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Quorum sensing is a key contributor to the virulence of many important plant, animal and
human pathogens. The disruption of this signalling—a process referred to as ‘quorum
quenching’—is a promising new approach for controlling microbial pathogens. In this
mini-review, we have focused on efforts to engineer enzymes that disrupt quorum
sensing by inactivating acyl-homoserine lactone signalling molecules. We review different
approaches for protein engineering and provide examples of how these engineering
approaches have been used to tailor the stability, specificity and activities of quorum
quenching enzymes. Finally, we grapple with some of the issues around these
approaches—including the disconnect between in vitro biochemistry and potential in vivo
applications.

Introduction

Enzymes that can degrade quorum sensing molecules are being increasingly explored as potential anti-
microbials to target pathogenic bacteria. Quorum sensing is a communication process that allows bac-
teria to co-ordinate group behaviours, such as virulence factor secretion and biofilm formation [1].
Quorum sensing involves the synthesis, release, and subsequent detection of chemical signal
molecules called autoinducers. Bacteria use these chemical signals to assess their local population
density. Once the bacterial population is sufficiently high (i.e. a quorum is reached), bacteria may
begin to co-ordinate expression of virulence genes and regulate processes such as biofilm formation
[2-4].

Targeted disruption of this signalling is referred to as ‘quorum quenching’. Quorum quenching
approaches typically involve either: use of small molecules to inhibit production, transport, or detec-
tion of quorum sensing signals; or use of enzymes to degrade quorum sensing signalling molecules
(Figure 1). Quorum quenching is a rapidly growing field of research, and there are several excellent
reviews on the topic [5-7]. In this mini-review, we focus on the efforts to engineer enzymes with
improved quorum quenching abilities. This is an emerging field that will expand our understanding of
quorum quenching enzymes and their potential applications.

Quorum quenching enzymes
Arguably the two most widely studied types of quorum quenching enzymes are lactonases and acy-
lases. Enzymes from both families target acyl-homoserine lactones (AHLs). AHLs are the predominant
class of quorum sensing signals produced by Gram-negative bacteria (including many pathogens).
AHLs vary in the length of the acyl side chain (usually 4-18 carbons) and substituents (e.g. 3-oxo or
hydroxyl group) [8] (Figure 2A). These variations dictate the specificity of the signal, although inter-
species cross-talk can also occur.

Lactonases exhibit a range of different specificities, inactivating both short- and long-chain
AHLs by hydrolysing the ester bond of the lactone ring to yield acyl-homoserine (Figure 2B). In
contrast, acylases are generally most effective against AHLs with side chains longer than 10 carbon
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Figure 1. Examples of quorum quenching strategies.
(A) Small-molecule inhibition of signal molecule biosynthesis. (B) Enzymatic degradation of signal molecules.

A

(C) Small-molecule inhibition of signal reception. (D) Small-molecule inhibition of signal transduction.

atoms. Acylases inactivate AHLs by hydrolysing the amide bond that joins the lactone moiety and the acyl
side chain to yield homoserine lactone and fatty acid (Figure 2C). Both types of enzymes render AHL signal
molecules inactive. However, only the acylase reaction is irreversible; the product of the lactonase reaction can
spontaneously undergo ring formation in acidic environments, reverting back to an active form [9].

While naturally occurring quorum quenching enzymes have shown promising effects both in vitro and in
vivo [10,11], protein engineering approaches are being explored to further improve the stability, catalytic activ-
ity and/or substrate specificity of these enzymes for downstream applications.

Protein engineering approaches

Broadly speaking, there are two main approaches for engineering enzymes: directed evolution and rational
design [12]. Directed evolution is a powerful and well-established method for improving and tailoring enzymes
[13]. It is often referred to as a ‘blind approach’ [14] because it does not require prior knowledge of protein
structure. In general terms, directed evolution involves the accumulation of beneficial mutations during iterative
cycles of mutagenesis and screening or selection.

In contrast, the rational design is heavily reliant on prior knowledge of protein sequence, structure, and func-
tional data in order to design specific mutations. Although it can be extremely difficult to predict what muta-
tions will be required for the desired outcome, advances in computational protein design are continually
improving [15-19]. Even so, in most studies, constructs based on computational design must undergo several
rounds of directed evolution to reach acceptable levels of catalytic efficiency and stability [20-22].

For both approaches (and combinations thereof), enzymes with a good yield, promiscuous activities, and/or
thermostability are ideal starting templates for engineering [23,24]. For example, thermostability can be an

Figure 2. AHL signalling molecules and main routes of enzymatic degradation.

(A) An AHL consists of a homoserine lactone moiety and an acyl chain; the length and substitutions of acyl side chains vary.
(B) Lactonases inactivate AHLs by hydrolysing the ester bond of the lactone ring to yield acyl-homoserine; (C) Acylases cleave
the amide bond that joins the lactone moiety and the acyl side chain.
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important consideration because mutations that enhance activity may also destabilise the enzyme [25].
Similarly, high protein yields can be important for later production scale-up.

