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ABSTRACT: Lactone-hydrolyzing enzymes derived from soBecillus species are capable of disrupting
guorum sensing in bacteria that uBkacyl1-homoserine lactones (AHLS) as intercellular signaling
molecules. Despite the promise of these quorum-quenching enzymes as therapeutic and anti-biofouling
agents, the ring opening mechanism and the role of metal ions in catalysis have not been elucidated.
Labeling studies usinO, 2H, and the AHL lactonase fromacillus thuringiensismplicate an addition
elimination pathway for ring opening in which a solvent-derived oxygen is incorporated into the product
carboxylate, identifying the alcohol as the leaving grotthNMR is used to show that metal binding is
required to maintain proper folding. A thio effect is measured for hydrolysi¢-lbéxanoyle-homoserine

lactone and the corresponding thiolactone by AHL lactonase disubstituted with alternative metal ions,
including Mr*, Co?t, Zn?t, and Cd*+. The magnitude of the thio effect dgy values and the thiophilicity

of the metal ion substitutions vary in parallel and are consistent with a kinetically significant interaction
between the leaving group and the active site metal center during turnover. X-ray absorption spectroscopy
confirms that dicobalt substitution does not result in large structural perturbations at the active site. Finally,
substitution of the dinuclear metal site with €desults in a greatly enhanced catalyst that can hydrolyze
AHLs 1600-24000-fold faster than other reported quorum-quenching enzymes.

Chronic lung infections are a major health concern for theN-acyl bond of AHLs (AHL acylases, Scheme 1a) have
patients with cystic fibrosisl). Pseudomonas aeruginosa been found in several different types of bacteria, including
and Burkholderia cepaciaare two of the most common Ralstoniastrain XJ12B, pseudomonads, an8taeptomyces
bacterial pathogens that can form recalcitrant mixed speciesspecies 71—9). Alternatively, humans and other mammals
biofilms on lung surfaces2( 3). The N-acyl+-homoserine carry several paraoxonase isozymes capable of breaking a
lactone (AHL}-mediated quorum-sensing pathways of these different bond by catalyzing a hydrolytic ring opening
bacteria have been experimentally linked to their coordinated (Scheme 1b)X0, 11). However, AHLs are not the preferred
expression of virulence factors and to mature biofilm substrates of human paraoxonases, which have-all®-
development 4). To combat these infections, “quorum- fold higher specific activity for non-AHL substrate&1)).
quenching” reagents that can disrupt the quorum-sensing The most active quorum-quenching agents discovered to
pathways of these organisms have been suggested as novelate are naturally occurring AHL lactonases (metaHo-
therapeuticsg). In addition to small molecule antagonists lactonases) from certaiBacillus species, which can block
(6), several classes of enzymes capable of catalytically quorum-sensing-dependent processes in several in vivo
metabolizing AHLs have been reported. Enzymes that cleavesystems by catalyzing the hydrolytic ring opening of AHLs
(12—14). For example, expression of AHL lactonase in the
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Scheme 1: Enzymic Hydrolysis of Quorum-Sensing AHL solution. AHL lactonase (6.bg) was added, and the mixture
Signals by (a) AHL Acylases, (b) Paroxonases and AHL was allowed to react at room temperaturefd after which
Lactonases the reaction was stopped by freezing the sample in liquid
o] N and the solvent removed under vacuum using a speedvac
J\ /§o (Eppendorf). The remaining solid residue was redissolved
R H in DO (99.9%, 1 mL) and incubated at 2& for 1 day
o before being analyzed bYC NMR spectroscopy to deter-
/\ mine the resulting peaks for produc®C NMR (D,O, 500

OH MHz) 6 13.39, 21.86, 25.21, 30.71, 35.93, 58.84, 62.70,
o 72.27,177.05, 179.11, 179.13.
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tions, the expression of AHL lactonase in transgenic tobacco C6-HSL o)

leaves and potatoes significantly enhances resistance against o]

Erwinia carotaora infections, a pathogen reliant on AHL- /\/\)I\ S
mediated quorum sensing for its virulend8);, The mon- N

omeric AHL lactonase produced WBacillus thuringiensis C6-HCTL H

belongs to the metallg-lactamase superfamily and is (o)

purified with two tightly bound metal ions shown to be )
essential for activity 18, 19). IH NMR Spectroscopy of Reaction Products after Hy-

