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ABSTRACT: Metallo-�-lactamases (M�Ls) are zinc enzymes able to hydrolyze almost all �-lactam antibiotics,
rendering them inactive, at the same time endowing bacteria high levels of resistance. The design of
inhibitors active against all classes of M�Ls has been hampered by their structural diversity and by the
heterogeneity in metal content in enzymes from different sources. BcII is the metallo-�-lactamase from
Bacillus cereus, which is found in both the mononuclear and dinuclear forms. Despite extensive studies,
there is still controversy about the nature of the active BcII species. Here we have designed two mutant
enzymes in which each one of the metal binding sites was selectively removed. Both mutants were almost
inactive, despite preserving most of the structural features of each metal site. These results reveal that
neither site isolated in the M�L scaffold is sufficient to render a fully active enzyme. This suggests that
only the dinuclear species is active or that the mononuclear variants can be active only if aided by other
residues that would be metal ligands in the dinuclear species.

�-Lactam antibiotics are potent antibacterial agents,
since they irreversibly inhibit the transpeptidases involved
in the process of cell wall cross-linking in bacteria, leading
to bacteriolysis (1). Bacteria have evolved a variety of
strategies to resist the action of �-lactam antibiotics, such
as mutations in the target proteins, antibiotic efflux, and
antibiotic hydrolysis (1, 2). The latter mechanism depends
on the expression of enzymes called �-lactamases that
hydrolyze the �-lactam ring characteristic of this class of
antibiotics (1–3). Hydrolyzed �-lactams are no longer
capable of binding to their target proteins and are hence
rendered ineffective.

The lactamases can be divided into serine-lactamases
(S�Ls,1 classes A, C, and D) and metallo-�-lactamases
(M�Ls, class B) (1, 4). S�Ls present a serine residue in the
active site that is the nucleophile that attacks the �-lactam
ring, giving rise to a covalently bound intermediate with the
�-lactam amide bond hydrolyzed. M�Ls make up one of the
latest generation of clinically relevant �-lactamases. These
enzymes contain one or two Zn(II) ions in the active sites,
and activity is metal-dependent (4, 5). These enzymes are
capable of hydrolyzing all known classes of �-lactam
antibiotics, and some of them are plasmid encoded and hence
can spread easily among bacteria. The clinically used
lactamase inhibitors, such as clavulanic acid, are active
against only S�Ls (6) but not against M�Ls, which present
a different catalytic mechanism (7).

M�Ls display a low degree of sequence homology but
share the same fold. M�Ls are classified into three subclasses,
B1,B2,andB3,basedonaminoacidsequencehomology(8,9).
The first crystal structure determined for an M�L was that
of the subclass B1 enzyme BcII from Bacillus cereus and
revealed one Zn(II) ion bound to three His residues (His116,
His118, and His196) and a H2O/OH- molecule, in the so-
called Zn1 or 3H site (Figure 1A) (10). Spectroscopic studies
(11) and subsequent structures of BcII and other B1 M�Ls
revealed a dinuclear metal center containing the tetrahedral
3H site and an additional trigonal bipyramidal Zn(II) site
(the Zn2 or DCH site), where the metal ion is coordinated
to Asp120, Cys221, His263, a bridging H2O/OH- molecule,
and an additional water molecule (Figure 1B) (12). Most
B3 enzymes are dinuclear metalloproteins and contain the
3H site and a site analogous to the DCH site in B1 M�L,
which is defined by Asp120, His121, and His263 (and is
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therefore named the DHH site) (13, 14). A mononuclear B3
enzyme, GOB, was recently reported to be fully active with
only one metal ion bound at the DHH site (15). Class B2
enzymes are only active as mononuclear enzymes, with the
only Zn(II) ion located in the DCH site (Figure 1C) (16–18).
This diversity in terms of the number and location of the
bound metal ions and in terms of the metal ligands has so
far thwarted most attempts to assess the specific activity of
each species and, as a consequence, the elucidation of a
common mechanism of hydrolysis among all M�L subclasses
(4).

Mononuclear and dinuclear BcII coexist over a wide range
of metal ion concentrations (19–21). Hence, it is impossible
to have mononuclear WT BcII isolated to study its kinetic
and spectroscopic properties. Several point mutants were
designed, where the metal ligands were substituted one by
one by residues with weak metal binding capabilities, to
obtain protein variants with the metal bound in one site or
the other (22, 23). However, most of these point mutants
exhibited the same complexity as WT BcII, with mixtures
of mono- and dinuclear forms at all levels of Zn(II) loading
(20).

In an attempt to identify and characterize the active
mononuclear BcII species, we constructed two mutant
proteins: 3H-BcII and DCH-BcII, with the metal bound to
the 3H and DCH site, respectively. Here we present a
spectroscopic and kinetic characterization of these mono-
nuclear enzymes and show that neither site isolated in the
M�L scaffold is sufficient to render a fully active B1 M�L.

EXPERIMENTAL PROCEDURES

Reagents. All chemicals were reagent grade. Escherichia
coli BL21(DE3)pLysS′ cells (Stratagene, CA) were employed
for protein expression. E. coli JM109 cells (Stratagene) were
employed for transformation with plasmid DNA and ligation
mixtures. The Luria-Bertani medium (Sigma) was used as
the growth medium for all bacterial strains.