Quorum quenching lactonase engineering

There are three structurally distinct families of quorum quenching lactonases: phosphotriesterase-like lactonases
(PLLs), metallo-B-lactamase-like lactonases, and serum paraoxonases (PONs) [26] (Figure 3A-C). There are
extensive sequence, structural and functional data available for representatives of each family, and numerous
studies have used lactonases as templates for engineering. Some key highlights are described below.

An early engineering effort focused on increasing the catalytic efficiency and substrate range of a quorum
quenching lactonase from Mycobacterium avium [31]. This lactonase is mesophilic and a member of the PLL
family. It has a (B/a)s-barrel (or TIM barrel) fold (Figure 3A) and was chosen as a template for engineering
due to its high solubility and ease of purification. A directed evolution approach (i.e. random mutagenesis,
coupled with a bioluminescence-based screen) identified a single point mutation (Asn266Tyr) that had both
increased catalytic efficiency and a broadened substrate specificity [31]. The increased catalytic efficiencies
(4- to 32-fold) towards different AHL substrates are a result of both increased k., values and decreased Ky,
values. The single Asn266Tyr mutation also conferred new activities towards C4-HSL and 3-oxo-C6-HSL.
Unfortunately, this variant enzyme was too unstable for use in potential downstream biomedical applications.
Thus, for the next attempt at engineering, a thermophilic lactonase from Geobacillus kaustophilus was used as
the template [32]. In this study, both rational design and directed evolution approaches were attempted. The
rational designs explored both site-directed mutagenesis and loop-grafted variants, though both approaches
were ultimately unsuccessful. In contrast, random mutagenesis was used to successfully identify a double
mutant (Glul01Asn/Arg230Ile) with increased AHL reactivity and broadened substrate specificity.

Other PLLs have also been explored as scaffolds for engineering. SsoPox is a hyperthermostable PLL isolated
from the archaeon Sulfolobus solfataricus [33]. Structural analysis of SsoPox identified a residue (Trp263) in the
active site loop that was predicted to play a key role in the substrate specificity of this enzyme. Site-saturation

Figure 3. Diversity of quorum quenching enzyme families.

(A) PLLs, e.g. Sulfolobus solfataricus lactonase (PDB 2VC5) [27]. (B) metallo-B-lactamase-like lactonases, e.g. Est816 (PDB
5EGN) [28]. (C) PONSs, e.g. PON1 G2E6 (PDB 1V04) [29]. (D) Ntn-hydrolase AHL acylases, e.g. PvdQ (PDB 2WYE) [30]. Loops
shown in grey, sheets shown in blue, helices shown in cyan.
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mutagenesis coupled with activity screening identified a Trp263Ile variant that is 45-fold more active against
3-0x0-C12-HSL [34]. This variant was later shown to have exceptional resistance to conditions such as heat
resistance, contact with organic solvents, sterilisation, storage, and immobilisation — all properties useful for
industrial applications [35]. The variant also decreased virulence factor production and biofilm formation in
clinical isolates of P. aeruginosa [36].

Interestingly, in all of these examples of successful engineering of PLLs, the mutations conferring
improved AHL lactonase activity occurred in loops at the end of B strands, where substrate specificity is
determined [37].

Lactonases from the metallo-B-lactamase-like family have also been engineered for use as quorum quenching
enzymes. Metallo-B-lactamase-like lactonases have an aff/fo sandwich fold, with a compact core made up of
sheets, surrounded by helices that form the outer solvent exposed layer [38] (Figure 3B). One target for engin-
eering was the thermostable metallo-B-lactamase-like lactonase Est816. This lactonase degrades a wide range of
AHLs (C4-C12) and is highly thermostable, with a half-life of ~5 months at room temperature [39]. This
enzyme was engineered for improved AHL-degrading activity using a combination of directed evolution and
rational design [28]. First, a small random mutagenesis library (~26 000 variants) was screened for improved
C8-AHL activity. From this, a variant with two point mutations (Ala216Val/Lys238Asn) was identified with a
three-fold improvement in overall catalytic efficiency towards C8-HSL. The crystal structure of the variant was
determined next, and this information was used to rationally design an additional mutation (Leul22Ala). The
kcat/ Ky value of the triple mutant (Ala216Val/Lys238Asn/Leul22A) is ~22-fold higher than that of the wild-
type enzyme [28]. This improvement is largely due to a decrease in K, so additional gains may be possible
with further engineering to increase k., [28].

