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Introduction

Quorum sensing (QS) is a communication system used by nu-
merous microorganisms to coordinate various behaviors. QS is
based on small molecules produced and secreted by micro-
organisms, such as N-acyl-l-homoserine lactone (AHLs).[1] The
structure of AHLs can vary significantly, mainly by the length
of the acyl chain, as well as substitutions on it. Different chemi-
cal structures confer signal specificity.[2, 3] These molecules can
be sensed and their signal integrated to coordinate gene
expression in response to cell density. AHL-based bacterial QS
was shown to regulate the expression of gene patterns, includ-
ing genes involved in virulence and biofilm production.[4]

Numerous enzymes, named quorum quenching (QQ) enzymes,
are naturally capable of modifying or degrading QS signals.[5]

These enzymes are capable of disrupting microbial signaling,
and were reported to inhibit biofilm formation and virulence
both in vitro and in vivo.[6–10] Therefore, these enzymes may be
useful in various fields to control microbes, from biofouling
prevention to therapeutics or combination therapy with antibi-
otics.[6, 7, 11]

Among those enzymes, lactonases (EC 3.1.1.81) are capable
of hydrolyzing the lactone ring of AHLs. Lactonases were iden-

tified in a wide variety of organisms, for example, in archaea,
fungi, and mammals.[12] Lactonases were mainly identified and
characterized from three protein superfamilies; all were metal-
loenzymes.[12] The phosphotriesterase-like lactonases (PLLs) ex-
hibit an (a/b)8 fold and are found in archaea and bacteria. PLL
representatives were found to hydrolyze d-lactones, g-lactones,
and AHLs and showed substrate preference for long acyl chain
AHLs.[13–16] A second family of lactonases are the paraoxonases
(PONs), primarily isolated from mammals, exhibit a six-bladed
b-propeller fold.[17–19] PONs were shown to hydrolyze d-lac-
tones, g-lactones, and AHLs.[20]

A third family of lactonases are the metallo-b-lactamase-like
lactonases (MLLs), the first lactonase family to be discovered,
and exemplified by the first isolated and studied representa-
tive: AiiA from Bacillus thuringiensis.[9] Other representatives
have been studied, such as AiiB,[21] AidC,[22] MomL,[23] or AaL.[24]

MLLs possess a conserved dinuclear metal binding motif,
HXHXDH, involved in the binding of two metal cations and ex-
hibit an ab/ba fold. Interestingly, kinetic characterization stud-
ies on MLLs suggest that they all exhibit a broad specificity
spectrum,[21, 25–27] which is in contrast to the observed prefer-
ence of PLLs for long-chain AHLs. Despite this shared substrate
preference, kinetic studies reveal differences: KM values vary
dramatically from about the 1 mm range for some enzymes
(e.g. , AiiA, AiiB[21, 27]) to about 1 mm range for others (e.g. , AidC,
AaL[22, 24]).

Intriguingly, structural studies on AiiA,[27–29] AiiB from Agro-
bacterium tumefaciens,[21] AidC from Chryseobacterium sp. strain
StRB126,[22] and AaL from Alicyclobacter acidoterrestris[24] reveal
differences in their respective active sites. For example, AidC
exhibits a kinked a helix, forming part of a closed pocket,[22]
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whereas AaL shows a hydrophobic patch;[24] both features are
related to the lower KM values of these enzymes for AHLs. Nev-
ertheless, a molecular description of the interaction of lacto-
nases with AHL substrates of different sizes and an explanation
for the absence of substrate preference of MLLs are missing.

GcL (WP_017434252.1) is a lactonase isolated from the ther-
mophilic bacteria Parageobacillus caldoxylosilyticus. GcL is a
rare thermophilic representative within MLLs, with a half-life of
(152.5�10) min at 75 8C.[25] Herein, we show that GcL is a profi-
cient lactonase, which makes it a potent inhibitor of biofilm
formation for the pathogen Acinetobacter baumannii that uses
C6-AHL for signaling.[30, 31] Because structural variations of AHLs
confer signal specificity, it is critical to elucidate substrate pref-
erences. We determined that GcL was a broad spectrum lacto-
nase, with kcat/KM values in the range of 104 to 106

m
�1 s�1, and

very low KM values (0.5–20 mm). Broad lactonase activity may
be a desirable property to control microbial signaling. Addi-
tionally, we provide herein a unique collection of structures:
the structure of free GcL and in complex with AHL substrates
of different acyl chain lengths, namely, C4-AHL and 3-oxo-C12-
AHL. These structures allowed us to determine the substrate
binding modes of these very different AHLs, and to identify
three different subsites involved in the binding of substrates.
Unexpectedly, the outer part of the active site is not hydropho-
bic and overall the active-site crevice is too short to fully ac-
commodate the longer AHLs; thus resulting in the acyl tail of
the substrate trailing outside of the enzyme. This binding
mode is in contrast to the dedicated, hydrophobic channel
fully accommodating the aliphatic chain previously observed
in PLLs with a preference for long-chain AHLs.