DNA Techniques. DNA preparation and related techniques
were performed according to standard protocols (24). Plasmid
DNA was isolated using the Wizard Plus SV Minipreps kit
(Promega). DNA was extracted from agarose gels using
either the QIAEX II kit (Qiagen) or GFX columns (Amer-
sham Pharmacia).

Site-Directed Mutagenesis. Site-directed mutagenesis of
the wild-type BcII gene was performed using the megaprimer
PCR method, as previously described (25). The DCH mutant
(BcII-H116S/H118S/H196S) was constructed by mutageniz-
ing the NH2- and CO2H-terminal coding halves of the wild-
type gene separately, contained in plasmids KS-NH3 and KS-
CT2, respectively (25), and then combining them into a
cloning vector. In this way, plasmid KS-NH3 was used as a
template to introduce the H116S and H118S substitu-
tions simultaneously, employing the ks-reVerse (5′-CACA-
CAggAAACAgCTATgAC-3′) and mutagenic H116S/
H118S_PVuII (5′-CATTATTACATCTgCgTCAgCTgATC-
gAATTg-3′) primers in the first PCR round and the
megaprimer and ks-forward primer (5′-TCACACAggAAA-
CAgCTATgAC-3′) in the second PCR. Plasmid KS-CT2,
on the other hand, was employed as a template for introduc-
tion of the H196S substitution. In this case, the ks-forward
and H196S_SalI (5′-ATTATCTTCTgTCgACCCTTTC-
CCTgg-3′) primers were used in the first PCR while the
resulting megaprimer and primer ks-reVerse were employed
in the second one. Mutagenic primers were designed to
introduce a recognition site for the restriction endonucleases
PVuII (H116S/H118S_PVuII) and SalI (H196S_SalI primer),
through the introduction of a silent mutation proximal to the
mutation of interest (primer tailoring). The mutant halves
were then reamplified, digested with endonucleases BamHI
and PstI, for the NH2-terminal coding fragment, and PstI
and HindIII for the corresponding CO2H-terminal half, and
then simultaneously ligated into a pBluescript II SK(-)
cloning vector previously digested with endonucleases Bam-
HI and HindIII.

The 3H mutant gene (BcII-D120S/C221S) was constructed
as follows. Plasmid pBSNtD120S containing the gene
sequence encoding the BcII-D120S mutant was digested with
BamHI and PstI endonucleases, while plasmid pBSCtC221S,
containing the gene encoding the BcII-C221S mutant, was
digested with PstI and HindIII endonucleases. The released
fragments were purified and simultaneously ligated to a
pBluescript II SK(-) cloning vector previously digested with
endonucleases BamHI and HindIII.

Ligation mixtures were transformed into E. coli JM109.
Plasmid preparations from colonies carrying constructs of
the correct size were digested with PVuII and SalI endonu-

FIGURE 1: Active site structures of BcII (B1 subclass) and CphA (B2 subclass). (A) Mononuclear form of BcII as revealed by crystallography
(PDB entry 1bmc), showing the H-bond network determined by Dal Peraro et al. (10, 48). (B) Structure of the dinuclear form of BcII as
revealed by crystallography (PDB entry 1bc2) (12). (C) CphA active site in the resting enzyme, as calculated by Simona et al. (17, 49).
Metal ligand coordination bonds are shown as black dashed lines while H-bonds as green dashed lines. Water molecules are depicted as red
spheres.
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cleases (DCH), and SphI and SalI endonucleases (3H), to
verify the presence of the desired mutations. The entire
mutant sequences were ultimately confirmed by DNA
sequencing (University of Maine Sequencing Facility).

Finally, the 3H and DCH mutant genes were independently
subcloned into the pET-TERM expression plasmids through
the BamHI and HindIII restriction sites (26). This expression
vector allows the overproduction of the protein of interest
as an N-terminal fusion to GST from Schistosoma japonicum,
under the control of the T7 promoter. In addition, pET-
TERM contains the BcII gene termination sequence from
B. cereus.

Enzyme Purification. The DCH and 3H mutants were
expressed in E. coli BL21(DE3)pLysS′ cells as GST fusion
proteins, purified, digested with thrombin, and finally
separated from GST as described previously (25). The yields
were typically 15-20 mg of DCH/L of culture and 20-30
mg of 3H/L of culture. The correct folding of the mutants
was verified by circular dichroism spectra of 30 µM protein
samples in 10 mM Tris-HCl and 50 mM NaCl (pH 7.5) at
25 °C, using a Jasco J-715 spectropolarimeter flushed with
N2 (data not shown).

Determination of the Zn(II) Content of the Enzymes. The
metal content in the samples of DCH and 3H mutants was
determined under denaturing conditions using the colori-
metric metal chelator 4-(2-pyridylazo)resorcinol (PAR) as
described previously (27).

Steady State Kinetic Assays. The kinetic parameters for
the hydrolysis of different �-lactam antibiotics catalyzed by
the DCH and 3H mutants, under steady state conditions, were
obtained by determination of the initial rate of reaction at
different substrate concentrations. Substrate concentrations
were calculated on the basis of the following molar absorp-
tivities: benzylpenicillin, ∆ε235 ) -775 M-1 cm-1; cefo-
taxime, ∆ε260 )-7500 M-1 cm-1; nitrocefin, ∆ε485 ) 17420
M-1 cm-1; and imipenem, ∆ε300 ) -9000 M-1 cm-1. Plots
of the dependence of the initial rates on substrate concentra-
tion were fit to the Michaelis-Menten equation, using
SigmaPlot 8.0. Reactions were carried out in 10 mM HEPES
(pH 7.5), 200 mM NaCl, 20 µM ZnSO4, and 0.05 mg/mL
BSA at 30 °C. Absorbance changes upon substrate hydrolysis
were measured using a Jasco V-550 spectrophotometer, and
the temperature was kept constant by means of a PolyScience
digital circulator connected to the cell holder in the spec-
trophotometer.

