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Abstract N-acyl homoserine lactones are key com-
ponents of quorum sensing, the bacterial communica-
tion system. This communication mechanism regu-
lates the expression of genes, including those involved
in virulence and biofilm formation. This system can be
interrupted by the action of enzymes that hydrolyze
the signaling molecules. In this work, we studied the
enzymatic properties of a recombinant AHL-lactonase
from Bacillus thuringiensis strain 147-11516, using
substrates with acyl chains of different length (C4-HSL,
C6-HSL, C7-HSL, C8-HSL and C10-HSL), we also
investigated the effect of pH (5.0-9.0), tempera-
ture (20-70 °C), concentration of monovalent, diva-
lent and trivalent metals ions (0.2 and 2.0 mM) and
EDTA. The results showed that the recombinant AHL-
lactonase had biological activity in alkaline pH
conditions (8.0) and high temperature (47 % of
hydrolyzed substrate at 60 °C). The recombinant
AHL-lactonase has activity on substrates with differ-
ent acyl chain length. However, the activity of the
recombinant enzyme was decreased in the two
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concentrations of all metal ions evaluated but was
not inhibited by EDTA. The affinity of the enzyme for
all substrates tested and its performance, in the
evaluated conditions, suggest that the AHL-lactonase
from B. thuringiensis strain 147-11516 could be used
as a strategy for disruption of the Gram-negative
bacteria communication system under normal and
challenging conditions.
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Introduction

Gram-negative bacteria use quorum sensing system
(QS) to communicate with each other to regulate gene
expression. This system that was discovered in the
marine bacterium Vibrio fischeri, allows the regulation
of the expression of bioluminescence (Nealson et al.
1970) and involves the production, releasing, detec-
tion and response of small signaling molecules
whereas is increasing population density. The bacteria
may respond individually and collectively to environ-
mental changes by inducing gene expression involved
in conjugation, virulence factors production and
biofilm formation, development of genetic compe-
tence and differentiation of spores as well as antibi-
otics production etc. (Lazazzera and Grossman 1998;
Lazazzera 2000; Miller and Bassler 2001; Lin et al.
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2003; Qin et al. 2007). There is a wide range of QS
signals, but only two are the most widely studied: N-
acyl-homoserine lactones (AHLs) produced by more
than 70 species of Gram negative bacteria and peptide
based QS system in Gram positive bacteria. In the
Gram negatives, the AHLs signals diffuse across the
cell membrane and bind to regulatory proteins and in
the Gram positives such as Staphylococcus aureus and
Streptococcus pneumoniae, the QS signal is detected
by a two component response regulator system
associate to cell membrane by bound to histidine
kinases receptor (Amara et al. 2011; Waters and
Bassler 2005).

The QS system allows bacteria to compete and
dominate the bacterial community in which they
develop strategies to increase opportunities for co-
exist. In this scenario, the competition operates
through quenching of QS system mediated by wide
range of compounds (Kalia 2013). Among the differ-
ent inhibitors, the enzymatic degradation by AHL-
lactonases and AHL-acylases has been studied in order
to find applications in a diverse range of fields
(Galloway et al. 2012). Lactonases encoded by the
gene aiiA hydrolyze the lactone ring of AHL of Gram-
negative pathogens, and are found in numerous
Bacillus sp. (Dong et al. 2001, 2002; Lee et al. 2002).

With the discovery of antibiotics and vaccine
development in the past 70 years many diseases were
controlled, but as in most cases its use impose a
selection pressure on microorganisms, inducing resis-
tance development to one or more antibiotics. It had
been suggested that quorum quenching (QQ) of
bacterial cell-cell communication, could be a prom-
ising strategy that can be exploited to prevent food
spoilage, bacterial infections and bioremediation
(Kalia et al. 2011). In medicine, disrupting QS rather
than using antibiotics is a highly attractive concept
since it is less likely to induce bacterial resistance
(Camara et al. 2002; Hentzar and Givskov 2003).

Previous work by Dong et al. (2000, 2004) showed
that the aiiA gene product of Bacillus thuringiensis
(Bt) cause inactivation of the AHL autoinducer,
inhibiting the virulence of the phytopathogen Pecto-
bacterium carotovorum (Erwinia carotovora). This
mechanism of QQ has also been recently discovered in
Bacillus marcorestinctum sp. nov. (Han et al. 2010).
Latest studies revealed that many organisms possess
conserved domains for AHLs lactonases and acylases
including those such as Deinococcus radiodurans R1,
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Hyphonomas neptunium ATCC 1544 and Photorhab-
dus luminicens subsp. laumondii TTO1 that contains
genes for both lactonase and acylase (Kalia et al.
2011). The presence of another AHL-lactonase in
various species of the genus Microbacterium (Wang
et al. 2012) and efficient control and attenuation of
Aeromonas hidrophila virulence have been also
reported when the enzyme was used as diet supple-
ment in Zebra fish (Cao et al. 2012). Furthermore,
bioassay results of AHL-lactonase activity produced
by a Colombian Bt strain 147-11516 isolated from
bean leaves against plant pathogens and that is also
toxic to lepidopteran insects, indicate the importance
of the complete biochemical characterization of this
enzyme. In this study the activity of the recombinant
AHL-lactonase encoded by the aiiA gene of Bf strain
147-11516 in various conditions of pH, temperature,
presence of monovalent, divalent and trivalent ions, in
addition to the determination of the specificity and
kinetics of the enzyme is described.

Materials and methods
Bacterial strains and culture media

Reporter strains Agrobacterium tumefaciens NTL4 and
Chromobacterium violaceum CV026 were obtained
from Dr. J. Fuqua at Indiana University, USA and the
Institute of Infection Immunity and Inflammation,
University of Nottingham, England respectively. The
first strain carries a lacZ fusion with tral, which
produces a blue color in the presence of 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside  (X-Gal) in
response to AHLs. The C. violaceum strain CV026
regulates production or inhibition of a pigment in the
presence of AHLs (Ravn etal. 2001). These strains were
grown in Luria Bertani (LB) (1 % peptone, 0.5 % yeast
extract, I % NaCl) with 1.0 % agar, supplemented with
appropriate antibiotics tetracycline 4.5 pg/ml and spec-
tinomycin 50 pg/ml for A. tumefaciens and kanamycin
20 pg/ml for C. violaceum.

To study the activity of the AHL-lactonase 47.11516,
the following substrates were used, N-decanoyl,
octanoyl, heptanoyl, butanoyl and hexanoyl-pL-homo-
serine lactones (Fluka). To evaluate the effect of ions
on the AHL-lactonase activity eight salt solutions
were used MgCl,, CaCl,, MnCl,, Pb(NOj3),, CuCl,,
AlCl;, FeCl, and KCI1 (Merck).
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Escherichia coli ArticExpress (DE3) cells were
transformed with plasmid aiiA-pCold IV containing
the aiiA gene from Bt strain 147-11516 and six histidine
residues at the N-terminus were added to target gene and
were preserved after purification. The gene was sub-
cloned into the vector pCold IV (Takara- BIO-INC,
Shiga, Japan) using Ndel and Xbal and the correct
sequence of the aiiA gene inserted in plasmid pCold IV
was verified by DNA sequencing on both strands.