Results and Discussion

Sequence analysis

The GcL protein sequence was aligned with sequences of MLL
representatives with known structures by using the MUSCLE
program[32] (Figure S1 in the Supporting Information). GcL is
very close to AaL (85.5 % sequence identity), whereas it shares

only 28 % sequence identity with both AidC and AiiA. These
enzymes possess the characteristic HXHXDH motif, as well as
the two other residues (H and D) involved in metal-cation co-
ordination. Other residues lining the active site do not show
significant conservation, with the exception of Y223 (Fig-
ure S1). Indeed, Y223 is conserved in all enzymatically and
structurally characterized MLLs, with the exception of AidC,[22]

in which it is substituted by a His. Interestingly, this residue is
also present in PLLs.[12, 33, 34]

GcL as a highly proficient, broad-spectrum lactonase

The catalytic parameters of GcL were evaluated for a broad
range of lactones, including AHLs, 3-oxo-AHLs, g-lactones, e-
lactones, d-lactones, and the whiskey lactone (Figures 1 and

S2, Table 1). We show that GcL is highly proficient against
AHLs with both short and long acyl chains, exhibiting catalytic
efficiencies ranging from 104 to 106

m
�1 s�1. In addition to AHLs,

GcL is active against g-, d-, e-, and whiskey lactone, with kcat/KM

values ranging from 105 to 107
m
�1 s�1. Notably, g-butyrolactone

derivatives are inducers for Streptomyces sp. and Rhodococcus
sp.[35, 36] The slowest tested substrate is C4-AHL, with a catalytic
efficiency of 8.3 � 104

m
�1 s�1, whereas the best substrate is 3-

oxo-C8 AHL (kcat/KM = 4.3 � 106
m
�1 s�1). Kinetic data reveals that

GcL exhibits unusually low KM values for a large majority of the
tested substrates (0.84–24.7 mm, with the exception of C4
AHL), compared with those values of other known lactonases.
Notably, the limited dynamic range of the pH indicator based
assay used could limit the observation of lower KM values. The
observed KM value for GcL is in contrast to values observed for
other MLL lactonases, such as AiiA and AiiB (KM�1600–
5600 mm

[21, 27]), and other classes of lactonases (e.g. , PLLs and
PONs; KM�50–500 mm

[13, 15, 20, 28]). Yet, these low KM values are
similar to those observed for AidC and AaL.[22, 24] The KM values
of lactonases are important to consider in light of the concen-
tration thresholds for QS activation, which are reported to be
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Figure 1. Substrates tested in this study. A) Acyl homoserine lactones, B) 3-
oxoacyl homoserine lactones, C) g-lactones, D) d-lactones, E) e-caprolactone,
F) whiskey lactone, and G) Paraoxon-ethyl.
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in the range of about 5 nm.
[37–41] Additionally, we tested the

ability of GcL to degrade the insecticide derivative Paraoxon,
and determined that it was capable of degrading it, albeit with
slow rates. This promiscuous activity of GcL is consistent with
previous observations in other lactonases, such as AaL,[24] and
the PLL family, such as VmoLac[13] and SsoPox,[14] which exhibit
higher phosphotriesterase activities. The promiscuous ability of
lactonases to degrade the phosphotriester Paraoxon is consis-
tent with the previously proposed evolutionary link between
lactonases and phosphotriesterase.[12, 42] In fact, lactonases were
suggested to be the progenitors of the insecticide-degrading
enzyme PTE,[42] which emerged during the last 70 years to de-
grade synthetic insecticides, the organophosphates.

GcL as a QQ lactonase

We have evaluated the ability of the lactonase GcL to inhibit
biofilm formation of A. baumannii ; a human pathogen known
to produce and utilize acyl homoserine lactone. QQ lactonases
are known to disrupt AHL-based signaling and inhibit bacterial
behavior that depends on signaling, such as biofilm forma-
tion,[38, 43] and even disrupt existing biofilms.[39] Herein, we
show that GcL can inhibit the formation of biofilms of A. bau-
mannii in a dose-dependent manner. Biofilm inhibition is up to
fivefold with reference to untreated cultures, and about three-
fold compared with an inactive lactone control (inactive
mutant SsoPox 5A8, obtained previously;[14, 44] Figure 2). Inter-
estingly, and as previously observed for the lactonases
SsoPox[6, 10] and AaL,[24] GcL has no negative effects on growth
and exhibits similar growth levels to those of the controls per-
formed with BSA and 5A8 mutant. This observation is in con-
trast to the use of the QSI 5-FU,[45] which inhibits both growth
and biofilm formation. In fact, GcL treatment may lead to a

slight growth stimulation. However, because this is concomi-
tant with biofilm inhibition, it may simply relate to a different
partitioning of the cells in both planktonic and biofilm states.

