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A B S T R A C T   

Quorum sensing (QS) is a molecular communication system used by microorganisms to adopt behaviors in a cell 
density-dependent manner. Lactonase enzymes, able to hydrolyze the signal molecules acyl-homoserine lactones 
(AHL) can counteract QS-mediated virulence in Gram-negative bacteria. Optimizing lactonases activity or 
specificity for AHL through enzyme engineering approaches is thus highly attractive to increase protective effect. 
However, only a limited number of screening methods have been developed to handle and evaluate AHL- 
degrading enzyme libraries. Here, a series of screening procedures were developed to identify improved lacto-
nases using two previously reported enzymes as benchmarks, namely SsoPox and GcL. Specifically, molecular 
screenings using six different AHL and based on two reporter strains; i.e., Chromobacterium violaceum CV026 and 
Pseudomonas putida KS35, are reported. In addition, three phenotype-based screenings aiming to evaluate the 
ability of enzymes to quench a particular QS-related behavior are reported, using C. violaceum, Pseudomonas 
aeruginosa and Vibrio harveyi as pathogenic type strains. These assays were used to screen a small-sized library 
and allowed for the identification of various improved variants. To confirm that these variants were real “hits”, 
four of them were produced and purified. Their kinetic parameters against AHL substrates were found to be 
increased by 2–44.5 -fold as compared to the starting enzyme. Moreover, their increased activity was confirmed 
by measuring their ability to quench QS in different bacterial systems. These new assays will facilitate the 
screening of enzyme libraries and will pave the way for the development of proficient engineered QS-disrupting 
enzymes.   

1. Introduction 

Quorum sensing (QS) is a cell-to-cell communication process used by 
bacteria to regulate gene expression in a cell density-dependent manner. 
QS relies on the release, detection and response to small diffusible signal 
molecules, referred to as autoinducers (AI). Once the concentration of AI 
in the environment increases, the expression of numerous genes is 
activated, leading to various phenotypes, including production of viru-
lence factors and antibiotics, formation of biofilm, or resistance to an-
timicrobials [1]. In Gram-negative bacteria, acyl-homoserine lactones 
(AHL) are commonly used as AI [2]. Various AHL molecules, differing in 
their acyl chain lengths and/or substitutions, may be used alone or in 
combination, depending on the bacteria [3,4]. 

Considering the crucial involvement of QS in bacterial virulence, 
strategies aiming at interfering with this communication process have 
gained considerable interest, particularly in regard to the global emer-
gence of antibiotic resistance across bacterial species. New sustainable 
strategies against bacteria are urgently needed, and quorum quenching 
(QQ) approaches, aiming at disrupting QS by interfering with AI signals 
while not challenging bacterial survival, are highly appealing. Different 
QQ approaches were developed based on chemical inhibitors that 
compete with AI, AI-sequestering antibodies or AI-degrading enzymes 
[5]. The latter are particularly promising, considering their tremendous 
catalytic potential that allows efficiently inactivating signal molecules. 

AHL-inactivating enzymes have been widely studied, mainly lacto-
nases (EC 3.1.1.81), phosphotriesterase-like-lactonase (PLL, EC 3.1.8.1), 
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acylases (EC 3.5.1.97), oxidoreductases (EC 1) and esterases (EC 
3.1.1.1). These enzymes vary in their ability to interact with AHL, albeit 
enzymes belonging to esterases, lactonases and PLL families share 
esterase activity that catalyzes the opening of the lactone moiety 
through hydrolysis. These lactone hydrolases have been investigated in 
the past two decades and have been shown to disrupt QS of various 
Gram-negative bacteria, including human, animal and plant pathogens 
[6–8]. Moreover, recent studies have underlined that their specificity to 
AHL (i.e., their capacity to interact preferentially with one AHL or 
another) may drive different QQ effects in bacteria that can use more 
than one AHL-based signal [9,10]. Tailoring the specificity of 
AHL-degrading enzymes is thus challenging in controlling their 
anti-virulence effect. Moreover, increasing the activity of enzymes for 
the degradation of AHL is of utmost interest in developing cost-effective 
solutions that could constitute sustainable and environmentally-friendly 
alternatives to conventional antimicrobials such as antibiotics and 
biocides. 

Engineering strategies have been used to improve the various prop-
erties of lactone-degrading enzymes, including their range of activity, 
catalytic efficiencies, or solubility, with the goal of enhancing their 
biotechnological potential [7]. To further harness the potential of QQ 
enzymes for specific applications, the combination of enzyme engi-
neering approaches with efficient screening procedures suitable for 
large libraries is required [11]. In this work, we optimized several mo-
lecular and phenotypic screening assays that can be implemented to 
detect proficient lactonases in a rapid, simple, and effective way. Two 
approaches were combined: (i) molecular screening, involving 
AHL-reporter strains, which can evaluate exogenous synthetic AHL 
degradation by the tested enzymes and (ii) phenotypic screening, 

directly reporting on the impact of the enzymes on an AHL-based, 
QS-dependent phenotype. Two previously described lactonases 
belonging to distinct families and exhibiting different AHL substrate 
specificities were used as benchmarks to develop these screenings. On 
the one hand, three variants from the lactonase SsoPox, isolated from the 
extremophilic archaeon Sacharrolobus solfataricus and belonging to the 
phosphotriesterase-like lactonase (PLL) family were selected: SsoPox 
5A8 is an inactive mutant used as a negative control in our assays; 
SsoPox V82I has average catalytic efficiency values ranging from 102 to 
104 M-1.s-1 against the tested AHL molecules, and SsoPox W263I exhibits 
improved activity on 3-oxo-C12 HSL. On the other hand, GcL, isolated 
from another thermophilic bacterium, Parageobacillus caldoxylosilyticus, 
and belonging to the metallo-β-lactamase (MBL) family, was chosen for 
its broad substrate specificity and catalytic efficiencies against AHL 
molecules (104 to 106 M-1.s-1) [12]. The measured kinetic parameters for 
these enzymes towards six AHL with different acyl chain length and 
functionalization, representative of a large number of QS system, are 
displayed in Table 1. 

