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ABSTRACT: The catalytic mechanism of metallo-â-lactamase fromBacteroides fragilis, a dinuclear Zn(II)-
containing enzyme responsible for multiple antibiotic resistance, has been investigated by using nitrocefin
as a substrate. Rapid-scanning and single-wavelength stopped-flow studies revealed the accumulation
during turnover of an enzyme-bound intermediate with intense absorbance at 665 nm (ε ) 30 000 M-1

cm-1). The proposed minimum kinetic mechanism for theB. fragilis metallo-â-lactamase-catalyzed
nitrocefin hydrolysis [Wang, Z., and Benkovic, S. J. (1998)J. Biol. Chem. 273, 22402-22408] was
confirmed, and more accurate kinetic parameters were obtained from computer simulations and fitting.
The intermediate was shown to be a novel anionic species bound to the enzyme through a Zn-acyl
linkage and contains a negatively charged nitrogen leaving group. This is the first time such an intermediate
was observed in the catalytic cycle of a Zn(II)-containing hydrolase and is evidence for a uniqueâ-lactam
hydrolysis mechanism in which the amine can leave as an anion; prior protonation is not required. The
electrostatic interaction between the negatively charged intermediate and the positively charged dinuclear
Zn(II) center of the enzyme is important for stabilization of the intermediate. The catalytic reaction was
accelerated in the presence of exogenous nucleophiles or anions, and neither the product nor the enzyme
was modified during turnover, indicating that a Zn-bound hydroxide (rather than Asp-103) is the active
site nucleophile. On the basis of all the information on hand, a catalytic mechanism of theB. fragilis
metallo-â-lactamase is proposed.

â-Lactamases are diverse enzymes produced by some
bacterial strains to subvert the lethal action ofâ-lactam
antibiotics through hydrolysis of theâ-lactam C-N bond
(1). The emergence ofâ-lactamase-mediated antibiotic
resistance comprises a serious and increasing problem to
human health (2, 3). So far, more than 200â-lactamases have
been identified. They are classified into four structural classes
(A-D) based on their primary structures (4) or into four
functional groups (1-4) based on their functional charac-
teristics and inhibitor profiles (5). Class A, C, and D or group
1, 2, and 4â-lactamases use the hydroxyl group of an active
site serine as a nucleophile to attack the carbonyl group of
a â-lactam ring followed by the transient formation of an
acyl-enzyme intermediate (1, 4, 5). Mechanism-based
inhibitors have been developed to overcome resistance caused
by many of the serineâ-lactamases (1, 4, 5). However, there
is no clinically useful inhibitor for class B (group 3) enzymes,
metallo-â-lactamases that require Zn(II) for their activity and
hydrolyze a broad spectrum ofâ-lactam antibiotics, including
carbapenems and other potent mechanism-based inactivators
developed for the serine enzymes (6). Although only about
20 metallo-â-lactamases have been reported to date, the fact
that they are found in a number of human pathogens,
includingAeromonas, Bacteroides, Chryseobacterium, Kleb-
siella, Pseudomonasand/orStenotrophomonas, andSerratia

(7-13), and that some of the genes can be horizontally
transferred to obnoxious species (9, 11, 13) makes them an
even more dangerous threat to human health.

Much of the research on metallo-â-lactamases has been
focused on their identification, purification, and substrate
specificity. So far, more than a dozen genes encoding
metallo-â-lactamases have been sequenced (10). Besides
sharing some conserved motifs, members of the metallo-â-
lactamase family exhibit rather large sequence diversity (1,
10, 14). On the basis of the patterns of sequence similarity,
metallo-â-lactamases can be further divided into three
subclasses, i.e., B1-B3 (10). Class B1 (found inBacillus
cereus, Bacteroides fragilis, Serratia marcescens, Pseudomo-
nas aeruginosa, Klebsiella pneumoniae, Pseudomonas puti-
da, Alcaligenes xyloxidans, andChryseobacterium menin-
gosepticum) and class B3 (fromStenotrophomonas malto-
philia) metallo-â-lactamases can hydrolyze a very broad
spectrum of substrates, including penicillins, cephalosporins,
and carbapenems (7, 15-17), while class B2 enzymes (from
Aeromonas hydrophila, AeromonasVeronii, andBuckhold-
eria cepacia) have very narrow substrate profiles, hydrolyz-
ing carbapenems preferentially (7, 18, 19). Alternatively,
Rasmussen and Bush classified the class B/group 3â-lac-
tamases into three subgroups based on their substrate
specificity (7). The Rasmussen/Bush group 3a metallo-â-
lactamases comprises the class B1 and B3 enzymes, whereas
group 3b is the same as class B2 (7). Group 3c contains
only the metallo-â-lactamase fromLegionella gormanii
which catalyzes the extremely rapid hydrolysis of ampicillin
and, especially, cephoridine (20). Group 3a metallo-â-
lactamases require two Zn(II) ions per monomer for maximal
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enzymatic activities, but the Zn(II) binding affinities are
different from enzyme to enzyme (21-24). Group 3b
enzymes need only one Zn(II) for full activity and are
inhibited by the addition of a second Zn(II) ion (25). The
structural and mechanistic heterogeneity among metallo-â-
lactamases make the antibiotic resistance mediated by them
even more difficult to combat.

Recently, detailed structural information about the group
3a metallo-â-lactamases emerged with the reports of high-
resolution crystal structures of enzymes fromB. cereus(26-
28), B. fragilis (29, 30), andS. maltophilia(31). The overall
three-dimensional structures of the three metallo-â-lacta-
mases are quite similar (31). They all exhibit the uniqueRâ/
âR folds and employ a dinuclear Zn(II) center as their active
site with most of the Zn(II) ligands conserved (31). These
structural similarities dictate their similar enzymatic proper-
ties. In addition, the substrate binding pocket in each enzyme
can accommodate a variety ofâ-lactam molecules, providing
the structural basis for the broad substrate specificity of these
enzymes (31). It is the subtle differences in the Zn(II) centers
and the substrate binding sites that determine their catalytic
efficiencies toward various substrates.