Crystal structure of GcL

The monomer of GcL is roughly globular with overall dimen-
sions of 58 � 43 � 44 � and shows a long protruding loop (Fig-
ure S3 A–C). This loop is involved in homodimerization (Fig-
ure S3 A). The dimer shows overall dimensions of approximate-
ly 85 � 43 � 44 �. As expected, GcL exhibits an ab/ba sandwich
fold, typical of the metallo-b-lactamase superfamily, and similar
to that of other MLLs (AiiA,[29] AiiB,[21] AidC,[22] and AaL[24]).

The overall structure of GcL is very similar to those of AaL,
with a root-mean-square deviation (rmsd) of 0.42 � (over 275
a-carbon atoms; Figure S4 C), and AiiB (0.89 � over 273 a-
carbon atoms; Figure S4 B). However, the structural differences
are much greater between GcL and AiiA, with an rmsd of
1.22 � (over 180 a-carbon atoms), including the noticeable ab-
sence of external loop 1 in AiiA (Figure S4 A). The finding that
GcL, isolated from a thermophilic bacterium, and contrary to
AiiA,[29] is organized as a homodimer is consistent with previ-
ous work on thermophilic proteins; thus highlighting a trend
for higher levels of oligomerization in these proteins.[46] The
dimer is characterized by a strong interaction of the protruding
loop (Ala34 to Gln42) from both monomers. The dimer inter-
face involves 32 residues in each monomer. The interface is
mostly hydrophobic and engages 12 hydrogen bonds. The
interface surface between dimers is 1178.9 �2 ; a similar value

Table 1. Enzymatic characterization of GcL enzymes. Unless otherwise
specified, racemic substrates have been used. The standard deviation
values for each parameter are given and data are taken from ref. [25] .

Substrate[a] kcat [s�1] KM [mm] kcat/KM [s�1
m
�1]

C4-AHL (l)* 19.06�1.51 229�57 (8.3�2.2) � 104

C6-AHL (l)* 8.95�0.48 7.97�1.89 (1.1�0.3) � 106

C8-AHL (l) 1.29�0.04 3.12�0.75 (4.1�1.0) � 105

C10-AHL (l)* 5.48�0.37 1.45�0.47 (3.8�1.3) � 106

3-oxo-C8-AHL (l)* 9.48�0.35 2.19�0.37 (4.3�0.8) � 106

g-butyrolactone 2.49�0.07 10.1�1.92 (2.5�0.5) � 105

g-heptalactone 1.77�0.06 2.01�0.71 (8.8�3.1) � 105

g-nonalactone 20.5�6.9 15.3�2.23 (1.3�0.2) � 106

g-decanolactone 2.69�0.11 7.14�1.03 (3.8�0.6) � 105

d-valerolactone 1.24�0.04 6.11�1.37 (2.0�0.5) � 105

d-octanolactone 12.58�0.85 18.3�7.02 (6.9�2.7) � 105

d-nonalactone 2.01�0.14 8.05�2.5 (2.5�0.8) � 105

d-decalactone 4.1�0.18 3.13�0.9 (1.3�0.4) � 106

e-caprolactone 10.81�0.57 24.7�5.43 (4.4�0.9) � 105

e-decalactone 1.09�0.03 1.04�0.24 (1.1�0.2) � 105

whiskey lactone 1.00�0.35 0.84�0.18 (1.2�0.1) � 107

Paraoxon-ethyl n.d.[b] n.d.[b] (3.1�0.2) � 101

[a] Structures are given in Figure S1. [b] n.d. : the kinetics data do not fit
the Michaelis–Menten equation due to a catalytic rate that is too high or
too low.

Figure 2. Effect of GcL on A) cell density and B) biofilm formation of A. bau-
mannii. The biofilm was quantified by means of crystal violet staining
(OD550 nm). The cell density is quantified as OD600 nm. The biofilm was quanti-
fied with untreated cultures (dark-gray bars) ; various doses of GcL (mg mL�1;
red bars) ; and negative controls, such as the inactive mutant of the lacto-
nase SsoPox (5A8; black bar) and bovine serum albumin (BSA; light-gray
bars). The positive control (quorum sensing inhibitor (QSI) 5-fluorouracil (5-
FU)) is shown as light-gray bars. GcL, SsoPox 5A8, and BSA concentrations
are shown in mg mL�1. Data shown are an average of three independent
experiments with two technical replicates each (n = 6); error bars represent
the standard deviation. The Student t-test (unpaired, two-tailed) results are
shown (A) between data for the biofilm formed with different doses of GcL
and data for the biofilm formed in presence of the inactive lactonase 5A8.
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to those of other dimeric MLL structures, such as AaL, AiiB, and
AidC (1125.7, 1089.1, and 1015.4 �2, respectively).