| drolysis in DO. Products resulting from enzymic and
nonenzymic hydrolysis of C6-HSL in 99.9%,D (Cam-
bridge Isotope Laboratories) and KO, buffer (20 mM,
pH 7.86) were compared. The pH was measured using a
standard electrode and corrected using the equatior=pD
pH + 0.4 23). Substrate was added from a stock solution
of C6-HSL (0.5 M in methanoth). Nonenzymic alkaline
hydrolysis of C6-HSL (83.3 mM) was carried out in the
uffer described above upon addition of NaOH (105 mM,
.25 equiv).'H NMR spectroscopy was performed using a
Varian 300 MHz spectrometer before and after hydrolysis.
A comparison of the peak integration values for the terminal
methyl group in the C6 alkyl chain 8, 0.9 ppm) and the
lactone ring’sa proton (1H, 4.3 and 4.1 ppm for the closed
and open lactone, respectively) was used to determine
whether exchange between hydrogen and solvent deuterium
occurs at thex position. Investigation of the enzymic reaction
utilized C6-HSL (20 mM) in the same deuterated buffer
solution described abovéd NMR spectroscopy was carried
out on the sample prior to addition of the enzyme. After
MATERIALS AND METHODS addition of dizinc AHL lactonase (0.48 mg/mL), the solution
was incubated (25C), and*H NMR spectra were obtained
Unless otherwise noted, all chemicals were obtained from at various time points (1, 2, and 20 h). Comparison of the
Sigma-Aldrich Chemical Co. (St. Louis, MO) and all peak integration values for the terminal methyl group in the
restriction enzymes were acquired from New England C6 alkyl chain and for the lactone proton was completed
BioLabs (Beverly, MA). DO (99.9%) was purchased from as described above.
Cambridge Isotope Laboratories ang#® (95%) from IH NMR Spectroscopy of Dinuclear Zinc and Apo AHL
Isotec (Miamisburg, OH). Metal analysis of purified proteins |actonaseDinuclear zinc AHL lactonase (final concentration
was completed using inductively coupled plasma mass of 1.6 mg/mL) was prepared as described previousB) (
spectrometry as described previousO) The catalytic and dialyzed (1214 kDa MWCO, Spectrapor) against
activities of dizinc and alternative metal-containing AHL Chelex (Bio-Rad)-treated KiPQ, buffer (20 mM, pH 7.4),
lactonases were quantified using a continuous spectropho-with addition of DO (10%, v/v). Samples of apo AHL
tometric phenol red-based assay as described previdi®ly (  lactonase (final concentration of 1.6 mg/mL) were prepared
Enzyme-Catalyzed Incorporation 0 from H!%0 into as described previousiy19) and exchanged into the same
the N-Hexanoyl-homoserine Product reaction buffer (1 buffer described above. One-dimensional (1B) NMR
mL) containing 50% K80 and 50% H%O was prepared  spectra of the dizinc and apo proteins were recorded using
by mixing KH,PQ, buffer (40 mM, 0.47 mL) in KO (pH a 500 MHz Varian Inova NMR spectrometer equipped with
7.4) with H,'0 (95%, 0.53 mL). To this solution was added a triple-resonance probe améxis pulsed field gradient. In
N-hexanoyl-§)-homoserine lactone [C6-HSL, synthesized as each case, the NMR signal from the solvent was suppressed
reported previouslyl9)] (0.5 M, 20uL) in a methanol stock by presaturation.

a b

Despite the promise of this enzyme as a potentia
therapeutic agent, and the publication of several high-
resolution X-ray crystal structured g 20), little is under-
stood about the AHL lactonase mechanism. The role of metal
ions in the catalytic mechanism has been dispu2d)i @nd
the mechanism that this enzyme uses to open the AHL ring
is undefined. A larger question of significant interest to the
entire metallgs-lactamase superfamily is whether the di-
nuclear metal sites in these enzymes can use their metal ion
for leaving group stabilization2@). The studies described
herein provide evidence consistent with an addition
elimination pathway for ring opening, identify the product’s
alcohol as the leaving group, show that the metal ions
associated with AHL lactonase are required for proper protein
folding, and use a thio effect to reveal a kinetically significant
interaction between the leaving group and the metal center
during turnover. These studies establish a foundation for
designing more effective therapeutic and anti-biofouling
biocatalysts for use against quorum-sensing organisms.
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Synthesis of N-Hexanoylhomocysteine Thiolactone (C6-washed with 23 column volumes of buffer A made to 100
HCTL). In a procedure similar to that reported elsewhere mM NaCl at a flow rate of<l mL/min, and the fusion
(24), triethylamine (3.0 mL, 21 mmol) was added to a stirred protein was subsequently eluted at a flow rate of 1.5 mL/
suspension of racemim.-homocysteine thiolactone hydro- min using buffer A made to 100 mM NaCl and 10 mM
chloride (3.0 g, 20 mmol) in dimethylformamide (350 mL) maltose.
at 0°C. Hexanoyl chloride (3.2 mL, 23 mmol) was added ~ The MBP-AHL lactonase fusion proteins prepared with
dropwise, and the mixture was allowed to react at room znSQ, or CoCh were subsequently cleaved with tobacco
temperature with Stirring for 1.5 h. Solvent was removed by etch virus protease, and the untagged enzyme was puriﬁed
rotary evaporation with heating &50 °C. The residue was  as described previousiyL9). During preliminary cleavage
dissolved in 2-propanol and purified by column chromatog- experiments, the MBPAHL lactonase fusion proteins
raphy on silica gel using 2-propanol as the mobile phase. prepared using Cdgbr MnSQ, were observed to gradually
The solvent was removed by rotary evaporation a@0  pind zinc, present in buffers only at trace concentrations, at
The remaining residue was dissolved in {C} and washed  the expense of either cadmium or manganese (data not
sequentially with saturated NaHGOKHSO, (1 M), and  shown). To avoid the resulting metal heterogeneity in these
saturated NaCl. The organic layer was dried over anhydrouspyrified proteins, the lactonases that were grown in media
MgSQ;, followed by removal of solvent by rotary evapora-  sypplemented with either Cdr MnSQ, were not cleaved
tion to leave the final product, which shows as one spot by pyt rather used as the MBP fusion proteins for the remaining
TLC: R = 0.83 in 2-propanoliTm = 50-53 °C (uncor-  experiments. It has previously been demonstrated that AHL

rected);*H NMR (300 MHz, DMSOss) ¢ 0.86 (t, 3H), 1.25
(m, 4H), 1.48 (m, 2H), 2.042.12 (m, 3H), 2.36 (m, 1H),
3.25 (m, 1H), 3.35 (m, 1H), 4.57 (m, 1H), 8.12 (broad, 1H);
13C NMR (75 MHz, DMSO¢dg) 6 13.86, 21.86, 24.85, 26.68,
30.18, 30.86, 35.17, 58.04, 172.30, 205.50; EI-HRMS
MH*cae = 216.0980, MH ops = 216.1060.

