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ABSTRACT: Pseudomonas aeruginosa, an opportunistic human pathogen, causes fatal effects in patients with cystic fibrosis and
immunocompromised individuals and leads to around 1000 deaths annually. The quorum sensing mechanism of P. aeruginosa plays a
major role in promoting biofilm formation and expression of virulent genes. Hence, quorum sensing inhibition is a promising novel
approach to treat these bacterial infections as these organisms show a wide range of antibiotic resistance. Among the interconnected
quorum sensing network of P. aeruginosa, targeting the las system is of increased interest as its principal receptor protein LasR is the
earliest activated gene. It is also shown to be involved in the regulation of other virulence-associated genes. In this study, we have
applied high-throughput virtual screening, an in silico computational method to identify a new class of LasR inhibitors that could
serve as potent antagonists to treat P. aeruginosa-associated infections. Three-tire structure-based virtual screening was performed on
the Schrodinger small molecule database, which resulted in 12 top hit compounds with docking scores lesser than —11.0 kcal/mol.
Three of these best-scored compounds CACPD2011a-0001928786 (C1), CACPD2011a-0001927437 (C2), and CACPD2011a-
0000896051 (C3) were further analyzed. The binding free energies of these compounds in complex with the target protein LasR
(3IX4) were evaluated, and the pharmacokinetic properties were determined. The stability of the docked complexes was assessed by
running a molecular dynamics simulation for 100 ns. Molecular dynamics simulation analysis revealed that all three compounds were
found to be in stable contact with the protein over the entire simulation period. The antagonistic effect of these compounds was
validated using the LasR reporter gene assay in the presence of acyl homoserine lactone. Significant reduction in the $-galactosidase
enzyme activity was achieved at 100 nM concentration for all three compounds pursued. Hence, the present study provides strong
evidence that these three compounds could serve as quorum sensing inhibitors of P. aeruginosa LasR protein and can be a probable
candidate to treat Pseudomonas-associated infections.

1. INTRODUCTION these, the signaling molecules produced by las and rhl QS
systems are sensed by their cognate LuxR-type receptors,
namely, LasR and RhIR, respectively.'” The PQS system binds
to the receptor protein PgsR, a transcriptional factor that is not
related to LuxR-type receptors.'’ Among these, the las system
was found to be the most crucial one in regulating other QS
systems. The las system includes Lasl and LasR, where its
autoinducer molecule N-(3-oxo-dodecanoyl)-L-homoserine
lactone (OdDHL) formed by Lasl binds to LasR and activates
the transcriptional regulation of multiple genes.'”"”

LasR is the principal protein involved in the regulation of
virulence phenotypes such as protease production, biofilm
formation, and pyocyanin and rhamnolipid production.'*~"°
LasR consists of two domains that are folded independently,
namely, an amino-terminal ligand binding domain (LBD) and
a C-terminal DNA binding domain (DBD).'”"® When the
native acyl homoserine lactone (AHL), 3-oxo-C12 HSL, binds
to LasR, the monomeric form stabilizes and dimerizes to two

Pseudomonas aeruginosa, a pathogenic Gram-negative rod-
shaped bacterium, is a major causative microorganism
responsible for biofilm formation and causes secondary
infections in conditions like cystic fibrosis, nosocomial
infections, and in immunocompromised individuals."”* Accord-
ing to the National Institute of Health (NIH), these bacterial
biofilms constitute about 65% of the microbial diseases and are
responsible for worsening by contributing to more than 80% of
chronic infections in humans.> For more than a decade, P.
aeruginosa has been among the “top 10” common hospital
“superbugs” majorly attributed to several antimicrobial-
resistant strains that cause life-threatening complications.”
The antibiotic-resistant strains of P. aeruginosa contribute to
around 11% of the hospital-acquired infections and leads to
61% of the mortality rate.”™” It is the need of the hour to look
at novel approaches to treat P. aeruginosa infections.

In its aggregated form, quorum sensing (QS), an
intercellular cell-to-cell communication system, coordinates

bacterial behavior by utilizing signaling molecules such as Received:  April 26, 2021
autoinducers produced in response to environmental changes Accepted: June 16, 2021
and population density alterations.® The QS system of P. Published: July 8, 2021

aeruginosa is an interconnected network consisting of las, rhl,
Pseudomonas quinolone signal (pgs), and integrated QS (igs)
systems regulated by various QS signaling molecules.” Of
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LasR subunits. The resultant ligand-bound homodimer then
acquires the potential to bind DNA and activates transcrip-
tional changes.'”*’ Hence, targeting LasR may be of increased
interest as it is si§niﬁcantly involved in QS-associated virulence
in P. aeruginosa. !

Different approaches have been attempted over the past
years to identify a potent lead molecule with anti-QS and
antibiofilm activities for treating P. aeruginosa infections.”” Yet,
the literature related to experimental and modeling studies
have reported that the spread of resistance in bacteria for the
identified quorum sensing inhibitors (QSIs) is still at its
rise.”*** In silico computational methods offer various tools for
identifying novel drug candidates from which the chemical and
biological information about the ligands and target can be
derived.”” The efficacy of the compounds can be observed by
approaches such as molecular docking, dynamics, and
simulation.”® Molecular docking analysis paves the way for
“virtual” or “structure-based” screening of ligands that fit into
the target protein structure.”’

