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This study aimed to investigate the potential of Patuletin, a rare natural flavonoid, as a
virulence and LasR inhibitor against Pseudomonas aeruginosa. Molecular docking revealed
that Patuletin strongly bound to the active pocket of LasR, with a high affinity value of
-20.96 kcal/mol. Further molecular dynamics simulations, MM-GPSA, PLIP, and essential
dynamics analyses confirmed the stability of the Patuletin-LasR complex, and no
significant structural changes were observed in the LasR protein upon binding. Key amino
acids involved in binding were identified, along with a free energy value of -26.9 kcal/mol.
In vitro assays were performed to assess Patuletin's effects on Pseudomonas aeruginosa.
At a sub-inhibitory concentration (1/4 MIC), Patuletin significantly reduced biofilm
formation by 48% and 42%, decreased pyocyanin production by 24% and 14%, and
decreased proteolytic activities by 42% and 20% in Pseudomonas aeruginosa isolate ATCC
27853 (PA27853) and Pseudomonas aeruginosa clinical isolate (PA1). Overall, this study
demonstrated that Patuletin effectively inhibited LasR activity in silico and attenuated
virulence factors in vitro, including biofilm formation, pyocyanin production, and
proteolytic activity. These findings suggest that Patuletin holds promise as a potential
therapeutic agent in combination with antibiotics to combat antibiotic-tolerant P.
aeruginosa infections.
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32 Abstract

33  This study aimed to investigate the potential of Patuletin, a rare natural flavonoid, as a virulence
34 and LasR inhibitor against Pseudomonas aeruginosa. Molecular docking revealed that Patuletin
35 strongly bound to the active pocket of LasR, with a hich affinity value of -20.96 kcal/mol. Further
36 molecular dynamics simulations, (MMEGPSA) PEIl; and essential dynamics analyses confirmed
37 the stability of the Patuletin-LasR complex, and no significant structural changes were observed
38 in the LasR protein upon binding. Key amino acids involved in binding were identified, along with
39 a free energy value of -26.9 kcal/mol

40 Invitro assays were performed to assess Patuletin's effects on Pseudomonas aeruginosa. At a sub-
41 inhibitory concentration (1/4 MIC), Patuletin significantly reduced biofilm formation by 48% and
42 42%, decreased pyocyanin production by 24% and 14%, and decreased proteolytic activities by

43 42% and 20% in (SCHAGHIOHASIGETUGIOSE. - olate ATCC 27853 (PA27853) and (SCHAGHIOHES)

@8 (@eruginos: - inical isolate (PAT).
45  Overall, this study demonstrated that Patuletin effectively inhibited LasR activity in silico and

46 attenuated virulence factors in vitro, including biofilm formation, pyocyanin production, and
47  proteolytic activity. These findings suggest that Patuletin holds promise as a potential therapeutic
48 agent in combination with antibiotics to combat antibiotic-tolerant (PHaerlginose. .. fections.
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60 1. Introduction

61 (Pseiidomionasiaeriginosa (P. aeruginosa) is a versatile and opportunistic Gram-negative
62 bacterium classified within the Pseudomonadaceae family [1]. (PII@€Fiigin0s@ demonstrates

63 remarkable adaptability and can thrive in diverse environments, such as soil, water, and healthcare
64 settings [2]. Additionally, (PR@EF#igin0sa possesses an array of virulence factors that contribute to
65 its pathogenicity. It produces various toxins, including pyocyanin, which can kill other bacteria
66 competing (PH@EFIgIOSE damage host cells and impair immune responses [3]. Ri@eriginosaalso
67 produces proteases that lies in their capacity to cleave essential protein-based components within
68 the host cells allows them to disrupt crucial cellular processes and potentially impair immune
69 defenses enhancing the bacterium's ability to thrive and establish infections within the host [4, 5].
70 (R@eruginosaialso can produce biofilms, which provide protection against host defenses as well
71 as antibiotics [6]. As a human pathogen, (PIl@éruginosa is associated with various infections,
72  including pneumonia, urinary tract, and bloodstream infections. (PH@@FlgiHosa@ poses a significant
73  risk, particularly to individuals with compromised immune systems or underlying severe health