These screening assays were further utilized to evaluate a small-sized 
library of variants generated by mutating the SsoPox enzyme. This 
robust enzyme was previously shown to have considerable biotechno-
logical potential, in regards to its extreme resistance to various harsh 
conditions and processes [13]. Increasing SsoPox efficacy to AHL while 
maintaining its stability is thus highly appealing for developing concrete 
QQ-based applications. Through an alanine-scanning approach, 15 res-
idues located on loop 8, a loop involved in substrate recognition [14], 
were mutated, and their impact on AHL specificity and QQ performance 
was evaluated. (Fig. 1). Improved variants with 2–45-fold increase in 
catalytic efficiency were obtained, confirming the sensitivity of the 
screening procedures. The ability of the screened mutants was further 
evaluated in vitro to confirm their enhanced QQ activity. This strategy 
can be used to develop proficient QQ enzymes and may pave the way for 
the development of enhanced biocatalysts able to replace or strengthen 
the use of antimicrobials against infections. 

2. Materials and methods 

2.1. Chemicals 

All enantiomerically pure acyl-homoserine lactones were purchased 
from COGER and resuspended in dimethyl sulfoxide (DMSO) at a con-
centration of 200 mM. 

2.2. Alanine scanning 

An alanine scanning library targeting 15 of 17 residues of SsoPox 

Table 1 
Kinetic parameters of reference enzymes: kcat/KM (M-1.s-1). * Data taken from 
Hiblot et al.[14]. • Data taken from Bergonzi et al.[12]. ⁘ Data taken from Rémy 
et al.[9]. All other data are from this study. ND: activity not detected.  

AHL SsoPox 
5A8 

SsoPox V82I SsoPox W263I GcL 

C4 ND 1.02 ( ± 0.17) x 
102 

4.61 ( ± 1.22) x 
101 

8.31 ( ± 2.19) x 
104 •

C6 ND 2.15 ( ± 0.24) x 
103 

4.58 ( ± 0.48) x 
102 

1.12 ( ± 0.27) x 
106 •

3-oxo- 
C6 

ND 2.35 ( ± 0.25) x 
102 

4.34 ( ± 1.79) x 
101 

1.64 × 104 

3-oxo- 
C8 

ND 1.39 ( ± 0.19) x 
103 

9.69 ( ± 1.35) x 
102 

4.31 ( ± 0.76) x 
106 •

3-oxo- 
C10 

ND 2.91 ( ± 0.81) x 
104 

3.74 ( ± 1.17) x 
102 * 

3.7 × 106 

3-oxo- 
C12 

ND 5.01 ( ± 1.31) x 
103 

1.01 ( ± 0.28) x 
105 * 

1.1 ( ± 0.1) x 
105 ⁘  

Fig. 1. SsoPox crystal structure (PDB 2VC7 
[15]). (A) Crystal structure of SsoPox WT bound 
to N-Decanoyl-L-homocysteine thiolactone 
(C10-HTL). (B) The binding cleft of the SsoPox 
lactonase enzyme. Loop 8 is shown in blue 
cartoon mode (A) or loop mode (B). The bound 
substrate mimic is shown as green (for carbon 
atoms) sticks. Heterobinuclear cobalt/iron is 
shown as orange and pink spheres, respectively. 
The key discussed positions, W263, G264, R277 
and S279 are shown in purpleblue sticks. The 
position for V82I mutation is shown as pink 
sticks.   
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loop 8, namely W263, G264, T265, K267, P268, E269, Y270, K271, 
P272, K273, L274, P276, R277, W278 and S279, was synthesized by 
GenScript, using site directed-mutagenesis onto a pET-22b plasmid 
containing the SsoPox V82I gene. 

2.3. Enzyme lysate production 

Plasmids were transformed into Escherichia coli strain BL21(DE3)- 
pGro7/GroEL (TaKaRa). Cells were grown on a 96-well plate in 1 mL 
of ZYP5052 medium as previously described [14]. Production of pro-
teins and chaperones was induced after five hours of culture at 37 ◦C by 
reducing the temperature to 25 ◦C and adding CoCl2 (0.2 mM) and 
arabinose (0.2 % (w/v)). After overnight growth, cells were pelleted by 
centrifugation (3500 rpm, 20 min) and resuspended in 250 µL of lysis 
buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, 0.2 mM CoCl2, 0.25 mg. 
mL− 1 lysozyme, 0.1 mM PMSF and 10 µg.mL− 1 DNAseI) and were stored 
at − 80 ◦C. Cells were thawed and debris was removed by centrifugation 
(3500 rpm, 20 min). The supernatant was then recovered, transferred to 
a 96-well plate, and stored at − 20 ◦C. 

2.4. Molecular screenings 

2.4.1. C. violaceum CV026 
CV026 was pre-cultivated in LB for 8 h at 30 ◦C under agitation at 

350 rpm. The pre-culture was diluted 1/1000 in LB medium, supple-
mented with C4, C6 or 3-oxo-C6 HSL at concentrations ranging from 10 
to 100 µM, and the latter was split into a 96-well plate. An enzymatic 
lysate plate was thawed prior to the experiment and lysates were added 
to the wells in determined concentrations. The final volume was 200 µL 
per well. A screening plate was incubated at 30 ◦C and violacein pro-
duction was monitored by scanning the screening plate after 16 h 
growth. 

2.4.2. P. putida KS35 
P. putida KS35 was pre-cultivated in LB supplemented with 50 µg.mL- 

1 kanamycin for 16 h at 30 ◦C under 350 rpm agitation [16]. The 
pre-culture was then diluted 1/100 in LB medium supplemented with 
the chosen concentration of 3-oxo-C8, 3-oxo-C10 or 3-oxo-C12 HSL, as 
well as kanamycin (50 µg.mL-1). A homogenized mix was then split into 
a 96-well plate. An enzymatic lysate plate was thawed prior to the 
experiment and lysates were added to the wells in determined concen-
trations. The final volume was 200 µL per well. A screening plate was 
then incubated at 30 ◦C for 8 h and fluorescence was measured using a 
micro-plate reader (Synergy HT, BioTek, USA) and the Gen5.1 software, 
with an excitation wavelength of 485 nm and an emission wavelength of 
528 nm. Fluorescence values were later normalized by OD 600 nm for 
each well. 