Structure-based virtual screening (SBVS) can be applied to
discover new QSIs using the crystal structure of the QS
receptor. In silico discovery of QSIs against the LasR receptor
has already been studied by a few groups.”*™"' However,
validation of these compounds by a combined molecular
dynamics (MD) simulation and in vitro studies have not been
attempted.

In the present study, novel inhibitors of LasR were identified
by executing the following steps: high-throughput virtual
screening (HTVS) was performed to screen for potent
antagonist compounds. The compounds with relatively higher
docking scores were selected, and their pharmacokinetic
profiles were analyzed. The stability of their interactions with
the target protein was determined by an MD simulation study.
Finally, the selected compounds were validated using the in
vitro LasR reporter gene assay.

2. RESULTS

2.1. Structural Analysis of the Target Protein LasR.
The three-dimensional (3D) crystal structure of the P.
aeruginosa LasR (Protein Data Bank (PDB) ID: 3IX4) protein
at 1.8 A resolution was retrieved from PDB. The cocrystal
structure of the LasR protein was found to have five strands of
the antiparallel S-sheet flanked on both sides by six a-helices.'”
Analysis of the ligand binding site in LasR revealed that the
cocrystallized agonist molecule TP-1 (triphenyl mimic of the
natural inducer) forms five direct and one water-mediated
intermolecular hydrogen bond interactions involving TyrS6,
Trp60, Arg61, Asp73, Thr75, and Ser129. The residues TyrS6,
Trp60, Asp73, and Ser129 are highly conserved among LuxR
homologues.'® TP-1 is a signal mimic of the natural LasR
activator and is more specific to LasR.*” The stable and precise
binding of ligands to the active site of the receptor protein
depends on the hydrogen bond interaction with these residues
as they provide directionality and specificity.” ™

2.2. Identification of Antagonists Targeting LasR by
High-Throughput Virtual Screening. Virtual screening was
carried out with 3 034496 compounds from the Schrodinger
small molecule database to identify compounds that showed
interactions with LasR. Among them, 1942 018 compounds
are docked in the HTVS mode; the top 10% of the compounds
from HTVS screening was subjected to standard precision
(SP) docking, which ranked molecules based on docking
scores. A total of 19 420 compounds were docked, and the top

10% of the SP docked compounds were further taken for
flexible extra precision (XP) docking. Finally, 1942 compounds
were filtered from the XP docking mode. The top 12 hit
compounds with a score less than —11.0 kcal/mol were
selected and are shown in Table 1. To set a cutoff score for the

Table 1. Docking Scores and Hydrogen Bond Interactions
of Hit Compounds

H-bond
XP docking score no. of H- interaction
compounds (kcal/mol) bonds residues

native ligand =7.5 4 Tyr56, Asp73,
(autoinducer Ser129, Trp60
-OdDHL)

TP-1 (triphenyl mimic —-12.8 4 TyrS6, Asp73,
of autoinducer) Ser129, Trp60

CACPD2011a- —13.0 3 TyrS6, Ser129,
0001928786 Asp73

CACPD2011a- —12.2 3 TyrS6, Ser129,
0001927437 Asp73

CACPD2011a- -11.7 0
0000896051

CACPD2011a- -11.7 2 Tyr56, Ser129
0001779781

CACPD2011a- —11.6 0
0001734913

CACPD2011a- —114 3 Tyrs6, Ser129,
0002367758 Trp60

CACPD2011a- -113 1 Tyr56
0002145356

CACPD2011a- -11.2 0
0001893654

CACPD2011a- -11.1 2 TyrS6, Ser129
0002017222

CACPD2011a- —111 3 TyrS6, Asp73,
0002215130 Thrl1$

CACPD2011a- -11.0 1 Ser129
0002142621

CACPD2011a- -11.0 3 TyrS6, Asp73,
0000661063 LeullO

docking study, we docked various reported antagonists.’®~*'

The results showed a Gscore that ranged between —11.0 and
—6.0 kcal/mol (Table S1). Hence, for screening potent
inhibitors of LasR, a Gscore cutoff value of —11.0 kcal/mol
was set as the filtering criterion in virtual screening.

The native autoinducer ligand (OdDHL) and the cocrystal-
lized triphenyl mimic of the autoinducer form four H-bond
interactions with LasR active site residues Tyr56, Trp60,
Asp73, and Ser129 (Table 1). The docking study also showed
that the top-ranked ligands did not show the same pattern of
H-bond interactions as that of the inducer molecules OdDHL
and TP-1. The molecular docking study of the reported
antagonist also showed that out of the 36 antagonist molecules,
only six molecules formed H-bond interaction with all four
active site residues TyrS6, Trp60, Asp73, and Ser129 (Table
S1).

