J Biosci (2020)45:26
DOI: 10.1007/s12038-020-0005-1

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

Computational prediction of active sites and ligands in different
AHL quorum quenching lactonases and acylases
ZULKAR NAIN1 , UTPAL KUMAR ADHIKARI2 , FARUQ ABDULLA3,
NAHID HOSSAIN1, NIRMAL CHANDRA BARMAN1, FARIHA JASIN MANSUR4,
HIROYUKI AZAKAMI4 and MOHAMMAD MINNATUL KARIM1*
1

Department of Biotechnology and Genetic Engineering, Faculty of Biological Sciences,
Islamic University, Kushtia 7003, Bangladesh
2

School of Medicine, Western Sydney University, Campbelltown, NSW 2560, Australia

3

Department of Statistics, Faculty of Science, Islamic University, Kushtia 7003, Bangladesh
4

Department of Biological Chemistry, Faculty of Agriculture,
Yamaguchi University, Yamaguchi, Japan
*Corresponding author (Email, mkmicro.du@gmail.com)

MS received 19 December 2018; accepted 30 October 2019
With the emergence of multidrug-resistant ‘superbug’, conventional treatments become obsolete. Quorum
quenching (QQ), enzyme-dependent alteration of quorum sensing (QS), is now considered as a promising
antimicrobial therapy because of its potentiality to impede virulence gene expression without resulting in
growth inhibition and antibiotic resistance. In our study, we intended to compare between two major QQ
enzyme groups (i.e., AHL lactonases and AHL acylases) in terms of their structural and functional aspects.
The amino acid composition-based principal component analysis (PCA) suggested that probably there is no
structural and functional overlapping between the two groups of enzymes as well as within the lactonase
enzymes but the acylases may functionally be affected by one another. In subcellular localization analysis,
we also found that most lactonases are cytoplasmic while acylases are periplasmic. Investigation on the
secondary structural features showed random coil dominates over a-helix and b-sheet in all evaluated
enzymes. For structural comparison, the tertiary structures of the selected proteins were modelled and
submitted to the PMDB database (Accession ID: PM0081007 to PM0081018). Interestingly, sequence
alignment revealed the presence of several conserved domains important for functions in both protein
groups. In addition, three amino acid residues, namely aspartic acid, histidine, and isoleucine, were common
in the active sites of all protein models while most frequent ligands were found to be 3C7, FEO, and PAC.
Importantly, binding interactions of predicted ligands were similar to that of native QS signal molecules.
Furthermore, hydrogen bonds analysis suggested six proteins are more stable than others. We believe that
the knowledge of this comparative study could be useful for further research in the development of QSbased universal antibacterial strategies.
Keywords. Quorum quenching; quorum sensing; acyl homoserine lactones; AHL lactonase; AHL acylases;
principal component analysis
Abbreviations: QQ, quorum quenching; QS, quorum sensing; QQE, quorum quenching enzyme; AHL,
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SCL, subcellular location; RMSD, root mean square deviation

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s12038-020-0005-1) contains
supplementary material, which is available to authorized users.
http://www.ias.ac.in/jbiosci

26

Page 2 of 19

Zulkar Nain et al.

1. Introduction
Quorum sensing (QS) is a cell to cell communication
protocol used by bacteria to coordinate their behavior
based on population density in the local environment
(Cakar 2004; Williams et al. 2007). QS signaling is
carried out by the production, detection, and response
to the extracellular signaling molecules known as
autoinducers (AIs) (Rutherford and Bassler 2012).
Both gram-positive and gram-negative bacteria use QS
system to regulate a variety of physiological processes
such as bioﬁlm formation, pathogenesis, antibiotic
resistance, competence and other processes (Galloway
et al. 2012; Miller and Bassler 2001). Bioﬁlm formation and antibiotic resistance enhance the bacterial
survival capability and can cause serious problems in
healthcare and food industries (Coughlan et al. 2016).
Furthermore, the persistence of antibiotic-resistant
pathogens requires alternative therapeutic strategies to
combat bacterial infection (Ventola 2015). Inhibition of
QS signal could, therefore, be potential to control QSmediated bacterial pathogenesis, antibiotic resistance
and associated problems.
Quorum quenching (QQ) is a process in which the
QS system is enzymatically altered or inhibited. Bacteria use QQ as a natural mechanism to eliminate QS
signals or prevent AHL-mediated toxicity (Grandclément et al. 2016). QQ can be achieved by interfering
with AI molecules and their receptors (Rehman and
Leiknes 2018). For example, bacteria can produce
enzymes that can degrade or modify acyl homoserine
lactones (AHLs), a type of AI molecule, commonly
used by gram-negative bacteria (Romero et al. 2011;
Torres et al. 2017). In QS microbes, the presence of
QQ enzymes can attenuate pathogenic traits and
unnecessary gene expression by inhibiting their QS
signaling (Chen et al. 2013). Since there is no selection
pressure involved, the QQ enzymes could reduce the
virulence without resulting in antibiotic resistance.
Also, QQ-targeted approaches became popular for
controlling bacterial bioﬁlms in medical and industrial
domains, aquaculture, and water treatment plants (Bzdrenga et al. 2017; Torres et al. 2017).
Bacteria can produce three types of QQ enzymes
which can inhibit or interfere with AHL molecules:
(i) AHL lactonases hydrolyze the ester bond in the
AHL ring (Dong et al. 2001), (ii) AHL acylases irreversibly hydrolyze the amide linkage between acyl
chain and AHL ring (Lin et al. 2003), and (iii) AHL
oxidoreductases oxidize or reduce the third carbon of
acyl side chain of AHLs (Dong and Zhang 2005).
Generally, hydrolysis of AHLs leads to complete loss