Expression and Purification of Metal-Substituted AHL
LactonasesTo incorporate different metal ions into AHL
lactonase, expression conditions were altered from previous
procedures9). Briefly, Escherichia colBL21(DE3) cells
harboring the pMAL-t-aiiA expression plasmid9) were
incubated at 37C with shaking in M9 minimal medium
[Na;HPO, (47 mM), KHPO, (22 mM), NaCl (8.5 mM),
NH.CI (18.7 mM), MgSQ (2.0 mM), CaC} (0.1 mM), and
glucose (0.4%, w/v)] supplemented with ampicillin (10§
mL) until cells reached an Qf of 0.5-0.7. Cells were

lactonase is monomerid®) and that the presence of the
MBP tag does not significantly affect catalysikd).

EXAFS of Dinuclear Cobalt AHL Lactonasgamples of
dicobalt AHL lactonase (ca. 1 mM) containing 10% (v/v)
glycerol were loaded in Lucite cuvettes withué polypro-
pylene windows and frozen rapidly in liquid nitrogen. X-ray
absorption spectra were measured at the National Synchro-
tron Light Source (NSLS), beamline X9B, with a Si(111)
double-crystal monochromator; harmonic rejection was ac-
complished using a Ni focusing mirror. EXAFS data col-
lection and reduction were performed according to published
procedures X9, 25. Spectra were collected on two inde-
pendently prepared samples. As each data set gave similar
results, the two data sets were averaged. The spectra shown
(see below) represent the average of the two data sets (16
total scans, 13 detector channels per scan). Background-

harvested by centrifugation and then resuspended in freshy, .o ted EXAFS spectra were Fourier transformed over

M9 minimal medium containing IPTG (0.3 mM), ampicillin
(100 ug/mL), and one of the following metal salts (0.5
mM): ZnSQ,, CoCh, CdCh, or MnSQ. Induction at 25°C
was continued with shaking for an additional 16 h, followed
by harvesting by centrifugation at 82y&nd 4°C for 7 min.
Cell pellets fran 2 L of expression culture were resuspended
in 50 mL of Tris-HCI buffer (20 mM, pH 7.4) with NaCl
(100 mM) and stored at-20 °C until they were used.
Unless otherwise noted, all purification procedures were
carried out at £C. BioLogic LP protein purification systems

(Bio-Rad, Hercules, CA) were used for all chromatographic o4 to variation of onlyRas

thek range of +13.6 A%; Fourier-filtered EXAFS dataAR

= 0.8 — 2.0 A for first-shell fits, AR = 0.1-4.5 A for
multiple scattering fits) were then fit using amplitude and
phase functionsiy(k) exp(—2R.d1) andg.dK), respectively,
that were calculated using FEFF version 8.@®)( The
Co—N scale factorg, and the threshold energixE,, were
determined by fitting the experimental spectrum for bis-
trispyrazolylborato cobalt(ll) 45). These two parameters
were then held fixed at their optimal values & 0.78 and
AEp = —21 eV) in subsequent fits to protein data, which
ando,Z for a given shell. Metat

procedures. Thawed cell pellets were resuspended in 200 MLy ¢4 (Co-Co) scattering was modeled by fitting calculated

of Tris-HCI buffer (10 mM, pH 7.4) with NaCl (100 mM).
Cells were lysed by sonication, and the cell debris was
removed as described previoushg). The resulting super-
natant was loaded onto a DEAE-Sepharose FF column (2.5
cm x 20 cm) equilibrated with buffer A [20 mM Tris-HCI
and 5 mM NacCl (pH 7.4)], and the column was washed with
200 mL of buffer A made to 160 mM NaCl. The salt
concentration was subsequently increased to 250 mM (NacCl)
using a linear gradient. The fractions containing active fusion
protein generally eluted at a conductivity near 20 mS/cm
(~200 mM NacCl). Pooled fractions containing maltose-
binding protein (MBP)}-AHL lactonase fusion protein were
split into two portions and loaded in parallel on two columns
(2.5 cmx 10 cm) of amylose-agarose resin (New England
BioLabs) at a flow rate of 0.7 mL/min. Each column was

amplitude and phase functions to the experimental EXAFS
of Coy(sapln).

RESULTS

Enzyme-Catalyzed Incorporation 0 from H20 into
the N-Hexanoyl-homoserine ProducAHL lactonase was
used to hydrolyze C6-HSL in a mixture of 50%'FD and
50% H'%0 to detect an isotope-induced shift in thi€
resonance for the carbon adjacent to the site of incorporation
(27). To rule out nonenzymic exchange ot'fOD into the
product, after a short incubation (1 h) of substrate with the
enzyme, the samples were dried and resuspended@ D
followed by a long incubation (1 day) before analysis. The
presence of a characteristf© isotope-inducedC shift (see
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FicUrRE 1. Partial’3C NMR spectra of thé€O-labeled product.