2.5. Phenotypic screenings 

2.5.1. Pseudomonas aeruginosa (Pa14) 
Pa14 was pre-cultivated in LB for 8 h at 37 ◦C under agitation at 

350 rpm. The pre-culture was diluted 1/1000 in MOPS minimal medium 
complemented with nitrogen (15 mM NH4Cl), iron (5 μM Fe2SO4), 
phosphate (4 mM K2HPO4) and glutamate (25 mM) as carbon source 
(MOPS glutamate)[17], and then split into a 96-well plate. An enzymatic 
lysate plate was thawed prior to the experiment and lysates were added 
to the wells in determined concentration. The final volume was 200 µL 
per well. A screening plate was then incubated at 37 ◦C for 20 h. The 
plates were centrifuged (1500 g, 20 min, 10 ◦C) and pyocyanin pro-
duction was measured in supernatants at OD 690 nm. 

2.5.2. Chromobacterium violaceum 
C. violaceum 12472 was pre-cultivated in LB for 8 h at 30 ◦C under 

agitation at 350 rpm. The pre-culture was diluted 1/1000 in LB. A ho-
mogenized mix was then split into a 96-well plate. An enzymatic lysate 

plate was thawed prior to the experiment and lysates were added to the 
wells in determined concentration. The final volume was 200 µL per 
well. A screening plate was then incubated at 30 ◦C and violacein pro-
duction was monitored by scanning the screening plate after 16 h 
growth. Pictures were processed with ImageJ software: gray levels of 
each well were measured to obtain a quantitative value. 

2.5.3. Vibrio harveyi 
V. harveyi DSM19623 was pre-cultivated in LB for 16 h at 30 ◦C 

under agitation at 350 rpm. The pre-culture was diluted 1/500 in AB 
medium (0.3 M NaCl, 0.05 M MgSO4, and 0.2 % vitamin free casamino 
acids (Difco), supplemented with 200 µL of sterile 1 M potassium 
phosphate (pH 7.0), 200 µL of 0.1 M L-arginine, and 250 µL of Glycerol 
80 % for a final volume of 20 mL) [18]. The homogenized mix was then 
split into a 96-well plate. An enzymatic lysate plate was thawed prior to 
the experiment and lysates were added to the wells in determined 
concentration. The final volume was 200 µL per well. A screening plate 
was then incubated at 30 ◦C for 9 h and bioluminescence was monitored 
with Fusion FX (Vilber-Lourmat) with 90-second exposure. Gray levels 
of each well were measured with ImageJ software to obtain a quanti-
tative value. 

2.6. Production and purification of SsoPox variants 

Productions were performed using the E. coli BL21(DE3)-pGro7/ 
GroEL (TaKaRa) chaperone expressing strain. Starter cultures were 
produced in an auto-inducible ZYP medium (supplemented with 100 µg. 
mL− 1 ampicillin and 34 µg.mL− 1 chloramphenicol). When the OD 
600 nm reached a value of 0.8–1, CoCl2 was added (final concentration 
0.2 mM) as well as L-arabinose (final concentration 2 g.L− 1) to induce 
the production of chaperones GroEL/ES, and the temperature was 
decreased to 23 ◦C for 16–20 h. Cells were harvested by centrifugation 
(4400 g, 4 ◦C, 20 min) and resuspended in a lysis buffer (50 mM HEPES 
pH 8.0, 150 mM NaCl, 0.2 mM CoCl2, 0.25 mg.mL− 1 lysozyme, 0.1 mM 
PMSF and 10 µg.mL− 1 DNase I) and were stored at − 80 ◦C. Cells were 
thawed and lysed in three steps of 30 s of sonication (Qsonica, Q700; 
Amplitude 45). Cell debris was removed by centrifugation (20,000 g, 
10 ◦C, 15 min). As SsoPox and its variants are hyperthermostable, a pre- 
purification step was performed by heating the lysate for 30 min at 
80 ◦C. Precipitated host proteins were removed by centrifugation 
(20,000 g, 10 ◦C, 15 min). SsoPox and its variants were collected by 
ammonium sulfate precipitation (75 %) and resuspended in 8 mL of 
activity buffer (50 mM HEPES pH 8.0, 150 mM NaCl, 0.2 mM CoCl2). 
The remaining ammonium sulfate was eliminated by injection on a 
desalting column (HiPrep 26/10 desalting, GE Healthcare; ÄKTA Avant) 
and concentrated to 2 mL for separation on exclusion size chromatog-
raphy (HiLoad 16/600 Superdex TM 75 pg, GE Healthcare; ÄKTA 
Avant). Final purity was monitored by SDS-PAGE, and the protein 
concentration was measured with Bradford assay [19]. 

2.7. Lactonase activity 

The time course for hydrolysis of lactones was performed in lacto-
nase buffer (2.5 mM Bicine pH 8.3, 150 mM NaCl, 0.2 mM CoCl2, 
0.25 mM Cresol purple and 0.5 % DMSO) as previously described [20, 
21], over a concentration ranging from 0 to 2 mM. Cresol purple (pKa 
8.3 at 25 ◦C) is a pH indicator used to follow lactone ring hydrolysis at 
577 nm (ԑ = 2923 M-1.cm-1) by acidification of the medium. For all 
experiments, each point was made in triplicate and Gen5.1 software was 
used to evaluate the initial velocity at each lactone concentration. Mean 
values were fitted to the Michaelis-Menten equation using Graph-Pad 
Prism 7 software to obtain the catalytic parameters. 
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2.8. Quorum quenching phenotypic assays 

2.8.1. Violacein extraction 
Violacein was extracted from 500 µL of culture by adding 500 µL of 

ethyl acetate [22]; the mixture was vortexed then centrifuged (5 min, 
10,000 g, 23 ◦C), and 200 µL of the upper phase was collected. The 
absorbance was measured at 565 nm using a microplate reader (Synergy 
HT, BioTek). 