Expression and purification of the
AHL-lactonase47.11516

Recombinant E. coli cells were cultured for4 hin 1 L
of LB medium containing 50 pg/ml of ampicillin,
subsequently gene expression was induced by adding
1 mM IPTG and incubated again at 15 °C overnight.
Cells were harvested by centrifugation at 5,000 rpm
for 10 min and the pellet was resuspended in 30 ml of
lysis buffer (20 mM Tris—HCI containing 500 mM
NaCl, 20 mM imidazole, 1 mM PMSF and bacterial
protease inhibitors, pH 8.0), then bacteria were lysed
by sonication in an ice bath. Bacteria lysate was
centrifuged at 11,000 rpm for 20 min and the super-
natant was collected. Proteins were separated by
affinity chromatography using a Ni-NTA column
equilibrated with buffer A (20 mM Tris—HCI,
500 mM NaCl and 20 mM imidazole pH 8.0).
Proteins were eluted with buffer B (20 mM Tris
HCI, 500 mM NaCl and 250 mM imidazole at pH
8.0). The fractions collected were analyzed by 12 %
SDS-PAGE and proteins stained with Coomassie
brilliant blue. Several fractions containing the AiiA
protein were mixed and dialyzed against 1x PBS.
Finally the protein AIIA AiiA was lyophilized and
stored at —70 °C for later use.

Detection of AHL-lactonase47.1151¢ activity
with reporter strains

The biological activity of the purified AHL recombi-
nant lactonaseq47.11516, Was detected using 35.6 mM
of enzyme mixed with 20 pM of N-hexanoyl-pL-
homoserine lactone (C6-HSL) or N-octanoyl-pL-
homoserine lactone (C8-HSL) dissolved in 1x PBS
(pH 7.4), after incubation periods of 30, 60 and
120 min at 30 °C with gentle agitation, the hydrolysis
products were analyzed with the reporter strains
CV026 and A. tumefaciens NTL4.

The effect of temperature on AHL-lactonase47.11516
activity, was established using 20 pM of C6-HSL in a
solution of 100 mM Tris HCI (pH 7.4) and incubated at
different temperatures (0, 15, 26, 30, 40, 50, 60 and
70 °C) for 30 min; after this time, the AHL-lacto-
nasej47.11516 Was added to a final concentration of
100 uM. After 120 min, the reactions were stopped
with heat (100 °C for 90 s) and the hydrolysis products
were analyzed using the reporter strain C. violaceum
CV026.

Thermal stability of the recombinant AHL-lacto-
nasei47.11s51¢ was determined taken 1.97 pl of the
enzyme to a final concentration of 100 pM in
100 mM Tris HCI (pH 7.4) and incubated at different
temperatures (30, 40, 50, 60 and 70 °C). After various
times, 2, 3, 4 and 5 h, 28 pl of the substrate (C6-HSL)
were added to a final concentration of 20 UM and the
reactions were incubated at the same temperature for
additional 120 min with gentle shaking. To determine
the effect of pH on the AHL-lactonase; 4711516 activity,
0.93 pl of the enzyme were mixed to a final concentra-
tion of 110 uM with C6-HSL to a final concentration of
20 uM in a 100 mM Tris HCI solution at different pH
values (4, 5, 6, 7, 8 and 9). The reaction mixtures were
incubated at 32 °C for 60 and 120 min with gentle
agitation and the hydrolysis products were analyzed
with the reporter strain C. violaceum CV026.

To determine the effect of ions on the AHL-
lactonase 711516 activity, Mg?*, Ca*", Mn**, Pb>™,
Cu2+, Al3+, Fe?* and K were evaluated in two
concentrations, 0.2 and 2.0 mM. The reactions were
incubated during 60 and 120 min at 32 °C. AHL-
lactonase;47.11516 activity was evaluated at enzyme and
C6-HSL concentrations of 120 and 20 puM, respec-
tively, in 1x PBS, pH 7.4. Ion solutions containing
Mn?", Pb?*, Cu®t, A’ and Fe®", were mixed with
EDTA at a final concentration of 10 mM to avoid
precipitation. They were analyzed using the reporter
strain C. violaceum CV026.

The effect of metal ions on the enzyme activity was
determined using EDTA at concentrations of 10, 25 and
50 mM, under the same conditions described above, but
without the ion solutions. The hydrolysis products were
analyzed using the reporter strain C. violaceum CV026.
To evaluate the effect of EDTA in the reporter strain, in
this assays two negative controls were set, one contain-
ing buffer, EDTA and substrate while the other control
had only buffer and substrate. The evaluation of the
AHL-lactonase47.1151¢ With the reporter strains was

@ Springer



256

Antonie van Leeuwenhoek (2014) 105:253-264

performed by triplicate including the respective
controls.

Evaluation of the AHL hydrolysis
by the recombinant AHL-lactonase47.11516

A reaction mixture was prepared by adding 3.37 pl
(120 uM) of the purified AHL-lactonase 4711516 and
1.99 ul (0.25 mM) of C6-HSL to a 100 mM Tris HCl
buffer (pH 7.4) with a final volume of 1 ml. The reaction
was incubated at 32 °C for 10 min at 250 rpm and
stopped by heating the solution at 100 °C for 90 s. After
the enzymatic hydrolysis, the resulting solution was
extracted three times with ethyl acetate (Carlo Erba) in a
1:1 ratio; each organic phase was separated by centrifu-
gation (11,000 rpm for 2 min), then the mixture of the
extracts were dried in an eppendorf vacufuge concentra-
tor at 30 °C. Dried residues were dissolved in methanol—
water (50:50, v/v) and hydrolysis products were analyzed
and quantified by HPLC-MS. AHL-lactonase activity
was defined as the amount of micromoles of AHLs
hydrolyzed per minute per milligram of AHL-lactonase.

Quantitative determination of the recombinant
AHL-lactonase 4711516 activity by HPLC-ESI-MS

The activity of the AHL-lactonase;47.11516 Was quanti-
fied by liquid chromatography using an Agilent 1200

series HPLC. Two microliters of the reaction mixtures
in methanol-water were injected on a C18 reverse phase
column (Zorbax XDB, 4.6 x 150 mm, particle size 5
microns). Elution was performed with methanol-water
(50:50, v/v) with ammonium acetate and trifluoroacetic
acid (TFA) (5 mM and 0.05 %, respectively) with an
isocratic profile at a 0.8 ml/min flow using a micro-
divider valve (Upchurch Scientific, USA). The sepa-
rated components were injected for detection and
quantified by quadrupole mass spectrometer (ESI-MS)
(model V1, Agilent) under positive ion and nitrogen
was used for nebulization (1 psi = 6,894.76 Pa). For
quantification of non-hydrolyzed substrate, calibration
curves were prepared for each substrate. The conditions
for mass spectrometry using electrospray ionization
(ESI-MS) are specified in Table 1.