SolVent Kinetic Isotope Effect Assays. The kinetic param-
eters obtained for the hydrolysis of different �-lactam
antibiotics catalyzed by the DCH and 3H mutants in H2O,
under steady state conditions, were compared with the kinetic
parameters obtained for the same reaction carried out in D2O.
The initial rate of hydrolysis at different substrate concentra-
tions was measured in 10 mM HEPES [pD 7.5 (pH 7.1)],
200 mM NaCl, 20 µM ZnSO4, and 0.05 mg/mL BSA at 30
°C. The dependence of the initial rates on substrate concen-
tration was fit to the Michaelis-Menten equation, using
SigmaPlot 8.0. The deuterated reaction medium was equili-
brated at 30 °C under a N2 gas atmosphere, prior to reaction.
The hydrolysis of antibiotics was registered in open cells,
over a period of less than 5 min, to prevent significant uptake
of water from the environment.

Preparation of Metal-Free Enzymes. All buffer solutions
used to prepare the apoenzymes were treated by being

extensively stirred with Chelex 100 (Sigma). Apoprotein
samples were prepared by dialysis of the purified holoprotein
(approximately 200 µM) against two changes of >100
volumes of 10 mM HEPES (pH 7.5), 200 mM NaCl, and
20 mM EDTA over a 12 h period, with stirring. EDTA was
removed from the resulting apoenzyme solution by three
dialysis steps, against >100 volumes of 10 mM HEPES (pH
7.5), 1 M NaCl, and Chelex 100, and three dialysis steps
against >100 volumes of 10 mM HEPES (pH 7.5), 200 mM
NaCl, and Chelex 100 (19). All dialyses were carried out at
4 °C. The number of free cysteine thiols in the DCH-BcII
apoprotein was determined by reaction with 5,5-dithiobis(2-
nitrobenzoic acid) under denaturing conditions (28).

Electronic Spectroscopy of Co(II)-BcII Mutants. A solution
of 200-300 µM apoprotein in 10 mM HEPES (pH 7.5) and
200 mM NaCl was titrated with a 5-10 mM CoSO4 stock
solution prepared in 10 mM HEPES (pH 7.5) and 200 mM
NaCl. The spectra were recorded at room temperature in a
Jasco V-550 UV-visible spectrophotometer, and difference
spectra were obtained by subtracting the spectrum of the
corresponding apoprotein. The equivalents of bound Co(II)
were calculated as the ratio between the concentration of
added Co(II) in the sample and the concentration of protein
capable of binding metal, which was calculated by multiply-
ing the concentration of protein determined by absorbance
at 280 nm by the factor n, where n is the Zn(II) content of
the purified proteins (19).

Stopped-Flow Experiments. The variations in the visible
spectra of Co(II)-substituted 3H-BcII and Co(II)-substituted
DCH-BcII during hydrolysis of benzylpenicillin were fol-
lowed with an Applied Photophysics SX18-MVR stopped-
flow system associated with a photodiode-array detector
(Applied Photophysics). The measurements were performed
in 100 mM HEPES (pH 7.5) and 200 mM NaCl, at 19 °C.
A set of scans was acquired in the wavelength range from
300 to 730 nm, with an integration time of 1.28 ms, during
the hydrolysis of 5 and 0.5 mM benzylpenicillin solutions
catalyzed by approximately 150 µM protein samples (final
concentrations reached in the measurement chamber).

X-ray Absorption Spectroscopy. Samples of BcII for XAS
(∼1 mM) were prepared with 20% (v/v) glycerol in either
50 mM TAMS (pH 6 or 9) (for 3H-BcII) or 10 mM HEPES
(pH 7.5) and 200 mM NaCl (DCH-BcII) and loaded in Lucite
cuvettes with 6 µm polypropylene windows, before being
rapidly frozen in liquid nitrogen. X-ray absorption spectra
were measured at the National Synchrotron Light Source
(Brookhaven National Laboratory, Upton, NY), beamline
X3B, with a Si(111) double crystal monochromator; har-
monic rejection was accomplished using a Ni focusing
mirror. Data collection and reduction were accomplished
according to published procedures (29). The data in Figure
2 represent the average of six to eight scans per sample.

Fourier-filtered EXAFS data were fit utilizing theoretical
amplitude and phase functions calculated with FEFF version
8.00 (30). The Zn-N and Zn-S scale factors, along with
their threshold energies, ∆E0, were calibrated to the experi-
mental spectrum for tetrakis-1-methylimidazole zinc(II)
perchlorate, Zn(MeIm)4, for Zn-N and zinc tetraphenylthi-
olate, Zn(SPh)4, for Zn-S bonds, and held fixed at their
calibrated values (SZn-N ) 0.78, SZn-S ) 0.91, ∆E0 ) -21
eV for both) in fits to the BcII data presented here. First-
shell fits were then obtained for all reasonable coordination
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numbers, including mixed N/O/S ligation, while allowing
the absorber-scatterer distance, Ras, and the Debye-Waller
factor, σas

2, to vary; the best fits are presented in Table 1.
Multiple scattering contributions from histidine ligands were
fit as described previously (29). Metal-metal (Zn-Zn)
scattering was modeled with reference to the experimental
spectrum of Zn2(salpn)2.

