Bioorganic Chemistry 154 (2025) 108046

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

ELSEVIER

Metabolomic fingerprinting, molecular modelling and experimental
bioprospection of Helianthus annuus seed cultivars as Pseudomonas
aeruginosa LasR modulators

Akshay Raghoonanadan, Yamkela Dweba, Christiana E. Aruwa, Saheed Sabiu

Department of Biotechnology and Food Science, Faculty of Applied Sciences, Durban University of Technology, Durban 4000, KwaZulu-Natal, South Africa

ARTICLE INFO ABSTRACT

Keywords: The Pseudomonas aeruginosa LasR quorum sensing system (QSS) is central to regulating the expression of several
Helianthus annuus pathogenicity factors. Also, while seed- and/or plant-derived products have been investigated as QSS regulators,
Metabolome ) the impact of Helianthus annuus (Pannar sunflower seed cultivars) extracts and metabolites as LasR modulators
gu;);:zi;;n;mg remain underexplored. Thus, this study focused on the untargeted metabolomic profiling (Liquid
Ir; silico Chromatography-Mass Spectrometry), in vitro and in silico (docking, pharmacokinetics, dynamic simulation)
In vitro bioprospection of Pannar seed cultivars’ extracts and metabolites as LasR modulators. The extracts showed

significant QS modulating properties (motility, violacein, biofilm, cell attachment, pyocyanin inhibition) with
the PAN 7102 CLP seed cultivar (74.3 %) being the most potent, compared to azithromycin (65 %) and cin-
namaldehyde (62 %). Chemometric principal component analysis (PCA) analysis showed distinct metabolite
signatures with 52.5 % variance across the six cultivars that was driven by aqueous and ethanolic extracts of PAN
7102, 7160, and 7156 cultivars. The presence of methoxymellein, hydroxytetradecanedioic acid, koninginin G,
geoside, pinellic acid and methylpicraquassioside A were reported for the first time. The profiled metabolites
were subjected to a 100-ns molecular dynamics simulation following molecular docking. Binding free energy
(AGping) calculations revealed obolactone (—48.26 kcal/mol), 1,4-bis(phenylglyoxaloyl)benzene (—45.06 kcal/
mol), cyclocanaliculatin (—43.41 kcal/mol), 5-hydroxy-7-methoxy-2-phenylchroman-4-one (—39.18 kcal/mol)
and lonchocarpin (—33.78 kcal/mol) as first-time putative leads relative to azithromycin (—32.09 kcal/mol). All
lead metabolites also conformed to Lipinski’s rule of 5 (Ro5), and their LasR bound complexes were thermo-
dynamically stable and compact given their strong bond interactions. Findings indicate that metabolomic
profiling remain key to identifying new compounds from underexplored species. H. annuus lead metabolites and
extracts may also play key roles as LasR modulators. Further structural modification of the 5 leads could aid their
development into novel, oral therapeutics targeting LasR to mitigate resistant P. aeruginosa infections.

Anti-biofilm

1. Introduction prediction of ten million deaths per year by 2050, especially in the Af-

rican and Asian continents [1]. In South Africa, reports of AMR and

Antimicrobial resistance (AMR) remains a global scourge requiring
urgent action in form of novel antimicrobials [1]. It is a public health
threat ravaging both developed and developing economies [2]. AMR-
associated infections cause rise in treatment costs and prolonged hos-
pital stay [3], with billions of Euros spent annually in fighting the
scourge [4]. In America, the Centre for Disease Control and Prevention
(CDC) also estimated over $18 billion surplus in AMR-linked manage-
ment costs [3]. Similarly, in 2019, the mortality rate from AMR bacterial
infections was approximated to over four million deaths globally, with
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pandrug-resistant (PDR) infections in patients increased in the past ten
years, thus calling for drastic measures to safeguard threats to public
health. South Africa has the highest antiretroviral treatment programme
and high burden of tuberculosis (TB), with quadrupled resistant in-
fections since 2011 [5]. The first report of colistin resistant genes
emergence in infections caused by bacteria constituted a key example of
increasing AMR trends in South Africa [6]. As a result, the nation’s
Departments of Health prioritized studies on drug repurposing, com-
pounding, and bioprospection for novel antibacterial interventive
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therapies against resistant microorganisms like Pseudomonas aeruginosa
[7].

Antibiotic resistance and biofilm formation make up part of micro-
bial virulence factors and microbial quorum sensing systems (QSSs) are
critical regulators in biofilm development [8]. As such, it has been
posited that modulating QSSs could be key to reducing evolutionary
pressure in microbial AMR transfer and development [8,9]. In a bid to
streamline and fast-track current and future efforts targeting antimi-
crobials development, the World Health Organization (WHO) classed
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Aci-
netobacter baumannii, P. aeruginosa, and Enterobacter spp. (ESKAPE) as
priority pathogens urgently needing new antimicrobials [10]. Of these,
P. aeruginosa shows the highest mortality rate (above 40 %) and is the
most implicated in hospital- and community-acquired infections in
immunocompromised patients [11]. This Gram-negative bacterium also
shows multi-drug resistance (MDR) to several groups of antibiotics
including macrolides, p-lactams, fluoroquinolones, and the last line of
defence antibiotics (polymyxins, carbapenems, glycopeptides) [12].

As a versatile, opportunistic pathogen, virulence in P. aeruginosa is
associated with its central LasR QSS, and it has been demonstrated that
use of QS inhibitors (QSIs) interfering with QS mechanisms is a feasible
approach to inhibit the formation of bacterial biofilms and other viru-
lence factors for mitigation of pathogenicity in P. aeruginosa [13]. In
addition, the development of innovative alternative therapies and novel
antimicrobials remains imperative as druggable microbial targets evolve
relative to the limited number of antibiotics. Likewise, since many
currently available antibiotic interventions have been misused and
abused, are expensive and come with side effects such as nausea, diar-
rhoea, bloating and indigestion [14], there is the need to source for
natural plant-based products as potential alternative novel antimicro-
bials. Consequently, plant natural products including seeds’ bio-
prospection has been embraced to provide more effective, safe, natural
and affordable treatment options with antimicrobial and QS modulating
properties [15,16].

