reaction proceeded. After completion of the reaction. the
reaction mixture was heated at 60 “C to dissolve the product.
The hot solution was filtered and the filter residue was
washed with hot MeOH. The combined filtrates were
evaporated under reduced pressure to give 1a which was
recrystallized from MeOH (white solid, 0.65 g, 85%). mp =
178-180 °C (dec.): [ct]p = -20.0° (¢ 0.5, DMSO); IR (KBr)
3200. 1800, 1740 cm™; EI-MS #7:z 235 (M"). 'H NMR 300
MHz (DMSQ-d6) & 2.89-3.06 (m, IH). 3.37 (d, J =54,
14.7 Hz, 1H). 3.88-3.95 (n, LH). 4.00-4.04 (m, 1H). 4.83-
489 (m, 2H). 7.01-7.30 (m. 5H); “C-NMR 300 MHz
(DMSQ-d6) & 38.0. 36.5, 60.3, 61.6, 64.4, 64.5, 65.5, 68.3.
127.7, 1289, 129.2, 1354, 13539, 136.2, 170.1. 174.5. Anal.
Caled for C-H3NOy: C. 61.27. N. 5.95; H. 5.57. Found: C,
61.53:N. 6.14. H, 5.75.

(3R, 1'S5)-3-(1'-Carboxy-2'-phenyl)ethylamino- 2-oxetanone
(1b). This compound was obtammed as a white solid in 80%
vield from 7b by the same procedure as that used for the
preparation of 1a. mp = 182-184 °C (dec.): [a]p = -10.2°
(¢ 1.0. DMSQ). IR (KBr) 3300. 1805, 1740 cm™; EI-MS m:z
235 (M"): '"H NMR 300 MHz (DMSO-d6) & 2.90-3.20 (m.
2H). 3.90-3.92 (m, LH). 4.02-4.04 (m, 1H). 4.81-4.83 (m,
2H). 7.15-7.35 (m. 5H); *C-NMR 300 MHz (DMSQ-d6) §
36.5. 36.8. 60.1. 60.6, 63.3, 64.1, 653. 66.5. 68.0. 127.7.
128.7, 129.1. 135.6. 1353.7. 136.2, 170.4. 174.1. Anal. Caled
for Ci-H;aNOy: C. 61.27. N, 5.95; H. 5.57. Found: C, 61 .45;
N, 6.15; H. 5.84.

General remarks for kinetic experiments. All solutions
were prepared by dissolving in doubly distilled and delonized
water. Stock assay solutions were filtered before use.
Carboxypeptidase A was purchased from Sigma Chemical
Co. (Allan form, twice crystallized from bovine pancrease,
aqueous suspension i toluene) and used without further
purification. CPA stock solutions were prepared by dissolving
the enzvme m 0.05 M Tns/0.5 M NaCl, pH 7.5 buffer
solution. Enzyme concentrations were estimated from the
absorbance at 278 nm (g175 = 64,200). Hippuryl-L-pherylalanine
(Hip-L-Phe) was purchased from Sigma Chemucal Co. A
Perkin-Elmer HP 8453 UV-vis spectrometer was used for
UV absorbance measurement in kinetic experiments.

Determination of kin.o and Ki. Inactivation experiments
were performed with concentrations of 1a to be within the
0.8-4.0 mM range. A solution of the inactivator obtained by
dissolving in a 1 : | mixture of DMSQO and 0.05 M Tris/0.5
M NaCl, pH 7.5 buffer was added to an enzyme solution in
0.05 M Tns/0.5 M NaCl. pH 7.5 buffer to afford a final
concentration of 1.3 uM of CPA in 5% DMSQ. The solutions
were inacubated at 25 °C. At 30 min interval, 50 uL aliquots
of the inactivation mixture were taken and added to a 950 uL
of the assay mixture contaiming 50 puL of 5 mM solution of
Hip-L-Phe. and the increase in the absorbance at 254 nm was
momtored for the first 40 sec. Semilogarithmic plots of the
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residual enzvmic activity versus Incubation time gave
straight lines with a slope of 4. (Figure la). The values of
K1 and ki were calculated from the double reciprocal plot
of the X versus concentration of inhibitors according to the
method of Kitz-Wilson. (Figure 1b)."!

Active site protection test.” CPA (1.3 uM) was incubated
with 2-benzylsucemic acid (1 pM) for 10 min at 25 °C. Inhibitor
(1a) was added to the mixture to give a final mactivator
concentration of 3 mM. At 30 min intervals. 50 uL aliquots
of the incubation niixture were removed and added to a 950
uL assay mixture containing 230 UM of Hip-L-Phe and the
remaining enzyvmic activity was nionitored at 254 nm at 25
*C. Figure 2 was obtained from the data.

Determination of X;. A senes of assay mixtures contamning
both the substrate (Hip-L-Phe. 100 and 250 uM) and vanous
concentrations of the nhibitor (in the range 13-60 uM for 1a
and 130-600 uM for 1b) were prepared in 0.05 M Tnis/0.5 M
NaCl. pH 7.5 buffer. Enzvme stock solution was added to
the assay muxture to afford a final enzyme concentration of
20 nM 1n a total volume of 1,000 uL. The mutial rates of
enzynmic reaction were measured immediately using a
microcomputer-interfaced UV spectrometer. The K, values
were then estimated from the semireciprocal plot of the
mitial velocity versus the concentration of the inlubitors
according to the method of Dixon (Figure 3)."

Dialysis. Solutions of the inactivators (1-10 mM) and CPA
(1 uM) in 0.05 M Tris/0.5 M NaClL pH 7.5 buffer were
incubated at 4 °C for 48 h. The mixture was then dialvzed
for 24 h at room temperature against 0.05 M Tris/0.5 M
NaCl. pH 7.5 buffer. The buffer was changed every 6 h.
After dialvsis, 50 uL aliquots of inactivation mixture were
removed and added to 930 pL of assay mixture. The
remainng enzvmic activity was monitored at 234 nm. The
enzyme failed to show the proteolvtic activity.
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