Paramagnetic NMR Spectroscopy. NMR spectra were
recorded on a Bruker Avance II 600 spectrometer operating
at 600.13 MHz, at 298 K. 1H NMR spectra were recorded
under conditions set to optimize the detection of the fast
relaxing paramagnetic resonances, using the superWEFT
pulse sequence (31). Spectra were acquired over large
spectral widths, with acquisition times ranging from 16 to
80 ms and intermediate recovery delays from 2 to 35 ms,
and the best combinations of delays were selected. All Co(II)-
substituted samples were at least 1 mM in concentration.
To obtain spectra in D2O, samples were diafiltered against
the corresponding buffer (prepared in D2O), containing the
same concentration of Co(II) as the protein sample. Amicon-
Ultra-4 units (Millipore) were used as diafiltration devices.

RESULTS

Biochemical Characterization of the Mutants 3H-BcII and
DCH-BcII. To probe the relevance of the isolated 3H and
DCH sites to the M�L activity of wild-type BcII, we
designed two mutant proteins. In principle, substitution of
the metal ligands with Ser residues is expected to signifi-
cantly impair metal binding, while at the same time preserv-
ing a polar environment, without the introduction of a steric
perturbation that may interfere with substrate binding. We
also wanted to obtain monometallic variants with the smallest
number of possible mutations. Since both D120S and C221S
single mutants retain the ability to bind more than one Zn(II)
ion (23, 25), we attempted to completely abolish the DCH
site by combining both mutations. This mutant was hence
named 3H-BcII. Point mutants at positions 116, 118, and
196 (the 3H site) are also capable of binding more than one
Zn(II) ion (22). Therefore, with the aim of eliminating the
3H site, DCH-BcII was prepared by substitution of all three
ligating histidines with serine residues.

BothBcIImutantswereexpressedinE.coliBL21(DE3)pLysS′
as fusion proteins with GST; the fusion proteins were

digested with thrombin, and the BcII variants were then
purified to homogeneity from the digestion mixture. The
near- and far-UV circular dichroism spectra of purified 3H-
BcII and DCH-BcII mutant proteins showed that the protein
fold of the WT enzyme was preserved in both cases (data
not shown). Thus, major changes in enzyme activity can be
attributed to a direct effect of the introduced mutations on
catalysis, since the protein scaffold is mostly unaltered in
the mutant enzymes.

The total Zn(II) content was determined by a spectropho-
tometric assay using the colorimetric reagent PAR, after
dialysis of the mutant proteins against a metal-free buffer
solution. The 3H-BcII mutant binds 1.06 ( 0.03 Zn(II) ions
per protein molecule, while the metal content of DCH-BcII
ranged from 0.60 to 1.1 Zn(II) ions per molecule (five
independent protein preparations). The variations in the metal
content of DCH-BcII correlated with the amount of reduced
cysteine thiols as determined by reaction with DTNB. These
data suggest that replacement of the mentioned metal ligands
in the 3H-BcII and DCH-BcII mutant proteins abolished
metal binding to the DCH and 3H sites, respectively. Other
spectroscopic techniques were employed to verify that we
had indeed prepared mononuclear enzymes, with metal
bound exclusively at either the 3H or DCH sites.

X-ray Absorption Spectroscopy. EXAFS data were re-
corded at the zinc edge, and the corresponding Fourier
transforms for 3H-BcII and DCH-BcII are shown in Figure
2 (solid lines) along with their best fits (white symbols).
EXAFS curve fitting results are presented in Table 1; fits to
Fourier-filtered and unfiltered data gave similar results (see
Figure S1 and Table 1). The first-shell scattering in 3H-BcII
gives rise to a symmetric distribution at both pH 6 and 8,
although the main peak is sharper and more intense at pH 6,
suggesting either stronger coordination at low pH or a more
ordered site at low pH. Similarly, only minimal variation is
noted in their XANES spectra, with only a ca. 5% increase
in the white line at pH 6 (Figure S2). Fits to Fourier-filtered
first-shell scattering do not indicate an increase in overall
average bond length, making an increase in coordination
number unlikely. In both cases, the data for 3H-BcII indicate
coordination to four nitrogen/oxygen donors at an average
distance of ∼2.00 Å (fit 3). Fits to the low-pH data, using a
mixture of one O donor and three N donors, refine to
distances of 1.98 and 2.02 Å, respectively. These distances
are not sufficiently different to be resolved by the data
presented here and suggest that the higher intensity of the
main peak in the FT is purely due to a narrower distribution
in the low-pH spectrum, possibly due to protonation of the
bound water molecule. This is consistent with fits to the high-
pH data, which refine separate contributions of one O and
three N donors to distances of 1.91 and 2.03 Å, respectively;
these distances are within the resolution limits of the data in
Figure 2 (ca. 0.10 Å). Both spectra show significant outer
shell scattering, and multiple scattering analyses indicate the
presence of three histidine ligands in the primary coordination
sphere of Zn in 3H-BcII, as expected.

