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Abstract Zinc(II)-b-lactamases are among the latest
generation of antibiotic-resistant enzymes developed by
bacteria against b-lactams. Here we have used density
functional theory to provide the full structure of the
catalytic site from Bacillus cereus mononuclear b-lac-
tamase II. Calculations are carried out on relative large
models built on the X-ray structure of the free enzyme at
the highest available resolution (1.7 Å, PDB entry 3bc2).
The most stable conformation emerging from our cal-
culations consists of a Zn(II)-bound hydroxide, which
acts as nucleophilic agent in the enzymatic reaction,
highly stabilized by a complex hydrogen-bond network,
in which the protonation state of Asp90 plays a major
role. The pattern differs from that previously proposed
on the basis of smaller models. Furthermore, the cal-
culations confirm that Arg91 contributes to determine
the orientation and the protonation state of Asp90, as
recently suggested by mutagenesis experiments. Elec-
tronic supplementary material to this paper, comprising
two tables and three figures, can be obtained by using
the Springer Link server located at http://dx.doi.org/
10.1007/s00775-002-0346-2.
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Introduction

b-Lactamases (E.C. 3.5.2.6) stand as the major resis-
tance mechanism developed by bacteria against the ac-
tion of b-lactam antibiotics. These enzymes catalyze the
hydrolysis of the four-membered b-lactam ring present
in these drugs, rendering them ineffective against their
targets [1, 2].

b-Lactamases have been classified into four classes
according to sequence homology (A-D) [3]. Enzymes
from classes A, C and D use a serine residue to perform
the nucleophilic attack at the carbonyl group of the
lactam moiety (‘‘serine-b-lactamases’’). Several studies
on these enzymes have led to the design of potent drugs
which efficiently thwart their action [4]. In contrast, no
clinically useful inhibitors have yet been identified
against the latest generation of b-lactamases, the class B
enzymes or metallo-b-lactamases. These proteins, which
are characterized by one or two Zn(II) ions at the active
site, use a metal-bound water or hydroxy group as the
nucleophilic agent [5, 6, 7, 8].

Sequence and structural similarity within the family
of class B enzymes suggests a prima facie that they may
share a common catalytic mechanism. Notwithstanding,
metallo-b-lactamases from different sources exhibit a
remarkable catalytic diversity. The different require-
ments of metal ion content in different organisms rep-
resent the most outstanding example of this diversity.
The enzymes CcrA from Bacteroides fragilis [9, 10], L1
from Stenotrophomonas maltophilia [11] and the
plasmidic enzyme IMP-1 [12] are fully active with two
tightly bound Zn(II) ions in the active site. On the other
hand, the enzymes b-lactamase II from Bacillus cereus
(bLII hereafter) [13, 14] and CphA from Aeromonas
hydrophila are active with one Zn(II) ion per enzyme
[15]. Uptake of a second Zn(II) equivalent slightly en-
hances the activity of the B. cereus enzyme [13], whereas
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in the A. hydrophila b-lactamase exerts an inhibitory
effect [16]. This evidence suggests that metallo-b-lacta-
mases share a zinc binding motif, whose features may be
notably regulated by the protein milieu.

Studies aimed at the investigation of the catalytic
mechanism of these enzymes, or at computer-aided drug
design, rely on knowledge of the protonation state of the
residues in the active site, including the Zn(II)-bound
water/hydroxide moiety that is supposed to be active as
the nucleophile in catalysis [5].

A considerable wealth of structural [8, 9, 12, 17, 18],
biochemical [14, 19] and mechanistic [10, 20, 21, 22]
information has recently become available for both the
binuclear and mononuclear enzymes. Based on this
information, ab initio calculations have provided the de-
scription of plausible protomers of the active sites, both in
mono- [23, 24] and binuclear conformations [25]. How-
ever, the absence of groups which play a fundamental role
for the catalysis may affect the energetics of the systems.