2.8.2. Pyocyanin extraction 
Pyocyanin was extracted by mixing 250 µL of chloroform in 500 µL 

of cell-free supernatant. After centrifugation at 10,000 g for 1 min, 
200 µL of the lower chloroform phase was transferred into a quartz 96- 
well plate. As blank, 200 µL of chloroform was used. The absorbance was 
measured at 690 nm [23]. Results for each condition were plotted after 
blank absorbance subtraction. 

2.8.3. Proteolytic activity measurement assay 
Protease activity was measured by using azocasein (Sigma Aldrich) 

degradation [24]. Briefly, 25 µL of cell-free supernatant were mixed 
with 675 µL of phosphate saline buffer pH 7.0 and 50 µL of azocasein 
solution (30 mg. mL− 1 in water). After 3 h at 37 ◦C with agitation 
(300 rpm), 125 µL of 20 % (w/v) trichloroacetic acid were added. Then, 
non-degraded azocasein was pelleted down by centrifugation (10,000 g, 
5 min). Afterward, 200 µL of supernatant was used to measure the op-
tical density at 366 nm. As blank, an equivalent volume of sterile MOPS 
medium was used. Results for each condition were plotted after blank 
absorbance subtraction. 

2.8.4. Elastase activity assay 
Elastase B activity was measured by using elastin-Congo red conju-

gate (Sigma Aldrich) degradation assay [25]. In a 96-well plate, 50 µL of 
cell-free supernatant was mixed with 150 µL of elastin-Congo red solu-
tion (5 mg.mL− 1 in 10 mM Tris-HCl and 1 mM CaCl2 buffer at pH 7.2). 
After 24 h incubation at 37 ◦C with agitation (300 rpm), the plate was 

Fig. 2. (A) Quorum sensing system for reporter strains used in molecular screenings (blue) and model strains used in phenotypic screenings (green). (B) General 
pathway for quorum quenching lactonases screening assays. (C) Acyl-homoserine lactones used for molecular screenings. 
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left to rest for 10 min at ambient temperature in order to pellet undi-
gested elastin-Congo red. Afterwards, 100 µL of the reaction was care-
fully transferred into an empty well and then absorbance was measured 
at 490 nm. Sterile MOPS medium was used as blank. Results for each 
condition were plotted after blank absorbance subtraction. 

2.8.5. Bioluminescence assay 
V. harveyi bioluminescence was monitored after 8 h growth in AB 

medium with Fusion FX (Vilber-Lourmat) with 120 s exposure. Gray 
levels of each well were measured with ImageJ software to obtain a 
quantitative value. 

2.9. Biofilm assay 

Biofilm was measured using crystal violet (Sigma Aldrich) biomass 
staining [26]. After culture in 24-well plates, planktonic cells were 
carefully removed by pipetting. Wells were washed with 1.5 mL of 
phosphate buffered saline (PBS) solution (BioMérieux), dried at 37 ◦C 
and stained with 1.5 mL of 0.05 % (w/v) crystal violet solution. After 
removing crystal violet, wells were washed with 2 mL of PBS and fixed 
crystal violet was dissolved with 1.5 mL of 80 % ethanol. Using 200 µL, 
absorbance was measured at 595 nm. As blank, sterile culture medium 
was used in the same culture conditions. Results for each condition were 
plotted after blank absorbance subtraction. 

3. Results 

3.1. General principle 

The objective was to develop miniaturized screening procedures to 
allow for the evaluation of recombinant QQ enzyme libraries in micro-
plate formats. Two approaches, molecular and phenotypic screenings, 
were considered and used to evaluate the ability of crude enzymatic 

lysates to degrade endogenous and exogenous acyl-homoserine lactones 
(AHL), respectively. 

Molecular screenings relate the ability of the enzymatic lysate to 
degrade exogenous AHL to a signal using a reporter strain as biosensor 
(e.g., pigment production or fluorescence; Fig. 2A-C). On the other hand, 
phenotypic screenings relate to the ability of the enzymatic lysate to 
inhibit phenotypes that are dependent on AHL. Phenotypic assays are 
useful because many bacteria are known to produce, sense or respond to 
multiple AHL molecules. Thus, phenotypic assays provide a more 
comprehensive evaluation of the quenching effect of the tested enzymes 
[27]. To this end, three bacteria known to use AHL-based QS systems 
and producing easy-to-monitor QS-dependent readouts were chosen. 
First, V. harveyi DSM19623 was chosen for its ability to activate biolu-
minescence production through a complex quorum sensing system 
consisting of three parallel signal transduction pathways using the 
autoinducers molecules 3-OH-C4 HSL, AI-2 and CAI-1[28]. It was shown 
that its bioluminescence can be disrupted by recombinant lactonase 
lysate [29]. P. aeruginosa Pa14 was chosen for its ability to produce the 
blue/green siderophore pyocyanin in a QS-dependent manner involving 
two LuxIR circuits, termed RhlIR and LasIR, with their respective signal 
lactones: C4 and 3-oxo-C12 HSL. Biofilm formation and proteolytic ac-
tivities are also regulated through QS in this strain [30,31]. Finally, 
C. violaceum 12472 was chosen for the production of the purple pigment 
violacein under QS regulation via the vio operon [32]. This strain has a 
LuxIR circuit named CviIR and uses numerous AHL such as C9, C10, 
C11, 3-OH-C10, 3-OH-C11, 3-oxo-C10 and 3-oxo-C12 HSL [33]. Besides 
their quantifiable QS-regulated factors, these bacteria are also of utmost 
interest in different fields and constitute serious targets for QQ strate-
gies. P. aeruginosa is an opportunistic human pathogen causing 
healthcare-associated infections (HAIs) [34] and pulmonary infections 
in cystic fibrosis patients [35]. This bacteria is also prone to antibiotic 
resistance acquisition and considered a priority pathogen according by 
the WHO [36]. C. violaceum is an environmental bacterium, found in soil 