The main peak in the FT for DCH-BcII shows substantial
asymmetry, and Fourier-filtered first-shell fits suggest coor-
dination to an average of five nitrogen/oxygen donors at a
distance of 2.07 Å. Inclusion of a single sulfur scatterer in
the primary coordination sphere results in a dramatic 80%
reduction in the fit residual with the asymmetry due to the

FIGURE 2: Fourier transforms of k3-weighted EXAFS for 3H-BcII
and DCH-BcII. From top to bottom is shown a comparison of 3H-
BcII at pH 6 (gray) and pH 8 (black), and best fits for 3H-BcII at
pH 6, 3H-BcII at pH 8, and DCH-BcII at pH 7.5. All curves have
been offset vertically for clarity. The fitted data are presented as
black lines; the fits are presented as open diamonds.
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presence of a mixed N/O/S coordination sphere, consistent
with the lone Zn(II) ion coordinated at the DCH site. The
outer shell scattering for DCH-BcII is significantly lower in
amplitude than that of 3H-BcII, and multiple scattering
analysis indicates ligation to one histidine residue. These data
show no indication of a missing component in the fit, such
as that expected from carbon of a bidentate carboxylate;
however, such an interaction is likely to be overwhelmed
by the Zn-S scattering. Thus, these data cannot rule out
bidentate coordination of the aspartate. Inclusion of a Zn-Zn
interaction failed to improve the fits, for either 3H-BcII or
DCH-BcII, allowing us to rule out the existence of a
dimetallic site in both mutants.

Spectroscopic Characterization of the Co(II) DeriVatiVes.
To better characterize the coordination sphere of the two
mutant proteins, we obtained the corresponding Co(II)
derivatives. The UV-vis spectra of these derivatives,
obtained upon addition of excess Co(II) to the corresponding
mutant apoenzymes, are compared to the spectrum of di-
Co(II) WT BcII (11, 19) (Figure 3). The molar absorptivity
and number of Co(II) equivalents were calculated considering
the concentration of protein capable of binding metal, as
described in Experimental Procedures.

The spectrum of Co(II) 3H-BcII presented a pattern of
overlapping bands in the 450-650 nm region of the
spectrum, which can be assigned to ligand field bands (Figure
3A). These d-d bands presented a maximum at 546 nm,
with an estimated extinction coefficient of 138 M-1 cm-1

(Figure 3B), which is indicative of a pentacoordinate Co(II)
site in 3H-BcII. The absence of the intense feature in the
UV range observed in WT BcII (300-400 nm) is consistent
with the removal of Cys221 as a metal ligand (Figure 3A).
This residue is responsible for a ligand-to-metal charge
transfer transition in Co-substituted WT BcII. The intensity
of the ligand field bands increased with a hyperbolic shape
(Figure 3B). After addition of 1.5 equiv of Co(II), there was
no further increase in the intensity of the d-d bands.

The 1H NMR spectra of Co(II)-substituted 3H-BcII,
recorded under conditions that allow the detection of
paramagnetic signals, revealed a set of three isotropically
shifted resonances from 40 to 80 ppm (Figure 4), which are
consistent with a metal site of low magnetic anisotropy, i.e.,
tetra- or pentacoordinate. One of the three signals (signal a)

is absent in the spectrum of the protein sample dissolved in
D2O, indicating that at least one histidine residue is coor-
dinated to the Co(II) ion. The 1H NMR data allow identifica-
tion of only one exchangeable imidazolic proton, while two
were found in the wild-type protein (of three His ligands in
this site). These differences can be attributed to a greater
extent of solvent exposure of the metal site in the absence
of one metal ion, which might induce a larger NH exchange
rate with the bulk solvent. No signals were detected at

Table 1: EXAFS Curve Fitting Results for 3H and DCH Mutantsa

model Zn-O Zn-N Zn-S Zn-Hisb Rf
c Ru

Zn(II) 3H-BcII at pH 6d 4N/O 2.01 (2.3) 11 228
1O + 3N 1.98 (13) 2.02 (0.6) 6 188
1N/O + 3His 2.01 (2.6) 2.91 (2.9), 3.13 (10)

4.08 (12), 4.38 (19) 46 88
Zn(II) 3H-BcII at pH 8e 4N/O 2.00 (2.6) 26 332

1O + 3N 1.91 (2.0) 2.03 (3.0) 14 275
1N/O + 3His 1.91 (2.5) 2.03 (3.4) 2.91 (4.4), 3.13 (4.3)

4.14 (17), 4.37 (15) 84 136
Zn(II) DCH-BcIIf 5N/O 2.07 (10) 102 430

4N/O + 1S 2.02 (6.0) 2.28 (2.7) 22 81
3 N/O + 1His + 1S 2.02 (5.9) 2.28 (2.6) 2.89 (9.7), 3.18 (3.8)

4.06 (13), 4.45 (15) 24 56
a Distances (angstroms) and disorder parameters [in parentheses, σ2 (×10-3 Å2)] derive from integer coordination number fits to Fourier-filtered

EXAFS data. b Multiple scattering paths represent combined scattering paths described in Experimental Procedures. c Goodness of fit (Rf for fits to
filtered data, Ru for fits to unfiltered data) defined as 1000∑i)1

N {[Re(�icalc)]
2 + [Im(�icalc)]

2}/∑i)1
N {[Re(�iobs)]

2 + [Im(�iobs)]
2}, where N is the number of

data points. d For 3H-BcII at pH 6, k ) [1.2, 13.5]; R ) [0.8, 2.0] for first-shell fits; and R ) [0.1, 4.4] for ms fits. e For 3H-BcII at pH 8, k ) [1.2,
13.1]; R ) [0.8, 2.0] for first-shell fits; and R ) [0.1, 4.4] for ms fits. f For DCH-BcII, k ) [1.2, 13.5]; R ) [0.8, 2.2] for first-shell fits; and R ) [0.1,
4.4] for ms fits.