C6-HSL was hydrolyzed by AHL lactonase in 50%'#D and 50%

H,'%0, and two selected regions of th&C NMR spectrum of the ppm

rsi)%:]lginngg %Odtﬂg’lg;géi;ﬁg l%gﬂggﬁigg&paﬁ séllwnc:jw?ﬁecc;zr:re FiGURE 2: Partial one-dimensiondH NMR spectra of dinuclear

methylene carbom~72 ppm) zinc AHL lactonase (A) and apo AHL lactonase (B), indicating
’ significant unfolding after removal of metal ions.

below) indicates that there was no significant washout of Table 1: Metal Content of Purified Monomeric AHL Lactonase
this position during the BD incubation following enzymic Grown in Minimal Medium with Different Metal Supplements

cleavage. This result is consistent with reports that oxygen  metal manganese  cobalt zinc cadmium
exchange reactions with acetic acid in water are acid- _Supplement  (equiv) (equiv)  (equiv)  (equiv)
catalyzed, and only very slow exchange occurs when pH  MnSO 1.8 <0.01 0.1 0.06
values are greater than 6 28{. For the ring-opened product gr?sca zg-gi <(';L(?1 g-g ig-gi
obtained after incubation with AHL lactonase, tR&C cdch <001 <001 004 20

resonance peak for theyGnethylene carbon at 72.272 ppm

and a split peak for the ring carbonyl carbon at 179.108 and yetal ions from AHL lactonase resulted in any protein
179.132_ppn_1 are show_n in Figure 1. The magni_tude of the unfolding, 1D 'H NMR spectra were compared between
new upfield isotope shift observed at 179 ppm is 0.6824  izinc and apo AHL lactonase for differences in downfield-
0.004 ppm relative to the resonance position of the unlabeledgpifted resonances typical of folded proteid,(31). 1D
1%0-containing product, consistent with incorporation of one 14 NMR spectroscopy is commonly used to qualitatively
180 atom into the product carboxylat@? 29). determine whether a protein is folded or unstructui@@).(

'H NMR Spectroscopy of Reaction Products after Hy- Dizinc AHL lactonase appears to be well-folded, exhibiting
drolysis in D:O. To determine whether the lactoneproton peaks for backbone amides shifted downfield by 8.5 ppm
is exchanged with solvent deuterium during catalysis, non- (Figure 2A). After removal of the metal ions, most of these
enzymic and AHL lactonase-catalyzed hydrolysis of C6-HSL downfield peaks disappeared and broader features were
were completed in deuterated buffer and the reaction productspresent near 8.3 ppm, the characteristic shift of backbone
analyzed by'H NMR spectroscopy. In both cases, peak amides in random coils (Figure 2B). It is unlikely that the
integration values were compared between the protons ofchelator itself causes unfolding because only modest con-
the terminal methyl group of the alkyl chain and th@roton centrations are used (2 mM) and because re-addition of metal
(see the Discussion). These peaks are well-resolved, and theons (19), but not removal of the chelators (this work), can
protons of the methyl group should not readily exchange with restore enzyme activity. These observations are consistent
solvent, allowing these values to be set equivalent to threewith a significant structural destabilization of AHL lactonase
protons. In the nonenzymic control reaction, before hydroly- upon, or after, removal of the active site metal ions.
sis, the methyl protons (3.0H, 0.73 ppm) integrated with a  Expression and Purification of Metal-Substituted AHL
3:1 ratio with theo proton (1.1H, 4.25 ppm) of the substrate. |actonasesYields of purified untagged AHL lactonase (29
After addition of hydroxide, characteristic chemical shifts kDa) from 2 L expression cultures were typically greater
indicated complete ring opening (data not shown), and the when the induction medium was supplemented with GoCl
methyl protons (3.0H, 0.71 ppm) integrated with ap- (40 mg) than with ZnS@(7 mg). Yields of purified MBP-
proximately the same ratio with theproton of the product  AHL lactonase fusion proteins (73 kDa) fro2 L expression
(0.8H, 4.06 ppm). In the enzyme-catalyzed reaction, completecultures were lower when the induction medium was
hydrolysis was observed at the first time point (1 h) and the supplemented with Cd€{10 mg) or MnSQ (22 mg). Metal
methyl protons (3.0H, 0.72 ppm) integrated with a 3:1 ratio analysis was performed as previously describ#® and
with thea proton of the product (0.9H, 4.08 ppm). To ensure confirmed that enzymes grown in each metal supplement
no further reaction, the enzymic reaction was analyzed atresulted in a purified protein containing approximately 2
later time points (2 and 20 h). The methyl protons (2 h, 3.0H, equiv of the supplemented metal ion per monomer (Table
0.72 ppm; 20 h, 3.0H, 0.73 ppm) and the produatisroton 1). Several independent expression and purification trials
(2 h, 1.1H, 4.08 ppm; 20 h, 1.2H, 4.10 ppm) remained in & confirmed the reproducibility of these procedures for prepar-
3:1 ratio, indicating that there is not significant exchange of ing AHL lactonase that is homogeneously substituted with
the a. proton with solvent deuterium during turnover. alternative divalent metal ions.

