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ABSTRACT: The PLL(PTE-like lactonase)-group of enzymeswithin the amidohydrolase superfamily hydrolyze
N-acyl-homoserine lactones (AHLs) that are involved in bacterial quorum-sensing pathways. These enzymes
possess the (β/R)8-barrel fold and serve as attractive templates for in vitro evolution and engineering of
quorum-quenching biological molecules that can serve as antivirulence therapeutic agents. Using a quorum-
quenching lactonase from Mycobacterium avium subsp. paratuberculosis K-10 (GI: 41409766) as the initial
template for in vitro evolution experiments, we enhanced the catalytic efficiency and increased the substrate
range of the wild-type enzyme through a single point mutation on the loop at the C-terminal end of the
eighth β-strand. This N266Y mutant had an increased value of kcat/KM of 30- and 32-fold toward 3-oxo-
N-octanoyl-L-homoserine lactone and N-hexanoyl-L-homoserine lactone, respectively; the evolved
mutant also exhibited lactonase activity toward 3-oxo-N-hexanoyl-L-homoserine lactone and N-butyryl-
L-homoserine lactone, AHLs that were previously not hydrolyzed by thewild-type enzyme. This article reinforces
the evolutionary potential of the (β/R)8-barrel fold and highlights the possibility of using quorum-quenching
lactonases in the amidohydrolase superfamily as templates for engineering biomolecules of therapeutic use.

The amidohydrolase superfamily of enzymes consists of
members bearing a conserved mononuclear or binuclear metal
center within a (β/R)8-barrel structural scaffold (1). This metal
center is involved in the activation of a water molecule for
nucleophilic attack on an activated scissile bond of the substrate
for subsequent hydrolysis; enzymes within this superfamily
catalyze hydrolytic reactions on a broad range of substrates
bearing ester or amide functional groups with carbon or
phosphorus centers (2). First described by Holm and Sander
in 1997 (3), the members of the amidohydrolase superfamily
have since expanded to include more than 1600 members,
catalyzing more than 30 reactions on a variety of substrates
ranging from urea to adenosine to the artificial substrate
paraoxon (1, 4). Recently, Tawfik and co-workers described
a group of divergently related enzymes within the amidohydro-
lase superfamily, the phosphotriesterase-like lactonases (PLLs1)
that hydrolyze quorum-sensing N-acyl-homoserine lactones
(AHLs) (5).

Quorum-sensing is an integral part of microbial interaction,
and is responsible for the virulence or pathogenecity of disease-
causing bacteria (6). Quorum-quenching mechanisms have been
evolved by microbes to prevent colonization by other microbial
populations (7). Many of these quenchers are enzymes such as
N-acyl-homoserine lactonases that are secreted into the environ-
ment to degrade the quorum molecules of competing microbial
species, effectively disrupting the quorum-sensing pathways of
these foreign populations. Modulation and perturbation of this
quorum-sensing pathway has been demonstrated, in principle, to
be an effective anti-microbial strategy (8). Because of the anti-
virulent nature of the mode of disruption, this strategy does not
present the selective pressure that always results in the develop-
ment of resistance in microbes and suggests the possible use of
these enzymes as attractive therapeutic biomolecules.

Two orthologues fromMycobacterium tuberculosis (PPH) and
Rhodococcus erythropolis (AhlA) within the PLLs were reported
to have proficient lactonase activity; however, these orthologues
had low solubility and proved to be difficult templates during
expression and purification through heterologous systems (5). In
this article, we describe the use of an orthologous PLL from
Mycobacterium avium subsp. paratuberculosis K-10 (MCP, GI:
41409766) as a template for in vitro evolution of enhanced
quorum-quenching activity. Pairwise sequence identities between
MCP and the reported PLLs, PPH, andAhlA are 92% and 59%,
respectively (a matrix of pairwise sequence identities between
MCPand selectedmembers of the amidohydrolase superfamily is
detailed in the Supporting Information). Like PPH and AhlA,
MCP andmembers of the PLL group within the amidohydrolase
superfamily were predicted to contain (1) a HxH motif at the
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end of the first β-strand; (2) His ligands for the binuclear divalent
cations at the ends of the fifth and sixth β-strands; (3) a post-
translationally carboxylated Lys at the end of the fourth
β-strand; and (4) an Asp at the end of the eighth β-strand
(Figure 1). We chose MCP as the template for our in vitro
evolution experiments because of its high solubility and ease of
purification. We were able to routinely obtain yields of 30 mg of
purified protein per liter of culture; AhlA and PPH have reported
yields of 1 mg of purified protein per liter of culture (5).

MCP was found to exhibit metal-dependent N-acylhomo-
serine lactonase activity; we determined that Mn2+-reconsti-
tuted MCP displayed a substrate preference for medium to
long-chain N-acyl-homoserine lactones (AHLs). Using a
randomly generated library of mutants, we screened for
enhanced quorum-quenching activity and identified a mutant,
N266Y, with increased catalytic efficiencies (kcat/KM) toward
a number of AHLs. This mutation is located on the loop at the
C-terminal end of the eighth β-strand. We explored the
plasticity of this loop through saturation mutagenesis experi-
ments and found six other conservative and nonconservative
single mutations (Ala, Ser, Thr, Cys, Met, and Phe) with
modest increases in activity over the wild-type enzyme. The
relative ease of catalytic enhancement through single point
mutations and identification of a catalytically plastic sub-
strate-binding loop highlights the potential of using quorum-
quenching lactonases in the amidohydrolase superfamily for

in vitro evolution experiments for engineering therapeutic
molecules of biomedical use.