Activity of the AHL-lactonase47-11516
under different temperature and pH condition

Thermal stability of the AHL lactonase 4711516 Was
determined by treating 120 pM solutions of the
enzyme at different temperatures (20, 30, 40, 50, 60
and 70 °C) in 1 ml of 100 mM Tris HCI, pH 7.4, for
2 h, then C6-HSL was added to a final concentration of
0.25 mM and the mixture was incubated for 10 more
minutes at each temperature and the reactions were
stopped at 100 °C for 90 s. The non-hydrolyzed
substrate was measured as described above.

Table 1 Optimization

conditions of ESI-MS for Parameters in

N-acyl homoserine lactones

. . (ESI-MS)
quantification of N-acyl C4-HSL Ce-HSL C;-HSL Cg-HSL
homoserine lactones (A).
Ions selected to quantity the A
reSIdua];, activity of th; L Capillary voltage (V) 2,500 2,700 2,700 4,000
t -
recombinant enzyme A= Fragmentation voltage (V) 70 90 90 110
lactonase47.11516 On N-acyl
homoserine lactones (B) Drying gas flow (I/min) 12.0 12.0 12.0 12.0
Nebulization pressure (p.s.i) 60 60 60 60
Drying gas temperature 350 °C 350 °C 350 °C 350 °C
Detection range (m/z) 100-200 100-220 100-240 100-250
N-HSL Tons m/z
[C4H,NO, + H]F M + H]t [M + H — C,H,NO,]™
B
C4-HSL 102 172.2
C6-HSL 102 200.2
C7-HSL 102 214.3 113.3
C8-HSL 102 228.3 127.3
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To determine the effect of pH on the activity of the
AHL-lactonase 47.11516 the same procedure was fol-
lowed as described above, except that the enzyme
substrate mixture was incubated at 32 °C in 100 mM
Tris HCI buffer under different pH conditions (5, 6, 7,
8 and 9). The concentration of the non-hydrolyzed
substrate was quantified by HPLC-MS.

Effect of metal ions and EDTA on the recombinant
AHL-lactonase 47.11516 activity

A reaction mixture composed of 1.7 pl (120 mM) of
the AHL-lactonase 47.11516 and 1.0 pl (0.25 mM) of
C6-HSL in 1x PBS (pH 7.4) with different ions
Mg>", Ca>*, Mn**, Pb>", Cu® ", AIPT, Fe’" and K1)
were set to obtain two concentrations of each ion, 0.2
and 2.0 mM. Solutions containing Mn**, Pb>*, Cu**,
AP’" and Fe®™ were prepared containing 10 mM
EDTA (pH 8.0) at pH 7.4. The resulting solutions,
with final volumes of 500 pl, were incubated for
30 min at 32 °C. The reactions were stopped by
heating the solutions, as mentioned before.

As control, EDTA 10 mM was used without ion
solution in the same assay conditions and concentra-
tions of enzyme and substrate as described above.
Residual lactones from the enzymatic hydrolysis were
quantified by HPLC-MS with their respective controls
by triplicate.

Kinetics and specificity of the enzyme
AHL-lactonase 47.11516

To determine the AHL-lactonase;47.11516 Kinetics, the
enzyme was mixed to a final concentration of 120 utM
in a Tris HCI, pH 7.4, 100 mM with the substrates N-
decanoyl, octanoyl, heptanoyl, hexanoyl and butan-
oyl-pL-homoserine lactone at concentrations of 0.16,
0.31, 0.625, 1.25, 2.5, 5, 10 and 20 mM in a final
volume of 500 pl. The reactions were incubated at
30 °C and stopped by treating the reactions at 100 °C
for 90 s, before 10 % of each substrate was consumed.
For the specificity tests, the same substrates were
evaluated at a final concentration of 3 mM with
120 mM of the enzyme; the reactions were incubated
at 32 °C and after 10 min were stopped as mentioned
before. Residual lactone concentrations after the
enzymatic hydrolysis were quantified by HPLC-MS.
All assays were performed by triplicate with their

controls. The negative controls were substrate, buffer
without enzyme.

Statistical analysis

The resulting data from the assays to determine the
effect of ions and EDTA on the recombinant AHL-
lactonase47.11516 activity were analyzed by two ways
analysis of variance and Tukey’s test for multiple
comparisons using the statistical program SigmaStat
(Systat Software Inc). Specificity assays were ana-
lyzed with the same statistical package by one way
analysis of variance and Tukey’s test. Data from the
enzyme activity under different pH and temperature
was calculated as the mean and standard deviation for
all data taken by triplicate.

Results

Activity of the recombinant AHL-lactonase47.11516
determined with the reporter strains

The recombinant AHL-lactonase;47 11516 encoded by
the gene aiiA of Bt strain 147-11516 was expressed in
E. coli and purified in a Ni-NTA column. SDS-PAGE
analysis of the AHL-recombinant lactonase showed a
purity of 85 %, with a molecular weight of approx-
imately 28 kDa (Fig. 1). The AHL-lactonase ;4711516
contains 250 aminoacids (Fig. 2) and its sequence has
been deposited in GenBank under the accession
number ABN51242. This enzyme showed biological

1 2 3 4 5 6M

— 100 kDa
i 75 kDa

50 xDa

- P ’ 35kDa
25%Da

15kDa

Fig. 1 The recombinant protein AIIA from Bacillus thuringi-
ensis strain 147-11516 was purified on a Ni column and
fractions were analyzed by SDS-PAGE stained with Coomassie
brilliant blue. Lane M, low molecular weight marker. Lane 1,
supernatant after sonication of the recombinant cells. Lane 2,
column flow. Lane 3, column wash. Lanes 4-6, AIIA protein
fractions
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Fig. 2 Sequence aligments of AHL-lactonases 147.11516
(ABN51242) and AHL-lactonase 54051 (AAF62398). Residues
involved in Zinc coordination and denoted as rhombi. Red

activity with C6-HSL and C8-HSL as evidenced by
absence of pigmentation in the CV026 reporter strain
and a decrease in color of NTL4. Indirect measure-
ment of AHL-lactonase activity with the reporter
strains showed a possible preference for C6-HSL, for
this reason and to facilitate the selection of conditions
to evaluate and quantify the enzymatic activity by
HPLC-MS, all subsequent trials were performed with
strain CV026. It was determined that the minimum
concentration of enzyme capable of hydrolyzing C6-
HSL and to show detectable activity with the reporter
strains was between 100 and 120 uM. Similarly, the
buffer Tris HC1 100 mM was chosen to evaluate the
hydrolysis of the lactones because phosphate buffers
significantly inhibited the AHL-lactonase;s7.11516
activity.