Further analysis was carried out with the three top hit
compounds (Figure 1), namely, CACPD2011a-0001928786
(3-[2-(3,4-dimethoxyphenyl)-2-(1H-indol-3-yl) ethyl]-1-(2-
fluorophenyl)urea), CACPD2011a-0001927437 (N-(2-fluoro-
phenyl)-2-{[2-(1-naphthyl) pyrazolo[1,5-a] pyrazin-4-yl]
thio facetamide), and CACPD2011a-0000896051 (2-({4-[4-
(2-methoxyphenyl) piperazin-1-yl] pyrimidin-2-yl} sulfanyl)-
N-(2,4,6-trimethyl phenyl)acetamide), which were selected
based on their docking scores and designated as C1, C2, and
C3, respectively. Among them, CACPD2011a-0001928786

https://doi.org/10.1021/acsomega.1c02191
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Figure 1. Two-dimensional (2D) structures of the top three selected compounds: (A) CACPD2011a-0001928786, (B) CACPD2011a-
0001927437, and (C) CACPD2011a-0000896051.
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Figure 2. Ligand interaction diagram for the top three compounds docked with LasR (PDB:31X4): (A) CACPD20112a-0001928786 (C1), (B)
CACPD2011a-0001927437 (C2), and (C) CACPD2011a-0000896051 (C3).
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Figure 3. Ligand interactions of the (A) native ligand with LasR and (B) TP-1 (triphenyl mimic of the autoinducer) with LasR.

A

(C1) was found to have a chiral center, but the other form of
the isomer present in the initial screening deck was not present
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in the final list of compounds filtered from the XP docking
mode, which indicates the strong stereospecificity of this
compound toward LasR.

The protein—ligand interactions provide an insight into the
interaction pattern of selected compounds (Figure 2), the
native ligand (OdDHL), and the cocrystallized ligand TP-1
with the LasR protein (Figure 3). An in-depth analysis of all of
these docked complexes suggests nonbonding interactions like
hydrogen bonding, hydrophobic interactions, 7—n stacking,
polar interactions, and charged positive interactions have a
crucial role in the binding of compounds to the active site.
Docking studies revealed that CACPD2011a-0001928786
(C1) (Figure 2A) was involved in hydrogen bond interaction
with amino acid residues Tyr56, Serl29, and Asp73.
Hydrophobic contacts were established with amino acid
residues, namely Tyr47, Leu39, Alal27, Leul2S, Cys79,
Val76, LeullO, Alal0OS, Tyr93, Trp88, PhelOl, TyrS6,
Leu36, Trp60, Tyr64, Leu40, Ile52, and AlaS0. It also showed
m—n stacking with residues Tyr64, Trp60, Phel01, and Trp88.

In the case of the CACPD20112a-0001927437 (C2) complex
(Figure 2B), the residues engaged in hydrogen bond
networking were TyrS6, Serl29, and Asp73. Two amino
acids, namely, Phel01 and Tyr47, were involved in 7—n
interaction. Tyr93, PhelOl, Tyr36, AlaS0, Leu39, Leu40,
Tyr47, Leul25, Cys79, Alal27, Val76, 1le52, Tyr64, Leu36,
Leul10, Trp60, and Alal0S amino acid residues contributed to
hydrophobic contacts.

The third compound, CACPD2011a-0000896051 (C3)
(Figure 2C), exceptionally did not make any hydrogen bond
interaction but showed hydrophobic interactions with residues
Alal27, Tyr47, Val76, Cys79, Leul2S, Leu40, AlaS0, Leu39,
Leu36, Trp88, Tyr93, Phel01, Alal0S, Leull0, Tyr56, Trp60,
Tyr64, and Ile52. In addition, 7—7 stacking interactions were
seen involving amino acids Tyr47, Trp88, Phel01, and Tyr64.
Arg61 was primarily intricated in charged positive interactions
with all three docked ligands. On the other hand, amino acids
Thr75 and Serl29 exhibited polar interactions with C1 and
C2, whereas C3 formed polar interactions through Thr75,
Thrl19, and Ser129.

Analysis of the ligand interaction profile of the native ligand
(OdDHL) and TP-1 with LasR reported that both showed a
similar pattern of hydrogen bonding involving four residues,
namely, TyrS6, Asp73, Ser129, and Trp60 (Figure 3A,B).
Since hydrogen bond interactions are important for stable
binding of ligands to the protein, we took into account the
hydrogen bond interaction profile of the three selected
compounds and compared it with OdDHL and TP-1. On
observation, we found that the selected compounds C1 and C2
shared only three out of four residues to make hydrogen bonds
with LasR, whereas C3 did not show any hydrogen bond
contacts. The pattern of interaction exhibited by the three
selected compounds and their stabilities were verified by
molecular dynamics simulation prior to further investigation.

2.3. Prime MM-GBSA Binding Free Energy Calcu-
lation. The binding free energy (AGp,y) of the selected
compounds could be dissociated into various energy terms and
ranged from —92.2 to —112.2 kcal/mol. MM-GBSA studies
revealed that the native ligand and TP-1 have binding free
energy scores of —93.7 and —147.4 kcal/mol, respectively.
Among the three compounds, the free binding energy (AGging)
of C2 was the highest and C3 had the lowest free binding
energy (Table 2).