Hetero-bimetallic active site of GcL

The GcL active site (Figure S3 D) is organized around two
metals cations coordinated by five histidine residues (118, 120,
123, 198, and 266) and two aspartic acid residues (122 and
220). The a-metal cation is coordinated by His118, His120,
His198, and Asp220. The b-metal cation interacts with His123,
His266, Asp122, and Asp220. The putative catalytic water mole-
cule bridges the two metal cations.

The chemical nature of the metals was investigated by using
X-ray anomalous and anomalous data collection at higher and
lower energies than that of the Co K edge (Table S1). Above
the Co K edge, two strong anomalous peaks are present in the
active site, which indicates that the active site may be occu-
pied by cobalt cations, but not by other common metal cat-
ions identified in similar enzymes, such as zinc (Zn K edge is
9.6586 keV) or nickel (Ni K edge is 8.3328 keV; Figure S5). The
second dataset collected at a lower energy than that of the Co
K edge reveals only one peak; this unambiguously determines
metal a as a cobalt cation (Figure S5). The second peak corre-
sponds to a different metal cation with a lower excitation
energy, which is likely to be an iron cation.

Although this result contrasts with some known enzymes
from the MLL family, which were described to possess two zinc
cations in their active site,[22, 27, 29] a hetero-binuclear iron/cobalt
active site was previously observed in the lactonase SsoPox,

for which the presence of an iron cation was associated with
the lower pKa of the Fe/H2O couple to that of values with
other cations.[34] Two cobalt cations were also observed in the
lactonase AaL.[24] Moreover, the presence of a cobalt cation in
the active site of GcL is consistent with our use of CoCl2 during
the protein production steps. For these reasons, a hetero-bi-
nuclear cobalt/iron was modeled in the active site of GcL.

Binding mode of the short lactone C4-AHL (L enantiomer)

Interestingly, GcL crystals soaked with C4-AHL belong to a dif-
ferent space group than that of the crystals of the free enzyme
(R3, as opposed to C2 space groups; Table 2). Inspection of the
electron density maps at 2.35 � resolution unambiguously re-
veals the presence of a C4-AHL substrate bound to the bimet-
allic active site (Figure S6 A and B). This structure represents
the second complex of a MLL with a short AHL chain, based
on recent work on the lactonase AaL.[24] Other structures with
hydrolytic products were solved for AiiA.[27, 47]

The lactone ring of the C4-AHL molecule sits on the bimetal-
lic active site (Figure 3 A and B). The carbonyl oxygen interacts
with the a-cobalt (2.6 �) and the hydroxyl group of Tyr223
(3.0 �). The ester oxygen of the lactone ring interacts with the
b-iron (2.2 �). The two metal cations are bridged by the puta-
tive catalytic water (a-cobalt : 2.1 �; b-iron: 2.3 �). The catalytic
water is located 2.5 � away from the electrophilic carbon of
the lactone ring; this binding configuration is compatible with
nucleophilic attack of the bridging water molecule, as previ-
ously proposed.[24, 27, 34]

Table 2. Data collection and refinement statistics of GcL structures.

Free C4-AHL bound 3-oxo-C12-AHL bound

PDB ID 6N9I 6N9Q 6N9R
resolution [�] 1.6 2.35 1.75
diffraction source APS Argonne 23ID-B APS Argonne 23ID-B APS Argonne 23ID-D
wavelength [�] 1.03323 1.033200 1.03333
detector MAR CCD EIGER 16M PILATUS
rotation range per image [8] 0.5 0.2 0.2
total rotation range [8] 200 250 220
space group C2 R3 C2
Unit-cell parameters
[�] a = 145.42, b = 108.68, c = 78.74 a = 108.02, b = 108.02, c = 222.14 a = 145.01, b = 108.59, c = 78.60
[8] a =g= 90.000, b= 115.845 a= b= 90.000, g = 120.000 a=g = 90.000, b= 115.747
resolution range [�] 1.6 (1.7–1.6) 2.35 (2.45–2.35) 1.75 (1.85–1.75)
no. reflns (last bin) 602 221 (99 530) 292 862 (33 693) 436 367 (68 612)
no. unique reflns (last bin) 144 425 (23 974) 39 818 (4637) 109 519 (16 825)
completeness [%] (last bin) 99.6 (99.7) 98.9 (98.5) 99.2 (99.5)
redundancy 4.17 (4.15) 7.35 (7.27) 3.98 (4.07)
hI/s(I)i 26.50 (3.1) 12.41 (4.30) 15.21 (3.32)
Rmeas [%] 3.3 (64.5) 11.9 (54.8) 5.9 (48.0)
CC1/2 100 (99.4) 99.5 (89.8) 99.9 (94.7)
Refinement statistics
Rfree/Rwork 18.86/14.45 21.09/16.84 20.61/23.36
no. total model atoms 7065 6942 4514
Ramachandran favored [%] 96.23 95.64 96.47
Ramachandran outliers [%] 0.12 0.00 0.00
generously allowed rotamers [%] 2.14 2.24 2.23
RMSD from ideal
bond lengths [�] 0.0258 0.019 0.016
bond angles [8] 2.3575 1.973 1.772
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The N-alkyl chain of C4-AHL interacts with the hydrophobic
patch formed by Trp26, Phe87, and Ile237 (Figure 3 B). Specifi-
cally, the N-alkyl chain is kinked in the direction of Ile237 (Fig-
ure 3 B). In fact, this hydrophobic patch, previously described
in the close homologue AaL,[24] has no equivalent in other
MLLs. Its presence has been proposed to be related to the low
KM values observed in AaL, and this is consistent with the
structure and kinetic parameters of GcL. Additionally, bound
C4-AHL also interacts with two Met (20 and 22), Phe48, Tyr223,
Leu121, and Ala157 (Figure 4).