Here we have addressed this issue by performing
density functional theory calculations on the mono-
Zn(II) lactamases from B. cereus. In contrast with pre-
vious studies [24], we include, besides the His3Wat
coordination Zn(II) shell, all of the residues which are
known to be catalytically relevant: (1) Asp90, anchoring
the nucleophilic agent [7]; (2) His210, already proposed
in previous simulations as a proton donor assistant in
the reaction [23, 24]; (3) Cys168, H-bonded to a water/
hydroxy group [7]; and finally (4) Arg91, that has been
recently proposed, on the basis of site-directed muta-
genesis experiments, as involved in catalytic arrange-
ment of the active site [26]. Our calculations, which are
based on a high-resolution structure (1.7 Å, PDB entry
3bc2, Fig. 1), suggest that the Zn(II)-bound hydroxide is
the catalytically active nucleophile, providing a strong
H-bond pattern for the active site that accounts for the
presence of some conserved residues in these enzymes.
Furthermore, our findings confirm the important role of
Arg91, as evidenced on the basis of mutagenesis data
[26]. Our findings provide a different description of the
H-bond pattern than that proposed based on models
including only the Zn(II) coordination sphere, Asp90
and His210 [23, 24]. Thus, inclusion of Cys168 and
mainly of Arg91 surrounding groups appears of funda-
mental importance to thoroughly describe the biological
and structural determinants of the enzyme.

Methods

Structural models

Several crystal structures of the mono-Zn(II) form of B. cereus bLII
enzyme are available1. The earliest was solved at 2.5 Å resolution
(PDB entry 1bmc [8]); it features a Zn(II) ion adopting a tetrahedral
geometry, coordinated to three His residues and a water/hydroxide
molecule, located beyond bonding distance (3.3 Å). The structure

of the Cys168fiSer mutant has been solved at 1.85 Å resolution
(PDB entry 1dxk [27]). It indicates that the H-bond pattern is al-
tered upon mutation of the Cys residue. The structures at the
highest resolution (1.7 Å, PDB entries 2bc2 and 3bc2) show that the
Zn(II) displays a regular His3Wat four-coordinated geometry
(Fig. 1). In these structures, Cys168 is oxidized, thus partly altering
the H-bond architecture in the active site. We chose one of these
structures, namely 3bc2, in which His210 appears to have the
correct orientation so as to interact with Asp90 (Fig. 1), as pro-
posed previously [23, 24]. On the other hand, the active site of 2bc2
presents a structural rearrangement which appears to be in contrast
to previous suggestions [23, 24]. In particular, the His210 side chain
flips out from the active site (see Supplementary material, Fig. S1).

The models include (1) the catalytic Zn(II) ion (Zn in Fig. 1);
(2) the Zn(II) coordination sphere, composed of His86, His88,
His149 and a water or hydroxide molecule (OW); (3) Asp90; (4)
Cys168, whose sulfur-bonded oxygens were removed; (5) His210,
which H-bonds to Asp90; and (6) Arg91, which is oriented towards
Cys168 in the crystal structure, owing to the oxidation state of the
Cys residue (Fig. 1). The residues considered were truncated at the
b-carbon atom, following the suggestions of Carloni et al. [28]; His
was modeled as 4- or 5-methylimidazole, Asp as acetate, Cys as
methanethiol and Arg as [CH3CH2-NH-C(NH2)2]

+.
The protonation state of Asp90, His210 and OW is uncertain.

Thus, several plausible protomers were considered2. For the other
residues in the active site (His86, His88, His149 and Cys168), the
protonation state appears to be obvious (Fig. 2). During geometry
optimization, in model E the Zn(II)-bound water transfers spon-
taneously a proton to Asp90, giving rise to model B; furthermore,
in model F, Asp90 transfers a proton to OW, providing model D.
Thus, only four different protomers were studied (A-D, Fig. 2).

Similar protomers (A-D) were built based on the low-resolution
structure 1bmc, obtained in non-oxidative conditions [8]. The active
site of this structure differs from 3bc2 by the orientation of Arg91,
strongly H-bonded to Asp90, and by the location of the Zn(II)-
bound water/hydroxide, being beyond bonding distance from the
metal ion (3.3 Å). The overall RMSD between two crystals is,
however, very small (0.5 Å, see Supplementary material, Table S1
and Fig. S2).

Quantum chemistry

Ab initio calculations were performed in the framework of density
functional theory (DFT) using the Car-Parrinello [29] program
CPMD 3.4 [30]. We adopted the BLYP generalized gradient ap-
proximation exchange-correlation functional [31, 32], which has
been shown to describe accurately the structure and bonding of a
variety of other enzymatic systems [33].

The valence shell electrons were described by a plane wave
basis set up to an energy cutoff of 70 Ry. The interaction be-
tween valence shell and core electrons was described by a norm-
conserving pseudopotential of the Troullier-Martins type [34]; the
method of Kleinman and Bylander [35] [Gauss-Hermit for Zn(II)
ion] was used for the calculation of the non-local parts. This
setup has been shown to accurately describe the Zn(II) sites in
the enzymes carbonic anhydrase [36] and alcohol dehydrogenase
[37].

