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ABSTRACT: Lactonases fromBacillus species hydrolyze theN-acylhomoserine lactone (AHL) signaling
molecules used in quorum-sensing pathways of many Gram-negative bacteria, includingPseudomonas
aeruginosaand Erwinia carotoVora, both significant pathogens. Because of sequence similarity, these
AHL lactonases have been assigned to the metallo-â-lactamase superfamily of proteins, which includes
metalloenzymes of diverse activity, mechanism, and metal content. However, a recent study claims that
AHL lactonase fromBacillussp. 240B1 is not a metalloprotein [Wang, L. H., et al. (2004)J. Biol. Chem.
279, 13645]. Here, the gene for an AHL lactonase fromBacillus thuringiensisis cloned, and the protein
is expressed, purified, and found to bind 2 equiv of zinc. The metal-bound form of AHL lactonase catalyzes
the hydrolysis ofN-hexanoyl-(S)-homoserine lactone but not the (R) enantiomer. Removal of both zinc
ions results in loss of activity, and reconstitution with zinc restores activity, indicating the importance of
metal ions for catalytic activity. Metal content, sequence alignments, and X-ray absorption spectroscopy
of the zinc-containing lactonase all support a proposed dinuclear zinc binding site similar to that found
in glyoxalase II.

Many Gram-negative bacteria useN-acylhomoserine lac-
tone (AHL)1 signaling molecules in intercellular communica-
tion pathways vital to their pathogenicity (1). AHL concen-
trations in culture media are thought to reflect cell density,
and detection of these signals has been dubbed “quorum
sensing” because they regulate various genes in a population-
dependent manner, allowing bacteria to display a type of
group behavior (2). For example,Pseudomonas aeruginosa,

a human pathogen often found in lung infections of cystic
fibrosis patients, relies on production ofN-butanoyl-L-
homoserine lactone (C4-HSL) andN-(3-oxododecanoyl)-L-
HSL (3-oxo-C12-HSL) to regulate swarming, toxin and
protease production, and proper biofilm formation (3);
Erwinia carotoVora, a plant pathogen responsible for soft
rot, relies on production ofN-hexanoyl-L-HSL (C6-HSL) to
evade the plant’s defense systems and to coordinate its
production of pectate lyase during the infection process (4);
AHL production is also linked to the pathogenicity of
Burkholderia mallei, the etiologic agent of glanders, a
biowarfare threat (5). Disrupting these intercellular quorum-
sensing pathways is a significant therapeutic goal that has,
not surprisingly, already been addressed by nature. Several
naturally occurring “quorum-quenching” strategies have been
discovered, including the biosynthesis of AHL antagonists
and the expression of AHL degrading enzymes (6). One
family of quorum-quenching enzymes, the AHL lactonases,
hydrolyzes the lactone ring of a variety of AHL signals
(Scheme 1) and has been shown to attenuate the swarming
of P. aeruginosa(7), the infectivity of E. carotoVora (8),
and the quorum sensing ofBurkholderia thailandensis(9).

Because of sequence similarity, the AHL lactonases have
been assigned to the metallo-â-lactamase superfamily (10).
This superfamily boasts a diverse set of proteins with
examples of no-metal, mononuclear zinc, dinuclear zinc, zinc/
iron, and dinuclear iron active sites and shows considerable
diversity in catalytic activity and mechanism (11). The
determinants of metal binding affinity and specificity are
often complex and cannot be predicted solely from sequence
data. Thus far, all of the known hydrolytic enzymes found
in this protein superfamily rely on one or two metal ions for
catalysis, but a recent report has made the interesting claim
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that AHL lactonases arenotmetalloproteins (12). In contrast,
this study presents, to our knowledge, the first evidence that
the AHL lactonase fromBacillus thuringiensisis, in fact, a
stereospecific metalloprotein. The 2 equiv of zinc that can
bind to this enzyme are found to be essential for catalytic
activity and are bound in close proximity, forming a dinuclear
site.

MATERIALS AND METHODS

Cloning of the AHL Lactonase Coding Sequence.Genomic
DNA was isolated from a culture ofB. thuringiensis4A3
[Bacillus Genetic Stock Center (BGSC), Columbus, OH]
according to published procedures (13). Using primers and
PCR conditions described by Dong et al. (14), the coding
sequence for AHL lactonase (aiiA) followed by a short
extension was amplified, ligated into a pGEM-T vector
(Promega, Madison, WI), and used to transformEscherichia
coli DH5RE cells. The forward primer used was 5′-
ATGGGATCCATGACAGTAAAGAAGCTTTAT-3′, and
the reverse primer, containing anEcoRI restriction site
(underlined), was 5′-GTCGAATTCCTCAACAAGATACTC-
CTAATG-3′. The resulting plasmid was purified (QIAprep;
Qiagen, Valencia, CA) and used as a template in a PCR to
incorporate anXmnI restriction site (underlined; see below)
immediately before the ATG codon by using the same
reverse primer noted above and a forward primer obtained
from Sigma-GENOSYS (The Woodlands, TX), 5′-CGG-
GAAGGATTTCAATGACAGTAAAGAAGCTTTAT-3′, and
a temperature program of 5 min at 95°C followed by 30
cycles of 30 s at 95°C, 30 s at 55°C, and 75 s at 72°C.
The resulting product was gel purified (Qiaquick; Qiagen),
and this product and the expression vector pMAL-c2X (New
England Biolabs, Beverly, MA) were digested usingXmnI
andEcoRI, purified (Qiaquick; Qiagen), ligated together to
form pMAL-aiiA, and used to transformE. coli DH5RE cells
for amplification and sequencing.

Introduction of a TEV Protease CleaVage Site into pMAL-
aiiA. The oligonucleotide 5′-aacctcgggGAAAACCTG-
TATTTTCAGGGAaggatttcaatgaca-3′ (Sigma-GENOSYS)
was used to change the protease cleavage site between the
N-terminal maltose-binding protein and the C-terminal AHL
lactonase as follows. This primer contains anAVaI restriction
site (underlined) followed by 21 nucleotides corresponding
to the coding sequence for the tobacco etch virus (TEV)
protease recognition site (upper case). The 9 bases 5′ and
the 15 bases 3′ to the TEV coding sequence are homologous
to the pMAL-c2X multiple cloning site and the first two
codons ofaiiA. Using pMAL-aiiA as a template, the TEV
primer above as the forward primer, and the original reverse
primer, a PCR was carried out using an MJ Research PTC
200 thermocylcer (Waltham, MA) and Triplemaster PCR
reagents (Eppendorf, Westbury, NY). The resulting product
was purified (Qiaquick; Qiagen), and both the PCR product
and pMAL-c2X were digested withAVaI and EcoRI. The
resulting fragments were purified (Qiaquick; Qiagen) and

ligated together using T4 DNA ligase (Fisher, Pittsburgh,
PA) to form pMAL-t-aiiA, which was subsequently used to
transformE. coli DH5RE cells. TheaiiA coding sequence
in pMAL-t-aiiA was completely sequenced at the DNA
Facility (The University of Texas at Austin) and indicated
that there were no undesired mutations.

