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Abstract: Quorum sensing (QS) inhibitors have emerged as a promising strategy for biofilm control
and virulence attenuation, which improves the potential of antimicrobial treatments by increasing
microbial susceptibility. The interspecies communication is mediated by autoinducer-2 (AI-2) that
is catalyzed by LuxS from S-ribosylhomocysteine (RHC). This study aimed to identify new active
phytochemicals against LuxS through in silico analysis, followed by in vitro validation. A repre-
sentative strain for the study of LuxS inhibition, Bacillus subtilis, and a reporter strain sensitive to
Al-2, Vibrio harveyi BB170, were used. Based on the binding energy scores and compounds cost, the
most promising/selected phytochemicals were curcumin (CUR), pioglitazone hydrochloride (PH),
and 10-undecenoic acid (UA). In vitro analysis corroborated the QS inhibitory activity of CUR and
UA, however, PH had no relevant effect. CUR (at 1.25-5 pg/mL) triggered 33-77% reduction of Al-
2 accumulation and UA (at 12.5-50 pg/mL) reduced 36-64%. In conclusion, in silico analysis allowed
the identification of LuxS antagonistic phytochemicals, revealing CUR and UA as active QS inhibi-
tors.

Keywords: curcumin; molecular docking; phytochemical; pioglitazone hydrochloride; 10-unde-
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1. Introduction

Quorum sensing (QS) is a cell-to-cell signaling process used to regulate gene expres-
sion as a function of population density. The mechanism involves the production and
release of small chemical molecules, known as autoinducers (Als), and cell response to
Als level. Above a minimum threshold level, Als are recognized by specific receptors,
which start a signal transduction cascade or repression of target genes, resulting in pop-
ulation-wide changes in phenotype. Examples of processes controlled by QS are virulence
expression, motility, symbiosis and biofilm formation, which in turn result in an increased
bacterial resistance to antimicrobial agents and pathogenicity [1].

Based on the difference in AI molecules, QS system is classified into four types. One
of them is LuxS/AI-2 QS system used for interspecies communication [2]. LuxS catalysis
the formation of 4,5-dihydroxy-2,3-pentanedione (DPD) and homocysteine (HCS) from S-
ribosylhomocysteine (RHC). DPD is unstable and spontaneously cyclizes to form a
furanosyl-borate-diester (AI-2). At high population density, Al-2 is recognized by a spe-
cific transmembrane receptor/sensor complex that regulates phosphorylation signal
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transduction cascade, activating the expression of related virulence genes [3]. In fact, sev-
eral bacteria have been identified as able to produce and/or recognize AI-2 [4].

Several authors have demonstrated that the attenuation of the expression of virulence
factors and the prevention of the biofilm formation can occur by interference with QS sys-
tem [5]. In this way, there are a lot of phytochemicals (compounds from the secondary
metabolism of plants) that have already been identified as QS inhibitors [6]. This study
aims to select new active phytochemicals against LuxS/AI-2 QS of Bacillus subtilis using in
silico analysis. For that, molecular docking and virtual screening were optimized and ap-
plied to screen thousands of phytochemicals (only drug-like compounds) and pick the
most potential ones to be in vitro validated, using a reporter strain sensitive to AI-2.

2. Materials and Methods
2.1. Molecular Docking and Virtual Screening
2.1.1. Protein-Ligand Docking Protocol Validation

Protein Data Bank (PDB) was searched for “LuxS” from B. subtilis. For protein-ligand
docking protocol validation, a total of seven X-ray crystallographic protein structures and
five ligands were retrieved (Table 1). Re-docking of ligands for which there was ligand-
target crystallographic structure was performed with AutoDock VINA, GOLD
(ChemPLP, GoldScore, ChemScore and ASP), and LeDock. For each software, docking
protocol was adjusted to reproduce the known experimental binding poses for each target
(minimum Root Mean Square Deviation-RMSD). Cross-docking of ligands was per-
formed to assess the ability of each structure to correctly accommodate ligands from other
structures and measure its general usefulness. The average binding energy score from
each scoring function for all ligands was calculated for each target protein.

Table 1. Available structures of LuxS on PDB.