MATERIALS AND METHODS

The substrates N-butyryl-DL-homoserine lactone (C4-HSL),
N-hexanoyl-DL-homoserine lactone (C6-HSL), N-(3-oxo-hexa-
noyl)-L-homoserine lactone (3-oxo-C6-HSL), N-heptanoyl-DL-
homserine lactone (C7-HSL),N-octanoyl-DL-homoserine lactone
(C8-HSL),N-(3-oxo-octanoyl)-L-homoserine lactone (3-oxo-C8-
HSL), N-decanoyl-DL-homoserine lactone (C10-HSL), N-doce-
canoyl-DL-homoserine lactone (C12-HSL), and paraoxon were
purchased from Sigma-Aldrich Co. (St. Louis, MO) The chemi-
cal structures of these substrates are presented in the Supporting
Information. All reagents were of the highest quality grade
commercially available.
Cloning, Expression, and Protein Purification of MCP.

The gene encoding MCP (GI: 41409766) was PCR amplified
from genomic DNA isolated from Mycobacterium avium subsp.
paratuberculosis K-10 (ATCC) using Platinum Pfx DNA poly-
merase (Invitrogen). The PCR reaction (100 μL) contained 1 ng
of plasmid DNA, 10 μL of 10X PfxAmplification Buffer, 1 mM
MgSO4, 0.4mMof each dNTP, 40 pmol of each primer (forward
primer 50-GACCTAGCATCAGGCATATGTCAGAACTCA-
ATACCGCTCG-30 and reverse primer 50-GATCGGCGGG-
GGATCCTCACCCATAGGGGCCCTGG-30), and 5 U of

FIGURE 1: Sequence alignment of PLLs from Mycobacterium avium subsp. paratuberculosis K-10 (MCP), Mycobacterium tuberculosis (PPH),
Rhodococcus erythropolis (AhlA), Sulfolobus sulfataricus (SsoPox), and phosphotriesterase from Pseudomonas diminuta (PTE) from the
amidohydrolase superfamily. The residues highlighted in red are involved in ligand interactions with the binuclear metal center. The residues
corresponding to loops at the C-terminal ends of the seventh and eighth β-strands are highlighted by the box in blue. The residues that differ
betweenMCP and PPH in the loops at the C-terminal ends of the seventh and eighth β-strands are highlighted in brown, and theN266 position in
MCP is highlighted in green.
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Platinum Pfx DNA polymerase. The gene was amplified using a
PTC-0200G Thermal Cycler (Bio-Rad Laboratories), with the
following parameters: 94 �C for 2 min followed by 40 cycles of
94 �C for 1 min, 55 �C for 1 min and 15 s, 68 �C for 3 min, and
a final extension of 68 �C for 10 min. The amplified gene was
cloned into a modified pET-15b vector (Novagen) in which the
N-terminus contained 10 His residues (kindly provided by Profes-
sor John Gerlt, University of Illinois at Urbana-Champaign) (9).

The protein was expressed in E. coli strain BL21(DE3).
Transformed cells were grown at 37 �C in LB broth (supplemen-
ted with 100 μg/mL ampicillin) to an OD600nm of 0.6, and
isopropyl D-thiogalactopyranoside (IPTG) (0.1 mM) was added
to induce protein expression for 16 h. The cells were harvested by
centrifugation and resuspended in binding buffer (5 mM imida-
zole, 0.5 M NaCl, and 20 mM Tris-HCl, pH 7.9) and lysed by
sonication. The lysate was cleared by centrifugation, and theHis-
tagged protein was purified using a column of chelating Sephar-
ose Fast Flow (GE Healthcare Bio-Sciences Corp.) charged with
Ni2+. The cell lysate was applied to the column in binding buffer,
washed with buffer containing 154 mM imidazole, 0.5 M NaCl,
and 20 mM TrisHCl at pH 7.9, and eluted with 100 mM
L-histidine, 0.5 M NaCl, 20 mM Tris-HCl at pH 7.9. The
N-terminal His-tag was removed with thrombin (GE Healthcare
Bio-Sciences Corp.) according to the manufacturer’s instruc-
tions, and the proteins were purified to homogeneity on a
Q Sepharose High Performance column (GE Healthcare Bio-
Sciences Corp.) equilibrated with binding buffer (25 mM Tris-
HCl at pH 7.9) and eluted with a linear gradient of 0 to 0.5 M
elution buffer (1 M NaCl and 25 mM Tris-HCl at pH 7.9).
Preparation of MCP for Metal-Dependency Studies.

Purified MCP was dialyzed against storage buffer (100 mM
NaCl and 20 mM Tris-HCl at pH 8.0) containing 10 mM
ethylene diamine tetraacetic acid (EDTA), followed by dialysis
in storage buffer to remove excess EDTA. EDTA-treated MCP
was sent for inductively-coupled plasma optical emission spectro-
scopy (ICP-OES) metal-analysis at the Elemental Analysis
Laboratory, Department of Chemistry, National University of
Singapore.Metal-reconstitutedMCPwas prepared by dialysis of
EDTA-treated MCP against storage buffer containing 100 μM
metal ions (Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and
Zn2+). The Mn2+-reconstituted MCP was dialyzed against the
storage buffer before ICP-OES analysis.
Kinetic Assays of N-Acyl-homoserine Lactonase Activ-

ity. The N-acyl-homoserine lactonase activity of MCP was
assayed by a continuous spectrophotometric pH indicator assay
(described byChapman andWong (10) to detect the formation of
carboxylic acids), using aUV-2550Spectrophotometer (Shimadzu).
The assay (1 mL at 25 �C) containedMCP, 2.5 mM bicine buffer
at pH8.3, 0.08mMcresol purple (577 nm, ε=12,500M-1cm-1),
10 μM of metal ion (Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+,
Cu2+, or Zn2+), and 0.025-5 mM AHL substrate (AHL
substrates were dissolved in DMSO, and regardless of substrate
concentration, the final concentration of organic solvent DMSO
was maintained at 1%). Initial rates (νo) were corrected for the
background rate of spontaneous substrate hydrolysis in the
absence of enzyme. Kinetic parameters were determined by
fitting the initial rates to the Michaelis-Menten equation using
Enzfitter (Biosoft). Paraoxonase activity was assayed as pre-
viously described by Aubert et al. (11), with the following
modifications: briefly, the assay (1 mL at 25 �C) contained
MCP, 50 mM Tris-HCl at pH 8.0, 10 μM MnCl2, and 0.1-
2.5mMparaoxon (400nm, ε=17,000M-1cm-1, 0.25%methanol).