Table 2. Prime MM-GBSA Binding Energy Calculation of
the Docked Complexes”

compounds AGging AGcou AGLipo AGuw  AGggcs SELig

native ligand —93.7 —-16.7 —44.2 —49.3 16.0 13.5
TP-1 —147.4 —20.8 —63.2 —78.0 21.7 33
Cl —103.6 —-59.2 —49.9 —61.0 65.4 14.9
c2 —-112.2 —-19.9 —54.3 —61.7 28.2 16.3
C3 —-92.2 -3.0 —68.6 —65.7 35.6 37.3

“A Gy MM-GBSA free binding energy; AGc,,, Coulomb energy of
the complex; AGy,,, lipophilic energy of the complex; AG,q4w, van der
Waals energy of the complex; AGg,,gp, solvation energy of the
complex; SE;;, strain energy of the ligands.

The postdocking analysis of the docked complexes
concerning various energies, namely, Coulomb energy, lip-
ophilic energy, van der Waals energy, solvation energy, and
strain energy of the ligands, revealed that the three compounds
pursued have a good binding affinity toward the protein active
site by exhibiting the most favorable free energy binding
scores.

AG(y denotes the Coulomb energy of the complexes, with
C1 showing the highest Coulomb energy of —59.2 kcal/mol
compared to the others. The solvation energy of the complexes
is distributed into either nonpolar or polar energy terms and
calculated using the default solvation model. Here, the polar
solvation energy (AGgy,gs) was computed and it was inferred
that C1 exhibited the highest solvation energy with a value of
65.4 kcal/mol among the three compounds pursued.

From the parameters calculated for each compound, the
most favored binding energy exhibited by C1 was with
Coulomb energy and solvation energy. C2 possessed the
highest free binding energy, whereas C3 showed a better
binding affinity in terms of lipophilic energy (AGy;,,), van der
Waals energy (AG,qy), and strain energy of ligands (SEy;,)
with values of —68.6, —65.7, and 37.3 kcal/mol, respectively.
Therefore, in terms of various binding energies computed, it
can be reported that all three compounds selected for the study
possess significant binding affinity toward the target protein
LasR.

2.4. ADMET and Drug-Likeness Prediction. Pharmaco-
kinetics and drug-likeness properties of the selected com-
pounds were determined by the QikProp vS5.8 module of
Schrodinger.”” The ADMET and drug-likeness profiles of the
compounds are presented in Table 3.

For orally active, a druggable candidate should not have
more than one violation in Lipinski’'s “Rule of Five”.*” The
selected compounds in the present study were found to have
one violation in Lipinski’s Rule of 5 and could be considered
druglike. The bioavailability of the drug depends on the
absoaption of the drug and the first-pass metabolism of the
liver.” QikProp uses a set of parameters for predicting the
bioavailability of the drug, which includes Jorgensen’s Rule of
Three (RO3), conformation-independent aqueous solubility
(ClQP log S), human oral absorption percentage (pHOA), and
qualitative human oral absorption. RO3 includes QP logs$,
#metab, and QPPCaco, which are used to detect oral and
intestinal absorption of the drug.

One of the factors to predict intestinal absorption or
permeation is the Caco-2 cell permeability (QPPCaco), which
is used as a model for the gut—blood barrier. QP log S and #
metab are used to predict the aqueous solubility and number of
likely metabolic reactions.”* The results indicated that all three

https://doi.org/10.1021/acsomega.1c02191
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Table 3. ADMET and Drug-Likeness Profiles of Selected Compounds

ADMET properties C1 C2 C3 optimal range (in 95% drugs)
molecular weight 433.481 442.51 477.623 130.0-725.0
no. of hydrogen bond donors 3 0 1 0-6.0
no. of hydrogen bond acceptors 3.5 6.0 6.75 2.0-20.0
predicted aqueous solubility (QP log S) -6.3 -72 =77 —6.5-0.5
predicted polarizability in cubic angstroms (QPPolrz) 46.4 49.8 53.4 13.0-70.0
predicted hexane/gas partition coefficient (QP log Pc;¢) 14.4 13.9 15.1 4.0-18.0
predicted octanol/gas partition coefficient (QP log P, ) 21.9 20.1 232 8.0-35.0
predicted water/gas partition coefficient (QP log Pyy) 12.0 9.9 10.9 4.0-45.0
predicted octanol/water partition coefficient (QP log Py ) 5.2 S4 6.0 —2.0-6.5
conformation-independent predicted aqueous solubility (CIQP logS) -6.9 -6.9 —7.4 —6.5-0.5
predicted ICg, value for blockage of HERG K' channels (QP log Hgyg) =52 -7.0 —6.3 concern = <—3$
predicted apparent Caco-2 cell permeability in nm/s (QPPCaco) 1551.8 2414.1 3749.9 <25 = poor; >500 = great
no. of primary metabolites (#metab) 4 3 6 1.0-8.0
predicted brain/blood partition coefficient (QP log BB) -0.5 -0.2 —0.1 -3.0-12
predicted apparent MDCK cell permeability in nm/s (QPPMDCK) 1566.7 2610.7 3581.6 <25 = poor; >500 = great
predicted skin permeability (QP log K,,) —0.8 -1.0 —-0.9 —8.0 to —1.0
prediction of binding to human serum albumin (QP log Ky,,) 0.7 0.8 1.1 -1.5-15
predicted human oral absorption (pHOA) 100 100 100 <25% is poor
predicted central nervous system activity (CNS) -1 0 0 -2 to +2
number of violations of the 95% range (#stars) 0 1 1
number of violations of Lipinski’s rule of five (Vys) 1 1 1 maximum is 4
number of violations of Jorgensen’s rule of three (Vgg3) 1 1 1 maximum is 3
< *l ‘ - < —
2 MV M 3 a )y F
& | - z .
.é § é §
2 = o =
& Z & =
A B
o mmLig fit Prot me (nse
=CommLig fit Prot)
< —
2 E
S o
v ES

