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Abstract
Pseudomonas aeruginosa infections are a leading cause of death in patients suffering from respiratory diseases. The mul-
tidrug-resistant nature of Pseudomonas is potentiated by a process known as quorum sensing. The aim of this study was to 
reveal new inhibitors of a well-validated but quite unexplored target, enoyl-ACP reductase, which contributes acyl chain 
lengths of N-acyl homoserine lactones that are major signaling molecules in gram-negative bacteria. In the present study, 
the crystal structure of FabI (PDB, ID 4NR0) was used for the structure-based identification of quorum sensing inhibitors 
of Pseudomonas aeruginosa. Active site residues of FabI were identified from the complex of FabI with triclosan and these 
active site residues were further used to screen for potential inhibitors from natural database. Three-dimensional structures 
of the 75 natural compounds were retrieved from the ZINC database and screened using PyRX software against FabI. Thirty-
eight molecules from the initial screening were sorted on the basis of binding energy, using the known inhibitor triclosan as a 
standard. These molecules were subjected to various secondary filters, such as Lipinski’s Rule of Five, ADME, and toxicity. 
Finally, eight lead-like molecules were obtained after their evaluation for drug-like characteristics. The present study will 
open a new window for designing QS inhibitors against P. aeruginosa.
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Introduction

Pseudomonas aeruginosa is an important gram-negative 
bacterium associated with various nosocomial infections, 
such as cystic fibrosis, catheter-associated infections, as 
well as wound-related infections (Smith and Iglewski 2003; 
Taylor et al. 2014). P. aeruginosa harbors various traits, 
including virulence phenotypes and biofilm formation, 
which render it resistant to various antimicrobial treatments 
(Fuente-nu and Breidenstein 2011). P. aeruginosa forms 

microbial communities encased in an extracellular polysac-
charide layer which protects it from various antimicrobial 
treatments (Høiby et al. 2001; Costerton and Stewart 1999). 
Quorum sensing regulates both biofilm formation and viru-
lence factor production in P. aeruginosa.

Quorum sensing (QS) is a cell-to-cell communication 
process in which bacteria utilize small diffusible signaling 
molecules to communicate with each other as a function 
of cell density (Fuqua et al. 1994). As these autoinducers 
reach a particular threshold concentration, they bind to the 
regulators and modulate the expression of associated genes 
(Miller 2001). P. aeruginosa has three QS systems which 
are interconnected hierarchically to each other, i.e., las, 
rhl, and pqs; the lasIR system sits at the top in the hier-
archy and regulates both rhlIR and PQS system (Lee and 
Zhang 2015). Two of the major signaling molecules in 
Pseudomonas aeruginosa, 3-oxo-dodecanoyl homoserine 
lactone and N-butanoyl homoserine lactone, belong to the 
N-acyl homoserine lactone family, whereas a third signaling 
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molecule, PQS, belongs to the quinolone family (Lee and 
Zhang 2015).

QS is a viable target to eradicate the problem of antimi-
crobial resistance due to selection pressure by the exces-
sive use of antimicrobial agents (LaSarre and Federle 
2013). Therefore, various QS inhibition strategies have 
been employed to halt the communication process among 
the bacteria (LaSarre and Federle 2013). Most exploited are 
autoinducer mimics produced by various plants, in addition 
to signaling molecule degrading enzymes (Koh et al. 2013). 
However, pathways essential for the synthesis of QS mol-
ecules remain widely unexplored. More et al. reported that 
intermediates from Type II fatty acid synthesis are substrates 
for the synthesis of acyl homoserine lactone, along with 
AdoMeth (Moré et al. 1996). The Type II fatty acid pathway 
is highly conserved among prokaryotes. It is different from 
the Type I fatty acid synthesis pathway of other animals, 
including humans, as each step in the Type II pathway is 
catalyzed by various enzymes, when compared to the FAS 
complex of the Type I fatty acid synthesis pathway (Chirala 
et al. 1997; White et al. 2005). FabI is an enoyl reductase 
enzyme which catalyzes the critical last step of elongation 
in fatty acid synthesis (Lu and Tonge 2008). Mutational 
studies of P. aeruginosa FabI have revealed the significant 
role of enoyl-acyl carrier protein reductase in the synthe-
sis of 3-oxo-C12 HSL molecules, as the level of 3-oxo-C12 
HSL production is decreased when the FabI gene is mutated 
(Hoang and Schweizer 1999). There are very few reports on 
the projection of FabI as a target for the development of QS 
quenching agents.

