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Abstract The most widely used inactivators of active-site serine
LL-lactamases behave as substrates of four class B metallo-LL-
lactamases, but the efficiency of the catalytic process can vary by
several orders of magnitude. A comparison of the kinetic
parameters for the KK and LL isomers of 6-iodopenicillanic acid
shows that there is no general preference for the KK isomer and
that the efficient hydrolysis of imipenem by these enzymes must
rest on other factors.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Since class B metallo-L-lactamases rapidly hydrolyse carba-
penem antibiotics and, with the exception of the Aeromonas
hydrophila enzyme, exhibit a broad activity spectrum against
most L-lactam compounds, production of these enzymes by
pathogenic strains results in clinical problems [1,2]. Only
monobactams appear to escape their activity. Moreover and
not unexpectedly, mechanism-based inactivators of the active-
site serine L-lactamases are not only useless against the Zn2�-
dependent metalloenzymes, but can also behave as substrates
of these enzymes [2].

Thus, in mixed infections, metallo-L-lactamase-producing
strains might protect their serine-L-lactamase-producing coun-
terparts by destroying the inactivators and the acquisition of
the genes encoding the former proteins by numerous strains is
a distinct and frightening possibility, as exempli¢ed by the
isolation of strains which can synthesise up to three di¡erent
L-lactamases [3,4].

In this paper, the interactions between a representative set
of four metallo-L-lactamases and four L-lactam molecules
which usually act as potent inactivators of active-site serine
L-lactamase have been investigated; three of them (clavulanic
acid, tazobactam and sulbactam) are in current clinical use.

The stereospeci¢city of the enzymatic process was analysed
by comparing the kinetic parameters for 6-L and 6-K-iodope-
nicillanic acids (6-L-IP and 6-K-IP).

2. Materials and methods

The L-lactamases from Bacillus cereus 5/B/6, Bacteroides fragilis
C¢A (C¢A), Aeromonas hydrophila AE036 (CphA) and Pseudomonas

aeruginosa 101/1477 were produced and puri¢ed as described before
[1,2,5,6]. Clavulanic acid and imipenem were kindly given by Smith-
Kline Beecham Pharmaceuticals (Harlow, Essex, UK) and Merck
Sharp and Dohme Research Laboratories (Rahway, NJ, USA) respec-
tively. Tazobactam and sulbactam were gifts of Lederle Laboratories
(Pearl River, NY, USA), K- and L-iodopenicillanic acid were synthes-
ised as described [7] and nitroce¢n was purchased from Unipath (Ox-
ford, UK). The chemical structures of the tested L-lactam compounds
are detailed in Fig. 1.

The hydrolysis of all antibiotics except clavulanic acid was moni-
tored by following the absorbance variations resulting from the open-
ing of the L-lactam ring, using a Uvikon 860 spectrophotometer
equipped with thermostatically controlled cells and connected to a
Copam PC 88C microcomputer via an RS232C serial interface. Cells
with 0.2^1.0 cm pathlengths were used, depending on the substrate
concentrations. The absorbance variations were as follows: K-IP and
L-IP: vO305 = 8500 M31 cm31, tazobactam: vO233 = 3600 M31 cm31,
sulbactam: vO235 = 1780 M31 cm31.

The kcat and Km values were derived as described by De Meester et
al. [8] by analysing complete hydrolysis time courses. When the Km

was high, initial rates of hydrolysis were determined and the kinetic
parameters derived on the basis of Hanes-Woolf plots. In some cases,
Km was so high that only the kcat/Km ratio could be determined. Km

values lower than 10 WM were measured as Kis in competition experi-
ments with 8 WM imipenem (Aeromonas enzyme) or 50 WM nitroce¢n
(all other enzymes).

The total reaction volume was 0.5 ml in all cases. All assays were
performed at 25³C in 0.1 M Na phosphate bu¡er (pH = 7) containing
0.1 mM ZnSO4 with the exception of the A. hydrophila enzyme to
which no ZnSO4 was added since the enzyme retains one zinc ion/
molecule after dialysis against ordinary bidistilled water.