The differences among metallo-â-lactamases from different
sources suggest that a single class of inhibitors may not be
effective against the whole family. Understanding and
exploiting the structural and mechanistic features found in
metallo-â-lactamases from different sources is an important
first step toward the development of new antibiotics for
combatting the emerging antibiotic resistance spread by
metallo-â-lactamases. However, mechanistic studies have
only been carried out with the one-Zn(II) metallo-â-lactamase
from B. cereus(32-35). How the dinuclear Zn(II) center
catalyzes the hydrolysis ofâ-lactam rings remains to be
determined. In our previous work (22), by using nitrocefin
as a substrate, we were able to establish the minimal kinetic
mechanism (Scheme 1) of the dinuclear Zn(II)-containing
metallo-â-lactamase fromB. fragilis, one of the more
important anaerobic pathogens commonly found in suppura-
tive and/or surgical infections (36-38). Preliminary results
showing the accumulation of an enzyme-bound intermediate
during theB. fragilis catalytic cycle were also obtained by
using a rapid-scanning stopped-flow technique (39). In this
work, rapid-scanning and single-wavelength stopped-flow

studies were carried out to further assess the kinetic mech-
anism of this enzyme. The identities of the nucleophile
attacking the C-N bond of the â-lactam ring and the
observed enzyme-bound intermediate have also been estab-
lished. A catalytic mechanism for theB. fragilis metallo-â-
lactamase-catalyzed nitrocefin hydrolysis is proposed.

EXPERIMENTAL PROCEDURES

Materials.TheB. fragilismetallo-â-lactamase was purified
according to the procedures described previously and sub-
jected to 72 h of dialysis against metal-free 50 mM HEPES
buffer (pH 7.6) at 4°C to remove adventitious metal ions
(22). The purity and Zn(II) content of each protein prepara-
tion were ascertained by SDS-PAGE1 and flame mode
atomic absorption analysis by using a Perkin-Elmer 730
atomic absorption spectrophotometer at the Pennsylvania
State Materials Characterization Laboratory, respectively.
The protein concentration was determined by using anε280

of 39 000 M-1 cm-1 (22). Co(II)-substitutedB. fragilis
metallo-â-lactamase was prepared as described previously
(22). Nitrocefin was purchased from Becton Dickinson. All
other chemicals were either analytical reagents or molecular
biology grade.

Stopped-Flow Kinetic Studies of the B. fragilis Metallo-
â-lactamase.All the stopped-flow experiments were carried
out in 1× MTEN buffer (50 mM Mes, 25 mM Tris, 25 mM
ethanolamine, and 100 mM NaCl) at the specified pH or
pD and 25°C. In a typical experiment, a solution ofB.
fragilis metallo-â-lactamase was rapidly mixed with a
nitrocefin solution in an Applied Photophysics SX.18MV
stopped-flow spectrometer. Absorbance changes that oc-
curred during the reaction were monitored with either an
Applied Photophysics PD.1 photodiode array detector (2.56
ms scan intervals) over the wavelength range of 310-725
nm or an absorbance photomultiplier at 390, 490, and 665
nm. Data from at least three reproducible experiments were
collected, averaged, and corrected for the instrument dead
time (1.5 ms). The rapid-scanning stopped-flow data were
analyzed globally (40) by using the Applied Photophysics
!ProK software to converge the correct kinetic scheme, rate
constants, and the absorbance spectrum of the intermediate.
The molar extinction coefficients of nitrocefin (ε390 ) 14 920
M-1 cm-1, ε490 ) 1520 M-1 cm-1), hydrolyzed nitrocefin
(ε390 ) 5840 M-1 cm-1, ε490 ) 17 200 M-1 cm-1), and the
intermediate (derived from the absorbance spectrum gener-
ated from the global analysis) were used to convert the
single-wavelength stopped-flow absorbance data to concen-
tration data representing the substrate, intermediate, and
product and to correct for overlapping absorption profiles.
The concentration data sets were simulated with the program
Kinsim using an appropriate kinetic mechanism (C. Frieden
and B. Barshop, Washington University, St. Louis, MO) (41,
42). Acceptable ranges of rate constants were judged by
either Fitsim fits, Kinsim simulations, or both.

Preparation and Deprotonation of Hydrolyzed Nitrocefin.
Hydrolyzed nitrocefin was produced by reacting nitrocefin
(250 µM) with the B. fragilis metallo-â-lactamase (25 nM)
in 1× MTEN buffer (pH 7.0, 100µL). After the reaction
was complete, the pH of the reaction mixture was adjusted
to ca. 4.0 with 1 M HCl and the mixture extracted twice
with 400µL of ethyl acetate. The organic solvent was then

1 Abbreviations: ε, extinction coefficient; ESI, electrospray ioniza-
tion; HEPES,N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid;
MALDI, matrix-assisted laser desorption ionization; Mes, 2-(N-
morpholino)ethanesulfonic acid; MS, mass spectrometry;m/z, mass-
to-charge ratio; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; THF, tetrahydrofuran; Tris, tris(hydroxymethyl)-
aminomethane; UV-vis, ultraviolet-visible; V, steady-state rate of
product formation.

Scheme 1
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evaporated with an argon flow to yield the dry product. The
product was ascertained to be hydrolyzed nitrocefin by its
UV-vis spectrum and by ESI-MS analysis on a PerSpective
Biosystems Mariner mass spectrometer at the Pennsylvania
State Mass Spectrometry Center.

Deprotonation of hydrolyzed nitrocefin was monitored
spectroscopically at 25°C on a Varian Cary-1 UV-vis
spectrophotometer. Briefly, small aliquots (less than 2% of
the total volume) of a strong base (butyllithium [CH3(CH2)3-
Li], phenyllithium (C6H5Li), lithium diisopropylamide
{[(CH3)2CH]2NLi}, or potassiumtert-butoxide [(CH3)3COK])
were added to 1.0 mL of the hydrolyzed nitrocefin solution
(in THF) in a quartz cuvette. The UV-vis spectrum of the
mixture was monitored after each addition until the spectral
change was complete. To reprotonate and recover hydrolyzed
nitrocefin, small aliquots of Milli Q water (Millipore) were
added to the mixture until the original color reappeared. After
evaporation of all the THF solvent from the mixture, two
changes of 400µL of ethyl acetate were used to extract the
recovered hydrolyzed nitrocefin. The dry product was
obtained by removing ethyl acetate with an argon flow and
was subjected to ESI-MS analysis.

Enzyme Assays in the Presence of Nucleophiles or Anions.
The steady-state rates ofB. fragilis metallo-â-lactamase-
catalyzed nitrocefin hydrolysis in the presence ofR-effect
nucleophiles (hydroxylamine and methoxylamine) and vari-
ous anions (sodium salts of fluoride, acetate, fluoroacetate,
azide, cyanate, thiocyanate, and hydrosulfide) were deter-
mined at 25°C in 1× MTEN buffer (pH 7.0) containing the
corresponding nucleophile or anion. In each reaction, 1.15
nM enzyme and a saturating amount of substrate (100µM)
were mixed and absorbance changes at 490 nm monitored
for product formation (22). The obtained rates were then
corrected for the background hydrolysis of nitrocefin caused
by the corresponding nucleophiles and anions. Ionic strength
effects on the enzyme activity were ascertained by carrying
out the assay in the presence of sodium chloride at
concentrations of up to 2 M. To determine whether the
enzyme loses its activity after multiple turnovers in the
presence of nucleophiles and anions, 25 nMB. fragilis
metallo-â-lactamase was first used to hydrolyze 250µM
nitrocefin completely at 25°C in 1× MTEN buffer (pH 7.0)
containing the corresponding nucleophile or anion (10 000
turnovers). The reaction mixture was then assayed for
â-lactamase activity, and the results were compared with that
of a control incubation lacking the exogenous nucleophile
or anion. Single-wavelength and rapid-scanning stopped-flow
experiments on nitrocefin hydrolysis catalyzed by theB.
fragilis metallo-â-lactamase in the presence of nucleophiles
and anions were carried out according to the procedures
described previously except that the corresponding nucleo-
philes and anions (2× concentration) were added in the
enzyme solution.