H NMR Spectroscopy of Dinuclear Zinc AHL Lactonase  Steady-State Kinetics of Metal-Substituted AHL Lacto-
and Apo AHL Lactonasd.o determine whether removal of nases.Using a previously reportedl®) phenol red-based
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Table 2: Steady-State Kinetic Constants for Hydrolysis of Substrates with Oxygen (C6-HSL, O) or Sulfur (C6-HCTL, S) Leaving Groups by
AHL Lactonase Disubstituted with Various Divalent Metal 1&dns

C6-HSL C6-HCTL
metal supplement Keat (s7%) Kw (MM) Keat (s7) Km (mM) kead O)Tkead'S) Km(O)/Km(S)
MnSO, 330+ 20 0.18+ 0.04 500+ 20 0.39+ 0.05 0.66+ 0.07 0.4+ 0.2
CoCh 510+ 10 0.36+ 0.04 198+ 8 6.7+ 0.7 2.6+ 0.2 0.054+ 0.006
nSQy 91+3 5.6+ 0.6 4.1+ 0.7 36+ 10 22+5 0.16+ 0.06
CdCkh 480+ 20 0.244+ 0.03 5.0+£0.5 0.12+ 0.02 100+ 20 2.0+ 0.6

aReactions were carried out at pH 7.4 and°£8 P Ratios compare the relative steady-state kinetic constants for hydrolysis of substrates with
an oxygen (O) leaving group, C6-HSL, or with a sulfur (S) leaving group, C6-HCTL.

spectrophotometric activity assay, the steady-state rate
constants were measured for hydrolysis of C6-HSL and C6-
HCTL at 28°C and pH 7.4 by AHL lactonase disubstituted
with manganese, cobalt, zinc, or cadmium (Table 2). Progress
curves remained linear over the time scale used for calculat-
ing initial rates, typically~0.2 min. The maximum substrate
concentrations used in these experiments were at least 5-fol¢”™
higher thanKy values, except for hydrolysis of C6-HCTL
by dizinc AHL lactonase, where the higty and the limited
aqueous solubility of the thiolactone allowed assays with only
a maximum near 40 mM substrate. /
In general, rankings of the absolute values for steady-state J : i : o
rate constants do not obviously correlate with the Lewis acid o 1 3 4 5 6 7
strength or thiophilicity of the substituted metal ions. For R+ a (A)
the C6-HSL substraté, values increased upon substitution Ficure 3: Fourier-transformed EXAFS data-] for dizinc (top)

in the following order: Zﬁf < Mn?* < Cd* < Co*". Ky (19) and dicobalt (bottom) AHL lactonase, and corresponding best
values decreased with a different rank order>Zs Co?* fits ().

> C?* > Mn?". These absolute rankings are different for
,tsgrs;gﬂéizcgﬂgg%&ﬁ ?&Zhﬁ#gﬁgi chzelfleézzlglted perturbations, we examined the EXAFS of the dicobalt
< Mn?") and decreasingy values (Z&" > C** > Mn2* enzyme.
> CP"). These results are somewhat surprising because, in  The data presented in Figure 3 are consistent with similar
all cases, disubstitution with zinc results in the least effective structures for the dizinc and dicobalt enzymes (the original
catalyst. In contrast, zinc appears to be the optimum metaldizinc spectrum is included for comparison). First-shell fits
ion for catalysis by a related metalftactamase 32). to the dicobalt data, summarized in Table 3, indicate an
While the trends of these absolute values are difficult to average of 5= 1 N/O donors per cobalt ion, at a distance of
interpret, it is more instructive to compare the ratio of rate 2.03 A. These results are indistinguishable from those
constants for the oxygen- and sulfur-containing substratesobserved for the dizinc enzyme, indicating identical coor-
(O:S ratios in Table 2) which can be used to isolate the dination numbers for the Zn and Co ions. Attempts to fit
effects of metal substitution on the leaving group position the first shell with a mixture of nitrogen and oxygen donors
(see the Discussion). The O:S ratio lef; values for C6-  did not lead to significant improvement in the fit residuals.
HSL and C6-HCTL showed a clear trend, varying by 150- Multiple scattering fits indicate the presence of an average

i i . + 2+

fold, VK'th the following re}nk order: M.ﬁ.k < Co*” < Zn of 2 + 0.5 His ligands per Co(ll) ion, also in accord with

< CcP*. Under our experimental conditions, product inhibi- the dizinc EXAFES 19). Th fits ad el d h

tion did not significantly contribute to the observed thio effect € dizinc 9. ese Mils adequalely reproduce the
position of the four prominent outer shell features but poorly