The models were inserted in an orthorhombic box of
15·17·18 Å3. They were treated as isolated systems using the
method of Martyna and Tuckerman [38]. No constraints were
applied. The method of direct inversion in the iterative subspace
[39] was used for the optimizations of the ionic positions, to reach a
standard convergence of 5·10–4 (the maximum value for the largest
element of the gradient). A single optimization timestep employed
about 40 s of CPU time on a 16-processor IBM SP3 parallel
machine.

1Table S1 in the Supplementary material compares the RMSD
values of each active site structure with respect to the others

2Protomers in which the water molecule OW and Asp90 are prot-
onated were not considered because they exhibit an excessively
large positive charge in the metal active site (Fig. 2)
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Energy calculations

Comparison of the energetics of different protomers is not
straightforward owing to their different proton content. To correct
the energies we have added to models B, C and D a term which
takes into account the energy loss due to dehydration of a proton
from the water environment [hydration enthalpy, DE(H+)]. Within
DFT, this term was calculated as:

1. The energy obtained by inserting an H+ in a cluster of n water
molecules (H2O)n (n from 1 to 73):

Hþ þ H2Oð Þn! H2Oð Þn�1�H3O
� �þ ð1Þ

2. The energy obtained to form the [(H2O)n–1–H3O]
+ complex

from a proton and n isolated water molecules:

Hþ þ nH2O ! H2Oð Þn�1�H3O
� �þ ð2Þ

Both calculations provided DE(H+)�250 kcal/mol: an inferior
limit estimation of DE(H+) in fair agreement with the experimental
data (263 kcal/mol [40]4).

Calculated properties

The charge distribution was calculated with the ESP partial atomic
charges [41]. Changes in chemical bonding on passing from one
complex to another were monitored in terms of rearrangement of
the maxima of the Boys’ orbitals [42, 43, 44]. Polarization effects
were estimated in terms of the electronic density difference between
the entire system and its n constituents: Dq=Dqtot–Sni=1Dqi.

Results

Bonding, structures and energetics of the protomers in
Fig. 2, based on the high-resolution structure 3bc2,
are presented in Tables 1, 2, 35, respectively. These

Fig. 1. Structure of Zn(II)-b-lactamase from B. cereus (3bc2).
Overall folding and active site are represented as ribbons and ball-
and-sticks, respectively. The close-up focuses on the active-site
structure. The Zn(II) is tetrahedrally coordinated by His86, His88,
His149 and a water/hydroxide molecule. The H-bond network
involved in the OW nucleophile orientation includes the conserved
residues Asp90, Cys168 and His210, that also act as metal ligands
of the second Zn(II) ion in binuclear b-lactamases. Cys168 is
oxidized in this structure and interacts with OW and Arg91; the
latter is highly conserved in mononuclear enzymes and engaged in
the H-bond network, as suggested by recent mutagenesis experi-
ments [26]

3Calculations on clusters with more than seven waters were not
carried out because of their computational cost. No attempts were
made to calculate entropy effects

4Further details are available in the Supplementary material,
Fig. S3)
5The geometry optimized structures of models E and F turn out to
be identical to B and D, respectively (see Methods section). These
models are not considered here
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protomers differ by the protonation states of Asp90,
His210 and OW (see Figs. 2 and 3). The optimized ge-
ometries of the four models turned out to be very similar
to that of the X-ray structure (Fig. 3), the RMSDs
ranging from 1.7 to 1.8 Å (see Supplementary material,
Table S2). The largest structural rearrangements during
optimization involve OW and Arg91, which interact
with the oxidized form of Cys168 in the X-ray structure
(Fig. 1). These interactions are absent as we have used
the reduced models. As a result, Arg91, by rotating its
guanidinium plane by about 60�, forms a salt bridge
with Asp90. OW, however, moves closer to Cys168,
shortening the O@OW-Zn(II) bond distance with
respect to X-ray structure, and distorting the original
Zn(II) coordination polyhedron, more irregular in
optimized structures (Table 2).