Mass Spectrometric Analysis of the Hydrolytic Products
and Enzymes after TurnoVers. The products of nitrocefin
hydrolysis in the presence of nucleophiles and some of the
anions were obtained according to the same procedures
employed for the hydrolyzed nitrocefin preparation except
that the nucleophiles and anions were present in the reaction
buffer. The molecular mass of each product was determined
by ESI-MS analysis. To prepare protein samples for mass
spectrometric analysis, reactions of 300µM nitrocefin with

3 µM enzyme were carried out in 300µL of 1× MTEN
buffer (pH 7.0) containing the desired nucleophile or anion.
The reaction mixtures were then passed through Sephadex
G-25 (Amersham Pharmacia) spin columns equilibrated with
Milli Q water at 4 °C to remove the product and salts. The
obtained salt-free protein solutions were concentrated with
Centricon-10 concentrators (Amicon). Mass spectra of the
protein samples were acquired on a PerSpective Biosystems
Voyager-DE STR time-of-flight (TOF) mass spectrometer
by MALDI with the 337 nm line of a nitrogen laser at the
Pennsylvania State Mass Spectrometry Center. The matrix
solution for MALDI analysis was saturated sinapinic acid
in a solvent system of acetonitrile/water. Bovine serum
albumin (BSA) was used as them/z calibrator.

RESULTS

Kinetic Analysis of the B. fragilis Metallo-â-lactamase.
Nitrocefin, (6R,7R)-3-[(2,4-dinitro)styryl]-8-oxo-7-[(2-thi-
enylacetyl)amino]-5-thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic
acid, and its hydrolyzed product have very different absor-
bance spectra (Scheme 1A) (43). In our preliminary rapid-
scanning stopped-flow studies, the reaction of 5µM B.
fragilis metallo-â-lactamase with 10µM nitrocefin was
monitored with a photodiode array detector between 310 and
725 nm over a time period of 100 ms (39). In addition to
the disappearance of the absorbance band at 390 nm
(substrate depletion) and the appearance of the absorbance
band at 490 nm (product formation), a new absorbance
feature was observed at 665 nm whose intensity increased
rapidly and then decreased at a slower rate (39). Similar
results were also observed when other concentrations of the
B. fragilis metallo-â-lactamase (2.5 and 10µM) and nitro-
cefin (5 and 20µM) were mixed at pH 7.0 and when various
concentrations of enzyme (2.5, 5, and 10µM) and nitrocefin
(5, 10, and 20µM) were reacted at pH 5.5 and pD 7.0 (data
not shown). This is direct proof that an intermediate with
strong absorbance at 665 nm accumulates during the reaction,
consistent with our previous proposal (22). The two binding
steps given by the rate constantsk1 andk-4 were set to the
diffusion-controlled limit (108 M-1 s-1), and the Michaelis
complexes, ES and EP, were assumed to have the same
visible absorbance spectra as S and P, respectively. Using
these assumptions, global analysis (40) of the absorbance
changes at all wavelengths extracted the absorption spectrum
of the enzyme-bound intermediate (EI) and rate constants
for the four-step kinetic mechanism shown in Scheme 1B
(39). The intermediate has a broad absorbance peak at 665
nm with a molar extinction coefficient of 30 000 M-1 cm-1

(39).
Single-wavelength stopped-flow analyses were carried out

at 390, 490, and 665 nm to further characterize the kinetic
mechanism. The obtained absorbance data were converted
into concentrations by using the method described in
Experimental Procedures. Figure 1 displays the three con-
centration data sets ([S]+ [ES], [EI], and [EP]+ [P]) from
the reaction of 5µM enzyme with 10µM nitrocefin at pH
7.0. These data sets were simultaneously simulated using
the program Kinsim and Scheme 1B. The simulated curves
are shown as solid lines in Figure 1, and the kinetic constants
with k1 andk-4 set as diffusion-controlled limits and their
estimated uncertainties (see Experimental Procedures) are
listed in Table 1. Data from the reaction of 5µM enzyme
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with 10 µM nitrocefin at pH 5.5 and pD 7.0 were analyzed
in the same manner; they were also well-simulated by the
same kinetic mechanism (Scheme 1B) with the kinetic
parameters listed in Table 1. Although the ranges listed in
Table 1 indicate reasonably robust fits, we found thatk-1

andk2 could be set over a wider range if varied as a pair.
The values that are shown are those obtained by constraining
this pair of constants to provide calculated steady-state
parameters,kcat andKM (44), consistent with experimentally
measured values (Table 1) (22). The rate of product release
(k4) can have a valueg104 s-1 for acceptable simulations.
The new kinetic parameters are similar to those obtained from
Kinsim simulations of the single-turnover data in our
previous work (22) and are also in agreement with the
constants obtained by global analysis (39). These results
confirm that Scheme 1B indeed represents the minimum
kinetic mechanism of nitrocefin hydrolysis byB. fragilis
metallo-â-lactamase and that the breakdown of the enzyme-
bound intermediate (EI) is the rate-determining step.

Deprotonation Studies of Hydrolyzed Nitrocefin.The
intense absorbance at 665 nm of the enzyme-bound inter-
mediate, a 175 nm red shift from that of hydrolyzed nitrocefin

(Figure 2A), suggests that it may contain an anionic
dihydrothiazine nitrogen (39). We attempted to reproduce
the spectrum of this proposed intermediate by treating
hydrolyzed nitrocefin with strong base and monitoring the
spectral changes associated with the deprotonation process.
Strong bases may deprotonate more than one center in the
hydrolyzed nitrocefin molecule (Scheme 1A), but significant
spectral changes are expected to occur only when the nitrogen
in the dihydrothiazine ring becomes negatively charged and,
in turn, extends theπ-electron conjugation.