Expression and Purification of MBP-AHL Lactonase. E.
coli DH5RE cells harboring pMAL-t-aiiA were incubated
at 37°C with shaking in Terrific broth (TB) supplemented
with 0.2% glucose, 1 mM ZnSO4 (in initial experiments, this
zinc supplement was omitted), and 50µg/mL ampicillin.
Expression of recombinant MBP-AHL lactonase fusion
protein was induced upon addition of 0.3 mM IPTG after
cells reached an OD600 of 0.5-0.7, and expression was
continued for an additional 16 h at 25°C. Cells were
harvested by centrifugation, washed with 20 mM Tris-HCl
buffer and 200 mM NaCl, pH 7.4, and stored at-20 °C
until use.

Purification of the MBP-AHL Lactonase Fusion Protein.
All purification procedures were done at 4°C unless
otherwise specified. Chromatographic procedures were per-
formed using a BioLogic LP protein purification system (Bio-
Rad, Hercules, CA). On ice, cell pellets from 1 L were
suspended in 100 mL of column buffer (20 mM Tris-HCl
buffer, 200 mM NaCl, pH 7.4) and sonicated with for pulses
of 30 s each with 120 s cooling intervals. Cell debris was
removed by centrifugation at 34500g for 30 min. The protein
concentration of the resulting supernatant was determined
using the Bio-Rad protein assay kit (Bio-Rad), calibrated with
bovine serum albumin (BSA) as the standard. The superna-
tant was subsequently diluted to 1.5 mg/mL with column
buffer, made 2 mM in DTT, and loaded onto a 2.5× 20
column of amylose-agarose resin (New England Biolabs)
at a flow rate of 1.0 mL/min. After being washed with 10-
12 column volumes of column buffer, the fusion protein was
eluted with 10 mM maltose and 2 mM DTT in column
buffer. The eluted fractions containing fusion protein were
transferred into Spectra/Por dialysis tubing with a molecular
mass cutoff (MWCO) of 12000-14000 Da (Spectrum
Laboratories, Rancho Dominguez, CA) and dialyzed over-
night against buffer A (20 mM Tris-HCl buffer, pH 7.4, 5
mM NaCl) and 2 mM DTT at 4°C. The dialyzed protein
was applied to a DEAE-Sepharose FF column (1.5× 15
cm) equilibrated with buffer A and washed with 200 mL of
buffer A made to 160 mM NaCl, and then fractions were
collected while varying the NaCl concentrations from 160
to 250 mM. The active fraction of the MBP-AHL lactonase
fusion protein was eluted at a conductivity near 19 mS/cm
(approximately 180-190 mM NaCl), and the remaining
proteins including apo MBP-AHL lactonase were eluted at
higher salt concentrations with a conductivity near 26 mS/
cm. Salt gradients were often adjusted manually to optimize
separation between peaks.

Specific Proteolysis of MBP-AHL Lactonase and Subse-
quent Purification of Untagged AHL Lactonase.The fractions
containing active MBP-AHL lactonase were concentrated
using an Amicon Ultra-15 (10000 MWCO) centrifugal filter
device (Millipore, Billerica, MA) to approximately 1 mg/
mL. During this concentration step, the final sample was
made 50 mM in Tris-HCl buffer, pH 8, 160 mM in NaCl, 1
mM in DTT, and 4% (w/w) in TEV protease (15, 16).
Specific proteolysis of MBP-AHL lactonase was carried out

Scheme 1
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at 10 °C for 16-20 h with slow gentle shaking. Reaction
products were characterized by SDS-PAGE, and the site
of proteolysis was verified by N-terminal sequencing of the
final protein at the Protein Facility (The University of Texas
at Austin).

The protein cleavage products were diluted with an equal
volume of buffer A and applied to a DEAE-Sepharose FF
column (1.5× 10 cm). The MBP fragment and TEV protease
both were eluted from the column using 160 mM NaCl in
buffer A. Untagged AHL lactonase was later eluted using
170 mM NaCl in buffer A. To remove any trace amounts of
uncleaved MBP-AHL lactonase still remaining, the eluate
was reloaded onto a small amylose-agarose affinity column
(1.5 × 10 cm), and untagged AHL lactonase was collected
in the flow-through and wash fractions.

Additional Purification Steps, Final Dialysis, and Metal
Analysis.During some preparations, AHL lactonase showed
minor degradation products that could be removed by using
tert-butyl hydrophobic interaction chromatography (HIC). If
required, a sample was made 2 M in ammonium sulfate and
loaded onto atert-butyl HIC column (2.5× 5 cm) preequili-
brated with buffer B [25 mM Tris-HCl, pH 7.4, and 2 M
(NH4)2SO4]. After being washed with buffer B, purified AHL
lactonase was eluted using a 200 mL decreasing linear
gradient from 2 to 1.6 M (NH4)2SO4. Fractions containing
purified AHL lactonase, as judged by SDS-PAGE and
activity, were pooled and dialyzed as described below.

As a final purification step for all forms of AHL lactonase,
extraneously bound metals were removed from MBP-AHL
lactonase by dialysis against Chelex-100 (Bio-Rad) treated
5 mM NaCl and 20 mM Hepes buffer, pH 7.4. The resulting
protein was concentrated using an Amicon Ultra-15 cen-
trifugal filter device and made 10% in glycerol before it was
frozen in aliquots (using liquid N2) and stored at-80 °C.

To determine final metal content, protein samples and
associated dialysis buffers were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS; Department of
Geological Sciences, The University of Texas at Austin) by
subtracting the concentration of zinc found in dialysis buffers
from the zinc concentrations of the protein samples and
dividing by the proteins’ concentrations.

