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Silico Investigation
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ABSTRACT: Quorum sensing (QS) and biofilm inhibition are m
recognized as the novel drug targets for the broad-spectrum anti- 0 Yo

Coumarin

infective strategy to combat the infections caused by drug-resistant |
bacterial pathogens. Many compounds from medicinal plants have iatonbtquorn sslemec [Va.um:mm..m
been found to demonstrate anti-infective activity. However, broad- B j g 2
spectrum anti-QS and antibiofilm efficacy and their mode of action

are poorly studied. In this study, the efficacy of coumarin was
tested against QS-regulated virulent traits of Gram-negative
bacteria. Coumarin inhibited the production of violacein pigment
in Chromobacterium violaceum 12472 by 64.21%. Similarly, there
was 87.25, 70.05, 76.07, 58.64, 48.94, and 81.20% inhibition of
pyocyanin, pyoverdin, and proteolytic activity, lasB elastase
activity, swimming motility, and rhamnolipid production, respectively, in Pseudomonas aeruginosa PAO1. All tested virulence
factors of Serratia marcescens MTCC 97 were also suppressed by more than 50% at the highest sub-minimum inhibitory
concentration. Moreover, the biofilms of bacterial pathogens were also inhibited in a dose-dependent manner. Molecular docking
and molecular dynamics (MD) simulation gave insights into the possible mode of action. The binding energy obtained by docking
studies ranged from —5.7 to —8.1 kcal mol ™. Coumarin was found to be docked in the active site of acylhomoserine lactone (AHL)
synthases and regulatory proteins of QS. MD simulations further supported the in vitro studies where coumarin formed a stable
complex with the tested proteins. The secondary structure of all proteins showed a negligible change in the presence of coumarin.
Computational studies showed that the possible mechanisms of anti-QS activity were the inhibition of AHL synthesis,
antagonization of QS-regulatory proteins, and blocking of the receptor proteins. The findings of this study clearly highlight the
potency of coumarin against the virulence factors of Gram-negative bacterial pathogens that may be developed as an effective
inhibitor of QS and biofilms.

B INTRODUCTION anti-infective agents targeting bacterial cell-to-cell communi-
Infectious diseases are still one of the major causes of human cation, that is, quorum sensing (QS)-regulated virulence traits
mortality and morbidity across the globe after cancer and in pathogenic bacteria.* QS is a global regulatory mechanism in
cardiovascular diseases." In the last two decades, a global rise in most of the pathogenic bacteria which controls the production

the emergence and spread of antimicrobial re31stance (AMR)
accelerated among bacterial pathogens.” AMR is now
considered a global public health threat that warrants
immediate action. The WHO (2019) reported that nearly target the expression of virulence of bacteria without affecting
700,000 people die each year only because of the infections bacterial growth, thereby reducing the chances of development
caused by drug-resistant microbes. If no action is taken, it
(AMR) is expected to become a major cause of mortality by
2050, even surpassing cancer.> The problem became more
serious due to the lack of development of novel antibiotics in
the recent two decades. These problems triggered urgent calls
from national and international agencies to tackle the problem
of AMR at various levels through integrated approaches
including the development of new anti-infective agents to
combat AMR. One of the promising strategies is to develop

of various bacterial functions including virulence factors.” The
key advantage of anti-virulence drugs is that they specifically

of resistance against them.
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Figure 1. (A) Effect of coumarin on the violacein production in C. violaceurn 12472. The combined df and F values are S and 121.94S, respectively.
(B) Effect of coumarin on the prodigiosin production and exoprotease activity S. marcescens MTCC 97. The combined df and F values for
prodigiosin production are 4 and 248.452, respectively. The combined df and F values for exoprotease activity are 4 and 145.625, respectively.
Different letters above the error bars represent different significance groups by the Tukey test at p-value = 0.05. Data are represented as mean values
of triplicate readings, and the bar is standard deviation. The percent inhibition is shown on the secondary y-axis. (C) Swarming motility of S.
marcescens MTCC 97. (i) Untreated control, (ii) 62.5, (iii) 125, and (iv) 250 pg/mL.

Recent understanding on the role of microbial biofilms in
bacterial pathogenicity and resistance to antimicrobial drugs
clearly indicated that biofilms are one of the major obstacles in
antimicrobial chemotherapy. Earlier, it was assumed that
microbes grow in the planktonic mode only. However, it was
found that microbes reside in the complex structures called
biofilms. These complex structures comprise microbial cells
and extracellular polymeric substances produced by bacteria.
There is contrast in the expression of microbial phenotypes
when they grow in the biofilm mode compared to the
planktonic mode. In biofilms, microbes interact with each
other and regulate the expression of certain set of important
genes.6 According to National Institute of Health (NIH)
estimates, more than 80% of infections are encouraged and
established by biofilm development that poses heavy burden
on the cost of human health.” A vast majority of infections are
associated with the biofilm development of either opportun-
istic or pathogenic microbes.®

In this study, we have explored the broad-spectrum
antibiofilm and anti-QS activity of coumarin against Gram-
negative bacteria. The anti-QS and antibiofilm studies were
performed against a number of virulent traits of Chromobacte-
rium violaceum 12472, Serratia marcescens MTCC 97, and
Pseudomonas aeruginosa PAO1. Moreover, the antibiofilm
activity of coumarin was validated microscopically using light
microscopy, electron microscopy, and confocal microscopy. In
computational studies, coumarin was docked against 10
proteins of four different targets to study their interactions.
Molecular dynamics (MD) simulation studies were carried out
to explore the stability of the docked complex that how they
behave in the aqueous system.