74  conditions [7]

75 The field of computational drug discovery utilizes computational techniques, algorithms,
76  and modeling to assist in the exploration of novel drugs or the repurposing of a known one [8]. It
77 employs computer programs and simulations to forecast and examine the interactions between
78 small molecules, which serve as potential drug candidates, and target biomolecules like proteins
79 [9]. The integration of computational drug discovery into drug design has become highly relevant,
80 playing a crucial role in the practical implementation of predictive modeling within pharmaceutical
81 research and development. Our team utilized computational drug discovery methodologies in
82  various aspects, including molecular docking [10], molecular design, toxicity [11], ADMED[12],
83 ([DFT[13, 14], structural similarity [15],@a,16], and pharmacophore [17] evaluation.

84 In P. aeruginosa, the LasR protein is a key component that acts as a transcription factor
85 that regulates the expression of numerous genes involved in virulence factors production, biofilm
86 formation, and other important physiological processes [18]. LasR is a receptor protein that binds

87 to small signaling molecules called N-acyl homoserine lactones [19]. When the concentration of
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these molecules reaches a certain threshold, LasR undergoes a conformational change, enabling it
to bind to specific DNA sequences and activate the expression of target genes [20]. This activation
leads to the production of various virulence factors such as pyocyanin, biofilm-related enzymes,

and other molecules that contribute to P. aeruginosa's pathogenicity [21].

Throughout history, nature has been the source of necessities for humans, including
medicine, sustenance, and beauty products [22, 23]. From 1981 to 2014, natural products
accounted for nearly one-third of all newly approved drugs by the FDA, and this trend has persisted
for many years [24, 25]. Patuletin, an uncommon methoxyflavone, was initially discovered in
(lgetesipatuila)in 1941 [26]. Since then, it has been found in only a few other plants such as (UFfié@
(@iFens) [27] and [EFiocanloi. -, . [28]. Despite its scarcity, some scientific studies have investigated
and confirmed the antimicrobial potential of Patuletin [29, 30].

Flavonoids have demonstrated potent inhibition against various virulence factors in P.
aeruginosa, including pyocyanin, protease production and biofilm formation [31]. Numerous
flavonoids, that are very near in structure to Patuletin (Figure 1), interacted with and inhibited the
LasR protein. For instance, Hispidulin [32], Quercetin [33, 34], Luteolin [35], Naringenin [36],
Taxifolin [37] and Catechin [38] exhibited high inhibition potentialities against the LasR protein
offering promising hope for the development of novel therapeutic strategies to combat infections
caused by P. aeruginosa. The inhibition of LasR activity disrupts the quorum sensing system of
P. aeruginosa, interfering with its ability to coordinate and carry out virulent activities leading to
decrease virulence factors production [39]. Accordingly, targeting the LasR’s inhibition offers a
potential strategy for controlling P. aeruginosa infections and mitigating the associated virulence

and biofilm formation.

In this research, the great structural similarities between Patuletin and TY4, the
cocrystallized ligand and several reported flavonoid inhibitors of LasR protein (Figure 1) inspired
us to examine the in silico and in vitro potential of Patuletin against LasR protein and P. aeruginosa

virulence factors.

Figure 1. Chemical structures of Patuleti . cocrystallized ligand (TY4) and reported

flavonoid inhibitors of LasR protein
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2. Materials and methods

2.1. Docking studies

Was operated for Patuletin against LasR protein by MOE2014 software [40]. The supplementary

section offers further elaboration contributing additional and specific information.
2.2. M D simulations

Was operated for the Patuletin-LasR complex by the CHARMM-GUI web server [41] and
GROMACS 2021. The supplementary section offers further elaboration contributing additional

and specific information [42, 43].
2.3. MM-GBSA

Was operated for the Patuletin-LasR complex by the Gmx MMPBSA package [44, 45]. The

supplementary section offers further elaboration contributing additional and specific information.
2.4. ED analysis

PCA analysis was employed to investigate the dynamic motion of alpha carbons located in the
amino acid sequence spanning [46]. The supplementary section offers further elaboration

contributing additional and specific information.
2.5. Bi-dimensional assays

To compare frames within the reduced subspace, we merged, aligned, created a new C matrix, and
plotted the projections [47]. The supplementary section offers further elaboration contributing

additional and specific information.