Testing large number of compounds in vitro for their bio-
logical activities is a time-consuming and costly process, 
with very few chances of success. Computational and exper-
imental methods have worked hand-in-hand in screening 
for biological activity. The rate of discovery of new drugs 
is enhanced because of the availability of crystal structure 
data of proteins, and various virtual screening and molecular 
docking software. In the present study, we have used the 
crystal structure of FabI of P. aeruginosa for the first time 
in a structure-based virtual screening SB-VS approach to 
identify potential lead compounds which could target enoyl-
Acyl Carrier Protein (ACP) reductase (FabI), and may help 
in designing seven QS quenching agents.

Materials and methods

Macromolecule preparation

The crystal structure of P. aeruginosa enoyl-ACP reductase 
(FabI) at 1.4 Å resolution was extracted from the protein 
data bank (PDB, ID 4NR0, Lee et al. 2015). The protein 
structure obtained from PDB was not suitable for molecular 

docking in its native form bound to triclosan and NAD+. 
Therefore, optimization and minimization of protein struc-
ture were performed using Protein Preparation Wizard, ini-
tiating with the removal of water, and after that, the bound 
triclosan and NAD+.

Ligand preparation

A ZINC library, containing approximately 75 natural com-
pounds that were available commercially, was selected to 
identify FabI inhibitors of natural origin (Irwin and Shoichet 
2005). We selected the library of natural compounds on the 
basis of their evolutionary targets, as well as their antimi-
crobial properties. Structural coordinates of the compounds 
were retrieved from the ZINC database in SDF format. 
Therefore, they were converted from 2D to 3D using Open 
Babel software, taking care that, during format conversion, 
there were no changes to the structure of ligands.

Virtual screening

Virtual screening was performed using PyRX (Dallakyan 
and Olson 2015). PyRX was embedded with both Autodock 
(Morris et al. 2008) and Autodock Vina (Trott and Olson 
2009), and its scoring function was based on the Lamarck-
ian genetic algorithm. The present study was performed 
using Autodock. A grid box with dimensions X:36.4078, 
Y: 34.1745, Z:38.4251 was generated using active site resi-
dues (LEU150, ALA152, GLU153, ARG154, ALA157, 
GLU170, ARG174, GLY245, GLU246, ILE247, TYR249, 
ASN255, THR256) to stipulate the interface area of mono-
mers. Results obtained were sorted by binding energy.

ADME and toxicity studies

Selected molecules were filtered using Lipinski’s Rule of 
Five (Lipinski 2004), and after that, ADME studies for the 
screened molecules were carried out using the Swiss ADME 
module (Daina et al. 2014; Daina and Zoete 2016). The 
Swiss ADME module analyzes pharmaceutical properties 
necessary for drug-like candidates, i.e., blood–brain barrier 
BBB permeability, GI absorption, skin permeation, octanol/
water, and water/gas logPs. Toxicity studies of the screened 
molecules were carried out using the Lazar toxicity module 
(Maunz et al. 2013).

Molecular docking

Molecules filtered using primary and secondary filters were 
docked against FabI (enoyl-ACP reductase) to reveal the best 
inhibitor among the screened lead molecules. AutoDock was 
used for further docking of molecules against FabI. The Grid 
box defined interaction sites. Ligands were docked into this 
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receptor grid using the Lamarckian genetic algorithm. The 
scoring function of AutoDock was based on the Amber 
force field, and results were analyzed and sorted by binding 
energy.

Results

The present study was carried out with the aim of identi-
fying different inhibitors of P. aeruginosa by utilizing the 
Type II fatty acid pathway, whose intermediates play vital 
roles in the synthesis of N-acyl homoserine lactones as a 
target by using different primary and secondary filters, such 
as Lipinski’s Rule of Five, ADME, and toxicity prediction. 
Preliminary virtual screening for the lead molecules from 
the ZINC library against active site of FabI was performed 
using PyRX. Lead molecules obtained after the primary fil-
ter of binding energy were further refined using Lipinski’s 
Rule of Five as a secondary filter. Final screened hits were 
checked for their ADME characteristics and toxicity profiles. 
Molecular docking of the final hits against the active site of 
FabI using AutoDock was performed to understand molecu-
lar interactions involved.