Although the initial product of clavulanic acid hydrolysis can be
assayed on the basis of its UV spectrum [9], it decays with a half-life
of about 50 s. Since the activities of the various enzymes were rather
low with this substrate, it was more convenient to directly monitor its
disappearance by NMR spectroscopy. 1H spectra were recorded with
a Bruker AM 400 MHz spectrometer. All programs were from the
Bruker library. Proton NMR spectra with water presaturation were
obtained with a spectral width of 4 kHz for 16 000 frequency and time
domain data points. All assays were performed at 25³C in 0.5 ml of
the same bu¡er as above but prepared in 99% D2O. A typical spec-
trum was the average of 80 scans over 8 min. For each metallo-L-
lactamase, the reaction was followed at two di¡erent substrate con-
centrations (10 mM and 20 mM), with 10 WM enzyme. During and
after hydrolysis, several products appeared, some of them transiently,
phenomena which precluded their identi¢cation from the resulting
complex spectra.

Chemical shifts for 1H (expressed in ppm relative to an internal
dimethylsilapentanesulfonate reference) and coupling constants were
determined by using an iteration program (WIN-DAISY, Bruker,
based on the spiral algorithm of A. Jones [10]) on the basis of the
experimental spectrum. The protons in the NMR spectrum of clavu-
lanic acid have been assigned by Howarth et al. [11].

3. Results

Table 1 gives an overview of the catalytic properties of the
four enzymes studied.
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3.1. Clavulanic acid
Fig. 2 shows the disappearance of clavulanic acid in the

presence of the B. cereus L-lactamase. With all the enzymes
the clavulanic acid concentration was monitored by measuring
the relative intensities of the peaks corresponding to protons
H5 (N5.79), H6A (N3.20), H6B (N3.63) and H9A (N4.24) and
the derived rate constants were the means of the four meas-
ured values.

With the B. cereus enzyme these rate constants were pro-
portional to the substrate concentrations and only the kcat/Km

value could be deduced. Conversely with the A. hydrophila
and B. fragilis enzymes, zero-order kinetics were obtained at
both substrate concentrations, thus directly yielding the kcat

values. The Km values were thus signi¢cantly lower than 10
mM. With the P. aeruginosa enzyme, substrate inhibition was
observed above 5 mM, a concentration at which a v0/E0 value
of 0.4 s31 was obtained. A 5 mM solution of clavulanic acid
(1 ml) was then hydrolysed by incubation with the B. fragilis
enzyme. After various periods of time (8^16 h), the enzyme
was eliminated with the help of a Centricon device and the
product solution added to a nitroce¢n solution. The ¢nal
concentrations were 100 WM for nitroce¢n and 1^4.5 mM
for the clavulanic acid degradation product. No inhibition
was observed, suggesting that the inhibition recorded above
was indeed due to an excess of substrate.

3.2. Sulbactam
Sulbactam was hydrolysed by all the class B L-lactamases

with Km values above 1 mM. The activity of the A. hydrophila
enzyme was much lower than reported by other authors [1,2].

3.3. Tazobactam
B. cereus was the only enzyme to exhibit a signi¢cant ac-

tivity on tazobactam. With A. hydrophila enzyme, no signi¢-
cant hydrolysis was observed at a 250 WM substrate concen-
tration, indicating v0/E0 values lower than 1033 s31. The B.
fragilis enzyme slowly hydrolysed the compound but the Km

value was too high to be determined. When the enzyme was
added to a mixture of 1 mM tazobactam and 100 WM nitro-
ce¢n, a 20% inhibition of the hydrolysis of the latter was
recorded, which indicated a poor binding of the compound
to the enzyme. This was con¢rmed by the low kcat/Km value at
the steady state.
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Fig. 1. Structures of the L-lactam compounds used in the study.
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The activity of the P. aeruginosa enzyme was low but not
negligible. A lag was observed and the kcat/Km value shown in
Table 1 was that obtained at the steady state.

3.4. K-IP and L-IP
L-IP was a substrate for all the enzymes studied and was

especially well hydrolysed by the B. cereus and B. fragilis
enzymes. By contrast, the K isomer was a very poor substrate
with kcat values never exceeding 1032 s31. Moreover, with P.
aeruginosa and the B. cereus enzymes, a lag was observed and
the values shown in Table 1 are those obtained at the steady
state which was reached after 1^2 min, but even under these
conditions the rate of the reaction remained very low. With
the B. fragilis enzyme, no signi¢cant hydrolysis of K-IP was re-
corded at a 500 WM substrate concentration (v0/E0 6 1033 s31).

