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We present both experimental and theoretical results on simple model systems of zinc-B-lactamases. Kinetic
studies show that the rate of degradation of B-lactam antibiotics in the presence of zinc ions and
tris(hydroxymethyl)aminomethane buffers depends markedly on the structure of the B-lactam. Carbapenems
are highly reactive whereas monobactam antibiotics like aztreonam, which are known to be non-susceptible to
the catalytic action of the metallo-f-lactamases, are less reactive by three orders of magnitude. To complement
the experimental studies, density functional calculations were carried out on model systems. These calculations
allowed us to characterise the reactive mode of binding between the B-lactam nucleus and Zn*" ions as well as
to rationalise the kinetic trends observed experimentally. Docking analyses are reported for the complex formed
between aztreonam and the mononuclear metallo-f-lactamase from Bacillus cereus. On the basis of all the
results, we hypothesise that the aztreonam-metallo-f-lactamase complex might be poorly reactive due to a
potential interaction of the N-sulfonate group of aztreonam with the essential Zn ion at the active site.

Introduction

Zinc-B-lactamases synthesised by several pathogenic bacteria
have recently become a major research and clinical pro-
blem'™ given that these enzymes, in which zinc ion(s) are cru-
cial for catalysis, efficiently hydrolyze nearly all B-lactams,
including the versatile broad-spectrum antibacterial carbape-
nem derivatives (e.g., imipenem) and the most widely used
inhibitors of serine B-lactamases (e.g., clavulanic acid).* There
is, however, an important exception; monobactams (e.g.,
aztreonam), bearing a strongly acidic sulfonic group at the
N-1 position, are scarcely susceptible to the action of the
zinc-PB-lactamases. >

The metal-ion-catalysed hydrolysis of B-lactams in aqueous
solution has gained renewed interest due to its importance as a
reference reaction for the zinc-f-lactamases. Thus, the effects
of divalent metal ions (Cu®*, Cd**, Zn>") on the aqueous
hydrolysis of penicillins and cephalosporins have been investi-
gated experimentally to show that metal ions can dramatically
enhance the rate of hydrolysis by a factor of 10*-107.% On the
basis of the saturation appearance of the kgps vs. [M>T] plots
and the linear dependence of log kops vs. pH, it has been pro-
posed that the metal ions bind to the B-lactam carboxylate
group, promoting the attack of an external hydroxide on the
B-lactam carbonyl group. The same appears to be true for
the Zn**-promoted methanolysis of nitrocefin.” This proposed
mechanism is also consistent with the fact that esterification of
the B-lactam carboxylate severely decreases the catalytic effect
of the metal ions.

T Electronic supplementary information (ESI) available: quantitative
analysis of the kinetic data for the reaction of clavulanic acid. See
http://www.rsc.org/suppdata/nj/b3/b306799h/
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Another model system results from the combination of zinc
ions and tris(hydroxymethyl)aminomethane (Tris) buffers in
the pH range of 7.5-10.0. Thus, it has been reported that the
Zn*"—Tris system is a very effective, true catalyst for the
hydrolysis of penicillins.®® In addition, we have found in pre-
vious studies'®? that the Zn?*—Tris system is also capable of
efficiently hydrolyzing other B-lactams, such as clavulanic acid,
which is a typical mechanism-based inhibitor of active-site ser-
ine B-lactamases (clavulanic acid is also a fairly good substrate
of the zinc-B-lactamase from B. fragilis*). Kinetic analyses car-
ried out by Schwartz® have revealed that the mechanism for
the Zn>"—Tris-assisted hydrolysis of benzylpenicillin involves
a ternary complex formed by benzylpenicillin, Zn>* and Tris,
which can be stabilised by the chelating effect of Tris. In this
complex, a zinc-bound hydroxyl group of Tris can become a
powerful nucleophile by donating its proton before attacking
the B-lactam carbonyl group intramolecularly. Hence, in the
sense that the rate-determining step is a unimolecular process,
the reaction between Zn**-Tris and B-lactams can be consid-
ered a simplified model for the conversion of the enzyme—f-
lactam complexes at the active site of the zinc-p-lactamases.

In this study, we have explored the influence of the B-lactam
structure on the rate of the Zn**-assisted hydrolysis in the pre-
sence of Tris. First, we confirmed that the hydrolysis of clavu-
lanic acid obeys the general kinetic scheme involving a ternary
complex. Then we addressed experimentally the kinetic influ-
ence of the B-lactam structure by determining the kqps values
for a series of representative antibiotics including penicillins,
cephalosporins, carbapenems and monobactams. The experi-
mental results were complemented by carrying out quantum
chemical calculations on cluster models representing the most
likely complexes formed between Zn?*, the B-lactam models
and the nucleophile. On the basis of these calculations, we dis-
cuss the modes of binding between the B-lactam nucleus and
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the metal ion, the possible pathways for the nucleophilic attack
of the zinc-bound nucleophile on the f-lactam carbonyl,
together with the kinetic influence of the B-lactam structure.
Overall, the experimental and theoretical results complement
each other well and give insight into the molecular details of
the Zn?*-assisted hydrolysis process of P-lactams. To shed
some light on the actual mode of binding between aztreonam
and zinc-B-lactamases, we also carried out docking calcula-
tions. Finally, the relevance of all the results for zinc-B-lacta-
mases is briefly discussed.