Fig. 3. Screening assay optimization using biosensor CV026. CV026 is inoculated 1/1000 with synthetic lactones (A: C4 HSL; B: 3-oxo-C6 HSL and C: C6 HSL) and 
enzyme lysate in LB media for 16 h. Absence of violacein implies a proficient lactonase able to degrade synthetic AHL. Violacein production was quantified by 
measuring the gray level of each well, which is displayed as percentage of the gray value measured for the control. Statistical analyses were calculated with Dunnett’s 
multiple comparisons test, with the condition lacking lysate as reference. Error bars represent the standard deviations. * p-values < 0.05 ** p-values < 0.01; *** p- 
values < 0.001; **** p-values < 0.0001. 
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and water [37], that can cause fatal septicemia [38], urinary tract in-
fections [39] or pneumonia [40] in humans and uses several AHL 
signaling molecules [41]. Resistance to various antibiotics, such as 
penicillin, ampicillin, and cephalosporin was also reported [42]. Finally, 
V. harveyi DSM19623 is an aquatic pathogen responsible for huge eco-
nomic losses in aquaculture, in particular in shrimp farming [43]. The 
strain developed multiple antibiotic resistance, possibly due to the 
massive use of prophylactic antibiotics [44–47]. Selecting efficient QQ 
enzymes that can interfere with the QS of these pathogens is of high 
interest to develop sustainable alternatives to antibiotics. 

3.2. Molecular screenings 

3.2.1. Chromobacterium violaceum (CV026) 
CV026 is an AHL-biosensor strain derived from C. violaceum ATCC 

31532 [48] and the wild-type strain produces a purple pigment known 
as violacein in response to the accumulation of AHL molecule. The 
CV026 biosensor strain is a cviI mutant and is thus unable to synthesize 
its own AHL [49]. However, this strain is still capable of producing 
violacein in response to exogenous short-chain AHL molecule (i.e., from 
C4 to C8-HSL). This strain is widely used as a QS sensor, and a simple 
micro-plate screening assay was developed to detect lactonases with 
high activity on short-chain AHL. 

The minimal AHL concentration required to activate violacein pro-
duction was determined by a dose-response experiment (Supplementary 
Figure 1). From this initial dose-response experiment, working AHL 
concentrations for the assays were determined: 100 µM for C4 HSL, 
10 µM for C6 HSL and 10 µM for 3-oxo-C6 HSL. The volume of enzyme 
lysate for which a quenching response is only observed for the improved 
SsoPox variants was determined. To this end, the proficient GcL was 

used as a positive control for the various tested AHL molecules (Fig. 3). 
GcL lysate volumes were gradually increased until complete inhibition 
of violacein production, while simultaneously checking the reporter 
strain growth behavior (Supplementary Figure 3). 2.5 % lysate was 
found to be the minimum volume allowing total quenching of violacein 
production after growth with C4 and 3-oxo-C6 HSL, while a minimum of 
5 % lysate volume was required for C6 HSL screening (Fig. 3). To select 
for improved SsoPox variants, the desired lysate volumes must 
discriminate enzymes with activities greater than SsoPox V82I or W263I. 
Since the same lysate volume of SsoPox V82I and SsoPox W263I was 
insufficient to quench violacein production, these conditions were used 
to identify improved SsoPox variants. 

3.2.2. Pseudomonas putida KS35 
P. putida KS35 is a reporter strain based on an AHL-negative P. putida 

isolate from tomato roots, supplemented with an AHL sensor cassette 
PlasB-gfp that expresses green fluorescent protein (GFP) in the presence of 
various AHL [16]. In contrast to the CV026 strain, P. putida KS35 does 
not recognize short-chain AHL, such as C4 and C6 HSL, but responds to 
longer AHL carrying a C3-carbonyl group, such as 3-oxo-C8, 3-oxo-C10 
and 3-oxo-C12 HSL (Supplementary Figure 2A-C). This reporter strain is 
thus complementary to the CV026 screening assay. As performed pre-
viously, the first step was to determine the optimal AHL concentration to 
run the assay. GFP fluorescence produced by P. putida KS35 with 
increasing concentrations of AHL was measured in a dose-response 
experiment (Supplementary Figure 2D-F). Based on these results, the 
parameters chosen for the screening assay were as follows: 50 µM 
3-oxo-C8, 5 µM 3-oxo-C10 and 5 µM 3-oxo-C12 HSL. Optimal volumes of 
enzyme lysates were then determined by measuring fluorescence 
quenching when increasing lactonase concentration. The most active 

Fig. 4. Screening assay optimization using biosensor P. putida KS35. P. putida KS35 is inoculated 1/1000 with synthetic lactones (A: 3-oxo-C8 HSL; B: 3-oxo-C10 HSL 
and C: 3-oxo-C12 HSL) and enzyme lysate in LB media for 8 h. Decrease in fluorescence implies hydrolysis of the synthetic lactone. Statistical analyses were 
calculated with Dunnett’s multiple comparisons test, with the condition lacking lysate as reference. Error bars represent the standard deviations. * p-values < 0.05 ** 
p-values < 0.01; *** p-values < 0.001; **** p-values < 0.0001. 
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enzymes for each lactone were used as the standard: GcL for 3-oxo-C8 
and 3-oxo-C10 HSL and SsoPox W263I for 3-oxo-C12 HSL. The ideal 
lysate volume would combine sufficient and reproducible fluorescence 
disruption and workability. Here, a minimum of 1 µL, corresponding to 
0.5 % was required to reduce variability. Hence, for 3-oxo-C8 HSL, a 
volume proportion of 2.5 % enzyme lysate was chosen (Fig. 4A), while 
0.5 % was retained for 3-oxo-C10 HSL and 3-oxo-C12 HSL (Fig. 4B and 
C). Lysates were checked for cytotoxicity towards the reporter strain 
(Supplementary Figure 3). These screening conditions were then used to 
detect potentially improved SsoPox variants. 