All of the studies described above-used lactonases from prokaryotic origins as the starting template for engin-
eering. However, there are concerns about potential immune responses if prokaryotic enzymes are used as
human therapeutics. As an alternative, the use of human PON enzymes as quorum quenchers has also been
explored. PONs adopt a six-bladed B-propeller fold [29] and thus are structurally distinct from PLL or
metallo-B-lactamase-like lactonases (Figure 3C). Although the name of this enzyme family refers to its
paraoxon-hydrolysing activity, PONs are in fact lactonases, capable of hydrolysing AHLs. The low potential
immunogenicity of PONs makes them attractive targets as quorum quenching protein-based therapeutics. Of
the characterised human PONs, PON2 has the highest activity towards AHLs [40]. However, it is largely insol-
uble when heterologously overexpressed in Escherichia coli [41]. This has limited its potential as a therapeutic,
as protein yields can be an important factor for industrial-scale production [23,24]. To address the low solubil-
ity of PON2, a combination of rational design and targeted degenerate sequences were used to replace the pro-
truding hydrophobic helices of PON2 [41]. Target helices were identified using structural modelling, then small
libraries of hydrophilic linkers containing randomised residues were constructed. The best variants identified
from solubility screening of the crude lysates were then re-cloned with an additional solubility tag (maltose-
binding protein). Ultimately, this strategy achieved high levels of soluble expression, with yields of ~76 mg of
fully human PON?2 variants per litre of culture media. The two most soluble variants maintained their activity
towards AHLs (C4-C12) and effectively inhibit quorum sensing-associated phenotypes (e.g. swimming and
swarming motilities) of Pseudomonas aeruginosa [41]. This study demonstrates the utility of engineering for
traits other than catalytic efficiency, such as solubility or immunogenicity, and also highlights the need for
appropriate engineering scaffolds according to the downstream application.

Engineering quorum quenching acylases

AHL acylases are the other major class of quorum quenching enzymes [42]. Unlike lactonases, the majority of
AHL acylases are members of a single protein family: the N-terminal nucleophile (Ntn) family. To date, rela-
tively few (~12) AHL acylases have been characterised, and structural information is only available for two
representatives [30,43]. However, these structural data have been critical for rational protein engineering of
AHL acylase specificity.

The first structure of an AHL acylase (PvdQ, from P. aeruginosa) was solved in 2010 [30] (Figure 3D). PvdQ
has a distinct and unusually large hydrophobic binding pocket, which reflects the specificity of this enzyme for
long-chain acyl-HSLs (i.e. AHLs with side chains of 11-14 carbons) [44].

Using the crystal structure of PvdQ, a rational engineering approach has been used to alter the substrate
range of PvdQ toward shorter AHLs. The ability to tune the specificity of quorum quenching enzymes is
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important, as it potentially allows the targeting of pathogenic microbes, while limiting deleterious side effects
on the beneficial host microbiota. Koch et al. used available structural data combined with molecular docking
and in silico mutagenesis to identify potential variants with increased C8-HSL activity [45]. C8-HSL is an
important signalling molecule for Burkholderia, a pathogen commonly isolated together with P. aeruginosa
from the lungs of cystic fibrosis patients. Two rounds of computational analyses combined with in vitro testing
of site-directed mutants identified a double mutant (o-Leul46Trp, B-Phe24Tyr) with substantially higher
hydrolytic activity towards C8-HSL. These mutations also resulted in reduced activity towards C12-HSL, result-
ing in a 16-fold overall difference in catalytic efficiency [45]. This study demonstrates the power of rational/
computational design approaches to tune enzyme specificity and highlights the potential of acylases as future
antimicrobial therapies.

Biotechnological advances and applications

Many biotechnological advances in quorum quenching enzyme engineering have focused on ‘upstream’ meth-
odologies such as improved screening tools [46,47]. In addition, ‘downstream’ methodologies such as enzyme
formulation and/or delivery are providing key advances. For example, both acylases and lactonases have been
successfully formulated as dry powders suitable for pulmonary delivery [48,49]. Another clinical application is
coating medical implants with quorum quenching enzymes. For example, coating urinary catheters with the
AHL-degrading Aspergillus melleus aminoacylase inhibits P. aeruginosa PAO1 biofilm formation both in vitro
and in vivo [50,51]. Importantly, the deposited acylase is not toxic to human skin cells [51]. Immobilisation is
also important for applications to prevent biofouling. Immobilisation using magnetic particles has allowed
recovery and reuse of quorum quenching enzymes. For example, AiiA, the first discovered AHL lactonase [52]
can be immobilised and retain up to 60% of its activity after four cycles of use and recovery [53]. Similarly,
adsorbing porcine kidney aminoacylase I onto magnetically separable silica and cross-linked the enzymes
increases acylase stability [54]. Testing of this immobilised acylase in a wastewater treatment model system
incubated with P. aeruginosa PAO1 showed that the filtration membrane retains its permeability for up to 14
days in the presence of this immobilised acylase, and P. aeruginosa PAO1 does not form mature biofilms on
the membrane. Overall, improved formulation and immobilisation strategies will facilitate the use of quorum
quenching enzymes in both clinical and industrial applications.

Concluding remarks

Both engineered and native quorum quenching enzymes can reduce bacterial pathogenicity in various model
systems. However, it remains unclear how effective these agents will be in clinical and/or field settings. For
example, the AHL lactonase MomL shows promising anti-biofilm effects in single-species biofilms, but no
effects are observed with a dual-species biofilm and/or a more complex wound model [55]. In addition, the
impact of quorum quenching approaches on beneficial host-associated microbes remains to be explored. It is
often assumed that highly specific quorum quenching enzymes will have fewer effects on non-target organisms,
but this has not yet been proven.