Methods
Materials

Aztreonam was obtained from Squibb & Sons, Inc. (Plains-
boro, NJ, USA); Imipenem from Merck Sharp and Dohme
(Rahway, NJ, USA); SCH 29482 from Schering Corporation
(Blomfield, NJ, USA); Nocardicin A from Fujisawa Pharma-
ceutical Co. (Osaka, Japan); Moxalactam from Eli Lilly and
Co. (Indianapolis, IN, USA) and Clavulanic acid, Amoxicillin,
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Cephaloglycin, Cephaloridine and Cephalothin from Antibio-
ticos S. A. (Ledn, Spain). These antibiotics were used as
received. The structure of these antibiotics is shown in Scheme
1. Tris(thydroxymethyl)aminomethane (Tris) was a very pure
grade from Sigma Chemical Co. Solutions of ZnCl, were pre-
pared as previously described.! Other chemicals were com-
mercial products of analytical grade.

All the water used was purified by a Milli-Q-Reagent Water
System (Millipore, Bedford, MA, USA). The solutions were
freshly prepared and the pH measured at 35°C using a
WTW pHmeter (pH 526) equipped with a combined electrode
with an integrated temperature sensor (Sentix 97T). All reac-
tions were conducted at 35.04+0.1°C and the ionic strength
was adjusted to 0.5 mol 1™ with sodium perchlorate.

Analytical procedure

The residual antibiotic concentration was determined using a
reverse-phase high-performance liquid chromatographic (RP-
HPLC) method. An Alliance® HPLC System liquid chromato-
graph from Waters (Mildford, MA, USA) equipped with a
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2695 Separations Module and a 996 Photodiode Array Detec-
tor were used. The separation was carried out using a Phenom-
enex CI8 (2) Luna column (5 pm; 150 x4.60 mm). The
analyses were carried out at 25 °C on a 20 pL injected volume.
The mobile-phase characteristics and other chromatographic
parameters are given in Table 1. The mobile phases were pre-
pared fresh on the day of analysis and were filtered through a
Millipore filter (0.45 pm pore size).

Kinetic procedure

Weighed amounts of B-lactam antibiotics were dissolved in the
Tris buffer solutions to give concentrations of 1 — 5 x 10~ mol
dm™3. At appropriate time intervals aliquots of the solutions
were each sealed in a glass vial and the reaction was blocked
with ethylenediaminetetraacetic acid (EDTA; final concentra-
tion 2 x 107* mol dm~?), before analysis of the remaining f-
lactam antibiotics.

In some cases where buffer capacity was too low, the pH of
the kinetic solution during the reaction was maintained with a
pH-stat (titrimeter assembly consisting of an E-614 Impulso-
mat, an E-655 Dosimat and an E-632 pHmeter from Metrohm,
Herisau, Switzerland).

In all solutions the total Tris concentration greatly exceeded
the reacting substrate concentration to maintain pseudo-first-
order kinetics.

Quantum chemical calculations

Calculations were carried out with the Gaussian 98 system of
programs.'? Stable structures were fully optimised and transi-
tion structures located at the B3LYP/6-31G* level.1*1¢ All the
critical points were further characterised by analytic computa-
tion of harmonic frequencies at the same theoretical level. To
further confirm the reaction paths on the potential energy sur-
face connecting specific complexes and intermediates, intrinsic
reaction coordinate (IRC) calculations followed by energy
minimisation were also carried out at the B3LYP/6-31G* level
(see below). Thermodynamic data (298 K, 1 bar) were com-
puted using the B3LYP/6-31G* frequencies within the ideal
gas, rigid rotor, and harmonic oscillator approximations.
AGgas phase €nergies were obtained for all of the optimised spe-
cies by combining the B3LYP/6-31G* electronic energies with
the zero-point vibrational energy (ZPVE) values and thermal
corrections.

To take into account condensed phase effects on the kinetics
and thermodynamics of the model systems, we used the united
atom Hartree—Fock (UAHF) parameterisation'’ of the polari-
sable continuum model (PCM),'® including both electrostatic
and non-electrostatic solute-solvent interactions and simulat-
ing water as the solvent. The Gibbs solvation energies
AGgorvation Of all the critical structures were then computed
from single-point B3LYP/6-31G* PCM-UAHF calculations
on the B3LYP/6-31G* gas phase geometries. Addition of
AGgas phase to the corresponding relative Gibbs solvation ener-
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gies, AAGgopvation » €valuated neglecting the change in the rela-
tive value of the thermal corrections when going from a
vacuum to the solution, gives AGgoution fOr the structures
studied.

Docking calculations

We employed the algorithm developed for AutoDock,!®?

which uses a Monte Carlo simulated annealing technique for
the configurational exploration of enzyme-ligand complexes
with a rapid energy evaluation using grid-based molecular
interaction potentials built from van der Waals and electro-
static contributions. Aztreonam was docked at the static bind-
ing site of the B. cereus zinc-f-lactamase. During the docking
process, the internal bonds of the aztreonam sidechains were
allowed to rotate.