Low temperatures (0 and 15 °C) inhibited the
activity of the AHL-lactonase 4711516 When it was
evaluated with strain CV026, but enzyme activity
increased as temperature increased. In the range
between 30 and 70 °C, the recombinant enzyme
hydrolyzed all the substrate C6-HSL; result that was
supported by thermal stability tests where the enzyme
showed 100 % activity when it was incubated at 60 °C
for up to 5 h. Negative controls showed a slight
hydrolysis of the substrate at 60 °C and even at 70 °C
there was only 13 % hydrolysis (Table 2; Fig. 3a).
EDTA did not alter the enzyme in any of the three
concentrations tested, but in the negative control,
growth of strain CV026 was slightly inhibited at
50 mM (Fig. 3b).
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circles indicate aminoacid residues involved in the hydrophobic
channel. Aminoacid differences in the sequence are indicated by
blue letters

The AHL-lactonase,47.11516 hydrolyzed C6-HSL in
the treatments containing neutral and basic pH, but
had no detectable activity with the reporter strain
CVO026 in the treatments containing acid pH (Table 2).
In the negative control treatments containing pH
solutions of 4, 5, 6, 7 and 8 there were not hydrolysis of
the lactone ring; however, in the negative control of
pH 9.0, 50 % hydrolysis of C6-HSL was observed,
interfering with the measurement of the enzyme
activity under that condition.

APP" and Cu®" dissolved in 1x PBS (pH 7.4)
completely inhibited the enzyme activity in the two
concentrations tested (0.2 and 2.0 mM). Increasing the
concentration of Fe’", Mn®", Ca*" and Mg*" to
2.0 mM, partially affected the performance of the
AHL-lactonase, while at 0.2 and 2.0 mM, Pb>* and
K™ did not affect the enzyme activity.

Assessment of recombinant AHL-lactonase 47.11516
activity by HPLC-MS

The activity of the recombinant AHL-lactonase 4;.
11516 With C6-HSL was 0.8 pmol/min/mg in the first
10 min of the reaction, when 10 % of the substrate was
consumed. The substrate concentration in the negative
control was 98 %. Quantification of AHLs not hydro-
lyzed by the recombinant AHL-lactonase47.11516 Was
performed using HPLC-ESI-MS, after selecting the
ions for each substrate found in higher abundance
(Table 1), but C10-HSL was precipitated, demonstrat-
ing low solubility in the mobile phase. To quantify the
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Table 2 Effect of temperature and thermal stability of the
AHL-lactonase 47.11516 in the presence of C6-HSL and the
reporter strain CV026 (A). Effect of pH on the enzymatic
activity of AHL-lactonase 47.1151¢ With C6-HSL and the
reporter strain CV026 (B)

Effect of temperatures in the
enzymatic activity

Thermal stability of the
enzyme

Temperature (°C) Activity Temperature/  Activity
time (°C/h)

A
0 . 30/5 +++
15 - 40/5 +++
26 ++ 50/5 +++
30 +++ 60/5 +++
40 +++ 70/2 ++
50 +++ 70/3 +
60 +++ 70/4 +
70 +++ 70/5 +

Effect of pH in the enzymatic activity

pH Activity 60 min Activity 120 min
B

4 — —

35 _ —

6 + +

7 +++ +++

8 +++ +++

9 +++ +++

Activity evaluation scale of AHL-lactonase;47.11516 according
to the coloured drea around the well

Diameters of 0-1.9 mm (Activity +++), 2-3.5 mm (Activity
++), 3.6-5.0 mm (Activity +) y > 5.1 mm (Activity —)

AHLs, calibration curves were performed with known
concentrations of each substrate with correlation
coefficients >0.995, which increased as the injection
volume was reduced. Subsequently, with the selected
ions and the optimized ESI-MS conditions (Table 1),
all substrates were separated and the retention times
for each one were identified (C4-HSL: 2.3 min; C6-
HSL: 4.8 min, C7-HSL: 8.4 min and C8-HSL:
16 min). In order to verify the presence of the product
of the enzymatic hydrolysis, the detection range (m/z)
was increased and all the product ions were found
(C4-HSL: 190.2; C6-HSL: 218.2, C7-HSL: 232.3 and
C8-HSL: 246.3 m/z), thereby confirming the incorpo-
ration of a water molecule to the homoserine lactone
ring, as seen in the chromatogram and in the mass

spectrum MS ESI-C6-HSL substrate used to charac-
terize the enzyme (Fig. 4).

After 2 h of incubation under controlled conditions
and at different temperatures, the AHL-lactonase47.
11516 showed the greatest stability and activity on the
substrate (1.5541 pmol/min/mg defined as 100 %) at
30 °C, however, at 40 and 50 °C maintained 75 and
60 % of its biological activity, whereas at 20 and
70 °C the AHL-lactonase hydrolyzed 45 and 33 % of
the C6-HSL (Fig. 5a). Hydrolysis of the substrate was
not observed in the negative controls, except at 70 °C
where 20 % degradation of the substrate was detected.
In the other hand, enzyme activity increased with
increasing pH and reached its maximum activity at pH
8.0, then declined at pH 9.0. Under acidic conditions,
the activity of the AHL-lactonase;47.1151¢ Was reduced
to 28 % (Fig. 5b). Negative controls showed a marked
lactonolysis at pH 9.0, confirming the results found
with the reporter strain CV026.

The activity of the recombinant AHL-lactonase;47.
11516 Showed statistically significant differences com-
pared to the control (no EDTA added), when evaluated
in monovalent, divalent and trivalent ion solutions.
The results showed that in the enzymatic reactions
containing ions at concentrations of 0.2 mM, the
recombinant AHL-lactonase47.1151¢ activity was
between 0 and 82 %, being completely abolished by
Cu2+; in the same way, when the concentration of ions
was increased to 2.0 mM, the enzyme activity
decreased in all treatments and was completely
abolished in solutions containing Cu®" and Mn>"
(Fig. 5¢). The recombinant AHL-lactonase47.1151¢ i
the presence of 10 mM EDTA displayed a 95.7 % of
activity compared to control and showed no statisti-
cally significant differences, indicating no negative
effects on the enzyme.