The use of plants as therapeutics in trado-medical practices are well
known. A notable therapeutic plant species of importance is the Heli-
anthus annuus L. (sunflower, in the family Asteraceae). The H. annuus
hybrid seeds are an underutilized bioresource in South Africa, and their
metabolome are scarcely profiled in metabolomic workflows [16]. The
seed cultivars are mostly used in the extraction of sunflower seed oil,
baked food products or as food garnishes and snacks [15]. The recorded
pharmacological activity range of H. annuus sprout and seeds include
cardiovascular, antimicrobial, antioxidant, wound healing and anti-
inflammatory properties [17]. These activities are attributed to the
presence of vitamins, phenolics, flavonoids, unsaturated fatty acids
[17,18]. These notable medicinal, nutritional, and culinary benefits
have resulted in the growing global popularity of the sunflower species
and hybrids. One of such sunflower hybrids is the Pannar seed cultivar
which provides exceptional adaptability, stability, oil content and
yields, and are bred to be resistant to draught and phytopathogenic fungi
[17]. In addition, an earlier study had reported the anti-quorum sensing
(AQS) effects of H. annuus seed oils derived from Agsun hybrid cultivars.
The work also reported the lead metabolite (phylloquinone) responsible
for the AQS activity following metabolomic profiling (Gas
Chromatography-Mass Spectrophotometry), and computational bio-
prospection of profiled metabolites [19]. Nevertheless, no study is
available on the comparative metabolomic profile and QS modulatory
potential of sunflower Pannar (PAN) seed cultivars using in vitro and in
silico methods. In light of the foregoing, there is the need to bridge the
knowledge gap in Pannar hybrid seeds metabolite profiles, and the po-
tential use of its extracts and lead molecules in P. aeruginosa LasR QSS
modulation. Therefore, as an innovative strategy, this study explored the
metabolomic fingerprints of extracts (using Ultra-High Performance
Liquid Chromatography coupled with Mass Spectrometry analysis) from
six underutilized South African hybrid, sunflower seed (Pannar) culti-
vars (PAN 7158 HO, PAN 7102 CLP, PAN 7156 CLP, PAN 7160 CLP, PAN
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7170, PAN 7180 CLP) to enhance their use in QSIs development.
Thereafter, seed extracts were subjected to in vitro antibacterial and AQS
assays, followed by use of extracts’ profiled metabolites in computa-
tional modelling [molecular docking, molecular dynamics (MD) simu-
lation, pharmacokinetics prediction] to validate their in silico P.
aeruginosa LasR modulatory capabilities.

2. Materials and methods
2.1. Pannar seed cultivars collection, preprocessing, extraction

Six Helianthus annuus seed cultivars (PAN 7102, PAN 7156, PAN
7158, PAN 7160, PAN 7170, PAN 7180) were gotten from the Agricul-
tural Research Council (ARC), Pretoria, South Africa. The cultivars were
de-husked, washed with distilled water, and subsequently oven-dried at
40 °C for 24 h. The dehydrated seeds were ground to powdered form
using a blender (CaterWize CB-767 model, South Africa), and stored in
air-tight containers at 4 °C. Thereafter, about 2 g of each powdered seed
cultivar was mixed with 40 mL each solvent [water (A), ethanol (E),
hydro-ethanol (EA) and acidified methanol (MF)] in 100 mL conical
flasks and the setup was orbitally shaken at 25 °C for 24 h. The
extraction mixtures were thereafter filtered using a Whatman No. 1 filter
paper, and solvents evaporated from the filtrate by rotary evaporation at
60 rpm and 45 °C. All extracts were re-suspended in 2 % dimethyl
sulphoxide (DMSO) and stored at 4 °C prior to further analysis [20].
Using a 0.45 um filter attached to a syringe, about 0.5 mL of separate
extract samples were transferred into glass vials for metabolomic
analysis.

2.2. In vitro analyses

The bacterial strains used in in vitro assays were the P. aeruginosa
ATCC 27853, and the quorum sensing bio-monitor strain, Chromo-
bacterium violaceum ATCC 12472, which is used to determine extracts or
compounds QS modulating potentials by monitoring the expression
levels of its violacein virulence factor [21]. P. aeruginosa was cultured on
Mueller Hinton agar (MHA) plate and incubated at 37 °C for 24 h, and
C. violaceum on (Luria Bertani) LB agar with incubation at 30 °C for 24 h.
Both strains were sub-cultured prior to each test by inoculating a single
colony into respective broth media and shaken at 120 rpm at respective
temperatures until an optical density (OD) of 0.08 (0.5 McFarland
standard equivalent) at 600 nm was reached [22].

2.2.1. Antibacterial susceptibility and microdilution tests

The susceptibility of P. aeruginosa cells to extracts was assessed
through the agar well diffusion workflow, followed by minimum
inhibitory concentration (MIC) determination using the microbroth
dilution technique. A standardized bacterial culture (0.5 McFarland)
was prepared and 100 pL of the culture was swabbed on the surface of
solidified Muller Hinton (MH) agar plates. Then, 6 mm wells were bore
into the inoculated plates and 60 pL of plant extracts at different con-
centrations (400-600 mg/ml) were pipetted into each well and allowed
to diffuse into the agar for an hour [23]. Plates were thereafter inverted
and incubated (24 h at 37 °C). The same protocol was utilized for the
negative control (2 % DMSO), and azithromycin and cinnamaldehyde
reference standards served as positive controls. Tests were carried out in
triplicate, and the mean diameter of zones of inhibition were recorded in

13 5

mm’.

In the MIC tests, the microbe was assessed for visible growth and MIC
determined in the microbroth dilutions using the p-iodonitrotetrazolium
chloride (p-INT) growth indicator since plant extracts cause turbidity
and precipitation when mixed with growing microbial cultures in media
[24]. In determining the MIC, microtiter plate (Sigma-Aldrich, South
Africa) wells were first filled with 100 uL of sterile MH broth which were
then used to serially (2-fold) dilute extract stock concentrations (100 uL)
along each row. Following dilution, 30 pL of standardized bacterial
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suspension was pipetted into wells, while two separate wells were used
as sterility (MH broth alone) and growth (bacterial suspension alone)
controls. This was followed by sealing of plates and incubation for 24 h
at 37 °C. Then, 50 pL of a 0.2 mg/ml p-INT violet solution was added to
each row and left to incubate for 45 min to 1 h (to allow appreciable
development of colour). A decreased/poor colour reaction or develop-
ment, or observation of a clear solution indicated growth inhibition
[25]. The MIC representing the lowest concentration of an antimicrobial
agent that inhibits growth was recorded for each extract.

2.2.2. Assessment of extracts anti-quorum sensing activities

The qualitative AQS test was done as described by Chenia [26] with
minor modifications. About 50 pL of 0.5 McFarland standard
C. violaceum culture was spotted in the centre of the plate and swabbed
evenly across the surface of the solidified agar. Wells were made and
100 uL crude extracts in the MIC to 1/8 MIC (mg/mL) ranges were
transferred into appropriate and respective labelled wells. The same was
done for the standards; the QS inhibitor antibiotic (azithromycin) [27],
and cinnamaldehyde), as well as the negative control (2 % DMSO). The
set up was incubated at 30 °C for 24 h. The plates were thereafter
assessed for violacein expression where opaque zones (loss of purple
violacein pigment) around wells indicated AQS activity, and clear zones
indicated bactericidal activity. Inhibition zones were interpreted as
susceptible (>15 mm), intermediate (11-14 mm) and resistant (<10
mm) [19].

In the quantitative AQS test, prior to incubation, C. violaceum broth
culture absorbance (OD4gs nm) was checked for violacein production and
at ODggo nm for culture viability. Afterwards the culture was standard-
ized to 0.5 McFarland value of 0.08 at ODggg nm in sterile LB broth. Then
75 uL of broth and bacterial culture were added into microtiter plate
wells, followed by extracts at MIC to 1/8 MIC (mg/mL), and plates were
allowed to shake at 30 °C and 120 rpm, for 24 h. Thereafter, absorbance
readings were taken (OD4gs nm) to measure violacein expression, fol-
lowed by oven drying of plates. The well contents were re-suspended
with 100 uL of 100 % DMSO, allowed to shake in an incubator for
1-2hat 30 °C and 120 rpm, and an OD4gs5 nm Was used to obtain readings
to quantify violacein inhibition and concentration. Tests were done in
triplicates and percentage (%) inhibition calculated as below:

% inhibition = (OD control — OD test)/(OD control) x 100

Inhibition parameters were >50 % (high activity) and 0-49 % (low
activity) [28].