B RESULTS AND DISCUSSION

Inhibition of Violacein Production in C. violaceum
12472. The preliminary investigation of anti-QS activity of

18824

coumarin was performed by assessing the inhibition of
violacein production in C. violaceum 12472. The production
of this pigment in C. violaceum 12472 is controlled by
acylhomoserine lactone (AHL)-regulated QS. In this assay, any
reduction in the pigment production is an indicator of anti-QS
activity. The quantitative estimation of this pigment was
assessed spectrophotometrically. The data clearly show that
the absorbance (585 nm) of pigment in untreated control was
0.61 + 0.02 that decreased in a dose-dependent manner by the
treatment of coumarin (Figure 1A). Approximately 65%
inhibition of the pigment was recorded in the presence of
highest sub-minimum inhibitory concentration (MIC) (100
pug/mL) of coumarin. Results show the inhibitory potential
coumarin on QS-mediated violacein production in C. violaceum
12472. Our findings are in agreement with a previous report in
which structurally related coumarins inhibited violacein
production in C. violaceum 12472."

Inhibition of QS-Controlled Virulence Factors of P.
aeruginosa PAO1. Pyocyanin is a blue green pigment whose
production is controlled by QS in P. aeruginosa. The amount of
pyocyanin in the untreated control was found to be 6.58 +
0.49 pg/mL in the cell-free supernatant (CFS). The presence
of 31.25, 62.5, 125, and 250 pug/mL coumarin decreased the
pyocyanin levels by 31.70, 42.79, 64.97, and 87.25% in P.
aeruginosa PAO1, respectively (Table S3). However, dimethyl
sulfoxide (DMSO) (0.5% v/v), the solvent control, showed an
insignificant (p-value = 0.84) change in the pyocyanin
production. Pyocyanin contributes in the pathogenicity of P.
aeruginosa by interfering with several cellular functions of the
host. In cystic fibrosis subjects, pyocyanin and its precursor
have been reported to hinder the proper beating of human
respiratory cilia apart from altering the expression of numerous
immune modulatory proteins.'® Pyocyanin aids P. aeruginosa in
biofilm establishment and suppresses the host’s defence system
by enhancing the apoptosis of human neutrophils."” Pyoverdin
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Figure 2. (A) Effect of coumarin on the biofilm formation of C. violaceum 12472, P. aeruginosa PAO1, and S. marcescens MTCC 97. Different letters
above the error bars represent different significance groups by the Tukey test at p-value = 0.05. Data are represented as mean values of triplicate
readings, and bar is standard deviation. The combined df and F values for biofilm inhibition of P. aeruginosa are S and 155.128, respectively. The
combined df and F values for biofilm inhibition of S. marcescens are S and 171.195, respectively. The combined df and F values for biofilm inhibition
of C. violaceum are S and 226.252, respectively. (B) Scanning electron microscopic images of P. aeruginosa PAO1 and S. marcescens MTCC 97

biofilms in the absence and presence of sub-MIC (250 pg/mL) coumarin.

(a fluorescent siderophore) is another pigment produced by P.
aeruginosa that plays a vital role in virulence of infections
caused in host. A concentration-dependent response was found
by the supplementation of coumarin in culture media, as
shown in Table S3. More than 70% reduction in production of
this siderophore was recorded upon treatment with coumarin
(250 pug/mL). Pyoverdin contributes in the pathogenicity of
infections caused by P. aeruginosa by confiscating the
transferrin protein, thereby causing deficiency of iron in
host’s tissues.”” In the lungs of subjects with cystic fibrosis, this
siderophore helps in establishment of P. aeruginosa infection by
evading the lipoplatin recognition.”’ Therefore, inhibition of
these pigments shows the ability of coumarin in diminishing
the pathogenicity of P. aeruginosa.

The major enzymes that cause cellular damage in P.
aeruginosa infections are the proteases and elastases. The
effect of coumarin on exoprotease activity was assessed by
azocasein degradation assay. The presence of 31.25, 62.5, 125,
and 250 pg/mL coumarin inhibited the proteolytic activity of
P. aeruginosa PAO1 by 12.76, 31.73, 41.27, and 76.07% in the
CFS, respectively (Table S3). Similarly, lasB elastase activity
was also reduced by ~60% with coumarin treatment. The
proteolytic enzymes produced by bacteria increases the
bacterial invasion to overcome the host’s defence system by
cleaving the proteins of host’s cells. Many other hydrolytic
enzymes, such as elastases, secreted by bacteria during
infection degrade the tissues of host to overpower the immune
response.”” The synthesis of las proteins is controlled by QS
whose exzpression also assists the formation of pathogenic
biofilms.”” A similar finding has been reported earlier where
treatment with sub-MIC of 6-gingerol resulted in down-
regulation of lasB gene that encodes for elastase enzyme.”*
Reduced production of these enzymes in culture supernatant
of P. aeruginosa PAO1 indicates the modulation of lasI-lasR QS
by coumarin.

Rhamnolipids are surfactants produced by P. aeruginosa that
plays a vibrant role in the attachment of bacterial cells to
surfaces and in the maintenance of the biofilm architecture.”®
The rhamnolipid production in P. aeruginosa PAO1 was
reduced by 15.48, 26.69, 39.09, and 48.94% in the presence of
3125, 62.5, 125, and 250 pg/mL coumarin, respectively

(Table S3). These surfactants also assist in surface motility of
P. aeruginosa. Previously, a study has revealed that curcumin
inhibit the production of rhamnolipid in P. aeruginosa PAO1.%°
The motility of P. aeruginosa is controlled by QS. The bacterial
motility plays a crucial role in the pathogenicity of P.
aeruginosa,27 and hence, it is also considered an important
virulence factor to assess for the development of anti-QS
agents. The untreated control P. aeruginosa PAO1 swam to the
entire Petri plate within 18 h of incubation with an average
diameter of 88.66 + 1.15 mm. The swimming diameter
decreased to 48.33, 33.00, and 21.66 mm by the addition of
3125, 62.5, and 125 pg/mL coumarin in culture media,
respectively (Table S3). More than 80% inhibition of
swimming motility of P. aeruginosa was found at highest sub-
MIC of coumarin (250 ug/mL). Tea polyphenols have also
been found to reduce such bacterial motility in P. aeruginosa.”®