The reactionwasmonitored spectrophotometrically by following
the formation of p-nitrophenol at 400 nm.
Bioluminescence Quorum-Quenching Bioassay. To de-

monstrate the quorum-quenching activity of MCP, we adapted
the bioluminescence-based reporter-plasmid biosensor assay
developed by Ahmer and co-workers (12) as shown in Figure 2.
Reporter plasmids with cognate receptors for N-butanoyl-L-
homoserine lactone (RhlR) orN-(3-oxo-hexanoyl)-L-homoserine
lactone (LuxR) were transformed into an sdiA-deficient E.coli
strain (the sdiA genomic deletion allows normal functioning of
the biosensor assay, a kind gift from Professor Brian Ahmer,
Ohio State University); a modified pKK-223-3 plasmid (13)
(kindly provided by Professor John Gerlt, University of Illinois
at Urbana-Champaign) bearing the MCP gene was introduced
into the reporter strain, and single-colony transformants were
streaked onto LB plates supplemented with 100 μg/mL ampicil-
lin, 20 μg/mL tetracycline, 25 μg/mL chloramphenicol, 0.1 mM
IPTG, and AHL substrate. The plates were then incubated
overnight at 37 �C, and bioluminescence was detected using a
LAS-1000 luminescent image analysis system (Fujifilm).
Construction of Site-Specific MCP mutants. The site-

directed D264N and D264A mutants of MCP were constructed
using the QuikChange kit (Stratagene), verified by sequencing,
expressed in the BL21(DE3) E. coli cells, and purified as
previously described for the wild-type protein. These mutants
were also subcloned into the modified pKK-223-3 vector for
bioluminescence quorum-quenching assays as previously
described.
Directed Evolution of MCP toward Increased Quorum-

Quenching Activity. A randomly generated error-prone PCR
library of MCP mutants was constructed using the GeneMorph
II random mutagenesis kit (Stratagene). Briefly, for each error-
prone PCR reaction, 450 ng ofMCP template was used to obtain
a mutation frequency of ∼3.6 mutations per kb (determined by
sequencing randomly picked transformants). The mutant PCR
product was cloned into the modified pKK-223-3 plasmid and
transformed into XL1 Blue E.coli cells. Five transformations

FIGURE 2: Detection of quorum-quenching activity. The E.coli-
based quorum biosensor constitutively expresses the quorum recep-
tor (LuxR), and in the presence of exogenous AHLs, the quorum
receptor-AHL complex would drive the expression of the reporter
gene cassette (LuxCDABE) through the quorum promoter PLuxI;
thus, the presence of exogenous AHLs would result in biolumines-
cence, as highlighted by the black pathway. In the presence of
lactonases (e.g., MCP) expressed by an additional, compatible Ptac-
driven plasmid, exogenous AHLs would be hydrolyzed to the
corresponding acyl-homoserines, resulting in quorum-quenching of
bioluminescence, as highlighted by the red pathway.
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resulted in a library size of 7 � 105 transformants. The mutant
MCPplasmid librarywas harvested using theQIAprepMiniprep
Kit (Qiagen), and transformed into the quorum reporter strain to
screen for MCP mutants with increased quorum-quenching
activities. Colonies with increased quorum-quenching were
picked, and the sequences of the mutants were determined by
DNA sequencing.
Construction of Site-Specific Random MCP Libraries.

Site-specific random MCP libraries at positions 265, 266, 267,
268, 269, 270, and 279/280 (corresponding to codons on the loop
at the C-terminal end of the eighth β-strand) were constructed
using the QuikChangemethod, with the primers for construction
of the libraries detailed in the Supporting Information. We
routinely obtained a library size of 1 � 104 transformants per
transformation. The site-specific random MCP libraries were
harvested as previously described, and the randomized codons
were verified by DNA sequence analysis. These libraries were
similarly transformed into the quorum reporter strain to screen
for MCP mutants with increased quorum-quenching activities.
Colonies with increased quorum-quenching were picked, and the
sequences of the mutants were determined by DNA sequencing.
Construction of MCP-AhlA and MCP-PPH Chimeras.

With the expectation that the binuclear metal centers of MCP,
AhlA, PPH, and SsoPox are essentially identical, we identified
the specificity loops at the C-terminal ends of the seventh and
eighth β-strand from a sequence alignment based upon the
structure of SsoPox (PDB ID: 2VC7) (14); these loops, high-
lighted in green in Figure 3A, are represented by the sequences
boxed in blue in Figure 1. MCP-AhlA and MCP-PPH chimeras
were constructed using the QuikChange method, with the
primers for construction of the libraries detailed in the Support-
ing Information. MCP-AhlA and MCP-PPH chimeras were
MCP mutants that had their loops at the C-terminal ends
of the seventh and/or eighth β-strands replaced with the corre-
sponding loops from AhlA and PPH, respectively (exact
sequences are highlighted by the blue box in Figure 1). These
chimeras were verified by DNA sequencing and purified as
previously described for the wild-type protein.