2.2.3. Swimming and swarming motility tests

The swimming [agar (0.5 %), sodium chloride (NaCl, 0.5 %, tryptone
(1 %)1, and swarming (3 % glucose, 0.8 % nutrient broth, 0.5 % agar, w/
v) media were prepared. About 2 pL each of standardized P. aeruginosa
culture (OD of 0.08 at 600 nm) was spotted at the centre of the solidified
plates, followed by spotting of extracts (2 pL at varied MIC to 1/8 MIC)
directly on top of the previous spot of culture, followed by plates incu-
bation (37 °C, 24 h). The mean diameter of inhibition zones was then
recorded (mm) for swimming and swarming plates relative to the
negative and positive controls. The experiments were carried out in
triplicate [29,30].

2.2.4. Cell attachment and biofilm development inhibition

The modified method described by Famuyide et al. [31] was used.
About 50 pL of standardized P. aeruginosa culture, 50 pL. MH broth, and
50 pL of extracts and standards at MIC to 1/8 MIC were applied to 96-
well microtiter plate wells and left to grow for 24 h at 37 °C. Negative
(2 % DMSO) and positive (azithromycin) controls were set up in
appropriate separate wells. Using crystal violet (CV) formed biofilm
biomass was measured. The plates containing the biofilm were carefully
rinsed three times in sterile distilled water to dislodge planktonic cells
and medium, then oven-dried. Thereafter, plates were incubated in a
dark environment for 15 min following addition of modified crystal
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violet (CV) at 1 % solution. This was followed by a three-time sterile
distilled water wash to remove CV stains that was not absorbed by cells,
and destaining of wells with 125 pL ethanol (95 %). A semi-quantitative
evaluation of biofilm development was done by measuring ODsgs nm
absorbance of 100 uL destaining solution transferred into a new plate,
followed by calculation of the inhibitory effects of the extracts and
standards using the parameters of 0 and 49 % (low activity) and 50 % or
higher (high activity).

In testing for biofilm development inhibition, 50 pL. MH broth and
50 uL of standardized P. aeruginosa culture were added to microtiter
plates (Merck, South Africa) and allowed to form mature biofilm over
12-24 h incubation at 37 °C. Then 50 pL of extracts and standards at MIC
to 1/8 MIC were added to wells in triplicates and the mixture incubated
again for 24 h. The set up was stained with CV as in the cell attachment
assay, followed by determination of inhibitory effects expressed as
percentages and following parameters earlier described.

2.2.5. Pyocyanin inhibition assays

In the pyocyanin inhibition assay, 3 mL of standardized (0.08 at 600
nm) broth culture of P. aeruginosa was added into sterile 15 mL centri-
fuge tubes. Then, different concentrations of standards and plant ex-
tracts (MIC to 1/8 MIC) were added to the standardized culture prepared
in King’s A broth and incubated at 37 °C for 18-24 h. Thereafter, 1.5 mL
of this culture was transferred into sterile Eppendorf tubes and centri-
fuged for 10 min at 3000 x g Then about a mL of supernatant was
pipetted into fresh sterile tubes that had been pre-cooled in ice, followed
by addition of chloroform (100 pL) while on ice, and then hydrochloric
acid (300 pL of 0.2 M). The reaction mixture was vigorously mixed, and
the supernatant (chloroform layer into which pyocyanin is extracted)
pipetted into a fresh microtiter plate, and absorbance measured at 520
nm. The pyocyanin concentration was determined by multiplying ob-
tained ODs with the pyocyanin molar extinction coefficient of 17.072.
The experiment was done in triplicates and compared to untreated
control cells [22].

2.2.6. Confocal laser scanning microscopy (CLSM)

Biofilm quantification and imaging by Confocal Laser Scanning Mi-
croscopy (CLSM) was done to assess P. aeruginosa biofilm viability
following exposure to extracts over a period of time. Biofilms were
allowed to develop at 37 °C for 12 h on glass coverslip pieces of size 1 x
1 cm placed in a 24-well microtiter plate. After 12 h, formed biofilms
were treated with the extracts and standards at their MICs in duplicate,
with incubation for 24 h. Attached biofilms were gently rinsed using
deionized water, stained with backlight viability kit (containing propi-
dium iodide and Syto 9 fluorescence), incubated in a dark area for 15
min, followed by one-time plate wash and viewing of fluorescence using
a Zeiss LSM 510 (Germany) confocal microscope. Laser emission
collection was done with a 500-530 bandpass filter and excitation
achieved at 488 nm [32].

2.3. Untargeted chemometric profiling of the extracts

The metabolomic profiles of the extracts derived from six H. annuus
seed cultivars were analysed by the Ultra-High Performance Liquid
Chromatography (UHPLC-MS) [33]. After 1 h ultrasonication (Bran-
sonic, USA), resulting supernatants were transferred into respectively
labelled amber coloured glass vials for each extract. Samples were then
analysed using the Waters Synapt G2 Quadrupole Time-of-Flight (QTOF)
Mass Spectrometer (MS) connected to a Waters Acquity UHPLC-MS
(Waters, Milford, MA, USA) for high-resolution metabolomic analysis.
Data was acquired with a m/z scan range of 150 to 1500 in resolution
mode, as well as in msE mode acquisition with the Synapt G2. Com-
pounds detection and confirmation was cone with MSDIAL, MSFINDER
(RIKEN Centre for Sustainable Resource Science: Metabolome Infor-
matics Research Team, Kanagawa, Japan). The metabolomic profiling
method used covered for identical precursor ions (isomers) detection
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and differentiation using chromatographic separation and matching
fragmentation patterns. In metabolomic multivariate analysis, the
generated data was first sample median normalized, log transformed,
and Pareto-scaled. The heat map, partial least squares discriminant
analysis (PLS-DA) and principal component analysis (PCA) plots (to
analyse consistency of key metabolites) were generated with Metab-
oAnalyst 6.0 (https://www.metaboanalyst.ca, accessed on 15 October
2023) [34].

2.4. In silico determinations

2.4.1. Molecular docking and fingerprinting

The 3D structure of P. aeruginosa LasR protein (PDB ID: 2UVO,
sequence length of 175) was downloaded from the Protein Data Bank
(https://www.rcsb.org/, accessed on 15 August 2023) in protein data
bank (pdb) file format. The ligands [H. annuus metabolites identified
from UHPLC-MS, and standards (azithromycin, cinnamaldehyde)] were
downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/,
accessed on 15 August 2023) in simple data file (sdf) format. The protein
and respective ligands were optimized for docking analysis using UCSF
Chimera version 1.15 [35]. Molecular docking was conducted using
PyRx v 0.8 [36] embedded with AutoDock vina to find the best binding
poses characterized by lowest docking scores [37]. Molecular finger-
printing of the top 10 metabolites with the lowest docking scores was
done using Galaxy Europe (https://usegalaxy.eu./#, accessed on 13
October 2023) [38] to assess the levels of structural variability across
the identified lead compounds, which assisted with streamlining to the
top 5 based on conformation with the Lipinski’s rule of 5 (Ro5) and
synthetic scores <5 [39].