2.6. Active compound

Patuletin was isolated from (Fagetesipatiile .5 described before [48].
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2.7. Bacterial isolates

In the current study, one clinical P. aeruginosa isolate (PA1) and a standard P. aeruginosa isolate
ATCC27853 (PA27853) were used. The supplementary section offers further elaboration

contributing additional and specific information.
2.7. Determination of the minimum inhibitory concentration (MIC) of Patuletin

Using the broth microdilution technique following Clinical and Laboratory Standards Institute
(CLSI) procedures [49], the MIC of Patuletin was assessed. The supplementary section offers
further elaboration contributing additional and specific information.

2.8. Evaluation of Patuletin impact on virulence factors production in P. aeruginosa
2.8.1. Biofilm inhibition assay

According to the reported procedures [50], the ability of the tested isolates to generate biofilms
was evaluated. The supplementary section offers further elaboration contributing additional and

specific information.
2.8.2. Pyocyanin inhibition assay

Pyocyanin estimation was carried out following the reported [51] procedures. The supplementary

section offers further elaboration contributing additional and specific information.
2.8.3. Proteases inhibition assay

According to the reported procedures [52], the modified skim milk technique was used to assess
the Patuletin ability to suppress the production of proteases. The supplementary section offers

further elaboration contributing additional and specific information.
2.9. Statistical analysis

The GraphPad Prism 7 software package was used to analyze the data for the current study. The

supplementary section offers further elaboration contributing additional and specific information.
3. Results and disscusions

Computational (In silico) Studies
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3.1. Molecular docking

The molecular interaction of Patuletin with the LasR protein was accomplished by a docking
study using the Molecular Operating Environment (MOE, 2019) software. The 3D structure of P.
aeruginosa LasR was downloaded from the Protein Data Bank (http://www.rcsb.org/pdb/) with
the code: 3JPU (Resolution: 2.30 A). At first, the co-crystallized ligand (T'Y4) was docked in the
active site to validate the docking procedure. The superimposition of the docked and co-
crystallized ligands produced an RMSD value of 0.40 A that advocates the correctness of the
docking job (Figure 2).

Figure 2. Superimposition of the docked pose (blue) and the co-crystallized one (pink) inside of
the active site of LasR protein with an RMSD value 0.40 A.

Regarding the binding mode of the co-crystallized ligand (T'Y4) against the active pocket of
the LasR protein, it exhibited a binding score of -27.75 kcal/mol. Its binding pattern showed two
hydrogen bonds, one electrostatic interaction, and twenty-five hydrophobic interactions. The 2-
chlorobenzamidomethyl and 2,4-dichlorobenzoate arms occupied the first sub-pocket of the
active site to form three hydrogen bonds with Asp73, Tyr56, and Trp60 besides a network of pi-
pi and pi-alkyl bonds with Alal05, Leul 10, Phel01, Val76, Tyrd7, Alal27, Cys79, Gly126,
Leul25, Ala50, and Leu40. In addition, the 4-bromo-6-methylphenyl moiety was inserted in the
second pocket forming six hydrophobic interactions with Tyr64, Arg61, and Leu36 (Figure 3

Figure 3. A) 3D interaction of the co-crystallized ligand (TY4) in the active site of the LasR
protein. B) 2D interaction of TY4 in the active site of LasR protein. C) Mapping surface
showing TY4 occupying the active site of LasR protein.