FIGURE 3: Electronic spectroscopy of the Co(II) derivatives of DCH
and 3H-BcII. (A) UV-vis spectra of mono-Co(II) DCH and mono-
Co(II) 3H [upon addition of 1 equiv of Co(II) to the mutant
apoenzymes] compared with that previously reported for di-Co(II)
BcII (19). (B) Plot of the molar absorption at 346 (left) and 543
nm (right) as a function of Co(II) equivalents added to the
apoproteins in the UV-vis titration. Molar absorption and the
number of Co(II) equivalents were calculated considering the
concentration of protein capable of binding metal, as described in
Experimental Procedures. The titrations were performed in 10 mM
HEPES and 200 mM NaCl (pH 7.5), with protein concentrations
of 210 µM apo-DCH and 230 µM apo-3H.
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chemical shifts larger than 120 ppm, consistent with the
absence of the Cys221 residue as a metal ligand. The
remaining resonances are expected to arise from nonex-
changeable imidazolate protons.

The electronic spectrum of Co(II) DCH-BcII also exhibited
a pattern of overlapping bands in the 450-650 nm region
of the spectrum, and these are similarly assigned to Co(II)
ligand field bands (Figure 3A). The d-d bands presented a
maximum at 520 nm, with an extinction coefficient of ca.
40 M-1 cm-1, which suggests a hexacoordinate Co(II) site
in DCH-BcII. An intense absorption band centered at 346
nm can be attributed to a Cys221-Co(II) charge transfer
band (Figure 3A). The extinction coefficient estimated for
this transition in DCH-BcII correlates well with the values
reported in the literature for Sf Co(II) charge transfer bands
and is at least 4 times more intense than that observed for
WT BcII. The intensity of the LMCT band increased almost
linearly until a 1:1 Co(II):enzyme ratio was obtained (Figure
3B). After the addition of 1 equiv of Co(II), there was no
further increase in the intensity of either the LMCT or the
d-d bands.

The 1H NMR spectrum of Co(II)-substituted DCH-BcII
revealed a downfield nonexchangeable signal characteristic
of the �-CH2 protons of a Co(II)-bound cysteinate (signal
A). Signals D and F were assigned to the two geminal C�
protons of Asp120, since a strong cross-peak in a NOESY
spectrum was observed (not shown). Signal B was assigned
to an imidazole NH group from His263 on the basis of its
absence in D2O and its chemical shift. The signal spreading
observed in the NMR spectrum (from 100 to 20 ppm) is
consistent with a pentacoordinate Co(II) ion in DCH-BcII
(32).

Enzymatic Characterization of 3H-BcII and DCH-BcII
Mutants. The hydrolytic capabilities of the two mutants were
tested against different �-lactam substrates under steady state
conditions. Lactamase activity was severely impaired in both
mutants, against all substrates assayed (Table 2). 3H-BcII
exhibited kcat/KM values 4-5 orders of magnitude lower than
those reported for WT BcII. The DCH-BcII mutant revealed
a decrease of 3-4 orders of magnitude in catalytic efficiency
compared to that of WT BcII. In most cases, both mutants
displayed a decrease in kcat and an increase in KM, with the
decrease in catalytic efficiency mainly governed by the large
variations in kcat (Figure 5).

The solvent kinetic isotope effect (SKIE, Dkcat) was studied
for the mutant proteins and compared with those observed
for WT BcII, by determining the steady state catalytic
parameters in H2O and D2O for nitrocefin, cefotaxime, and
benzylpenicillin (Table 2). Both 3H-BcII and DCH-BcII
exhibited normal SKIEs (Dkcat > 1) with the substrates
assayed, as previously observed in WT BcII, indicating that
in these two mutants the rate-limiting step also involves a
proton transfer. In particular, the SKIE measured for DCH-
BcII is very similar to that observed in the dinuclear wild-
type enzyme.

The hydrolysis of benzylpenicillin by the Co(II)-substituted
forms of 3H-BcII and DCH-BcII was followed by time-
resolved UV-vis spectra acquired with a photodiode array
coupled to a stopped-flow mixing device, with substrate:
enzyme ratios of 30:1 and 3:1. No changes were observed
in the electronic spectra of the proteins in either case, in the
time frame required for complete substrate hydrolysis (Figure
6). These results contrast with those observed in the Co(II)-
substituted wild-type enzyme, where the electronic spectra
of the protein suffered major changes during the reaction.
Such changes were assigned to the accumulation of different
intermediates during the reaction, which suggests that
changes in the cordination geometry of the metal center took
place during turnover (33, 34).