2.4.2. Pharmacokinetic features analyses

The top 5 ligands with the best poses or docking scores from mo-
lecular docking with P. aeruginosa LasR protein and identified from
molecular fingerprinting were subjected to the SwissADME server tool
(https://www.swissadme.ch/, accessed 13 October 2023) to estimate
their pharmacokinetic and physicochemical [absorption, distribution,
metabolism, excretion (ADME)] properties [39].

2.4.3. Molecular dynamics (MD) simulation and post-dynamic analyses
The top 5 metabolites complexed with the LasR protein were sub-
jected to MD simulation using the graphics processing unit (GPU)
version of AMBER 18 to run FF18SB (variant) force field variant using
the in-house module programme resident at the Centre for High Per-
formance Computing, Cape Town, South Africa. The LasR protein
sequence length of 175 was used, and simulation was done over 100 ns,
and compounds’ partial charges generated in an ANTECHAMBER using
the general amber force field (GAFF) and restrained electrostatic po-
tential (RESP) procedures. The AMBER 18 module permitted TIP3P
water molecules, hydrogen (H) atoms, sodium (Na™) and chlorine (CI)
counter ions addition to aid neutralization of system. Non-bond in-
teractions threshold was set at 8 A using ligand-assigned ANTE-
CHAMBER charges. Each system hydrogen atom bonds were limited
using the SHAKE technique and done in 2 fs steps, at isobaric-isothermal
ensemble (NPT), randomized seeding, 1 ps collision frequency and 300
K [40,41]. In post-dynamic analyses, the CPPTRAJ program was used in
trajectories processing to analyse for root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), solvent-accessible sur-
face area (SASA) and the radius of gyration (ROG). The calculation of
complexes Gibb’s free binding energies (AGypinq) over interval (30 ns, 60
ns, 100 ns) snapshots from a 100 ns simulation was done using the
molecular mechanics and generalised Born surface area method (MM/
GBSA) strategy [41]. All bond and amino acid residue interactions were
thereafter analysed using version 21.1.0 of the BIOVIA Discovery Studio
software [42] and post-dynamic parameter plots generated using Origin
version 6 software [43]. Lastly, ligand—protein (amino acid residues)
contact maps in form of histograms (amino acid residues plotted against
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interaction fraction) were generated for the top 3 metabolites and azi-
thromycin to provide a summary on simulation interactions [44].

3. Results and discussion
3.1. H. annuus seed extracts’ antibacterial activities

Antibacterial susceptibility assays showed that aqueous and hydro-
alcoholic extracts derived from Pannar cultivars 7102, 7160, 7170 and
7180 cultivars had the highest inhibition zones ranging from 11 to 16
mm at 600 mg/mL, and 10-14 mm at 400 mg/mL (Supplementary
Table S1). The standard FDA-approved quorum sensing inhibitor (QSI)
antibiotic, azithromycin [27], showed a 15 mm inhibition zone, com-
parable to zone range of cultivar 7102, 7160, 7170 and 7180 cultivars’
extracts (Supplementary Table S1). Extract MICs ranged from 25 to 100
mg/mL, with cultivars 7102 water and hydro-ethanol extracts having
MIC values of 50 and 100 mg/mlL, respectively. In comparison, the
standards, azithromycin (0.25 mg/mL), and cinnamaldehyde (3.75 mg/
mL) demonstrated notable MIC values, thus confirming their robust
antibacterial capabilities (Supplementary Table S1). The extracts
showed concentration-dependent, and low to significant antibacterial
action with significant activity at >13 mm and low activity at 9-12 mm
[45]. On the other hand, 7156 and 7158 cultivar extracts showed no
inhibitory activity depicting no antimicrobial action. Similar observa-
tion was reported for Melilotus elegans hydroalcoholic extracts against
Staphylococcus aureus [46]. Extracts biological activities have been
linked to levels of key bioactive principles or phytochemical types
expressed in plants fractions, which is closely associated with solvent
type used [47]. Sunflower seed oils have been reported to show anti-
bacterial action against Bacillus subtilis, S. aureus, and Escherichia coli
microbes implicated in urinary tract infections (UTIs), with oil activity
linked to their content of polyphenols and volatile compounds [48,49].
Also, despite the high MICs, a similar study by S’thebe and co-authors
[19] recorded 91.80 mg/mL MIC for sunflower seed oils while investi-
gating the oil’s AQS property.

3.2. Qualitative and quantitative anti-quorum sensing determinations

3.2.1. Qualitative AQS

The extracts with best antibacterial activity were further tested for
their quantitative and qualitative AQS potential against C. violaceum
ATCC 12472, the QS inhibition bio-monitor strain known to produce the
visually distinct purple violacein pigment [50]. This was done because
no literature exists on the H. annuus Pannar seed cultivars studied and
their ability to inhibit QS. Qualitative AQS analysis showed that extracts
exhibited moderate AQS potential as opaque zones of concentration-
dependent violacein inhibition (Supplementary Table S2) against
C. violaceum ranged from 10 to 12 mm at sub-MIC concentrations. Ex-
tracts from the cultivar 7170 presented the best zones of inhibition
(12-15 mm), while the 7180 aqueous extracts showed no inhibition. The
reference standards, azithromycin and cinnamaldehyde showed inhibi-
tion zones of 15 mm (susceptible, inhibition of violacein >10 mm) and 5
mm (resistant, inhibition of violacein <10 mm) (Supplementary
Table 52), respectively. An earlier study on sunflower seed oil AQS ac-
tivity also recorded low qualitative inhibition of violaceum as depicted
by small inhibition zones. This could be attributed to the resistance of
C. violaceum to the extract which may result in reduced therapeutic ef-
fect at higher doses [19]. The inability of PAN 7180 aqueous extract to
show AQS effect could be due to the inappropriateness of solvent used
[51], the sunflower’s ontogenetic cycle and growth and development
events that reduce the seed cultivar’s key bioactive metabolite levels
[17]. Treatment of C. violaceum with extracts may have influenced
violacein pigment production, suggesting potential inhibition of the
microbe’s QS system, as observed from opaque zones around diffusion
wells and reduced expression levels of violacein. However, given the
preliminary outcomes, qualitative violacein inhibition does not always
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suffice as the best AQS validation technique. As such, quantitative AQS
test was further explored in results validation.