of activity while oxidation/reduction reduces their
activity (Rehman and Leiknes 2018). This suggests that
lactonases and acylases are more potent for QS inhibition in bacteria. Since AHLs are ubiquitous in gramnegative bacteria, these two classes of QQ enzymes
could be found therein predominantly. Additionally,
some structural and functional features may be shared
between the two enzyme groups, although such studies
are very few (Utari et al. 2017; Chen et al. 2013) and
done separately (Liu et al. 2005, 2013). Therefore, a
side-by-side comparative study of these QQ enzyme
groups is required to pinpoint the conserved features in
terms of their functionality.
In addition to microorganisms, it has also been
reported that phytochemicals have the potential to reduce
or inhibit pathogenicity by disrupting the QS signaling
pathway (Tiwary et al. 2017). For example, halogenated
furanones, extracted from marine alga Delisea pulchra
(de Nys et al. 1993), are reported to have the most
promising anti-QS properties so far (O’Loughlin et al.
2013). However, plant-based QS antagonists generally
have a narrow spectrum of activity and limited clinical
value (Koh et al. 2013). In addition, current halogenated
furanones are too reactive, and therefore presumably too
toxic to treat bacterial infections in humans. Moreover,
attenuation of a single species within a polymicrobial
community (e.g., wound sites) is not possible due to its
functional non-speciﬁcity (Hentzer and Givskov 2003).
Like anti-QS phytoconstituents, biochemical compounds are also known for anti-QS functionality. For
instance, subtilosin may inhibit E. coli QS signals to
control bioﬁlm formation (Algburi et al. 2017). However, their antimicrobial effects are also limited (Shelburne et al. 2007). Therefore, QQ enzymes have a
signiﬁcant advantage over these QS antagonists both in
terms of speciﬁcity and efﬁcacy. In recent years, the
number of QQ enzymes has ﬂourished with the discovery of new QS systems (Fetzner 2015; Utari et al. 2017).
A detailed comparative study of all these enzymes in a
combinatorial approach is very difﬁcult.
The present investigation, therefore, considered
twelve well-known and most frequently studied QQ
enzymes for comparative study. We have only chosen
lactonases and acylases because these two are the most
potential classes of QQ enzymes as we stated previously. Furthermore, QQ enzymes were selected
regardless of the bacterial types (i.e., gram-positive and
gram-negative), since their activities are limited to the
lactone ring and amide linkage of the same type of
signal molecules (AHLs) despite their origin. We
believe that this comparative study will provide a better
insight for future researchers in the functional
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Table 1. Sources and GenBank accession of twelve quorum quenching enzymes
SN
AHL-lactonases
1
2
3
4
5
6
AHL-acylases
1
2
3
4
5
6

QQ enzyme

Source organism

Accession

AiiA
AttM
AiiB
AhlD
AhlK
QsdA

Bacillus thuringiensis
Agrobacterium tumefaciens
Agrobacterium tumefaciens
Arthrobacter sp. IBN110
Klebsiella pneumoniae
Rhodococcus erythropolis W2

OFD07366.1
WP_038496768.1
OCJ40028.1
AAP57766.1
AAO47340.1
AAT06802.1

PvdQ
QuiP
Aac
HacA
HacB
AhlM

Pseudomonas aeruginosa
Pseudomonas aeruginosa
Ralstonia solanacearum
Pseudomonas syringae
Pseudomonas syringae
Streptomyces sp. M664

CDO81609.1
APJ51523.1
WP_011002462.1
AKF52089.1
AKF53686.1
AAT68473.1

advancement of current QQ enzymes and the development of anti-QS therapeutics.

2. Materials and methods
2.1 Retrieval of target quorum quenching protein
sequences
The FASTA formatted protein sequences of six AHL
lactonases (i.e., AiiA, AttM, AiiB, AhlD, AhlK, and
QsdA) and six AHL acylases (i.e., PvdQ, QuiP, Aac,
HacA, HacB, and AhlM) were retrieved from the NCBI
protein database (https://www.ncbi.nlm.nih.gov/protein/
). Basic information (i.e., QQ enzyme, source organisms, and GenBank accession) about twelve selected
QQ proteins are provided in table 1.
2.2 Functional grouping of quorum quenching
enzymes
Protein grouping is a process in which the set of proteins having similar peptide sequence information were
grouped into a protein group. The principal component
analysis (PCA) is a popular clustering technique and
can be used for protein sequence clustering (Wang and
Kennedy 2014). The PCA is a statistical technique
having aim to transform orthogonally a set of observations of possibly correlated variables into a set of
observations of linearly uncorrelated variables called
principal components in such a way that the ﬁrst
principal component has the largest possible variance,
and each succeeding component in turn has the highest
possible variance subjected to that it is orthogonal to

the preceding components (Abdi and Williams 2010;
Hotelling
let the random vector
 1936). Mathematically,

0
X ¼ X1 ; X2 ;    ; Xp have the variance-covariance
P
matrix
with eigen-valuesk1  k2     kp  0. The
variables X1 ; X2 ;    ; Xp represent the studied proteins
and each realization represents the amino acid composition of a particular amino acid in all the proteins.
Now, the principal components can be deﬁned by the
linear functions as,
Yi ¼ a0i X ¼ ai1 X1 þ ai2 X2 þ    þ aip Xp ;
subject to
X
ai ; i ¼ 1ð1Þp
varðYi Þ ¼ a0i
X
ak ; ði; kÞ ¼ 1ð1Þp
covðYi ; Yk Þ ¼ a0i

i ¼ 1ð1Þp

The ith principal component is the
 linear
combination a0i X that maximizes var a0i X subject


to a0i ai ¼ 1, cov a0i X; a0k X ¼ 0 for k\i. The biplot
is a generalized two dimensional exploratory graph
and it is a useful and reliable visualization technique
for displaying multivariate data because it allows
information on both samples and variables for the
visualization of multivariate data matrix to be
displayed graphically. There are various methods,
principal component analysis is one of them that can
be used in order to visualize and interpret the biplot
(Gabriel 1971).
2.3 Evaluation of physicochemical properties
and subcellular localization
The physicochemical features of the selected QQ proteins, such as theoretical isoelectric point (PI),
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molecular weight (MW), extinction coefﬁcient (EC)
(Gill and von Hippel 1989), instability index (II)
(Guruprasad et al. 1990), aliphatic index (AI) (Ikai
1980), and grand average hydropathicity (GRAVY)
(Kyte and Doolittle 1982), were computed with
Expasy’s ProtParam server (Gasteiger et al. 2005).
CELLO and PSORTb 3.0 servers were used to determine the intracellular residence of the selected proteins.
CELLO server uses two-level SVM system to predict
subcellular location (SCL) based on a speciﬁc type
sequence-derived feature vectors (Yu et al. 2006).
PSORTb is also an SCL predictor for bacterial proteins
which uses 5-fold cross validation with an independent
proteomics analysis (Yu et al. 2010).
2.4 Secondary structure, post-translational
modiﬁcations, and trans-membrane helix prediction
Secondary structural features were calculated using
SOPMA (Geourjon and Deléage 1995) and PSIPRED
servers. PSIPRED determines secondary structure
using artiﬁcial neural network method (Buchan et al.
2013). Further, we used SignalP 4.1 and PrediSi server
to predict the signal peptides and their cleavage position. Signal peptides are short amino acid sequences
(about 25 residues) which are cleaved off from the
mature protein as a result of post-translational modiﬁcation (Coleman 1985). SignalP 4.1 predicts signal
peptides and their possible cleavage site using a combination of several artiﬁcial neural networks (Petersen
et al. 2011) while PrediSi uses position weight matrix
approach (Hiller et al. 2004). The presence and location
of transmembrane helices or integral proteins are very
important in functional analysis and evolution of proteins. Hence, the presence of transmembrane helices
was predicted based on hidden Markov model using
TMHMM 2.0 server (Krogh et al. 2001).
2.5 Multiple sequence alignment and conserved
motif analysis
Multiple sequence alignment (MSA) was performed
with Jalview 2.8 tool (Waterhouse et al. 2009) using
built-in ClustalO program. Jalview is, a software, used
to edit, visualize and analyze MSA on the basis of
JABAWS 2.2 framework (Troshin et al. 2018). Analysis of conserved motifs was performed by MEME 3.5
software (Bailey et al. 2009) (http://meme-suite.org).
For lactonases, motif width was set to 6 to 15 residues
with maximum 5 motifs while motif width of 6 to 20

