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A fluorescent probe for the detection of a metallo-p-
lactamase (IMP-1), N-[2-(5-dimethylaminonaphthalen-1-
ylsulfonylamino)ethyl]-3-mercaptopropionamide (Dansyl-
C2SH), 1, was designed based on combining the inhibitory
function of mercaptocarboxylate and a fluorophore. The
binding of 1 to IMP-1 was investigated by fluorescence
spectroscopy. Compound 1 can act as fluorescent probe for
detecting IMP-1 selectively.

Introduction

B-Lactam agents, which inhibit the bacterial peptidoglycan
synthetic system for cell wall construction, are the anti-
biotics widely used in medical treatment of infectious dis-
eases."” Bacteria have acquired various means of resistance to
these antibiotics. The production of B-lactamase is a major
means of this, and the number of the resistant strains of
bacteria have increased since the discovery of penicillin.

B-lactamases hydrolyse the endocyclic amide bond of
B-lactam antibiotics to inactivate them*> and have been
grouped into four classes: ® Those of classes A, C, and D have a
serine residue in the active centre but class B B-lactamases
require divalent metal cation(s) such as zinc(ir) in the active
centre and are called metallo-B-lactamase.

Metallo-B-lactamases have been first discovered in the
middle of 1960s from Bacillus cereus.” Since 1990, this class of
enzyme is reported to be isolated from carbapenem-resistant
clinical isolates such as Bacteroides fragilis,"™"? Aeromonas
hydrophila,"® Xanthomonas (Stenotrophomonas) maltophilia,**"*
and Serratia marcescens."*"” The enzymes of this class B have a
broad substrate spectrum and hydrolyse most B-lactam anti-
biotics including carbapenems, such as imipenem and mero-
penem.'® Moreover, serine B-lactamase inhibitors, sulbactam
and clavulanic acid, do not inhibit the metallo-B-lactamase.
Recently intense efforts are focused on developing specific
inhibitors of the metallo-B-lactamases in combination with
B-lactams.’*2!

Among metallo-B-lactamases, IMP-1 is transferable. This
enzyme was first identified in clinical isolates from Serratia
marcescens but now production of IMP-1 is spreading over
various bacterial pathogens not only in Japan but also in
Europe?* because the gene resides on a mobile gene cassette
within integron.® We have found that mercaptocarboxylates
such as 2-mercaptopropionic acid and 3-mercaptopropionic
acid are potent inhibitors of IMP-1.* An X-ray crystal
structure of the complex of wild-type IMP-1 with a mercapto-

1 Electronic supplementary information (ESI) available: Experimental
details and analytical and spectral characterization data. See http:/
www.rsc.org/suppdata/ob/b2/b209086d/
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Fig. 1 Structure of the mercaptocarboxylate inhibitor, 2-[5-(tetra-
zol-1-ylmethyl)thien-3-yl]- N-[2-(mercaptomethyl)-4-(phenylbutyryl-
glycine)].

carboxylate inhibitor (see Fig. 1) has revealed that the inhibitor
binds to two zinc ions in the active centre.”®

For metallo-B-lactamases, few techniques for detection are so
far known: PCR analysis?® and a disc method?” which exploits
the inhibitory action of simple mercaptocarboxylates. The
former gives generally reliable and satisfactory results for the
detection of IMP-1 but is not suitable for practical use in daily
applications in clinical laboratories due to the cost and time. On
the other hand, the latter is not quantitative although it pro-
vides a simple, rapid and inexpensive method for screening
IMP-1. To overcome these shortcomings, the use of fluor-
escence is desirable because it provides a more rapid and
quantitative method.

In order to devise a fluorometric method for detecting
metallo-B-lactamases, we designed a new fluorescent probe,
N-[2-(5-dimethylaminonaphthalen-1-ylsulfonylamino)ethyl]-3-
mercaptopropionamide (DansylC2SH), 1, in which the fluor-
escent group (dansyl) and the inhibitor (3-mercaptopropionic
acid) are linked via ethylenediamine as a spacer. Compound 1 is
capable of functioning as both a detecting agent and an inhibi-
tor of IMP-1. We describe herein the synthesis and fluorescence
properties of 1 with metallo-B-lactamase (IMP-1).

Results and discussion

As shown in Scheme 1, coupling of dansylethylenediamine with
an equimolar amount of 3-mercaptopropionic acid using DCC
as a condensing agent in ethyl acetate followed by column
chromatography on silica gel gave the desired compound 1 as a
yellow oil in 77% yield. Characterization and purity (~99%) of
the compound are determined by TLC, NMR spectroscopy and
mass spectrometry.

Compound 1 excited at 340 nm (¢ = 3870 M~'cm™') in 50 mM
Tris-HCI buffer (pH 7.4) containing 0.5 M NaCl and 10%
methanol exhibited an emission maximum at 535 nm (@ =
0.014). When a 1 uM IMP-1 buffered solution was added to a
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Scheme 1 Reagents: (i) DCC, 3-mercaptopropionic acid, and ethyl
acetate.