Cc

=Co s ig fit Prot

Figure 4. Protein—ligand RMSD (A) observed during the course of a 100 ns simulation study for (A) C1, (B) C2, and (C) C3 in complex with

LasR.

compounds were in the reccommended ranges of QPPCaco and
# metab. In the case of CIQP log S, all three compounds were
not found to be in the acceptable range. For QPlogs,
excluding Cl1, the other two compounds C2 and C3 were not
within the normal limits. However, all of the selected
compounds were found to possess the highest human oral
absorption percentage (pHOA).

The Qikprop parameter QP log Ky, is used to predict the
ability of the compounds to bind to human serum albumin
(HSA). All of the selected compounds were found to be within
the permissible range, indicating that these compounds would
have a lower affinity to HSA; therefore, the compound will be
available for binding to the target molecule. One of the
important parameters to detect cardiac toxicity and neuro-

18318

toxicity is the QP log Hgpg value. The drug molecule that binds
to the HERG K' channel may lead to heart failure. The results
showed that all three selected compounds have a log IC;, value
for blockage of the HERG K' channel as less than —5, which
was in the concerned range. The blood—brain barrier (BBB)
prediction coefficient and the central nervous system (CNS)
activity are the parameters for computing the prediction of the
BBB permeability. All three compounds were found to
penetrate the BBB and possess CNS activity.

The #stars parameter reveals the number of properties of
each compound that fall outside the recommended range of
values of 95% of the known drugs. C1 was found to have zero
violation, whereas C2 and C3 showed one violation (Table 3).
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Figure 6. Ligand torsion profiles of (A) C1, (B) C2, and (C) C3 during the simulation process.

The predicted ADME properties revealed that the selected
three compounds possess good pharmacokinetic profiles.

2.5. Molecular Dynamics Simulation. MD simulations
were carried out using the Desmond vS5.6 package
implemented in the Schrodinger module.”’ MD simulations
were performed to explore the stability of the protein—ligand
complexes. MD simulations were performed for 100 ns on
compounds C1, C2, and C3 to understand their binding mode.
The overall stability was analyzed by root-mean-square
deviation (RMSD), root-mean-square fluctuations (RMSFs),
radius of gyration (ROG), and intramolecular hydrogen bonds.

To assess the structural stability of the protein—ligand
complex and to compare the conformational changes of the
protein in its apo state and in the presence of the ligand,
RMSD was calculated (Figure 4).

The RMSD of the backbone atoms with respect to the initial
docking structure determines the stability of the protein. The
RMSD of protein in the presence of C1 was stable around 1.25
A throughout the simulation time of 100 ns. The RMSD of the
protein—C2 complex fluctuated up to 60 ns, and then, it was
quite stable around 1.2 A. In the case of C3, the RMSD of the
holoprotein was found to be around 1.0 A up to 18 ns, after
which it leaped to 4.2 A. However, after 20 ns, it remained
constant around 3.0 A until the end of the simulation process.
Although some deviations in RMSD were observed in this
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study, those were not very significant ones (on the order of 1—
3 A).

From Figure 5, it is evident that the hydrophobic and
hydrogen bond interactions played significant roles in the
binding of these compounds into the active site of the LasR
protein. C1 showed hydrogen bond interaction with the
residues Gly38, Leu39, Phe51, Arg61, Tyr64, Asp73, Alal27,
and Serl29. In particular, Asp73 maintained a stable
interaction throughout the simulation. On the other hand,
hydrophobic interactions were seen with residues Leu36,
Leu40, Tyr47, AlaS0, Ile52, TryS6, Trp60, Tyr64, Val76,
Cys79, Trp88, PhelOl, Alal0OS, LeullO, and Alal27. C2
formed hydrogen bonds with only two residues Tyr56 and
Ser129. Among them, Tyr56 was engaged in hydrogen bond
interaction with the active site over 45% of the simulation
process and residues Leu36, Leu40, Tyr47, IleS2, TyrS6,
Trp60, Tyr64, Val76, Trp88, Tyr93, Phel01, Phel02, AlalO0S,
LeullO, Leul25, and Alal27 were engaged in hydrophobic
interactions.