3.3. Phenotypic screenings 

Phenotypic screenings were developed with the three previously 
described pathogens: P. aeruginosa Pa14, C. violaceum 12472 and 
V. harveyi DSM 19623. Similarly to the molecular screenings, the first 
step was to determine the quantity of lysate to add to the assay in order 
to fully quench the targeted QS readout. This was performed using the 
highly active lactonase GcL. Then, using the same lysate proportion, we 
compared the quenching ability of each enzyme with reference lacto-
nases of average (SsoPox V82I) and high catalytic efficiency (GcL). For 
each phenotypic assay, the desired lysate volumes were those for which 
the GcL lysate could fully disrupt the phenotypic marker while the 
SsoPox V82I and SsoPox W263I lysates would not. Optimal pyocyanin 
disruption in Pa14 required 25 % enzymatic lysate (Fig. 5A). For 
C. violaceum, a lysate proportion of 20 % was chosen (Fig. 5B) to reduce 
violacein production, while 10 % was sufficient to turn bioluminescence 
off in V. harveyi (Fig. 5C). Albeit large, these amounts of enzymatic ly-
sates were proven to be non-cytotoxic to the cells, ensuring that moni-
tored biomarkers were actually turned off through QS disruption 
(Supplementary Figure 3). 

3.4. Applying molecular and phenotypic screenings to an SsoPox alanine- 
scanning library 

Both molecular and phenotypic screening assays were combined to 
isolate potentially improved SsoPox mutants in an alanine-scanning li-
brary. Briefly, 15 residues of the loop 8, a region previously reported as 
crucial in substrate recognition [14], were mutated into an alanine in 
order to probe the importance of each residue (Ala-scan). This resulted 
in a small enzyme library of 15 variants that were evaluated in 
quadruplicate to evaluate the robustness of screening procedures. 

Molecular screenings were first tested using the previously deter-
mined AHL concentrations and enzymatic lysate volumes. Screening 
results showed that mutants R277A and S279A are improved against 
both C4 HSL and C6 HSL. Additionally, mutants K267A, P268A, E269A, 
Y270A, K271A, P272A, K273A and L274A all show increased ability to 
degrade C6 HSL and decreased violacein production as compared to the 
V82I enzyme (Fig. 6A). Similarly, several mutants are improved for 3- 
oxo-C8 HSL degradation (Fig. 6B), and mutants W263A, K267A, 
E269A, Y270A, K271A, K273A, L274A, R277A and S279A show 
enhanced degradation of 3-oxo-C10 HSL (Fig. 6C). For the degradation 
of 3-oxo-C12 HSL, screening results show that W263A, L274A and 
S279A are enhanced as compared to the starting enzyme (Fig. 6D). 
Overall, the fact that so many mutations result in improved lactonase 
activity suggests that the effect(s) on the active site may be non-specific, 
and may be related to the importance of the conformational space of 
loop 8, previously linked to substrate specificity [14,50]. 

To further evaluate the QQ potential of the variants from the alanine- 
scanning library, the previously described phenotypic screenings were 
performed. As for the molecular screenings, numerous mutants showed 
improved quorum quenching abilities through statistically-significant 
decreases in production of QS factors in V. harveyi (SsoPox V82I/ 

Fig. 5. Gradual disruption of (A) pyocyanin, (B) violacein and (C) bioluminescence production with lactonase GcL lysate (upper part) and differential disruption with 
reference enzymes (lower part). Violacein production was quantified by measuring the gray level of each well, which is displayed as percentage of the gray value 
measured for the control. Statistical analyses were calculated with Dunnett’s multiple comparisons test, with the condition lacking lysate as reference. Error bars 
represent the standard deviations. * p-values < 0.05 ** p-values < 0.01; *** p-values < 0.001; **** p-values < 0.0001. 
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G264A), C. violaceum (SsoPox V82I/K273A, V82I/R277A, V82I/S279E) 
or Pa14 (SsoPox V82I/W263A, V82I/G264A, V82I/K267A, V82I/ 
E269A, V82I/K271A, V82I/L274A, V82I/P276A and V82I/W278A) 
(Fig. 7). Phenotypic screenings were then analyzed in the light of mo-
lecular screening results. Remarkably, the mutations identified for their 
increased QQ effects in C. violaceum (K273A, R277A and S279A) showed 
increased activity on 3-oxo-C10 HSL. This AHL is indeed involved in 
violacein production in this C. violaceum strain [33]. Regarding Pa14 
phenotypic screening, 6 of the 8 mutants with improved QQ effects were 
found to exhibit higher activity against 3-oxo-C12 HSL in molecular 
screenings, a key signaling molecule for Pa14. Of note, mutants G264A 
and P276A showed increased QQ effects for Pa14, while they were not 
identified by the molecular screenings on C4 HSL and 3-oxo-C12 HSL, 
the two AHL involved in P. aeruginosa QS. This observation suggests a 
complex relationship between AHL-degrading activity levels and 
phenotypic effects in bacteria using more than one AHL. Although in 
most cases phenotypic changes can be related to AHL activity 

enhancement, the QQ effects of some variants were not predictable, 
highlighting the complementarity of both molecular and phenotypic 
levels. 

To confirm the molecular and phenotypic screening results, four 
promising variants out of the 15 from loop 8 alanine scanning library 
were selected for further investigations. V82I/W263A was chosen 
because of the large improvement in long-chain AHL activity and 
increased ability to reduce pyocyanin in Pa14. The potential of this 
mutation has already been identified in a previous study [14], but re-
mains to be characterized. V82I/R277A and V82I/S279A variants were 
selected because of their broad enhanced lactonase activity and 
increased inhibition of the production of violacein in C. violaceum. 
Finally, V82I/G264A was selected for its increased capacity to reduce 
the bioluminescence of V. harveyi. 