residues with maximum 10 motifs was considered for
acylases. The afﬁliated domain for each motif was
analyzed with MOTIF search tool (https://genome.jp/
tools/motif/) using Pfam 32.0 database (Finn et al.
2016).
2.6 Phylogenetic tree construction
For phylogenetic analysis, selected proteins were
blasted against NCBI database to collect a bulk of
similar sequences to delineate their evolutionary history and inter-relationships. In so doing, a total of 103
protein sequences, with 80-100% similarities to their
corresponding sequences were retrieved from different
source organisms to construct a phylogenetic tree. The
MSA was performed using ClustalW program equipped with MEGA 6.0 software (Tamura et al. 2013).
The aligned ﬁle was then opened in MEGA workspace
and a phylogenetic tree was constructed using the
Maximum-Likelihood method (Jones et al. 1992). The
conﬁdence level was calculated with 1000 bootstrap
replications. Finally, the Newick formatted original tree
was uploaded and customized in iTOL 4.2 web-platform (Letunic and Bork 2019).
2.7 Prediction, evaluation and deposition
of tertiary protein models
The functions of the proteins are deﬁned by their 3-dimensional (3D) structure which can be determined by
x-ray crystallography or NMR techniques with high
accuracy (Schmidt 2002; Adhikari and Rahman 2017).
However, the limitations in puriﬁcation and upholding
their native state after crystallization process necessitate
the computer-aided generation of protein structure (Aloy
and Russell 2006). In this study, for instance, ﬁve proteins (i.e., AiiA, AiiB, AhlD, PvdQ and QuiP) were
found to have experimental evidence at protein level in
which only three (i.e., AiiA, AiiB, and PvdQ) have their
structures crystalized in Protein Data Bank (PDB).
Besides, those crystallized structure have missing residues. For example, protein PvdQ has 762 residues while
its crystallized structure (PDB: 3L94) contains 716
residues only. For these reasons, we used I-TASSER
server to build the tertiary structure of the selected proteins (Zhang 2008). This server is an integrated webplatform for structural and functional predictions of the
proteins from amino acid sequences. Initially, I-TASSER
uses multiple-threading alignment to select best template
from PDB database followed by the protein model
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construction through iterative template fragment
assembly simulations. Additionally, functions are attributed by comparing known tertiary structure from BioLiP,
a protein function database (Roy et al. 2010). For initial
quality estimation, a conﬁdence score (C-score) for each
generated protein model is provided by the I-TASSER
server. Aside from protein modelling, Zhang’s I-TASSER server also predicted potential ligand for each protein model using their COACH program (Yang et al.
2013) which will be discussed in later section.
However, the evaluation of the predicted models in
various aspects is essential for rigorous quality
assessment. In this regard, the Ramachandran plot and
Z-score of each protein model were obtained from
PROCHECK (Laskowski et al. 1993) and ProSA webservers (Wiederstein and Sippl 2007), respectively. In
addition, SAVES server was used to check the overall
quality of the models in terms of their Prove (Pontius
et al. 1996), ERRAT (Colovos and Yeates 1993), and
Verify3D (Eisenberg et al. 1997) scores. Furthermore,
the QMEAN value as a total quality score was determined with the QMEAN server (Benkert et al. 2009).
Models with promising characteristics were deposited
in Protein Model Database (PMDB) and a unique
accession code is received for each protein model.
PMDB is a public database (https://bioinformatics.
cineca.it/PMDB/) created to store manually built 3D
protein models (Castrignano 2006) to provide access to
models published in scientiﬁc papers.
2.8 Identiﬁcation of protein active sites and ligand
binding interactions
The active sites are the pockets on protein surface
where ligands bind and undergo a chemical reaction.
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The active sites of our 3D protein models were identiﬁed using CASTp 2.0 web-based tool. This server
locates and measures pockets and voids on protein
surface based on the data available in Protein Data
Bank (PDB), Swiss-Prot and Online Mendelian Inheritance in Man (OMIM) database (Dundas et al. 2006).
All the models and their active sites were visualized in
PyMOL 1.7 tool (Schrödinger, LLC) with the help of
CASTpyMOL 2.0 plugin. This open-source molecular
visualization software is developed to produce highdeﬁnition 3D images of biological macromolecules
such as proteins. The predicted ligands, mentioned
earlier, were downloaded from I-TASSER server as
protein-ligand complex. Then, PDBsum server was
used to analyze the binding interaction between the
proteins and their respective ligands. This server is
basically an online database which provides pictorial
representation of information about the submitted
protein model by using different programs (Laskowski
et al. 2018). The binding interactions were visualized
in BIOVIA Discovery Studio 2017.
3. Results and discussion
3.1 Physicochemical properties and subcellular
localization
Physicochemical features are very important because it
shapes the structure, interaction, and function of a
protein. The details of major physicochemical properties including MW, PI, EC at 280 nm (EC280), II, AI,
and GRAVY are provided in table 2. The PI value
greater than 7 indicates basic nature and value lesser
than 7 suggests acidic nature (Bjellqvist et al. 1993). In
this study, all lactonases were acidic whereas acylases