(Supporting Information). This ranking of O:K4 ratios . . .
matched the trend of reported stability constants for these Model the intensity pattern, particularly for the featur&at

metal ions binding to small molecule thiols [¥in< Co?* + a = 3.1 A. Inclusion of a Ce-Co ipteraction dramatically'
< Zm* < C?* (33—36)] and is consistent with an apparent Improves the appearance of the fit, more closely matching
correlation between the ability of these metal ions to bind the observed outer shell intensities. More importantly,
thiols and their ability to perturb tHes values of thiolactones ~ addition of the Ce-Co interaction (an increase in the number
as compared to the oxygen congeners. of variable parameters in the fit from 10 to 12) leads to a
EXAFS of Dinuclear Cobalt AHL Lactonag®ur previous ~ 27% improvement in the fit residual. The €Go distance
EXAFS studies of dizinc AHL lactonase revealed a dinuclear éfines to 3.55 A, which is significantly longer than the 3.32
structure, with an average of five N/O donors per zinc ion, A Zn—2n distance observed for dizinc AHL lactonase. This
including 2 + 0.5 His ligands per zinc ion. The ZZn can be ascribed, in part, to the slightly larger (0.06 A)
distance of 3.32 A was taken as evidence of the presence ofcovalent radius of Co(ll) versus Zn(ll), which predicts an
two bridging groups, including a carboxylate and a solvent increase of up to 0.12 A in the metahetal distance. The
molecule 9). To determine whether the changes in reactiv- remaining 0.1 A increase is at most a minor perturbation of
ity upon metal substitution are a manifestation of structural the active site structure.

Zn_-AHL lactonaze

ey . SRy

(2‘02—:\HL lactonase

2 4
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Table 3: EXAFS Fitting Results for Dicobalt AHL Lacton&se

fit  scattere? pattf Ras(A)  0a29 RE RS
1 5N/O 2.03 7.2 27 267
2 5N/O 2.03 6.0 199 201
2 His C1l 2.98 9.0
C1—-N1 3.35 6.0
C2—-N1 4.22 15.
C1—-N2—N1 4.67 14.
3 5N/O 2.03 6.0 146 157
2 His C1 3.02 6.4
C1-N1 3.38 16.
C2—N1 4.24 6.6
C1-N2—N1 4.68 13.
1Co Co 3.55 9.0

2Values ofRss and 0. are for fits to filtered data, as described in
Materials and Methods. Fits to unfiltered data gave similar results.
b Integer coordination number giving the best fiMultiple scattering
paths represent combined paths, with labels that correspond to the pat
with the largest amplitudel). ¢ Mean-square deviation in absorber
scatterer bond length of 1®A2 ¢ Goodness of fit defined as

N
5 (1Rety, )+ im(, )1
1000*'=N

Z{ [Re; )17+ Im(x;, )13

whereN is the number of data point& corresponds to fits to
filtered data, andR, corresponds to fits to unfiltered data. The
apparent similarity of the residuals for filtered and unfiltered fits
is an artifact of the Fourier filtering process, which converts real
data (unfiltered) into complex data (filtered). This results in an
effective doubling of the number of points being fit, leading to
apparently higher residuals for fits to filtered data.

DISCUSSION

Although AHL lactonase holds potential as a therapeutic
and anti-biofouling agent, its enzymic ring opening mech-

Momb et al.

Scheme 2: Possible AHL Ring-Opening Mechanisms

B T

aPredicted labeling by solvent,HO is indicated @).

observed during nonenzymic acid hydrolysid\sbenzoyl-
homoserine lactonel®). Because the dinculear metal center

ipf AHL lactonase provides two strong Lewis acids as well

as a preformed hydroxide ion, it is not clear whether an acidic
or an alkaline hydrolysis mechanism is most appropriate to
use as a model. Therefore, the possibility of several alterna-
tive pathways for lactone hydrolysis justifies the investigation
of the particular ring opening mechanism catalyzed by AHL
lactonase.

In light of the known possibilities, we considered four
potential ring opening mechanisms for AHL lactonase
(Scheme 2): (a) elimination of the acetate group [the
resulting alkene product has not been detected in previous
analysis of reaction productdq, 21, 43), but elimination
might be followed by hydration (path)ao yield the expected
product], (b) attack of hydroxide at the carbon with the
acetate acting as a leaving group, (c) deprotonation ofithe
proton and elimination of the alcohol to form a ketene, which
could readily react (path"cwith solvent to yield product,
and (d) hydroxide attack at the carbonyl carbon.

Both pathways a and b are predicted to incorporate solvent
oxygen into the product alcohol, but pathways ¢ and d predict

anism has not yet been characterized. Generally, alkalineincorporation of solvent oxygen into the product’s carboxy-

ester hydrolysis occurs through an additi@limination
pathway (rather than eliminatieraddition, or an {2
pathway). However, lactones are known to have different
reactivity than open chain ester87}. For instance, rings
with fewer than eight members force the alkyl and acyl
groups of the lactone into @s configuration as opposed to
the trans configuration of open-chained esters, and these

late. To determine the actual site of incorporation, C6-HSL
was hydrolyzed by AHL lactonase in a buffered solution
containing 50% KO and 50% H%O, and the resulting
product was analyzed by natural abundarié€ NMR
spectroscopy. Incorporation of &% isotope adjacent to a
carbon atom is known to introduce a small but reproducible
change in the adjacent carbon’s chemical stif)( After

lactones hydrolyze more than 200-fold faster than their openhydrolysis, the product's carbon exhibits only a single

chain analogues3g; reviewed in ref37). Besides the

expected attack of hydroxide at the carbonyl carbon, alterna-

tive mechanisms for AHL lactonase should also be consid-

symmetrical peak (Figure 1), with no indication of a
neighboring'®0 label. However, the product’s carbonyl
carbon peak is split into two, with approximately 50% of

ered. For example, enzyme-catalyzed ring opening of typethe sample shifted upfield by 0.024 0.004 ppm. The
B streptogramin macrolactones has been shown to occur viamagnitude of thé®O-induced isotope shift agrees with that

elimination mechanisms rather than hydrolysg®)( The
nonenzymatic hydrolysis of lactones can also occur by
different mechanisms. If an ionizabte proton is present,
this may allow deprotonation and elimination of the alcohol
to form a ketene that would subsequently react with water

observed previously with carboxylic acids and indicates that
only one*0 atom is incorporated into the produ2®j. The
observed site of incorporation of solvent oxygen into the
product carboxylate rather than into the alcohol rules out
pathways a and b.