The top docking pose of Patuletin showed that it occupied the active pocket of the LasR
protein with an affinity value of -20.96 kcal/mol. The binding pattern revealed six hydrogen bonds,
eight hydrophobic interactions, and two electrostatic interactions. In detail, the 3,5,7-trihydroxy-
6-methoxy-4H-chromen-4-one moiety occupied the first sub-pocket of the active site to form four
hydrogen bonds with Ser129, Thr115, and Thr7" . \lso, the same moiety formed four hydrophobic
interactions with Tyr56, Tyr64, and Leu36 besides two electrostatic interactions with Asp73. On

the other hand, the pyrocatechol moiety occupied the second pocket forming two hydrogen
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bonding interactions with Asp65 and Arg61 and four hydrophobic interactions with Arg61, Leu36,
[le52, and Leu36 (Figure 4).

Figure 4. A) 3D interaction of Patuletin in the active site of LasR protein. B) 2D interaction of
Patuletin in the active site of LasR protein. C) Mapping surface showing Patuletin occupying the
active site of LasR protein.

3.2. MD simulations

Molecular dynamics (MD) simulations offer a reliable computational technique to examine
and understand protein dynamics and atomic-level structural changes [53]. Through precise
modeling of the movements and interactions of atoms within a protein, MD simulations allow the
study of conformational variations that arise during the binding of ligands. These simulations yield
significant information about the energetic and dynamic characteristics of proteins, offering
insights into the mechanisms behind ligand recognition and the structural modifications induced

by binding [54].

Root-mean-square-deviation (RMSD) values for apo LasR protein (blue line) are lower on
average than those for holo LasR protein (red line) during the first 40 ns, with a difference of 0.5 A.
In the subsequent 20 ns, both the apo and holo LasR proteins exhibit a small rise. At the end of the
final 40 ns, the two proteins exhibit an average of roughly 1.5 A. (Figure 5.A). In the first 60 ns,
the root-mean-square-deviation (RMSD) of the Plateulin varies in value before settling at an
average of 6.5 A for the last 40 ns (Figure 5.B). Figure 5.B's inset explains why there is such a
huge RMSD between the first frame and subsequent frames after the first 60 ns. Plateulin reorients
itself with respect to the LasR protein while staying in the binding pocket. Figure 5.C shows that
the average radius of gyration for both the apo and holo LasR protein is around 15.5 A. Similar
trends may be seen in the SASA values, with both apo and holo LasR proteins averaging
approximately 9650 A2. According to Figure 5.E, the average number of H-bonds in the apo and
holo systems is quite similar (39 bonds). In conclusion, neither LasR protein is undergoing any
major structural changes upon binding with Plateulin. Furthermore, the C-alpha atomic oscillations
of the two systems follow essentially the same trend (Figure 5.F). As can be seen in Figure 5.G,
the values follow a similar trend to that of Plateulin’s RMSD. It varies for the first 60 ns before

settling at 9.2 A in the last 40 ns.
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228 Figure 5. A) RMSD values from the trajectory for the LasR protein in apo (blue line) and holo
229 forms (red line), B) shows Plateulin RMSD values, C) radius of gyration for the protein in apo and
230 holo forms, D) SASA for the holo forms, E) change in the number of hydrogen bonds for the
231 protein in apo and holo forms, F) RMSF for the LasR protein in apo and holo forms, G) distance

232 from the center of mass of Plateulin compound and LasR protein.
233  3.3. MM-GBSA

234 The key components of the computed binding free energy of the (PlateUlin=EasRl - nplex using
235 the MM-GBSA approach are shown in Figure 6. A binding energy of -26.9 kcal/mol for Plateulin
236 suggests a promising binding strength. Binding stability seems to be determined more slightly by
237 Van der Waals interactions than electrostatic ones (-35.18 Kcal/Mol vs. -28.75 Kcal/Mol). Several
238 amino acids within 1 nm of Plateulin were used in an estimate of their contribution using
239 decomposition analysis (Figure 7). Leu36 (-1.57 Kcal/Mol), Tyr47 (-4 Kcal/Mol), Tyr67 (-1.9
240 Kcal/Mol), Asp65 (-1.15 Kcal/Mol), and Ala70 (-1.11 Kcal/Mol) are the amino acids with a
241 Dbinding energy of less than -1 Kcal/Mol.