Hydrolyzed nitrocefin was prepared from the enzymatic
reaction as described in Experimental Procedures. In aqueous
solution, the purified hydrolyzed nitrocefin exhibited a visible
spectrum almost identical to that of the finished reaction
mixture of nitrocefin with the enzyme (data not shown). ESI-
MS analysis determined the molecular mass of the hydro-
lyzed nitrocefin to be 534 Da, the value expected after
â-lactam hydrolysis. Hydrolyzed nitrocefin exhibited a strong
absorbance peak at 469 nm with a molar coefficient of ca.
17 000 M-1 cm-1 in THF (Figure 2B). When butyllithium
[CH3(CH2)3Li], a strong, non-nucleophilic base, was added
to the above solution, the absorbance band experienced an
increase in intensity and red shifted to 612 nm (Figure 2B).
The original color could be returned after adding water to
the base-treated solution. The recovered compound was
found to have the same molecular mass as the starting
material as determined by ESI-MS analysis, indicating that
the compound remained intact throughout the spectral
changes. Similar results were also obtained with other strong,
non-nucleophilic bases, including phenyllithium (C6H5Li),
lithium diisopropylamide{[(CH3)2CH]2NLi}, and potassium
tert-butoxide [(CH3)3COK] (Table 2). These observations
demonstrated that an intense and red-shifted absorbance band
similar to the one observed for the enzyme-bound intermedi-
ate could be obtained by deprotonating hydrolyzed nitrocefin.
Therefore, the enzyme-bound intermediate observed during
the catalytic cycle of theB. fragilis metallo-â-lactamase is
most likely an anionic species containing a negatively

FIGURE 1: Time courses for theB. fragilis Zn(II)-â-lactamase-
catalyzed hydrolysis of nitrocefin at pH 7.0 and 25°C. A solution
of 20 µM nitrocefin was rapidly mixed with a solution of 10µM
Zn(II)-â-lactamase to initiate the reaction at 25°C. The intermedi-
ate concentration (9) was calculated from theA665-time curve using
an ε of 30 000 M-1 cm-1, while the substrate (b) and product
concentrations (O) were calculated fromA390-time andA490-time
curves with the intermediate, substrate, or product contribution to
the absorbance taken into account. The solid lines are simulated
curves using the program Kinsim with the kinetic mechanism shown
in Scheme 1B and rate constants summarized in Table 1. Data
obtained during the instrument’s dead time (1.5 ms, represented
by the lags in the data sets) were ignored during fitting.

Table 1: Simulated Kinetic Constants of theB. fragilis
Metallo-â-lactamase-Catalyzed Nitrocefin Hydrolysis at 25°C

pH 7.0 pH 5.5 pD 7.0

k1 (M-1 s-1) 1 × 108 1 × 108 1 × 108

k-1 (s-1) 4500( 700 1250( 300 7800( 200
k2 (s-1) 3700( 500 3700( 500 3100( 100
k3 (s-1) 349( 3 217( 10 119( 5
k4 (s-1) g1 × 104 g1 × 104 g1 × 104

k-4 (M-1 s-1) 1 × 108 1 × 108 1 × 108

kcat,calcd
a (s-1) 309 203 113

KM,calcd
a (µM) 6.8 2.7 3.9

kcat,exp
b (s-1) 226( 6 132( 7 90( 2

KM,exp
b (µM) 7 ( 0.7 2.6( 0.4 4.1( 0.4

a Steady-state parameters were calculated according to the net rate
constant method described by Cleland (44), i.e., kcat ) k2k3k4/(k2k3 +
k2k4 + k3k4); KM ) (k-1 + k2)kcat/k1k2 for Scheme 1B.b Data taken
from ref 22.

FIGURE 2: Visible spectra of (A) hydrolyzed nitrocefin and the
observed enzyme-bound intermediate in 1× MTEN buffer (pH 7.0)
and (B) hydrolyzed nitrocefin and its deprotonated product with
butyllithium in THF.
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charged nitrogen resulting from fission of theâ-lactam C-N
bond (39).

Effects of Hydroxylamine and Methoxylamine on Metallo-
â-lactamase ActiVity. The enzyme-bound intermediate is
presumably formed by nucleophilic attack on theâ-lactam
carbonyl followed by cleavage of the C-N bond. One
possible candidate for the active site nucleophile is the
carboxylate of Asp-103, an active site residue conserved in
all of the known metallo-â-lactamase sequences (Scheme 2).
An Asp-103 attack on theâ-lactam carbonyl should generate
a mixed anhydride intermediate, the breakdown of which
could be accelerated by addition ofR-effect nucleophiles
such as hydroxylamine and methoxylamine and should result
in covalent modification of either the enzyme at Asp-103 or
the product (Scheme 3A). In fact, the steady-state rates of
B. fragilis metallo-â-lactamase-catalyzed nitrocefin hydroly-
sis were significantly enhanced with the addition of hy-
droxylamine and methoxylamine in the assay buffer (Figure
3). Similar results were also obtained from stopped-flow
experiments (data not shown). In the presence of hydroxy-
lamine or methoxylamine, a transient intermediate with
absorbance at 665 nm was observed by rapid-scanning
stopped-flow analysis, but the amount of intermediate
accumulated was far less than that observed in the reaction
without nucleophiles. The single-wavelength stopped-flow
data obtained in the presence of hydroxylamine and meth-
oxylamine were very well simulated by Kinsim using
Scheme 1B. The data obtained with and without the
exogenous nucleophiles were well fit by keeping all of the
kinetic parameters the same except for the breakdown rate

of the intermediate (k3) which increased in the presence of
hydroxylamine (1250( 10 s-1) and methoxylamine (725(
6 s-1). These results suggest that exogenous nucleophiles
such as hydroxylamine and methoxylamine accelerate the
breakdown of the intermediate, as expected for a mixed
anhydride mechanism. However, when enzyme aliquots from
incubations containing nucleophiles were assayed, their
activities were the same as that of the enzyme samples taken
from incubations omitting nucleophiles (Table 3), ruling
against covalent enzyme modification by hydroxylamine and
methoxylamine. Tight, noncovalent interactions with the
resting enzyme active site were also not apparent as neither
hydroxylamine nor methoxylamine affects the spectrum of
the Co(II)-substituted enzyme at the concentrations that were
used (data not shown). The hydrolysis products and the
enzymes from reactions including hydroxylamine and meth-
oxylamine were isolated and analyzed by ESI-MS and
MALDI-MS, respectively; no molecular mass increase was
found in either the product or the enzyme for either reaction
(Table 3). Therefore, neither the product nor the enzyme was
labeled by the nucleophiles during turnover, in contrast to
the notion that Asp-103 acts as the nucleophile.