Another potential issue is the development of resistance. It has been frequently hypothesised that because
quorum quenching approaches do not kill pathogens, they impart less selective pressures — therefore, resist-
ance is less likely to develop [56,57]. However, resistance towards small-molecule quorum quenching inhibitors
has already been shown to arise from laboratory evolution [58] and exist in clinical settings [59]. It is possible
that targeting extracellular quorum sensing signals may exert less pressure as compared with intracellular
targets [60]. Therefore, the type of quorum quenching approach used (i.e. small-molecule inhibitors versus
signal-degrading enzymes) may affect how likely resistance is to arise [61].

There are still significant gaps in our knowledge of quorum quenching enzymes (and how to best use them).
This includes gaining a better understanding of the threat and potential mechanisms of resistance. Quorum
quenching enzymes should also be evaluated in contexts that match the environment in which they will be
used as closely as possible. Furthermore, quorum quenching enzymes may be better for prevention rather than
treatment, as biofilms are more difficult to eradicate once they are established.

Overall, while quorum quenching enzymes hold great promise as antimicrobials across a wide range of
potential applications, more research is needed before these approaches can be used in the clinic or field.
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Perspectives

e Quorum quenching enzymes are promising next-generation antimicrobials.

e Protein engineering can be used to further improve the stability, specificity and activities of
quorum quenching enzymes.

e However, enzyme activity in vitro does not always translate to efficacy in vivo. Furthermore,
the evolution of resistance to quorum quenching enzymes is largely unexplored. More
research into these (and other) issues will be required before quorum quenching enzymes
reach their potential as therapeutics.

Abbreviations
AHL, acyl-homoserine lactone; PLLs, phosphotriesterase-like lactonases; PONs, paraoxonases.

Author Contribution
All authors contributed to the drafting of the manuscript and approved the final submission.

Funding

S.A.M. was supported by a University of Otago Doctoral Scholarship. The laboratory of M.L.G. was supported
by funding from the Maurice Wilkins Centre for Molecular Biodiscovery and a Smart Ideas grant from the New
Zealand Ministry of Business Innovation and Employment (RTVU1504).

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References

1 Bassler, B.L. and Losick, R. (2006) Bacterially speaking. Cell 125, 237-246 https://doi.org/10.1016/j.cell.2006.04.001

2 Miller, M.B. and Bassler, B.L. (2001) Quorum sensing in bacteria. Annu. Rev. Microbiol. 55, 165—199 https://doi.org/10.1146/annurev.micro.55.1.165

3 Waters, C.M. and Bassler, B.L. (2005) Quorum sensing: cell-to-cell communication in bacteria. Annu. Rev. Cell Dev. Biol. 21, 319-346 https://doi.org/
10.1146/annurev.cellbio.21.012704.131001

4 Whiteley, M., Diggle, S.P. and Greenberg, E.P. (2017) Progress in and promise of bacterial quorum sensing research. Nature 551, 313-320 https://doi.
0rg/10.1038/nature24624

5 Helman, Y. and Chernin, L. (2015) Silencing the mob: disrupting quorum sensing as a means to fight plant disease. Mol. Plant Pathol. 16, 316-329
https://doi.org/10.1111/mpp.12180

6 Welsh, M.A. and Blackwell, H.E. (2016) Chemical probes of quorum sensing: from compound development to biological discovery. FEMS Microbiol. Rev.
40, 774-794 https://doi.org/10.1093/femsre/fuw009

7 Defoirdt, T. (2018) Quorum-sensing systems as targets for antivirulence therapy. Trends Microbiol. 26, 313-328 https://doi.org/10.1016/).tim.2017.10.005

Dickschat, J.S. (2010) Quorum sensing and bacterial biofilms. Nat. Prod. Rep. 27, 343-369 https://doi.org/10.1039/b8044690

9 Leadbetter, J.R. and Greenberg, E. (2000) Metabolism of acyl-homoserine lactone quorum-sensing signals by Variovorax paradoxus. J. Bacteriol. 182,
6921-6926 https://doi.org/10.1128/JB.182.24.6921-6926.2000

10  Liu, N., Yu, M., Zhao, Y., Cheng, J., An, K. and Zhang, X.-H. (2017) Pfma, a novel quorum-quenching N-acylhomoserine lactone acylase from
Pseudoalteromonas flavipulchra. Microbiology 163, 1389—1398 https://doi.org/10.1099/mic.0.000535

11 Ng, F.S., Wright, D.M. and Seah, S.Y. (2011) Characterization of a phosphotriesterase-like lactonase from Sulfolobus solfataricus and its immobilization
for disruption of quorum sensing. Appl. Environ. Microbiol. 77, 1181-1186 https://doi.org/10.1128/AEM.01642-10

12 Bornscheuer, U. and Kazlauskas, R.J. (2011) Survey of protein engineering strategies. Curr. Protoc. Prot. Sci., 26-27

13 The Nobel Prize in Chemistry 2018, 2018: <https:/www.nobelprize.org/prizes/chemistry/2018/press-release/>

14 Arnold, F.H. (1998) When blind is better: protein design by evolution. Nat. Biotechnol. 16, 617-618 https://doi.org/10.1038/nbt0798-617