The kinetic parameters of the recombinant AHL-
lactonase47.1151¢ Were determined using the Michae-
lis-Menten model and the graphical representation of
Lineweaver—Burk. The recombinant AHL-lacto-
nasej47.11516 Showed hydrolytic activity in AHLs with
acyl chains of different lengths, with K, values
between 0.5 and 8.84 mM, indicating high affinity of
the enzyme for the substrates; however, the enzyme
showed low catalytic and efficacy constants (Table 3).
The C8-HSL hydrolysis values could be considered as
an estimate because it showed low solubility at
concentrations of 2.5 mM in the Tris HCl 100 mM
buffer (pH 7.4) used for these tests.
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Fig. 3 Thermal stability and activity in EDTA solutions of the
recombinant AHL-lactonase 47.11516. @ Activity was evaluated
at 20 and 100 pM of C6-HSL and enzyme, respectively, at 30,
40, 50, 60 and 70 °C and incubation times up to 5 h.
C— negative control contained only 100 mM Tris HCI buffer

In order to determine the specificity of the
recombinant AHL-lactonase 47.11516, N-decanoyl, oc-
tanoyl, heptanoyl, hexanoyl and butanoyl-pL-homo-
serine lactones were used, which have different acyl
chains lengths without substitutions (Table 3). The
results indicate that the AHL-lactonase47.11516 prefers
AHLs with shorter acyl chains and the higher activity
was observed with C4-HSL. It was not possible to
determine the enzyme activity on C10-HSL and the
activity of C8-HSL could be considered an estimate
due to the poor solubility of these substrates in the
buffer used for the enzymatic reaction.

Discussion
There are several reports showing the potential of the
AHL-lactonase of Bt as a strategy for controlling

diseases caused by pathogens, but little information is
available on the biochemical characterization of these

@ Springer

(pH 7.4) and C6-HSL. b EDTA was evaluated at concentrations
of 50, 25 and 10 mM for 30, 60, 90 and 120 min. C—, 1x PBS
solution with EDTA and C6-HSL. (C-PBS), 1x PBS solution
with C6-HSL without EDTA

enzymes which are inhibitors of QS. The results
presented here indicate that the recombinant AHL-
lactonase 4711516 effectively hydrolyzed several AHL
substrates of different acyl chain length at alkaline pH
and high temperatures. The recombinant enzyme also
displayed activity in the presence of high concentra-
tions of EDTA, despite containing the Zn motif in its
sequence.

The AHL-lactonase47.11516 (GenBank ABN51242) is
a protein of 250 amino acids containing the motif
“His'%_Asp!%-His'®-X-%X-2'X-His'®-Asp'*"”  and
displays a 91 % of identity with the AHL-lactonase,4op;
(GenBank AAF62398) characterized by Wang et al.
(2004), as indicated in Fig. 2. These two enzymes contain
250 aminoacids and share the Zinc motif of the
metalloenzymes. However, they differ in 23 aminoacids
with special reference to Ile-73 and Met-138, replaced by
Val and Leu in the AHL-lactonase,4op;. These amino
acids are part of the hydrophobic channel contacting the
substrate (Kim et al. 2005; Liu et al. 2005). These two
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Fig. 4 Mass spectrum chromatogram and ESI-MS of C6-HSL
and degradation products obtained after treatment with the
recombinant AHL-lactonase 47.11516. @ C6-HSL had a retention
time of 4.8 min. b The ion with a m/z of 218.2 corresponds to the
hydrolysis product of C6-HSL. The selected chromatographic
conditions and ions are described in the text and in Table 1,
respectively

enzymes also differ in residue 170, close to His-169,
amino acid of importance in Zn coordination a common
feature of the metallohydrolases. There are differences
between the publications of Kim et al. (2005) and Wang
et al. (2004) regarding whether the AHL-lactonase is a
metalloenzyme despite having binding sites for two Zn
atoms.

The AHL-lactonase;s7.1151¢ showed an optimum
pH of 8.0, but its catalytic activity was reduced when
the pH decreases, although at pH 5.0 had better activity
than the AHL-lactonase,4og;. Unlike the results shown
by Wang et al. (2004), negative controls of pH 9.0
showed a remarkable lactonolysis that possibly inter-
fered with the activity of the recombinant AHL-
lactonase;47.11516, consistent with what was observed
in the bioassays with the reporter strain CV026. The
alkaline hydrolysis of AHL has been reported and there
are observations that plants attacked by Pectobacteri-
um carotovorum, increase the pH in the infected areas
(Byers et al. 2002); however, the lactonolysis can be
reversed at acid pH conditions (Camara et al. 2002).
The low catalytic activity of the AHL-lactonase 4;.
11516 at low pH is consistent with the results of circular
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Fig. 5 Thermal stability evaluation (a), effect of pH (b) and ion
concentration (c) in the activity of the recombinant AHL-
lactonase 47.11516 tested with C6-HSL

dichroism obtained by Wang et al. (2004), indicating a
drastic change in the conformational structure of the
AHL-lactonase,4op; at low pH, which also suggested
that the ionization state of the side chains and hydrogen
bonds has an important role in maintaining the
conformational structure of the protein, similarly
indicate that the pH range of 5.0 to 6.0, is the pH that
allows ionization of the histidine side chain present in
the active site, which is essential for enzyme activity
(Wang et al. 2004) .

The AHL-lactonase;47.1151¢ showed biological
activity at 40 and 50 °C with C6-HSL, producing
degradation of 75 and 60 % of the substrate respec-
tively, and under these conditions, the enzyme signif-
icantly increased the reaction rate (Fig. 5a). The
activity of the AHL-lactonase 4711516 at high temper-
atures is superior to the activity shown by the AHL-
lactonase,4og; Which was inactive when it was incu-
bated at 45 °C (Wang et al. 2004). The AHL-
lactonase 47.1151¢ activity decreased to 47 % at
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Table 3 Kinetic parameters of the recombinant AHL-lacto-
nasej47.11516 using different acyl chain lengths (A). Specificity
of the enzyme by the substrate (B)

AHLs Km (mM) keat (s71) keat/Km (mM~Y/s™h
A
C4-HSL  0.50 549 x 107 1.09 x 1072
C6-HSL  0.86 1.02 x 1072 1.19 x 1072
C7-HSL 8.84 235 x 1072 2.66 x 1073
C8-HSL 3.81 446 x 1072 1.17 x 1072
AHLs Structure Activity (%)
B
C4-HSL ) 190.3 (0.767)
/\iuﬂ“’
C6-HSL i 100 (0.374)
A~~~ o
%
C7-HSL 0 73.7 (1.748
/\/\)‘u ° ( )
(=]
C8-HSL 457.6 (0.984)

C10-HSL M/\/\ih/q" ND

The specific activity with C6-HSL (6.554 pmol/min/mg) was
defined as 100 %

Experiments performed by triplicate

ND not determined due to low solubility of the substrate

% Numbers in brackets indicate standard deviation of mean
values

60 °C, whereas at 70 °C the enzyme activity was only
33 %, possibly due to denaturation of the enzyme;
however, Cao et al. (2012) reported thermal stability
of AiiAAI96 at 70 °C. The AHL-lactonasel47_11516
showed the higher activity at 30 °C, which is the
optimum growth temperature of Bt, and accordingly
with the results obtained with the reporter strain
C. violaceum CV026. In preliminary tests performed
with strain CV026 it was observed 100 % activity of
the AHL-lactonase;47.1151¢ With C6-HSL, in the
reaction mixtures incubated at 60 °C, this hydrolysis
may be produced by the prolonged incubation time of
the enzyme with the substrate (120 min).