These four variants were produced, purified and their kinetic pa-
rameters were determined (Table 2). SsoPox V82I/W263A did not show 
enhancement to C4 and C6 HSL and thus did not alter violacein 

Fig. 6. (A) Violacein quenching of SsoPox loop 8 alanine-scanning using reporter strain CV026, supplemented with C4 HSL 100 µM or C6 HSL 10 µM. (B, C, D) 
Fluorescence emitted by P. putida KS35, normalized by OD 600 nm, in the presence of (B) 3-oxo-C8 HSL, (C) 3-oxo-C10 HSL or (D) 3-oxo-C12 HSL and SsoPox mutant 
lysates. Statistical analyses for (B,C,D) were calculated with Dunnett’s multiple comparisons test. Error bars represent the standard deviations. ** p-values < 0.01; 
*** p-values < 0.001; **** p-values < 0.0001. 
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production. As expected, however, this variant showed a very significant 
activity increase on 3-oxo-C12 HSL (45-fold) and a slightly increased 
activity on 3-oxo-C10 (2-fold) as compared to SsoPox V82I. These results 
are consistent with molecular screenings and phenotypic screenings. 
The mutant V82I/G264A showed a slight, albeit non-significant, 
improvement for 3-oxo-C8 HSL as compared to V82I control. The 
mutant V82I/R277A, which showed improvement in both molecular 
and phenotypical screenings, was globally enhanced for AHL degrada-
tion (~2–8-fold increase, as compared to V82I). Similarly, the mutant 
V82I/S279A identified by molecular screening results also showed in-
creases in AHL degrading activity (~2–12-fold increase, as compared to 
V82I; Table 2). Results also demonstrate that variants V82I/R277A and 
V82I/S279A exhibit broader substrate specificity compared to V82I, 
V82I/W263A and V82I/G264A. Overall, determination of the kinetic 
parameters largely corroborated the results from molecular screenings. 
This confirms the efficacy and utility of the screening methods presented 
here to identify improved variants for AHL degrading enzymes. 

To further confirm the screening results, the ability of purified var-
iants to quench phenotypic traits from Pa14, C. violaceum and V. harveyi 

was then evaluated in vitro. A Pa14 phenotypic screening assay showed 
that the lactonase SsoPox V82I/W263A efficiently quenches this strain. 
To confirm this assumption, four phenotypic factors known to be 
controlled by the QS circuitry, namely pyocyanin, biofilm formation, 
elastolytic and proteolytic activities were monitored [51]. Consistent 
with the screening assay, this mutant was able to decrease pyocyanin 
production more efficiently than the parental enzyme SsoPox V82I and 
was also more efficient at reducing biofilm formation and proteolytic 
activity (Fig. 8A). Interestingly, no changes were observed for the 
elastolytic activity, likely because the background control V82I is suf-
ficiently active to quench this virulence factor. 

The mutants SsoPox V82I/R277A and V82I/S279A were isolated 
during phenotypic screenings for their capacity to decrease violacein 
production in C. violaceum. Consistently, these purified enzymes showed 
greater efficacy than SsoPox V82I in decreasing violacein production at 
equivalent enzyme concentrations (Fig. 8B), confirming the screening 
results. These enzymes were also more efficient in reducing biofilm 
formation. The mutant V82I/G264A was identified from phenotypic 
screenings for its ability to reduce V. harveyi bioluminescence. As 

Fig. 7. Phenotypic screenings of SsoPox loop 8 alanine scanning. For each screening, a pathogenic strain was supplemented with enzymatic lysate and specific 
quorum sensing factors were monitored after growth. (A) General view of phenotypic screening assay results. For V. harveyi (B) and C. violaceum (C), gray levels of 
each well were measured to estimate bioluminescence and violacein production, respectively. For Pa14, supernatant OD 690 nm was measured to assess pyocyanin 
production. Hits (red rectangle) were determined when a specific factor shift was significant, as compared to SsoPox V82I, using Dunnett’s multiple comparisons test. 
Error bars represent the standard deviations of three experiments. * p-values < 0.05; ** p-values < 0.01; *** p-values < 0.001; **** p-values < 0.0001. 
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expected, it is indeed significantly better than SsoPox V82I to disrupt 
this typical quorum sensing regulated factor (Fig. 8C). Kinetic charac-
terizations of the purified enzymes and in vitro assays of virulence factor 
quenching thus confirmed the reliability of the described molecular and 
phenotypic lactonase screening assays. 

4. Discussion 

In this study, five molecular screening methods, using reporter 
strains CV026 for C4, C6 and 3-oxo-C6 HSL activites and P. putida KS35 
for 3-oxo-C8, 3-oxo-C10 and 3-oxo-C12 HSL activities, as well as three 
phenotypic screenings aiming QS disruption of pathogenic strains 
P. aeruginosa, C. violaceum and V. harveyi were adapted to the identifi-
cation of improved lactonases from mutant libraries. For each screening 
assay, optimal parameters were investigated and determined to 
discriminate improved enzymes from parental, control lactonase. 
Benchmark enzymes (SsoPox 5A8, SsoPox V82I, SsoPox W263I and GcL) 
were used to identify key experimental parameters, leading to discrim-
inative screening conditions. Molecular screenings are efficient tools to 
identify improved variants for specific lactones, while phenotypic 
screening can be used to select variants with enhanced quenching po-
tential for a bacterial candidate. 

Using these screening systems on a small, alanine-scanned library, 
we were able to find several beneficial mutations for the degradation of 
all tested AHL molecules (R277A and S279A). We also identified mu-
tants with specific, improved degradation against one lactone (W263A), 
and mutants with increased ability to reduce bacterial QS-related phe-
notypes (W263A, G264A, R277A and S279A). These four mutants were 
further purified and their capacity to quench multiple virulence factors 
more efficiently than parental SsoPox V82I was confirmed with the 
pathogenic strains. This confirms the capacity of the different screenings 
to identify mutants with increased catalytic parameters against AHL. 

Here, we show that molecular screenings relying on the reporter cells 
CV026 and P. putida KS35, based on the measurement of the purple 
pigment violacein and GFP fluorescence, respectively, were suitable to 
evaluate QQ enzyme activity against exogenous AHL molecules. Inter-
estingly, a high AHL degradation ability does not necessarily result in 
more quenched phenotypes. This observation may stem from the fact 
that pathogenic strains often use complex regulation networks to finely 
tune QS responses [8]. In addition, QS regulation is interconnected with 
many other regulatory systems, including metabolism and environ-
mental stimuli; therefore, screening procedures in a whole bacterial 
context may be required to identify proficient QQ enzymes. To this end, 
three phenotypic screenings were developped. Phenotypic screenings 
allowed to screening directly for lactonases capable of interfering with 
three bacteria of interest, P. aeruginosa, C. violaceum and V. harveyi. 
Screening read-outs rely on measuring QS-dependant products: pyo-
cyanin, violacein, and bioluminsecence, respectively. 