Virtual screening

Primary virtual screening of the ZINC database was per-
formed using PyRX to identify lead molecules at a more 
rapid rate. Grid box was generated on the active site of the 
enzyme to increase the specificity of the screening process. 
Molecules were further sorted by binding energy, and 38 
molecules with binding energy less than − 7 were selected 
for secondary screening; others below it were excluded.

ADME and toxicity filters

All of the 38 molecules selected from the screening pro-
cess were subjected to ADME studies using SWISS ADME. 
SWISS-ADME identifies the suitability of molecules as 
lead-like substances by different parameters, such as BBB 
permeability, GI absorption, octanol/water partition coef-
ficient, skin permeation, and whether the molecule is a sub-
strate for Pgp or CYP450 isoforms, Lipinski’s filter, PAINS, 
and several other parameters. Of 38 candidate molecules, 
only 14 passed the ADME studies and were found to be suit-
able lead-like compounds. These 14 compounds were further 
judged for their toxicity using the Lazar toxicity module. Of 
the 14 molecules, eight were found to be safe and could be 
utilized as lead-like molecules. Details of these eight mol-
ecules, along with their respective ZINC ID and different 
characteristics, are provided in Table 1. To choose the best 
inhibitor and discern possible molecular interactions among 
these eight molecules and FabI, they were further docked Ta
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against the active site of FabI and compared with the known 
inhibitor triclosan.

Molecular docking

Molecular docking was performed to select the best inhibi-
tor among the final eight compounds, involving interac-
tions between the receptor and ligand, binding energy, 
ADME, and toxicity profile. Molecules chosen for docking 
were ZINC03869685, ZINC05842416, ZINC05765089, 
ZINC03871576, ZINC02030112, ZINC01721693, 
ZINC00001785, and ZINC14815320. These compounds 
were further docked against the active site of the enzyme 
FabI, and similarly, a well-known inhibitor of fatty acid 
synthesis, triclosan, was also docked against the active site 

of the same for final selection by interaction and binding 
energies (Table 2).

Insight into the interactions of screened leads 
and triclosan with FabI

A single hydrogen bond strengthened interactions of the 
well-known inhibitor triclosan with FabI, with a binding 
energy of − 6.7. The hydrogen bond was formed between 
the hydrogen atom of ILE195 and the hydroxyl group of 
triclosan. Figure 1a, b demonstrates 3-D and 2-D plots of 
triclosan’s interaction profile with FabI.

Binding of ZINC03869685 to the active site residues 
of FabI was stabilized by eight hydrogen bonds, with a 
binding energy of − 7.15, as shown in Fig. 2a, b. Amino 
acid residues involved in hydrogen bonding were GLY13, 

Table 2   Final screened 
molecules with residues 
involved in the hydrogen 
binding and binding energy

S. no. ZINC ID Hydro-
gen 
bonds

Residues involved Binding energy KI (µM)

1 ZINC03869685 8 GLY13, ILE20, ALA21, SER93, 
SER148, LYS 166

− 7.15 5.71

2 ZINC05842416 3 THR155, MET209, SER191 − 7.02 7.1
3 ZINC05765089 2 VAL14, GLY95 − 7.34 4.18
4 ZINC03871576 5 ILE195, ALA97, TYR159 − 7.4 3.77
5 ZINC02030112 2 ILE20, LYS166 − 7.11 6.19
6 ZINC01721693 5 ALA192, ILE195, TYR159, MET162 − 6.75 11.27
7 ZINC00001785 2 ILE195 − 7.31 4.41
8 ZINC14815320 2 ALA192, LYS166 − 6.61 14.17
9 Triclosan 1 ILE195 − 6.7 12.35