The Jaguar program?! was used to optimise the molecular
structure of aztreonam at the HF/6-31G* SCRF level.* Then
we obtained the electrostatically derived atomic charges® for
aztreonam, which were required for the docking calculations.
The coordinates of the protein atoms were taken from the
1.85 A crystal structure of B. cereus described by Carfi et
al** (PDB ID code 1BME). This structure shows one fully
and one partially occupied zinc site, and for our purposes we
deleted the second zinc ion and a carbonate anion from the
coordinate file in order to model the native form of the mono-
nuclear B. cereus enzyme. All the crystallographic water mole-
cules were also removed from the PDB file except the Watl
molecule near the Znl ion. Hydrogen atoms were added to
the protein system using the LEaP program,?® while atomic
charges were taken from the AMBER force field.

Results
Kinetics of the reaction between clavulanic acid and Zn*"—tris

As shown in previous work, the reaction of clavulanic acid
with excess Tris and in the absence of metal ions follows
pseudo-first-order kinetics with respect to the concentration
of Tris (denoted [T]).? In the presence of both Tris buffer
(up to 0.20 M) and Zn>" ions at concentrations ranging up
to 5x 107> M, clavulanic acid was also observed to degrade
according to pseudo-first-order kinetics, where the rate con-
stant ko, for the latter process is a linear function of the metal
ion concentration. For this study, we reinvestigated the
kinetics of the Zn**—Tris system reacting with lithium clavula-
nate at different pH. Thus, Fig. 1 shows the dependence of kgps
on the total concentration of Tris at pH 7.50, 8.00, 8.50, 9.00
and 9.50 for the decomposition of the B-lactam in solutions
containing the same concentration of Zn>". The catalytic
action of the free Tris species (i.e., not coordinated to the
Zn*" ions) can be subtracted from kgps by means of eqn. (1):

kz - kobs - kTris [T} (1)

Table 1 HPLC conditions for the analysis (25 °C and 20 pL injected volume) of the B-lactam antibiotics [aztreonam (AZ), imipenem (IM), SCH
29482, nocardicine A (NA), moxalactam (MX), clavulanic (CL), amoxicillin (AM), cephaloglycin (CG), cephalorodine (CR), cephalothin (CT)]

considered in this study

Antibiotic

Parameter AZ IM SCH NA MX CL AM CG CR CT
Flow-rate/mL min~* 1.5 1.5 1 1 1.5 1 1.5 1.5 1 1.5
Mobile phase

% 0.1 M sodium phosphate 93 93 86.5 93 93 95 88 86.5 86.5 86.5
% Methanol 7 7 6.5 7 7 5 12 6.5 6.5 6.5
% Isopropanol 0 0 7 0 0 0 0 7 7 7
A/nm 230 310 310 280 230 230 250 250 250 250

This journal is © The Royal Society of Chemistry and the
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Fig. 1 Dependence of the constants ks (O) and k, (OJ) on the concentration of Tris at different pHs for the decomposition of lithium clavulanate
(5.0 x 107* M) in the presence of Zn** 5.0 x 107® M, 0.5 M ionic strength (NaClO,) at a temperature of 308 +0.1 K.

where k, is the observed first-order rate constant corrected for
rate in the presence of Tris alone and ks 1s the second-order
rate constant for the reaction between the clavulanate anion
and Tris (ks = 0.114 M~ min~! assuming a pK, value for
Tris of 8.01; see ref. 8). Fig. 1 also plots the values calculated
for the rate constant k.

The curves represented in Fig. 1 show that ks and &, exhi-
bit close-lying maxima at a total concentration of Tris between
0.015 and 0.050 M. At high pH, when the concentration of Tris
is increased (>0.050 M) the Tris-only route (ie., kryis)
becomes more evident. However, the rate for -lactam decom-
position tends to decrease at high [T], most probably because
the Zn>" ions are sequestered by the excess of Tris molecules,
which inhibits the catalytic effect of the metal. Overall, the data
in Fig. 1 show that the combination of Zn*" ion and Tris buf-
fers notably increases the rate of B-lactam degradation. It is
interesting to note that most of the observed degradation of
the clavulanate anion near physiological pH (7.50) proceeds
through reaction with the Zn?*—Tris complex (see Fig. 1).
On the other hand, the clavulanate anion reacts faster at higher
pH given that, under alkaline conditions, most of the Tris
molecules (pK, = 8.01) would be in their neutral form and,
therefore, clavulanate could be attacked more readily by either
the Tris hydroxyl or the free amino groups through direct or
Zn?*-assisted mechanisms.

All of the points for each pH were utilised to determine the
best fit to eqn. (2), which was derived from a mechanism pro-
posed by Schwartz.®

k, a[T)
[Znly 1+ b[T] + ¢[T]?

)

The values obtained for parameter ¢ are very similar to
Schwartz’s for benzylpenicillin, while those for parameter a
are approximately a quarter of his. For parameter » we
obtained more or less constant values at different pH values,
unlike Schwartz’s values for benzylpenicillin, which underwent
a drop of about two thirds between pH 7.5 and pH 9.5.