1 uM solution of 1, the fluorescence intensity of DansylC2SH

increased 2.5-fold and the emission maximum shifted from
535 nm to 525 nm (Fig. 2a).
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Fig. 2 (a) Fluorescence emission spectra (excitation 340 nm) of 1 uM
1 in the presence of various concentrations of the IMP-1 metallo-f3-
lactamase ranging from 0 to 10 uM. These spectra were measured at 25
°C, in 50 mM Tris-HCI buffered solution (pH 7.4) containing 0.5 M
NaCl and 10% methanol. (b) Fluorescence intensity of emission as a
function of the added IMP-1 metallo-f-lactamase concentration
monitored at 522 and 538 nm. An apparent K of 0.36 uM was
observed by analysing the data with a nonlinear least-squares fitting.?®

The binding of 1 with IMP-1 was examined by a fluores-
cence spectrophotometric titration in 50 mM Tris—HCI buffer
(pH 7.4) containing 0.5 M NaCl and 10% methanol, and the
results are shown in Fig. 2b. Titration of a 1 uM solution of 1
with the enzyme, IMP-1, resulted in an increase in the emission
intensity with an increasing concentration of IMP-1, gradually
reaching saturation above 1 pM of the IMP-1 metallo-f-
lactamase (up to 5-fold fluorescence intensity). The apparent
dissociation constant, Ky, was estimated by a non-linear fitting
of the titration data, being 0.36 pM.

Under the same conditions, the fluorescence intensity of 1
did not change upon addition of a 1 pM solution of the apo-
enzyme of IMP-1, apo-IMP-1 (Fig. 3), which contained 0.07
mol of Zn(m) ions per 1 mol of the enzyme (determined by
atomic absorption spectrometry).
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Fig. 3 Fluorescence emission spectra (excitation 340 nm) of 1 uM 1
(solid line) and after addition of 1 uM of the apo-enzyme of IMP-1
(dashed line). These spectra were measured at 25 °C, in 50 mM Tris—
HCI buffered solution (pH 7.4) containing 0.5 M NaCl and 10%
methanol.

Fluorescence enhancement and hypochromic shifts indicate
that the thiol group in 1 coordinates to the Zn(m) ion(s) in the
active site of the IMP-1 metallo-p-lactamase, and compound 1
fits into the hydrophobic pocket.

It is to be noted that this fluorescence enhancement was
not observed with a 1 uM solution of 1 upon addition of
2 uM solutions of albumin or carbonic anhydrase, the latter of
which has a zinc(11) ion in its active centre.” In addition, other
fluorescent probes with dansyl chromophores: dansylethylene-
diamine, 2-(dansylamino)ethanol and dansylsulfonamide
(DASA) 33! which are known to form highly fluorescent com-
plexes with carbonic anhydrase and bovine serum albumin,
exhibited no fluorescence enhancement with IMP-1. Therefore,
the mercapto group on the fluorescent probe may be required
for specific binding to the IMP-1 metallo-f-lactamase.

As IMP-1 metallo-B-lactamase has six tryptophan residues,
the tryptophan fluorescence with excitation at 280 nm was next
examined as a way of improving the specificity of this method.
For 280 nm excitation, the emission maximum of a 1 pM solu-
tion of IMP-1 in the absence of 1 occurs near at 340 nm. Addi-
tion of a 1 uM solution of 1 to a 1 uM solution of IMP-1
resulted in 30% quenching of tryptophan fluorescence and the
appearance of a new band at 525 nm (Fig. 4). The latter band is
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Fig. 4 Fluorescence emission spectra (excitation 280 nm) of 1 uM 1
(a), 1 uM IMP-1 (b), and after addition of 1 uM 1 to 1 uM IMP-1
(c). These spectra were measured at 25 °C, in a 50 mM Tris-HCI
buffered solution (pH 7.4) containing 0.5 M NaCl and 10% methanol.
Inset: the 450-600 nm region, expanded. The peak marked with an
asterisk denotes second scattered light of the solvent.

analogous to the spectra observed for 1 with 340 nm excitation.
The decrease at 340 nm and the increase at 525 nm of the
fluorescence intensity showed concentration dependence on 1.
This result can be explained on the basis of a Fluorescence
Resonance Energy Transfer (FRET) process *? from the trypto-



phan residue to the dansyl group in 1; the emission spectrum of
the IMP-1 metallo-f-lactamase overlaps with the absorption
maximum at 340 nm of 1 with a molar absorptivity of 3870
M 'cm™!. Similar behaviour has also been reported with the
protein interactions of fluorescent agents (for instance, bovine
carbonic anhydrase-DNSA complex).*

In order to test the effect of 1 on the inhibition of the IMP-1
metallo-B-lactamase, we determined the half-maximal inhibi-
tory concentration, ICs, using nitrocefin as a reporting sub-
strate. The concentration-response curve for the inhibition of
IMP-1 by 1 is shown in Fig. 5. Compound 1 was found to have
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Fig.5 Concentration-response curve for the inhibition of IMP-1 by 1.
K; value is calculated assuming a competitive inhibition.
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an ICy, of 5.2 uM. Moreover, the inhibition constant, K;, for 1
according to a competitive inhibition pattern was calculated
with fitting of kinetic data, giving a K; value of 1.0 uM, which is
in good agreement with the Ky value of 0.36 uM obtained by
fluorescence spectrophotometry.