PDB Code Resolution (A) Ligand
1J98 1.20 -
11IE0 1.60 -

2FQT 1.79 H1D!
2FQO 1.87 HYI 2
1JQW 2.30 HCS
1JVI 2.20 RHC
1YCL 1.80 KRI 3

1 (25)-2-Amino-4-[(2R,3S)-2,3-duhydroxy-3-N-hydroxycarbamoyl-propylmercapto]butyric acid. 2
(25)-2-amino-4-[(2R,3R)-2,3-hihydroxy-3-N-hydroxycarbamoyl-propylmercapto]butyric acid. 3 2-
ketone intermediate.

2.1.2. Virtual Screening Protocol Validation

The ChEMBL database (https://www.ebi.ac.uk/chembl) was searched for active com-
pounds against LuxS (with known experimental activity), reporting 16 distinct molecules.
Decoys are compounds randomly generated with similar 1D physicochemical properties
to actives, but distinct 2D topology to be likely non-binders. For all active compounds, the
Directory of Useful Decoys Enhanced (http://dude.docking.org/) generated a total of 788
distinct decoys. The performance of different scoring functions in discriminating between
active compounds and decoys was evaluated by the area under (AU) Receiver Operator
Characteristic (ROC) curve and the enrichment factor at 1% (EF1%) and 20% (EF20%) from
the ranked lists of active/decoys based on binding energy scores. AU-ROC curve is the
plot of the true positive rate (TPR = TP/P) versus false positive rate (FPR = FP/N), where
TP is the number of true positives, FP is the number of false positives, P and N are the
total number of positives (active compounds) and negatives (decoys), respectively. EF1%
and EF20% correspond to the measured number of active ligands recovered at 1% and
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20% of the active/decoys database, respectively, over the expected number of recovered
active compounds using random scores. At the end of this stage, an optimized virtual
screening protocol was selected using the best performing molecular docking soft-
ware/scoring function and protein structures.

2.1.3. Virtual Screening for the Identification of Potential QS Inhibitors

The phytochemical database was developed by combining several online libraries:
Analyticon (3608 compounds-https://ac-discovery.com/), Molport (1476 compounds-
https://www.molport.com/shop/index), and PhytoHub (1674 compounds-http://phyto-
hub.eu/). After the removal of duplicates and selection of compounds with specific prop-
erties associated with other drug-like compounds (Rule of Five), the phytochemical data-
base comprised about 3479 compounds. The previously optimized virtual screening was
used to rank and evaluate the binding energy scores of phytochemicals in LuxS.

Curcumin (CUR), 95% (total curcuminoid content), from Turmeric rhizome (Alfa Ae-
sar, Germany), pioglitazone hydrochloride (PH), 98% (Alfa Aesar, China), and 10-unde-
cenoic acid (UA), 99% (Alfa Aesar, Germany) were selected for following in vitro valida-
tion. Phytochemical solutions were freshly prepared in 100% DMSO and the final concen-
tration of DMSO used was 6% (v/v).

2.3. Effects on LuxS/AI-2 QS System

The inhibition of LuxS of B. subtilis in presence of selected phytochemicals was meas-
ured by the reporter strain Vibrio harveyi BB170 (ATCC BAA-1117) according to Bassler, et
al. [4] and Taga and Xavier [7] with some modifications. Briefly, B. subtilis (Ehrenberg)
Cohn (ATCC 6051) was cultured aerobically in Luria-Bertani (LB, Sigma-Aldrich, USA)
broth for 14 h at 30 °C (160 rpm). Afterwards, 5 mL of overnight culture was added to 95
mL of sterile LB with a phytochemical solution at different concentrations and grown at
30 °C with agitation. Control samples were performed with DMSO instead of phytochem-
ical solutions. (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone (furanone C-30, FUR,
Sigma-Aldrich, Switzerland) at 1 uM (in DMSO) was used as a positive control. The bac-
terial growth was monitored by the measure of Abseo nm (spectrophotometer V-1200,
VWR, China). After 4.5 h of incubation, the suspension was centrifuged (2000x g, 5 min)
and 1 mL aliquots of the cell-free supernatant were collected and filtered [using cellulose
acetate syringe filter with a pore size of 0.22 um (Whatman, VWR, Portugal)]. For AI-2
measurement, V. harveyi BB170 was used as reporter strain according to Bassler, et al. [4]
and Taga and Xavier [7].