Following the mechanism proposed by Schwartz, the rate of
reaction would be proportional to the concentration of a tern-
ary Zn**—Tris—clavulanate (ZnTC®) complex:

Rate = k,[C] = k[ZnTC"] (3)

To further investigate this point, we also carried out a series of
experiments in which the concentration of the clavulanate
anion was varied and the initial decomposition rate was mea-
sured. The inverse of the rate values (1 /rate) are plotted in Fig.
2 versus the inverse of the initial concentration of the B-lactam
(1/[Clo). The linearity of the plot of 1/rate vs. 1/[C]o is an indi-
cation of the saturation kinetics in which the clavulanate anion
is involved in the formation of an intermediate complex prior

18 ‘ New. J. Chem., 2004, 28, 15-25 ‘
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Fig. 2 Double-reciprocal plot of inverse rate vs. inverse clavulanate
ion concentration at pH 8.00 and for initial Zn?** and Tris concentra-
tions of 1.0 x 107° M and 0.050 M, respectively.

to the rate-limiting step. Thus, the proposed mechanism,
shown in Scheme 2, which implies the formation of a ternary
Zn**-Tris—clavulanate complex, is analogous to that originally
proposed by Schwartz for the Zn>T—Tris—benzylpenicillin
system.

For benzylpenicillin, complete kinetic analyses and rate con-
stant derivations based on the mechanism displayed in Scheme
2 have been previously reported by Schwartz.® We carried out
an analogous quantitative treatment of the kinetic data for the
reaction of clavulanic acid, which is fully detailed in the Elec-
tronic supplementary information (ESI). These analyses indi-
cate that the formation of the ternary complex must occur
when a binary Zn®>*—Tris complex binds to one clavulanate
anion. The formation constants for the Zn?*—Tris chelates
are K; = 182 for Zn**—Tris and K, = 25 for Zn*>"—Tris, .
Subsequently, the resultant ternary complex loses a proton,
which is most probably released from a zinc-bound hydroxyl
group of Tris. The zinc-bound nucleophile attacks the B-lac-
tam carbonyl group, leading to rupture of the B-lactam ring.
The expected product would be a Tris ester.® These esters
are known to hydrolyse rather readily and are also subject to
aminolysis.2’? The values obtained for the constants at work
in the mechanism proposed by Schwartz for the degradation of
benzylpenicillin in the presence of Zn?"—Tris are very similar
to our values for the degradation of clavulanic acid under
the same conditions. According to our results, the estimated
value of the kinetic constant k for the acylation step is quite
high, 4 x 103 min~?, which explains the rapid decomposition
of the clavulanate anion in the presence of Zn>*—Tris
(k = 2.5 % 10* min~! for benzylpenicillin®). The fact that both
benzylpenicillin and clavulanic acid obey the same kinetic

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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scheme despite their structural differences suggests that the
molecular mechanism of B-lactam alcoholysis catalysed by
the Zn>"—Tris system may be common to the various families
of B-lactam antibiotics.

Influence of the B-lactam structure on the reaction with Zn**-tris

As mentioned in the Introduction, the B-lactam carboxylate
group must interact directly with the metal ion, since its ester-
ification produces P-lactams, which are not susceptible to
metal-catalysed hydrolysis.?” Of course, the Zn**---OOC-p-
lactam interaction can be influenced by the geometrical orien-
tation of the B-lactam carboxylate group (N-sulfonic group in
monobactams) with respect to the scissile amide bond, which
varies along the spectrum of B-lactam antibiotics.

To determine the kinetic influence of the B-lactam structure
on their reactivity with the Zn**—Tris system, we obtained the
kobs values at different metal concentrations for a series of B-
lactam compounds including imipenem, SCH29482, amoxicil-
lin, clavulanic acid, moxalactam, cephaloglycin, aztreonam,
and nocardicin A (see Scheme 1). The results are summarised
in Table 2 and Fig. 3.

Table 2 Relative catalytic activity of the Zn?>"—Tris system in the
degradation of B-lactam antibiotics. For experimental conditions see
the caption to Fig. 3

Slope kops Vs.

% Relative

Antibiotic [Zn>*] plot* /M~ h™! activity
Imipenem 6.75 % 10° 100
Amoxicillin 2.37 % 10° 35
SCH 29482 1.04 x 10° 15
Clavulanic acid 6.93 x 10* 10
Moxalactam 3.25 % 103 0.48
Cephaloglycin 2.38 x 103 0.35
Aztreonam 1.75 x 102 0.03
Nocardicine A 1.03 x 10 ~0

“ See Fig. 3

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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Fig. 3 Effect of concentration of Zn>* on the observed rate constant
for the decomposition of B-lactam antibiotics. Experimental condi-
tions: pH = 8.00, [Tris] = 0.050 M, [B-lactam] = 1 x 107> M, 0.5 M
ionic strength (NaClQy,), temperature = 308 +0.1 K. (a) Decomposi-
tion of imipenem ([J), amoxicillin (+), SCH29482 (0), clavulanic acid
(*), cephaloglycin ([J), moxalactam (@), aztreonam (A) and nocardi-
cin A (A). (b) Decomposition of cephaloglycin (x), cephaloridine
(@) and cephalothin (H).