The molecular mass of the enzyme determined from
MALDI analyses, 25337-25341 Da, matches well with the
expected value for the apoprotein without the N-terminal
methionine residue (25 335 Da), suggesting that the active
site Zn(II) ions and water were removed by the MALDI
process. A smallm/z peak corresponding to a species with
a molecular mass of ca. 25 465 Da was also observed in all
the protein MALDI-MS spectra. It represents the apoprotein
with the first methionine residue (25 466 Da) still attached.

Effects of Anions on the Metallo-â-lactamase ActiVity.
Simple anions, which can also act as Zn(II) ligands, were
employed to further explore the interaction between the
dinuclear Zn(II) center and the negatively charged intermedi-
ate. Results from assays carried out in the presence of sodium
chloride (up to 2 M) demonstrated that the enzyme activity
is not affected by ionic strength effects (data not shown).
However, the steady-state rates ofB. fragilis metallo-â-
lactamase-catalyzed nitrocefin hydrolysis were accelerated
by fluoride, acetate, fluoroacetate, and azide (Figure 4). The
fact that none of the above anions caused detectable visible
spectral changes with the dicobalt-substituted enzyme (data
not shown) indicated that they do not strongly interact with
the dinuclear metal-binding site of the resting enzyme. Thus,
their acceleration on enzyme activity was attributed to their
role in promoting the breakdown of the enzyme-bound
intermediate to form the product. This argument is supported
by the results obtained from the stopped-flow experiments
carried out in the presence of these anions (data not shown).
In addition, MALDI-MS analysis did not provide evidence
for attachment of these anions to side chains of the enzyme.

In contrast to the anions discussed above, the very good
Zn(II) ligand, cyanate, did affect the visible spectrum of the
Co(II)-substitutedB. fragilis metallo-â-lactamase (Figure 5),
suggesting that cyanate can bind directly to the active site
of the resting enzyme. In the presence of lower concentra-
tions of cyanate (<0.25 M), the steady-state rate ofB. fragilis
metallo-â-lactamase-catalyzed nitrocefin hydrolysis was ac-
celerated (Figure 6). However, with high cyanate concentra-
tions (0.25-1.0 M), the hydrolysis rate initially increased
significantly followed by enzyme inactivation caused by the

Table 2: Comparison of the Visible Absorbance Features of
Hydrolyzed Nitrocefin (P), the Enzyme-Bound Intermediate (EI),
and Hydrolyzed Nitrocefin Treated with Different Bases

species
λ

(nm)
ν

(cm-1)
ε (M-1

cm-1)
∆λa

(nm)
∆νa

(cm-1)

P in 1× MTEN (pH 7.0) 490 20 408 17 200- -
EI in 1× MTEN (pH 7.0) 665 15 308 30 000 175-5100
P in THF 469 21 322 17 000- -
P and CH3(CH2)3Li in THF 612 16 340 23 271 143-4982
P and C6H5Li in THF 610 16 393 31 267 141-4928
P and [(CH3)2CH]2NLi in THF 622 16 077 23 149 153-5245
P and (CH3)3COK in THF 647 15 456 18 785 178-5866

a Differences between the absorbance features of EI and P in 1×
MTEN buffer (pH 7.0) or between the absorbance features of the
deprotonated P and P in THF.

Scheme 2: Dinuclear Zn(II) Active Site of theB. fragilis
Metallo-â-lactamase
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direct binding of the anion to the enzyme active site (Figure
6). Simultaneous Kinsim simulations of the turnover curves
from the enzyme-catalyzed nitrocefin hydrolysis in the
presence of various amounts of cyanate were only achieved
when a kinetic mechanism and rate constants shown in
Scheme 4 were employed (Figure 6). Scheme 4 is rather
complicated. A number of simpler kinetic schemes, including
those in which cyanate only interacts with E, ES, EI, or EP
individually or with a subset of bound enzyme forms and
schemes in which 1 or 3 equiv of cyanate binds to different
bound enzyme forms, were also tested. While all of these
schemes can fit a subset of the curves shown in Figure 6,
only Scheme 4 allowed simultaneous simulation of all six
curves. This mechanism suggests that at least three cyanates

can bind to the enzyme active site; the enzyme is inactivated
when the third cyanate binds. The strong zinc ligands,
thiocyanate and hydrosulfide, were also tested in this work.
The former inhibits the enzyme slightly (Figure 4), while
the later removes Zn(II) ions from the enzyme in a time-
dependent manner (data not shown).

DISCUSSION

Kinetic Mechanism.By using a rapid-scanning stopped-
flow technique, we demonstrated that at room temperature
under normal aqueous conditions, a spectral enzyme-bound
intermediate accumulates during nitrocefin hydrolysis by the
B. fragilis metallo-â-lactamase. This observation is direct
proof of our previous proposal based on a mass balance
deficit obtained from single-wavelength stopped-flow studies
under single-turnover conditions (22). Results from extensive
single-wavelength and rapid-scanning stopped-flow studies
confirmed the minimum kinetic mechanism for nitrocefin

Scheme 3: Two Possible Pathwaysa

a L being a nucleophile or an anion.

FIGURE 3: Activation of the B. fragilis Zn(II)-â-lactamase-
catalyzed hydrolysis of nitrocefin by hydroxylamine (O) and
methoxylamine (b) at pH 7.0 and 25°C. In each assay, 1.15 nM
enzyme and a saturating amount of substrate (100µM) were used
and the steady-state rate for the product formation was determined
as described in Experimental Procedures.

Table 3: Comparison of the Molecular Mass of the Product and the
Molecular Mass and Specific Activity of the Enzyme after Multiple
Turnovers in the Absence and Presence of Nucleophiles

molecular
mass of the

product (Da)

molecular
mass of the

enzyme (Da)
steady-state rate
(×10-7 M s-1)a

no nucleophile 534.0 25 337.3 2.61
100 mM NH2OH 534.2 25 340.9 2.60
100 mM NH2OCH3 534.2 25 336.9 2.64

a Assay conditions were as follows: [S]0 ) 100 µM, and [E]0 )
1.15 nM (the enzyme was taken from the preincubation mixture of
250µM nitrocefin and 25 nM of enzyme in the presence or absence of
the corresponding nucleophile) in 1× MTEN buffer (pH 7.0).
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hydrolysis by theB. fragilis metallo-â-lactamase (Scheme
1B). This minimal scheme involves four steps: substrate
binding, formation of the intermediate (EI), breakdown of
the intermediate to form the product, and product release.
The breakdown of the intermediate (k3) is the rate-limiting
step.