242

243  Figure 6. Energetic components of MM-GBSA and their values. Bars represent the standard

244 deviations.
245  Figure 7. Binding free energy decomposition of the Plateulin -LasR complex.

246 3.4. Protein-Ligand Interaction Fingerprint (ProLIF) StudyPrelL 1 and PLIP studie:
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259 ourcomprehensionof complex—stabilityand bindineaffinits . 6]. Based on the data from the

260 ProLIF library, we know that three amino acids have a 79-percent-or-higher interaction rate. The

261 three most common interacting amino acids are Leu36 (97%), Tyr47 (86.6%), and Tyr64 (99.6%
262 hydrophobic, 79% pi stacking) (Figure ¢ )-

263 Figure 8. The amino acids, the types of interactions with Plateulin, and their occurrence during

264 the whole simulation time using the ProLIF Python library.
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265

266 3.5. Protein-Ligand Interaction Profiles (PLIP) study

The 3D binding

279 interactions were extracted using PLIP from the clustering-derived representative frames as .pse
280 files. The determination of the number of clusters was automated using the elbow method,
281 resulting in a total of four clusters (Figure 9), as explained in the methods section. This approach
282 facilitated the identification of distinct groups or patterns of Plateulin -LasR interactions within
283 the trajectory data. Once the clusters were established, the subsequent step involved selecting a
284 representative frame from each cluster. These frames served as snapshots or examples capturing
285 the overall behavior exhibited by the Plateulin -LasR complex within each cluster. They succinctly
286 represented the unique characteristics and dynamics observed within their respective groups. To
287 further examine the interactions within the Plateulin -LasR complex, the PLIP webserver was
288 employed for each representative frame. The PLIP webserver is a valuable tool used for the
289 identification and analysis of protein-ligand interactions. By utilizing this resource, we gained
290 insights into the number and types of interactions occurring within the Plateulin -LasR complex in
291 each specific cluster. This analysis provided valuable information regarding the binding patterns,

292 molecular interactions, and potential functional implications of Plateulin within the LasR protein.
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Figure 9. The four clusters representative obtained from TTClust and their 3D interactions with
Plateulin. Grey dashed lines: hydrophobic interactions, blue solid lines: H-bonds, green dashed

lines: pi-stacking, orange sticks: Plateulin, blue sticks: amino acids of the LasR protein.

To assess the enduring stability of the binding modes within the Plateulin-LasR complex,
we embarked on a comprehensive analysis that spanned a simulation process lasting 100
nanoseconds, utilizing data extracted from both ProLIF and PLIP to determine the most essential
thee interactions and depict the key distances between Patuletin’s atoms and the LasR’s active site
through these interactions. The results of this analysis are visually depicted in Figure 10 illustrating
the fluctuations in the distances characterizing these key interactions over the course of the
simulation. Specifically, the distance between Leu36 and atom C13 within Plateulin is denoted by
the blue line. The red line tracks the variations in distance between Leu36 and atom C6 within
Plateulin. Lastly, the green line elucidates the dynamic changes in the distance between Tyr64 and
atom C13 within Plateulii " his in-depth examination of these interactions provides valuable
insights into the structural dynamics and stability of the Plateulin-LasR complex during the
simulation, shedding light on the pivotal roles these molecular interactions play in the binding

process.

Figure 10. A) Show the change in the distances of three key interactions (as obtained from ProLIF
and PLIP). Blue line: shows the distance between Leu36 and atom C13 in Plateulin, Red Line:
shows the distance between Leu36 and atom C6 in Plateulin, and Green line: shows the distance

between Tyr64 and atom C13 in Plateulin. B) Shows the atom names of Plateulin
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3.5. ED, Principal Component Analysis (PCA)

We employed principal component analysis (PCA) to locate the coordinated actions. As
noted in the methodology section, we used the scree plot, the eigenvector distribution, and the
variance maintained with additional eigenvectors (cumulative total) to determine the size of the
reduced subspace. At the second PC, the slope of the scree plot noticeably flattens out. Alone, the
first eigenvector accounted for about 63% of the entire variance, whereas the first three
eigenvectors together accounted for approximately 74.66% of the total variance (Figure 11). It was
shown that the first five PCs did not have a normal distribution (Figure 12). As a whole, we

represented the essential subspace using the top three eigenvectors.