RESULTS AND DISCUSSION

The biological roles of PLLs within the amidohydrolase super-
family have been proposed to be associated with the quorum-
quenching mechanisms of microbes (5). Tawfik and co-workers
first reported two orthologues of quorum-quenching lactonases

from Rhodococcus erythropolis (AhlA) and Mycobacterium
tuberculosis (PPH). Both AhlA and PPH exhibited proficient
lactonase activity toward a number of AHLs, while demonstrat-
ing low paraoxonase activity; paraoxon is an insecticide compo-
nent and has been shown to be efficiently hydrolyzed (kcat/KM of
107 M-1s-1) by phosphotriesterase (PTE), a divergently related
homologue in the amidohydrolase superfamily (2, 15). However,
although both AhlA and PPH have reportedly proficient quor-
um-quenching activities, they proved to be difficult templates for
heterologous expression, with protein yields of about 1 mg per
liter of culture. In order to use such templates for protein
evolution and in vitro engineering purposes, we sought to identify
other orthologous quorum-quenching PLLs with higher yields
through heterologous expression systems.
Identification and Biochemical Characterization of a

Quorum-Quenching Lactonase. MCP and PPH have a high
sequence identity (92% amino acid sequence identity), differing
only in 26 out of 326 amino acids for the complete polypeptide.
As such, from the sequence predictions, we expected MCP,
an orthologous PLL within the amidohydrolase superfamily, to
exhibit lactonase activity toward AHLs. We were able to obtain
30mg/L of culture ofMCP, a 30-fold increase in purified protein
yield over the reported yield of PPH. The protein purity was
estimated to be greater than 98% as judged from SDS-PAGE
analysis. We screened the purified MCP for activity against
AHLs in the absence of additional metal ions and detected
lactonase activity. As a member of the amidohydrolase super-
family of enzymes, we expected MCP to demonstrate metal
dependency for its AHL lactonase activity. To elaborate on
the predicted metal dependency, we treated MCP with the
divalent metal ion chelating agent, EDTA. EDTA-treated
MCP was found to contain 1.0 equiv of iron, 0.05 equiv of
manganese, and 0.05 equiv of zinc per active site; we attributed
this observation to a possible high affinity of the active site for
iron. EDTA-treated MCP retained about 30% of activity
compared to non-EDTA-treated MCP. We proceeded to deter-
mine the metal dependency of MCP AHL lactonase activity
by reconstituting EDTA-treated MCP with the following metal
ions: Mg2+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+.
Using 0.4 mM C8-HSL as substrate, we determined that metal-
reconstituted MCP exhibited the highest lactonase activity
with manganese, followed by zinc (which had 20% less activity
than manganese); none of the other metal ions increased lacto-
nase activity above that of EDTA-treated MCP. We used
manganese-reconstituted MCP for the rest of our experiments.

FIGURE 3: Structure of the active site and substrate binding loops of SsoPox. (A) The substrate specificity loops, corresponding to the SsoPox
sequences (boxed in blue) in Figure 1, are highlighted in green. TheN-decanoyl-L-homocysteine thiolactone ligand (magenta) bound in the active
site is represented with van der Waal’s radii. (B) An in silico representation of the MCP residues A265, N266, Q279, and V280 relative to the
substrate in the active site. TheMCP residues A265, N266, Q279, and V280, corresponding to the SsoPox residues Y257, C258, K273, and L274,
respectively, were introduced using the swapaa function in theUCSFChimera package, from theResource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco, CA (supported by NIH Grant P41 RR-01081) (24).
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Manganese-reconstituted MCP was found to contain 1.0 equiv of
iron, 0.6 equiv of manganese, and 0.05 equiv of zinc per active site.

Within our expectations, MCP exhibited lactonase activity
toward a number of AHL substrates; the values of the kinetic
parameters and the identities of the AHL substrates are reported
in Table 1. We have shown that MCP demonstrates a substrate
preference for medium (kcat/KM of 2.1 � 103 M-1 s-1 for C8-
HSL) to long-chain (kcat/KM of 1.3� 104 M-1 s-1 for C12-HSL)
AHLs; this contrasts with the broad substrate range reported for
the PPH orthologue (5). MCP also had low paraoxonase activity
(kcat/KM of 4.1M-1 s-1 for paraoxon), indicating that, like other
members of the PLLs, the native substrate profile of this enzyme
does not involve phosphate esters (5, 16).
In Vitro Evolution of the MCP Scaffold for Increased

AHL Lactonase Activity. We sought to increase the catalytic
efficiency ofMCP toward the AHL substrates as well as broaden
the AHL substrate range so that it will be useful for further
development as an antivirulence therapeutic agent. We used the
E.coli quorum-sensor strain from Professor Ahmer as a screen to
detect quorum-quenching activity: as illustrated in Figure 2, the
quorum biosensor detects exogenous AHL molecules and ex-
hibits bioluminescence; in the presence of an additional compa-
tible plasmid that expresses quorum-quenching lactonase, the
exogenous AHL molecules would be depleted, and biolumines-
cence would be quenched. To address the possibility of AHL-
sequestration by the lactonases, we transformed the quorum-
sensor strain with plasmid-encoding inactive D264N andD264A
mutants (Asp 264 is absolutely conserved in PLLs and in
PTEs and is located at the ends of the eight β-strand; we obtained
protein yields for D264N/A mutants similar to that of wild-type
MCP, and we detected no lactonase activity toward the
various AHL substrates); we observed no quenching of
bioluminescence for the quorum-sensor strain in the presence
of inactive D264N/A mutants, while quorum-quenching was
evident in the strains transformed with wild-typeMCP (Figure 4,
panels A and B). We therefore concluded that quenching of
bioluminescence was due to the quorum-quenching lactonase
activity of MCP. MCP displayed a higher lactonase activity
toward C8-HSL over 3-oxo-C8-HSL, and this 6-fold increase in
catalytic efficiency translated to an observed higher degree of
quorum-quenching/bioluminescence-quenching. These observa-
tions led us to believe that we could use this quorum-biosensor
bioassay as a platform to screen for increased AHL lactonase
activities.