With a knowledge of the spectral characteristics of the
enzyme-bound intermediate extracted from global analysis,
more reliable concentration changes for each species during
turnover were derived from the time-dependent absorbance
changes. These data, in turn, allowed us to determine more
accurate kinetic parameters for each step by using Kinsim
and Fitsim (Table 1). The kinetic parameters obtained are
similar to those from our previous kinetic studies in which
the absorbance of the intermediate at 390 and 490 nm was
neglected due to the lack of spectral information (22). The
assumption that the Michaelis complexes, ES and EP, have
the same visible absorbance bands as those of the substrate
(S) and product (P), respectively, is likely to be correct as
no absorbance features other than those at 390, 490, and 665
nm were observed during the catalytic cycle. The molar
extinction coefficient of the enzyme-bound intermediate at
665 nm (30 000 M-1 cm-1) is very close to the value
obtained for a similar intermediate observed during nitrocefin
hydrolysis by theS. maltophiliametallo-â-lactamase (32 000
M-1 cm-1) by Crowder and co-workers (45).

Identity of the Intermediate.The visible absorbance bands
of nitrocefin and its hydrolyzed product (390 and 490 nm,
respectively) are due to the high degree of conjugation
formed by the 2,4-dinitrostyryl substituent in the 3-position,
the carboxylate group at the 2-position, and the double bond
of the dihydrothiazine ring of these compounds (Scheme 1A).
The 100 nm red shift of the absorbance band of the product
from that of the substrate is a resultâ-lactam ring cleavage.
However, the 175 nm absorbance red shift of the intermediate
from that of the product is far greater than the changes likely
caused by the hydrophobic environment of the chromophore
upon binding to the enzyme, the planarity of the chro-
mophore, or the positioning of charges near the chromophore
(33, 46, 47). The most likely cause of the red shift is an
increase in the extent of conjugation. This shift can be
realized if the enzyme-bound intermediate is similar to
hydrolyzed nitrocefin, yet the leaving nitrogen atom is not
protonated during the cleavage of the C-N bond and remains
negatively charged (39). We tested this proposal directly by
removing the N-H proton of the dihydrothiazine ring of
hydrolyzed nitrocefin with strong base to produce a nega-
tively charged species and by monitoring the UV-vis
spectrum during the deprotonation. However, our first
attempt to deprotonate hydrolyzed nitrocefin with sodium
methoxide failed because of rapid degradation of the
compound (39). To avoid the breakdown of the compound,
four non-nucleophilic bases, butyllithium, phenyllithium,
lithium diisopropylamide, and potassiumtert-butoxide, were
used in the work presented here. THF was chosen as the
solvent because its dielectric constant (7.6 at 20°C) is close
to those of protein active sites and its C-H protons have
high pKa values. Indeed, species with intense, well-red-shifted
(>100 nm) absorbance features were obtained after treating
hydrolyzed nitrocefin with each of the four bases (Figure
2B and Table 2). The similarity between panels A and B of
Figure 2 is striking. In addition, no degradation of hydrolyzed
nitrocefin was observed in all four cases, indicating that the
color changes are solely due to the reversible deprotonation
of the compound. These observations provided direct evi-
dence that the intermediate observed during theB. fragilis
metallo-â-lactamase-catalyzed nitrocefin hydrolysis is a novel

FIGURE 4: Effects of azide (O), acetate (b), fluoroacetate (9),
fluoride (2), and thiocyanate (0) on the steady-state rate of theB.
fragilis Zn(II)-â-lactamase-catalyzed nitrocefin hydrolysis at pH
7.0 and 25°C. In each assay, 1.15 nM enzyme and a saturating
amount of substrate (100µM) were used and the steady-state rate
for the product formation was determined as described in Experi-
mental Procedures.

FIGURE 5: Interaction of cyanate with the Co(II)-substitutedB.
fragilis metallo-â-lactamase. The UV-vis spectra of the Co(II)
enzyme (140µM) in the presence of various amounts of cyanate
were recorded on an OLIS Cray-14 spectrophotometer at 25°C.

FIGURE 6: Effects of cyanate on theB. fragilis Zn(II)-â-lactamase-
catalyzed nitrocefin hydrolysis at pH 7.0 and 25°C. In each assay,
1.15 nM enzyme and a saturating amount of substrate (100µM)
were used. The absorbance change at 490 nm was monitored and
then converted into product concentration as described in Experi-
mental Procedures. The data points represent the experimental
results, while the solid lines are simulated curves using the program
Kinsim with the kinetic mechanism and rate constants shown in
Scheme 4. Cyanate concentrations are shown besides each corre-
sponding data point or curve set.
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anionic species in which the leaving nitrogen is negatively
charged upon the cleavage of theâ-lactam C-N bond. The
small differences between the spectra of deprotonated
nitrocefin in THF and the enzyme-bound intermediate may
be the result of minor contributions by the enzyme environ-
ment. The observation of a hydrogen-deuterium kinetic
solvent isotope effect of 2.9 onk3 is consistent with assigning
a protonation event to the decay of EI (Table 1).

Which enzyme group in the active site acts as the
nucleophile to attack the carbonyl group of theâ-lactam ring,
initiating the reaction? Our previous pH dependence studies
indicated that the pKa value of the nucleophile is less than
5.25 (22). The apical water molecule bound to the Zn2 may
have a decreased pKa, but is an unlikely candidate because
no protein groups, including Asp-103, are appropriately
positioned to lower its pKa value to less than 5.25 (Scheme
2). Therefore, the carboxylate of the conserved Asp-103 and
the Zn1 hydroxide are the remaining candidates (Scheme
2). If the carboxylate of Asp-103 acts as the nucleophile,
the intermediate will be a mixed anhydride species (Scheme
3A). The breakdown of the anhydride intermediate (k3, the
rate-determining step) should be accelerated by addition of
exogenous nucleophiles such as hydroxylamine and meth-
oxylamine. Also, either the product or the Asp-103 side chain
of the enzyme should be covalently modified by the
corresponding nucleophiles (Scheme 3A). If the enzyme is
modified at Asp-103, its activity is expected to be adversely
affected. However, if Zn1 hydroxide acts as the nucleophile,
the intermediate will be a species attached to the enzyme
through a Zn1-acyl linkage. The breakdown of this inter-
mediate may also be accelerated by hydroxylamine and
methoxylamine because they can displace the intermediate
from the dinuclear Zn(II) center by ligand exchange (48),
but the ligands must not bind the resting enzyme tightly or
inhibition will result (Scheme 3B).