Table 2. Physicochemical properties of selected quorum quenching proteins
QQ
enzymes
AiiA
AttM
AiiB
AhlD
AhlK
QsdA
pvdQ
QuiP
Aac
HacA
HacB
ahlM

Number of amino
acids

Molecular
weight

Isoelectric
point

Extinction
coefﬁcient

Instability
index

Aliphatic
index

GRAVY

250
263
276
273
264
323
762
847
795
783
795
804

28094.80
29335.03
30607.50
30663.49
30170.06
35620.47
84060.05
94056.36
85444.20
85209.86
88300.47
85652.46

4.64
5.75
5.47
5.02
5.94
4.71
6.47
7.70
8.09
6.66
5.56
9.60

22140
52495
34755
53970
48610
27515
119665
162275
97205
102705
159740
128840

49.38
30.86
42.36
40.57
45.69
30.85
46.70
41.86
34.90
35.85
38.48
39.07

93.12
77.87
85.54
88.57
73.52
94.98
84.34
78.47
84.34
89.39
81.32
75.95

-0.222
-0.349
-0.204
-0.431
-0.409
-0.064
-0.347
-0.413
-0.122
-0.177
-0.358
-0.278
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showed both acidic (PvdQ, HacA and HacB) and basic
(QuiP, Aac, and AhlM) proﬁle. This suggested that QQ
proteins are mostly acidic regardless of their classes.
The II provides cue about protein stability where value
greater than 40 is predicted as unstable (Guruprasad
et al. 1990). Among all, only two lactonases (AttM and
QsdA) and four acylases (Aac, HacA, HacB, and
AhlM) were found stable. Therefore, our analysis
revealed that acylases are more stable than lactonases.
Furthermore, higher AI value indicates that selected
proteins are thermostable, hence, can function in high
temperature (Ikai 1980). As a result, the acidic and
stable nature of these enzymes allows them to survive
the acidic environment in the digestive tract of monogastric animals (Singh et al. 2011). Finally, the lower
GRAVY value indicates good interaction with other
proteins and water. Therefore, both lactonases and
acylases are hydrophilic in nature.
The nature and functions of a protein greatly depend
on its location within the cell. The prediction of subcellular location by CELLO and PSORTb servers
rendered almost the same result (supplementary
table 1). SCL of QQ proteins could be of cytoplasmic,
periplasmic or even extracellular origin. Our analysis
revealed that lactonases are mostly cytoplasmic while
acylases are mostly periplasmic. Most acylases have
many cysteines which may contribute to disulﬁde
bridging (Bokhove et al. 2010). In cytoplasmic space,
disulﬁde bond formation is difﬁcult due to the reduced
condition. Proteins that reside in periplasm often contain disulﬁde bond due to the oxidizing environment.
Therefore, this might be one of the reasons that acylases mostly exist in periplasmic space. Furthermore,
these disulﬁde bonds in acylases are believed to be
important for their activities and higher stability.
3.2 Functional grouping of QQ lactonases
and acylases
As the structure of proteins largely depends on their
amino acids composition, the functional nature of the
separately plotted QQ enzymes may differ. In our
study, PCA-based functional grouping suggested that
lactonases may exert their functions in solitary manner
without affecting other group members (ﬁgure 1A). A
single bacterium could contain several active lactonases and signal molecules (AHLs). For example,
seven active lactonases are found in pathogenic
Acinetobacter baumannii (Mayer et al. 2018) while
Nitrosomonas europaea can produce at least three
AHLs (Burton et al. 2005). In such case, concomitant

inactivation of those AHLs by several lactonases may
happen separately without impediment. On the contrary, acylases (ﬁgure 1B) exhibited functional grouping and formed two major groups – A1 (PvdQ), A2
(QuiP), A4 (HacA) and A5 (HacB) were included in
the ﬁrst group while A3 (Aac) and A6 (AhlM) formed
the second group. Therefore, functioning of A3 (Aac)
may be affected or associated with A6 (AhlM) and
vice-versa; likewise, functioning of A1 (PvdQ), A2
(QuiP), A4 (HacA), and A5 (HacB) may be affected or
associated with each other. Furthermore, functional
grouping analysis between lactonase and acylase protein groups revealed no relationship between the two
types of QQ enzymes (ﬁgure 1C). In R. erythropolis,
all three types of QQ enzymes (i.e., lactonase, acylase
and oxidase) are present and function properly (Utari
et al. 2017). In this scenario, they may express their
anti-quorum sensing activity in different manner. This
is plausible since each group of QQ enzymes has their
own speciﬁc mode of action.
3.3 Secondary structure, post-translational
modiﬁcations, and trans-membrane helix
The secondary structural features indicate whether a
given amino acid lies in a-helix, b-strand or random
coil. We used SOPMA and PSIPRED servers for
secondary structure prediction and the features were
provided in table 3. Both servers showed the domination of random coils followed by a-helix, b-strand
for all proteins. The abundance of random coils could
be important in the formation of protein’s 3D structure. Interactions between side chains within a random
coil sometimes lead to the formation of hydrophobic
clusters. These areas of increased secondary structure
propensity also potentially act as initiation or nucleation sites for protein folding (Smith et al. 1996). The
prediction for signal peptides suggested that lactonases have no signal peptide while acylases have
some exceptions. SignalP server predicted signal
peptides for all acylases except HacA and HacB while
PrediSi server showed exception for PvdQ (supplementary table 1). However, signal peptides are not
usually present in cytoplasmic proteins, therefore, the
lack of signal peptides in lactonase proteins is plausible. Transmembrane helices were observed in only
two acylases, i.e., HacB and AhlM (supplementary
table 2). Among them, HacB has greater than 18
amino acids in its transmembrane helix, therefore, it
could be a signal peptide which in turn supports
PrediSi’s prediction.
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Figure 1. Functional grouping of QQ enzymes. Functional grouping between (A) AHL-lactonase variants: here, L1, L2,
L3, L4, L5 and L6 indicates the AiiA, Bacillus thuringiensis; AttM, Agrobacterium tumefaciens; AiiB, Agrobacterium
tumefaciens; AhlD, Arthrobacter sp. IBN110; AhlK, Klebsiella pneumoniae; and QsdA, Rhodococcus erythropolis W2,
respectively; (B) AHL-acylase variants: here, A1, A2, A3, A4, A5, and A6 exhibits the PvdQ, Pseudomonas aeruginosa;
QuiP, Pseudomonas aeruginosa; Aac, Ralstonia solanacearum; HacA, Pseudomonas syringae; HacB, Pseudomonas
syringae; and AhlM, Streptomyces sp. M664, respectively; and (C) all evaluated lactonase and acylase variants.