A library of random MCP mutants, constructed by error-
prone PCR, was transformed into the quorum biosensor and
screened for increased AHL lactonase activity against 100 nM

3-oxo-C8-HSL. A typical screen containing colonies of transfor-
mants is shown in the Supporting Information; colonies of
varying bioluminescence intensities were observed, and colonies
displaying strong quenching of bioluminescence were picked and
verified by restreaking and comparing with wild-type MCP.
Froman initial 126 clones that were picked, 9 clones were verified
(by restreaking and comparingwithwild-typeMCP for enhanced
bioluminescence quenching) to have improved quenching; these
clones were used as templates for a second round of error-prone
PCR, and the process was repeated for a third round of
mutagenesis and screening. The concentration of 3-oxo-C8-
HSL was increased to 1 μM and 10 μM, respectively, for the
second and third rounds of in vitro evolution. We noticed that

Table 1: Kinetic Parameters of MCP and N266Y

MCP N266Y

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

-1) KM (mM) kcat/KM (M-1s-1) rel kcat/KM

C4-HSL NDa ND ND b b 11 c

C6-HSL b b 23 2.8 ( 0.27 3.8 ( 0.57 730 32

3-oxo-C6-HSL ND ND ND 3.4 ( 0.85 30 ( 8.7 110 c

C7-HSL 0.77 ( 0.16 1.8 ( 0.48 430 3.6 ( 0.20 1.2 ( 0.16 3.0 � 103 7.0

C8-HSL 0.83 ( 0.10 0.40 ( 0.082 2.1 � 103 5.4 ( 0.33 0.35 ( 0.065 1.6 � 104 7.6

3-oxo-C8-HSL 0.56 ( 0.12 1.7 ( 0.51 330 9.2 ( 0.68 0.93 ( 0.18 9.9 � 103 30

C10-HSL 0.87 ( 0.18 0.13 ( 0.043 6.7 � 103 2.5 ( 0.072 0.044 ( 0.0041 5.6 � 104 8.4

C12-HSL 0.30 ( 0.025 0.023 ( 0.00085 1.3 � 104 1.3 ( 0.068 0.025 ( 0.0054 5.3 � 104 4.1

paraoxon (7.1 ( 0.95) � 10-3 1.7 ( 0.43 4.1 0.065 ( 0.015 2.3 ( 0.94 28 6.8

aND, no detectable activity. b Saturation kinetics could not be attained. cNew substrate with detectable activity.

FIGURE 4: Comparison of quorum-quenching by wild-type and mu-
tant MCPs. Wild-type MCP and inactive D264N/A mutants in the
presence of 100 nM (A) C8-HSL and (B) 3-oxo-C8-HSL. Clockwise
from top-left quadrant: quorum biosensor transformed with vector
control, wild-type MCP, and inactive D264A and D264N mutants,
respectively. Wild-type and N266Y in the presence of 100 nM (C) 3-
oxo-C6-HSL and (D) 3-oxo-C8-HSL. Clockwise from top-left divi-
sion: quorum biosensor transformed with vector control, wild-type
MCP, and N266Y mutant, respectively.
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therewas a high rate of false positives from the initial screening of
clones for enhanced quenching of bioluminescence; we attributed
that to the usage of a high-copy pKK223-3-derived plasmid
during the screening process. Although the use of a high-copy
plasmid could have resulted in varying levels of protein expres-
sion (within cells in a clonal expansion) and hence to increased
quenching due to higher protein expression levels, wewere able to
eliminate false-positive clones by a simple restreaking procedure.
Perhaps for future in vitro evolution of quorum-quenching
lactonases, one could use a tightly regulated, tunable-transcrip-
tion expression vector with an enzyme-degradation tag to reduce
intracellular enzyme concentration levels for a more consistent
experimental screen (17).

After three rounds of screening, we obtained 10 clones that
exhibited increased bioluminescence quenching, as compared to
that of wild-typeMCP.We observed that theN266Ymutation (a
single-base change from AAC to TAC at the 266 codon) was
present in all of the 10 clones identified after 3 rounds of
screening. This convergence led us to select this mutation for
further characterization. We constructed the N266Y mutant
using the observed single-base mutation and compared its
quorum-quenching abilities with the 10 clones identified after 3
rounds of screening. To our surprise, the N266Y mutant
exhibited the highest quenching of bioluminescence when com-
pared to that of those clones; apparently, additional mutations
acquired through the subsequent rounds of in vitro evolution had
a deleterious effect on activity when combined with the N266Y
mutation. We purified the N266Y mutant and measured its
kinetic parameters for hydrolysis of various AHL substrates
(Table 1). The enhanced quorum-quenching lactonase activity of
the N266Y mutant is shown in Figure 4 (panels C and D).

The N266Y mutation resulted in an increase in catalytic
activity for all AHL substrates tested. In comparison to wild-
type MCP, this single-point mutant had increased kcat values,
decreasedKMvalues, and overall increases in catalytic efficiencies
(kcat/KM) of 4- to 32-fold (for C12-HSL and C6-HSL, respec-
tively). Most noteworthy, the N266Y mutation resulted in a
broadening of AHL substrate specificity, allowing the quorum-
quenching lactonase to hydrolyze both C4-HSL and 3-oxo-C6-
HSL, substrates that the wild-typeMCP did not hydrolyze. Since
we used 3-oxo-C8-HSL as a substrate for our in vitro evolution
experiments, we were not surprised to find that this mutant had
one of the highest improvements in lactonase activity toward 3-
oxo-C8-HSL; the turnover number (kcat) and catalytic efficiency
(kcat/KM) toward 3-oxo-C8-HSL was enhanced 16- and 30-fold,
respectively, relative to those of the wild-type enzyme. Wild-type
MCP exhibited promiscuous paraoxonase activity, and serendi-
pitously, we also found that the N266Y mutation led to an
increase (of 6.8-fold in kcat/KM over wild-type MCP) in para-
oxonase activity (although compared to PTE, the paraoxonase
activity of N266Y would still be considered very low).
Site-Specific Random Mutagenesis of Residues in the