Preparation of Apo MBP-AHL Lactonase.All of the
buffers used for the following steps were treated to remove
trace metals by using Chelex-100 according to the manu-
facturer’s protocols (Bio-Rad), and plasticware was used
whenever possible. Fractions from the DEAE column that
contained active AHL lactonase activity were pooled and
dialyzed against two changes of 40 volumes of 2 mM 1,-
10-phenanthroline in 20 mM Hepes buffer containing 5 mM
NaCl and 2 mM DTT, pH 7.0, over a 40 h period. Dialysis
against 1,10-phenanthroline was found to be more effective
at removing zinc from purified enzyme than EDTA (data
not shown). Native PAGE can monitor removal of metals
because apo and metal-bound AHL lactonase have different
mobilities (see below). To remove small amounts of any
protein after dialysis that still retained metal ions, the dialyzed
sample was then applied to a DEAE-Sepharose FF column
(1.5 × 10 cm), which was equilibrated in dialysis buffer
containing 1,10-phenanthroline (2 mM). After being exten-
sively washed with Chelex-100 treated buffer C (20 mM
Hepes, 5 mM NaCl, pH 7.4), the apoenzyme was specifically
eluted using a salt gradient as described above. The peak

containing inactive apoprotein was pooled and dialyzed
overnight against buffer C containing 1,10-phenanthroline
(2 mM) and DTT (2 mM), and then the 1,10 phenanthroline
was removed either by dialysis or by repeated washing with
buffer C and DTT (2 mM) in an Amicon Ultra-15 centrifugal
filter device.

Reconstitution of Zinc-Containing MBP-AHL Lactonase
from Apoprotein.To reincorporate zinc, the apoprotein was
dialyzed against buffer C containing 2 mM ZnSO4, pH 7.1,
for 8 h. Excess Zn(II) was subsequently removed by
overnight dialysis against buffer C containing 2 mM DTT.
Reincorporation of zinc is not an efficient process under these
conditions. So, to remove any remaining apoprotein before
the reconstituted metalloprotein was characterized, the
reconstitution mixtures were applied to a DEAE-Sepharose
FF column (1× 10 m) equilibrated with buffer C, and active
MBP-AHL lactonase that had reincorporated zinc was
separated from any remaining apoprotein as described above.
The resulting reconstituted metalloprotein was dialyzed
against Chelex-100 treated buffer C before metal analysis
and activity tests to remove any extraneously bound metal
ions.

NatiVe and SDS-PAGE Characterization of Protein
Samples.SDS-PAGE (17) was conducted using a 4%
stacking gel and 12% separating gel at room temperature
for 40 min at 200 V. Native PAGE gels contained the same
reagents except that SDS and DTT were omitted, and
samples were subjected to electrophoresis for 100 min at 12
mA at 4 °C. Gels were all stained using Pierce GelCode
Blue stain reagent (Rockford, IL).

Mass Spectral Analysis of Products Formed in the AHL
Lactonase Reaction.In 1.5 mL microcentrifuge tubes,
N-hexanoyl-(R,S)-homoserine lactone (racemic C6-HSL, 20
mM) (Fluka, Milwaukee, WI) was incubated overnight at
25 °C with 150 nM AHL lactonase in 20 mM Tris-HCl
buffer, pH 7.6. Control samples were also prepared by
omitting the enzyme from the incubation mixture. Reactions
were desalted on a protein trap (Protein MicroTrap; Michrom,
Auburn, CA) and analyzed by electrospray ionization mass
spectrometry (ESI-MS) on a ThermoFinnigan LCQ ion trap
spectrometer as described previously (18).

Synthesis of N-Hexanoyl-(S)-homoserine Lactone [C6-(S)-
HSL] (1). All synthetic reagents were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO). In a procedure similar
to that of Chhabra et al. (19), triethylamine (23 mmol) was
added to a stirred suspension of (S)-R-amino-γ-butyrolactone
hydrobromide (10 mmol) in dimethylformamide (24 mL) at
0 °C. Hexanoyl chloride (14 mmol) was added dropwise,
and the reaction was allowed to come to room temperature
with continued stirring for 2 h. Solvent was removed by
rotary evaporation with heating ate40 °C. The residue was
dissolved in CH2Cl2 and washed sequentially with 1 M
Na2SO4 solution (3× 20 mL) and saturated NaCl solution
(1 × 20 mL). The organic layer was dried over anhydrous
MgSO4, and solvents were removed by rotary evaporation.
The final compound was further purified either by recrys-
tallization from ethyl acetate and petroleum ether or by
column chromatography on silica gel using ethyl acetate as
the mobile phase. The product was obtained in 60% yield:
Rf ) 0.50 in ethyl acetate;Tm ) 133-136°C (uncorrected);
1H NMR (300 MHz, CDCl3) δ 0.90 (t, 3 H), 1.29-1.35 (m,
4 H), 1.61-1.71 (m, 2 H), 2.06-2.18 (m, 1 H), 2.21-2.28
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(m, 2 H), 2.82-2.91 (m, 1 H), 4.25-4.34 (m, 1 H), 4.47 (d,
1 H), 4.51-4.60 (m, 1 H), 6.06 (s, 1 H);13C NMR (75 MHz,
CDCl3) 14.15, 22.60, 25.35, 30.91, 31.60, 36.40, 49.50,
66.36, 174.01, 175.83; EI-HRMS MH+calc ) 200.1287,
MH+

obs ) 200.1293; [R]D,methanol
20°C ) -29.4°.

Synthesis of N-Hexanoyl-(R)-homoserine Lactone [C6-(R)-
HSL] (2). The (R) enantiomer was synthesized in a procedure
similar to that for synthesis of the (S) enantiomer, except
that (R)-R-amino-γ-butyrolactone hydrochloride was used as
a starting material and resulted in a 22% yield:Rf ) 0.83
in ethanol;TM ) 133-135°C (uncorrected);1H NMR (300
MHz, CDCl3) δ 0.87 (t, 3 H), 1.26-1.31 (m, 4 H), 1.59-
1.67 (m, 2 H), 2.08-2.15 (m, 1 H), 2.19-2.24 (m, 2 H),
2.81 (m, 1 H), 4.21-4.30 (m, 1 H), 4.41-4.47 (t, 1 H),
4.50-4.59 (m, 1 H), 6.16 (s, 1 H);13C NMR (75 MHz,
CDCl3) 13.87, 22.31, 25.10, 30.50, 31.31, 36.40, 49.15,
66.09, 173.78, 175.65; EI-HRMS MH+calc ) 200.1287,
MH+

obs ) 200.1295; [R]D,methanol
20°C ) +28.2°.