3.4 Multiple sequence alignment and conserved
domains
A conserved motif is a sequence that occurs consistently in
a group of related protein sequences. Motif analysis
revealed ﬁve and ten conserved motifs in lactonases and
acylases, respectively (ﬁgure 2, supplementary table 3).

For lactonases, motif 3 (*LTIDAAYTLDHF*) was
present in all analyzed variants. Motif 1 and motif 2 were
absent in the QsdA and AiiB sequences, respectively.
Motif 5 was present in two sequences (AhlK and AttM),
and motif 4 in three sequences (AiiA, AhlK, and AttM).
Importantly, highly conserved active site residues
(HXDH*H*D) were found in motif 1, 2 and 3 which are
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Table 3. Secondary structural features of selected lactonases and acylases
SOPMA
QQ
enzymes

Alpha helix
(Hh)

AiiA
AttM
AiiB
AhlD
AhlK
QsdA
pvdQ
QuiP
Aac
HacA
HacB
AhlM

55
58
74
84
72
124
276
375
274
298
289
224

(22.00%)
(22.05%)
(26.81%)
(30.77%)
(27.27%)
(38.39%)
(36.22%)
(44.27%)
(34.47%)
(38.06%)
(36.35%)
(27.86%)

Extended strand
(Ee)
69
84
69
71
69
62
131
107
152
161
123
162

(27.60%)
(31.94%)
(25.0%)
(26.01%)
(26.14%)
(19.20%)
(17.19%)
(12.63%)
(19.12%)
(20.56%)
(15.47%)
(20.15%)

PSIPRED
Random coil
(Cc)
126
121
133
118
123
137
355
365
369
324
383
418

(50.40%)
(46.01%)
(48.19%)
(43.22%)
(46.59%)
(42.41%)
(46.59%)
(43.09%)
(46.42%)
(41.38%)
(48.18%)
(51.99%)

Alpha helix
(Hh)
45
44
59
46
44
118
235
279
249
245
270
234

(18.00%)
(16.73%)
(21.38%)
(16.85%)
(16.67%)
(36.53%)
(30.84%)
(32.94%)
(31.32%)
(31.29%)
(33.96%)
(29.10%)

Extended strand
(Ee)
59
61
61
64
62
28
122
91
125
126
96
113

(23.60%)
(23.19%)
(22.10%)
(23.44%)
(23.48%)
(8.67%)
(16.01%)
(10.74%)
(15.72%)
(16.09%)
(12.07%)
(14.05%)

Random coil
(Cc)
146
158
156
163
158
177
405
477
421
412
429
457

(58.40%)
(60.08%)
(56.52%)
(59.71%)
(59.85%)
(54.79%)
(53.15%)
(56.32)
(52.96%)
(52.62%)
(53.96%)
(56.84%)

Figure 2. Conserved motifs analysis of QQ enzymes using the MEME suite. The identiﬁed motifs in (A) AHL lactonases
and (B) AHL acylases represented as block diagram. Each motif was represented with a distinct colored block. The position
of the block indicates matching regions while height of the blocks represents matching strength. The degree of conservation
of each amino acid residue in discovered motifs was also provided above the motif block diagram.

essential for lactonase activity (Dong and Zhang 2005; Liu
et al. 2005). On the other hand, six conserved motifs were
found in all acylase variants. Those conserved motifs were,

motif 2 (*GFNRDLAWSHTVDTGDHFTL*), motif 3
(*IRYTGYGVPHIRAKDEAGLG*), motif 4 (*YGQSSBPRSPHYSDQTEAF*), motif 6 (*YAYAQDNL-
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Table 4. Features identiﬁed in most conserved domains of two QQ enzyme groups
SN

Conserved domains

Features

Remarks

3

*LTIDAAYTLDHF*

2

*GFNRDLAWSHTVDTGDHFTL* Penicillin amidase

3

*IRYTGYGVPHIRAKDEAGLG*

Penicillin amidase

4

*YGQSSBPRSPHYSDQTEAF*

Penicillin amidase

6

*YAYAQDNLCLLADEVVTVRG* Reported conserved
domain

9

*GSNAWAIGGERSANGKGLLL*

Penicillin amidase

10

*YLVDGKPVPMTKRTVSIDVK*

Reported conserved
domain

Reported conserved
domain

CLLADEVVTVRG*), motif 9 (*GSNAWAIGGERSANGKGLLL*), and motif 10 (*YLVDGKPVPMTKRTVSIDVK*). However, motif 1 was present in all
acylase sequences except acylase QuiP whereas motif 5, 7
and 8 were present in four sequences only. For both
enzyme groups, however, there are some position-speciﬁc
slight deviation in the uniformity of the conserved domains
(table 4) that are interpreted as described by Hazra and
Nandy 2016. The MSA of lactonases revealed highly
conserved regions containing glycine-rich motifs (motifs 1

N-terminal residue ‘L’ is deviated to ‘F’ in AhlD
lactonase.
*DA* is strictly conserved in all selected
lactonases.
*YT* retained in all lactonases except for QsdA
and AhlD.
C-terminal is more variable than the N-terminal end.
Both N- and C-terminal are strictly conserved in all
acylases.
*HTV* is mutated in QuiP and HacB proteins.
*AW* is present in all acylases except HacB
protein.
Most conserved residues are ‘G’, ‘W’, ‘T’ and ‘L’.
N-terminal ‘I’ is deviated with ‘L’ in HacB protein.
*IR* and *PH* are replaced in HacB and QuiP
proteins.
*GVPHI* is conserved where ‘V’ showed highest
variability.
C-terminal residue ‘Q’ is deviated to ‘G’ in QuiP
protein.
Acylase HacB replaced the 9th residue ‘S’ with ‘D’.
*DQ* is highly conserved in all acylases except
QuiP.
*SPH* is found in PvdQ, QuiP and Aac acylases.
N-terminal is more variable than the C-terminal end.
*YAYA* is relatively conserved in all acylases.
Both terminal is highly conserved except AhlM in
N-terminal.
*CLLA* is conserved in PvdQ, Aac, and HacA
proteins.
*AQD* deviated in PvdQ, QuiP and AhlM
proteins.
N-terminal is strongly conserved while C-terminal is
not.
*GSNA* is conserved in all acylases except QuiP
and Aac.
The 6th residue ‘A’ is mutated to ‘V’ in HacB acylase.
*LL* is changed to *MA* and *LA* in QuiP
and HacB.
N-terminal residue ‘V’ in HacB and ‘A’ in all others.
*YLVDG* strictly maintained in most acylases.
Both ends *YL* and *VK* are fairly conserved.
C-terminal residue ‘R’ in PvdQ and ‘K’ in all others.