Loop at the C-Terminal Ends of the Eighth β-Strand. We
noticed that the N266Ymutation resided in the loop (βR loop) at
the C-terminal end of the eighth β-strand ofMCP (Figures 1 and
3B). Since the substrate specificity (and hence catalytic activity)
of (β/R)8-barrel proteins can be dictated by residues present at the
C-terminal ends of the β-strands and the βR loops (1, 18), we
explored the possibility of uncoveringmutations to other residues
within this loop that could contribute to further enhancements in
AHL lactonase activity beyond that exhibited by the N266Y
mutation. We were also fully aware that the size of our library of

random MCP mutants was very limited, and we were unable to
cover all of the available sequence-function space; thus, we
constructed site-specific random MCP libraries at positions
265, 266, 267, 268, 269, and 270 (residues around the N266Y
mutation) and screened for mutants with enhanced quorum-
quenching activities.

We were unable to identify mutants with increased quorum-
quenching activities, relative to the wild-type enzyme, from the
C267X, Y268X, F269X, and D270X libraries. We identified four
mutants (A265G, A265C, A265H, and A265Y) from the A265X
library and six mutants, in addition to N266Y (N266F, N266A,
N266C, N266M, N266S, and N266T), from the N266X library
that appeared to have increased quorum-quenching activities
relative to the wild-type enzyme; the kinetic parameters of these
mutants are detailed in Table 2. Upon characterization of the
purified A265 mutants, we found that three mutants (A265G,
A265H, and A265Y) identified through the screen possessed
comparable or lower AHL lactonase activity, relative to that of
the wild-type enzyme. We did find that in the A265C mutant,
there was detectable AHL lactonase activity for C4-HSL,
although the catalytic activities of thismutant toward themedium
(C8-HSL and 3-oxo-C8-HSL) and long-chain (C12-HSL) AHLs
did not improve, relative to that of the wild-type enzyme.

We were surprised to find six other N266 mutants that had
increasedAHL lactonase activity, relative to that of the wild-type
enzyme; this suggested a certain catalytic plasticity for the βR
loop at the C-terminal end of the eighth β-strand of MCP.
Together with the N266Y mutant, we found a total of seven
possible amino acids at the 266 position that resulted in enhanced
AHL lactonase activity. Incidentally, serine and cysteine residues
at the 266 position (from the N266S and N266C mutants)
were observed in the corresponding positions for other PLLs
(Figure 1). An in silico representation of the possible orientation
of the N266 residue, relative to the bound substrate, is shown in
Figure 3B. We speculated that, given the relatively close proxi-
mity of theN266 residue to the lactone ring of theAHL substrate,
appropriate substitutions at this position could result in a more
productive substrate binding geometry that resulted in the
observed enhancements in AHL lactonase activity. However,
the lack of commonality in the chemical identities of the side
chains of these amino acids suggested that there are secondary
andmore remote effects involved.We also noted that none of the
additional mutations at the 266 position resulted in AHL
lactonase activities above that observed for the N266Y mutant;
for ease of comparison, we have listed the fold-differences in
catalytic efficiencies (kcat/KM) of the site-specific mutants relative
to the N266Y mutant in Table 3. In a previous study to enhance
the promiscuous D-arabino-hex-3-ulose 6-phosphate synthase
activity of 3-keto-L-gulonate 6-phosphate decarboxylase, obser-
vations were made that provided credence to our hypothesis that
enhancements in AHL lactonase activity could be a result of
productive substrate binding geometries: subtle changes (E112D/
T169A substitutions) to residues in the active site resulted in
altered (productive) D-ribulose 5-phosphate binding conforma-
tions (19, 20). We are currently in the process of obtaining a
structural explanation for the enhanced reactivity of the N266Y
mutant.
LoopGrafting fromAhlA andPPH toMCP.The grafting

of active site loops have been employed to effect changes in
substrate specificity (21, 22). Since there was a disparity in
substrate specificities between MCP, AhlA, and PPH (MCP
had no detectable C4-HSL lactonase activity, while the values of
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kcat/KM forAhlA andPPH towardC4-HSLwere 1.5� 105M-1 s-1

and 3.0� 104M-1 s-1, respectively (5)), we sought to increase the
substrate range of wild-type MCP by grafting the loops at the
C-terminal ends of the seventh and eighth β-strands of AhlA and

PPH on to the MCP scaffold. With the expectation that the
binuclear metal centers of MCP, AhlA, PPH, and SsoPox are
essentially identical, we identified the specificity loops at the
C-terminal ends of the seventh and eighth β-strands (Figure 3A)
from a sequence alignment based upon the available structure
of SsoPox (14), an orthologous member of the PLL group;
the sequences of these loops are highlighted by the blue box
in Figure 1. We constructed the MCP-AhlA and MCP-PPH
chimeras and determined their reactivities with the various
AHL substrates; the kinetic parameters of these MCP
loop chimeras are detailed in Table 4. Detailed sequences
of the MCP loop chimeras are provided in the Supporting
Information.