Concha et al., have reported the X-ray crystal structure of
the complex of IMP-1 with a mercaptocarboxylate inhibitor
(2-[5-(tetrazol-1-ylmethyl)thien-3-yl]- N-[2-(mercaptomethyl)-4-
(phenylbutyrylglycine)], Fig. 1).% In this structure, the inhibitor
binds in the active site; the inhibitor’s thiolate bridges the two
zinc(11) ions displacing the bridging water, and the phenylbutyl
moiety binds in a hydrophobic pocket at the base of the flap.
The inhibitor’s carboxylate group interacts with Lys161 and the
main chain amide nitrogen of Asnl67.

The coordination of the inhibitor’s thiolate group to a metal
ion in the active site was probed by electronic spectroscopy of
cobalt(m)-substituted IMP-1 with 3-mercaptopropan-1-ol. The
Co(m)-substituted enzyme, Co(um)-IMP-1, was prepared from
addition of up to 2 equimolar amounts of CoSO,-7H,0 to apo-
IMP-1 in 50 mM Tris—HCI (pH 7.4) comprising 1.0 M NaCl
and 30% glycerine.

The electronic spectrum of Co(u)-IMP-1 showed intense
absorptions at 525, 552, 612 and 639 nm in the visible region,
which can be assigned to a d—d transition in the Co site 1. In
addition, an intense absorption was observed at 344 nm, being
characteristic of a ligand-to-metal charge transfer from the
thiolate of the cysteine residue to cobalt(1) in site 2.

When 3-mercaptopropan-1-ol, which acts as a reversible
inhibitor for IMP-1,%* was added to Co(u1)-IMP-1, the intensity
of the absorption band at 344 nm increased and the original
bands at 527, 597, 635, and 636 nm shifted to 570, 620, and 689
nm with an increase in intensity. These spectral changes suggest
that the thiol group in mercapto derivatives coordinates to the
metal ion in the active site.

Conclusion

We have developed new type of fluorescent probe capable of
detecting the IMP-1 metallo-B-lactamase selectively and with
high sensitivity. It is likely that this fluorescent probe will be
applicable as a detecting agent for the metallo-f-lactamases in
clinical laboratories.

Experimental

Synthesis of N-[2-(5-dimethylaminonaphthalen-1-ylsulfonyl-
amino)ethyl]-3-mercaptopropionamide (DansylC2SH), 1

A solution of dansylethylenediamine (3.94 g, 13.43 mmol) and
3-mercaptopropionic acid (1.42 g 13.4 mmol) was dissolved in
200 mL of ethyl acetate, and stirred at 0 °C under argon. After
30 min, N,N’-dicyclohexylcarbodiimide (DCC, 2.77 g, 13.4
mmol) in 100 mL of ethyl acetate was added to the reaction
mixture and the mixture was stirred for additional 38 h at room
temperature. The reaction mixture was evaporated under
reduced pressure and ethyl acetate (ca. 200 mL) was added to
the resulting residue to remove N,N-dicyclohexylurea. After fil-
tration, the filtrate was evaporated to dryness and the residue
was purified by column chromatography on silica gel (eluent,
20% methanol-chloroform) to give 1 (3.94 g, 77%) as yellow oil.
'"H NMR (CDCl,): 6 1.51 (t, 1H), 2.29 (t, 2H), 2.66 (q, 2H), 2.89
(s, 6H), 3.06 (q, 2H), 3.32 (q, 2H), 5.80 (t, 1H), 6.20 (t, 1H), 7.19
(d, 1H, J = 7.32 Hz), 7.52 (t, IH, J = 7.32 Hz), 7.57 (t, 1H,
J=793Hz),8.23(d, 1H, J=8.55Hz), 8.28 (d, 1H, J=8.54 Hz),
8.55 (d, 1H, J = 8.54 Hz). *C NMR (CDCl,): 6 20.31, 39.40,
40.08, 43.09, 45.41, 115.37, 118.60, 123.25, 128.63, 129.50,
129.68, 129.98, 130.75, 134.35, 152.18, 171.67. HRFABMS: m/z
381.1213 [calcd for C;,H,;N;S, 381.1181].
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