Binding mode of the long, aliphatic lactone 3-oxo-C12-AHL
(L enantiomer)

The crystal soaking strategy (see the Experimental Section) al-
lowed us to solve the structure of GcL at 1.75 � resolution. In-
spection of the electron density maps unambiguously reveals
the binding of the long, aliphatic lactone substrate in the
active site (Figure S6 C and D). The binding mode of the lac-

tone ring onto the bimetallic active site is very similar to that
observed for the shorter lactone C4-AHL (Figure 3 A). Indeed,
the ester oxygen atom of the lactone ring interacts with the b-
iron (2.1 �) and Tyr223 (3.6 �), and the carbonyl oxygen atom
is located 2.5 � from the a-cation cobalt. The bridging, puta-
tively catalytic water molecule is positioned 2.1 � away from
the electrophilic carbon of the lactone ring. The high similarity
in binding of the lactone rings of both substrate is consistent
with the broad specificity of GcL.

The N-alkyl chain of the 3-oxo-C12 AHL is surrounded by
three methionine residues (20, 22, 86), two phenylalanine resi-
dues (48, 87), Trp26, Ser82, Thr83, Leu121, Asp122, Gln153, Glu
155, Gly156, Ala157, Tyr223, and Ile237 (Figure 4). Notably, the
N-alkyl chain interacts with the previously described hydropho-
bic patch (i.e. , Trp26, Phe87, and Ile237), but, contrary to the
C4-AHL configuration, it is not pointing towards it (Figures 3 C
and 4). This difference in binding modes might be caused by
the lower configurational flexibility of the substrate chain in
this area due to the presence of a ketone group.

Structural changes in the GcL structure induced by AHL
substrate binding

The binding of AHLs to the active site of GcL results in signifi-
cant rearrangement of the binding cleft. The active-site loop
harboring Ile237 undergoes significant relocation upon AHL
binding (Figure 3 B). In the free structure, the Ile237 side chain
points inwards, which results in a closed conformation of the
active site. In the presence of the C4- and 3-oxo-C12-AHLs, the
237 loop undergoes a conformational change, and the Ile237
side chain points outwards, which opens up the binding cleft
(Figure 3 B). The magnitude of the movement is important be-
cause the side-chain atoms of Ile237 are distant by as much as
7.9 and 7.3 �, upon comparing the free structure with the C4-
and 3-oxo-C12-AHL bound structures, respectively. This obser-

Figure 3. GcL complex with C4 and 3-oxo-C12 AHL. A) C4 and 3-oxo-C12
AHL active-site binding mode. Superposition of the C4-AHL-bound structure
(light-green sticks (protein) and dark-green sticks (C4-AHL)) and 3-oxo-C12
AHL (purple sticks (protein) and dark-purple sticks (3-oxo-C12 AHL)) onto
the hetero-bimetallic active site, consisting of a cobalt a-cation (pink sphere)
and an iron b-cation (orange sphere). The a- and b-cation metals are
bridged by the catalytic water molecule (red sphere). The interactions be-
tween C4-AHL and 3-oxo-C12 AHL and the active site are showed as green
and pink dashes, respectively. Distances are indicated in �. B) Superposition
of the free GcL structure (gray sticks and cartoon) and the C4-AHL (green
sticks and cartoon; substrate in dark-green sticks) and 3-oxo-C12-AHL (pink
sticks and cartoon; substrate in dark-purple sticks) bound structures. The im-
portant relocation of the Ile237 loop (7.9 �) between the free and C4-AHL
bound structures is shown as red dashes.