15 Goldenzweig, A., Goldsmith, M., Hill, S.E., Gertman, O., Laurino, P., Ashani, Y. et al. (2016) Automated structure- and sequence-based design of
proteins for high bacterial expression and stability. Mol. Cell 63, 337—-346 https://doi.org/10.1016/j.molcel.2016.06.012

16 Amrein, B.A., Steffen-Munsberg, F., Szeler, 1., Purg, M., Kulkarni, Y. and Kamerlin, S.C. (2017) CADEE: computer-aided directed evolution of enzymes.
IUCrJ 4, 50-64 https://doi.org/10.1107/52052252516018017

17 Khersonsky, O., Lipsh, R., Avizemer, Z., Ashani, Y., Goldsmith, M., Leader, H. et al. (2018) Automated design of efficient and functionally diverse
enzyme repertoires. Mol. Cell 72, 178-186.e5 https://doi.org/10.1016/j.molcel.2018.08.033

18  Park, H., Ovchinnikov, S., Kim, D.E., Dimaio, F. and Baker, D. (2018) Protein homology model refinement by large-scale energy optimization. Proc. Natl.
Acad. Sci. U.S.A. 115, 3054-3059 https://doi.org/10.1073/pnas. 1719115115

[o2)

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).


https://doi.org/10.1016/j.cell.2006.04.001
https://doi.org/10.1146/annurev.micro.55.1.165
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1146/annurev.cellbio.21.012704.131001
https://doi.org/10.1038/nature24624
https://doi.org/10.1038/nature24624
https://doi.org/10.1111/mpp.12180
https://doi.org/10.1093/femsre/fuw009
https://doi.org/10.1016/j.tim.2017.10.005
https://doi.org/10.1039/b804469b
https://doi.org/10.1128/JB.182.24.6921-6926.2000
https://doi.org/10.1128/JB.182.24.6921-6926.2000
https://doi.org/10.1099/mic.0.000535
https://doi.org/10.1128/AEM.01642-10
https://doi.org/10.1128/AEM.01642-10
https://doi.org/10.1038/nbt0798-617
https://doi.org/10.1038/nbt0798-617
https://doi.org/10.1016/j.molcel.2016.06.012
https://doi.org/10.1107/S2052252516018017
https://doi.org/10.1016/j.molcel.2018.08.033
https://doi.org/10.1073/pnas.1719115115
https://creativecommons.org/licenses/by-nc-nd/4.0/

Biochemical Society Transactions (2019) 47 793-800 °
https://doi.org/10.1042/BST20180165 [ ) ..

19 Wuy, Z, Kan, S.B.J., Lewis, R.D., Wittmann, B.J., and Amold, F.H. (2019) Machine-learning-assisted directed protein evolution with combinatorial
libraries. Proc. Natl. Acad. Sci. U.S.A. 116, 8852—-8858 https://doi.org/10.1073/pnas. 1901979116

20  Baker, D. (2010) An exciting but challenging road ahead for computational enzyme design. Protein Sci. 19, 1817—1819 https://doi.org/10.1002/pro.481

21 Damborsky, J. and Brezovsky, J. (2014) Computational tools for designing and engineering enzymes. Curr. Opin. Chem. Biol. 19, 8-16 https://doi.org/
10.1016/j.cbpa.2013.12.003

22  Badenhorst, C.P.S. and Bornscheuer, U.T. (2018) Getting momentum: from biocatalysis to advanced synthetic biology. Trends Biochem. Sci. 43,
180-198 https://doi.org/10.1016/}.tibs.2018.01.003

23 Martinez, R. and Schwaneberg, U. (2013) A roadmap to directed enzyme evolution and screening systems for biotechnological applications. Biol. Res.
46, 395405 https://doi.org/10.4067/50716-97602013000400011

24 Tracewell, C.A. and Arnold, F.H. (2009) Directed enzyme evolution: climbing fitness peaks one amino acid at a time. Curr. Opin. Chem. Biol. 13, 3-9
https://doi.org/10.1016/j.cbpa.2009.01.017

25 Bloom, J.D., Labthavikul, S.T., Otey, C.R. and Arnold, F.H. (2006) Protein stability promotes evolvability. Proc. Nat! Acad. Sci. U.S.A. 103, 5869-5874
https://doi.org/10.1073/pnas.0510098103

26  Elias, M. and Tawfik, D.S. (2012) Divergence and convergence in enzyme evolution: parallel evolution of paraoxonases from quorum-quenching
lactonases. J. Biol. Chem. 287, 11-20 https://doi.org/10.1074/jbc.R111.257329

27 Elias, M., Dupuy, J., Merone, L., Mandrich, L., Porzio, E., Moniot, S. et al. (2008) Structural basis for natural lactonase and promiscuous
phosphotriesterase activities. J. Mol. Biol. 379, 1017-1028 https://doi.org/10.1016/j.jmb.2008.04.022

