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Pathogenic bacteria that produce metallo-B-lactamases
(MBLs) are emerging as a new challenge to the medical
community. These enzymes catalyze the hydrolysis of a wide
spectrum of (3-lactams, including carbapenems such as imipe-
nem, some of which are coded in transferable plasmids.“’zl
Among the currently known MBLs, IMP-1, a member of
subclass B1, which is encoded by the blay, gene included in
the integron structure,®* rapidly spreads by facile horizontal
gene transfer to other bacteria.! Moreover, many of the
currently used serine [3-lactamase inhibitors such as clavulanic
acid, sulbactam, and tazobactam are ineffective against
MBLs. Thus, the development of inhibitors of MBLs is
important for the continuing application of such widely
prescribed -lactam antibiotics. Several such inhibitors have
been reported to date;*'! for example, Payne et al. demon-
strated® that mercaptoacetic acid, a hydrolysis product of
mercaptoacetic acid thiol esters that are hydrolyzed by MBLs
(B-lactamase II, CfiA, and CphA), binds irreversibly to the
enzyme through formation of a disulfide bond with the active
site cysteine residue under aerobic conditions, as evidenced
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by both tryptic digestion and electrospray mass spectrometry
studies.

Our ultimate goal was to develop an irreversible inhibitor
of IMP-1. We report here on the design and inhibition
properties of three-dimensional structure-based irreversible
inhibitors of IMP-1, 1 and 2, and the crystal structure of a
covalently bound complex formed between the hydrolysis
product of 2 and IMP-1.
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The strategy for the irreversible inhibition of IMP-1 is
shown in Scheme 1: The thiol group in 2 coordinates to one or
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Scheme 1. Strategy for the irreversible inhibition of thiol compounds
with a good leaving group.

two Zn"ion(s) in the active site as an anchor. Lys224
(following BBL numbering!'?) is conserved in almost all
MBLs of subclass B1. In the first IMP-1 structure reported
(PDB code 1DD6),[" Lys224 is located at a distance of about
6 A from the two Zn" jons. Lys224 is thought to be important
for substrate binding!®'® and may attack an activated ester,
thus forming a covalently bound inhibitor-enzyme adduct
that irreversibly inhibits the enzyme. At this point, water
molecules, from the solvation shell surrounding Lys224, may
act as acceptors of H* ions from the positively charged N*
group of Lys224.

The coupling reaction of one equivalent of 3-mercapto-
propionic acid (MPA) and 1-hydroxy-1H-benzotriazole
(HOBt) with pentafluorophenol in the presence of one
equivalent of N,N'-dicyclohexylcarbodiimide (DCC) in ethyl
acetate at 0°C afforded 1, a synthetic intermediate of 2, in
15 % yield (see Supporting Information). The desired inhib-
itor 2 was prepared in 45 % yield by treating 1 with MPA in
the presence of DCC in ethyl acetate at 0°C (see Supporting
Information).

The time-dependent inactivation of IMP-1 by 1 and 2 was
determined by incubating various amounts of inhibitor with
10 nm IMP-1 in 50 mm tris-HCl/0.5m NaCl buffer (pH 7.4,
tris = tris(hydroxymethyl)aminomethane) at 15°C (see Sup-
porting Information). The inactivation of IMP-1 by 1 and 2
was both time and concentration dependent. Plots of the
natural logarithm of the residual activity against incubation
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time were linear, thus suggesting that the observed rate of
inactivation follows pseudo-first-order kinetics (Figure 1a
and b). The double reciprocal plots of these slopes (kgps)
versus concentration of 1 and 2 gave straight lines (Figure 1c¢
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Figure 1. Time- and concentration-dependent inactivation of IMP-1 by
1 (a) and 2 (b) in 50 mwm tris-HCI/0.5m NaCl buffer (pH 7.4) at 15°C.
Inhibition concentrations: @: 1 uMm; ¢: 2 uM; 0: 5 uM; and x: 10 um
for 1, and @: 0.07 pum; ¢: 0.2 um; 0: 0.5 uMm; and x: 0.75 pm for 2.
Each point shown represents the mean of three experiments. Double
reciprocal plots of k. versus concentration of 1 (c) and 2 (d).

and d). The regression line did not pass through the origin, but
intercepted the positive y-axis, thus indicating the initial
formation of a dissociable complex between IMP-1 and
inhibitor before inactivation."¥ The k., and K; values were
calculated from these plots to be 0.076 0.002 s ' and 3.452 +
0.030 pm for 1 and 0.080 £0.002 s~" and 0.423 £0.013 pm for
2. These results show that the second-order rate constant for
inactivation (k;,,./K;) with 2 increases by about ninefold over
that with 1.