Inhibition of QS-Controlled Virulence Factors of S.
marcescens MTCC 97. The broad-spectrum anti-QS activity
of coumarin was studied by evaluating the effect of coumarin
on QS-controlled virulence factors of another Gram-negative
bacteria, that is, S. marcescens MTCC 97. Prodigiosin is a red
pigment whose production is governed by QS circuit of S.
marcescens. There are minimum of four AHLs produced by S.
marcescens that govern prodigiosin production, biofilm
formation, motility, and carbapenem resistance. The data
presented in Figure 1B clearly shows that prodigiosin
production was dose-decently decreased by the treatment of
coumarin. The pigment biogenesis was inhibited by >75% at
250 pg/mL coumarin. A study has found in some strains of S.
marcescens that there may be a common regulatory link in the
synthesis of prodigiosin, hemagglutination, and flagellar
variation.”” Such bacterial pigments are known to hinder the
immune responses and cause cytotoxicity to the host’s cells.*’
These pigments produced by bacteria are sometimes
considered essential for the survival and are also related to
the pathogenicity of bacteria.’’ The finding of this study is in
agreement with an earlier report in which petroselinic acid
inhibited the prodigiosin production in S. marcescens ATCC
14756 Furthermore, the azocasein-degrading exoprotease
activity in S. marcescens was also evaluated. A significant
reduction (p-value < 0.05) in proteolytic activity was found in

https://doi.org/10.1021/acsomega.1c02046
ACS Omega 2021, 6, 18823—-18835


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02046/suppl_file/ao1c02046_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02046/suppl_file/ao1c02046_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02046/suppl_file/ao1c02046_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02046/suppl_file/ao1c02046_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(A) . Treated

P. aeruginosa C. violaceum

S. marcescens

Treated

(B) Control

Figure 3. (A) Light microscopic images of C. violaceum 12472, P. aeruginosa PAO1, and S. marcescens MTCC 97 biofilms in the absence and
presence of sub-MIC coumarin. (B) Confocal laser scanning microscopic images of C. violaceum 12472, P. aeruginosa PAO1, and S. marcescens
MTCC 97 biofilms in the absence and presence of sub-MIC coumarin. Sub-MIC against C. violaceun 12472 was 100 pig/mL, and sub-MIC against

P. aeruginosa PAO1 and S. marcescens MTCC 97 was 250 pg/mL.

the CFS of S. marcescens MTCC 97 by the treatment of
coumarin. More than 50% inhibition was recorded at 250 ug/
mL (Figure 1B). This is a key virulence factor of S. marcescens
as secretion of proteases in infections governs the inflamma-
tory and immune responses in host.”> The swimming motility
is characteristic to many virulent strains of S. marcescens and
also plays a vital role in certain nosocomial infections such as
urinary tract infections associated with a catheter.”® The
untreated S. marcescens MTCC 97 swarmed to the entire plate
with dark red pigment production (Figure 1C). The presence
of coumarin (250 pg/mL) reduced swarming motility up to
90%, in which the prodigiosin pigment was also inhibited,
further validating the prodigiosin inhibition data. Such
flagellar-mediated bacterial motilities regulate the adherence
of S. marcescens which are required for the biofilm develop-
ment.”

Broad-Spectrum Inhibition of Biofilm Development
by Coumarin. The effect of coumarin on biofilm formation of
abovementioned three bacteria was also evaluated. There was
concentration-dependent inhibition of biofilm formation of
test bacteria (Figure 2A). The presence of 31.2S, 62.5, 125,
and 250 ug/mL coumarin decreased the development of the P.
aeruginosa PAO1 biofilm by 09.98, 21.51, 33.16, and 46.10%,
respectively, with respect to the control. Similarly, the biofilm
of S. marcescens MTCC 97 was reduced by >50% at the highest
sub-MIC (250 pug/mL). The biofilm of C. violaceum 12472 was
maximally inhibited (>60%) by treatment of coumarin (100
pg/mL).

Quantitative biofilm data were further validated microscopi-
cally using light microscopy, electron microscopy, and confocal
microscopy. The untreated control of all test bacteria showed a
dense mat-like structure of biofilms on glass coverslip’s surface,
as visualized under a light microscope (Figure 3A). Treatment
with respective sub-MIC remarkably decreased the formation
of aggerate-like structures of bacterial cells. A dense cluster of

cells was also observed under a scanning electron microscope
in the control slides, as shown in Figure 2B. The colonization
of each bacterium on the glass surface was reduced in the
presence of coumarin. The similar findings were also recorded
by confocal laser scanning microscopy, in which there were a
thick cluster of cellular mass comprising multiple layers in
control slides (Figure 3B). Treatment with coumarin reduced
the biofilm development where bacteria were mostly seen as
single layer of cells.

The role of biofilms in disease development is well
recognized, and about 80% of bacterial infections are
associated with biofilm development.” It has been documented
that the pathogenicity of P. aeruginosa is also due to the
biofilms, as bacterial cells in the biofilm mode of growth are
more resistant to physical and chemical treatment.’® For
example, P. aeruginosa biofilms growing on urinary catheters
are approximately 1000 times more resistant to tobramycin
compared to planktonic cells.”” Coumarin has also been
reported previously to inhibit the biofilm of Escherichia coli and
C. violaceum.'””® The findings of this study validate broad-
spectrum inhibition of biofilm development in Gram-negative
bacteria by coumarin.

Molecular Docking. To obtain a closer insight into the
antivirulence potential of coumarin, molecular docking of
coumarin with the protein involved in QS and biofilms was
performed. The parameters used in the molecular docking
were first validated. The natural ligand (N-3-oxo-dodecanoyl-L-
homoserine lactone) of LasR protein was first extracted from
the crystal structure and then redocked. The ligand was found
to be docked in the same binding pocket as it was in the crystal
structure (Figure S1), validating the applied docking
procedure. Coumarin exhibited different biding affinities with
different tested proteins. The binding constant and the lowest
binding energies are presented in Table 1. The energies of top
five poses are enlisted in Table S4.
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Table 1. Binding Energies and Binding Constants for the
Interaction of Coumarin with Different Proteins Obtained
Using AutoDock Vina

