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Abstract—2-Benzyl-3,4-iminobutanoic acid (3) was evaluated as a novel class of inhibitor for carboxypeptidase A (CPA). All four
stereoisomers of 3 are found to have competitive inhibitory activity for CPA, although their inhibitory potencies differ widely with
(2R,3R)-3 being most potent. The molecular modeling study for CPA(2R,3R)-3 complex suggested that the lone pair electrons on
the nitrogen of the aziridine ring in the inhibitor forms a coordinative bond with the active site zinc ion and the proton on the
nitrogen is engaged in hydrogen bonding with one of the carboxylate oxygens of Glu-270. © 2001 Elsevier Science Ltd. All rights

reserved.

Carboxypeptidase A (CPA) is one of the most exten-
sively studied zinc-containing proteolytic enzyme and
represents a large family of physiologically and patho-
logically important zinc proteases such as angiotensin
converting enzyme and matrix metalloproteases.! CPA
has been served as a model enzyme for developing
design strategies of inhibitors that are potentially effec-
tive against zinc proteases of medicinal interest.”> The
most important residues at the active site are Glu-270 and
Arg-145. The former is directly involved in the catalytic
hydrolysis of substrate, and the latter forms hydrogen
bonds with the C-terminal carboxylate of substrate. In
addition, there is present a hydrophobic pocket, the
primary function of which is to recognize substrate by
accommodating the aromatic side chain in the P,’ resi-
due of substrate. The catalytically essential zinc ion is
held by His-69, Glu-72, His-196 and a molecule of
water. The crystal structure of the enzyme revealed that
the guanidinium moiety of Arg-145 and the carboxylate
of Glu-270 are located near the surface of the enzyme
molecule and the recognition pocket is invaginated deep
into the core of the molecule. The zinc ion that is found
also deep in the active site crevice is positioned in a
transoid relationship to the hydrophobic pocket.?

We have reported that 2-benzyl-3,4-epoxybutanoic acid
(1) is a highly efficient and fast acting irreversible inhibitor
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for CPA.* Upon binding the inactivator to CPA, its
oxirane ring is activated by the zinc ion at the active site
of the enzyme, and is subjected to a nucleophilic ring
cleavage by the attack of the carboxylate of Glu-270 to
result in covalent modification of the enzyme.’ Its thiirane
analogue (2) in which the oxirane ring of 1 is replaced
with thiirane also showed potent inactivating property
against CPA in comparable potency to 1.° We have
expanded the studies to include an aziridine analogue in
which the oxirane in 1 is replaced with a three-membered
nitrogen heterocycle, aziridine.
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All of four possible stereoisomers of 3 were synthesized
as described previously, starting with optically pure
aspartic acid.” None of these compounds, however,
exhibited time-dependent loss of CPA activity when
they were assayed for the CPA, but instead acted as
reversible competitive inhibitors of the enzyme. Their
inhibitory constants (K;s) were determined from the
respective Dixon® plot (Fig. 1) and are listed in Table 1.
It is surprising to find that all four stereoisomers of 3
show inhibitory activity against CPA, which is a con-
trast to 1 that shows stereospecificity in inactivation of
CPA. Thus, in the case of 1, only two isomers having
the (2R,3S)- and (2S,3R)-configurations are active as
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Figure 1. (a) Progress curves for CPA catalyzed hydrolysis of O-
(trans-p-chlorocinnamoyl)-L-3-phenyllactate (CICPL) at 25 °C in the
presence of different concentration of (2R,3S5)-3 in Tris buffer of pH
7.5 containing NaCl (0.5M). The enzyme activity was measured by
monitoring hydrolysis of CICPL at 320 nm. (b) The Dixon plot for the
inhibition of CPA by (2R,35)-3.

Table 1. Kinetic parameters for the inhibition of CPA

Compd Inhibition Ki* (nM)
(2R,39)-3 230427
(2S,3R)-3 510+£48
(2R,3R)-3 35+4
(25,35)-3 120+ 15

rac-4 792+ 58
(R)-4 803 +62

(S)-4 646145

rac-5 0.8b

*Values are means of three experiments, and standard deviations are
derived from Grafit® program.
PRef 18.

irreversible inhibitors of CPA.*> Furthermore, while the
most active stereoisomer of 1 bears the (25,3R)-config-
uration,* in the case of the present aziridine bearing
inhibitor, (2R,3 R)-3 is shown to be most potent with the
K; value of 35+4 uM. The failure of 3 to irreversibly
inactivate CPA may be envisioned on the basis of the
insensitivity of the nitrogen heterocycle towards
nucleophile.® Being uniquely different from other three-
membered heterocycles such oxirane and thiirane, azir-
idine ring is known to be relatively stable in spite of its
inherent high ring strain energy'® and the nucleophilic
cleavage of aziridine requires activation of the ring by
protonation and/or a stronger nucleophile such as mer-
capto group.!! It seems that the activation of aziridine

ring through interaction with metallic Lewis acid appears
problematic'? by virtue of the increased s-character of
the lone pair electrons of the aziridine nitrogen.'3'4 It
appears therefore that the aziridine moiety of the CPA-
bound 3 may not be sufficiently activated for the ring
cleavage to take place by the attack of relatively weak
nucleophile of the carboxylate of Glu-270.