2.4. Statistical Analysis

Computational data from the molecular docking and virtual screening studies were
analysed using the average and standard deviation (SD) tools of Microsoft Excel. Experi-
mental data were analysed using Dunnett’'s multiple comparisons test and Tukey’s mul-
tiple comparisons test from the statistical program GraphPad Prism 6.0 for Windows
(GraphPad software, La Jolla, CA, USA). The mean and SD within samples were calcu-
lated for all conditions. Statistical differences were established for a probability level of
5% (p < 0.05).

3. Results and Discussion
3.1. Molecular Docking and Virtual Screening Protocol Validation

Molecular docking and virtual screening allowed to recognize potential QS inhibitors
from a large phytochemical database that would remain unexploited without it. Although
incorrect recognition of false positives or false negatives, this approach is faster and
showed higher accuracy than if it was done by traditional methods [8]. This study focused
on the optimization/validation of a virtual screening protocol to pick out phytochemicals
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with potential QS inhibitory activity against LuxS/AI-2 QS of B. subtilis, followed by its in
vitro validation.

Assuming a cut-off value for the RMSD between docked and crystallographic ligand
poses around 2 A, all molecular docking software/scoring functions showed good perfor-
mance in re-docking ligands, except for 1JQW/HCS (Table 2). Additionally, ChemPLP was
the docking software/scoring function with the worst overall RMSD (7.28 A). In this spe-
cific case, checking the poses by visual inspection revealed an inverted ligand pose for the
lowest binding energy as a result of the chemical interaction of metal ion (zinc) and the
terminal carboxy group of both ligands. LeDock was the best performing docking soft-
ware/scoring function with an average of RMSD of 0.81 A.

Table 2. Re-docking RMSD (A) values between docked and crystallographic ligand pose for each
specific target protein structure for different molecular docking software/scoring functions (VINA,
ChemPLP, GOLDScore, ChemScore, ASP, and LeDock).

Receptor Ligand

VINA ChemPLP GoldScore ChemScore ASP LeDock

1JVI RHC
1YCL KRI
1JQW HCS
2FQT H1D 2.69
2FQO HYI 2.97
Average* 1.6+0.4 7.2+0.5 29+25 1.5+04 1.9+09 0905
* Re-docking RMSD values for 1JQW/HCS were not included in the average + SD calculations.
From cross-docking of five ligands using different molecular docking software/scor-
ing functions, the average binding energy score was recovered for each target protein
structure (Table 3). The LuxS protein structure 11EQ showed the worst performance for all
ligands using all molecular docking software/scoring functions. The best results, with
high binding energy scores, were obtained using ChemPLP, followed by GoldScore, Le-
Dock, and VINA. Results of re-docking and cross-docking suggested 1YCL and 2FQT as
the best performing LuxS structures for the conducted analysis.
Table 3. Average of binding energy scores of ligands for each LuxS structure using different molec-
ular docking software/scoring functions (VINA, ChemPLP, GOLDScore, ChemScore, ASP, and Le-
Dock).
Receptor VINA ChemPLP GoldScore ChemScore ASP LeDock
11IE0
1J98 -7.0+0.2 24 +5 31+0.7  -79+02
1JVI ~7.4+0.3 78 +3 78 +3 29+3 3308 [NE82505
1YCL 73+02 | 8%=x4  8lz2 36+1 34+1 ~7+2
1JQW -6.5+0.4 72+3 77 +3 27 +2 31+06 = -7.5+02
2FQT -7.0+0.3 79 +4 29+2 31+0.7 ~7.8+2
2FQO 7102 75+2 303 32:03 [IE802020
Average* -6.6+1.0 75+11 72+10 28+5 29+6 -7.1+1.5

* Biding energy scores of ligands for 11IE0 were not included in the average + SD calculations.

Virtual screening of active/decoys database was performed for 1YCL and 2FQT (the
best performing LuxS structures from re-docking and cross-docking analysis), and differ-
ent statistical tools were used to compare the performance of molecular docking soft-
ware/scoring functions to give a ranked list of active/decoys—Table 4. VINA, ASP, and
LeDock failed to identify positive actives in 1% of active/decoys database. The same ten-
dency was obtained in terms of the recognition metrics at 20%. ChemPLP was evaluated
as the best molecular docking software/scoring function for virtual screening of phyto-
chemical database (high EF1% and AU-ROC =94-96). Although the highest RMSD values,
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it was considered non-limiting since ChemPLP had the best performance in discriminat-
ing active from decoys and high binding energy scores.