Fig. 1   a Wireframe model of binding interactions between tri-
closan and FabI. Hydrogen bonds are represented by blue dotted 
lines, whereas the residues other than ligand are the active site resi-

dues involved in different interactions. b 2-D plot of the interaction 
between triclosan and the active site of FabI. Triclosan is stabilized 
by one hydrogen bond with ILE195
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ILE20, ALA21, SER93, SER148, LYS 166, and GLY193. 
Figure 3a, b demonstrates the binding of ZINC05842416 
to FabI. Three hydrogen bonds were observed in the sta-
bilization of the complex, along with Van der Walls and 
alkyl interactions, with a binding energy of − 7.02. The 
complex of ZINC05765089 with FabI was stabilized by 
two hydrogen bonds contributed by VAL14 and GLY95, 
with a binding energy of − 7.34, as shown in Fig. 4a, b. 
The interaction profile of ZINC03871576 with FabI is 

shown in Fig. 5a, b. This complex was stabilized by three 
hydrogen bonds contributed by ILE195, ALA97, and 
TYR159 residues of the active site. The first hydrogen 
bond was formed between the NH3 group of ALA97 and 
the oxygen atom of the ligand, and the second hydrogen 
bond was formed between the NH3 and oxygen atoms 
of the ligand. The third hydrogen bond was observed 
between a hydrogen of ILE195 donating a group, and 
oxygen atoms of the ligand. A complex of ZINC 2030112 

Fig. 2   a Interaction profile of ZINC03869685 in a wireframe model 
to reveal the residues involved in the stabilization of the complex. 
Eight hydrogen bonds represented by the blue dotted lines are respon-
sible for the stabilization of the complex. b 2-D plot of the interaction 

between ZINC03869685 and active site residues of FabI. Alanine, 
glycine isoleucine, and serine residues of the active site are involved 
in hydrogen bond formation with the ligand

Fig. 3   a Structural complex of ZINC05842416 bound to the active 
site of FabI. Active site residues involved in interactions are shown as 
a wireframe model, whereas ZINC05842416 is represented by a stick 

model. Hydrogen bonds are represented by blue dotted lines. b 2-D 
plot of interactions between ZINC05842416 and FabI. Amino acid 
residues involved in interactions are SER191, MET209, THR155
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and FabI was stabilized by the formation of two hydro-
gen bonds, with a binding energy of − 7.11 (Fig. 6a, b). 
Amino acid residues involved in this hydrogen bond for-
mation were LYS166 and ILE 20. Five hydrogen bonds 
were involved in the stabilization of the ZINC01721693-
FabI complex, with a binding energy of − 6.75. The first 
hydrogen bond was formed between a hydrogen-donat-
ing group of the ligand and an oxygen-donating group 
of the macromolecule, whereas the second hydrogen 

bond was formed between the amino group of ILE195 
and the oxygen atom of the ligand. The third hydrogen 
bond was contributed by ALA192, whereas the remain-
ing two bonds were added by TYR159 and MET162, as 
shown in Fig. 7a, b. Analysis of the binding mode of 
ZINC00001785–FabI revealed that this complex had a 
binding energy of − 7.31 and was stabilized by two hydro-
gen bonds, as shown in Fig. 8a, b: both hydrogen bonds 
were formed by the oxygen-donating group of ILE195. 

Fig. 4   a Docked pose of ZINC05765089 bound to the active site of 
FabI. Residues in the wireframe model are the active site residues of 
FabI. b 2-D plot of ZINC05765089–FabI complex, where hydrogen 

bonds formed between the ligand and active site residues are shown 
as green dotted lines

Fig. 5   a Wireframe model of the ZINC03871576 and FabI complex. b 2-D plot of ZINC03871576–FabI complex, where hydrogen bonds 
formed between the ligand and active site residues are shown as green dotted lines
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ZINC14815320 binds to FabI by three hydrogen bonds; 
one with ALA192 and another two with LYS166, with a 
binding energy of − 6.61 (Fig. 9a, b).

Discussion

Increased antibiotic resistance has raised concerns to find 
alternative strategies to treat infections. Quorum sens-
ing is an attractive option and has been exploited after 

Fig. 6   a 3-D Representation of the ZINC 2030112–FabI complex, 
where FabI is shown as a wireframe model, whereas ZINC 2030112 
is shown as a ball and stick one. Hydrogen bonds are shown as blue 

dotted lines. b 2-D representation of ZINC 2030112–FabI complex. 
The complex is stabilized by two hydrogen bonds: Lys166 and ILE 20