While AhlA exhibited a proficient reactivity toward C4-HSL,
the grafting of either or both of the βR loops at the C-terminal
ends of the seventh and eighth β-strands, respectively, fromAhlA
to MCP, did not result in a change in the substrate preference
toward the short-chain C4-HSL (likewise for wild-type MCP,
the MCP-AhlA loop chimeras had no detectable activity
toward C4-HSL). Although it has been suggested that the
substrate specificities of (β/R)8-barrel-containing enzymes in the

Table 2: Kinetic Parameters of Site-Specific MCP Mutants

A265G A265C

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL NDa ND ND b b 3.3

C8-HSL b b 330 1.66 ( 0.10 1.0 ( 0.11 1.6 � 103

3-oxo-C8-HSL 0.45 ( 0.10 1.8 ( 0.80 250 1.3 ( 0.051 2.3 ( 0.17 570

C12-HSL 0.25 ( 0.023 0.026 ( 0.0097 9.6 � 103 0.54 ( 0.035 0.040 ( 0.0086 1.3 � 104

A265H A265Y

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL ND ND ND ND ND ND

C8-HSL b b 260 1.0 ( 0.099 0.73 ( 0.14 1.4 � 103

3-oxo-C8-HSL b b 43 0.73 ( 0.062 2.0 ( 0.33 360

C12-HSL b b 1.7 � 103 0.55 ( 0.046 0.043 ( 0.012 1.3 � 104

N266F N266A

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL b b 2.9 b b 10

C8-HSL 3.3 ( 0.43 0.49 ( 0.15 6.6 � 103 4.1 ( 0.33 0.38 ( 0.078 1.1 � 104

3-oxo-C8-HSL 6.5 ( 0.23 2.1 ( 0.14 3.1 � 103 8.9 ( 1.3 4.8 ( 1.0 1.9 � 103

C12-HSL 1.4 ( 0.14 0.061 ( 0.016 2.3 � 104 1.6 ( 0.20 0.094 ( 0.026 1.7 � 104

N266C N266M

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL b b 6.2 b b 9.3

C8-HSL 3.9 ( 0.72 0.83 ( 0.29 4.7 � 103 2.8 ( 1.2 1.6 ( 1.0 1.8 � 103

3-oxo-C8-HSL 6.3 ( 1.2 4.5 ( 1.3 1.4 � 103 3.7 ( 0.43 2.9 ( 0.59 1.3 � 103

C12-HSL 1.4 ( 0.13 0.049 ( 0.014 2.9 � 104 0.87 ( 0.046 0.032 ( 0.0063 2.7 � 104

N266S N266T

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL b b 6.5 b b 7.3

C8-HSL 2.7 ( 0.31 0.35 ( 0.10 7.8 � 103 2.8 ( 0.30 0.66 ( 0.014 4.2 � 103

3-oxo-C8-HSL 6.2 ( 1.7 5.3 ( 2.1 1.2 � 103 8.5 ( 2.4 6.8 ( 2.6 1.2 � 103

C12-HSL 1.2 ( 0.071 0.049 ( 0.0085 2.5 � 104 1.3 ( 0.17 0.095 ( 0.029 1.3 � 104

aND, no detectable activity. b Saturation kinetics could not be attained.

Table 3: Relative Catalytic Efficiencies (kcat/KM) of Site-Specific MCP

Mutants to N266Y

C4-HSL C8-HSL 3-oxo-C8-HSL C12-HSL

N266Y 1 1 1 1

wild-type MCP NDa 0.13 0.033 0.25

N266F 0.26 0.41 0.31 0.43

N266A 0.91 0.69 0.19 0.32

N266C 0.56 0.29 0.14 0.55

N266M 0.85 0.11 0.13 0.51

N266S 0.59 0.49 0.12 0.47

N266T 0.66 0.26 0.12 0.25

A265G ND 0.021 0.025 0.18

A265C 0.3 0.1 0.058 0.25

A265H ND 0.016 0.0043 0.032

A265Y ND 0.088 0.036 0.25
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amidohydrolase superfamily are inherently encoded within the
βR loops at the C-terminal ends of the β-strands (1), we did not
perform a grafting of all eight loops at the C-terminal ends of the
β-strands because we were unsure of the additional complexities
residing in the interfaces between the loops and central barrel and
their effect on protein solubility and stability; in fact, we noticed
that when both loops at the C-terminal ends of the seventh and
eighth β-strands of AhlA were simultaneously grafted on to the
MCP scaffold (MCP-AhlA-β7β8 chimera), the reactivities to-
ward the variousAHL substrates were reduced, relative to that of
the wild-type enzyme. Thus, despite reports of successful loop
swapping efforts that conferred new substrate specificities to old
scaffolds, the effect of loop grafting is still both unpredictable and
uncertain. A recent attempt by Raushel and co-workers to
enhance phosphotriesterase activity in a nonquorum-quenching
PLL fromDeinococcus radiodurans, by grafting all eight βR loops
at the C-terminal ends of the β-strands from PTE (from
Pseudomonas diminuta), resulted in insoluble protein; after
attempts to refold the insoluble protein, the resultant soluble
chimera had no detectable phosphotriesterase activity (16).

We had modest success in our attempt to change the substrate
specificity of MCP toward short-chain AHLs by grafting the βR
loops at the C-terminal ends of the seventh and eighth β-strands
from PPH to MCP; the values of kcat/KM for MCP-PPH-β8 and
MCP-PPH-β7β8 toward C4-HSL were 17 and 33 M-1 s-1,

respectively. For ease of comparison, we have listed the fold-
differences in catalytic efficiencies (kcat/KM) of the MCP loop
chimeras relative to that of the N266Y mutant in Table 5.
We observed that when both loops at the C-terminal ends of the
seventh and eighth β-strands of PPH were simultaneously grafted
on to the MCP scaffold (MCP-PPH-β7β8 chimera), there was a
change in AHL substrate preference favoring the shorter chain
quorum molecules; loop grafting also resulted in a 3-fold increase
in kcat/KM toward C4-HSL, relative to that of the N266Ymutant.