Initial results which showed thatkcat was accelerated by
inclusion of exogenous nucleophiles were suggestive of a
mixed anhydride intermediate, as was the low activity of a
D103A mutant.2 The acceleration effect could be assigned
specifically to an increased rate of intermediate decay (k3)
by Fitsim and Kinsim simulations. Upon closer inspection,
however, the observations that neither the product nor the

enzyme side chain was modified and that enzyme activity
was not affected after multiple turnovers in the presence of
hydroxylamine and methoxylamine clearly do not favor the
pathway via an anhydride intermediate. It is also unlikely
that the enzyme is initially modified by attack of an
exogenous nucleophile and the resulting adduct hydrolyzed
to reform the active enzyme. The nucleophile-enzyme
adduct would have to be exceedingly unstable and hydrolyze
at a rate near that of the normalâ-lactam substrate because
the rate constant for the rate-limiting step (k3) is near that of
the steady-state turnover rate (kcat). These results are more
consistent with the proposal of a Zn1 hydroxide as the
nucleophile and the observed intermediate as a novel anionic
species bound to the enzyme through a Zn-acyl linkage
(Scheme 3B). The exogenous nucleophiles accelerate the
decay of EI, but do not bind tightly to the resting enzyme.
Other dinuclear zinc enzymes have also been shown to
change anion affinity throughout the reaction coordinate;
fluoride inactivates the aminopeptidase fromAeromonas
proteolyticaonly after substrate binding (49).

Why an Anionic Intermediate?Among the three metallo-
â-lactamases whose structures are well characterized, the
enzymes fromB. fragilis andS. maltophiliahave two tightly
bound Zn(II) ions at their active site (21-23) while theB.
cereusenzyme has one high- and one low-affinity Zn(II)
binding site (24). Mechanistic studies of theB. cereus
metallo-â-lactamase with only the high-affinity Zn(II)-
binding site occupied suggested that hydrolysis proceeds via
a dianionic tetrahedral intermediate formed by the nucleo-
philic attack on theâ-lactam carbonyl by a Zn hydroxide
(34, 35). When nitrocefin was used as substrate for theB.
cereus enzyme, the only spectral intermediate observed
(under cryoenzymological conditions) had a visible absor-
bance band resembling that of the substrate but slightly red-
shifted (to 440 nm), indicating that it is a nitrocefin-like,
tetrahedral intermediate (32). There is no evidence of any
kind to support a C-N bond cleaved intermediate in the
catalytic cycle of the mono Zn(II) enzymes. However,
enzyme-bound intermediates with almost identical red-shifted
spectral features were observed during nitrocefin hydrolysis
catalyzed by the dinuclear Zn(II)-containingB. fragilis (39)
andS. maltophiliaenzymes (45), suggesting that the second
Zn(II) ion may play a very important role in the formation
and stabilization of the anionic intermediate. Several models2 Z. Wang and S. J. Benkovic, unpublished results.

Scheme 4: Proposed Kinetic Mechanism in the Presence of Cyanatea

a A being cyanate.
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for substrate binding to the dinuclear Zn(II) active sites of
metallo-â-lactamases have been generated on the basis of
the three-dimensional structures (28-31). In all the models,
Zn1 forms part of the oxyanion hole to polarize the carbonyl
group of theâ-lactam ring of the substrate. Nonenzymatic
metal ion-catalyzed hydrolysis ofâ-lactams has been pro-
posed to proceed through coordination of the metal ion to
the lactam nitrogen (50). Zn2 is in close proximity to the
â-lactam nitrogen of the substrate in the models, suggesting
that it may very well interact with this nitrogen directly in
the Michaelis complex to help position the substrate for the
proper nucleophilic attack, to further polarize the amide bond,
and to stabilize the negatively charged nitrogen of the leaving
group during turnover. In addition, the apical water ligand
of Zn2 may be displaced when substrate is bound. Therefore,
it is likely that the strong electrostatic interaction between
the negative charge of the intermediate and Zn2 and the lack
of a well-positioned proton source prevents the negatively
charged nitrogen from being protonated during C-N bond
fission. Indeed, there are no general acid groups with
kinetically significant pKa values between 5.25 and 10.0 in
the B. fragilis metallo-â-lactamase active site to donate a
proton (22). It is interesting to note that this mechanism,
metal ion stabilization of an anionic amine leaving group,
had been anticipated by Page and co-workers in their studies
of nonenzymatic metal ion-catalyzed hydrolysis and ami-
nolysis ofâ-lactams (50, 51).

Evidence for the strong electrostatic interaction between
the dinuclear Zn(II) center and the negatively charged
intermediate was obtained when a number of exogenous zinc
ligands were used in the study presented here. Like hydroxy-
lamine and methoxylamine, a variety of anions also acceler-
ated theB. fragilis metallo-â-lactamase-catalyzed nitrocefin
hydrolysis. As anions are usually better Zn(II) ligands than
water, they increase the hydrolysis rate by weakening the
electrostatic interaction in the enzyme-bound intermediate
through ligand replacement (48). As with other dinuclear
metalloproteins, the affinity of exogenous ligands for the
metal center may be increased by binding of the substrate
(49). Fluoride, acetate, fluoroacetate, and azide do not bind
tightly to the free enzyme; any of these anions bound to the
Zn(II) center after the breakdown of the enzyme-bound
intermediate will be replaced immediately by water mol-
ecules from bulk solvent to regenerate the fully active
enzyme. However, interaction of anions with the dinuclear
center can be demonstrated through the use of a very good
Zn(II) ligand, cyanate, which can bind more tightly to the
dinuclear Zn(II) center of the enzyme. Low concentrations
of cyanate increase the steady-state rates of the enzyme-
catalyzed nitrocefin hydrolysis as weaker Zn(II) ligands do.
High concentrations of cyanate can initially increase enzyme
activity, but eventually inactivate the enzyme by ligating to
the metal center, as observed with the dicobalt-substituted
lactamase (Figure 5). There are several possible cyanate
binding sites in the dinuclear Zn(II) center (Scheme 2). It
can replace either the water molecule, the Zn1 hydroxide,
or both; it can also become a fifth ligand to Zn1. The
interaction of theB. fragilis metallo-â-lactamase with cyanate
can be described kinetically by Scheme 4. However, the exact
manner in which cyanate binds to the enzyme remains
unclear.