Figure 4. Superposition of the GcL structures bound to C4- (light-blue sticks)
and 3-oxo-C12- AHL (light-pink sticks). The GcL active site can be divided
into three subsites : the first subsite (residues in yellow lines) represents resi-
dues overhanging the binuclear center and positioning of the lactone ring,
the second subsite (amino acids in orange lines) is composed of a hydro-
phobic ring that accommodates the amide group and short acyl chains of
AHL substrates, and the third subsite (residues in green lines) is a hydrophil-
ic ring open to the solvent.
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vation suggests that Ile237 is a key residue for AHL binding,
and might act as a gate to the active site of GcL.

Three subsites revealed by AHL binding-mode analysis

We provide, for the first time, crystal structures of a lactonase
in complex with AHLs of different chain lengths. Structural
analysis of the three obtained structures of GcL—free, bound
to C4-AHL, and bound to 3-oxo-C12-AHL—reveals the exis-
tence of three subsites in the active site of the lactonase GcL
(Figure 4).

The three subsites are identified as follows: 1) A small sub-
site, which is hydrophobic and overhanging the bimetallic
active-site center, involved in the accommodation of the lac-
tone cycle, and composed of residues Met20, Met22, Phe48,
and Tyr223. 2) The second subsite, which is a hydrophobic ring
including Trp26, Met86, Phe87, Leu121, and Ile237, accommo-
dates the amide group and short N-acyl chains of AHLs (i.e. ,
the chain of the C4-AHL molecule; Figure 4). The previously
identified hydrophobic patch in the lactonase AaL,[24] Trp26,
Phe87, and Ile237, is a ring that may explain the low KM values
for AHL substrates of GcL. 3) Lastly, a third subsite, which
involves hydrophilic ring opening to the protein surface, com-
posed of Ser82, Thr83, Glu155, Gly156, and Ala157, accommo-
dates the longer acyl chain of AHLs (i.e. , 3-oxo-C12-AHL;
Figure 4).

The presence of hydrophilic residues is surprising, given the
hydrophobic nature of long-chain AHL molecules. The active-
site crevice is too short to fully accommodate the length of
the N-acyl chain of 3-oxo-C12-AHL (Figure 5 A). This is in sharp

contrast with previous structures of lactonases solved in com-
plex with C10 homocysteine thiolactone and with 3-oxo-C12-
AHL.[13, 34] Indeed, in these lactonases, a hydrophobic channel
isolates the hydrophobic N-acyl chain from the solvent; a
structural feature associated with the preference of PLLs for
longer AHL substrates[34] (Figure 5 B). Conversely, in GcL, the
crevice is short, the outer ring of residues is hydrophilic, and
the N-acyl chain is exposed to solvent (Figure 5 A). The absence
of specific hydrophobic interactions observed in GcL seem to

result in its very broad substrate specificity for hydrolysis of
AHLs with short or long N-acyl chains with nearly identical
parameters.

Conclusion

GcL, isolated from P. caldoxylosilyticus, is a thermophilic lacto-
nase from the MLL family. We have demonstrated herein that
GcL was a QQ lactonase that could significantly inhibit the
formation of biofilms of A. baumannii in a dose-dependent
manner.

GcL is a very broad spectrum lactonase, capable of hydrolyz-
ing short and long AHLs with high catalytic efficiency (kcat/KM

�104–106
m
�1 s�1). This observed broad substrate specificity

appears to be a common feature of MLLs because it has been
observed for MomL,[23] AidC,[22] AaL,[24] or AiiA.[48] Moreover, GcL
shows low KM values for all tested lactone substrates (0.67–
229 mm). KM values might be an important parameter in the
biological roles of QQ lactonases because the reported QS acti-
vation thresholds seem to be in the range of about 5 nm.[40, 41]

Notably, the GcL substrate specificity extends to d-, g-, and e-
lactones. Interestingly, some g-lactones are used as QS mole-
cules in Streptomyces and Rhodococcus.[35, 49]

The resolution of GcL structures, in complex with short and
long AHL substrates, shed light on the binding modes for dif-
ferent AHL substrates in lactonases. Specifically, we showed
that the lactone rings of both AHLs (C4- and 3-oxo-C12-AHL)
bound similarly to the bimetallic active site of the enzyme, and
were ideally positioned for nucleophilic attack from the bridg-
ing water molecule. Structural data revealed the reorganization
of the active-site loop harboring Ile237 upon ligand binding;
this loop was locked in a closed conformation if the enzyme
was free, whereas it pointed outwards if an AHL molecule was
bound.