Fig. 2A–F. Possible protomer models Table 1. H-bonds network. Selected H-bond distances (in Å) of
models A and B, compared to X-ray reference structure. Atom
names are the same as Fig. 2

A B 3bc2

Od2@Asp90-H@OW 2.13 – –
Od2@Asp90-O@OW 3.07 2.55 3.02
Hd2@Asp90-O@OW – 1.49 –
Od2@Asp90-H�@His210 2.30 2.62 –
Od2@Asp90-N�@His210 3.24 3.57 3.72
Od2@Asp90-Hg1@Arg91 1.76 2.25 –
Od2@Asp90-Ng1@Arg91 2.85 3.15 4.02
Od2@Asp90-H�@Arg91 1.93 2.11 –
Od2@Asp90-N�@Arg91 2.72 3.07 3.37
H@Cys168-O@OW 1.85 2.78 –
S@Cys168-O@OW 3.23 4.00 4.14
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Model A, in which His210 is neutral and Asp90 de-
protonated (Fig. 2), is characterized by a strong H-bond
network: Asp90 tightly H-bonds the Zn(II)-bound hy-
droxide OW, Arg91 and His210 (Fig. 3A and Table 1),
and Cys168 is H-bonded to OW. The Zn(II) coordina-
tion is a distorted tetrahedral polyhedron (Table 2).
Only OW deviates from the ideal geometry, presumably
because of its strong H-bond interactions with Asp90
and Cys168 (Fig. 3A).

Model B assumes His210 and Asp90 as neutral, and
gives rise to a minimized structure less stable than A by
several tens of kcal/mol (�30/40 kcal/mol, see Table 3).
This might be ascribed to changes in the H-bond pat-
tern. Indeed, Asp90, which acts as an H-bond donor to
OW, induces a reorientation of the hydrogen atom of
OW. This causes the loss of the OW-Cys168 interaction
(Fig. 3B, Table 1). Moreover, in this model also the
Asp90-His210 H-bond is lost.

Finally, models C and D, in which His210 is prot-
onated, turned out to be even higher in energy (see
Table 3). The relative high energy of the complexes is
presumably due to the unlikely protonation pattern
that mainly perturbs the displacement of Asp90; this
residue approaches, owing to electrostatic interaction,
His210, moving its axis off about 1 Å with respect to
the crystal reference (Fig. 3C, D). In sum, the pres-
ence of positively charge His210, in competition with
Arg91, provides an unfavorable electrostatic stabiliza-
tion of the active site and a disruption of Asp90 ori-
entation.

Calculations based on the low-resolution non-oxi-
dized structure (1bmc) provided identical structural op-
timized models. In particular, during these optimizations
the metal-bound OW, which is located far from the
Zn(II) ion in the X-ray structure (3.3 Å) [45], moves
towards the Zn(II) ion until reaching a regular bonding
distance. As in the case of 3bc2, the RMSDs between the
A–D optimized structures and the initial X-ray structure

assume similar values, ranging from 1.4 to 1.8 Å (see
Supplementary material, Table S2).

Two different calculations allow us therefore to con-
clude that a hydroxide molecule binds the Zn(II) ion and
that model A is the most stable protomer representing
the mononuclear enzyme active site.

The last step of our investigation focuses on Arg91,
an important residue for the enzymatic function in
mono-Zn(II) bLII [26]. To explore the role of Arg91 for
the structural properties at the active site, we removed
this residue in the A and B models. Both optimized
structures (models A minus Arg91 and B minus Arg91)
present conformational differences with respect to the
X-ray structure and previous optimized models; specifi-
cally, Asp90 is more distorted when deprotonated
(model A), maybe due to the disruption of a salt bridge
with the guanidinum group of Arg91 (Fig. 4A).

Removal of Arg91 has consequences also on the
energetics and the electronic properties: B minus Arg91
(or protomer with Asp90 protonated) becomes ener-
getically more stable than A minus Arg91 (Table 3);
furthermore, in both models the ESP partial atomic
charges [41] of the model’s metal ion6 are significantly
less positive (Table 4). In addition, the maxima of the
Boys’ orbitals [42, 43, 44] of the Asp90 carboxy group,
which can be associated with the oxygen lone pairs and
with the C-O bond, change significantly for A minus
Arg91 (up to 0.06–0.07 Å) but less relevantly for B
minus Arg91 (0.02 Å). Finally, as depicted in Fig. 5,
Arg91 strongly polarizes Asp90 in model A, while the
relevance of this polarization seems to be less promi-
nent in B (Fig. 5B).