Figure 11. shews the change in the eigenvalues with increasing the eigenvectors (blue line). In

addition, the cumulative variance retained in the eigenvectors is shown (red line).
Figure 12. The distribution of the first ten eigenvectors.
3.6. Cosine Content Calculation

The cosine content was calculated for both the apo and the holo LasR protein simulations
to evaluate the degree of randomness shown by the first 10 eigenvectors. Both the apo and holo
LasR proteins were found to have a cosine content of less than 0.2 (Figure 13). The Root Mean
Square Inner Product (RMSIP) reveals a low degree of overlap (22.1 %) between the two
subspaces (the first three eigenvectors). The RMSIP also indicated that there was a similarity of
40.9 % between the C matrices of apo and holo LasR proteins, indicating that the sampling was

comparable across the two systems.
Figure 13. Values of the cosine content of the first ten eigenvectors for the two trajectories.
3.7. Bi-Dimensional Projection Calculations

The projections of these trajectories onto the first three eigenvectors of the updated C
matrix are shown in Figure 14. In each of these diagrams, the bigger dot depicts the
average structure of the relevant trajectory. Figure 14A, a projection on the first two eigenvectors,
reveals that the two trajectories have distinct average structures and that the frames overlap at the

simulation's last frames (dark red and black dots). Figure 14B shows that the two paths intersect
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(at the end of the simulation) and that their average structures are more comparable than in the
prior projection. Finally, Figure 14C (projection on the second and third eigenvectors) shows that
there are a lot of variances between the sampled frames and a similar projection with overlap at
the simulation's last frame. Porcupine diagrams were used to illustrate the motion of the first three
eigenvectors (Figure 15). The red holo LasR protein structure shows that the binding pocket is
slightly closing in the first three PCs, whereas the green apo LasR protein structure indicates a

little opening.

sure 14. The projection of each trajectory on A) the first two eigenvectors, B) the first

and third eigenvectors, and C) the second and third eigenvectors.

Figure 15. The porcupine figures of each of the first three eigenvectors for both systems. red
cartoon: holo LasR protein trajectory, green cartoon: apo LasR protein trajectory.

In vitro Studies
3.8. Patuletin MIC determination

By using the broth micro-dilution technique, the MIC of Patuletin was found to be 4 mg/m
The further possible anti-virulence effects of Patuletin against P. aeruginosa virulence factors
activities were examined at a sub-MIC concentration equivalent to ¥4 MIC (1 mg/ml) as other sub-
inhibitory concentrations did not show any inhibitory impact and to exclude any potential

inhibitory activity of the tested substance due to the possible lethal activity on bacterial growth.
Impact of sub-MIC of Patuletin on virulence factors in P. aeruginosa
3.10. Biofilm inhibition assessment

this study, the crystal violet technique was used to assess the inhibitory effect of Patuletin on
biofilm formation. Interestingly, Patuletin significantly reduced biofilm formation ability from
100% in untreated isolates to 48% and 42% in PA27853-treated isolate and PA1-treated isolate,

respectively (Figure 16

Peer] reviewing PDF | (2023:08:89813:0:3:CHECK 12 Sep 2023)


Andre
Nota
Check the formatting of all text.

Andre
Nota
Compare these data with the literature, check if there are reports of patuletin activities in other bacteria.

Andre
Nota
Check the formatting.

Andre
Nota
Specify figures 16A and 16B.