and 5), histidine and phenylalanine-rich motif (motif 1) and
aspartate and alanine-rich motif (motif 3). Besides, we also
found conserved amino acid residues outside the motifs
(ﬁgure 3A). On the other hand, conserved amino acid
residues within and between the motifs were also observed
in acylases (ﬁgure 3B). Interestingly, both lactonases and
acylases have highly conserved glycine, histidine, alanine,
aspartate, and phenylalanine rich motifs. Furthermore,
conserved proline, glycine and aspartate residue were also
present throughout the whole sequences which could be
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Figure 3. Multiple sequence alignment of two major groups of QQ enzymes. Identical residues are displayed in the same
color and discovered motifs with MEME suite are also labelled and indicated as blocks. The conserved glycine, proline,
isoleucine, alanine, aspartate, asparagine, serine, histidine, phenylalanine, leucine, tryptophan and arginine residues are
indicated by blue, orange, violet, red, black, green, gold, pink, silver, navy, gray, yellow and paste colored arrow, respectively.
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Figure 4. Evolutionary origin and relationship between two major classes of QQ enzymes. A total 103 protein sequences
from lactonase and acylase classes were used in this phylogeny. The evolutionary history was inferred by using the Maximum
Likelihood method based on the JTT matrix-based model. The operation was conducted in MEGA6 and customized with
iTOL v4.2 Bootstrap value was set to 1000 replications and conﬁdence levels are shown in range from 60-100. Different
colors represent different enzyme lineage in which evaluated proteins are indicated by their names in braces. Lactonase and
acylase protein clusters are indicated by green and blue colored clades, respectively.

involved in geometrical conformation and functionality of
the active site, respectively (Lin et al. 2003; Singh and
Manoj 2017).
3.5 Evolutionary relationship between QQ
lactonases and acylases
Database searches for relative sequences resulted in the
retrieval of 43 lactonase and 60 acylase sequences
implying the existence of QQ enzymes in a wide range
of species. The ML phylogenetic tree clearly showed
that the selected proteins are mainly divided into two

major clades: (i) lactonase protein cluster, and (ii)
acylase protein cluster (ﬁgure 4). Based on the
sequence alignment, AHL lactonases formed two major
clusters: AiiB-like protein cluster and QsdA protein
cluster. The AiiB-like cluster is further classiﬁed into
two groups – ﬁrst group contains AiiA, AiiB and AhlD
proteins with 63-90% bootstrap conﬁdence while AhlK
and AttM proteins included in second group with
90-95% bootstrap value. The QsdA proteins belong to
PTE family of zinc-dependent metalloproteins (Chen
et al. 2013) which are unrelated to the AiiB-like proteins (Uroz et al. 2008), hence, they reside separately
with 100% conﬁdence. Both types of lactonases have
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Table 5. Evaluation of predicted tertiary structures of AHL quorum quenching enzymes
QQ
enzymes

Cscore

AiiA
AttM
AiiB
AhlD
AhlK
QsdA
PvdQ
QuiP
Aac
HacA
HacB
AhlM

1.62
0.86
1.59
0.63
0.88
1.45
0.20
0.81
-0.23
0.03
-0.25
-0.17

Estimated TMscore
0.94
0.83
0.94
0.80
0.83
0.92
0.74
0.61
0.68
0.72
0.68
0.69

±
±
±
±
±
±
±
±
±
±
±
±

0.05
0.08
0.05
0.09
0.08
0.06
0.11
0.14
0.12
0.11
0.12
0.12

Estimated
RMSD
2.6
4.2
2.9
4.7
4.1
3.4
7.8
10.4
8.9
8.3
8.9
8.8

±
±
±
±
±
±
±
±
±
±
±
±

1.9
2.8
2.1
3.1
2.8
2.4
4.4
4.6
4.6
4.5
4.6
4.6

Å
Å
Å
Å
Å
Å
Å
Å
Å
Å
Å
Å

strong conﬁdence score (99-100%), therefore, have
diverged from a common ancestor. On the other hand,
AHL acylases formed a single protein cluster (79%)
which is divided into three major groups: acylase
protein Aac, HacA, PvdQ placed in the ﬁrst group (91100%) while HacB and QuiP are included in the second group (99-100%) and AhlM formed a separate
third group (78%). The bootstrap conﬁdence among
these three acylase groups varied within 60-100%. The
higher bootstrap value of the acylase proteins indicated
a common ancestral origin and high conservancy
throughout the evolutionary process.
3.6 Tertiary structures of QQ proteins and quality
assessment
The function of a protein depends on its native 3-dimensional structure (Gupta et al. 2014). To determine the
functional characteristics, tertiary structure of all selected QQ proteins were constructed using I-TASSER
sever. In this study, I-TASSER generated C-scores for
twelve QQ proteins were ranged from -0.17 (AhlM) to
1.62 (AiiA). C-score greater than -1.5 possess correct
fold (Roy et al. 2010), therefore, all predicted models
were correctly folded. Also, the TM-score is a sensitive
scale for evaluation of the quality of protein structure
templates and the TM-score [0.5 indicates the good
quality of the protein (Zhang and Skolnick 2004). The
TM-scores were ranged from 0.61 ± 0.14 (QuiP) to
0.94 ± 0.05 (AiiA and AiiB). The RMSD score is estimated based on C-score and protein length following the
correlation observed between these qualities. The
selected lactonase and acylase proteins contain the

Cluster
density

ProSA
Z-score

ERRAT

VERIFY
3D

QMEAN

1.2500
0.6690
1.2500
0.5532
0.6899
1.1346
0.1910
0.0704
0.1242
0.1613
0.1229
0.1356

-7.83
-7.50
-8.03
-6.52
-8.35
-8.60
-8.72
-4.76
-6.80
-7.28
-2.57
-7.73

91.286
89.804
89.925
93.208
89.453
93.968
84.350
N/A
78.244
78.323
N/A
75.503

94.00%
96.96%
93.48%
92.31%
97.35%
90.71%
90.94%
84.89%
87.92%
86.21%
72.08%
90.30%