3.2.2. Quantitative AQS

The H. annuus extracts displayed varied AQS action against
C. violaceum, as evidenced by their substantial reduction in violacein
production (>50 % equals good or high activity) following treatment at
MIC and sub-MICs, with best inhibitory effect observed in the order of
cultivars 7102 > 7180 > 7170 > 7160 (Supplementary Fig. S2). All
extracts displayed violaceum inhibition at a decreasing exponential rate
but PAN 7102 hydroalcoholic extract showed relatively reduced effect
across all concentrations. Consistent with the qualitative AQS results,
the PAN 7102 cultivar water extract also showed the highest inhibitory
potential (74.26 %), followed by its hydroethanolic extract (73.16 %)
and 7180 hydroethanolic extract (70.95 %). Interestingly, these extracts
showed a much more significant inhibitory potential than azithromycin
(66.71 %) and cinnamaldehyde (63.23 %). These findings align with a
previous study reporting up to 50 % violaceum inhibition for Chinese
herbal extracts which was indicative of extracts being able to inhibit
acyl-homoserine lactone (AHL) binding to the CviR transcriptional
regulator in C. violaceum [13,52]. The absence of inhibition by the
hydro-ethanolic extract of 7170 at 1/8 sub-MIC may be due to limited
availability of bioactive metabolites and excess dilution resulting in the
bacterium’s reduced sensitivity at lower concentrations and minimal or
no inhibitory effects [53]. The reference standards also showed good
violacein inhibition at all concentrations which reduced at sub-MIC
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levels. The structural semblance of the metabolites allows them to
bind competitively to the C. violaceum CviR receptor protein in place of
AHL, invariably disrupting QS signal transmission and further virulence
factor expression [52]. These findings constitute a first-time validation
of the quorum sensing inhibiting (QSI) capacity of the investigated
Pannar H. annuus seed cultivars.

3.3. Impact of extracts on inhibition of swimming and swarming motility

The anti-swarming and swimming motility effects observed after
treating P. aeruginosa cells with the extracts are noteworthy, showing
significant difference within treatment groups, and increased inhibition
within reducing MICs (Fig. 1a and b). The results showed that all plant
extracts, especially PAN 7102 cultivar hydroalcoholic extract performed
consistently well, reducing swimming and swarming in P. aeruginosa in a
way that surpassed the performance of reference standards. A noticeable
decrease in the diameter zone was observed for all extracts at reducing
concentrations, indicating significant inhibition of motility compared to
untreated cells. These outcomes emphasize the significant potential
interference of extracts’ metabolites in the inhibition of QS-associated
virulence factors like microbial mobility and toxins expression [54].
The findings are also in alignment with earlier studies reporting
inhibited swarming in C. violaceum following treatment with Passiflora
edulis ethyl acetate fractions [53], and reduced swimming and swarming
in P. aeruginosa after cells treatment with H. annuus oils [19]. Hence,
since motility in P. aeruginosa is crucial to its pathogenicity and
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Fig. 1. (a) Inhibitory effect of active H. annuus extracts on P. aeruginosa swarming. PAN = Pannar cultivar; E = ethanol, W = water, EW = hydroethanol, Mic =
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virulence, and ability to form biofilms, restricting its mobility could
contribute to attenuating the microorganism’s virulence. This holds
significance for added exploration of H. annuus wild and hybrid cultivars
in industrial medical settings.

3.4. Inhibition of cell attachment, biofilm and pyocyanin production

3.4.1. Cell attachment and biofilm inhibition potential of H. annuus
fractions

The extracts competed favourably with the reference standards in
inhibiting P. aeruginosa cell attachment and biofilm formation in a
concentration dependent manner (Fig. 2a and b). At MIC, seed extracts
had cell attachment inhibitions ranging from 50 to 88 %, while azi-
thromycin and cinnamaldehyde elicited 67 % and 66 % inhibition,
respectively. The 7102 water and hydroethanolic extracts displayed the
best P. aeruginosa attachment inhibition at 88 % and 83 %, respectively,
followed by the 7160 aqueous extract (80 %). Extracts from Pannar
cultivars 7170 and 7180 also displayed high attachment inhibitory ac-
tivities >50 %. Notably, all extracts at MIC to “MIC values showed
greater than 50 % cell attachment inhibition suggesting that their
inherent metabolites may have anti-QS properties (Fig. 2a). The ability
of the seed extracts to interfere with the cell attachment, a precursor
stage in P. aeruginosa biofilm development may be attributed to inter-
ference with electrostatic interaction and Lifshitz-Van der Waals forces
that favour bacterial cells adherence to surfaces during the initial stages
of infection progression [55]. The Pannar seed cultivars’ extracts may
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hold promise for the reduction of colonization capacity on surfaces and
body epithelial cells, thereby preventing infections. A similar observa-
tion was made in a previous study done by Famuyide et al. [31] where
crude ethanolic and acetonic Psidium guajava fractions prevented
Streptococcus mutans cell attachment. Biofilm inhibition was concen-
tration dependent for all tested H. annuus extracts, with relative increase
in inhibition at lower concentrations. The 7160 water (67.52 %) and
ethanolic (68 %) extracts displayed the highest inhibitory potentials
which were relatively comparable to azithromycin (67.85 %) and cin-
namaldehyde (66.55 %) the reference standards, all showing acceptable
biofilm inhibiting activities (Fig. 2b). Walmiki et al. [56] also reported
on the biofilm inhibitory capacities of Piper nigrum, Syzygium aromaticum
and Cuminum cyminum oils against selected pathogenic bacteria. Also,
azithromycin may have performed better that the extracts in inhibiting
biofilm formation due to it being a standard, modified or refined QSI
antimicrobial agent [27]. Hence, Pannar seed cultivars’ extracts may
contain one or more metabolites with anti-QS and anti-biofilm inhibi-
tion properties.

3.4.2. Assessing pyocyanin expression inhibition

In the case of pyocyanin production, results depicted in Supple-
mentary Fig. S3 indicated a consistent reduction in pyocyanin produc-
tion in a trend that was dependent on concentration upon introduction
of standards and seed extracts into the bacterial cell culture. Extracts
pyocyanin production inhibition ranged from 58 to 78 %, competing
favourable with reference standards inhibition. The PAN 7102 cultivar
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Fig. 2. (a) Inhibitory activity of H. annuus extracts on P. aeruginosa cell attachment. PAN = Pannar; E = ethanol, W = water, EW = hydroethanol, Mic = minimum
inhibitory concentration. *4Values are mean + SD of replicates, and within each group different letters/superscripts indicate significant difference (p < 0.05). (b)
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water fraction showed a 74 % inhibitory potential followed by the 7160
water (67.52 %) and hydroethanolic (62.98 %) extracts, 7170 hydro-
ethanolic (65.15 %) and 7180 (62 %) extracts. Extracts’ inhibitory po-
tential at MIC values were higher than for the reference standards
suggesting that H. annuus Pannar cultivar seed extracts contain key
molecules with anti-QS activity and could function in modulating the rhl
system that is a subset QS pathway regulated by the P. aeruginosa LasR
system. These observations align with those of Chong et al. [13] where
demonstrable reduction in pyocyanin expression was reported upon
treatment of P. aeruginosa cell cultures with herbal extracts derived from
four Chinese plant species. As a secondary phenazine metabolite and
virulence factor, pyocyanin helps to induce free radicals’ production in
P. aeruginosa for onward interference with ion transport in host respi-
ratory epithelial cells [57].