PeerJ

366
367
368
369
370

371
372
373
374
375

376
377
| 378
379
380
381

382
383
384
385
386

387
388
389
390
391
392
393

394
395
396
397
398
399
400

Figurel6. Patuletin at 1/4 MIC significantly decreased P. aeruginosa ability to produce biofilms
in treated bacteria as compared to control untreated bacteria. Optical density was measured at 570
nm. The data shown represent the means + standard errors. *P < 0.05.

3.11. Pyocyanin inhibition assessment

The ability of Patuletin to inhibit pyocyanin pigment production in P. aeruginosa was
estimated spectrophotometrically. Importantly, Patuletin significantly decreased pyocyanin
production from 100% in untreated isolates to 76% and 86% in PA27853-treated isolate and PA1-

treated isolate, respectively (Figure 17).

Figure 17. Patuletin at 1/4 MIC significantly reduced the production of pyocyanin in P.
aeruginosa in treated isolates compared to control untreated isolates. Optical density was measured
at 570 nm. The data shown represent the means of three biological experiments + standard errors.
*P <0.05.

3.12. Proteases inhibition assessment

The modified skim milk assay technique was used to test the proteolytic activity both with
and without sub-MIC concentration of Patuletin. Significantly Patuletin decreased the proteolytic
activity from 100% in untreated isolates to 58% and 80% in PA27853-treated isolate and PA1-

treated isolate, respectively (Figure 18).

Figure 18. In Patuletin-treated isolates, a significant decrease in proteases activity was observed.
ODggp was measured following overnight culturing of bacteria in LB broth with and without 1/4
MIC of Patuletin followed by incubation of supernatants with skim milk for '% hr at 37 °C. The
data shown are the means + standard errors of three biological experiments with three technical
replicates each. *, significant P <0.05

The obtained results suggest that Patuletin has significant effects on biofilm formation,
pyocyanin production, and proteolytic activity in PA27853 and PA1 bacterial strains. Interstingly,
these resuls were consistent with several published results on other flavonoids. For instance, a
study by Ouyang et al. investigated the effects of quercetin, a widely studied flavonoic. 01 biofilm
formation in P. aeruginosa. They reported a significant reduction in biofilm formation with the
ratios of 36, 51, 28 and 20% at the concentration of 8, 16, 32 and 64 ng /ml, respectively [33]. In

another study, At a concentration of 0.5 MIC quercetin potently reduced P. aeruginosa biofilm

formation and twitching motility by a ratio of 95% [60]. Similarly, luteolin cotrolled the biofilm
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formation of P. aeruginosa at 62.5, 125, and 250 pg/mL[61]. These findings suggest that multiple
flavonoids, including Patuletin and quercetin, have the potential to disrupt biofilm formation,
which is a crucial step in bacterial colonization and virulence.

Regarding pyocyanin production, Olivier et al. reported the significant reductions in
pyocyanin production by Naringenin, Eriodictyol and Taxifolin (2 mM ) on PAOI1 strain by ratios
of 86.8+1.4%, 73.2+5.2% and 55.848.1%, respectively [62]. Also, calycopterin inhibited

pyocyanin production at a concentration of 32 uM [63]. (fliSievident that'different flavonoidsmay)
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influence its effectiveness against P. aeruginosa. In a recent study, Hispidulin at a concentration
of 75 pg/ml decreased pyocyanin pigment production of reporter bacteria and test bacteria to 81.92
and 71.69 %, respectively [32]. Marked decrease in biofilm formation, pyocyanin production and
proteolytic activity of P.s aeruginosa was reported in presence of 110 pg/ml of the flavonoide

vitexin in combination with azithromycin [64].