The compound C3 exhibited hydrogen bond interaction
with many residues, out of which Asp73, Trp88, and Ser129
showed interactions over 50% of the simulation period. C3
made hydrophobic interactions with the amino acids Leu36,
Leu40, Tyr47, Ala50, IleS2, TyrS6, Trp60, Tyr64, Pro74,
Val76, Cys79, Phel01, Phel02, Ala105, Leul10, Leul25, and
Alal27. In the event of water bridge formation, C1 formed
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Figure 7. Variations in the ligand properties observed during the course of 100 ns simulation: (A) C1, (B) C2, and (C) C3.

water bridges with residues Trp60, Thr75, and ThrllS.
Significant water bridge formation was exhibited by C2 with
Asp73 and Tyr93 residues, followed by C3, showing water
bridges involving residues Tyr47, Trp60, Arg61, Tyr64, Asp73,
and Thr75 during the course of the simulation.

The ligand torsion profiles of C1, C2, and C3 during the
course of the simulation period of 100 ns are depicted in
Figure 6.

The plot explains the conformational evolution of the
rotatable bonds in the ligand until the end of the simulation
period. Each of the rotatable bond torsions is described by a
dial plot and a bar plot. The dial plot shows the conformation
of torsion seen through the period of simulation, and the bar
plot explains the probability density of each torsional rotation.
There are nine, four, and eight rotatable bonds present in CI,
C2, and C3, respectively. These relationships are essential
toward gaining knowledge about the conformational strain all
of the ligands undergo to maintain protein-bound conforma-
tion.

The stability of the compounds in the active site of the LasR
receptor during the simulation study of 100 ns was observed by
examining the properties depicted in Figure 7.

Here (Figure 7), RMSD, radius of gyration, which measures
the extendedness of the compounds, molecular surface area
calculation with 1.4 A probe radius, number of intramolecular
hydrogen bonds detected, surface area of a molecule accessible
by a water molecule, and solvent surface area in a molecule

contributed only by O and N atoms are identified. From the
plot depicted in Figure 6, Cl1 was found to be slightly
fluctuating in terms of all parameters for up to 25 ns; however,
it was consistent after 25 ns. In the context of C2, there was an
initial fluctuation in terms of radius of gyration and molecular
surface area until 25 ns but eventually became constant.
Similarly, C3 revealed fluctuations up to 20 ns with respect to
the radius of gyration and the molecular surface area, but after
this, it was stable until the end of the simulation trajectory. No
intramolecular hydrogen bonds were detected for any of the
compounds. Parameters like solvent-accessible surface area
(SASA) and polar surface area (PSA) also showed an initial
fluctuation in the graph, but later on, they remained consistent,
which proves the stability of these compounds in the receptor
active site over the 100 ns simulation process.

2.6. In Vitro LasR Reporter Gene Assay. Suneby et a
reported that the function of antagonists is to bind LasR and
stabilize its conformation in such a way that it prevents the
DNA binding. When LasR couples to its native ligand and
binds to the DNA, it leads to its interaction with RNA
polymerase and hence regulates gene expression.”® Thus,
numerous antagonists are specifically designed to cause
disturbance in this LasR—ligand interaction.””*® The efficacy
of antigonists can be measured by cell-based reporter gene
assays.

The antagonistic effects of the selected compounds (C1—
C3) were evaluated in the presence of AHL, a native
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autoinducer molecule of LasR, which activates the QS-related
transcriptional changes. A total of 50 nM AHL was taken as the
positive control for the study. The activity of the f-
galactosidase enzyme was calculated in Miller units and is
presented in Figure 8.
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Figure 8. Inhibitory effect of compounds on f-galactosidase enzyme
production assayed using the in vitro LasR reporter gene assay. The
assay was performed in triplicates, and values are given as the mean +
standard deviation (SD). *p < 0.0S vs control, **p < 0.01 vs control,
**%p < 0.001 vs control.

Our findings have shown that (Figure 8) in the presence of
AHL, the compounds decreased the production of the fS-
galactosidase enzyme with an increase in concentration. A
significant reduction in the }-galactosidase enzyme activity was
observed at a concentration of 100 nM. The f-galactosidase
activities (expressed in Miller units) at 100 nM concentration
of C1, C2, and C3 were found to be 54.46 + 11.07, 29.18 +
2.25, and 74.21 + 0.23, respectively. The basal level activity of
the f-galactosidase enzyme was found to be 7.8 + 0.21 Miller
units. Thus, the results suggest that these compounds might
inhibit LasR by preventing it from binding to its target lasB
promoter, which is necessary for LasR expression.

In concordance with the findings of Kafle et al.*’ our
compounds have also shown a decrease in the enzyme activity
in the presence of AHL. LasR antagonists get involved in
interaction with the native ligand directly to produce insoluble
or unstable LasR by disrupting protein folding.® This provides
evidence that these compounds might affect the DNA binding
affinity of LasR by interacting with its native ligand.