We see in Fig. 3 that B-lactam antibiotics that possess a five-
membered ring fused with the B-lactam ring are clearly more
reactive than other antibiotics such as cephalosporins and
monobactams. This is not entirely unexpected since cephalos-
porins and monobactams are generally thought to be less reac-
tive because they present a less strained f-lactam amide bond.
We note, however, that the intrinsic reactivity of aztreonam
towards alkaline hydrolysis is similar (within a factor of two)
to that of benzylpenicillin and carbapenems.*® Hence, other
electronic and structural factors related to the interaction
between Zn*"—Tris and the B-lactam could well explain the
results shown in Fig. 3. In fact, the bicyclic antibiotics, which
have carboxylate groups with a similar orientation relative to
the amide bond, may coordinate the metal ion more efficiently
than monobactams throughout the reaction.

For B-lactam antibiotics within the same family, the number
and kind of side chains attached to the B-lactam nucleus influ-
ences their relative activity. For example, cephaloridine, which
has a positively charged leaving group at the C3 position,
reacts faster than an analogous cephalosporin (cephalothin)
with a neutral group [see data plotted in Fig. 3(b)]. No differ-
ences in reactivity are observed, however, between cephalothin
and cephaloglycin, which differ only in the side chain at
position 7.

New. J. Chem., 2004, 28, 15-25



http://dx.doi.org/10.1039/B306799H

Downloaded on 16 November 2010
Published on 22 October 2003 on http://pubs.rsc.org | doi:10.1039/B306799H

Model systems used in the quantum chemical calculations

To complement the kinetic analyses and experimental data on
the Zn>"—Tris system, we employed density functional theory
(DFT) methodologies to obtain molecular structures and ener-
gies for a series of model systems. More specifically, the DFT
calculations were carried out in order to (a) characterise the
reactive modes of binding between the B-lactam nucleus and
the Zn** ion, (b) find out the possible pathways for the hydro-
lysis process, and (c) explain the large kinetic effect exerted by
the B-lactam structure. To this end, we studied the structure
and reactivity of the cluster models IMI and MONO as shown
in Scheme 3.

In the model system IMI, the B-lactam moiety represents the
bicyclic structure of the most reactive antibiotics in the pre-
sence of Zn**—Tris (i.e., carbapenems) while the model system
MONO is related to the antibiotic aztreonam, which is less
reactive than carbapenems by a factor of ~10° (see Table 2).
Both models assume that the Zn>" ion coordinates simulta-
neously to some water molecules and to the B-lactam carbox-
ylate or N-sulfonate group. We note that, although Tris
molecules were not considered to keep the theoretical models
within tractable limits, the cluster models IMI and MONO
correspond formally to ternary complexes involving the B-lac-
tam, the metal ion and the zinc-bound nucleophile, according
to the experiments. One of the zinc-bound water molecules is
already deprotonated in the cluster models, given that we con-
centrate on understanding the molecular mechanism of the
hydrolysis reaction (the last mechanistic step in Scheme 2).

All the structures (minima and transition structures) that
were located on the B3LYP/6-31G* potential energy surface
are shown in Figs. 4-8. The corresponding free energy profiles
in solution (AGstion) are also represented in Figs. 5-8.

Modes of binding between the Zn>" ion and the p-lactam. To
complete the first coordination sphere around the Zn*" ion,
two water molecules were considered in our calculations. For
both model systems, IMI and MONO, three complexes were
located on the potential energy surface, differing in the mode
of binding between Zn?* and the B-lactam (see Fig. 4). In all
these complexes, the Zn** ion presents a tetrahedral coordina-
tion and is directly linked to the B-lactam carboxylate (IMI) or
N-sulfonate (MONO) groups in either a bidentate or mono-
dentate manner.

In the structure C1(IMI), the Zn**ion bridges the p-lactam
carbonyl and carboxylate groups. In C2(IMI) the metal ion is
coordinated to both the endocyclic N atom and the carboxy-
late group. In addition, we also studied the complex C3(IMI)
in which the p-lactam carboxylate binds to the Zn>* ion in a
bidentate manner. For the MONO system, analogous modes
of binding involving the N-sulfonate group were also charac-
terised by locating the corresponding complexes C1(MONO),
C2(MONO) and C3(MONO) (See Fig. 4).

The modes of B-lactam—Zn>* binding represented in Fig. 4
have been postulated in previous work in order to explain
the catalysis exerted by metal ions.® However, our calculations
give new insight about the structure and relative stability of
these complexes. For example, the carbapenem-like complexes,

IMI MONO
S

o7 so,

HO-Zr

(H20)1,2

Scheme 3
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C1(IMI), C2(IMI) and C3(IMI), are quite close in free energy.
The bidentate adduct C3(IMI) is predicted to be the most
stable one, being only 1.4 and 4.4 kcal mol~! below C1(IMI)
and C2(IMI), respectively. Taking into account the highly
labile kinetic nature and the low thermodynamic stability of
the Zn?* complexes,*! we expect that the AG energy barriers
for the C1(IMI) < C2(IMI) < C3(IMI) interconversion pro-
cesses in solution would not be great and, therefore, these com-
plexes would interconvert rapidly. In contrast, a more abrupt
free energy profile for the binding of monobactams to Zn>*
ions is obtained from the CI(MONO), C2(MONO) and
C3(MONO) structures: the CI(MONO) complex is 14.5 and
8.2 kcal mol™! more stable than C2(MONO) and C3(MONO),
respectively. Thus, the mode of binding in which the metal is
simultaneously bound to the B-lactam carbonyl and N-sulfo-
nate groups would predominate in solution.