DISCUSSION

The assessment of the relative activities of mono- and
dinuclear sites in M�L-mediated catalysis has been one of
the most controversial issues in the studies of the class B1
enzymes, particularly BcII (11, 20, 22). We recall that BcII
was originally crystallized with a single metal ion bound, at
the 3H site (Figure 1A) (10). Subsequent spectroscopic
studies revealed that BcII could also bind a second metal
ion as observed with B1 enzymes (11), which was later
confirmed by a structure determined from crystals grown in
the presence of excess Zn(II) (Figure 1B) (12). The latter
showed two metal binding sites identical to that observed in
the structures of other B1 M�Ls, such as CcrA and
IMP-1 (35, 36). These results have led to a discussion
regarding the catalytically and biologically relevant form of
this enzyme. This confusion arises, in large part, from the
fact that the apoenzyme, the mononuclear species, and the
dinuclear species coexist over a wide range of metal:enzyme
ratios (19–21). In addition, the mononuclear enzyme in
solution is a mixture of two states in equilibrium in which
the metal ion is located in the 3H and DCH site. Thus, a
single mononuclear BcII species cannot be isolated and hence
cannot be subjected to kinetic studies on its own.

FIGURE 4: 1H NMR spectra of Co(II)-substituted wild-type BcII
(bottom), DCH-BcII (middle), and 3H-BcII (top). All spectra were
recorded at 298 K with a superWEFT pulse sequence. 3H and DCH
were in TAMS buffer (pH 6), while WT BcII was in 100 mM
HEPES buffer and 200 mM NaCl. The total recycle time and the
recovery delay of the superWEFT experiments were 70 and 10 ms,
respectively, for experiments in the 120-10 ppm spectral window,
and 25 and 5 ms, respectively, for experiments in the 300-120
ppm window. Signals marked with an asterisk were not observed
when the samples were dissolved in buffer prepared with 100%
D2O.
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We have designed two BcII mutants in an attempt to create
localized mononuclear variants. Several mutagenesis studies
indicate that substitution of single metal ligands of either
metal site, one at a time, does not render mononuclear forms
of BcII (22, 23). Hence, we decided to mutate at least two
metal ligands from each site. The mutant protein 3H-BcII
was obtained by substitution of two metal ligands from the
DCH site, residues Asp120 and Cys221, with Ser residues.
Serine residues are rarely found as first-shell metal ligands
in Zn(II) enzymes but are fully capable of preserving
hydrogen bond networks (37). We then expected that the
DCH binding site would be abolished in 3H-BcII. To
eliminate the 3H site, we mutated residues His116, His118,
and His196 to serine residues. This variant was named DCH-
BcII.

3H-BcII and DCH-BcII presented only one metal ion
bound per enzyme molecule, as determined by the spectro-
photometric assay with the colorimetric metal chelator PAR.
The spectroscopic studies of the Zn(II) and Co(II) derivatives
of 3H-BcII confirmed that in this protein variant a single
metal ion was bound to three histidine residues, most likely
His116, His118, and His196. In WT BcII, the metal is
tetrahedrally coordinated by three His residues and a water
molecule (12). In contrast to the ligand binding environment
observed with WT BcII, the EXAFS data on Zn(II) 3H-BcII
and the absorption coefficients of the ligand field bands in
the Co(II) derivative indicate that the metal ion presents a
pentacoordinate geometry. It is very likely that in this mutant,
the coordination sphere of the metal ion has been expanded

by inclusion of an additional solvent molecule. This situation
resembles that found for carbonic anhydrase, which presents
a similar 3H site, at low pH. In HCA I, the metal site is
pentacoordinate with three histidines and two H2O/OH-

molecules at low pH and becomes tetracoordinate at high
pH due to the loss of one water (38). If this were the case
for 3H-BcII, at high pH the zinc site in this mutant should
be equivalent to the wild-type 3H site. However, we do not
observe changes in the NMR and visible spectra of the
Co(II)-containing mutant at pH 9, indicating there is no
change in coordination geometry. Accordingly, there was no
significant increase in catalytic efficiency.

Spectroscopic studies of the Zn(II) and Co(II) derivatives
of DCH-BcII are indicative of a single, pentacoordinate metal
ion bound to Asp120, Cys221, and His263. As in the case
of WT BcII, we propose that the coordination sphere is
completed by two solvent molecules. The optical spectrum
of Co(II)-substituted DCH-BcII reveals two main differences
with the native DCH site present in WT BcII (11). The ligand
field bands are more intense than those observed for Co(II)
bound in the DCH site in the Zn3H-CoDCH WT BcII adduct
obtained at pH 6 (11), which suggests a metal site with a
lower coordination number or greater distortion at the DCH
site. More interestingly, the intensity of the Cys221f Co(II)
charge transfer band is 4 times larger than the intensity of
the band observed in WT BcII (pH 6 and 7.5) (11, 19). In
fact, the extinction coefficient of the LMCT band in DCH-
BcII is in better agreement with the values commonly
observed for this kind of electronic transition in other

Table 2: Kinetic Parameters for Hydrolysis of Nitrocefin, Cefotaxime, Benzylpenicillin, and Imipenem by WT BcII, 3H-BcII, and DCH-BcIIa

kcat (s-1) KM (mM) kcat/KM (s-1 M-1) H2Okcat/D2Okcat

Nitrocefin

WT 7.9 ( 0.7 5.7 ( 0.3 (1.4 ( 0.1) × 106 1.4 ( 0.1
3H 0.46 ( 0.04 630 ( 40 (7.0 ( 0.9) × 102 4 ( 1
DCH 0.21 ( 0.02 220 ( 40 (9 ( 2) × 102 ND

