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a b s t r a c t
Zinc-binding groups (ZBGs) are exhaustively applied in the development of the new inhibitors against a
wide variety of physiologically and pathologically important zinc proteases. Here the a-nitro ketone was
presented as a new ZBG, which is a transition-state analog featured by the unique bifurcated hydrogen
bonds at the active site of carboxypeptidase A based on the structural analysis. Introduction of a nitro
group at the a-position of the ketone could provide more non-covalent interactions without loss of the
abilities to form a tetrahedral transition-state analog.
Ó 2009 Elsevier Ltd. All rights reserved.

Zinc proteases are a family of enzymes having a catalytically
essential zinc ion at their active sites. They include a variety of
physiologically and pathologically important species, such as
angiotensin-converting enzyme (ACE) and matrix metalloproteases, which are the most studied drug design targets.1,2 The inhibitor
design strategies widely applied to these zinc proteases generally
make use of a zinc-binding group (ZBG) that can form coordinative
bonds to the zinc ion at the active site of the enzymes, which are
usually lessons from the inhibition of carboxypeptidase A (CPA,
EC 3.4.17.1) as a leading representative.3–5 For example, captopril,6
an inhibitor of ACE, was discovered by application of the design
strategy that originated from 2-benzylsuccinic acid as a potent
inhibitor of CPA.7 The other important implication is that the interactions of ketones with CPA were regarded as a model for the
inhibition of ACE by carbonyl compounds.8 Introduction of an
a-substituent with strong electron-withdrawing abilities could
enhance the electrophilicity of the carbonyl, which facilitated the
addition of a nucleophile followed by the formation of a hybridized
adduct that mimics the transition state (TS) occurring during normal substrate hydrolysis catalyzed by CPA. For example, a-bromo
ketone compound is a TS analog inhibitor of CPA but the nonmodiﬁed ketone is a substrate analog inhibitor.9,10 Because the
TS analogs utilize the binding energies more effectively, such ZBGs
derived inhibitors have been in extensive attentions as potential
candidate of drug.1
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Nitro is a well-known electron-withdrawing group; besides, it
could form various hydrogen bonds with the residues at the active
site of CPA as shown in the previous report.11 As expected, introduction of the nitro group at the a-position of the ketone should
not only remain the abilities to reach a TS mimic but also provide
additional interactions with the residues at the active site of CPA.
Therefore, we designed 2-benzyl-5-nitro-4-oxopentanoic acid 5
as the CPA inhibitor. Based on the structural analysis of the CPA5 complex, we here present a-nitromethyl ketone as a new TS analog ZBG.
All three optically active forms of 5 (RS, R, S) were synthesized
as shown in Scheme 1.12 Their inhibitory activities against CPA
were evaluated and the corresponding inhibitory constant (Ki) values are collected in Table 1.13 Firstly, it could be found that the Ki
values of the series of ketone-based inhibitors against CPA decreased with the increase of the pKa values of the same substituted

Scheme 1. Synthesis of 2-benzyl-5-nitro-4-oxopentanoic acid.
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Table 1

Compound

RS-7
RS-8
RS-99
RS-5
R-5
S-5

R1 = R2 = H
R1 = Br, R2 = H
R1 = R2 = F
R1 = NO2, R2 = H

Ki (lM)