The activity of the AHL-lactonase;47.1151¢ Signifi-
cantly decreased in the presence of all metal ions used
and in the two concentrations tested, but Cu*"
completely abolished the activity of the enzyme on
C6-HSL, possibly due to interaction with the sulfhy-
dryl groups of the enzyme. Unlike the AHL-
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lactonase,sog1, Which was not inhibited by divalent
ions such as Mg”", Ca®* and Mn>" at concentrations of
0.2 and 2 mM, the AHL-lactonase;47-11516 Was inhib-
ited by several of them as shown in Fig. 5c, and at
concentrations of 2.0 mM of Mn*" the enzymatic
activity completely disappeared, although in bioassays
using the reporter strains and Mg”" a faint shadow
around the well was detected, indicating good biolog-
ical activity. It is possible that this inconsistency was
due to the difference in the incubation time used, 2 h
for the reporter strains, while in the enzyme reactions,
the incubation time was 30 min. The inhibitory effect
of Ca®" and Mn®" are consistent with the results
obtained with the reporter strain CV026, although there
is no literature to explain the effect of Mn”" in the
activity of the AHL-lactonase, there is information
regarding loss of o helical content of Gyrase B caused
by Mn?>* (Sissi et al. 2005). Treatment of the AHL-
lactonase47.11516 with Fe>*, Pb>" and Cu®* showed
the same activity as in the case of AHL-lactonase,4op;
and CV026 trials (Wang et al. 2004). It is possible that
Fe?* may have the same effect as in the case of urease,
which accelerates oxidation of thiol groups, and
therefore decreases the enzyme activity (Tirrell and
Middleman 1978). We have not found reports of the
effect of K* and A" in AHL-lactonase activity;
however, recent studies on paraoxonases (PON1 and
PON3) indicate that amino acids like histidine, aspartic
acid and phenylalanine, have the ability to bind metal
ions and these amino acids have been reported as
essential for catalytic activity of the AHL-lactonases;
for instance, aspartic acid at positions 50 and 108 and
histidine at positions 104, 106, 109, 169, and 235 are
involved in the interaction with the HSL ring, in
addition to coordination and stabilization of Zn.
Similarly, F'*7 is involved in the acyl chain binding
in the hydrophobic active site channel (Kim et al. 2005;
Pla et al. 2007).

In the other hand, EDTA did not affected the
activity of the AHL-lactonase 4711516, €ven at the
higher concentration tested according to the results
with the biosensor strain CV026, as well as in the
quantitative assays, results that are consistent with
those of the AHL-lactonase,4og;. The activity of the
recombinant AHL-lactonase;47.11516 on C6-HSL in
the presence of high concentrations of EDTA is
interesting, because despite having the same catalytic
motif of metalloenzymes, 106xpH!? ~ H'® (Cope-
land 2000; Bebrone 2007), the AHL-lactonase 47.11516
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was not negatively affected by EDTA. The same
observation and results have been reported by Cao
et al. (2012) regarding the enzyme AiiAyj96 and by
Wang et al. (2004) with the AHL-lactonase,4p1-
The AHL-lactonase;47.11516 Showed higher affinity
for the substrates than the AHL-lactonase,op, but the
catalytic and efficacy constants were lower. When the
kinetic parameters Kyg, kco/Km, kear Of the enzymes
were compared reacting with the substrates C4-HSL,
C6-HSL, C7-HSL and C8-HSL, the Ky, values were
superior for the AHL-lactonase,4gg;, but the k../Ku
(specificity index) and k.., were lower in the AHL-
lactonase;47.11516 (Table 3). The Ky, values obtained
with the AHL-lactonase47.11516, Show higher affinity
for the substrates but the k., and k.,/Ky suggest that
higher amount of energy is required to break the ES*
complex (Enzyme-Substrate transition state); therefore,
lower specificity index (k.,/Ky) values are associated
to relative changes of k., and Ky condition found
when reduction of k., is higher than reduction of Ky
(Bauer et al. 2001). This situation could be associated to
changes in structural factors which could affect the
catalytic activity of the enzyme and probably due to
differences in the amino acid sequences of the proteins.
The results of the specificity assays are consistent
with the kinetic parameters. Similarly, the saturation
condition used by Wang et al. (2004), 1:6,000 was
superior to ours, but the specific activity for C4-HSL
(12.47 pmol/min/mg) exceeded the activity of
10.04 pmol/min/mg achieved by the AHL-lacto-
nase,4opi. Likewise, the AHL-lactonaseq47.11516 had
an activity of 6.554 pmol/min/mg on C6-HSL, which
represents a little more than half of the activity of the
AHL-lactonase,4op; With this same substrate. An assay
performed under the same saturation conditions of
Wang et al. (2004), in a 1:6,000 ratio with C6-HSL
showed that the AHL-lactonase ;4711516 activity was 31
fold higher than that determined under lower saturation
conditions and significantly exceed the reported for the
AHL-lactonase,4og; With the same substrate. Hydroly-
sis of C7-HSL by the AHL-lactonase 47.11516Was
similar to the hydrolysis of C6-HSL, possibly due to
the similarity of the acyl chain length, but so far there
are no reports indicating that this substrate is produced
in nature (Morin et al. 2003); Draganov et al. (2005)
have reported the activity of paraoxonases on C7-HSL,
indicating that this substrate is susceptible to enzymatic
hydrolysis. The high hydrolytic activity (29.99 umol/
min/mg) of the AHL-lactonase;47.11516 With C8-HSL is

uncertain since this substrate showed very low solubil-
ity at the concentration tested and therefore the
quantification can be concealed by precipitation. Fur-
thermore, this result agrees with the data observed with
the reporter strain NTL4, which detected residual C8-
HSL, while under the same experimental conditions,
but with C6-HSL, the CV026 biosensor indicated no
residual substrate.

The experimental results of the recombinant AHL-
lactonase;47.1 1516 Show that this enzyme is stable at high
temperature and alkaline pH conditions and has affinity
for different communication molecules of gram nega-
tive bacteria; therefore, this enzyme could be a tool
applicable in crops affected by pathogens that use AHLs
as their bacterial communication system. There are
many opportunities for future applications in other fields
of microbiology such as the development of pharma-
ceutical innovations, since these enzymes inhibit cell
communication of several bacterial species affecting
vertebrates (Chun etal. 2004; Yang et al. 2005; Caoetal.
2012) and could be an alternative to control diseases
caused by pathogens in humans and animals.