S. PDB protein binding ener; binding constant
no. 1D name (kcal mol’1§y =

1. 1ROS Lasl -57 1.5 x 10*
2. 1KZF Esal —-6.6 6.9 x 10*
3. 2UV0 LasR -8.1 8.7 X 10°
4, 3IT7 LasA -7.5 3.1 % 10°
S. 3QPs CviR -7.7 4.4 x 10°
6. 3QP1 CviR’ -7.7 44 x 10°
7. 4JV1 PgsR —6.5 5.8 x 10*
8. 3Jvv PilT —63 4.1 x 10*
9. 3HX6 PilY1 —-6.3 4.1 x 10*
10. RhIR —6.4 49 x 10*

CviR is a receptor of C. violaceum ATCC 31532 which
senses the QS signal molecule (C4-AHL), and the presence of
sufficient amount of signal molecules activates the expression
of QS-controlled genes. There are two domains of CviR which
are joined together by a short flexible random coil; one is
ligand-binding domain (LBD), and other is DNA-binding
domain (DBD).*” Another receptor protein of C. violaceum
ATCC 12472 is CviR’ that exhibits 87% sequence identity
with CviR. This receptor protein senses 3-hydroxy-C,,-AHL.
The acyl group of Cs-AHL forms one hydrogen bond with
Asp97, the lactone carbonyl group attaches to Trp84 via a
hydrogen bond, and carbonyl oxygen forms two hydrogen
bonds with Ser155 and Tyr80 of the receptor CviR.*
Coumarin interacted in same binding cavity where its
antagonist (chlorolactone) binds. The binding energy (BE)
was obtained as —7.7 kcal mol™' for coumarin—CviR
interaction. Coumarin bound to Asp97 via hydrogen bonds
and to Serl55 by electrostatic interactions. Moreover,
coumarin also interacted with I11e99, Trpll, and Metl35 of
CviR by hydrophobic interactions (Figure 4A). Coumarin

interacted with CviR’ with —7.7 kcal mol™" BE. Tyr80 of CviR’
formed hydrogen bonds with coumarin, and Asp97 electro-
statically interacted with the protein (Figure 4B). Coumarin
also interacted with Ile99, Trpll, Alal30, and Metl35 of
CviR’ with hydrophobic interactions. The blocking of AHL
autoinducer’s binding site by any molecule has been proposed
as an effective strategy to antagonize the transcription factor
CviR. The findings indicated that binding of coumarin to CviR
may antagonize the expression of QS-linked traits.

LasI is an HSL synthesis protein of P. aeruginosa that
produces 3-oxo-C,,-HSL. The protein shares 31% identity and
47% homology with RhlI, a counterpart of P. aeruginosa AHL
synthase. Coumarin was found to interact with Arg30 via
hydrogen bonds (Figure 4C). Moreover, coumarin also
interacted with Trp69, Phel05, Ile107, Phell7, and Vall48
via hydrophobic interactions. The binding constant and energy
for coumarin—Lasl interactions were found to be 1.5 X 10*
M™" and —5.7 kcal mol™, respectively. The crystal structure
has deciphered that N-terminal amino acids of Lasl such as
Phe27, Arg30, and Trp33 are crucial for the formation of S-
adenosyl methionine (SAM)-binding pocket. Phe105 of Lasl is
a conserved residue for binding to acyl-chain.40 Esal, AHL
synthase of Pantoea stewartii, synthesizes 3-ox0-C¢-HSL and
has 44% homology and 23% identity with Rhll. The BE for
coumarin—Esal interactions was found to be —6.6 kcal mol ™.
Coumarin interacted with Argl00 of Esal via a hydrogen bond
with 2.83 A as the bond length (Figure 4D). Coumarin also
bound to PhelOl, Vall42, Metl46, and LeulS0 by hydro-
phobic interactions. Hence, the interaction of coumarin with
AHL synthases, such as LasI and Esal, might be preventing the
binding of precursor molecules and hence inhibiting the
synthesis of functional signal molecules.

LasR is a transcriptional activator of numerous genes related
to virulence and pathogenicity of P. aeruginosa. The docked-
out conformation of coumarin with the lowest BE toward LasR
was obtained as —8.1 kcal mol~}, corresponding to a binding

Figure 4. (A) Molecular docked complex of coumarin with CviR (3QPS). (B) Molecular docked complex of coumarin with CviR’ (3QP1). (C)
Molecular docked complex of coumarin with LasI (1ROS). (D) Molecular docked complex of coumarin with Esal (1KZF).
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Figure S. (A) Molecular docked complex of coumarin with LasR (2UV0). (B) Molecular docked complex of coumarin with RhIR. (C) Molecular
docked complex of coumarin with PqsR (4JVI). (D) Molecular docked complex of coumarin with LasA (31T7).

constant of 8.7 X 10° M™". It is interesting that coumarin was
docked to LasR in the same binding cavity where its natural
ligand (3-oxo-Cj,-acylhomoserine lactone) binds. TyrS6 of
LasR formed the hydrogen bond with coumarin at a distance
of 2.93 A. Other amino acids of LasR such as Leu36, Tyr56,
Tyr64, Asp73, Trp88, Alal0S, and Leul00 were found to be
interacting with coumarin via hydrophobic interactions (Figure
SA). The interaction of 3-oxo-C;,-AHL to LasR induces the
transcription of an array of virulent genes of P. aeruginosa.*' It
is anticipated that the binding of coumarin will compete
against 3-oxo-C,-AHL for the interaction with LasR and
consequently decrease the expression of QS-controlled genes.
In vitro results have demonstrated that coumarin successfully
inhibited the LasR-dependent QS traits of P. aeruginosa such as
motility and biofilms. One of the possible mechanisms for such
inhibitory activity may be the competition of coumarin for the
same biding site in LasR.