to give product. While this mechanism has not been observed Pathways c and d can be distinguished by washout of the

in nonenzymic lactone hydrolysis, it has been observed with
particular open chain ester87 40, 41). Even differences

o. proton during hydrolysis. Pathway c predicts that the
proton should readily exchange with solvent, but pathway d

in the site of bond cleavage have been noted. Under neutralpredicts this proton would be retained. To determine whether
conditions, four-member lactone rings have been shown tothe a proton is washed out during turnover, C6-HSL was
open between the methylene carbon and the ring oxygenhydrolyzed by AHL lactonase in buffer containirg®5%
rather than between the carbonyl carbon and the ring oxygenD,O and the resulting product analyzed B NMR

(reviewed in ref41). This unusual cleavage has even been

spectroscopy. The productts proton integrates well with
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the three protons of the terminal methyl group of the alkyl
chain and exhibits a 1:3 stoichometry, indicating that there
is no significant exchange at this position during catalysis.
This finding disfavors pathway c. These results do not rule
out the formal possibility that a general base, not in rapid
equilibrium with the solvent, catalyzes both removal of the
o proton and reprotonation of the ketene. However, the high
pK, of the a. proton and the solvent accessibility of the active
site (L8) make this possibility unlikely. In sum, isotope
labeling patterns are most consistent with an addition
elimination mechanism with attack of a solvent-derived
hydroxide at the carbonyl carbon and elimination of an
alcohol leaving group.

Another significant unknown in the AHL lactonase mech-

Biochemistry, Vol. 45, No. 44, 2006.3391

OH X-
@ @ o

Ficure 4: Proposed metalleaving group interaction during lactone
and thiolactone hydrolysis by AHL lactonase.

lactonase suggest that metals may not be esseiglgnd
recently published structures of a related dinuclear zinc
alkylsulfatase suggest that the active site metal ions may not

anism is the role of metal ions. The absolute requirement of interact directly with the substratd¥). Herein, we measured

metal ions for the catalytic activity of AHL lactonase has
been debate®(). Our group [and other()] found 2 equiv
of Zn?* that copurified with this enzyme and demonstrated

the kinetic thio effect on rates of hydrolysis of lactone and
thiolactone substrates by AHL lactonase substituted with
metals of varying thiophilicity. If the leaving group does not

that the presence of these metal ions is required for catalyticinteract with the metal center, then there should be no change

activity (19). However, loss of activity upon removal of metal
ions (a) could be caused by protein unfolding, indicating a
structural role for the metal ions, (b) could be caused by
removal of these Lewis acids without significant unfolding,
suggesting a catalytic role for the metal ions, or (c) could

in the ratio of hydrolysis rates for the lactone and thiolactone
substrates (O:S ratio) upon metal substitution. However, if
the leaving group forms a kinetically significant interaction
with the metal center, then it would be reasonable to expect
that the ratio of hydrolysis rates should vary in parallel with

be a combination of these two effects. To determine whether the thiophilicity of the active site metals. Similar experiments

metal ion binding is important for stabilization of the protein
fold, we compared qualitative differences between the NMR
spectra of dinuclear zinc AHL lactonase and apo AHL

are common in the study of metal-mediated phosphoester
hydrolysis é8), and the use of thionolactanm49), thioureas
(50), and thionopeptides34, 51) has also been used to assay

lactonase, which no longer contains any bound metal ionsfor a thio effect on various metallohydrolases. It should be

(Figure 2). Comparison of 1EH NMR spectra is commonly

used to qualitatively detect gross changes in protein folding
(30). The spectrum of dinuclear zinc AHL lactonase contains
many defined peaks, even occurring well above 8.5 ppm,
distinctive of the backbone amide protons in folded proteins.

In contrast, the spectrum of apo AHL lactonase shows fewer,

noted that the studies described here are somewhat different
from the previous studies because the sulfur-for-oxygen
substitution is made at the leaving group position rather than
at the carbonyl group.

Steady-state kinetic constants for hydrolysis of C6-HSL
and C6-HCTL were determined as catalyzed by AHL

broader, and less resolved peaks, mostly occurring near 8.3actonase containing 2 equiv each of four different metal ions

ppm, indicating a loss4d) of structural integrity upon
removal of metal ions. This result is consistent with the
dinuclear zinc site serving a structural role in stabilizing the
protein fold of AHL lactonase. Indeed, crystal structures of
this enzyme show that the dizinc site helps bridge two
pseudosymmetrical halves of the overgffa fold (18, 20),

and reconstitution experiments with apoprotein and metal
ions are slow to reach equilibrium and produce only low

(Tables 1 and 2): M#, C&*t, Zn?t, and Cd*. The O:S
ratios ofKy values do not show a clear correlation with the
ranking of the thiophilicities of these metals, nor is a
correlation necessarily expected. However, the O:S ratios of
keat values, which vary by 150-fold, show a strong correlation

with the known thiophilicity of the active site metal ions.