Kinetic Assay of AHL Lactonase ActiVity. Hydrolysis of
AHLs yields a ring-opened product and, at pH values above
the pKa of the product’s carboxylic acid, one proton (Scheme
1). Net production of protons can be detected by using a
continuous spectrophotometric pH indicator assay that was
originally reported for measuring carbonic anhydrase and
haloalkane dehalogenase activity (20-22). Briefly, reactions
are weakly buffered, and a colorimetric pH indicator with a
pKa similar to the reaction pH is added, becoming part of
the buffering system. Any net change in proton concentration
will alter the indicator’s protonation state and result in a color
difference that can be quantified using a standard curve. A
typical assay contains 700µL of deionized water, 750µL
of 2× dye solution (2 mM buffer, 0.2 M Na2SO4, and
indicator), 20µL of enzyme, and 30µL of 0.5 M substrate
dissolved in methanol. Particular buffers and indicators must
be chosen as pairs to match the reaction pH and indicator
pKa. The concentrations of the indicators were adjusted
experimentally to yield a final assay solution with an
absorbance of 1.0 at the desired wavelength (557 nm for
phenol red). The indicator/buffer pair 40µM phenol red/1
mM Hepes was often used for reactions monitored at pH
7.4-7.6, although different indicator/buffer pairs can be
chosen for other pH ranges (21). Initial rates of AHL
hydrolysis were measured as a decrease in absorbance at 557
nm over 1 min at 28°C. Observed rates were corrected for
background hydrolysis of AHLs by substituting 20µL of
storage buffer for the enzyme stock and subtracting the
observed rate from incubations including enzyme. A standard
curve of absorbance changes due to addition of known
amounts of HCl (2.0 N standard from Sigma-Aldrich) is
constructed and used to convert the observed change in
absorbance during enzymic reactions to a change in the
proton concentration.

EXAFS of MBP-AHL Lactonase.Samples of MBP-AHL
lactonase (1 mM) containing 2 equiv of zinc were prepared
in Chelex-100 treated buffer C with 10% (v/v) glycerol added
as a glassing agent. Samples were loaded in Lucite cuvettes
with 6 µm polypropylene windows and frozen rapidly in
liquid nitrogen. X-ray absorption spectra were measured at
the National Synchrotron Light Source (NSLS), beamline
X9B, with a Si(111) double crystal monochromator; har-
monic rejection was accomplished using a Ni focusing
mirror. Fluorescence excitation spectra for all samples were
measured with a 13-element solid-state Ge detector array.
The detectors were run at a total incident count rate (ICR)
of <100 kHz per channel, with fluorescence count rates (KR)
∼ 1.1 kHz per channel. Samples were held at∼15 K in a
Displex cryostat during XAS measurements. EXAFS spectra
were measured with 10 eV steps below the edge, 0.5 eV
steps in the edge region, and 0.05 Å-1 steps in the EXAFS
region. Integration times varied from∼1 s in the preedge
region to 15 s atk ≈ 14 Å-1 for a total integration time of
approximately 45 min per scan. X-ray energies were
calibrated by reference to the absorption spectrum of the
appropriate metal foil, measured concurrently with the protein
spectra. The first inflection point of the metal foil was
assigned as the ZnKR binding energy, 9659 eV.

Data were processed using the program SixPack, available
free of charge from http://www-ssrl.slac.stanford.edu/∼swebb/
index.htm. All fluorescence and ICR data were examined
prior to averaging to confirm the absence of artifacts. Data
were measured in duplicate on two samples from independent
purifications; fits to the two data sets were equivalent. The
spectra in Figure 4 represent the average of the two data
sets (15 total scans, 13 detector channels per scan). Back-
ground subtraction was accomplished with a Gaussian fit to
the preedge region, centered near theKR fluorescence energy,
and a three-region spline of fourth order in the EXAFS
region. Data were converted from energy tok-space usingk
) [2me(E - E0)/h2]1/2 with E0 set at 9680 eV. Resultant
EXAFS spectra were Fourier transformed over the rangek
) 1-13.6 Å-1. The first shell (∆R) 0.8-2.0 Å) was reverse
Fourier transformed over the samek-range, ca. 10 deg of
freedom (degrees of freedom) Npts - Nvar, whereNpts )
2∆k∆R/π + 2) (23). The Fourier filtered first shell EXAFS
were fit to eq 1 using the nonlinear least-squares engine of
IFEFFIT that is distributed with SixPack (IFEFFIT is open
source software available from http://cars9.uchicago.edu/
ifeffit):

whereNs is the number of scatterers within a given radius
(Ras, ( σas), As(k) is the backscattering amplitude of the
absorber-scatterer (as) pair,Sc is a scale factor,φas(k) is
the phase shift experienced by the photoelectron,λ is the
photoelectron mean free path, and the sum is taken over all
shells of scatterering atoms included in the fit. Theoretical
amplitude and phase functions,As(k) exp(-2Ras/λ) andφas-
(k), were calculated using FEFF version 8.00 (24). The
Zn-N scale factor,Sc in eq 1, and the threshold energy,∆E0,
were determined by fitting the experimental spectrum for

ø(k) ) ∑
NasAs(k)Sc

kRas
2

exp(-2k2σas
2) ×

exp(-2Ras/λ) sin[2kRas+ φas(k)] (1)
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tetrakis(1-methylimidazole)zinc(II) perchlorate, Zn(MeIm)4

(25). The optimal values found wereSc ) 0.78 and∆E0 )
-21 eV. Fits to protein data were then obtained for all
reasonable coordination numbers, holdingSc and ∆E0

constant, while varyingRas and σas
2. Multiple scattering

contributions from histidine ligands were approximated by
fitting FEFF calculated paths to the experimental EXAFS
data for Zn(MeIm)4 (25). Best fits resulted in four prominent
multiple scattering features, representing 140 total paths.
Paths of similar overall length were combined to match these
four prominent features. Consequently, the labels in Table
2, while reflecting the greatest contributor to a combined
path, are nonphysical. These combined paths were used to
fit protein data, fixing the number of imidazole ligands per
zinc ion at half-integral values while varyingRas and σas

2

(Table 2). Each imidazole ligand was treated as a fixed unit,
maintaining the relative C-C and C-N distances throughout
the fit. Metal-metal (Zn-Zn) scattering was modeled by
fitting calculated amplitude and phase functions to the
experimental EXAFS of Zn2(sapln)2.