We sought to understand the basis for this change in substrate
specificity. An inspection of the MCP-PPH-β7β8 chimera se-
quence against the wild-type enzyme revealed that there were five
amino acid substitutions in the βR loops at the C-terminal ends of
the seventh and eighth β-strands (residues highlighted in brown
and green, respectively, in Figure 1). We noticed that the N266C
mutation was among the three substitutions that resided in the
loop at the C-terminal end of the eighth β-strand (Figure 3B); we
had previously characterized the N266C mutant and found this
mutation (along with six other possible substitutions at the 266
position) resulted in an increase in activity toward C4-HSL,
relative to that of the wild-type enzyme. To further appreciate the
contributions of these three substitutions, in the loop at the
C-terminal end of the eighth β-strand, to C4-HSL activity, we
constructed the Q279X/V280X site-specific randomMCP library
and screened for C4-HSL lactonase activity above that exhibited

Table 4: Kinetic Parameters of MCP Loop Chimeras

MCP-AhlA-β7 MCP-AhlA-β8

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL NDa ND ND ND ND ND

C6-HSL ND ND ND 0.46 ( 0.17 4.1 ( 2.6 110

3-oxo-C6-HSL ND ND ND 0.13 ( 0.05 2.3 ( 1.7 57

C7-HSL b b 78 0.59 ( 0.25 0.88 ( 0.67 670

C8-HSL 0.63 ( 0.11 0.89 ( 0.34 710 1.3 ( 0.2 0.52 ( 0.19 2.5 � 103

3-oxo-C8-HSL b b 62 2.5 ( 0.5 3.9 ( 1.3 640

C10-HSL 0.44 ( 0.07 0.14 ( 0.05 3.1 � 103 0.8 ( 0.2 0.23 ( 0.14 3.5 � 103

C12-HSL 0.38 ( 0.04 0.09 ( 0.02 4.2 � 103 0.3 ( 0.05 0.08 ( 0.02 3.8 � 103

MCP-AhlA-β7β8 MCP-PPH-β7

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL ND ND ND ND ND ND

C6-HSL b b 4.8 b b 25

3-oxo-C6-HSL b b 3.2 ND ND ND

C7-HSL b b 16 0.48 ( 0.07 3.4 ( 0.9 1.4 � 102

C8-HSL 0.11 ( 0.04 2.0 ( 1.2 55 0.79 ( 0.08 1.5 ( 0.3 5.3 � 102

3-oxo-C8-HSL 0.30 ( 0.14 5.8 ( 3.7 52 0.38 ( 0.03 2.0 ( 0.4 1.9 � 102

C10-HSL b b 120 b b 1.4 � 103

C12-HSL 0.10 ( 0.04 0.20 ( 0.14 500 b b 1.6 � 103

MCP-PPH-β8 MCP-PPH-β7β8

substrate kcat (s
-1) KM (mM) kcat/KM (M-1s-1) kcat (s

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

C4-HSL b b 17 b b 33

C6-HSL b b 1.7 � 102 2.8 ( 0.7 2.6 ( 1.2 1.1 � 103

3-oxo-C6-HSL b b 29 b b 66

C7-HSL 4.3 ( 1.1 2.7 ( 1.2 1.6 � 103 7.6 ( 1.4 2.5 ( 0.8 3.0 � 103

C8-HSL 7.5 ( 1.3 1.7 ( 0.5 4.4 � 103 5.0 ( 0.5 0.73 ( 0.19 6.8 � 103

3-oxo-C8-HSL 5.8 ( 1.9 4.2 ( 2.3 1.4 � 103 6.0 ( 0.7 2.3 ( 0.6 2.6 � 103

C10-HSL b b 6.3 � 103 b b 8.0 � 103

C12-HSL 4.3 ( 0.7 0.7 ( 0.3 6.1 � 103 2.9 ( 1.4 0.28 ( 0.2 1.0 � 104

aND, no detectable activity. b Saturation kinetics could not be attained.
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by the wild-type enzyme. Unfortunately, we were unable to find
anymutants that had increased C4-HSL lactonase activity. From
the in silico representation (Figure 3B), we expected the residues
Q279 and V280 to be located further away from the active site,
relative to the N266 position, and thus, these residues may not
have as much a significant role as N266 in determining produc-
tive substrate-binding geometries or substrate specificity. Taken
together, these observations suggested that the increased AHL
lactonase activity toward C4-HSL was predominantly due to a
suitable substitution (such as any of the seven mutations de-
scribed in this study) at the 266 codon position of MCP.
Conclusions. MCP, from the PLL group of enzymes within

the amidohydrolase superfamily, is a quorum-quenching lacto-
nase that hydrolyzesmedium to long-chainAHLmolecules. Two
other orthologous PLLs (PPH and AhlA, with 92% and 59%
sequence identity to MCP, respectively) have been previously
reported to exhibit broad-range specificities toward AHLs.
Grafting of loops at the ends of the seventh and eighth β-strands
(from PPH and AhlA, respectively) did not result in MCP loop
chimeras with significantly improved N-acylhomoserine lacto-
nase activity, nor increased AHL substrate promiscuity. Our
observations are consistent with those of other laboratories using
loop grafting in enzyme engineering, in that the effect of loop
grafting is still both unpredictable and uncertain (16, 23) . The
quorum-quenching lactonase activity of MCP can be signifi-
cantly enhanced by a single point mutation, N266Y, on the loop
at the C-terminal end of the eighth β-strand. The substrate
specificity ofMCP can also be directed toward short-chainAHLs
by the same point mutation. Our studies, along with reports by
others, suggest that enhancement of enzyme activity can be
brought about by subtle, remote changes that can favor produc-
tive geometries during catalysis. The number and chemical
complexity of quorum molecules in the environment are both
large and unknown, and tailoring the specificities of known
quorum-quenching lactonases to other quorum molecules
involved in microbial virulence and pathogenesis may be a
challenging task; however, given the relative ease of activity
enhancement and broadening of substrate range (brought about
by a single point mutation on a loop remote from the central
catalytic barrel), our findings not only reinforce the evolutionary
potential of the (β/R)8-barrel fold but also suggest that quorum-
quenching lactonases in the amidohydrolase superfamily
can be used in future efforts to engineer biomolecules of
therapeutic use.
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