-2.26
-5.08
-3.95
-6.46
-5.37
-3.74
-7.90
-13.09
-11.08
-10.48
-13.83
-10.54

RMSD score of 2.6 ± 1.9 Å (AiiA) to 10.4 ± 4.6 A
(QuiP). Furthermore, the cluster of density is considered
as an important factor of a protein model. We found the
lowest cluster density value for QuiP (0.07), while both
AiiA and AiiB showed the highest value 1.25. The
details about the tertiary protein models and their quality
assessment are provided in table 5.
The predicted protein models were subjected to
further evaluation The Ramachandran plot statistics
showed 59.2% (QuiP) to 82.2% (QsdA) residues in
most favored regions; 15.6% (QsdA) to 32.2% (QuiP)
residues in additional allowed area; and 0.4% (AiiB) to
4.4% (HacB) residues in outlier area (table 6). In
addition, Verify3D score indicated the accuracy of our
predicted models which ranges between 72.08%
(HacB) to 97.35% (AhlK). All protein models have
scored greater than 80%, which is a signiﬁcant quality
score, except acylase HacB. In addition, Z-score of the
predicted models lies within -2.57 (HacB) to -8.72
(PvdQ). The negative value of the z-score indicates the
high accuracy of our protein models (Adhikari and
Rahman 2017) (table 5). The ERRAT program derived
overall quality factors were found 75.503 (AhlM) to
94.628 (AiiA). Interestingly, lactonases have higher
ERRAT value than acylases. However, acylase HacB
and QuiP showed no ERRAT score at all (table 5). In
addition, QMEAN server (Benkert et al. 2009) was
used to assess the total quality of our predicted model
by experimentally solved reference structure present in
PDB (Berman et al. 2002). Moreover, QMEAN values,
as a total quality measure, were found -13.83 to -2.26
which represent reasonable homology models with
correct folds. Like ERRAT and Verify3D, QMEAN
values were also higher in lactonases (-6.46 to -2.26)
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Table 6. Ramachandran plot statistics of twelve major QQ proteins
Ramachandran plot statistics
QQ enzymes
AiiA
AttM
AiiB
AhlD
AhlK
QsdA
PvdQ
QuiP
AaC
HacA
HacB
AhlM

Most favored
regions (%)

Additional allowed
regions (%)

Generously allowed
regions (%)

Disallowed
regions (%)

79.4
75.0
81.6
72.5
77.9
82.2
69.7
59.2
66.4
66.3
60.3
66.2

17.3
19.5
16.7
23.3
17.6
15.6
24.0
32.2
25.1
25.1
27.3
25.6

1.9
3.6
1.3
2.5
2.7
1.8
4.6
6.5
6.1
4.7
8.0
4.8

1.4
1.8
0.4
1.7
1.8
0.4
1.7
2.1
2.4
3.8
4.4
3.4

than in acylases (-13.83 to -7.90) (table 5). In our
study, therefore, the structural quality of lactonase
protein groups were found to better than the acylase
protein groups.
After quality evaluation, predicted protein models
were deposited in Protein Model Database (PMDB) and
a unique identiﬁer is assigned to each protein:
PM0081007
(AiiA,
Bacillus
thuringiensis),
PM0081008 (AttM, Agrobacterium tumefaciens),
PM0081009 (AiiB, A. tumefaciens), PM0081010
(AhlD, Arthrobacter sp. IBN110), PM0081011 (AhlK,
Klebsiella
pneumoniae),
PM0081012
(QsdA,
Rhodococcus erythropolis W2), PM0081013 (PvdQ,
Pseudomonas aeruginosa), PM0081014 (QuiP, P.
aeruginosa), PM0081015 (Aac, Ralstonia solanacearum), PM0081016 (HacA, Pseudomonas syringae),
PM0081017 (HacB, P. syringae), and PM0081018
(AhlM, Streptomyces sp. M664).
3.7 Analysis of surface pockets and active site
compositions
Pockets of different size and shape are formed during
the post-translational folding of proteins. These pockets
act as the docking sites for ligands, hence, are important to study protein-ligand interactions. We used
CASTp server to predict all possible pockets and
cavities with their corresponding surface area and
volume. The pockets with the largest volume and surface area were considered as the active sites because
those pockets are hypothesized to contain enzyme
binding sites (Yang et al. 2015). The CASTp server
predicted 35, 63, 38, 50, 53, 45, 138, 140, 118, 104,

130, and 120 pockets and cavities of AiiA (Bacillus
thuringiensis), AttM (Agrobacterium tumefaciens),
AiiB (A. tumefaciens), AhlD (Arthrobacter sp.
IBN110), AhlK (Klebsiella pneumoniae), QsdA
(Rhodococcus erythropolis W2), PvdQ (Pseudomonas
aeruginosa), QuiP (P. aeruginosa), Aac (Ralstonia
solanacearum), HacA (Pseudomonas syringae), HacB
(P. syringae), and AhlM (Streptomyces sp. M664),
respectively (supplementary table 4). In case of lactonases, the surface area and volume of the largest
active sites were 603.1, 368.6, 532.6, 487.3, 425.3,
461.4 and 969.8, 377.8, 756.6, 518.5, 379.3, 717.3,
respectively. On the other hand, acylases were blessed
with larger active sites featuring surface area and volume of 3376.4, 3265, 3156.9, 3257.7, 2125.5, 3218
and 5808.2, 4337.3, 5226.7, 4766.6, 2643.2, 5483.7,
respectively (supplementary table 4). The protein tertiary structures along with their respective active sites
are shown in ﬁgure 5.
The amino acids constituted the active sites of lactonase are limited while all amino acid residues, except
cysteine, were present in the active sites of acylase
proteins. The larger active sites of acylases could be a
valid reason. Importantly, three amino acid residues,
namely aspartic acid (Asp), histidine (His) and isoleucine (Ile), were present in the active sites of all
evaluated proteins (ﬁgure 6). Interestingly, His residues
were more frequent in lactonases than in acylases. In
contrast, acylase proteins contain more Asp and Ile
residues in their active sites compared to lactonases.
These conserved three amino acid residues could be
involved in the vital molecular mechanism or speciﬁc
function of QQ enzyme variants. AHLs are charge
neutral lipid molecules (Churchill and Chen 2011).
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Figure 5. Comparative protein models and active sites of twelve QQ enzymes. (A) AiiA, Bacillus thuringiensis; (B) AttM,
Agrobacterium tumefaciens; (C) AiiB, Agrobacterium tumefaciens; (D) AhlD, Arthrobacter sp. IBN110; (E) AhlK,
Klebsiella pneumoniae; (F) QsdA, Rhodococcus erythropolis W2; (G) PvdQ, Pseudomonas aeruginosa; (H) QuiP,
Pseudomonas aeruginosa; (I) Aac, Ralstonia solanacearum; (J) HacA, Pseudomonas syringae; (K) HacB, Pseudomonas
syringae; and (L) AhlM, Streptomyces sp. M664. The bright-orange colored spheres exhibit the active sites.
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0
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Charge generates during the digestion of acyl chains by
acylase protein or cleavage of lactone moiety by lactonase. His and Asp residues may interact with these
charges in AHLs while Ile residue may interact with
acyl chain of AHLs or its product by the hydrophobic
bond. As we described earlier, His and Asp residues
were also predominantly present in the conserved
motifs. Therefore, these amino acid residues might be
important in the functionality of QQ enzymes.