Fig. 7   a Interaction profile of ZINC01721693–FabI complex in a 
wireframe model to reveal the residues involved in stabilization of 
the complex. Five hydrogen bonds represented by the blue dotted 
lines are responsible for the stabilization of the complex. b 2-D plot 

of interactions between ZINC01721693 and active site residues of 
FabI. Alanine, tyrosine, and methionine residues of the active site are 
involved in hydrogen bond formation with the ligand
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its discovery for designing new drugs to treat infections. 
A major part of the QS inhibition strategies is focused 
on autoinducer mimics and receptor proteins, but the 
area of synthesis of acyl homoserine lactone has been 
left unexplored. The present investigation was carried 

out with the aim to identify molecules which can inhibit 
the major enoyl-ACP reductase enzyme involved in the 
generation of acyl chains of N-acyl homoserine lactones, 
which provide specificity to the signaling molecules. The 
proteins encoded by FabI belong to short-chain alcohol 

Fig. 8   a Structural complex of ZINC00001785 bound to the active 
site of FabI. Active site residues involved in interactions are shown in 
a wireframe model, whereas ZINC05842416 is represented by a stick 

model. Hydrogen bonds are represented by blue dotted lines. b 2-D 
plot of interactions between ZINC00001785 and FabI. The amino 
acid residue involved in the interaction is isoleucine 195

Fig. 9   a Docked pose of ZINC14815320 bound to the active site of 
FabI. Residues in the wireframe model are the active site residues of 
FabI. b 2-D plot of ZINC14815320–FabI complex, where hydrogen 

bonds formed between the ligand and active site residues are shown 
as green dotted lines
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dehydrogenases or reductases superfamily that are char-
acterized by the presence of a catalytic triad of tyrosine, 
lysine with phenylalanine or tyrosine as third residue 
(Parikh et al. 1999). Homology studies have revealed that 
FabI from different microorganisms are highly similar, 
except for variation in the free loop of amino acids which 
serve as the active site (Rozwarski et al. 1999; Stewart 
et al. 1999). Most of the molecules predicted in this study 
utilized isoleucine, tyrosine, alanine, glycine, and valine 
for the formation of hydrogen bonds with FabI, which 
suggested that most of the molecules predicted were 
antagonistic in nature, as most of the residues involved in 
hydrogen bonding are different from the signature motif 
residues.

Various structure–activity relationship and modelling 
studies have revealed that a sufficient number of interactions 
(hydrogen bonding, hydrophobic interactions, Van der Walls 
interactions) between the ligand and the ligand-binding sites 
of the receptor are required to circumvent any unfavorable 
interactions, such as steric hindrance by non-native ligands. 
Almost all of the molecules predicted in the present study 
formed 2–5 hydrogen bonds.

In an earlier study, Hoang and Schweizer characterized 
enoyl-acyl carrier protein reductase (FabI) from P. aerugi-
nosa and tested for its role in the synthesis of acyl homoser-
ine lactone using triclosan and found that FabI has a sig-
nificant role in the synthesis of these signaling molecules 
(Hoang and Schweizer 1999). Similarly, in another study 
by Yang et al. the structure of FabI in P. aeruginosa was 
predicted using homology modelling, and two inhibitors, 
epigallocatechin and triclosan, were tested for their potential 
to quench QS in Pseudomonas aeruginosa. It was observed 
that epigallocatechin has a better affinity towards FabI then 
triclosan (Yang et al. 2010). According to one report by 
Scheiwzer, P. aeruginosa is resistant to triclosan, a well-
known inhibitor of fatty acid synthesis, due to the presence 
of multidrug efflux pumps (Schweizer 2003). Therefore, in 
the present study, virtual screening was performed to iden-
tify alternative compounds of natural origin which could 
inhibit FabI.

Conclusion

The emergence of multidrug resistance in microorganisms 
such as P. aeruginosa poses a significant threat to human 
beings. Quorum sensing is a well-known communication 
process in P. aeruginosa, which controls various factors like 
biofilm formation, and virulence phenotypes, which ulti-
mately contribute to drug resistance. Therefore, several tar-
gets of QS processes have been exploited to halt this process, 
but the area which is well validated, and which has remained 
widely unexplored, is the role of enoyl-ACP reductase in 

the synthesis, which may prove to be the best target as chain 
length in acyl homoserine lactone is a deciding factor for 
specificity in QS. Therefore, in the present study, we have 
performed virtual screening of a natural library against FabI 
to reveal new alternatives for QSI in P. aeruginosa. Screened 
molecules were further judged for their characteristics of 
being drug-like molecules. Being molecules of natural ori-
gin, identified lead molecules are safe and profitable; the 
present study will open new doors for deciding targets of 
QS inhibition.
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