The relative AG values in Fig. 4 show that the structure of
the B-lactam determines the stability of its complexes with
Zn**. On the one hand, the bicyclic skeleton of carbapenems
seems well suited for binding the Zn>" ions through different
coordination modes. On the other hand, the N-sulfonate group
imposes more stringent geometrical and electronic restrictions
in the formation of the B-lactam—Zn®* complexes. Thus,
C2(MONO) presents a strained mode of coordination through
a four-membered ring in which the Zn- - -N(B-lactam) distance
is quite long (2.537 A). In C3(MONO), binding through the N-
sulfonate group perturbs the N-SO;™ functionality since the
N-S distance is around 0.06 A shorter than in the other com-
plexes.32

Mechanisms of hydrolysis. Complexes C2(IMI) and
C2(MONO) can be considered as pre-reactive complexes given
that the zinc-bound hydroxyl group is well orientated for
nucleophilic attack, having Zn-O- - -C(B-lactam) distances of
~3.7 A. In addition the B-lactam amide bond is partially acti-
vated in these complexes, the C-N distance being around 0.1 A
longer than in the uncoordinated f-lactam models. Therefore,
we decided to investigate the intrinsic reactivity of these tetra-
hedral zinc complexes by locating the corresponding transition
structures and intermediates for nucleophilic attack of the
zinc-bound hydroxide towards the B-lactam carbonyl group.
B3LYP/6-31G* critical structures and relative energies for
the hydrolysis processes starting at C2(IMI) and C2(MONO)
are shown in Figs. 5 and 6 for the IMI and MONO model sys-
tems, respectively.

From C2(IMI), the formation of the C—O bond and cleavage
of the B-lactam ring takes place in a single mechanistic step
passing through the transition structure TS,(IMI), which has
C-O/C-N distances for the forming/breaking bonds of
1.751/1.884 A. In terms of the B3LYP/6-31G* free energies
in solution, TS,(IMI) is 14.4 kcal mol~! above C2(IMI) and
18.8 kcal mol™' above the most stable complex C3(IMI).
TSA(IM]) is connected with an intermediate species, [,(IMI),
in which the B-lactam ring is completely cleaved while the car-
boxylic group and the negatively charged N atom are bound to
the Zn>" ion. This intermediate has a similar stability to that of
the initial complex C2(IMI) with a relative AG value of —0.5
keal mol 1.

Completion of the hydrolysis reaction requires that the p-
lactam N atom accepts a proton, most probably from a water
molecule. Several pathways, not detailed here, are possible for
this process (e.g., the proton may come from bulk water or a
zinc-coordinated water molecule). To estimate the thermody-
namics of the protonation step, we optimised a product com-
plex PA(IMI) (see Fig. 5) that was obtained from I,(IMI) by
adding an extra water molecule. In the course of the energy
minimisation, the extra water molecule became coordinated
to the zinc ion and donated one proton to the N atom. The
AG value of P,(IMI) with respect to I[,(IMI) + H,O is —21.7

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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kcal mol™!, thus showing that protonation of the I,(IMI)
intermediate is very favourable thermodynamically.

For the monobactam system, a hydrolysis mechanism analo-
gous to that of the IMI system was also studied (see Fig. 6).
Most interestingly, the calculated transition structure and

intermediate [TSA(MONO) and I,(MONO) in Fig. 6] are
much less stable than those for the carbapenem model, result-
ing in a AG barrier for the C2(MONO) — TS,(MONO) pro-
cess of 25.1 kcal mol™!. In contrast, the overall reaction
process leading to PA(MONO) is favourable [the AG value of
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Fig. 5 B3LYP/6-31G* optimised structures for the hydrolysis reaction of the carbapenem model compound starting from complex C2(IMI). Dis-
tances in A. Relative free energies in solution (kcal mol™") are shown in parentheses.
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PA(MIONO) with respect to [,(MONO) + H,0 is —32.5 kcal
mol ]

By taking into account the AG value in going from
C1(MONO) to C2(MONO), the global AG barrier for the
hydrolysis of the monobactam model amounts to 39.6 kcal
mol~!. This high energy barrier can be ascribed to a less
favourable (i.e., more strained) B-lactam—Zn*" binding along
the reaction coordinate even though location of the negative
charge on the leaving N atom results in short Zn—N contacts
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of ~1.9 A at TSA(MONO) and [,(MONO). However, the cor-
responding N-Zn-O bond angles are very acute: 75.0° and
79.0°, respectively. In contrast, the same angles in the carbape-
nem structures TS,(IMI) and I,(IMI) are close to 90 degrees,
89.3° and 94.6°, respectively.