3. DISCUSSION

LasR, a transcriptional regulator, plays a promising role in the
pathogenesis of P. aeruginosa by mediating the expression of
QS genes. The pathogenicity of P. aeruginosa can be controlled
by inhibiting the LasR protein, which holds the topmost
position in the hierarchical QS network.”" The native LasR
signaling molecule N-(3-oxo-dodecanoyl)-L-homoserine lac-
tone (OdDHL) when present at a quorate concentration binds
to LasR and activates the QS pathway. The polar head group
of the autoinducer OdDHL forms hydrogen bonds with the
residues TyrS6, Trp60, Asp73, and Serl29 in the ligand
binding pocket of LasR (Figure 3A). The nonpolar tail group
of OdDHL binds with hydrophobic residues including Leu36,
Leu40, IleS2, Val76, and Leul2S present at the other side of
the ligand binding pocket of LasR.

These interactions make the autoinducer shield the ligand
binding pocket from bulk solvents and sequester the
hydrophobic residues near the active site pocket into a
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favorable hydrophobic environment. This leads to the
stabilization of the LasR in its active homodimer state.'” The
LasR homodimer—ligand complex binds to certain promoters
and activates the QS gene expression. Hence, LasR has gained
significant interest as an antivirulence target. Different research
groups have identified LasR inhibitors from natural sources,
combinatorial chemistry, and computer-based drug designing.
This provides an opportunity to design inhibitors for LasR that
can decrease its resistance, pathogenicity, and virulence
without directly retarding the bacterial growth.

The main objective of this study was to find a potent LasR
inhibitor through the high-throughput virtual screening
approach. Twelve compounds were shortlisted from around
3034496 compounds from the Schrédinger small molecule
library using the HTVS mode of screening. The top three
compounds (C1—C3) were taken for further analysis. The
docking score of C1 was found to be even greater than the
score of the cocrystallized ligand TP-1 bound to LasR. The
compounds were then checked for their binding affinity with
the ligand, and the stability of their binding interactions was
analyzed by molecular dynamics simulation studies. Simulation
was carried out for 100 ns, which revealed that the compounds
formed a stable complex with LasR mediated by favorable
interactions with key amino acid residues.

Analysis of the active site residues in the native ligand and
TP-1 showed the involvement of crucial hydrogen bond
interactions with amino acids, namely, Tyr56, Trp60, Asp73,
and Ser129 (Figure 3A,B). In the molecular docking study, C1
and C2 formed hydrogen bond interactions (Figure 2A,B),
whereas C3 did not show any hydrogen bond interactions
(Figure 2C). However, molecular simulation revealed that only
C1 forms stable hydrogen bond interaction with Asp73. In
silico analysis suggested that the three compounds did not
form stable hydrogen bond interactions with Trp60. These
results were consistent with the previous findings, in which
Tan et al®' identified quorum sensing inhibitors (QSIs),
namely, 2-amino-3-(3-fluorophenyl) propanoic acid, 2-amino-
3-hydroxy-3-phenyl propanoic acid, and indole-3-carboxylic
acid, and reported that they did not show hydrogen bond
interaction with Trp60. A study by Kim et al.>* also observed
that amino acids, namely, Trp60 and Arg61 as the key residues,
were involved in hydrogen bond interactions with the X-ray
crystal ligand OdDHL.

Another study by O’Reilly et al.”” has suggested that the
compounds that did not form hydrogen bond interaction with
Trp60 served as potent antagonists. In addition, a study by
Miih et al.*” stated that although both the inhibitors and the
activators of LasR bind to the same active site, only those
compounds that make significant hydrogen bond contacts with
both Trp60 and Asp73 can serve as activators of LasR. A study
by Bottomley et al.'® reported a model of the LasR—patulin
complex in which patulin that mimics lactone of AHLs and can
serve as the activator of LasR forms a canonical hydrogen bond
with Trp60. In concordance with the above literature reports,
our docking and molecular dynamics simulation results also
report that all three compounds selected for analyses were not
capable of forming any significant hydrogen bond interaction
with Trp60 and, hence, these might act as inhibitors of LasR.
Our in vitro LasR reporter gene assay further confirms that the
selected compounds could serve as potential lead compounds
against LasR. The predicted ADME profile revealed that the
selected compounds could serve as effective lead compounds
toward drug development. Further studies with these
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compounds warrant a novel and promising antibiofilm agent
against P. aeruginosa.

4. MATERIALS AND METHODS

All of the computational analyses were performed using
Maestro v11.8 (Schrodinger, LLC, New York, NY)** installed
on the CentOS 6.10 Linux platform.

4.1. Protein Preparation. The crystal structure of the
LasR protein (PDB ID: 31X4) was retrieved from Protein Data
Bank (PDB) (https://www.rcsb.org/)."” The PDB structure of
the protein was subjected to preparation by the Protein
Preparation Wizard module of Schrodinger software.”* During
preparation, the missing hydrogen atoms were incorporated,
actual bond orders were assigned, and proper ionization states
were generated using the OPLS-2005 force field. Finally,
restrained minimization was done until the heavy atoms
converged to an RMSD of 0.30 A for performing the optimal
docking study.