RhIR is a transcription regulator in P. aeruginosa where
binding of butanoyl-homoserine lactone with the regulator
activates the certain virulent gene expression. Coumarin
interacted with Val60 and Tyr72 via hydrophobic interactions
(Figure SB). Moreover, Trp68 and Asp81 of RhIR were
complexed to coumarin through van der Waals (vdW) forces.
The binding constant and BE for coumarin—RhIR interactions
were obtained as 49 X 10* M™' and —6.4 kcal mol”},
respectively. Another transcriptional regulator of P. aeruginosa
is PqsR that controls the expression of virulent genes. PgsR is
activated by the binding of the Pseudomonas quinolone signal
(PQS) and 2-heptyl-4-quinolone.”* Coumarin interacted with
PgsR with a BE of —6.5 kcal mol™" and a binding constant of
5.8 x 10* M™". Molecular docking revealed that coumarin
interacted with PqsR at the same binding site where its
inhibitor binds. Coumarin interacted with Alal02, Ile149,
Alal68, Leu208, I1e236, and Pro238 of PqsR via hydrophobic
interactions (Figure SC). PgsR controls the transcription of
major synthase genes that are located in polycistronic operon
(pquBCDE).43 Another possible anti-QS mode of action of
coumarin may be the inhibition of synthesis of AHL synthases,
as revealed by molecular docking.

LasA is a gene whose product is known to be involved in the
proteolytic and elastolytic activities of P. aeruginosa. LasA is
considered an important virulence factor of P. aeruginosa that
shows proteolytic and elastinolytic activities. Post docking
analysis revealed that coumarin interacted with LasA with BE
as —7.5 kcal mol™'. Argl2 and Trp 17 of LasA formed
hydrogen bonds with coumarin at 2.26 and 1.89 A bond
lengths, respectively (Figure SD). Moreover, TyrlS, Tyr39,
and Tyr49 interacted with coumarin via hydrophobic
interactions. LasA, a staphylolytic endopeptidase, cleaves the
pentaglycine bridge of peptidoglycan and also performs
elastinolytic activity.**

Furthermore, molecular docking of coumarin was also
performed with proteins involved in biofilm formation viz.
PilT and PilY1. The binding affinity of coumarin with PilT was
found to be —6.3 kcal mol™ that corresponds to a binding
constant of 4.1 X 10* M™'. Docking results revealed that
coumarin interacted with Thr231 of PilT by the hydrogen
bond at 2.36 A (Figure S2). Coumarin also formed
electrostatic bonding with Glu258. Moreover, Thr230,
Lys235, and Arg239 formed hydrophobic interactions with
coumarin. The finding corroborates with the earlier finding
where plumbagin interacted with PilT with biding affinity as
—6.3 kcal mol™.* Similarly, the BE for coumarin-PilY1
interaction was found to be —6.3 kcal mol~'. Coumarin formed
two hydrogen bonds with Arg753 and one hydrogen bond with
Ser846 (Figure S3). Glul044 of PilY1 electrostatically
interacted with coumarin, and Lys790 was involved in
hydrophobic interactions. It can be deduced from molecular
docking analysis that the interaction of coumarin with pilus
proteins may also be a possible mechanism for the inhibition of
biofilms of the test bacteria.

Molecular Dynamics Simulations. The complexes of
coumarin with different target proteins of QS and biofilms
were further studied using MD simulations. Three proteins
(Lasl, LasR, and CviR’) of different targets were selected as
initial conformations for MD simulation studies. The values of
root-mean-square deviation (RMSD), R, and solvent acces-
sible surface area (SASA) of protein only, coumarin-protein
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Figure 6. (A) RMSD of backbone of Lasl, Lasl—coumarin complex, and coumarin during simulation. (B) RMSD of LasR, LasR—coumarin
complex, and coumarin. (C) RMSD of CviR’, CviR’'—coumarin complex, and coumarin. (D) RMSF of the central carbon alpha of LasI and LasI—
coumarin complex. (E) RMSF of LasR and LasR—coumarin complex. (F) RMSF of CviR’ and CviR'—coumarin complex.

complex, and coumarin only are enlisted in Table S5. The
initial assessment of the MD simulation was carried out by
calculating the RMSD of the proteins in the absence and
presence of coumarin with respect to their initial backbone
structures. The RMSD of the protein and their complexes is
presented in Figure 6A—C. The RMSD of all proteins and
complexes were below 0.4 nm, and complexes showed a similar
RMSD to their respective proteins. For instance, the RMSD of
Lasl and LasI—coumarin complex was found to be 0.263 +
0.039 and 0.272 + 0.030 nm, respectively (Figure 6A). In all
cases, the system (RMSD) reached equilibrium after initial few
nanoseconds and becomes stable. The root-mean-square
fluctuation (RMSF) of alpha carbon of individual residues of
the proteins in the absence and presence of coumarin was
calculated from the trajectory, as shown in Figure 6D—F.
RMSF analysis shows that a similar pattern of fluctuations in
amino acids of the protein was observed even in the presence
of coumarin with minor variations. For instance, Lys31 of Lasl
showed maximum fluctuation, while in the complex form,
Gly113 was the most fluctuating residue (Figure 6D). The
RMSF of coumarin was also calculated and is shown in Figure
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S4. The atoms of coumarin showed some fluctuations with all
proteins, indicating a dynamical shift from their initial
positions. The shift in position of coumarin may induce
different interaction modes with nearby residues as simulation
progressed. This results in shift between hydrogen bonds and
hydrophobic interactions.”® The radius of gyration (Ry) of
three proteins (Lasl, LasR, and CviR’) with and without
coumarin was calculated as a function of time, and the results
are presented in Figure 7A—C. The R, of the all proteins and
their complexes remained nearly the same during entire
simulation period with minor variations. Similarly, R; of
coumarin also remained nearly constant over the simulation
period (50 ns), indicating that coumarin did not undergo
major conformational change.”” The stability of all the
complexes was further validated by calculating changes in
SASA as a function of time. The data clearly show that SASA
of proteins and their complexes with coumarin was negligibly
altered throughout simulation duration (Figure 7D—F). The
above calculations, that is, RMSD, RMSF, R, and SASA,
validate that the complexes of coumarin are well stable under
solvent systems as of their respective protein counterparts.
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The changes in the secondary structure of proteins were
calculated, and the data obtained are shown in Figure 8A—C.
The percentage of a-helix and f-sheet in LasI was found to be
26.67 and 28.04, respectively. The presence of coumarin
exhibited a negligible change in the secondary structure of
Lasl. Similar results were obtained for LasR and CviR/, in
which the presence of coumarin did not alter the secondary
structure of the proteins. The data also validated the structural
stability of the proteins even in the presence of coumarin. The
interactions between coumarin and proteins were studied by
analyzing the hydrogen bonds. The hydrogen bond existence
between coumarin and proteins with % existence of >1% was
calculated. The existence of the hydrogen bond remained
approximately the same during the simulation duration. The
residues of Lasl that were involved in hydrogen bond
formation were Arg30, Trp33, Ile107, Ser109, and Thrl4S.
Similarly, Tyr56 and Trp60 of LasR were involved in the
hydrogen bond formation. To obtain further detailed insights
regarding binding forces responsible for the interaction of
coumarin with the simulated proteins, different energies were
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calculated using MM-PBSA (molecular mechanics Poisson—
Boltzmann surface area) methods. 100 snapshots were
extracted at equal time intervals from the whole trajectory
and used for MM-PBSA calculations (Table 2). In protein—
drug interactions, various non-covalent forces such as hydro-
gen bonds, electrostatic forces, hydrophobic interactions, polar
forces, and so on are responsible for the binding.46 Each of
these interactions either contribute positively or negatively to
the overall BE. Electrostatic (Elec) and vdW forces mainly
favored the binding process of coumarin with LasR and CviR'.
vdW forces were the major driver for the interaction of
coumarin with Lasl, while there were also small contributions
of Elec and SASA energies. Polar solvation energy (PSE)
impaired binding of coumarin with all proteins. A small
contribution of SASA energy was found in the overall binding.
The average binding energy for the complexation of coumarin
with Lasl, LasR, and CviR’ was found to be —8.6, —14.2, and
—10.3 keal mol™, respectively.
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Table 2. Binding Free Energy (kcal mol™') Calculated by
the MM-PBSA method for 100 Snapshots of MD
Simulation”