28  Liu, X., Cao, L.-C., Fan, X.-J., Liu, Y.-H. and Xie, W. (2016) Engineering of a thermostable esterase Est816 to improve its quorum-quenching activity
and the underlying structural basis. Sci. Rep. 6, 38137 https://doi.org/10.1038/srep38137

29  Harel, M., Aharoni, A., Gaidukov, L., Brumshtein, B., Khersonsky, 0., Meged, R. et al. (2004) Structure and evolution of the serum paraoxonase family
of detoxifying and anti-atherosclerotic enzymes. Nat. Struct. Mol. Biol. 11, 412—419 https://doi.org/10.1038/nsmh767

30  Bokhove, M., Jimenez, P.N., Quax, W.J. and Dijkstra, B.W. (2010) The quorum-quenching N-acyl homoserine lactone acylase PvdQ is an Ntn-hydrolase
with an unusual substrate-binding pocket. Proc. Natl Acad. Sci. U.S.A. 107, 686—691 https://doi.org/10.1073/pnas.0911839107

31 Chow, J.Y., Wu, L. and Yew, W.S. (2009) Directed evolution of a quorum-quenching lactonase from Mycobacterium avium subsp. paratuberculosis K-10
in the amidohydrolase superfamily. Biochemistry 48, 4344—4353 https://doi.org/10.1021/0i9004045

32 Chow, J.Y., Xue, B., Lee, K.H., Tung, A., Wu, L., Robinson, R.C. et al. (2010) Directed evolution of a thermostable quorum-quenching lactonase from
the amidohydrolase superfamily. J. Biol. Chem. 285, 40911-40920 https://doi.org/10.1074/jbc.M110.177139

33 Merone, L., Mandrich, L., Rossi, M. and Manco, G. (2005) A thermostable phosphotriesterase from the archaeon Sulfolobus solfataricus: cloning,
overexpression and properties. Extremophiles 9, 297-305 https://doi.org/10.1007/s00792-005-0445-4

34 Hiblot, J., Gotthard, G., Elias, M. and Chabriere, E. (2013) Differential active site loop conformations mediate promiscuous activities in the lactonase
SsoPox. PLoS ONE 8, e75272 https://doi.org/10.1371/journal.pone.0075272

35 Rémy, B., Plener, L., Poirier, L., Elias, M., Daudé, D. and Chabriere, E. (2016) Harnessing hyperthermostable lactonase from Sulfolobus solfataricus for
biotechnological applications. Sci. Rep. 6, 37780 https://doi.org/10.1038/srep37780

36  Guendouze, A., Plener, L., Bzdrenga, J., Jacquet, P., Rémy, B., Elias, M. et al. (2017) Effect of quorum quenching lactonase in clinical isolates of
Pseudomonas aeruginosa and comparison with quorum sensing inhibitors. Front. Microbiol. 8 https://doi.org/10.3389/fmicb.2017.00227

37  Afriat, L., Roodveldt, C., Manco, G. and Tawfik, D.S. (2006) The latent promiscuity of newly identified microbial lactonases is linked to a recently
diverged phosphotriesterase. Biochemistry 45, 13677—-13686 https://doi.org/10.1021/bi061268r

38  Kim, M.H., Choi, W.C., Kang, H.0., Lee, J.S., Kang, B.S., Kim, K.J. et al. (2005) The molecular structure and catalytic mechanism of a
quorum-quenching N-acyl-L-homoserine lactone hydrolase. Proc. Nat/ Acad. Sci. U.S.A. 102, 17606—17611 https://doi.org/10.1073/pnas.
0504996102

39  Fan, X, Liu, X. and Liu, Y. (2012) The cloning and characterization of one novel metagenome-derived thermostable esterase acting on N-acylhomoserine
lactones. J. Mol. Catal. B. Enzym. 83, 29-37 https://doi.org/10.1016/j.molcath.2012.07.006

40  Draganov, D.l., Teiber, J.F., Speelman, A., Osawa, Y., Sunahara, R. and La Du, B.N. (2005) Human paraoxonases (PON1, PON2, and PON3) are
lactonases with overlapping and distinct substrate specificities. J. Lipid Res. 46, 12391247 https://doi.org/10.1194/jlr.M400511-JLR200

41 L, X.C., Wang, C., Mulchandani, A. and Ge, X. (2016) Engineering soluble human paraoxonase 2 for quorum quenching. ACS Chem. Biol. 11,
3122-3131 https://doi.org/10.1021/acschembio.6b00527

42 Grandclément, C., Tanniéres, M., Moréra, S., Dessau, Y. and Faure, D.D. (2015) Quorum quenching: role in nature and applied developments. FEMS
Microbiol. Rev. 40, 86—116 https://doi.org/10.1093/femsre/fuv038

43 Yasutake, V., Kusada, H., Ebuchi, T., Hanada, S., Kamagata, Y., Tamura, T. et al. (2017) Bifunctional quorum-guenching and antibiotic-acylase MacQ
forms a 170-kDa capsule-shaped molecule containing spacer polypeptides. Sci. Rep. 7, 8946 https://doi.org/10.1038/s41598-017-09399-4