3.5. Validating biofilm inhibition by confocal laser scanning microscopy
(CLSM)

To assess biofilm matrices further quantitatively and confirm the
extent of biofilm inhibition by the investigated extracts, CLSM imaging
was done. The ethanolic, water and hydroethanolic extracts of 7102 and
7160 cultivars showed the best anti-biofilm activities (Fig. 3d-h). The
micrographs showed notable reduction in biofilm thickness for the ex-
tracts’-treated cells, compared to untreated cells which showed clumped
up biofilms/cell aggregates (Fig. 3c). Also, despite the significant inhi-
bition of biofilm biomass and thickness observed for azithromycin and
cinnamaldehyde-treated cells (Fig. 3a and b), the extracts performed
favourably well in inhibiting biofilm production (Fig. 3d-h). This
observation may be linked to the standards being present in their
bioactive, pure, concentrated and/or structurally modified forms,
compared to the extracts that did not have the exact bioactive compo-
nent(s) causing biofilm inhibition identified and present at optimal
concentration. These findings confirm the results from cell attachment
and biofilm inhibition assays which point to the AQS activity of the
H. annuus extracts.

(a) Azithromycin (b) Cinnamaldehyde

() PAN 7102 (W)

(f) PAN 7160 (W)
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3.6. Metabolomic bioprospection of H. annus seed extracts

3.6.1. Metabolomic profiling and analysis

The chemometric PCA score plot of the metabolomic data unveiled a
substantial variance of 52.5 % across the six Pannar cultivars, thus
emphasizing their distinct metabolite signatures (Fig. 4a). The PLS-DA
plot (Fig. 4b) further demonstrated a 46.9 % variance, and com-
plemented PCA in highlighting extract and cultivar-specific metab-
olomic differences. Pannar cultivars 7102, 7160 and 7156 aqueous and
ethanol extracts were responsible for driving most of the observed
feature (metabolite) variations in PC1, and the second highest amount of
variance (PC2) among samples. Again, the PCA plot showed unique
features for the 7102 A, 7102 E, 7160 MF, 7156 E, and 7158 A samples.
The component 2 axis in the PLS-DA plot showed that cultivar extracts
belonging to 7102 A, 7160 EA, and 7156 A had features specific to them.
These sample accounted for the variation and clustering observed across
all sample groups and metabolites. Intersecting (similar) features were
observed across all cultivar MF extracts, as well as all 7170 and 7180
extracts. This indicated similar metabolome composition across the
implicated cultivars. Samples were relatively closely clustered, yet
separate indicating a high degree of metabolomic variation across cul-
tivars. Although, the PLS-DA is useful in showing intra-cultivar differ-
ences, it depicted a lower degree of metabolites variance compared to
inter-cultivar extracts’ similarities. The observed higher variance score
from PCA relative to PLS-DA could be attributed to smaller PCA (lower
cross cultivar similarity) and larger PLS-DA clustering. The larger the
cluster and spatial arrangement of key features, the greater the intra-
cluster variation and vice versa [58]. Likewise, the PLS-DA supervised
model is reported to usually overfit data points much more than PCA
[59]. In addition, the associated heatmap shows the relative abundance
of H. annuus metabolites across the six Pannar seed cultivars. The red
boxes signify higher mean abundance/concentrations in samples, while
the blue boxes indicate comparatively lower concentrations (Fig. 5).
Hierarchical clustering included 24 analytical replications and the top
25 metabolite features grouped in a row. Higher metabolite intensities of
aromatic phenol carboxylic acids (caffeic, and chlorogenic acids),
dihydroisocoumarin phytoalexin (methoxymellein), quinic acid deriv-
ative (caffeoyl methylquinic acid), glycosyloxyisoflavone (formononetin

(c) 2% DMSO (d) PAN 7160 (EW)

() PAN 7102 (EW) (h) PAN 7160 (E)

Fig. 3. (a-h) Confocal microscopy images of the antibiofilm efficacy of the most active H annuus extracts. Arrows = areas of clearing and isolated single cells (non-
aggregated biofilms). Circle = areas of biofilm clumps. Pannar cultivars; PAN 7102 CLP, PAN 7160 CLP; E = Ethanolic extract, EW = Hydroethanol extract, W =

Water extract.



A. Raghoonanadan et al.

Scores Plot
R
© o .%
o F 00,
H [S)
< [}
5 &
a 4 8
@
& °
J
. o
%
o |
: T T T T T
-20 10 0 10 20
PC1(425%)
a

Fig. 4. Metabolites variation across six Pannar H. annuus seed cultivars using (a) PCA and (b) PLS-DA plots. Pannar cultivars; PAN 7102 CLP, PAN 7156 CLP, PAN

© PAN7102A
© PANT7102E
© PAN 7102 EA
© PAN 7102 MF
© PAN 7156 A
© PANT7156 E
© PAN 7156 EA
PAN 7156 MF
© PAN 7158 A
© PANT71S8 E
© PAN 7158 EA
PAN 7158 MF
PAN 7160 A
© PAN 7160 E
© PAN 7160 EA
PAN 7160 MF
© PANT7170A
© PANT7170 E
© PAN 7170 EA
PAN 7170 MF
© PAN 7180 A
© PAN 7180 E
© PAN 7180 EA
© PAN 7180 MF

Component 2 ( 30.1 %)

Scores Plot

Bioorganic Chemistry 154 (2025) 108046

& ;%

© PAN7102A

© PAN7102E
© PAN 7102 EA
© PAN 7102 MF

© PAN 7156 A

© PAN 7156 E
© PAN 7156 EA
PAN 7156 MF

© PAN 7158 A

© PAN 7158 E
» PAN 7158 EA
PAN 7158 MF

PAN 7160 A

© PAN 7160 E
© PAN 7160 EA
PAN 7160 MF

© PANT7170A

© PAN7170E
© PAN 7170 EA

PAN 7170 MF
© PAN 7180 A
© PAN 7180 E
© PAN 7180 EA
© PAN 7180 MF

R

-10

-5

Component 1 ( 16.8 %)

7158 HO, PAN 7160 CLP, PAN 7170, PAN 7180 CLP; Extraction solvents = water (A), ethanol (E), hydro-ethanol (EA) and acidified methanol extract (MF).

e

5-Carboxyvanillic acid

Geoside/Gein

| Unidentified

1 Unidentified
Methylpicraquassioside A
DD Chlorogenic acid 2
Chlorogenic acid

For tin malonylgl

Y

For tin malonylgl

Chlorogenic acid

Chlorogenic acid

Caffeoyl methylquinic acid

Unidentified

MINEs-127689

MINEs-127689
UNPD194859 (Acetyl maltose)
Methoxymellein

Unidentified

[ [ Koninginin G

9,12,13-TriHOME/Pinellic acid

Hydroxytetradecanedioic acid

Floionolic acid

Unidentified

Caffeic acid

Fig. 5. Relative abundance heat map of 25 key features (compounds) across all H. annuus extracts. Pannar cultivars = PAN 7102 CLP, PAN 7156 CLP, PAN 7158 HO,
PAN 7160 CLP, PAN 7170, PAN 7180 CLP; Extraction solvents = water (A), ethanol (E), hydro-ethanol (EA) and acidified methanol extract (MF); S1 = PAN 7102, S2
= PAN 7156, S3 = PAN 7180, S4 = PAN 7158, S5 = PAN 7160, S6 = PAN 7170.