The calculations summarised in Figs. 5-6 confirm that the
nature of the P-lactam has a large kinetic impact on the
Zn**-assisted hydrolysis processes when starting with com-
plexes such as C2(IMI) and C2(MONO). In fact, the AG
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barriers computed suggest that carbapenems would degrade
rapidly whereas monobactams would hydrolyse very slowly.
However, it must be noted that other reaction mechanisms
starting from different pre-reactive complexes and/or invol-
ving the participation of ancillary water molecules could be
operative. To further investigate this point, we studied a sec-
ond mechanistic route starting at pre-reactive complexes in
which the zinc ion bridges the carbonyl group and the carbox-
ylate/N-sulfonate groups of the carbapenem/monobactam
models. This mode of binding is quite favourable for both f3-
lactam structures (see Fig. 4). In the calculations for this sec-
ond mechanism, two more water molecules were included with
respect to the tetrahedral complexes C1(IMI) and C1(MONO).
After geometry optimisation, one of these extra waters coordi-
nates directly to the Zn*" ion, which now has fivefold coordi-
nation, while the other one is situated in the second
coordination sphere of the metal in an appropriate position
to assist the proton transfer to the leaving N atom (see
Cg(IMI) and Cg(MONO) in Figs 7-8).

Fig. 7 represents the transition structures and minima
involved in the hydrolysis of the initial carbapenem complex
Cg(IMI). This mechanism proceeds in a stepwise manner, pas-
sing through a tetrahedral intermediate. According to IRC and
energy minimisation calculations on the B3LYP/6-31G*
potential energy surface, complex Cg(IMI) (with fivefold coor-
dination around the Zn*" ion) is connected with the transition
structure TS1g(IMI) (with tetrahedral zinc coordination). At
TS1g(IMI) the nucleophile is a water molecule that was initi-
ally bound to the Zn®* ion in the pre-reactive complex. The
transition vector of TS1g(IMI) is dominated by the formation
of the C-O bond (1.725 A) while the attacking water molecule
is hydrogen-bonded to the zinc-coordinated hydroxide anion
and the ancillary water molecule (see Fig. 7). From TS1g(IMI)
the tetrahedral intermediate Ig(IMI) is reached after having
completed the formation of the C-O bond with simultaneous
proton transfer from the nucleophilic water molecule to the
zinc-bound hydroxide. At Ig(IMI) the Zn** ion shows tetrahe-

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004

dral coordination, the amide bond C-N is quite elongated (C-
N = 1.580 A) and the hydroxyl group is linked to the endocyc-
lic N atom via a one-water bridge. The following transition
structure, TS2g(IMI) in Fig. 7, corresponds to B-lactam ring
rupture with simultaneous proton transfer from the hydroxyl
group to the leaving amino group assisted by the ancillary
water molecule. TS2g(IMI) leads to the product complex
Pg(IMI) in which the Zn*" ion is coordinated by two carbox-
ylate groups and the amino group of the degraded carbapenem
model. The free energy profile for this mechanism is quite low:
the AG values in kcal mol™' are 0.0 [Cg(IMI)]— 10.7
[TS1g(IMI)] — 3.3  [Ig(IMI)]—12.7 [TS2p(IMI)]— —38.4
[Pe(IMI)]. Hence, the rate-determining step is the cleavage of
the tetrahedral intermediate via TS2(IMI). Though not
directly comparable, we note that the AG barrier (12.7 kcal
mol ™) is ~6 kcal mol~! lower than that for the mechanism
involving direct nucleophilic attack from the zinc-bound
hydroxide at C2(IMI).

For the monobactam model, the initial complex
Cg(MONO) shows a mode of binding between Zn>* and the
B-lactam analogous to that found in Cg(IMI). For example,
the Zn** ion is nearly coplanar to the O=C-N amide group
both in Cg(MONO) and Cg(IMI) (the N-SO;3~ group is also
coplanar to the O=C-N group). The hydrolysis of Cg(MONO)
with proton transfer assisted by the ancillary water molecule
takes place in a concerted fashion. At TSp(MONO) the
nucleophilic attack is quite advanced (C-O = 1.467 A), the
endocylic C-N bond is clearly elongated (C-N = 1.674 A)
and the two protons involved in the assisted proton transfer
to the B-lactam N atom are “in flight™ (see Fig. 8). The com-
puted AG barrier is 25.0 kcal mol~!. On the one hand, this AG
value indicates that hydrolysis of monobactams from complex
Cg(MONO) is clearly less favoured by ~12 kcal mol™! than
the equivalent pathway for carbapenems. On the other hand,
on comparison with the reaction mechanism from the tetrahe-
dral complexes CI(MONO) and C2(MONO), it turns out that
the hydrolysis of the monobactams starting at complexes like

New. J. Chem., 2004, 28, 15-25
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Cg(MONO) would be more favourable. This is well under-
stood in terms of the coordination geometry around the
Zn** ion, which is not strained in the latter pathway in con-
trast with the CI(MONO)— C2(MONO)— TSA(MONO)
route (see above).

Discussion

The experimental kinetic results presented in this work confirm
that the Zn?*—Tris system has an important catalytic effect on
the degradation of many B-lactam antibiotics including carba-
penems, oxapenams, oxacephems, penicillins and cephalospor-
ins. For clavulanic acid, the detailed kinetic analyses indicate
that the main mechanistic route for the Zn>*—Tris-assisted
degradation implies the formation of ‘“ternary” complexes
that bring together the Zn>* ion, the p-lactam and the depro-
tonated nucleophile prior to nucleophilic attack. This result is
in agreement with the original work on benzylpenicillin hydro-
lysis.®?