Acknowledgments This work was supported by Departamento
Administrativo de Ciencia, Tecnologia e Innovacién, COLCIEN-
CIAS, 1299-12-17827 and 1344-405-20338, Universidad Nacional
de Colombia, Medellin branch and Universidad de Santander,
UDES, Bucaramanga, Colombia.

Conflict of interest The authors declare that they have no
conflict of interest.

References

Amara N, Krom B, Kaufmann G, Meijler M (2011) Macromo-
lecular inhibition of quorum sensing: enzymes, antibodies,
and beyond. Chem Rev 111:195-208. doi:10.1021/cr100101c

Bauer C, Osman AM, Cercignani G, Gialluca N, Paolini M
(2001) A unified theory of enzyme kinetics based upon the
systematic analysis of the variations of k.., Kys, and k../
K and the relevant DGOP values—possible implications
in chemotherapy and biotechnology. Biochem Pharmacol
61:1049-1055. doi:10.1016/S0006-2952(01)00579-2

Bebrone C (2007) Metallo-B-lactamases (classification, activity,
genetic organization, structure, zinc coordination) and their
superfamily. Biochem Pharmacol 47:1686-1701. doi:10.
1016/j.bcp.2007.05.021

Byers J, Lucas C, Salmond G, Welch M (2002) Nonenzymatic
turnover of an Erwinia carotovora quorum-sensing sig-
naling molecule. J Bacteriol 184:1163-1171. doi:10.1128/
jb.184.4.1163-1171.2002

Camara M, Williams P, Hardman A (2002) Controlling infec-
tion by turning in and turning down the volume of bacterial

@ Springer


http://dx.doi.org/10.1021/cr100101c
http://dx.doi.org/10.1016/S0006-2952(01)00579-2
http://dx.doi.org/10.1016/j.bcp.2007.05.021
http://dx.doi.org/10.1016/j.bcp.2007.05.021
http://dx.doi.org/10.1128/jb.184.4.1163-1171.2002
http://dx.doi.org/10.1128/jb.184.4.1163-1171.2002

264

Antonie van Leeuwenhoek (2014) 105:253-264

small-talk. Lancet Infect Dis 2:667-676. doi:10.1016/
S1473-3099(02)00447-4

Cao Y, He S, Zhou Z et al (2012) Orally administered thermo-
stable N-acyl homoserine lactonase from Bacillus sp. strain
AI96 attenuates Aeromonas hydrophila infection in zeb-
rafish. Appl Environ Microbiol 78:1899-1908. doi:10.
1128/AEM.06139-11

Chun C, Ozer E, Welsh M et al (2004) Inactivation of a Pseu-
domonas aeruginosa quorum-sensing signal by human
airway epithelia. Proc Natl Acad Sci USA 101:3587-3590.
doi:10.1073/pnas.0308750101

Copeland R (2000) Enzyme: a practical introduction to structure,
mechanism, and data analysis. Wiley-VCH, New York

Dong Y, XulJ, Li X et al (2000) AiiA, an enzyme that inactivates
the acylhomoserine lactone quorum sensing signal and
attenuates the virulence of Erwinia carotovora. Proc Natl
Acad Sci USA 97:3526-3531. doi:10.1073/pnas.97.7.3526

Dong Y, Wang L, Xu J et al (2001) Quenching quorum-sensing
dependent bacterial infection by an N-acyl homoserine
lactonase. Nature 411:813-817. doi:10.1038/35081101

Dong Y, Gusti A, Zhang Q et al (2002) Identification of quorum-
quenching N-acyl homoserine lactonases from Bacillus
species. Appl Environ Microbiol 68:1754-1759. doi:10.
1128/AEM.68.4.1754-1759.2002

Dong Y, Zhang X, Xu J et al (2004) Insecticidal Bacillus
thuringiensis silences Erwinia carotovora virulence. Appl
Environ Microbiol 70:954-960. doi:10.1128/AEM.70.2.
954-960.2004

Draganov D, Teiber J, Speelman A et al (2005) Human parao-
xonases (PON1, PON2 and PON3) are lactonases with
overlapping and distinct substrate specifities. J Lipid Res
46:1239-1247. doi:10.1194/j1r.M400511-JLR200

Galloway W, Hodkingson J, Bowden S et al (2012) Applications
of small molecule activators and inhibitors of quorum
sensing in Gram-negative bacteria. Trends Microbiol
20:449-458. doi:10.1016/j.tim.2012.06.003

Han Y, Chen F, Li N et al (2010) Bacillus marcorestinctum
sp.nov., a novel soil acylhomoserine lactone quorum-
sensing signal quenching bacterium. Int J Mol Sci
11:507-520. doi:10.3390/ijms11020507

Hentzar M, Givskov M (2003) Pharmacological inhibition of quo-
rum sensing for the treatment of chronic bacterial infections.
J Clin Invest 112:1300-1307. doi:10.1172/JC1200320074

Kalia V (2013) Quorum sensing inhibitors: an overview. Biotech-
nol Adv 31:224-245. doi:10.1016/j.biotechadv.2012.10.004

Kalia V, Raju S, Purohit H (2011) Genomic analysis reveals
versatile organisms for quorum quenching enzymes: acyl-
homoserine lactone-acylase and -lactonase. Open Micro-
biol J 5:1-13. doi:10.2174/1874285801105010001

Kim M, Choi W, Kang H et al (2005) The molecular structure
and catalytic mechanism of a quorum quenching N-acyl-1-
homoserine lactone hydrolase. Proc Natl Acad Sci USA
102:17606—-17611. doi:10.1073/pnas.0504996102

Lazazzera B (2000) Quorum sensing and starvation: signals for
entry into stationary phase. Curr Opin Microbiol
3:177-182. doi:10.1016/S1369-5274(00)00072-2

Lazazzera B, Grossman A (1998) The ins and outs of peptide
signaling. Trends Microbiol 6:288-294. doi:10.1016/
S0966-842X(98)01313-4

Lee S, Park S, Lee J et al (2002) Genes encoding the N-acyl
homoserine lactone degrading enzyme are widespread in

@ Springer

many subspecies of Bacillus thuringiensis. Appl Environ
Microbiol 68:3919-3924. doi:10.1128/AEM.68.8.3919-
3924.2002

Lin Y, XuJ, HuJ et al (2003) Acyl - homoserine lactone acylase
from Ralstonia strain XJ12B represents a novel and potent
class of quorum—quenching enzymes. Mol Microbiol
47:849-860. doi:10.1046/j.1365-2958.2003.03351.x

Liu D, Lepore BW, Petsko GA et al (2005) Three-dimensional
structure of the quorum-quenching N-acyl homoserine
lactone hydrolase from Bacillus thuringiensis. Proc Natl
Acad Sci USA 102:11882-11887. doi: 10.1073/pnas.
0505255102

Miller M, Bassler B (2001) Quorum sensing in bacteria. Annu
Rev Microbiol 55:165-199. doi:10.1146/annurev.micro.
55.1.165