Quorum quenching enzymes

Figure 6. Analysis of amino acid residues present in the
active sites of QQ enzymes. The X-axis represents the QQ
enzymes while the Y-axis represents the number of
conserved amino acid residues in the active sites. Number
resided on the bar indicates the amount of conserved speciﬁc
amino acid residue in the respective enzymes.

3.8 The binding interactions between QQ proteins
and ligands
During protein modeling, a potential ligand for each
protein is provided by Zhang’s COACH program in the
form of protein-ligand complex. The predicted ligands
were: PNM (Penicillin G), EFS (Ethyl dihydrogen
phosphate), FEO (Mu-oxo-diiron), GLJ (5,5-Dihydroxy-L-norvaline), PAC (2-Phenylacetic acid), B0S
(Tridecylboronic acid), SOX (Oxidized penicillin G),
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Figure 7. Ligands and their interacting residues. Left ﬁgure shows ligand in the surface structure and right ﬁgure shows the
ligand and binding residues. Inside the surface structure, helix, sheets and coils are shown in cyan, magenta, and red brown
color, respectively. The ligands are shown in yellow lemon color. (A) ligand 3C7 with AiiA, Bacillus thuringiensis;
(B) ligand PNM with AttM, Agrobacterium tumefaciens; (C) ligand 3C7 with AhlK, Klebsiella pneumoniae; (D) ligand EFS
with QsdA, Rhodococcus erythropolis W2; (E) ligand SOX with HacA, Pseudomonas syringae; and (F) ligand BOS with
HacB, Pseudomonas syringae.

PO4 (Phosphate ion), and 3C7 (Bisthiazolidine
L-CS319). For lactonases, most common ligands were
3C7 (i.e., AiiA and AhlK) and FEO (i.e., AiiB and
AhlD) whereas ligand PAC was found in both PvdQ
and AhlM acylases. Other ligands viz., PNM, EFS,
PO4, GLJ, SOX, and B0S were given for AttM, QsdA,
QuiP, Aac, HacA, and HacB proteins, respectively
(supplementary table 5). Most QQ enzymes have
multiple substrates. For example, AiiA lactonase can
inactivate several HSLs (i.e., C4-, C6-, C8-HSL etc.)
efﬁciently (Fetzner 2015). Analysis of these ligands
and their interactions could help us to understand how
does a single active site binds to different HSLs.
Therefore, we compared predicted AiiA-3C7 complex
with crystallized AiiA-HSL complex (PDB: 2BR6).

Interestingly, we found that ligand 3C7 showed total 82
non-bonded contacts while HSL provided 30 interactions. In both cases, Tyr194 formed hydrogen bond
with the ligand while active site residues His106,
Phe107, Asp108, His169, Tyr194 and His235 are
involved in non-bonded interactions (ﬁgure 7, supplementary ﬁgure 1). The same could be true for other QQ
proteins whose structures are not experimentally validated yet. Thus, these mutually active residues among
different ligands can be manipulated to design a universal QS regulator.
The ﬁrmness and ﬁne-tuning of the protein structure
is conferred by hydrogen bonds (Sigala et al. 2009). It
also provides speciﬁcity and directionality of interaction based on which molecular recognition works
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(Hubbard and Haider 2010). Consequently, the presence of hydrogen bonds pairing between our predicted
proteins and corresponding ligands suggested their
precise binding. In aforesaid complexes, OH and HH
atoms of the Tyr194 residue acted as the proton donors
while S01 (3C7 ligand) and OD (HSL ligand) atoms
were proton acceptor. These reaction coordinates can
also be embodied into a superior QS antagonist to
facilitate broad-spectrum inhibition. In addition, the
number of hydrogen bonds can affect the binding
afﬁnity, stability and drug efﬁcacy (Patil et al. 2010). In
current study, six proteins were found to have more
than one hydrogen bond, hence, are considered more
stable than the others (ﬁgure 7, supplementary table 5).
However, no hydrogen bond was found in the active
sites of both AiiB lactonase and Aac acylase. Finally,
binding mechanism of ligands observed in predicted
and validated protein structure are analogous which
further clariﬁed the accurate prediction of the active
sites and ligands in this study.
4. Conclusion
In microorganisms, QS act as the regulatory network to
coordinate various physiological activities such as
bioﬁlm formation, pathogenesis and antibiotic resistance, while QQ is the enzymatic inhibition of QS
circuit. Two major groups of QQ enzymes are AHL
lactonases and AHL acylases. Due to their speciﬁcity in
QS inhibition, lactonase and acylase are now considered as a paradigm shift in control of QS-mediated
pathogenesis and antimicrobial resistance. In this study,
only twelve QQ enzymes were modelled among others,
as these are the most important one that we have
information as of now. The two QQ enzyme groups
were compared side-by-side to unveil their structural
and functional characteristics. The amino acid composition-based PCA revealed no functional association
between the two groups of enzymes while combined
phylogeny showed separate ancestral origin for lactonases and acylases. Despite the differences in functions and subcellular locations, however, both enzyme
groups share some amino acid residues in their active
sites which may play signiﬁcant role in their functionality. In addition, highly conserved domains are
observed in group-dependent multiple sequence alignment. Based on ligand binding interactions, four lactonases and two acylases were found to be more
stable as compared to other evaluated QQ proteins.
Knowledge on the active sites and ligand-binding
interaction of these QQ enzymes could contribute in

the design and development of rational anti-QS drug.
Furthermore, genetic modiﬁcation to their ligand
binding sites could potentially enhance their natural
anti-QS activity. In these perspectives, conserved
domains and interacting active site residues could be a
potential target in future research.
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