proteins
energy LasI LasR CviR’
AE gy —202 + 0.6 —20.6 + 0.5 214 + 02
AE,, —14+ 11 —17.1 + 05 —13.6 + 0.1
AEpg; 15.1 + 0.4 257 + 0.3 27.1 + 0.1
AESgscn —21+01 —22 401 —23+01
AFEyg; —8.6 + 0.1 142 + 14 —-103 + 0.1

“AE, qy: van der Waals energy, AE,,: electrostatic energy, AEpg:
polar solvation energy, AEg,q,: solvent accessible surface area energy,
and AEgg: binding energy.

B CONCLUSIONS

In this study, we report the broad-spectrum anti-QS and
antibiofilm activity of coumarin against Gram-negative
bacteria. Nearly all virulence factors of the tested bacteria
were reduced by >50% at sub-MICs. Coumarin not only
inhibited the biofilm development but also altered the
architecture of biofilms of the bacteria. The binding energy
from molecular docking studies ranged from —5.7 to —8.1 kcal
mol ™!, Coumarin occupied the active site of the proteins (AHL
synthases and regulatory proteins) and formed a stable
complex with the tested proteins. Possible mechanisms of
anti-QS activity may be the inhibition of signal molecule
synthesis, antagonization of QS-regulatory proteins, and
blocking of receptor proteins. Results showed the promising
potency of coumarin against the virulence factors of Gram-
negative bacteria that may be developed as an effective

inhibitor of the QS and biofilm.

B MATERIALS AND METHODS

Materials and Reagents. Azocasein (A2765), coumarin
(C4261, purity >99%), and elastin Congo red (ECR) (E0502)
were purchased from Sigma Aldrich, USA. Trichloroacetic acid
(RM7570) and orcinol (MB242) were procured from Hi-
Media Laboratories, Mumbai, India. 2,3,5-Triphenyltetrazo-
lium chloride (65599) was purchased from Sisco Research
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Laboratories (SRL) Pvt. Ltd. The details including catalogue
number, purity, company name, and country of the chemical
used in this study are provided in Table SI.

Bacterial Strains and Growth Conditions. C. violaceum
ATCC 12472 (ATCC, USA) and P. aeruginosa PAO1 were
obtained as a gift from Prof. RJC McLean, USA. S. marcescens
MTCC 97 was obtain form Microbial Type Culture Collection
(MTCC, India). The bacterial strains were grown in Luria—
Bertani (LB) broth (0.5% yeast extract, 15.0 g of tryptone, and
0.5% NaCl), otherwise stated.

Determination of MIC. The MIC of coumarin against test
bacteria was determined by microbroth dilution assay using
tetrazolium chloride (TTC) as the indicator dye.” Briefly, two-
fold dilution of coumarin was made in a 96-well microtiter
plate in LB broth. 10 yL of culture from the log phase of
bacteria were inoculated in the wells containing varying
concentrations of coumarin. No treatment with coumarin or
solvent was given in the control group. Following 24 h of
incubation, 10 yL of TTC (4 mg/mL) was added to each well,
and the microtiter plate was incubated at 37 °C for 30 min in
the dark. The wells were observed for change in color. The
development of pink and/or red color is due to the metabolic
activity of the actively growing cells. The minimum
concentration at which no color (pink or red) was observed
was considered as MIC. To further validate the bacterial
growth, culture from the wells with no color change was
spotted in LB agar plates. The MIC of coumarin against C.
violaceum 12472 was found to be 200 pg/mL, while 500 ug/
mL both against P. aeruginosa PAO1 and S. marcescens MTCC
97.