4. Discussion

The four mechanism-based inactivators of active-site serine
L-lactamases are recognised and hydrolysed by most of the
metalloenzymes, although the kcat/Km values are usually not
very high. The highest kcat/Km values were observed with L-IP
and the B. cereus and B. fragilis enzymes, but this is of little
clinical relevance since L-IP is not used in combination thera-
pies. In this respect, the non-negligible hydrolysis of sulbac-
tam by the P. aeruginosa and B. fragilis enzymes appears
more worrying. In the other cases, the enzymes produced by
pathogenic strains do not represent a threat to combination
therapies, at least in the absence of very strong overproduc-
tion phenomena. It should be noted, however, that our results
with the P. aeruginosa enzyme are at variance with those of
Bush et al. [12] who observed IC50 values in the micromolar
range for sulbactam and tazobactam with the identical en-
zyme produced by Serratia marcescens S6.

The comparison between K- and L-iodopenicillanate shows
that the exceptional activity of class B L-lactamases versus
imipenem cannot be solely explained by the K position of
the side chain. Indeed, even with the A. hydrophila enzyme,
which can be considered a strict carbapenemase [13], the L
isomer was a much better substrate than its K counterpart
and all the other enzymes exhibited an overwhelming prefer-
ence for the former compound. The kcat/Km values were even
signi¢cantly larger than the k2/K values determined for the
interaction between L-IP and the class C enzymes [8]. Finally,
in several cases, the reaction time courses indicated complex
kinetic pathways accompanied by lags which remain unex-
plained at the present time. However, these phenomena oc-
curred at very high concentrations of the studied compounds
(0.5 mM and higher) and are unlikely to be of physiological
interest.

Acknowledgements: This work was supported in part by a grant from
the European Union (No. ERBFMRCX-CT98-0232) in the frame-
work of the `Training and Mobility of Researchers' Programme and
by the `Poles d'Attraction Interuniversitaire' initiated by the Belgian
state, Prime Minister's O¤ce, Services Feèdeèraux des A¡aires Scienti-
¢ques, Techniques et Culturelles (PAI No. P4/03). C. Prosperi-Meys is
a Fellow of the Fonds pour la Formation aé la Recherche dans l'In-
dustrie et dans l'Agriculture (FRIA, Brussels, Belgium).

References

[1] Felici, A. and Amicosante, G. (1995) Antimicrob. Agents Che-
mother. 39, 192^199.

[2] Felici, A., Amicosante, G., Oratore, A., Strom, R., Ledent, P.,
Joris, B., Fanuel, L. and Frere, J.M. (1993) Biochem. J. 291, 151^
155.

[3] Yang, Y.J. and Bush, K. (1996) FEMS Microbiol. Lett. 137,
193^200.

[4] Alksne, N.E. and Rasmussen, B.A. (1997) J. Bacteriol. 179,
2006^2013.

[5] Davies, R.B. and Abraham, E.P. (1974) Biochem. J. 143, 115^
127.

[6] Yang, Y., Rasmussen, B.A. and Bush, K. (1992) Antimicrob.
Agents Chemother. 36, 1155^1157.

[7] Cignarella, G., Pi¡eri, G. and Testa, E. (1962) J. Org. Chem. 27,
2668^2669.

[8] De Meester, F., Joris, B., Reckinger, G., Bellefroid-Bourguignon,
C. and Frere, J.M. (1987) Biochem. Pharmacol. 36, 2393^2403.

[9] Frere, J.M., Dormans, C., Lenzini, V. and Duyckaerts, C. (1982)
Biochem. J. 207, 429^436.

[10] Jones, A. (1970) Comput. J. 13, 301^307.
[11] Howarth, T.T. and Bronn, A. (1976) J. Chem. Soc. Chem. Com-

mun. 266^267.
[12] Bush, K., Macalintal, C., Rasmussen, B.A., Ving, J.L. and Yang,

Y. (1993) Antimicrob. Agents Chemother. 37, 851^858.
[13] Hernandez-Valladares, M., Felici, A., Weber, G., Adolph, H.W.,

Zeppezauer, M., Rossolini, G.M., Amicosante, G., Frere, J.M.
and Galleni, M. (1997) Biochemistry 36, 11534^11541.

[14] Laraki, N., Franceschini, N., Rossolini, G.M., Meunier, C., de
Pauw, E., Amicosante, G., Frere, J.M. and Galleni, M. (1998)
Antimicrob. Agents Chemother. (submitted).

[15] Paul Soto, R. (1998) PhD Thesis, University of Lieége.

FEBS 21431 25-1-99

Fig. 2. Disappearance of clavulanic acid in the presence of the B.
cereus L-lactamase. The conditions were as described in Section 2.
S.D. values were below 10% (n = 8).
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