RESULTS

Cloning of pMAL-t-aiiA.The sequence specifically ampli-
fied fromB. thuringiensis(BGSC 4A3) matches the sequence
reported for the AHL lactonase fromB. thuringiensissubsp.
kurstaki (accession number AF478059) (14, 26) and is
followed by an additional 146 nucleotides of noncoding
sequence that extend after the stop codon. After cloning of
this insert into a pMAL-c2X vector, initial expression and
cleavage experiments indicated that specific proteolysis of
the linker between MBP and AHL lactonase by factor Xa
was not efficient and resulted in significant loss of AHL
lactonase activity. To optimize this cleavage step, the
protease cleavage site was mutated to a sequence coding for
the TEV protease cleavage site, ENLYFQVG, followed by
three extra amino acids (RIS) that result from retaining an
XmnI site in the vector to facilitate subcloning. TEV protease
recognizes a specific sequence and works efficiently at 4-10
°C, which are both important features for optimizing this
step of AHL lactonase purification (16).

Purification of ActiVe MBP-AHL Lactonase.The MBP-
AHL lactonase fusion protein was purified to>95%
homogeneity by two chromatographic steps, an amylose
affinity column and a DEAE anion-exchange column (Figure
1). After the initial affinity column purification, the protein
appeared to be nearly homogeneous when visualized by
SDS-PAGE, but native PAGE revealed two major species
(see below). These two species could be separated by anion-
exchange chromatography into an active peak that eluted at
a conductivity near 19 mS/cm and an inactive peak that
eluted near 26 mS/cm (Figure 2). The N-terminal sequence
of the inactive peak was determined to be MKIEEGKLVIW,
confirming that this protein contains an N-terminal MBP
fusion. For study of the active protein, dialysis of the fusion
protein found in the active peak against Chelex-100 treated
buffer resulted in purified MBP-AHL lactonase that was used
for functional studies. Typical yields were 30 mg of purified
fusion protein from 2 L of expression culture.

Purification of Untagged AHL Lactonase. MBP-AHL
lactonase was treated with TEV protease to cleave the linker
between MBP and AHL lactonase. After digestion, three

major components were detected using SDS-PAGE that
approximately correspond to the molecular masses expected
for MBP (42 kDa), untagged AHL lactonase (29 kDa), and
TEV protease (28 kDa) (Figure 1). Both MBP and TEV
protease were removed during DEAE-Sepharose chroma-
tography, and a small amylose-agarose affinity column
removed any uncleaved MBP-AHL lactonase that remained.
This procedure typically results in a yield of 9 mg of purified
untagged AHL lactonase from 2 L of expression culture. The
N-terminal sequence of purified AHL lactonase was deter-
mined to be GRISMTVK, confirming that TEV protease
cleaved at the expected site.

FIGURE 1: Purification of AHL lactonase. 12% SDS-PAGE
denaturing protein gel showing proteins from (A) MW markers,
(B) crude soluble extract, (C) eluate from agarose affinity column,
(D) eluate from DEAE anion-exchange column, (E) after cleavage
by TEV protease, (F) after DEAE chromatography, and (G) after
amylose affinity chromatography.

FIGURE 2: Apo and 2 equiv of zinc-containing MBP-AHL
lactonases are separated by ion-exchange chromatography. Solid
lines show absorbance at 280 nm. Dashed lines show conductivity.
(A) Initial DEAE column chromatography after growth in TB
media. (B) Initial DEAE column chromatography after growth and
expression in TB media and 1 mM ZnSO4. In both cases, peak 1
contains active MBP-AHL lactonase that contains 2 equiv of zinc
and peak 2 contains apoprotein. Retention times are somewhat
different because salt concentrations were adjusted manually.
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Metal Analysis of MBP-AHL Lactonase and Untagged
AHL-Lactonase.The molar ratios of purified MBP-AHL
lactonase and untagged AHL lactonase to zinc were deter-
mined to be 1.6 and 1.7 equiv, respectively, indicating that
this enzyme may be capable of binding 2 equiv of zinc per
protein monomer (Table 1). During protein expression, if
the growth media are supplemented with ZnSO4 (1 mM),
then the amount of active protein eluted in the first peak
(∼19 mS) from the DEAE column was significantly in-
creased (Figure 2), and the resulting purified MBP-AHL
lactonase is then isolated with 2.3 equiv of tightly bound
zinc (Table 1). Purified MBP-AHL lactonase containing 2
equiv of zinc was found to elute at the same conductivity as
this first peak (data not shown) and also has the same
mobility as this first peak when characterized by native
PAGE (Figure 3). The largest source of error in determining
the equivalents of zinc can be attributed to the measurement
of accurate protein concentrations and results in an ap-
proximate 10% error when using a Bradford-based assay
(27). Two other protein concentration assays, the bicincho-
ninic acid (BCA) method (28) and a calculated extinction
coefficient at 280 nm (29), were compared with the Bradford
method and indicate slightly higher protein concentrations.
These differences are less than 30% and still indicate that
1.7-1.9 equiv of zinc is bound to MBP-AHL lactonase
purified from ZnSO4-supplemented growth media.

Preparation of Apo MBP-AHL Lactonase. Extensive
dialysis of MBP-AHL lactonase against a zinc chelator,

o-phenanthroline, followed by dialysis to remove excess
chelator, resulted in a MBP-AHL lactonase with greatly
decreased activity and metal content. This protein preparation
had the same mobility on SDS-PAGE gels but had a
different mobility on native PAGE (Figure 3) and was found
to elute from a DEAE column at a different conductivity
that now matched that of the second, inactive peak described
above (∼26 mS/cm) and not at the conductivity where it
was originally purified. A similar shift is also observed with
apo and metal-bound forms of untagged AHL lactonase,
although the bands on native PAGE gels are more diffuse,
probably due to increased diffusion of this smaller protein
(data not shown). The different behavior of apo and metal-
bound MBP-AHL lactonase on DEAE columns is useful for
purification and was used here to separate apoprotein from
any remaining metal-bound protein when purifying the
apoprotein for further study. After a final dialysis step to
remove NaCl and any remainingo-phenanthroline, apo MBP-
AHL lactonase was determined to contain only 0.1 equiv of
zinc per protein monomer (Table 1). This apoprotein was
shown to elute from the DEAE column at the same
conductivity as the second, inactive peak (data not shown)
and to have the same mobility as the second, inactive peak
on native PAGE gels but clearly shows the same mobility
as MBP-AHL lactonase that contains 2 equiv of zinc when
run on denaturing SDS-PAGE gels (Figure 3). These results
and N-terminal sequencing (see above) are consistent with
assigning the first peak that elutes from the DEAE column
as metal-bound MBP-AHL lactonase and the second as
inactive apoprotein. Apoprotein was somewhat less stable
than metal-bound lactonase. Frozen stocks of apoprotein
showed some protein precipitation, and prolonged incuba-
tions of apoprotein resulted in the appearance of some minor
degradation products (data not shown).