4.2. Receptor Grid Generation. The Glide v8.1 module
of Schrodinger’ comprises a receptor grid generation panel
for generating a grid box around the cocrystallized ligand in the
receptor protein that allows docking into the active site. The
cubic boxes with coordinates of 3.336, 15.597, and 4.868 in x,
¥, and z directions, respectively, centered on the centroid of the
cocrystallized ligand were created. The van der Waals radius
scaling factor was set to 1.0 A, and the partial charge cutoff was
maintained at 0.25 with no constraints.

4.3. High-Throughput Virtual Screening. The struc-
ture-based HTVS can identify potent lead molecules in the
case of a drug or inhibitor design.’® It screens for a large ligand
database containing millions of compounds to identify
molecules that interact and fit perfectly into the target
protein’s active site.”” HTVS was carried out on the
Schrodinger small molecule database in three stages, namely,
structure-based virtual screening, standard precision (SP)
docking, and extra precision (XP) docking using the
Schrodinger module.

The Glide v8.1 module of Schrédinger™ contains a
workflow for virtual screening and all docking calculations. It
employs a grid-based ligand docking method that generates a
series of ligand poses. The ligand interactions with the receptor
are then evaluated by passing through a number of hierarchical
filters. The spatial fit of the ligand into the active site is tested
by the initial filters, and they also examine the complementarity
of the ligand—receptor interaction based on the empirical
ChemScore function. Only those ligand poses that pass the
screen enter the final stage of the algorithm.

The SP docking of the Glide module was initially employed
to identify probable binders from a large set of compounds.
Thereafter, the high scoring 10—30% of compounds was more
intensively investigated using Glide XP docking. XP docking
opts out false positives that SP lets in, and ligands that do not
fit well to the receptor conformation were penalized. The final
scoring was done on energy minimized poses, and the
compounds with the best docked pose and the highest
negative score values were taken for further study. The ligand
interaction pattern of the TP-1 docked complex was analyzed
using Ligplot® software.”®

4.4. Prime MM-GBSA Binding Free Energy Calcu-
lation. To validate the binding free energy of the docked
complexes, the postdocking binding affinity calculation was
performed using the Prime Molecular Mechanics/Generalized
Born and Surface Area (MM-GBSA) method in Maestro v11.8

of the Schrodinger module.”” The binding affinities of the
complexes were obtained using the OPLS_2005 force field, a
VSGB 2.0 polar solvation model, a nonpolar solvation term
that consists of solvent accessible surface area (SASA), and van
der Waals interactions. Finally, the structures with good
binding free energies were taken for simulation studies. Based
on the docked complex, the binding affinity was calculated
based on the following equation

AGy,y = AG

complex (AG + AGLigand)

receptor

4.5, ADMET and Drug-Likeness Properties of
Screened Compounds. The ADMET and drug-likeness
properties of the top-scoring QSIs were identified with the
QikProp v5.8 module of Schrédinger.”” The most significant
pharmacokinetic properties were analyzed to evaluate the
druggable effects and acceptability of the screened compounds.

4.6. Molecular Dynamics Simulation. The stability of
the compounds docked into the active site of LasR was studied
using the Desmond v5.6 package61 for MD simulations by
applying the OPLS-AA force field with a single point charge
(SPC) water model in an explicit solvent. It also provides
information about the movements of the atoms in the
complexes in a predefined environment. The SPC water
molecules were added and complex systems were pre-
equilibrated and minimized using the default relaxation routine
found in Desmond. The distance between the complex and the
box wall was kept at 10 A. The equilibrated systems were used
for simulations with a time step of 100 ns for each simulation
at a temperature of 300 K and a constant pressure of 1 atm
with 4.8 ps intervals for achieving a stabilized system. The
model system was relaxed before simulation. The stability of
the complexes was expressed in terms of the root-mean-square
deviation (RMSD) and root-mean-square fluctuation (RMSF)
for the backbone and side chain of the protein. The
compactness of the protein was determined by calculating
the radius of gyration throughout the simulation. Hydrogen
bonds play a major role in precise and stable binding; hence,
the number of hydrogen bonds in the complex was also
observed.

4.7. In Vitro LasR Reporter Gene Assay. To evaluate
whether the compounds can stimulate or antagonize LasR-
dependent transcription, Escherichia coli DHSa cells trans-
formed with the plasmid pKDT17 (gift from Peter Greenberg
(Addgene plasmid #27503; http://n2t.net/addgene:27503;
RRID:Addgene 27503)) were used in the reporter assay.
This plasmid serves as a reporter by linking the LasR gene to a
lasB::lacZ translational fusion.”> The P-galactosidase reporter
gene assay was performed as per the procedure reported by
Kim et al.”> The LasR activity was identified as a function of
the f-galactosidase enzyme activity and is expressed in Miller

., 64
units.
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