Structures also revealed that the GcL active site was organ-
ized into three subsites: one that was hydrophobic, overhang-
ing the binuclear center, to position the lactone ring; a second
that was composed of a hydrophobic ring to accommodate
the amide group and short acyl chains of AHL substrates, and
possibly determining the low KM values of GcL for lactone sub-
strates; and a third composed of an outer hydrophilic ring
opening to the solvent. The last subsite was a surprise: indeed,
previously known structures of lactonases in complex with
long-chain AHLs revealed channels fully accommodating the
hydrophobic substrates, which conferred a substrate prefer-
ence for long-chain AHLs to these enzymes. Conversely, GcL
structures revealed the absence of such a structural feature;
thus suggesting that this absence was the main determinant
for the broad substrate specificity of GcL.

Experimental Section

Sequence blast : The FASTA sequence of the first structurally char-
acterized MLL enzyme, AiiA from the organism B. thuringiensis, was
blasted against the nonredundant protein sequences database. We
identified the protein GcL (WP_017434252.1), which was isolated
from the thermophilic organism P. caldoxylosilyticus. GcL exhibited

Figure 5. A comparison of active-site clefts of A) GcL and B) SsoPox. A) The
structure of GcL bound to a 3-oxo-C12-AHL (dark-purple sticks) shows a
large opening of the cavity, leading to the bimetallic active site. The distal
part of the aliphatic chain is largely exposed to solvent. B) The structure of
SsoPox bound to C10-HTL (orange sticks). SsoPox presents a deep channel,
leading to the bimetallic active site. The substrate is fully accommodated in
the hydrophobic channel. Metal cations and the bridging water molecules
are shown as spheres.

ChemBioChem 2019, 20, 1 – 9 www.chembiochem.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6&

�� These are not the final page numbers!�� These are not the final page numbers!

Full Papers

http://www.chembiochem.org


a molecular weight of 32.4 kDa and contained 282 amino acids.
GcL alignment with other representatives of the MLLs was perform
by using the software MUSCLE[32] in the MEGA software suite[50]

(Figure S1).

Cloning, expression, and purification of the protein GcL : The
protein was produced in Escherichia coli strain BL21(DE3)-pGro7/
GroEL strain (TaKaRa). A StrepTag (WSHPQFEK) was added to the
sequence, along with a TEV sequence (ENLYFQS). The protein was
produced at 37 8C in the autoinducer medium ZYP (2 L;
100 mg mL�1 ampicillin and 34 mg mL�1 chloramphenicol). Once
the OD600 nm reached the exponential growth phase, the culture
was induced with 2 mm CoCl2 and 0.2 % l-arabinose. The induction
process temperature was 18 8C overnight. Cells were harvested
through centrifugation and the pelleted cells were resuspended in
lysis buffer (150 mm NaCl, 50 mm HEPES pH 8.0, 0.2 mm CoCl2,
0.1 mm PMSF, and 25 mg mL�1 lysozyme) and left in ice for 30 min.
Then, cells were sonicated in three steps over 30 s (1 pulse-on; 2
pulse-off) at amplitude 45 (Q700 Sonicator, Qsonica, USA). After
sonication, the supernatant lysate was loaded on a Strep Trap HP
chromatography column (GE Healthcare) in PTE buffer (50 mm

HEPES pH 8.0, 150 mm NaCl and 0.2 mm CoCl2) at room tempera-
ture. The StrepTag was cleaved by using the tobacco etch virus
(TEV) protease (reaction 1:20, w/w) for 20 h at 4 8C. Finally, the con-
centrated sample was loaded on a size-exclusion column (Super-
dex 75 16/60, GE Healthcare) to obtain a pure protein. The protein
identity and purity were controlled by means of Coomassie-stained
SDS-PAGE.

Kinetic measurements : The determination of GcL catalytic efficien-
cy was performed by using a microplate reader (Synergy HTX,
BioTek, USA) and the software Gen5.1 over a range of substrates
(Figure 1). The reactions were operated in a 96-well plate at a path
length of 5.8 mm for a 200 mL reaction volume at room tempera-
ture. The catalytic parameters were achieved by fitting the data to
the Michaelis–Menten equation with the Graph-Pad Prism 5.0 soft-
ware. If vmax was not reached, the catalytic efficiency was deter-
mined by fitting the linear part of Michaelis–Menten plot to a
linear regression by using Graph-Pad Prism 5.0. Measurements
were performed in at least triplicate.