Reconstitution of Apo MBP-AHL Lactonase with Zinc. To
reincorporate zinc, apo MBP-AHL lactonase was dialyzed
against ZnSO4 (2 mM), and then excess ZnSO4 was removed
by a second dialysis step. To separate any remaining
apoprotein from metal-bound protein, the reconstitution
mixture was chromatographed on a DEAE column. Apo-
protein was originally purified from a peak eluting near 26
mS/cm, but after reconstitution with zinc, a new peak eluted
near 19 mS, the same conductivity where the MBP-AHL
lactonase containing 2 equiv of zinc elutes. Protein in this
new peak also had the same mobility as the 2 equiv zinc-
containing MBP-AHL lactonase on native and SDS-PAGE
gels, and metal analysis revealed that it now contained 2.5
equiv of zinc per protein monomer (Table 1). Based onA280

peak volumes, reconstitution experiments using these condi-
tions result in only ∼60% of active enzyme, and the
remaining protein elutes from the DEAE column in the flow-
through or near 26 mS/cm, where apoprotein elutes. These
results indicate that zinc-bound MBP-AHL lactonase can be
reconstituted from apoprotein and ZnSO4. However, under
these conditions the incorporation is not a high-yield process,
so any remaining apoprotein must be removed before
characterization of the reconstituted metalloprotein is com-
pleted. This was accomplished using DEAE anion-exchange
chromatography as described above.

Characterization of the Reaction Products of AHL Lac-
tonase. Control incubation mixtures containing racemic C6-
HSL but omitting enzyme showed a MH+

obs ) 200.1( 0.3

Table 1: Zinc Content and Steady-State Rate Constants of Various
AHL Lactonase Preparations for Hydrolysis of C6-(S)-HSL (1)a

equiv
of zinc kcat (s-1) KM (mM)

kcat/KM

(s-1 M-1)

MBP-AHL lactonase
(TB)

1.6 107( 3 6.4( 0.4 17000( 2000

MBP-AHL lactonase
(TB + ZnSO4)

2.3 102( 3 5.4( 0.4 19000( 2000

MBP-AHL lactonase
(apo)

0.1 -b - -

MBP-AHL lactonase
(apo+ ZnSO4)

2.5 70( 3 6.3( 0.6 11000( 2000

AHL lactonase
(MBP removed)

1.7 117( 5 6.7( 0.6 17000( 2000

a Reactions are carried out at 28°C and pH 7.4.b Apo MBP-AHL
lactonase retains<3% of the activity of the dinuclear zinc forms.

FIGURE 3: PAGE characterization of AHL lactonase preparations.
(A) 12% denaturing SDS-PAGE gel. (B) 12% native PAGE gel.
Lanes are the same in both. (1) Protein mixture after initial affinity
purification. (2) Peak 1 from DEAE column. (3) Peak 2 from DEAE
column. (4) MBP-AHL lactonase containing 2 equiv of zinc. (5)
Apo MBP-AHL lactonase. (6) Apo-MBP-AHL lactonase after
reconstitution with zinc.

7564 Biochemistry, Vol. 44, No. 20, 2005 Thomas et al.



peak by ESI-MS, corresponding to the MH+
calc ) 200.12

for substrate. Incubation mixtures including zinc-containing
AHL lactonase showed a new peak at MH+

obs ) 218.2(
0.3, corresponding to MH+calc ) 218.13 for the ring-opened
product,N-hexanoylhomoserine, as well as retaining a peak
at MH+

obs ) 200.2 ( 0.3, probably corresponding to the
unhydrolyzed (R) enantiomer (see below). This experiment
confirmed that the expectedN-acylhomoserine product was
produced (Scheme 1) and showed that the AHL lactonase
from B. thuringiensishydrolyzes the lactone, like other AHL
lactonases, and does not hydrolyze the amide bond of the
substrate like some quorum-quenching enzymes (30).

Steady-State Kinetic Parameters of AHL Lactonase Vari-
ants.The MBP-AHL lactonase containing 2 equiv of zinc
haskcat andKM values almost indistinguishable from those
of untagged AHL lactonase, indicating that the N-terminal
MBP fusion does not adversely affect activity (Table 1). Apo
MBP-AHL lactonase contains 0.1 equiv of zinc, and this
apoprotein shows<3% of the activity of the enzyme that
contains 2 equiv of zinc, clearly indicating that removal of
the metal ions results in loss of activity (Table 1). Apoprotein
that was reconstituted to make MBP-AHL lactonase that
contains 2 equiv of zinc regained 70% of its original activity,
as assessed bykcat, and had an indistinguishableKM value
(Table 1). These results clearly indicate that metal ions are
essential for forming an active AHL lactonase. Assays
including C6-(R)-HSL at concentrations between 0.05 and
20 mM indicated that hydrolysis of this enantiomer was not
catalyzed by theB. thuringiensisAHL lactonase.

X-ray Absorption Spectroscopy. EXAFS curve fitting
results for MBP-AHL lactonase containing 2 equiv of zinc
are summarized in Table 2. EXAFS,k3ø(k), data, and
corresponding Fourier transforms are presented in Figure 4.
Single-scattering fits to Fourier-filtered first-shell data show
an average of 5 N/O donors per zinc ion, at a distance of
2.03 Å (Table 2). Distinct shells of nitrogen and oxygen first-
shell donors could not be defined with the current data (∆R,
0.13 Å); inclusion of sulfur in first-shell fits resulted in an
increase in the fit residual. Multiple-scattering fits, presented

as the sum of 5 N/O donors including two rigid imidazole
ligands (Figure 4, top), indicate an average of 2( 0.5
histidine ligands per zinc ion. The increasing values ofσas

2

for the longer multiple-scattering paths (Table 2) are
consistent with the greater spread in the (i) number of
scattering legs and (ii) overall length of individual paths
included in each of the “combined” paths used to model
imidazole scattering, as described above.