Morin D, Grasland B, Vallée-Réhel K et al (2003) On-line high-
performance liquid chromatography—mass spectrometric
detection and quantification of N-acyl homoserine lac-
tones, quorum sensing signal molecules, in the presence of
biological matrices. J Chromatogr A 1002:79-92. doi:10.
1016/S0021-9673(03)00730-1

Nealson K, Platt T, Hastings J (1970) Cellular control of the
synthesis and activity of the bacterial luminescent system.
J Bacteriol 104:313-322

Pla A, Rodrigo L, Hernandez A et al (2007) Effect of metal ions
and calcium on purified PON1 and PON3 from rat liver.
Chem Biol Interact 167:63—70. doi:10.1016/j.cbi.2007.01.
006

Qin N, Callahan S, Dunlap P et al (2007) Analysis of LuxR
regulon gene expression during quorum sensing in Vibrio
fischeri. ' J Bacteriol 189:4127-4134. doi:10.1128/JB.
01779-06

Ravn L, Christensen AB, Molin S et al (2001) Methods for
detecting acylated homoserine lactones produced by
Gram-negative bacteria and their application in studies of
AHL-production kinetics. J Microbiol Methods 44:
239-251. doi:10.1016/S0167-7012(01)00217-2

Sissi C, Marangon E, Chemello A et al (2005) The effects of
metal ions on the structure and stability of the DNA gyrase
B protein. J Mol Biol 353:1152-1160. doi:10.1016/S0006-
3495(78)85437-X

Tirrell M, Middleman S (1978) Shear deformation effects in
enzyme catalysis metal ion effect in the shear inactivation
of urease. Biophys J 23:121-128. doi:10.1016/S0006-
3495(78)85437-X

Wang L, Weng L, Dong Y et al (2004) Specificity and enzyme
kinetics of the quorum quenching N-acyl homoserine lac-
tonase (AHL-lactonase). J Biol Chem 279:13645-13651.
doi:10.1074/jbc.M311194200

Wang W, Morohoshi T, Someya N et al (2012) Diversity and
distribution of N-acylhomoserine lactone (AHL)-degrad-
ing activity and AHL-lactonase (AiiM) in genus Micro-
bacterium. Microbes Environ 27:330-333. doi:10.1264/
jsme2.ME11341

Waters C, Bassler B (2005) Quorum sensing: cell-to-cell com-
munication in bacteria. Annu Rev Cell Dev Biol 21:319-346.
doi:10.1146/annurev.cellbio.21.012704.131001

Yang F, Wang L, Wang J et al (2005) Quorum quenching
enzyme activity is widely conserved in the sera of mam-
malian species. FEBS Lett 579:3713-3717. doi:10.1016/j.
febslet.2005.05.060


http://dx.doi.org/10.1016/S1473-3099(02)00447-4
http://dx.doi.org/10.1016/S1473-3099(02)00447-4
http://dx.doi.org/10.1128/AEM.06139-11
http://dx.doi.org/10.1128/AEM.06139-11
http://dx.doi.org/10.1073/pnas.0308750101
http://dx.doi.org/10.1073/pnas.97.7.3526
http://dx.doi.org/10.1038/35081101
http://dx.doi.org/10.1128/AEM.68.4.1754-1759.2002
http://dx.doi.org/10.1128/AEM.68.4.1754-1759.2002
http://dx.doi.org/10.1128/AEM.70.2.954-960.2004
http://dx.doi.org/10.1128/AEM.70.2.954-960.2004
http://dx.doi.org/10.1194/jlr.M400511-JLR200
http://dx.doi.org/10.1016/j.tim.2012.06.003
http://dx.doi.org/10.3390/ijms11020507
http://dx.doi.org/10.1172/JCI200320074
http://dx.doi.org/10.1016/j.biotechadv.2012.10.004
http://dx.doi.org/10.2174/1874285801105010001
http://dx.doi.org/10.1073/pnas.0504996102
http://dx.doi.org/10.1016/S1369-5274(00)00072-2
http://dx.doi.org/10.1016/S0966-842X(98)01313-4
http://dx.doi.org/10.1016/S0966-842X(98)01313-4
http://dx.doi.org/10.1128/AEM.68.8.3919-3924.2002
http://dx.doi.org/10.1128/AEM.68.8.3919-3924.2002
http://dx.doi.org/10.1046/j.1365-2958.2003.03351.x
http://dx.doi.org/10.1073/pnas.0505255102
http://dx.doi.org/10.1073/pnas.0505255102
http://dx.doi.org/10.1146/annurev.micro.55.1.165
http://dx.doi.org/10.1146/annurev.micro.55.1.165
http://dx.doi.org/10.1016/S0021-9673(03)00730-1
http://dx.doi.org/10.1016/S0021-9673(03)00730-1
http://dx.doi.org/10.1016/j.cbi.2007.01.006
http://dx.doi.org/10.1016/j.cbi.2007.01.006
http://dx.doi.org/10.1128/JB.01779-06
http://dx.doi.org/10.1128/JB.01779-06
http://dx.doi.org/10.1016/S0167-7012(01)00217-2
http://dx.doi.org/10.1016/S0006-3495(78)85437-X
http://dx.doi.org/10.1016/S0006-3495(78)85437-X
http://dx.doi.org/10.1016/S0006-3495(78)85437-X
http://dx.doi.org/10.1016/S0006-3495(78)85437-X
http://dx.doi.org/10.1074/jbc.M311194200
http://dx.doi.org/10.1264/jsme2.ME11341
http://dx.doi.org/10.1264/jsme2.ME11341
http://dx.doi.org/10.1146/annurev.cellbio.21.012704.131001
http://dx.doi.org/10.1016/j.febslet.2005.05.060
http://dx.doi.org/10.1016/j.febslet.2005.05.060

	Enzymatic hydrolysis of molecules associated with bacterial quorum sensing using an acyl homoserine lactonase from a novel Bacillus thuringiensis strain
	Abstract
	Introduction
	Materials and methods
	Bacterial strains and culture media
	Expression and purification of the &!blank;AHL-lactonase147-11516
	Detection of AHL-lactonase147-11516 activity with reporter strains
	Evaluation of the AHL hydrolysis by the recombinant AHL-lactonase147-11516
	Quantitative determination of the recombinant AHL-lactonase147-11516 activity by HPLC--ESI--MS
	Activity of the AHL-lactonase147-11516 under different temperature and pH condition
	Effect of metal ions and EDTA on the recombinant AHL-lactonase147-11516 activity
	Kinetics and specificity of the enzyme AHL-lactonase147-11516
	Statistical analysis

	Results
	Activity of the recombinant AHL-lactonase147-11516 determined with the reporter strains
	Assessment of recombinant AHL-lactonase147-11516 activity by HPLC--MS

	Discussion
	Acknowledgments
	References