To determine whether 1 or 2 inhibits IMP-1 irreversibly,
10 um IMP-1 was incubated with 1 mm 1 or 2 at 0°C for
various periods of time (0-2 h) and the mixtures were then
filtered through gel (Sephadex G-25) to separate the protein
from the excess inhibitor (see Supporting Information). The
activity of the resulting protein was measured using nitrocefin
as the substrate. The control, without inhibitor, shows no loss
of activity of IMP-1 after filtration through the gel. On the
other hand, the inactivation of IMP-1 by 1 and 2 resulted in a
nearly 100 % inhibition, clearly showing that both inhibitors
inhibited IMP-1 very rapidly and irreversibly. Furthermore,
the irreversibility of the binding of 1 and 2 was also confirmed
by dialysis at 4°C for 16 h (see Supporting Information): in
neither of these cases was any activity recovered, thus
verifying that 1 and 2 are irreversible inhibitors.

After the incubation of 100 um 2 with 10 um IMP-1 for
30 minutes and gel filtration, the sample was analyzed by
MALDI-TOF mass spectrometry (see Supporting Informa-
tion). The MALDI-TOF mass spectrum of the intact IMP-1
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showed the parent signal at m/z 25113.2 while that treated
with 2 showed a peak at m/z25290.1 (see Supporting
Information). The increase in mass of m/z 176.9 corresponds
to the mass of SCH,CH,COSCH,CH,CO (this unit is denoted
2-P), which indicates that this moiety of 2 is covalently
attached to IMP-1 in a ratio of 1:1.

To identify the site of amino acid attachment and to
determine the three-dimensional structure, crystals of IMP-1
treated with 2 were prepared by the hanging-drop method
and the molecular structure was determined (see Supporting
Information). The structure of the inhibitor bound IMP-1 (2-
P/IMP-1) at a resolution of 2.63 A was refined to an R-factor
value of 22.8 % and an Ry, value of 24.3 % using 2.63- to 44.7-
A data."™ There are two 2-P/IMP-1 molecules, A and B, in the
asymmetric unit. The two molecules are almost identical with
a root-mean-square deviation of 0.31 A when all C*atoms
between A and B are superimposed. The overall structure of
each molecule adopts a afy/fa sandwich structure as found in
the native enzyme, the three-dimensional structure of which
was not greatly perturbed by the inhibitor. The overall
structure of molecule A is shown in Figure 2a.

The thiolate group in 2-P bridges between the two
Zn"ions in the active site (distances Zn1--inhibitor(S), 2.2/
2.2; Zn2-inhibitor(S), 2.3/2.5 A in molecules A/B; Fig-
ure 2b). The geometry around Zn?2 is changed from a trigonal

a)

b)

Figure 2. a) The overall structure of IMP-1 complexed with 2-P. a-Helices, -strands, and loops are
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bypyramid in the native structure to a distorted tetrahedral
structure, as previously reported by Concha et al.”’ (angles
(Asp 120)0%-Zn2-Cys221(SY), 101/101°; (Asp 120)0**-Zn2-
His263(N%), 99/104°; Asp 120 O*-Zn2-inhibitor(S), 122/112°;
(Cys221)S*-Zn2-His263(N%), 109/116°; (Cys221)S¥-Zn2-
inhibitor(S), 107/113°; (His263)N*-Zn2-inhibitor(S), 117/
111° in molecules A/B.

The 2| F,|—| F.| electron density map clearly indicates
the formation of a covalent amide bond between the ester and
side chain N® atom of Lys224 with the concomitant displace-
ment of the pentafluorophenolate group, which is not seen in
the electron density.

The carbonyl oxygen atom of the amide group formed
between the inhibitor and IMP-1 forms a hydrogen bond with
the main-chain nitrogen atom of Asn233 (ca.3.1/3.3 A in
molecules A/B) while the carbonyl oxygen atom of the
thioester group of the inhibitor is hydrogen bonded to the side
chain nitrogen atom of Asn233 (ca.3.0/3.5 A in molecules
A/B).

In summary, the synthesis of a covalent, irreversible
inhibitor 2 of IMP-1 is described. An X-ray crystal structure
of the inhibitor covalently bound to IMP-1 confirmed this
strategy. These findings shed further light on the design of
inhibitors based on the three-dimensional structure of MBLs
related to IMP-1.
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