44 Sio, C.F, Otten, L.G., Cool, R.H., Diggle, S.P., Braun, P.G., Bos, R. et al. (2006) Quorum quenching by an N-acyl-homoserine lactone acylase from
Pseudomonas aeruginosa PAQ1. Infect Immun. 74, 1673-1682 https://doi.org/10.1128/IA1.74.3.1673-1682.2006

45 Koch, G., Nadal-Jimenez, P., Reis, C.R., Muntendam, R., Bokhove, M., Melillo, E. et al. (2014) Reducing virulence of the human pathogen Burkholderia
by altering the substrate specificity of the quorum-quenching acylase PvdQ. Proc. Natl Acad. Sci. U.S.A. 111, 1568—1573 https://doi.org/10.1073/
pnas.1311263111

46 Last, D., Kriiger, G.H., D6rr, M. and Bornscheuer, U.T. (2016) Fast, continuous, and high-throughput (bio) chemical activity assay for
N-acyl-L-homoserine lactone quorum-quenching enzymes. Appl. Environ. Microbiol. 82, 4145-4154 https://doi.org/10.1128/AEM.00830-16

47 Murugayah, S.A., Warring, S.L. and Gerth, M.L. (2019) Optimisation of a high-throughput fluorescamine assay for detection of A-acyl-L-homoserine
lactone acylase activity. Anal. Biochem. 566, 10—12 https://doi.org/10.1016/j.ab.2018.10.029

48  Wahjudi, M., Murugappan, S., Van Merkerk, R., Eissens, A.C., Visser, M.R., Hinrichs, W.L. et al. (2013) Development of a dry, stable and inhalable
acyl-homoserine—lactone—acylase powder formulation for the treatment of pulmonary Pseudomonas aeruginosa infections. Eur. J. Pharm. Sci. 48,
637-643 https://doi.org/10.1016/j.ejps.2012.12.015

49  Hraiech, S., Hiblot, J., Lafleur, J., Lepidi, H., Papazian, L., Rolain, J.M. et al. (2014) Inhaled lactonase reduces Pseudomonas aeruginosa quorum
sensing and mortality in rat pneumonia. PLoS ONE 9, €107125 https://doi.org/10.1371/journal.pone.0107125

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).

PORTLAND

799


https://doi.org/10.1073/pnas.1901979116
https://doi.org/10.1002/pro.481
https://doi.org/10.1016/j.cbpa.2013.12.003
https://doi.org/10.1016/j.cbpa.2013.12.003
https://doi.org/10.1016/j.tibs.2018.01.003
https://doi.org/10.4067/S0716-97602013000400011
https://doi.org/10.4067/S0716-97602013000400011
https://doi.org/10.1016/j.cbpa.2009.01.017
https://doi.org/10.1073/pnas.0510098103
https://doi.org/10.1074/jbc.R111.257329
https://doi.org/10.1016/j.jmb.2008.04.022
https://doi.org/10.1038/srep38137
https://doi.org/10.1038/nsmb767
https://doi.org/10.1073/pnas.0911839107
https://doi.org/10.1021/bi9004045
https://doi.org/10.1074/jbc.M110.177139
https://doi.org/10.1007/s00792-005-0445-4
https://doi.org/10.1007/s00792-005-0445-4
https://doi.org/10.1007/s00792-005-0445-4
https://doi.org/10.1007/s00792-005-0445-4
https://doi.org/10.1371/journal.pone.0075272
https://doi.org/10.1038/srep37780
https://doi.org/10.3389/fmicb.2017.00227
https://doi.org/10.1021/bi061268r
https://doi.org/10.1073/pnas.0504996102
https://doi.org/10.1073/pnas.0504996102
https://doi.org/10.1016/j.molcatb.2012.07.006
https://doi.org/10.1194/jlr.M400511-JLR200
https://doi.org/10.1194/jlr.M400511-JLR200
https://doi.org/10.1021/acschembio.6b00527
https://doi.org/10.1093/femsre/fuv038
https://doi.org/10.1038/s41598-017-09399-4
https://doi.org/10.1038/s41598-017-09399-4
https://doi.org/10.1038/s41598-017-09399-4
https://doi.org/10.1038/s41598-017-09399-4
https://doi.org/10.1128/IAI.74.3.1673-1682.2006
https://doi.org/10.1128/IAI.74.3.1673-1682.2006
https://doi.org/10.1073/pnas.1311263111
https://doi.org/10.1073/pnas.1311263111
https://doi.org/10.1128/AEM.00830-16
https://doi.org/10.1128/AEM.00830-16
https://doi.org/10.1016/j.ab.2018.10.029
https://doi.org/10.1016/j.ejps.2012.12.015
https://doi.org/10.1371/journal.pone.0107125
https://creativecommons.org/licenses/by-nc-nd/4.0/