4. Conclusion

In conclusion, the findings of this study highlight the promising potential of Patuletin as a LasR
and vieulence factors inhibitor in the context of combating P. aeruginosa infections. Through a
comprehensive analysis utilizing computational and experimental approaches, Patuletin
demonstrated a strong binding affinity to LasR, ensuring the stability of the Patuletin -LasR
complex. Moreover, Patuletin exhibited significant /n vitro inhibitory effects on crucial aspects of
P. aeruginosa virulence, including biofilm formation, pyocyanin production, and protease activity.
These findings hold considerable promise for the development of innovative strategies to combat
antibiotic-tolerant P. aeruginosa infections. Patuletin 's ability to inhibit LasR activity and
attenuate crucial virulence factors suggest its potential as a targeted therapeutic alternaive or
adjuvnt agent to traditional antibiotics. The results encourage further exploration of Patuletin as a
promising for candidate the development of novel antibacterial agents against drug-resistant P.

aeruginosa strains.
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Figure 1

Chemical structures of Patulet.s, cocrystallized ligand (TY4) and reported flavonoid
inhibitors of LasR protein
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Figure 2

Superimposition of the docked pose (blue) and the co-crystallized one (pink) inside of
the active site of LasR protein with an RMSD value 0.40 A
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Figure 3

A) 3D interaction of the co-crystallized ligand (TY4) in the active site of the LasR protein.
B) 2D interaction of TY4 in the active site of LasR protein. C) Mapping surface showing

TY4 occupying the active site of LasR protein
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Figure 4

A) 3D interaction of Patuletin in the active site of LasR protein. B) 2D interaction of
Patuletin in the active site of LasR protein. C) Mapping surface showing Patuletin
occupying the active site of LasR protein.
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Fi

gure 5

A) RMSD values from the trajectory for the LasR protein, B) shows Plateulin RMSD

val

ues, C) radius of gyration, D) SASA, E) change in the number of hydrogen bonds, F)

RMSF, G) distance from the center of mass of Plateulin compound and LasR protein.
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Figure 6

Energetic components of MM-GBSA and their values. Bars represent the standard
deviations
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Figure 7/
Binding free energy decomposition of the Plateulin -LasR complex

MMGBSA free energy decomposition of residues
within 1 nm of Patuletin in LasR Patuletin complex
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Figure 8

The amino acids, the types of interactions with Plateulin, and their occurrence during
the whole simulation time using the ProLIF Python library
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Figure 9

The four clusters representative obtained from TTClust and their 3D interactions with
Plateulin.
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Figure 10

A) The change in the distances of three key interactions (as obtained from ProLIF and
PLIP). Blue line: shows the distance between Leu36 and atom C13 in Plateulin, Red Line:
shows the distance between Leu36 and atom C6 in Plateulin, and Green line: shows

(>

Change in the distance between key amino acids and key atoms in the ligand

Change in the distance of bonds (A)

Time (ns)

—Leu36 - C13 — Leu36 - C6 — Tyro4 - C13
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Figure 11

The change in the eigenvalues with increasing the eigenvectors (blue line). In addition,
the cumulative variance retained in the eigenvectors is shown (red line)
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Figure 12
The distribution of the 1* ten eigenvectors

Histogram of the first 10 PCs
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Figure 13
Values of the cosine content of the 1* ten eigenvectors for the two trajectories
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Figure 14

The projection of each trajectory on A) the first two eigenvectors, B) the first and third
eigenvectors, and C) the second and third eigenvectors
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Figure 15

The porcupine figures of each of the first three eigenvectors for both systems. red
cartoon: holo LasR protein trajectory, green cartoon: apo LasR protein trajectory
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Figure 16

Manuscript to be reviewed

Patuletin's effect at 1/4 MIC against P. aeruginosa ability to produce biofilms . Optical
density was measured at 570 nm. The data shown represent the means + standard

errors. *P < 0.05
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Figure 17

Patuletin at 1/4 MIC significantly reduced the production of pyocyanin in P. aeruginosa.
The data shown represent the means of three biological experiments * standard errors.
*P < 0.05.
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Figure 18

In Patuletin-treated isolates, a significant decrease in proteases activity was observed.

OD,,, was measured following overnight culturing of bacteria in LB broth with and without 1/4

MIC of Patuletin followed by incubation of supernatants with skim milk for ¥z hr at 37 °C. The
data shown are the means + standard errors of three biological experiments with three

technical replicates each. *, significant P < 0.05
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