Table 4. Performance of molecular docking software/scoring functions (VINA, ChemPLP, GOLD-
Score, ChemScore, ASP, and LeDock) in the discrimination between active and decoys for 1YCL and
2FQT structures.

VINA ChemPLP GoldScore ChemScore ASP LeDock

. EF1% 12.6 126 -
Y  EF20% 3.45

~ AU-ROC 637 87.9 85.4 62.0 68.5

. EF1% 6.27 6.27

& EF20% 2,51

“  AU-ROC 87.8 81.0

3.2. Virtual Screening of Phytochemical Database

Virtual screening using ChemPLP was performed using a phytochemical database to
screen potential QS inhibitors against LuxS of B. subtilis. Phytochemicals were selected
based on high binding energy score, high availability, and low cost. Among the top 10
phytochemicals for both protein structures (1YCL and 2FQT), UA was identified as a po-
tential QS inhibitor. CUR and PH were identified among the top 500. Selected phytochem-
icals showed binding energy scores close to RHC (natural ligand), indicating favourable
chemical interaction. The following in vitro analyses were performed to confirm if re-
vealed phytochemicals had effectively QS inhibition against LuxS/AI-2 QS of B. subtilis.

3.3. Effects of Phytochemicals on LuxS Inhibition

Based on AI-2 measurement, relative Al-2 reduction (%) in the presence of phyto-
chemicals was determined in comparison to the control sample (B. subtilis culture without
phytochemicals)-Figure 1. PH did not cause a relevant reduction of AI-2 accumulation in
cultures (<15%). On the other hand, CUR and UA caused a significant AI-2 reduction at
the tested concentrations. The best phytochemicals against LuxS/AI-2 QS were CUR fol-
lowed by UA with relative AI-2 reduction ranging between 33-77% and 36-64%, respec-
tively. Both phytochemicals caused greater QS inhibition than positive control (27%).
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Figure 1. Relative AI-2 reduction of B. subtilis cultures in the presence of the selected phytochemi-
cals—curcumin (CUR), pioglitazone hydrochloride (PH), and 10-undecenoic acid (UA) at different
concentrations (in pg/mL) (left-y axis; bars). Effects on cell density as Abseionm reduction (right-y
axis; dots). Positive control corresponded to relative AI-2 reduction on the culture in the presence
of furanone C-30 (FUR). Dashed lines correspond to cut-off values for the maximum growth inhibi-
tion (20% of absorbance) and for minimum QS inhibition (15%). * —Relative AI-2 reduction in pres-
ence of phytochemicals was statistically different from FUR (Dunnett’s multiple comparisons test,
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p <0.05).2 and P—AI-2 accumulation was statistically different between different concentrations of
each phytochemical (Tukey’s multiple comparisons test, p < 0.05). Values are the means + SDs of
three independent experiments.

Phytochemicals have been identified as potential LuxS/AI-2 QS inhibitors. For in-
stance, the QS inhibition promoted by CUR was also demonstrated against Streptococcus
mutants [9]. To the best authors’ knowledge, this study was the first to demonstrate the
QS inhibition by UA. However, previous research identified several long-chain fatty acids
as LuxS/AI-2 QS inhibitors [10]. In addition, it was demonstrated that agaric acid (another
fatty acid) cause QS inhibition against Salmonella, inhibiting biofilm formation through
reduction of flagellar motility [11].

4. Conclusions

The optimized virtual screening protocol permitted at some extent a reliable identi-
fication of new potential QS inhibitors from a phytochemical drug-like database against
LuxS. As the QS mechanism is involved in biofilm formation and virulence expression,
QS inhibition can effectively be used to improve antimicrobial treatments outcomes by
increasing microbial susceptibility and diminishing infectivity. In silico analysis revealed
CUR, PH, and UA as potential QS inhibitors. In vitro assays corroborated the QS inhibi-
tory activity using CUR (at 1.25-200 ug/mL) and UA (at 12.5-250 ug/mL), however, PH
had no relevant effect. This study demonstrated the power of molecular docking/virtual
screening methodology in the prediction of potential chemical interactions between lig-
ands and the selected targets.
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