800

PORTLAND
PRESS

50

51

52

53

54

55

56

57

58

59

60
61

Biochemical Society Transactions (2019) 47 793-800
https://doi.org/10.1042/BST20180165

lvanova, K., Fernandes, M.M., Francesko, A., Mendoza, E., Guezguez, J., Burnet, M. et al. (2015) Quorum quenching and matrix degrading enzymes in
multilayer coatings synergistically prevent bacterial biofilm formation on urinary catheters. ACS Appl. Mater. Interfaces 7, 2706627077 https://doi.org/
10.1021/acsami.5b09489

lvanova, K., Fernandes, M.M., Mendoza, E. and Tzanov, T. (2015) Enzyme multilayer coatings inhibit Pseudomonas aeruginosa biofilm formation on
urinary catheters. Appl. Microbiol. Biotechnol. 99, 4373-4385 https://doi.org/10.1007/s00253-015-6378-7

Dong, Y.-H., Xu, J.-L., Li, X.-Z. and Zhang, L.-H. (2000) AiiA, an enzyme that inactivates the acylhomoserine lactone quorum-sensing signal and
attenuates the virulence of Erwinia carotovora. Proc. Natl Acad. Sci. U.S.A. 97, 3526-3531 https://doi.org/10.1073/pnas.97.7.3526

Beladiya, C., Tripathy, R.K., Bajaj, P., Aggarwal, G. and Pande, A.H. (2015) Expression, purification and immobilization of recombinant AiiA enzyme onto
magnetic nanoparticles. Protein Expr. Purif. 113, 56-62 https://doi.org/10.1016/j.pep.2015.04.014

Lee, B., Yeon, K.-M., Shim, J., Kim, S.-R., Lee, C.-H., Lee, J. et al. (2014) Effective antifouling using quorum-quenching acylase stabilized in
magnetically-separable mesoporous silica. Biomacromolecules 15, 1153—1159 https://doi.org/10.1021/bm401595q

Zhang, Y., Brackman, G. and Coenye, T. (2017) Pitfalls associated with evaluating enzymatic quorum quenching activity: the case of MomL and its
effect on Pseudomonas aeruginosa and Acinetobacter baumannii biofilms. Peerd 5, €3251 https://doi.org/10.7717/peerj.3251

Rasko, D.A. and Sperandio, V. (2010) Anti-virulence strategies to combat bacteria-mediated disease. Nat. Rev. Drug Discov. 9, 117-128 https://doi.org/
10.1038/nrd3013

Cegelski, L., Marshall, G.R., Eldridge, G.R. and Hultgren, S.J. (2008) The biology and future prospects of antivirulence therapies. Nat. Rev. Microbiol. 6,
17-27 https://doi.org/10.1038/nrmicro1818

Maeda, T., Garcia-Contreras, R., Pu, M., Sheng, L., Garcia, L.R., Tomas, M. et al. (2012) Quorum quenching quandary: resistance to antivirulence
compounds. /SME J. 6, 493-501 https://doi.org/10.1038/ismej.2011.122

Garcia-Contreras, R., Martinez-Vazquez, M., Velazquez Guadarrama, N., Villegas Pafieda, A.G., Hashimoto, T., Maeda, T. et al. (2013) Resistance to the
quorum-gquenching compounds brominated furanone C-30 and 5-fluorouracil in Pseudomonas aeruginosa clinical isolates. Pathog. Dis. 68, 811
https://doi.org/10.1111/2049-632X.12039

Fetzner, S. (2015) Quorum quenching enzymes. J. Biotechnol. 201, 2—14 https://doi.org/10.1016/j.jbiotec.2014.09.001

Allen, R.C., Popat, R., Diggle, S.P. and Brown, S.P. (2014) Targeting virulence: can we make evolution-proof drugs? Nat. Rev. Microbiol. 12, 300-308
https://doi.org/10.1038/nrmicro3232

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).


https://doi.org/10.1021/acsami.5b09489
https://doi.org/10.1021/acsami.5b09489
https://doi.org/10.1007/s00253-015-6378-7
https://doi.org/10.1007/s00253-015-6378-7
https://doi.org/10.1007/s00253-015-6378-7
https://doi.org/10.1007/s00253-015-6378-7
https://doi.org/10.1073/pnas.97.7.3526
https://doi.org/10.1016/j.pep.2015.04.014
https://doi.org/10.1021/bm401595q
https://doi.org/10.7717/peerj.3251
https://doi.org/10.1038/nrd3013
https://doi.org/10.1038/nrd3013
https://doi.org/10.1038/nrmicro1818
https://doi.org/10.1038/ismej.2011.122
https://doi.org/10.1111/2049-632X.12039
https://doi.org/10.1111/2049-632X.12039
https://doi.org/10.1016/j.jbiotec.2014.09.001
https://doi.org/10.1038/nrmicro3232
https://creativecommons.org/licenses/by-nc-nd/4.0/

	Engineering quorum quenching enzymes: progress and perspectives
	Abstract
	Introduction
	Quorum quenching enzymes
	Protein engineering approaches
	Quorum quenching lactonase engineering
	Engineering quorum quenching acylases
	Biotechnological advances and applications
	Concluding remarks
	Author Contribution
	Funding
	Competing Interests
	References