Table 2. Zn(II) coordination
polyhedron. Comparison
between calculated and experi-
mental structural parameters.
Distances (d) are in Å and the
angles (ff) in degrees. Atoms
names are the same as Fig. 2

A B C D 3bc2

d[Zn-N�@His86] 2.15 2.10 2.07 2.07 2.28
d[Zn-Nd@His88] 2.09 2.06 2.07 2.05 1.95
d[Zn-N�@His149] 2.18 2.17 2.10 2.08 2.11
d[Zn-O@OW] 1.90 1.96 1.98 2.03 2.50
ff[N�@His86-Zn-Nd@His88] 101 106 105 108 105
ff[Nd@His88-Zn-N�@His149] 102 106 108 113 112
ff[N�@His149-Zn-O@OW] 98 104 104 105 109
ff[O@OW-Zn-N�@His86] 112 108 110 106 104

Table 3. Energetics. Absolute and relative energies (in kcal/mol) of models A–D; A and B are considered also in the absence of Arg91.
The energies have been corrected following the procedure outlined in the Methods section (see also Fig. S3 in the Supplementary
material)

A B C D A – Arg91 B – Arg91

E(i) –234,584.6 –2345,40.7 –234,543.2 –234,459.1 –201,596.9 –201,622.0
DE 0.0 43.9 41.4 125.5 0.0 –25.1
E(ii) –234,584.6 –234,553.2 –234,555.7 –234,471.6 –201,596.9 –201,634.6
DE 0.0 31.4 28.9 113.0 0.0 –37.7

6The ESP charges analysis revealed a significant difference in the
charge distribution between A and B (Table 4): the Zn(II) ion loses
half of its charge in B because of the presence of an added proton
with respect to the A model
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We therefore conclude that residue Arg91 contributes
to delineate the structural, energetic and electronic
properties of the active site as represented by model A.

Discussion

In the present study, we have used first principle quan-
tum chemical calculations to establish the protonation

Fig. 3A–D. Geometry optimized models. The structures are
schematically represented by thick lines; the 3bc2 X-ray structure
is also displayed in thin lines (relative RMSD values are reported in
the Supplementary material, Table S2). For sake of clarity, the
picture shows only the hydrogen atoms forming H-bond interac-
tions (represented as dashed lines)

Fig. 4A, B. Arg91 structural role. Optimized models A and B (in
thin lines) are superimposed onto models without Arg91 (A –
Arg91 and B – Arg91). For sake of clarity, the picture shows only
the hydrogen atoms forming H-bond interactions (represented as
dashed lines)
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state of the Zn(II) active site in the enzyme bLII from
B. cereus, based on the highest resolution structure. The
calculations provide evidence that model A is the most
stable protomer: it is more stable than the other models
by at least 30 kcal/mol (Table 3). The structural model
produced in this research, which is available on the web
at the address http://www.sissa.it/cm/bc/, may be used
to dock inhibitors and to investigate the reaction
mechanism.

The structural features of the groups forming the
active site are discussed below, and then compared with
those of the binuclear b-lactamases.

Zn(II) coordination polyhedron

Our calculations suggest that a hydroxide molecule
binds the Zn(II) ion. The presence of an OH– ion bound
to the metal ion was suggested previously [5, 6, 7, 8].
The calculated Zn(II)-O bond distances (Table 2)

are consistent with the high-resolution structures of
b-lactamases and other Zn(II)-hydroxide species (e.g.
the carbonic anhydrase enzyme) and they agree well with
Zn(II)-O distances experimentally observed in the
structures of binuclear b-lactamases [9, 12]. Also the
structural parameters of the other Zn(II) ligands, such as
N@His-Zn(II) distances, are well maintained in the
optimized structure (Table 2).

His210

Our findings contrast with previous ab initio calcula-
tions performed on smaller models, which suggest that
His210 is protonated [24]. In that study, the positively
charged residue is suggested to mediate the hydrolysis
reaction of b-lactams by a proton transfer, through
Asp90, on the nucleophilic hydroxide [24]. However,
here we find that the presence of a positively charged
residue perturbs greatly the electrostatic stability of the
metal site: His210 strongly attracts Asp90, in competi-
tion with the Arg91-Asp90 salt bridge. This results in a
structural rearrangement of Asp90, maybe not func-
tionally optimally oriented for catalysis assistance. A
neutral His210, acting as H-bond donor to Asp90, de-
scribes better the structural determinants of the active
site, preserving the electrostatic interactions between the
Zn(II)-OW-Asp90-Arg91 bridge.