Besides the dinuclear Zn(II) center, other parts of the
substrate binding pocket and the surrounding areas may also
contribute to the stability of the anionic intermediate. The
hydrophobic pocket formed by the side chains of Ala-44,
Ile-46, Val-52, and Ile-72 of theB. fragilis metallo-â-
lactamase can accommodate the (2-thienylacetyl)amino sub-
stituent in nitrocefin very well (29). There is also a flexible
loop, the so-called flap, formed by residues 45-51 near the
substrate binding site (29). It was demonstrated that after
the binding of a biphenyl tetrazole inhibitor to Zn2, residues
in the flap provided hydrophobic side chains for interacting
with the inhibitor, thus immobilizing the flap (52). This
situation may occur after substrate binding; immobilization
of the flap may protect the intermediate by shielding it from
bulk solvent. This change, of course, will prolong the lifetime
of the intermediate. Indeed, when three residues, 49-51,
were deleted from the flap, no spectral intermediate was
observed in nitrocefin hydrolysis by the mutant enzyme.3

In addition, the highly conjugatedπ-orbitals of the 2,4-
dinitrostyryl group, the carboxylate substituent, and the
double bond of the dihydrothiazine ring (Scheme 1A)
delocalize the electrons, thus stabilizing the negatively
charged intermediate. The accumulation of an enzyme-bound
intermediate with a markedλmax red shift from those of both
the substrate and product (>110 nm) was also observed
during theB. fragilis metallo-â-lactamase-catalyzed hydroly-
sis of another cephalosporin with highly conjugated substit-
uents at the 3-position of the dihydrothiazine ring, BRL-
54147AB-A (53) (see the Supporting Information). For
substrates without a large conjugatedπ-system, it is very
difficult to test this notion because of the lack of chro-
mophores that exhibit distinct spectra, yet are not masked
by the protein absorbance bands in the UV region. However,
results from model studies of amide hydrolysis suggest that
reduction of the leaving group amine basicity can destabilize
N-protonated forms and facilitate expulsion of the leaving
nitrogen without prior protonation (54). The fact that this
intermediate is observed with the dizincB. fragilis lactamase,
but not with the monozincB. cereuslactamase, suggests
that the second zinc may provide this extra stabilization.

Proposed Mechanism.On the basis of the observations
reported here and in our previous work, a mechanism of
action of theB. fragilis metallo-â-lactamase is proposed
(Scheme 5). In this scheme, the nucleophilic Zn1 hydroxide
is preformed with a pKa value of less than 5.25. Together
with the conserved Asn-193, Zn1 also serves as the oxyanion
hole to polarize the carbonyl group of theâ-lactam ring of
the substrate. The substrate carboxylate group, which is a
necessity for binding all good substrates (55), forms a salt
bridge either with Lys-184 or with Zn2 (not shown). The
â-lactam nitrogen interacts with Zn2 and displaces the apical
water molecule upon formation of the Michaelis complex.
Zn1 hydroxide acts as the nucleophile which attacks the
carbonyl group of the substrate. Cleavage of the C-N bond
results in a negatively charged nitrogen leaving group which
is stabilized by Zn2 through strong electrostatic interaction.
Hydrolysis ofâ-lactams usually requires general acid pro-
tonation of the leaving group (56). However, in this instance,
Zn2 substitutes for a proton, acting as a superacid. Product
formation occurs upon the breakdown of the intermediate

3 W. Fast, Z. Wang, and S. J. Benkovic, unpublished results.
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by protonation of the negatively charged nitrogen and ligand
exchange at Zn1 of the acyl group of the intermediate with
a water molecule from bulk solvent. The enzyme active site
is then regenerated and ready for the next turnover. The role
of Asp-103 in monozincâ-lactamase fromB. cereusis
thought to assist in formation of a dianionic tetrahedral
intermediate and shuttle a proton to the leaving lactam
nitrogen (34). In the dizincâ-lactamase ofB. fragilis, general
acid catalysis is not invoked, but Asp-103 may play a critical
role in orienting Zn2 and the nucleophilic hydroxide, and in
providing charge balance and corresponding attenuation of
the Zn site electrophilicity. The mechanism of action of other
group 3a metallo-â-lactamases, including the one fromS.
maltophilia and the enzyme fromB. cereuswhen both Zn-
(II)-binding sites are occupied, may also follow the same
pathway. However, the subtle differences in their active site
structures may fine-tune each step in the pathway to achieve
their distinct characteristics.

Earlier studies have reported that addition of a second zinc
to a monozincâ-lactamase only increases the saturation
hydrolysis rates from 80 to 100% ofVmax (22, 24). While
this 1.25-fold increase in rate due to the addition of a second
zinc is modest, it is also misleading as the two rates may
represent different chemical steps. If the rates of C-N bond
cleavage, rate-limiting in theB. cereusenzyme (34) [nitro-
cefin kcat ) 45 s-1 (17)] and assigned ask2 (3700 s-1) in B.
fragilis, are compared directly, a much different conclusion
is reached which suggests that addition of the second zinc
may increase the C-N cleavage rate by more than 80-fold.
The full rate enhancement, however, is masked inkcat by a
change in the rate-limiting step. If the proposal that the
monozincâ-lactamases are historical precursors to the dizinc
â-lactamases is correct, then the appearance of a second zinc
binding site represents an evolution of the catalytic mech-
anism for overcoming the kinetic barrier of C-N bond
cleavage. This analysis carries an implicit threat; the fact
that we can easily accelerate the new rate-limiting step,k3,
by addition of simple anions suggests that further catalytic
improvements through evolution cannot be far off. The
problem, however, with comparingâ-lactamases fromB.
cereusandB. fragilis is their considerable sequence differ-
ence (66%) (29). We are currently studying the differences
in rates for individual catalytic steps when a common protein
scaffold is reconstituted with either 1 or 2 equiv of zinc.

With the exception of the unique anionic intermediate, this
two-metal ion enzyme mechanism is similar to those
proposed for other dinuclear hydrolases, such as aminopep-
tidases, phosphotriesterases, ureases, some restriction endo-
nucleases, ribozymes, etc. (57, 58). The utility of a dinuclear
metal ion-containing active site ensures that one metal ion
serves as a counterpart to the oxyanion hole and provides a
metal hydroxide as a nucleophile while the other helps to
position the substrate for proper nucleophilic attack, to further
polarize the labile bond, and to stabilize the negative charge
developed on the leaving group. The first metal ion is
absolutely required for enzymatic activity; the addition of
the second metal ion increases the enzyme efficiency. This
may be why dinuclear hydrolases usually have higher
catalytic efficiencies than mononuclear enzymes. Nucleo-
philes and anions may act as ligands to the metal ions, thus
transiently destabilizing the intermediate by interrupting the
electrostatic interaction between the metal ion and the leaving
group through ligand exchange. If the nucleophile or anion
in question does not bind to the active site of the resting
enzyme tightly, it should accelerate the formation of the
product as seen in this work. The rate-limiting decay of
metal-bound intermediates may not be unique to the dinuclear
â-lactamases. For example, acceleration of the dinuclear Zn-
(II)-containing leucine aminopeptidase-catalyzed leucine-p-
nitroanilide hydrolysis by anions such as fluoride and azide
was also reported (59).
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Structures and UV-vis spectra of BRL-54147AB-A and
its hydrolyzed product and spectral changes during theB.
fragilis metallo-â-lactamase-catalyzed BRL-54147AB-A hy-
drolysis at pH 7.0 and 25°C. This material is available free
of charge via the Internet at http://pubs.acs.org.

Scheme 5: Proposed Mechanism ofB. fragilis Metallo-â-lactamase Catalysis
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