These screening assays are thus adapted to probe the performance of 
AHL-interfering enzymes in a miniaturized 96-well format. Although 
such screening would not be compatible with high-throughput screening 
of large libraries generated through directed evolution strategies, they 
are compatible with small to medium, “smart” libraries generated 
though rational or semi-rational approches and containing up to thou-
sands of variants. In addition, these procedures could be adapted to any 
pathogen with a measurable QS-dependant product or behavior, such as 
pigments, fluorescence or luminescence. Typically, the identification of 
engineered lactonases rely on molecular-type screenings, and identified 

Table 2 
Kinetic characterization of SsoPox variants. ND: non detectable. Statistical an-
alyses were calculated with Dunnett’s multiple comparisons test, with V82I as 
reference. Error bars represent the standard deviations. * p-values < 0.05 ** p- 
values < 0.01; *** p-values < 0.001.  

Substrate SsoPox kcat (s-1) KM (µM) kcat/KM (s-1. 
M-1) 

Enhancement/ 
V82I 

C4 HSL V82I 0.13 
± 0.01 

1240 
± 136 

1.02 
( ± 0.17) x 
102 

1 

V82I/ 
W263A 

ND ND ND – 

V82I/ 
G264A 

0.25 
± 0.08 

3966 
± 1776 

6.29 
( ± 4.9) x 
101 

0.6 

V82I/ 
R277A 

2.39 
± 1.29 

10,050 
± 6203 

2.37 
( ± 2.74) x 
102 

2.3 

V82I/ 
S279A 

1.99 
± 0.85 

8719 
± 4341 

2.28 
( ± 2.11) x 
102 

2.2 

C6 HSL V82I 0.80 
± 0.02 

373 
± 32 

2.15 
( ± 0.24) x 
103 

1 

V82I/ 
W263A 

0.54 
± 0.13 

3241 
± 1112 

1.66 
( ± 0.97) x 
102 

0.08 

V82I/ 
G264A 

2.23 
± 0.46 

2837 
± 860 

7.85 ( ± 4) 
x 102 

0.36 

V82I/ 
R277A 

1.46 
± 0.08 

191.3 
± 49 

7.64 
( ± 2.39) x 
103 

3.6 * 

V82I/ 
S279A 

3.49 
± 0.21 

409.6 
± 79 

8.52 
( ± 2.16) x 
103 

4 * 

3-oxo-C8 
HSL 

V82I 0.70 
± 0.024 

504.9 
± 51 

1.39 
( ± 0.19) x 
103 

1 

V82I/ 
W263A 

0.91 
± 0.051 

915.1 
± 113 

9.98 
( ± 1.78) x 
102 

0.7 

V82I/ 
G264A 

3.30 
± 0.512 

2189 
± 542 

1.51 
( ± 0.61) x 
103 

1.1 

V82I/ 
R277A 

2.07 
± 0.087 

168.7 
± 34 

1.22 
( ± 0.3) x 
104 

8.8 * 

V82I/ 
S279A 

2.85 
± 0.11 

160.4 
± 31 

1.78 
( ± 0.41) x 
104 

12.8 ** 

3-oxo-C10 
HSL 

V82I 2.44 
± 0.1 

197.8 
± 24 

1.24 
( ± 0.2) x 
104 

1 

V82I/ 
W263A 

7.29 
± 0.24 

297.6 
± 29 

2.45 
( ± 0.32) x 
104 

2 

V82I/ 
G264A 

2.07 
± 0.19 

617.5 
± 133 

3.35 
( ± 1.03) x 
103 

0.3 

V82I/ 
R277A 

5.18 
± 0.11 

91.5 ± 8 5.66 
( ± 0.65) x 
104 

4.6 ** 

V82I/ 
S279A 

9.55 
± 0.34 

112 
± 16 

8.46 
( ± 1.47) x 
104 

6.9 *** 

3-oxo-C12 
HSL 

V82I 0.64 
± 0.04 

127 
± 26 

5.01 
( ± 1.31) x 
103 

1 

V82I/ 
W263A 

23.95 
± 0.95 

106.7 
± 19 

2.24 
( ± 0.48) x 
105 

44.5 *** 

V82I/ 
G264A 

0.40 
± 0.013 

95.4 
± 13 

4.18 
( ± 0.68) x 
103 

0.8 

V82I/ 
R277A 

0.82 
± 0.017 

69.03 
± 7 

1.18 
( ± 0.14) x 
104 

2.3  

Table 2 (continued ) 

Substrate SsoPox kcat (s-1) KM (µM) kcat/KM (s-1. 
M-1) 

Enhancement/ 
V82I 

V82I/ 
S279A 

2.03 
± 0.105 

73.67 
± 18 

2.76 
( ± 0.8) x 
104 

5.5  
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mutants are subsequently tested and characterized on a specific path-
ogen [33,52,53]. Therefore, the use and the development of such 
phenotypic screenings could significantly shorten the search for efficient 
enzymes with desired QQ effects. This is examplified by the hereby re-
ported, rapid identification of the V82I/G264A variant, disrupting 
V. harveyi bioluminescence, while being unnoticeable with molecular 
screenings. These new assays would constitute efficient tools for 
isolating improved lactonases in the search for reliable alternatives to 
antibiotic therapy. 
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[11] M. Wójcik, A. Telzerow, W. Quax, Y. Boersma, High-throughput screening in 
protein engineering: recent advances and future perspectives, IJMS 16 (2015) 
24918–24945, https://doi.org/10.3390/ijms161024918. 

[12] C. Bergonzi, M. Schwab, M. Elias, The quorum-quenching lactonase from 
Geobacillus caldoxylosilyticus: purification, characterization, crystallization and 
crystallographic analysis, Acta Crystallogr F. Struct. Biol. Commun. 72 (2016) 
681–686, https://doi.org/10.1107/S2053230X16011821. 
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