33 3 PTTTTTTTTT T IT ]
POS-PE-PO-POQ0E-PLE-AIB-L0B-MB-PS-POPOST T T T T T T T T T T T T T T Tae™Y
NODS-LO-PB-LB-LDLB-08-PO

class
PAN 7102 A
PAN 7102 E
PAN 7102 EA
PAN 7102 MF
PAN 7156 A
PAN 7156 E
PAN 7156 EA
PAN 7156 MF
PAN 7158 A
PAN 7158 E
PAN 7158 EA
PAN 7158 MF
PAN 7160 A
PAN 7160 E
PAN 7160 EA
PAN 7160 MF
PAN 7170 A
PAN 7170 E
PAN 7170 EA
PAN 7170 MF
PAN 7180 A
PAN 7180 E
PAN 7180 EA
PAN 7180 MF

UNPD127537 (Tetramethyl dihydroxydecenolide)



A. Raghoonanadan et al.

malonylglucoside), and fatty acid (floionolic acid) were observed across
all extracts, especially in ethanol, hydroethanolic and aqueous extracts
of PAN 7102, 7160, 7158, 7156 cultivars, while some features were
unidentified. These findings are in alignment with those made from
unsupervised PCA and supervised PLS-DA models for same cultivars/
extracts groups. The presence of phenolic and flavonoid compound de-
rivatives in wildtype sunflower sprouts and seeds [15] and Armavireo
variety sunflower seed meals [60], as well as fatty acids in Agsun seed
oils [19] had earlier been reported. For the first time, this study reports
the presence of methoxymellein, hydroxytetradecanedioic acid, konin-
ginin G, geoside (a eugenol vicianoside), 9,12,13-TriHOME or pinellic
acid, and a phenolic glycoside (methylpicraquassioside A) in H. annuus
Pannar seed cultivars. The relatively uniform colour coding suggests
good data reliability and reproducibility. The analysis of selected clus-
tered feature hierarchies could be used in differentiating seed cultivar
metabolomic fingerprints [58]. Metabolomic variation across plant
variants of the same or different species have been linked to their ability
to adapt and respond to prevailing environmental or locational elicitors
that determine quantitative and qualitative metabolomic shifts and
profiles. Such metabolomic elicitations are central to plant natural
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products bioprospection drives focused on new drugs discovery [61].
Overall, our observations regarding the metabolites of the investigated
cultivars point to the efficacy of aqueous, alcohol, and hydroalcoholic
solvents in enhancing the expression of similar and distinct metabolites
during extraction, an attribute that is linked to their polarity index [20].
As such, the presence of distinct variables identified across Pannar
cultivar and extract replicates emphasize the relevance of using varied
solvents in sample extraction for untargeted metabolomics. This would
enhance coverage in profiling outcomes, either for known or new plant
species, or cultivar hybrids. Our findings show high feature variability
across and within Pannar seed cultivars and provide first-hand valuable
insights into metabolite diversity, similarity and distribution across
hybrid Pannar cultivars. This thus laid a foundational metabolome
baseline which could be built on in future research efforts to expand
exploration of the seeds beyond food and oil uses.

3.6.2. In silico metabolomic bioprospection

3.6.2.1. Molecular docking, metabolites ranking, and interactions ana-
lysis. The metabolites identified through UHPLC-MS were used to build
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a library of compounds and subjected to molecular docking to identify
putative leads implicated in the observed effects of the extracts towards
P. aeruginosa LasR protein. The top 20 metabolites had docking scores
ranging from —13.3 to —10.3 kcal/mol, with the lowest docking scores
observed for 1,4-bis(phenylglyoxaloyl) benzene (—13.3 kcal/mol). All
20 compounds had lower docking scores relative to the higher docking
score observed for azithromycin (—6.2 kcal/mol) and cinnamaldehyde
(—7.4 kcal/mol) (Fig. 6a). The docking protocol was validated by re-
docking of the native ligand [N-3-oxododecanoyl homoserine lactone
(83-0x0-C12-HSL)] (Fig. 6bi) and superimposition of lead metabolites at
the LasR active site to derive an RMSD of less than 0.5 (Fig. 6bi-iii). All
ligands were well fitted and docked in the LasR active site and interacted
with key conserved (Tyr56, Trp60, Asp73, Ser129) and other hydro-
phobic (Leu36, Gly38, Leu40, Tyr47, Arg6l, Thr75, Trp88, Tyr93,
Phel01, Gly126) amino acid residues, forming strong bonds (Fig. 6biii),
much like the native AHL ligand (3-0x0-C12-HSL). This suggests that the
metabolites may act as native AHL mimics for competitive inhibition of
LasR. In contrast to our findings, Dalal et al. [62] reported lower docking
scores for two lead hygrophorones [A14 (—8.7 kcal/mol), A12 (—9.1
kcal/mol)] with LasR inhibiting potential. Nevertheless, the leads also
formed stable Pi, alkyl and hydrogen bond interactions with Leu36,
Tyr47, Tyr56, Trp60, Trp88 and Phel01. This observation was is in line
with docking interactions for the leads reported for the first time in this
present study. In contrast, diadzein and fridamycin A, lead compounds
derived from termite-associated fungi did not interact with key LasR
residues but formed hydrophobic bonds with Tyr87, Leul104 and Ser123
[63]. Such varied interactions for same protein targets point to the
empirical nature of binding affinity measurements using docking scores
that depend on enthalpy- or entropy-based binding and impact inter-
molecular electrostatic interactions [64].

The 2D and 3D ligand—protein interactions for the 5 lead H. annuus
metabolites were also depicted in Supplementary Fig. S1. Docking scores
were used in selecting the best-posed metabolites (ligands) within the
active site pocket of LasR. Thereafter, molecular fingerprinting analysis
was done using the top 10 compounds with highest docking scores to
further aid streamlining to the top 5 metabolites (Supplementary
Fig. S4) using leads 3D complementary molecular features. Structure-
based fingerprinting provided added credence to its use, efficiency,
and specificity in lead ligands substructure analysis, and findings are
consistent with the reports of Cai et al. [65], and Koes and Camacho
[66]. However, based on the observed potential binding affinities, the
pharmacokinetic attributes of the identified 5 lead metabolites [1,4-bis
(phenylglyoxaloyl)benzene, cyclocanaliculatin, obolactone, loncho-
carpin, and 5-Hydroxy-7-methoxy-2-phenylchroman-4-one] were
further investigated.

The analysis of pharmacokinetic attributes using the ADME tool
serves to reduce the probability of obtaining false-positive outcomes
linked to in vivo and in vitro validation. Following pharmacokinetic

Table 1
Pharmacokinetic properties of the top 5 performing H. annuus compounds.
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features prediction, the top 5 H. annuus metabolites were shown to
conform to the Lipinski Ro5 (Table 1). The attributes included their
ability to penetrate the cell membrane, high bioavailability, lip-
ophilicity, and low to high gut absorption properties, compared to the
azithromycin standard which violated two drug-likeness criteria
(hydrogen bond acceptors >10, molar weight >500). The 5 lead me-
tabolites showed moderate to high solubility, with obalactone showing
the highest bioavailability or water solubility score. A lipophilicity (log
P) scores of <5 indicates that a compound is readily miscible in a lipid
(oil) rather than in an aqueous phase. This suggests a strong ability to be
absorbed and permeate the cell membrane [67]. A high gut absorption
attribute indicates a metabolite’s intestinal absorption and permeability
features [68]. The Ro5 states that compounds with <2 violations will not
be bioavailable when taken orally. Thus, the identified lead H. annuus
compounds could be developed into orally bioavailable drug formula-
tions for effective pharmacological modulation of LasR [69,70].