Asp90

The deprotonated Asp90 in model A, by acting as an
H-bond acceptor, forms a strong H-bond interaction
with OW and a stable salt bridge with the Arg91 gua-
nidinum group (Fig. 3A and Table 1). The Zn(II)-
bound hydroxide in turn acts as an H-bond acceptor of
the Cys168 thiol group. The presence of deprotonated
Asp90 as aspartate is consistent with the mechanism
proposed by Bounaga et al. [5] and Lim et al. [46], which
required this group to be deprotonated. Based on our

Fig. 5A, B. Polarization effects of Arg91. Plot of the electron
density difference, Dq ¼ Dqtot � Dqtot�Arg91 � DqArg91, superim-
posed on models A and B (in cylinders representation); positive
(negative) isodensity surfaces (0.03 a.u.) are drawn in red (light
blue). For sake of clarity, the picture shows only the hydrogen
atoms forming H-bond interactions (represented as dashed lines)

Table 4. ESP charges [41] of selected atoms in models A and B,
with and without Arg91. Atom names are the same as Fig. 2

A B A – Arg91 B – Arg91

Zn 0.30 0.18 0.15 0.09
O@OW –1.07 –0.71 –1.03 –0.62
H@OW 0.43 0.26 0.48 0.24
Od2@Asp90 –0.48 –0.57 –0.78 –0.73
Hd2@Asp90 – 0.44 – 0.47
N�@His86 0.16 0.34 0.19 0.24
Nd@His88 0.24 0.31 0.18 0.20
N�@His149 0.13 0.13 0.06 0.02
H@Cys168 0.37 0.09 0.40 0.08
S@Cys168 –0.42 –0.26 –0.19 –0.12
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results, here we propose that a deprotonated Asp90 may
be also needed to properly orient the Zn(II)-bound OW
for nucleophilic attack at the b-lactam ring. Indeed,
substrate docking on models A and B (that will be re-
ported elsewhere) suggests that in the deprotonated
species the hydroxide group OW approaches parallel to
the O=C bond of the b-lactam ring, with one of the
oxygen lone pairs oriented towards the carbon atom,
similar to what has been found for carbonic anhydrase
[47]. In contrast, if Asp90 is protonated (model B), not
only the orientation of the lone pairs is not adequate for
nucleophilic attack, but the orientation of the hydroxide
sterically hinders substrate binding.

Arg91

Our calculations provide evidence that this residue is
important for the structure and energetics of the active
site. Indeed, Arg91 is involved in a strong H-bond in-
teraction with Asp90 and its removal (model A minus
Arg91, Fig. 4A) has major consequences.

Comparison between the A and A minus Arg91

structures (Fig. 4A) shows that the highly favorable
Asp90-Arg91 electrostatic interaction provides a rele-
vant stabilization effect for the Zn(II)-OW-Asp90-Arg91
moiety (Fig. 5), contributing to the exact orientation of
OW for nucleophilic attack. The structural changes are
reflected in variations of the electronic structure (for
instance, the ESP [41] partial charge of Zn(II) ion halves,
Table 4) and on the energetics: the deprotonated form,
A minus Arg91, is less stable than B minus Arg91 (Ta-
ble 3). These findings are consistent with the fact that
Arg91 is exclusively conserved in mononuclear b-lacta-
mases [6]; furthermore, they may offer an explanation
for the drop in the kcat value of the mononuclear species
upon the Arg91fiCys mutation [26], as the optimal
orientation of hydroxide OW may be lost in the mutated
enzyme.

Comparison with the binuclear enzyme

These results highlight the relevance of Arg91 in the
catalytic mechanism. We propose here that Arg and the
second Zn(II) could play equivalent roles in the enzy-
matic reaction in mono- and binuclear enzymes, re-
spectively. Indeed (1) Arg91 anchors the Asp90 side
chain by forming a strong H-bond, ultimately orienting
the the Zn(II)-bound hydroxide for nucleophilic attack
at the antibiotic b-lactam ring; (2) Asp90, Cys168 and
His210 are involved in the H-bond network at the active
site. In mononuclear enzymes, these residues (together
with Arg91) might contribute to nucleophile orientation
and stabilization of a Zn(II)-bound hydroxide (with
respect to a water molecule). Instead, in binuclear
enzymes, the Asp90-Cys168-His210 triad would provide
a zinc binding motif. The second Zn(II) ion, by simul-
taneously binding OW and Asp90, would fulfill the

anchoring role and the hydroxide stabilization. Hence,
Arg91 would be no longer needed. This picture suggests
that these residues may be modularly exploited in dif-
ferent ways by metallo-b-lactamases, according to the
zinc content.
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