It was thought to be of interest to compare the binding
affinity of 3 with that of 4 in which the aziridine moiety
in 3 is replaced with a cyclopropane ring. Compound 4
was readily prepared from 2-benzyl-3-butenoic acid
methyl ester by the modified Simmons-Smith method!?
followed by saponification.'® Optically active 2-benzyl-
3-butenoic acid methyl ester was obtained by the enzymic
resolution using o-chymotrypsin as reported in the lit-
erature.!” As expected, the binding affinity of 4 toward
CPA was diminished significantly compared with that
of 3, suggesting that the aziridine nitrogen forms a
coordinative bond with the active site zinc ion. How-
ever, the increase of the K; value of 1.3-3.5-fold!® by the
replacement corresponds to 0.15-0.74 kcal mol~!, which
indicates that the interactions between the unshared
electrons on the nitrogen of the aziridine ring and the
metal ion are considerably weak. This is consistent with
the reduced basicity reported for the aziridine nitrogen
as described above.'* The K; value of 230 uM for
(2R,3S)-3 corresponds to 288-fold decrease in binding
affinity compared with that of 2-(4-imidazolyl)hydro-
cinnamic acid (5), a CPA inhibitor reported in the lit-
erature.!® The latter is the compound in which the
aziridine in 3 is replaced with an imidazole ring that is
thought to ligate to the active site zinc ion much more
effectively.!® The stronger zinc binding property shown
by the imidazole ring in 5 may be attributed to the lone
pair electrons on the second nitrogen atom in the ring,
which are not involved in the aromatic n-electron system
and thus can participate in a coordinative bond forma-

tion with the zinc ion.2°
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In an effort to explore the origin of the potency differ-
ences shown between the four stereoisomers of 3 in the
inhibition of CPA, we have performed modeling study,
generating energy-minimized CPA-inhibitor complexes.?!
Figure 2 shows binding modes of the four stereoisomers
of 3 to the CPA obtained by the computer modeling. It
may be concluded from the study that the aziridine
nitrogen of (2R,3S)- and (2S,3R)-3 would form coordi-
native bond with the zinc ion at the active site albeit
weak. The aziridine ring of (2R,3R)-3 also forms a
coordinative bond to the zinc ion but in this case there
may form an additional bonding, that is, the amino
proton is engaged in hydrogen bonding with one of the
carboxylate oxygens of Glu-270. The much higher inhi-
bitory potency shown by this isomer may then be
accounted for. The binding mode of (25,3S5)-3 is different
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Figure 2. Energy minimized CPA complexes formed with each of four
stereoisomers of 3. The yellow sphere represents the zinc ion that is
held by His-69, Glu-72, and His-196. In the case of CPA complex with
(2S5,35)-3, the fourth ligand for the zinc ion is a water molecule repre-
sented by a red sphere. (A), CPA-(2R,35)-3; (B), CPA-(2S,3R)-3; (O),
CPA-(2R,3R)-3; (D), CPA-(25,3S5)-3.

from the other three inhibitors: in the CPA complex
formed with (2S5,35)-3 the aziridine nitrogen does not
appear to form a coordinative bond to the zinc ion, but
instead hydrogen bonded to Glu-270 in the form of
ammonium ion and the water molecule present in the
native enzyme remains being coordinated to the zinc ion.

In summary, contrary to inhibitors 1 and 2, which
inactivate CPA in an irreversible manner to modify
covalently the catalytic carboxylate of Glu-270, their
aziridine analogue 3 exhibits reversible inhibitory activity
against CPA. Furthermore, while in the case of inhibitors
1 and 2, the stereoisomers having (2S5,3R)- and (2R,3S)-
configuration showed the inactivating property, all four
stereoisomers of 3 were active with (2R,3R)-3 being
most potent. The lack of irreversible inactivating property
shown by 3 may be due to the unique property of the
aziridine ring, that is, much reduced basicity and rea-
sonable stability toward nucleophilic ring cleavage.
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