The rank order of O:%.4 ratios for metal-substituted AHL
lactonase (CH > Zn?* > Cc*t > Mn?") correlates well

yields (@9). Other superfamily members have also been with the ranking $2) of the thiophilicities of these metals:

shown to rely on metal ion binding for proper folding4(
45). While these results support a structural role for the bound
metal ions, they do not provide any information about

Ct > zZr?t > Co?"™ > Mn?* (Table 2). In fact, under
saturating conditions, the Mh-substituted AHL lactonase,
expected to be the least thiophilic species, hydrolyzed the

whether these metals might also play a role in catalysis. To thiolactone faster than the oxygen-containing congener. In

determine whether the metal ions of AHL lactonase directly
participate in catalysis, experiments to track specific metal

contrast, Cé"-substituted AHL lactonase, expected to be the
most thiophilic species, hydrolyzed the oxygen-containing

substrate interactions that occur throughout the reactionlactone faster than the thiolactone. The observation that the

coordinate are underway.
The importance of metal ions in stabilizing the proper fold
of AHL lactonase and the identity of the leaving group have

most thiophilic metal displays the slowest rate for thiolactone
hydrolysis suggests that breaking the leaving grometal
bond (Figure 4) may be at least partially rate-limiting during

now been established. One of the remaining questions issteady-state turnover. A similar rate-limiting metéaving

whether the metal center participates in the catalytic mech-

group interaction has been characterized in related metallo-

anism. Most metallg-lactamase superfamily members rely g-lactamase enzymeg32), although this interaction may be

on active site metal ions for catalysig). One structure of

substrate-dependerid). These findings are consistent with

AHL lactonase complexed with homoserine lactone indicates the presence of a kinetically significant interaction between

ligand—metal contacts 20), but this likely represents a
nonproductive complex. In contrast, early studies of AHL

the substrate’s leaving group and the active site metal ions
of AHL lactonase during turnover. Future kinetic and
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spectroscopic studies will address the leaving gramptal
interaction of AHL lactonase in greater detail and determine
which of the two metal ions is responsible for this interaction.

To ensure that the different metal ion substitutions do not
cause large structural changes in the dinuclear site, X-ray
absorption spectroscopy of the dinuclear cobalt AHL lacto-
nase (Table 3 and Figure 3) was compared with that reported
previously for the dizinc enzymel9). Fits to the EXAFS
data indicate identical coordination spheres for both Co(ll)
and Zn(ll) in the AHL lactonase active site, including an
average of five nitrogen/oxygen ligands per metal ios; 2
0.5 of which are histidine residues. The 3.55 A cobatibalt

Momb et al.
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longer than the 3.32 A zirezinc distance in the dizinc

enzyme but is still consistent with formation of a dinuclear REFERENCES

cobalt metal center. In sum, no major structural differences
in the metal binding site are observed by EXAFS between
the dicobalt and dizinc AHL lactonase. Therefore, the
observed differences in reactivity between dizinc and dicobalt
AHL lactonase are likely due to intrinsic differences in each
metal’s properties rather than changes in the protein structure.

One unexpected benefit of this study is the finding that
different metal ions can greatly enhance catalytic rates, with
the Cd*-substituted enzyme exhibiting a 5-fold increase in
kear @ 23-fold decrease iy, and a corresponding 125-fold
increase ink./Ky for hydrolysis of a naturally occurring
substrate, C6-HSL, as compared with the value for the dizinc
enzyme. This dicadmium catalyst is orders of magnitude
faster than other reported quorum-quenching enzymes. For
example, the AHL-acylase AhIM9] is 3200-fold slower,
and human paraoxonases-1, -2, and -3 are 24000-, 1600-,
and 9600-fold slower, respectivelyL k), than dicadmium
AHL lactonasé. Further studies will be required to determine
whether more physiologically relevant metal ions, such as
Fet, also afford rate enhancements and whether the non-
physiological alternative metals which display greater activity
can remain stably incorporated into AHL lactonase when
used in a biological milieu.

In conclusion, we have demonstrated that the dinuclear
metal site of AHL lactonase is essential both for structural
stabilization and for catalysis. Substrate AHL ring opening
is shown to be consistent with a proposed addition
elimination mechanism where solvent-derived hydroxide,
presumably the hydroxide that bridges the dinuclear zinc site,
attacks the lactone’s carbonyl and an alcohol leaving group
is eliminated. An observed thio effect indicates that a
kinetically significant interaction between the substrate’s
leaving group and the metal center occurs during catalysis
and is consistent with proposing a role of the metal center
in stabilizing the leaving group, thereby facilitating bond
cleavage. Because alternative metal incorporation results in
a hyperactive AHL lactonase, this raises the possibility that
through an understanding of the structure and mechanism
of this enzyme family, more effective quorum-quenching
agents can be developed for use as antibacterial and anti-
biofouling agents.

2 Kinetic characterizations of quorum-quenching lactonases are scant,
but the kea values of dicadmium AHL lactonase are compared with
those calculated from the highest reported specific activities of AhIM
and PONZ%-3, assuming saturating optimal AHL substrates and one
active site per monomer.
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