The multiple-scattering fit (Figure 4A, top; fit 2 in Table
2) adequately reproduces the intensity pattern of the outer-
shell scattering, with the exception of a slightly offset center
of gravity in the most intense feature (R + R ≈ 2.8 Å) and
an unresolved splitting of the outermost feature. Closer
inspection of thek-space data (Figure 4B, top) reveals these
discrepancies as a missing frequency component, most
apparent in the unduplicated splitting of the first full
oscillation (k ≈ 3.4) and a small phase shift in the third and
fifth oscillations. This missing component could be modeled
with a distant shell of carbon atoms. However, a chemically
unreasonable coordination number of 4-6 such interactions
per zinc ion was required to achieve only minor improvement
in the fit quality. In contrast, inclusion of a single Zn-Zn
interaction resulted in a markedly better fit (Figure 4,
bottom), reproducing all of the zero crossings in the data,
the splitting atk ≈ 3.4 and the shoulder atk ≈ 8.3. The
metal-metal vector modestly increases the number of
variable parameters, from 10 (Figure 4, top; fit 2) to 12
(Figure 4, bottom; fit 3). Given the complexity of the overall
fit, the reduction in fit residual upon inclusion of the metal-
metal interaction (62%, Table 2) is dramatic and provides
strong evidence for a dinuclear zinc active site in the AHL
lactonase that contains 2 equiv of zinc.

DISCUSSION

The AHL lactonases have significant potential for use in
disrupting the quorum-sensing dependent processes of patho-
genic organisms (6). However, the catalytic mechanisms of
these enzymes have not been established. To produce

Table 2: EXAFS Curve Fitting Results for Dizinc MBP-AHL
Lactonasea

fit scattererb pathc Ras(Å) σas
2 d Re Rf

1 5 N/O 2.03 7.0 31 189
2 5 N/O 2.03 6.9 89 106

2 His C1 2.92 5.2
C1-N1 3.14 0.4
C2-N1 4.21 20
C1-N2-N1 4.45 14

3 5 N/O 2.03 7.0 34 51
2 His C1 2.96 7.2

C1-N1 3.25 8.3
C2-N1 4.15 12
C1-N2-N1 4.48 18

1 Zn 3.32 6.7
a Values ofRas andσas

2 are for fits to filtered data [∆k ) 1-12.5
Å-1; ∆R ) 0.8-2.0 Å (fit 1) or 0.1-4.5 Å (fits 2 and 3)].b Integer
coordination number giving the best fit.c Multiple scattering paths
represent the combined paths described in Materials and Methods. The
labels indicate the individual path with largest amplitude, of those
included in the combined path.d Mean square deviation in absorber-
scatterer bond length in 10-3 Å2. e Goodness of fit (R) defined as
1000(∑i)1

N {[Re(øicalc)]
2 + [Im(øicalc)]

2}/∑i)1
N {[Re(øiobs)]

2 + [Im(øiobs)]
2}),

whereN is the number of data points for fits to filtered data.f Goodness
of fit (as defined above) for the same fit to unfiltered data.

FIGURE 4: Fourier transforms (A) of experimentalk3-weighted
EXAFS data (B) for MBP-AHL lactonase containing 2 equiv of
zinc (black lines) and best fits (open diamonds). (Top) Multiple
scattering fit including two histidine imidazoles, among five total
N/O donors per zinc ion. (Bottom) Multiple scattering fit of five
N/O donors, including two histidine imidazoles, per zinc ion, and
including a Zn-Zn interaction at 3.32 Å. Data are presented on
the same scale, offset vertically for clarity.
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recombinant AHL lactonase for detailed studies, the coding
sequence of the AHL lactonase fromB. thuringiensiswas
cloned from genomic DNA. Previous studies have reported
the expression of AHL lactonase as a fusion protein to
glutathione S-transferase (12). However, to avoid any
potential complications of glutathione ligation to active site
metals, theB. thuringiensisAHL lactonase was cloned and
expressed as a fusion protein using maltose-binding protein
as the N-terminal tag (Figure 1). Purification of this fusion
protein by affinity chromatography resulted in a mixture of
two major species detected by native gels but indistinguish-
able by SDS-PAGE gels (Figure 3). These two components
could be separated by DEAE anion-exchange chromatogra-
phy and correspond to active metal-bound MBP-AHL
lactonase and inactive apo MBP-AHL lactonase (Figure 2).
A change in protein mobility on native gels after removal
of bound metal ions is not unprecedented (31). Here, the
differing properties of apo and metal-bound lactonase were
used to prepare purified apoprotein and purified metal-bound
protein for further study.

Analysis of the reaction products after incubation of
racemic C6-HSL with AHL lactonase confirms that this
enzyme is active and that it hydrolyzes the lactone and not
the amide bond of the substrate, as expected. All of the
reported naturally occurring AHL signals to date have an
(S) chiral center, reflecting the chirality of itsS-adenosyl-
methionine bioprecursor (32). To gain more information
about the stereochemical constraints of the AHL lactonase
active site, the nonnatural (R) enantiomer of C6-HSL (2)
was synthesized, tested as a substrate, and found to be
resistant to hydrolysis by theB. thuringiensisAHL lactonase.
These results add to our understanding of the AHL lactonases
by demonstrating that the active site seems to have been
optimized for processing the naturally occurring (S)-AHL
enantiomers and supports the idea that these lactonases have
evolved as quorum-quenching enzymes with specificity for
AHLs.

The AHL lactonases from two bacterial sources can now
be compared kinetically. Thekcat for C6-(S)-HSL (1) hy-
drolysis by theB. thuringiensislactonase is>3 times faster
than that of theBacillus sp. 240B1 enzyme (12), but the
sequence difference between these enzymes precludes the
use of this comparison to directly determine the relative
amounts of active protein found in each preparation. The
KM values for C6-(S)-HSL (1) are similar, differing only by
1.7-fold (12). In general, the millimolarKM values reported
for AHL lactonases are somewhat higher than the low
micromolar concentrations of AHLs reported for the culture
media of some quorum-sensing organisms (33, 34). However,
the identity and concentration of AHLs encountered by the
Bacillus lactonases in nature have not yet been well defined.
For example, concentrations of AHLs produced in some
biofilms can actually be much higher than those found in
laboratory broth cultures, even approaching millimolar
concentrations (35).