pKa14

207
15
0.2
0.43
0.16
31

4.76
2.90
0.50
1.68

acetic acids (Table 1),14 which suggest that the electron-withdrawing abilities of the a-substituents should be the key to the inhibitory potency of the ketone-based inhibitors. Kinetic assay of
compound 5 as inhibitors against CPA also disclosed that R-5 is
the most potent inhibitor with inhibitory constant as 0.16 lM,
which is consistent to the L-speciﬁcity of CPA.
We are mainly interested in the binding mode of the a-nitromethyl ketone at the active site of CPA. Crystals of the CPA-R-5 complex for X-ray diffraction were then obtained by soaking CPA
crystals into the solution containing racemic 5 and determined at
a resolution of 1.85 Å (PDB code: 3FX6).15 The ﬁnal model including all residues of CPA and R-5 was reﬁned in the range of 50.0–
1.85 Å (Table 2). Figure 1 depicts the stereoview of the difference
electron density in the region of the active site of CPA that is occupied by R-5. Distances of important interactions between CPA and
R-5 in the complex are listed in Table 3. Structural analysis ﬁrstly
disclosed that R-5 occupies the S10 subsite of CPA, where the benzyl
moiety resides in the hydrophobic pocket and the carboxylate
makes a salt link with the guanidinium group of Arg-145. Tyr248 is found in the ‘so-called’ down position, which is responsible
to the formation of the hydrophobic pocket. Such binding modes
are commonly observed in X-ray crystal structures of CPA-inhibitor
complexes.16 It is also clearly observed that the ketonic hydrate of
the R-5 are bound at the active site of CPA. The so-called ‘gem-diol’
form with tetrahedron conﬁguration exhibits the structurally
essential features of the transition state, that is, a bidentate chelation to the zinc ion and two respective hydrogen bonds with Glu270 and Arg-127.17 Thus, the presented R-5 should be a TS analog
inhibitor of CPA. Besides the above structural features generally

Figure 1. Difference electron density map for CPA-R-5 complex generated with
Fourier coefﬁcient |Fo|  |Fc| phases calculated from the ﬁnal model omitting the
bound inhibitor.

Table 3
Selected CPA-R-5 interactions
0

Atom in R-5

Enzyme residue

Separation (Å
A)

O1
O2
O3
O4
O3
O4
O5
O5

Arg-145 guanidinium N1
Tyr-248 phenolic O
Zn2+
Zn2+
Arg-127 guanidinium N1
Glu-270 carboxylate O1
Arg-127 guanidinium N1
Arg-71 guanidinium N1

2.70
2.62
2.32
2.42
2.77
2.59
3.01
2.81

found in the complexes of CPA and its TS analog inhibitors, the
introduced nitro group also forms various hydrogen bonding with
the residues at the active site of CPA as expected. Both Arg-127 and
Arg-71 are involved in the hydrogen bond with the oxygen (O5) of
the nitro group. Thus, the bifurcated hydrogen bond is the other
salient structural feature of the CPA-R-5 complex, which should
be ascribed to the introduction of the nitro group (Fig. 2).
In conclusion, we successfully introduced the nitro group to the
ketone skeleton and then developed a-nitromethyl ketone as a
new ZBG. The presented ketone-based ZBG not only is a TS analog
but also exhibits various hydrogen bonds with the residues at the

Table 2
Data collection and reﬁnement statistics for the CPA-R-5 complex
Space group
Unit cell0
a, b, c (Å
A)
a, b, c (°)
0
Resolution range (Å
A)
Number of unique reﬂections
Overall completeness (%)
Rmerge (%)a
R factorb

P21
73.36, 59.75, 99.51
90.00, 104.04, 90.00
50.00–1.85
67,762
89.6
4.7
23.6

c
Rms deviations
0
Bonds (Å
A)
Angles (°)
Dihedrals (°)

0.005
1.3
23.2

P
P
Rmerge for data sets for replicate reﬂections, R = ||Fhi|  h|Fh|i|/ h|Fh|i,
|Fhi| = scaled structure factor for reﬂection h in data set i, h|Fh|i = average structure
factor for reﬂection h calculated from replicate data.
P
P
b
R factor, R = ||Fo|  |Fc||/ |Fo|; |Fo| and |Fc| are the observed and calculated
structure factors, respectively.
c
Rms: root mean square.
a

Figure 2. Schematic representation of the important interactions of R-5 with the
active site of CPA.
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active site of CPA, which may be helpful to further development of
new zinc proteases inhibitors.
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