The fast catalysis and the kinetic role of the pre-reactive
complexes make the Zn**—Tris system an appropriate model
system for evaluating the inherent reactivity of different B-lac-
tam antibiotics with Zn>" complexes in aqueous solution. In
effect, we found that the relative activity of a large set of anti-
biotics spans a broad range of 4 orders of magnitude: carbape-
nems, penicillins, and oxapenams are highly reactive in the
presence of Zn>*-Tris, cephalosporins exhibit an intermediate
reactivity and monobactams are clearly less reactive.

As mentioned in the Introduction, most metallo-B-lacta-
mases are capable of hydrolysing most B-lactams except mono-
bactams. Interestingly, our experimental model system
partially mimics the substrate spectrum of the metallo-f-lacta-
mases given that the Zn®'—Tris system also exhibits poor
hydrolysis of monobactams. However, to find out if the struc-
tural effects controlling the rate of the reaction of monobac-
tams with Zn**—Tris are also relevant to the metallo-p-
lactamases, a molecular description of the model systems is
required. Here, the quantum chemical calculations comple-
ment the experimental observations well.

The theoretical work was carried out on cluster models that
take into account only the nucleus of carbapenems and mono-
bactams bearing the N-SO;~ group. To further simplify the
theoretical approach, water molecules (and one hydroxide
anion), instead of Tris, were considered. By computational
examination of these models, we concentrated on the struc-
tural and energetic influences of the B-lactam structure in their
reaction with the Zn®" ions in aqueous solution. Nevertheless,
we note that the mode of binding between the B-lactam and the
Zn*" ions in our water-containing models can also occur if one
Tris molecule exchanges with two water molecules at the Zn*"
position.

The DFT calculations indicate that both the thermodynamic
preferences for the mode of binding between the B-lactam and
Zn*" and the kinetic energy profile for the hydrolysis of the p-
lactam are largely affected by the structure of the B-lactam. For
example, we observed that the donor functionalities in carba-
penem-like structures (carbonyl, the endocyclic N atom and
the exocyclic carboxylate) are spatially adapted to ligate the
Zn*" cation in three coordination modes with a similar stabi-
lity. Therefore, we propose that, during the reaction of carba-
penem-like P-lactams with Zn*'-Tris or similar systems,
different ““ternary complexes” could be in rapid interconver-
sion. Moreover, we found that at least two catalytic routes
for the hydrolysis of the B-lactam carbepenem model starting
from different complexes are energetically viable with AG bar-
riers of 13-19 kcal mol L. In the first one, the Zn** ion binds
simultaneously to the endocyclic N atom and the carboxylate
group while a zinc-bound hydroxyde group (methoxide in
Zn*"—Tris) attacks the carbonylic C atom. In the second route,
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the carbonyl and carboxyl groups of the B-lactam are bridged
through the metal ion along the reaction coordinate and the
nucleophile is a water molecule (hydroxymethyl in Zn>"—Tris)
that was initially ligated to the Zn** ion. In contrast to the car-
bapenem model, the N-SO;~ and carbonyl groups of the
monobactam compound chelate the Zn** ion quite ““rigidly”
in comparison with the other modes of coordination. More-
over, the N-SO3;~ group creates ring strain at the key transi-
tion structures for hydrolysis. As a consequence, only one
mechanism for the Zn?*-assisted hydrolysis is possible with a
relatively high AG barrier (~25 kcal mol™!). These theoretical
results rationalise satisfactorily the experimental fact that
aztreonam is much less reactive than carbapenems in the pre-
sence of the Zn*>"—Tris system.

Can our results on the hydrolysis reaction of model sys-
tems give some insight into the interaction of monobactams
with metallo-B-lactamases? Before attempting to answer this
question, it must be noted that metallo-B-lactamases have
accessible active sites that can accommodate B-lactam sub-
strates with very different side chains attached to the B-lactam
nucleus.” Based on the results of docking and molecular
dynamics simulations of the mononuclear metallo-B-lac-
tamase from Bacillus cereus complexed with benzylpenicillin
(see Scheme 4a),*® it has been suggested that substrate speci-
ficity stems from H-bonds and salt bridge interactions of the
B-lactam with major conserved residues, whereas the Zn com-
plex at the active site merely provides a desolvated and prop-
erly oriented “hard” nucleophile. Intriguingly, the B. cereus
enzyme can also accommodate aztreonam molecules at its
active site, according to our docking analyses (see Fig. 9). In
the docked model, the monobactam nucleus is well orientated
for catalysis: the B-lactam carbonyl points towards the Zn site
[Zn: - -O=C(monobactam) = 3.4 A; Zn- - -O3S(monobactam) =
5.0 a] while the N-sulfonate gives a salt bridge with Lys171
(N{@Lys171---0O3S~3.0 A). Thus, it may be reasonably
expected that the lack of monobactam activity in the
metallo-B-lactamases could be related to the particular struc-
ture of the monocyclic nucleus. Although protein flexibility
and solvent dynamics must be considered to fully character-
ise the aztreonam-binding determinants, we note that the
“three-pronged” N-SO3;~ group might interact simulta-
neously with the nearby lysine and the Zn ion [see Scheme
4(b)]. In this hypothetical configuration, the monobactam
coordination around the zinc centre could be too “rigid”
to give enzymatically productive aztreonam-enzyme
complexes.

aztreonam

B-loop

extended

Fig. 9 Docking model of a complex between aztreonam and the B.
cereus enzyme.
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