Metal-bound MBP-AHL lactonase was found to tightly
bind 1.6 mol of zinc per mol of protein monomer, suggesting
that this protein may be able to bind a total of 2 equiv of
metal (Table 1). To prepare a uniform metalloprotein suitable
for quantitative analysis, additional ZnSO4 was included in
the culture media, and the amount of protein found in the
active metal-bound peak was observed to increase (Figure

2). Using these expression conditions, purified AHL lacto-
nase is shown to tightly bind 2.3 equiv of zinc (Table 1).
Specific proteolysis and subsequent removal of the N-
terminal maltose-binding fusion protein resulted in an
untagged AHL lactonase that displays similar kinetics to the
fusion protein and still binds 1.7 equiv of zinc, indicating
that these two metal ions are bound to AHL lactonase and
not to the maltose-binding protein. The evidence presented
here clearly indicates that the AHL lactonase fromB.
thuringiensisis isolated as a metalloprotein and that the form
of this enzyme containing 2 equiv of zinc is an active catalyst
of AHL hydrolysis. The loss of catalytic activity upon
removal of zinc and the ability to regain activity after
reincorporation of zinc into apoprotein show that these metal
ions are essential for forming an active enzyme. Further
studies will be required to determine if both metal ions are
essential and whether AHL lactonase is strictly a zinc protein
like the putative phosphodiesterase ZiPD (36) or if it is active
with alternative metals bound, like glyoxalase II from
Arabidopsis, which is thought to contain a mixed zinc/iron
dinuclear site (37).

Our finding that B. thuringiensisAHL lactonase is a
metalloprotein sharply contrasts with an earlier study of the
AHL lactonase fromBacillus sp. 240B1 (12). These two
lactonases share over 90% amino acid identity. However,
the AHL lactonase fromBacillussp. 240B1 reportedly does
not require metal ions for catalysis, a conclusion based in
part on observations that the protein only contained 0.08
equiv of zinc; short incubation periods with metal ions and
chelators do not significantly alter its activity, and mutations
of proposed zinc ligands do not result in total loss of activity
(12). Although the sequences of the AHL lactonases from
these two sources differ at 24 out of 250 total residues, the
seven proposed zinc ligands (see below) are absolutely
conserved. Some of our experimental observations may help
to explain the apparent differences in metal content found
between these two proteins. In our studies, affinity chroma-
tography was only able to resolve MBP fusion proteins from
nonfusion proteins and was not able to separate metal-bound
from apo MBP-AHL lactonase. If no further purification
steps are taken after an affinity column, as is the case for
the lactonase fromBacillus sp. 240B1 (12), it is possible
that active metalloprotein is contaminated with inactive
apoprotein. This contamination would not be detected by
SDS-PAGE because these two proteins have the same
mobility and would lead to an artifactually low zinc to protein
ratio. In addition, our experience indicates that short incuba-
tion periods with chelators or alternative metals are not very
effective in significantly changing the metal content of zinc-
bound protein or apoprotein. Although earlier reports have
shown that mutation of one (or more) of these putative metal
binding residues in AHL lactonase does not abolish catalytic
activity (12), more rigorous characterization will be required
to determine whether these mutations are sufficient to
eliminate zinc binding. Of course, the possibility still exists
that the minor amino acid differences between these two
proteins could account for their differing metal content, but
this seems unlikely. The sequence similarity, the precedence
of other superfamily members, and the results of this current
study all support the identification of AHL lactonase as a
metalloprotein that requires metal ions for catalytic activity.
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X-ray absorption spectroscopy was used to probe the local
environment of the bound metal ions in MBP-AHL lactonase
containing 2 equiv of zinc. Fits to the EXAFS data indicate
an average of five N/O ligands, including 2( 0.5 histidines,
per zinc ion, and are consistent with the two zinc ions binding
as a dinuclear site. These spectroscopic data can be combined
with sequence alignments of known AHL lactonases to build
a proposed model of this dinuclear zinc binding site (Figure
5). Comparison of AHL lactonase with other superfamily
members including glyoxalase II (38), ZiPD (39), and methyl
parathion hydrolase (40), suggests possible zinc binding
residues which are totally conserved in all known AHL
lactonases: His104, His106, and His169 for the metal-1 site
and Asp108, His109, and His235 for the metal-2 site (Figure
6). In the other superfamily members that contain these metal
binding ligands, one oxygen atom of Asp191 and a water
molecule (presumably a hydroxide) bridge the two metal
ions. This proposed model is also consistent with the
information derived from the current EXAFS data. The
determination of an average 5( 1 nitrogen or oxygen
neighbors to each zinc atom matches the proposed metal-1
and metal-2 sites, which are both five coordinate, with all
nitrogen and oxygen ligands. The average number of 2(
0.5 histidine ligands per zinc ion is also consistent with this
model in which three histidine residues ligate metal 1 and

two ligate metal 2. The zinc-zinc distance determined for
dinuclear zinc AHL lactonase of 3.32 Å is very similar to
the 3.3-3.5 Å distance reported in a dinuclear zinc human
glyoxalase II crystal structure (38) and the 3.32 Å forE.
coli ZiPD determined by EXAFS (39).

The metallo-â-lactamase superfamily contains enzymes
that show considerable variation in the ligands, specificity,
and stoichiometry of its metal cofactors. Other superfamily
members containing the same seven proposed metal binding
residues as AHL lactonase include the following: glyoxalase
II, a thioesterase that has been shown to harbor a dinuclear
zinc (38) or a zinc/iron dinuclear site (37); ZiPD, a
phosphodiesterase that is active with a dinuclear zinc site
(39); and methyl parathion hydrolase, for which structural
coordinates of the dinuclear zinc and zinc/cadmium proteins
have been deposited (40). This study now adds an additional
enzymic activity to those catalyzed by glyoxalase II-like
active sites: hydrolysis of AHLs. Considering the Lewis
acidity of each metal and the nucleophilicity of a bound
hydroxide, the metal binding sites found in this superfamily
of enzymes provide considerable functionality in a compact
space and have been exploited by nature to evolve different
solutions to a diverse set of catalytic challenges. For example,
just the hydrolytic enzymes found in this superfamily use at
least three different mechanisms for catalysis (36, 38, 41-
44). Although conceptual parallels can be drawn, this
diversity necessitates further study to determine exactly how
AHL lactonase uses its metal ions to catalyze the degradation
of these quorum-sensing signal molecules. To our knowledge,
this is the first evidence that the quorum-quenching AHL
lactonase fromB. thuringiensisis a stereoselective metal-
loprotein in which two metal ions, required for catalytic
activity, bind in close proximity forming a dinuclear site.
Detailed knowledge of the metal binding site in AHL
lactonase is essential for optimizing the use of this family
of enzymes as quorum-quenching agents, adds an additional
catalytic activity to those known to be catalyzed by glyox-
alase II-like active sites, and also increases our understanding
of the metal binding properties found in the metallo-â-
lactamase superfamily.
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