Assessment of Violacein Pigment Production in C.
violaceum 12472. The relative quantification of violacein
pigment production was determined spectrophotometrically
following the earlier described procedure.'” Briefly, C.
violaceum 12472 was grown in LB broth in the absence and
presence of varying sub-inhibitory concentrations (sub-MICs)
of coumarin (12.5, 25, 50, and 100 pg/mL). The cultures were
allowed to grow for 18 h at 30 °C. Following incubation, 1 mL
of culture from each treatment group was centrifuged for 5 min
at 10,000 rpm, and supernatant was discarded. The violacein

https://doi.org/10.1021/acsomega.1c02046
ACS Omega 2021, 6, 18823—-18835


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02046/suppl_file/ao1c02046_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02046?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

pigment present in the pellet was extracted in 1 mL DMSO by
vigorous vortexing. The mixture was again centrifuged to settle
down the bacterial cells. Three independent replicates of each
group were used in this experiment. The optical density (OD)
of the supernatant was recorded at 585 nm against DMSO as
blank using an UV-2600 spectrophotometer, Shimadzu, Japan.

Quantitative Evaluation of Virulence Factors of P.
aeruginosa PAO1. The method for the assessment of
virulence factors of P. aeruginosa PAO1 was adopted with
minor changes, as described previously.'' P. aeruginosa PAO1
was cultured in the absence and presence of varying sub-MICs
of coumarin (31.25, 62.5, 125, and 250 pg/mL) in LB broth
(otherwise stated) for 18 h at 37 °C under shaking (250 rpm)
condition. On completion of incubation, the CFS was obtained
by centrifuging the cultures at 10,000 rpm for 5 min. The
obtained CFS was used further for the assessment of virulence
factors of P. aeruginosa PAOI1, otherwise stated. Three
independent replicates of each group were used, and fresh
CEFS was obtained for each experiment.

For the estimation of pyocyanin, P. aeruginosa PAO1 was
cultured in Pseudomonas broth (PB) (20 g/L peptone, 1.4 g/L
MgCl,, and 10 g/L K,SO,) as this medium maximizes the
production of pyocyanin. S mL of CFS was extracted in
chloroform (3 mL) by vigorous vortexing, and the aqueous
phase was discarded. The chloroform phase was again
extracted in 1.2 mL of 0.2 N HCl The mixture was kept at
room temperature to separate in layers, and the organic phase
was discarded. The absorbance of the aqueous phase was
recorded at 520 nm using a spectrophotometer. Pyoverdin was
determined spectrofluorophotometrically. For the determina-
tion of pyoverdin, 0.1 mL of CFS was mixed with 0.9 mL of
Tris—HCl (50 mM) of pH 7.4. The fluorescence intensity
(460 nm) of each sample was measured by exciting at 400 nm
using a spectrofluorometer (RF-$301PC, Shimadzu, Japan).

The exoprotease activity was determined using azocasein
degradation assay. Briefly, 0.1 mL of CFS was mixed with 1 mL
of azocasein (0.3% in S0 mM Tris—HCI containing 0.5 mM
CaCly, pH 7.5). The reaction mixture was left for incubation at
37 °C for 4 h under shaking conditions. 0.5 mL of ice cold
trichloroacetic acid (10%) was added to stop the reaction, and
the reaction mixture was centrifuged at 13,000 rpm for 8 min
to pellet down the insoluble azocasein. The OD of the
supernatant was recorded at 400 nm using a spectropho-
tometer. The elastase activity of P. aeruginosa PAO1 was
determined in the CFS using ECR assay. Briefly, 0.1 mL of
CFS was mixed with 0.9 mL of ECR buffer (S mg/mL ECR
and 1 mM CaCl, in 100 mM Tris, pH 7.5) and incubated
under shaking conditions at 37 °C for 3 h. The reaction was
terminated by adding 1 mL sodium phosphate buffer (100
mM) of pH 6.0 and placing the samples at 4 °C for 30 min.
The insoluble ECR was removed by centrifuging the reaction
mixture at 13,000 rpm for 8 min. The absorbance of the
supernatant was recorded at 495 nm using a spectropho-
tometer.

The relative amount of rhamnolipid in each sample was
determined using the orcinol method. The CFS (300 yL) was
added to diethyl ether (600 uL) and mixed by vortexing for 1
min. The mixture was kept for 30 min under static conditions
for phase separation, and the organic phase was taken. The
organic phase was then completely dried by evaporating at
room temperature. 100 uL of deionized water was added to
each sample and gently shaken to solubilize. 900 uL of orcinol
solution (0.19% w/v orcinol in 53% H,SO,) was mixed to each

sample and heated at 80 °C for 30 min. The samples were
allowed to cool at room temperature, and absorbance was
recorded at 421 nm using a spectrophotometer.

The swimming motility of P. aeruginosa PAO1 was assessed
on soft agar plates (0.3% agar). Briefly, S uL of culture was
taken from the log phase and spotted on LB soft gar plates
containing varying sub-MICs of coumarin. In control plates, no
treatment was given. The Petri plates were incubated at 37 °C
for 18 h under static conditions. The zone of swimming was
measured by a transparent ruler in millimeters (mm), and
percent inhibition was calculated with respect to the control
group.

Determination of Virulence Factors of S. marcescens
MTCC 97. The determination of prodigiosin pigment
production was performed using the standard method, as
described earlier.'” Briefly, S. marcescens MTCC 97 was grown
in the absence and presence of sub-MIC coumarin (31.25,
62.5, 125, and 250 ug/mL) in LB broth for 18 h at 30 °C in a
shaking incubator (250 rpm). The pellet was obtained from
liquid culture by centrifugation. The pellet was resuspended in
1 mL of acidified ethanol (96 mL ethanol + 4 mL 1 M HCI) by
vigorous vortexing. The mixture was centrifuged (13,000 rpm
for § min) to settle down cell debris, and the absorbance of
supernatant (containing prodigiosin) was recorded at 534 nm
using a spectrophotometer. Three independent replicates of
each group were used for the determination of virulence
factors of S. marcescens MTCC 97, and percent inhibition was
calculated with respect to untreated control.

The exoprotease activity in the CFS of S. marcescens MTCC
97 was determined using azocasein degradation assay. S.
marcescens MTCC 97 was cultured in the absence and
presence of coumarin for 18 h at 30 °C under shaking
conditions. The CFS was obtained by centrifugation. 0.1 mL of
CFS was mixed with 1 mL of azocasein (0.3% w/v), and the
reaction mixture was incubated at 37 °C with mild shaking.
The reaction was stopped by the addition of 0.5 mL of ice-cold
trichloroacetic acid (10% w/v), and insoluble azocasein was
removed by centrifugation. The OD of the supernatant was
recorded at 400 nm using a spectrophotometer. Percent
inhibition was determined with respect to untreated control.