Lactonase assay : AHL lactonolysis, consisting of the opening of
the lactone ring, generated a proton and led to acidification of the
media. This property allowed the kinetic characterization of the
lactonases by using a pH indicator assay, as previously
described.[13, 14, 24] To perform the experiment, enzyme (5 mL) was
added to a solution containing substrates (10 mL) at various con-
centrations and lactonase buffer (185 mL; 2.5 mm Bicine pH 8.3,
150 mm NaCl, 0.2 mm CoCl2, 0.2 mm cresol purple, 0.5 % DMSO).
This assay was performed at 25 8C and the time course of lactone
hydrolysis was recorded at l= 577 nm. A wide range of lactones
were tested: C4-AHL, C6-AHL, C8-AHL, C10-AHL, 3-oxo-C8-AHL,
g-butyrolactone, g-heptalactone, g-nonalactone, g-decanolactone,
d-valerolactone, d-octanolactone, d-nonalactone, d-decalactone,
e-caprolactone, e-decalactone, and whiskey lactone. The kinetic pa-
rameters of GcL against C4-, C6-, C10-, and 3-oxo-C8-AHLs were
previously published.[25]

Paraoxon assay : The catalytic activity against the organophos-
phate Paraoxon-ethyl was monitored through a colorimetric assay,
as previously described.[14, 51] The hydrolysis of Paraoxon-ethyl gen-
erated paranitrophenolate anions, which were yellow in color. The
assay was performed by measuring the time course hydrolysis
(e405 nm = 17 000 m

�1 cm�1) of Paraoxon-ethyl in PTE buffer (50 mm

HEPES pH 8.0, 150 mm NaCl, 0.2 mm CoCl2).

Biofilm inhibition assay : The bacterial strain A. baumannii ATCC
19606TM was used in this study. The biofilm inhibition assay was
performed as previously described.[24] Briefly, biofilm assays were
carried out in MOPS minimal medium. The 96-well round-bot-
tomed plates (Costar) for biofilm assay with different concentra-
tions of GcL were incubated at 37 8C with continuous agitation,
and the biofilm was assayed 16 h post-inoculation by means of
crystal violet staining. Cell density was estimated by measuring the
absorbance at l= 600 nm by using a plate reader (Synergy HTX
multimode reader, BioTek). After drying the wells, 0.1 % crystal
violet solution (200 mL) was added. Crystal violet was solubilized
with 30 % acetone and aliquots (200 mL) from each well were trans-
ferred to fresh flat-bottomed 96-well plates (Fisherbrand, Fisher
Scientific) to measure the absorbance at l= 550 nm. Measure-
ments were performed in six replicates.

Crystallization : GcL crystallization was performed as previously re-
ported.[24] GcL samples, concentrated at 10 mg mL�1 were used to
set up crystallization trays through the hanging-drop vapor-diffu-
sion method. Diffraction-quality crystals were obtained by using 1–
2.25 m ammonium sulfate and 0.1 m sodium acetate buffer (pH 4.0–
5.5). Crystals appeared after 1 day at 292 K. Crystals were trans-
ferred and cryoprotected in a solution composed of the mother so-
lution supplemented by 30 % poly(ethylene glycol) (PEG) 400 and
frozen in liquid nitrogen. Crystals of GcL in complex with C4 AHL
and 3-oxo-C12 AHL were obtained through soaking. The crystals
were transferred for 5 min to a solution containing the cryoprotec-
tant (mother solution and 30 % PEG 400) containing 20 mm lactone
substrates.

Data collection, structure resolution, and refinement : XRD data-
sets were collected at 100 K by using synchrotron radiation on the
23-IDB and 23-IDD beamlines (Table 2) at the Advanced Photon
Source (APS, Argonne, Illinois, USA). Diffraction data were collected
at a wavelength of 1.033 � and, depending on the data set,
between 400 and 1250 images were collected, with 0.2 or 0.58 os-
cillation steps and an exposure time of 0.2 s (Table 2).

The integration and scaling of the XRD were performed by using
the XDS package.[52] Data were processed in the C2 space group
for the free and 3-oxo-C12AHL-bound enzyme, whereas the
C4AHL-bound diffraction dataset belonged to the R3 space group.
The molecular replacement was performed by using the structure
of AiiB as a model (PDB ID: 2R2D; 44 % sequence identity) in
MOLREP.[53] Then, an automated model reconstruction of GcL was
achieved by using Buccaneer[54] before manual improvement with
the Coot program.[55] Cycles of refinement were performed by
using REFMAC.[56] Final refinement statistics are shown in Table 2.

Anomalous X-ray scattering data : The chemical composition of
metals bound to the active site of GcL were investigated through
two anomalous X-ray data collections. Because we used CoCl2

during the induction step, and because lactonases were previously
reported to bind cobalt, we collected two sets of data at higher
(7859 keV) and lower (7715 keV) energy than that of the Co K
absorption edge. Data collection statistics are shown in Table S1.
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The Structural Determinants
Accounting for the Broad Substrate
Specificity of the Quorum Quenching
Lactonase GcL

Welcome all ! A new lactonase, capable
of degrading acyl-homoserine lactones
used for bacterial signaling, exhibits no
measurable substrate preference. It is
shown that the broad substrate specific-
ity of this enzyme relates to the absence
of structural determinants to accommo-
date the variable region of the signaling
lactone molecules.
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