Benzylpenicillin

WT 262 ( 27 510 ( 30 (5.1 ( 0.2) × 105 1.4 ( 0.1
3H 0.054 ( 0.001 440 ( 60 (1.2 ( 0.2) × 102 ND
DCH 0.94 ( 0.03 5700 ( 400 (1.7 ( 0.2) × 102 1.0 ( 0.1

Cefotaxime

WT 67 ( 1 42 ( 3 (1.6 ( 0.1) × 106 1.6 ( 0.1
3H 0.029 ( 0.002 460 ( 60 (6.0 ( 1.0) × 10 4 ( 1
DCH 0.10 ( 0.01 130 ( 20 (7.2 ( 1.2) × 102 1.5 ( 0.1

Imipenem

WT 110 ( 10 660 ( 70 (1.7 ( 0.2) × 105 ND
3H 1.0 ( 0.1 (7 ( 1) × 103 (1.4 ( 0.4) × 102 ND
DCH 1.3 ( 0.2 2100 ( 500 (6 ( 2) × 102 ND

a Parameters were determined by fitting initial reaction rates against substrate concentration. The experiments were carried out in 10 mM HEPES (pH
7.5), 200 mM NaCl, 50 µg/mL BSA, and 20 µM Zn(II) in the case of WT BcII and DCH-BcII. In the case of 3H-BcII, the experiments were carried
out in 10 mM HEPES (pH 7.5), 200 mM NaCl, and 50 µg/mL BSA. For 3H-BcII, the same kcat/KM values were obtained with increasing Zn(II)
concentrations (from 20 to 100 µM).

FIGURE 5: Charts comparing kcat/KM, kcat, and KM for hydrolysis of nitrocefin (NTR), cefotaxime (CTX), benzylpenicillin (PEN), and imipenem
(IMI) by 3H-BcII (black bars), DCH-BcII (light gray bars), and WT BcII (dark gray bars).
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metalloenzymes and in model complexes (39). The spectrum
closely resembles that of Co(II)-substituted farnesyltrans-
ferase, in which the metal ion adopts a five-coordinate
geometry with an Asp, Cys, and His protein ligand set (40),
confirming the structure of the engineered site.

The kinetic studies of 3H- and DCH-BcII showed that
neither mononuclear mutant was a viable lactamase. The fast
kinetic studies followed by UV-vis spectroscopy reveal that
this residual activity is not accompanied by changes in the
metal sites in either mutant. Therefore, this activity cannot
be correlated with the one observed in the wild-type enzyme
or in partially active mutants. Residual activity has been
detected in cases where all active site residues were removed
(41) and can be attributed to a medium effect (42). These
results suggest that removal of either metal binding site and/
or the involved residues results in virtually inactive �-lac-
tamases.

The 3H site has been suggested to provide the attacking
nucleophile, while the DCH site has been implicated in
substrate binding (43) and C-N bond cleavage (44, 45). The
lower KM values estimated for DCH-BcII (with the exception
of benzylpenicillin), compared with those of 3H-BcII, are
in accordance with the proposed role of the DCH site in
substrate binding. However, the very low catalytic efficiency
displayed by DCH-BcII compared to that of the wild-type
enzyme reveals the importance of the residues of the 3H
site for the activity of the mononuclear enzymes in which
the metal ion is localized in the DCH site.

CphA, a subclass B2 M�L, presents a single metal ion
bound to the DCH site and is active only in this mononuclear
form. On the basis of the structure of the complex of CphA
with hydrolyzed biapenem, a catalytic mechanism was
proposed for CphA (17). According to this mechanism, the
nucleophile would be a water molecule activated through

FIGURE 6: Rapid-scanning stopped-flow spectra of Co(II)-substituted wild-type BcII (A and B), DCH-BcII (C and D), and 3H-BcII (E and
F) during the hydrolysis of penicillin G. Panels A, C, and E show the UV regions of the electronic spectra (where the charge transfer band
is observed), while panels B, D, and F show the visible regions (where the ligand field bands are observed). Absorbance values are normalized
by the concentration of protein used in each experiment. Experiments were carried out at 6 °C for the wild-type protein and at 19 °C for
both mutants.
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hydrogen bond interactions with His118, one of the ligands
of the 3H site in BcII. A similar situation has been proposed
for the recently characterized enzyme GOB from Elizabe-
thkingia meningosepticum, which also behaves as a mono-
nuclear lactamase lacking a metal ion at the 3H site (15).
Hence, the disruption of the hydrogen bond network on
DCH-BcII could explain the low activity exhibited by this
variant.

The very low activity of the two mononuclear variants
studied here can be attributed assuming two possible
scenarios: (1) that only the dinuclear species is active, as
recently suggested by Badarau and Page (46), or (2) that
the mononuclear variants can be active only if aided by other
residues that would be metal ligands in the dinuclear species.
For instance, occupation of the 3H site would yield an active
species, providing a metal-activated nucleophile, only if
Asp120 and Cys221 participate in the hydrogen bond
network of this nucleophile (47). On the other hand, the DCH
site would be active only if other residues (such as His118
and His196) participated in the activation of a non-metal-
bound nucleophilic moiety. Thus, the two metal binding sites
could be modularly exploited to render different active forms.
Experiments are underway to test this hypothesis.

SUPPORTING INFORMATION AVAILABLE

Figure S1 showing unprocessed k3-weighted EXAFS for
3H- and DCH-BcII and Figure S2 showing normalized Zn
XANES spectra for 3H- and DCH-BcII. This material is
available free of charge via the Internet at http://pubs.acs.org.
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