Swarming motility of S. marcescens MTCC 97 was studied in
soft agar plates (0.5% agar). S uL of culture taken from actively
growing log phase was spotted on soft agar LB plates
containing varying sub-MICs of coumarin. For control, no
treatment was given to S. marcescens MTCC 97. The
swimming zone was measured by a transparent ruler in
millimeters.

Biofilm Inhibition. Quantitative Evaluation of Biofilm in
96-Well Microtiter Plate. The quantification of biofilm was
performed by crystal violet assay in a 96-well microtiter
polystyrene plate following the standard procedure with slight
modifications."® 10 uL of culture from the log phase of bacteria
was seeded in the wells of the microtiter plate containing
varying sub-MICs of coumarin. The sub-MICs for C. violaceum
12474 were 12.5, 25, 50, and 100 pg/mL. The sub-MICs for P.
aeruginosa PAO1 and S. marcescens MTCC 97 were 31.25,
62.5, 125, and 250 pug/mL. The wells without any treatment of
coumarin were taken as the control group. The plate was
incubated for 24 h at their respective optimum growth
temperature of each bacterium under static conditions.
Following incubation, the planktonic cells in the medium
were removed by discarding the growth medium and washing
the wells gently with sterile phosphate buffer. The wells were
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allowed to air-dry at room temperature and then stained with
200 uL of crystal violet (0.1% w/v) for 15 min. The unbound
dye was removed by washing with sterile phosphate buffer, and
the stained biofilms were dissolved in 200 uL of ethanol
(90%). The absorbance of each well was recorded at 620 nm
using a microplate reader (Thermo Scientific Multiskan EX,
UK). Four independent replicates of each group were taken for
biofilm inhibition assay.

Microscopic Assessment of Biofilm Inhibition. The micro-
scopic assessment of biofilm inhibition was performed on a
glass surface. The glass coverslips for light and confocal
microscopic analysis were prepared, as mentioned below. 50
UL of culture from the log phase of test bacteria was inoculated
in 24-well tissue culture plates containing 3 mL of culture
media with the respective highest sub-MICs. The highest sub-
MICs for C. violaceum12474, P. aeruginosa PAO1, and S.
marcescens MTCC 97 were 100, 250, and 250 pg/mL,
respectively. Sterile glass coverslips of size 1 cm” were placed
in each well. The control slides were not given any treatment.
On completion of incubation period (24 h), the glass slides
were removed and gently washed with sterile phosphate buffer
to remove loosely adhered cells. The biofilms on glass sides
were stained with few drops of 0.1% w/v crystal violet solution
for 15 min for light microscopy. For confocal microscopy, glass
slides were stained with 0.1% acridine orange for 20 min. The
excess dye was washed gently, and slides finally air-dried at
room temperature for 30 min. The biofilms were visualized
under a light microscope (Olympus BX60, model BX60FS,
Olympus Optical Co. Ltd. Japan) equipped with a color VGA
camera (Sony, Model no. SSC-DC-S8AP, Japan), and images
were captured at 40X magnification. Confocal microscopic
analysis was carried out using Zeiss LSM780 at 63X
magnification, at University Sophisticated Instrumentation
Facility (USIF), AMU, Aligarh.

For scanning microscopic evaluation, the treatment was
given, as mentioned above. The coverslips were removed from
wells and gently washed with sterile phosphate buffer. The
biofilms were fixed with glutaraldehyde (2.5% glutaraldehyde
in S0 mM phosphate buffer) for 24 h at 4 °C. The biofilms
were dehydrated by treating with a gradient of ethanol (20—
100%) for 10 min each. The coverslips were then air dried at
room temperature and coated with gold before visualization.
The biofilms were visualized using a JEOL-JSM 6510 LV
scanning electron microscope, at USIF, AMU, Aligarh.

Molecular Docking. The possible mechanism of the
antibiofilm and anti-QS activity of coumarin was studied by
molecular docking using AutoDock Vina.'* The three-
dimensional (3D) structure of coumarin [CID: 323] was
downloaded from PubChem in sdf format and converted to
pdb format using Chimera 1.14. Using MGL Tools-1.5.6, the
ligand was made flexible to obtain the best conformation, and
the coordinate was saved in pdbqt format. The 3D crystal
structures of receptor proteins were downloaded from Protein
Data Bank. The structure of RhIR was downloaded from
SWISS-MODEL Repository (ID: P54292) due to unavail-
ability at Protein Data Bank. The water molecules in the crystal
structure were deleted, and non-polar hydrogen and Kollman
charges were added. The coordinates of proteins were saved in
pdbqt format. The grid size and center of each receptor are
enlisted in Table S2. The spacing of the grid was 1 A. The
analysis of docked complexes was performed using PyMol,
LigPlot*, and Discovery Studio.

Molecular Dynamics Simulation. The complexes with
lowest binding energy were further studied by MD simulation
using gromacs 2018.1 with amber99sb-ILDN force field.'* The
topology of coumarin was generated with amber99sb force
field using Antechamber package in AmberTools19. TIP3P
water model was used for the solvation in the triclinic box.
Proteins were neutralized by adding sodium or chlorine
counter ions. 50 ns of standard MD simulation was performed,
and coordinates were saved for each trajectory. The RMSEF,
RMSD, SASA, and radius of gyration (Rg) were calculated
using gromacs utilities. MM-PBSA analysis was performed to
calculate the binding energy of coumarin with the proteins.'®

Statistical Analysis. The experiments were three or four
independent replicates, and data presented are mean value with
standard deviation. For analysis of statistical significance, one-
way ANOVA was performed using the Tukey test at a
significance level of 0.05. The comparison of means was carried
out using post-hoc analysis. Different letters in different
treatment groups represent different significance groups at p-
value = 0.05 and are in ascending order of values starting from

« »

letter “a”.
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