3.6.3. Energy component, molecular dynamics (MD) and post-dynamics
analysis

In thermodynamic energy component analysis, the binding free en-
ergy (AGping) reflects the energy difference between the unbound re-
ceptor and bound complex (using 100 ns MM/GBSA computations), and
indicates a molecule’s affinity for the target and bond strength [71]. The
AGpinq value is an enhanced scoring function that supersedes the
docking score in showing the affinity of a ligand for its target. A lower or
more negative AGpinq values indicates better complex stability and af-
finity. Obolactone (—48.26 + 3.56 kcal/mol), followed by 1,4-bis(phe-
nylglyoxaloyl)benzene  (—45.06 + 295  kcal/mol) and
cyclocanalucilatin (—43.41 + 4.15 kcal/mol) had the lowest AGyping
compared to the standards azithromycin (—32.09 + 1.55 kcal/mol) and
cinnamaldehyde (—16.64 + 1.82 kcal/mol) (Table 2). Similar to our
findings for obolactone, 1,4-bis(phenylglyoxaloyl)benzene and cyclo-
canaliculatin, Sadiq et al. [72] also reported MMGBSA measured AGyping
of —44.23 kcal/mol for sulfadiazine and —46.27 kcal/mol for articaine,
both FDA-approved drug leads repurposed as LasR antagonists. Hence,
findings from our AGypjng outcomes for H. annuus leads showed compa-
rable and enhanced binding affinity for LasR. These findings suggest
their better potential as novel modulators of P. aeruginosa LasR.

Furthermore, the thermodynamic stability of the 5 lead H. annus
metabolites complexed with the LasR were assessed by evaluating their
trajectories (Fig. 7a-d, Supplementary Table S5) over a 100 ns MD
simulation period. The RMSD is used to measure complex structure
divergence compared to the apo-protein (protein in its free form and
unbound to any ligand). Lower deviation values indicate increased
complex stability [73]. In this study, following convergence of com-
plexes at 5 ns, each system shows minimal sway and remained relatively
stable and equilibrated up to 60 ns. From 60 to 100 ns greater flux and
increase in RMSD was observed, with obolactone-LasR (1.38 4 0.19 [o\)

Ligand Mol. Weight HBD HBA Lipophilicity Bioavailability (water GIT Drug-likeness (Lipinski
(<500 g/mol) (<5) (<10) (LogP <5) solubility) absorption Violations)
1,4-bis(phenylglyoxaloyl) 342.34 0 4 1.91 0.55 (moderately High Yes (0 violation)
benzene soluble)
Cyclocanaliculatin 360.32 1 6 1.93 0.55 (moderately High Yes (0 violation)
soluble)
Obolactone 310.34 0 4 2.95 0.85 (soluble) High Yes (0 violation)
Lonchocarpin 306.36 1 3 3.49 0.55 (moderately High Yes (0 violation)
soluble)
5-Hydroxy-7-methoxy-2- 270.28 1 4 2.75 0.55 (soluble) High Yes (0 violation)
phenylchroman-4-one
*Cinnamaldehyde 132.16 0 1 1.97 0.55 (soluble) High Yes (0 violation)
*Azithromycin 748.99 5 14 2.02 0.17 Low No (2 violations: MW >
(poorly soluble) 500, NorO > 10)

HBD = hydrogen bond donor, HBA = hydrogen bond acceptor, GIT = gastrointestinal tract; MW/Mol. Weight = molecular weight, *Cinnamaldehyde and azi-

thromycin = reference (positive controls) molecules.
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Table 2
Energy components (kcal/mol) of lead compounds after 100 ns MD simulation.
Target Ligands AEyqw AEgjec AGgas AGgoly AGpind
LasR (2UV0) *Azithromycin —24.92 £1.10 —251.04 +5.08 —289.23 + 6.08 257.14 £5.76 —32.09 + 1.55
*Cinnamaldehyde —22.77 £1.83 —14.22 + 2.94 —36.99 £+ 2.78 20.35 + 2.14 —16.64 +1.82
N-butyryl homoserine lactone —30.23 + 3.26 —28.03 +9.80 —58.27 +£7.75 28.56 + 5.58 —29.71 + 3.01
Obolactone —52.10 + 2.89 —26.98 + 3.88 —79.08 £ 4.71 30.82 + 2.47 —48.26 + 3.56
Lonchocarpin —43.68 + 3.23 —-14.72 +£ 4.97 —58.39 £+ 6.05 24.62 + 4.13 —33.78 £ 4.12
Cyclocanaliculatin —55.02 + 3.05 —172.88 +1.17 —227.90 + 1.58 184.49 +1.79 —43.41 + 4.15
5-Hydroxy-7-methoxy-2-phenylchroman-4-one —41.59 + 2.40 —18.82 £ 9.22 —60.42 £+ 9.27 21.24 £+ 3.97 —39.18 + 5.80
1,4-bis(phenylglyoxaloyl) benzene —53.58 + 2.94 —22.48 + 4.98 —76.07 + 4.41 31.00 + 2.74 —45.06 + 2.95

AEqw = van der Waals energy; AEcc. = electrostatic energy; AGg,s = gas phase free energy; AGsly = solvation free energy; and AGping = total binding free energy.

*Cinnamaldehyde and azithromycin = reference (positive controls) molecules.
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and 1,4-bis(phenylglyoxaloyl)benzene-LasR (1.56 + 0.21 A) systems
showing minimal sway and better stability compared to other lead
H. annus metabolite complex systems, and azithromycin-LasR system
(1.75 £ 0.24 f\). In line with our observations, the work of Dalal et al.
[62] also recorded no change in LasR protein structure following the
binding of lead hygrophorones A14, A16 and D16 with RMSD values less
than 0.5 nm during a 100 ns simulation time. Thus, of the top 5

11

metabolites identified in this study, obolactone and 1,4-bis(phenyl-
glyoxaloyl)benzene had the lowest RMSD values, suggesting that both
metabolites had a better advantage as modulators of LasR. The higher
deviation value recorded for azithromycin depicted its reduced ther-
mostability with the LasR target. Nonetheless, fluctuations for all
metabolite-protein complexes remained within the 3 A value showing
the stability of their bound complexes, as well as the stable interaction of
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ligands with amino acid residues at the target active site (Fig. 7a). De-
viation values greater than 3 A therefore indicated significant deviation
from equilibration point and thermodynamic instability [74,75].

In quantifying the mean structural or residue areas that vary the least
or most, the evaluation of RMSF values of complexed systems was done
to shed light on the stability of intra- and intermolecular bonds formed
with residues. Lower fluctuation of residues depicts stronger bonds
formed [76]. Of the lead metabolites, obolactone-LasR, 5-hydroxy-7-
methoxy-2-phenylchroman-4-one-LasR, and 1,4-bis(phenylglyoxaloyl)
benzene-LasR systems had the lowest respective RMSF values of 1.09
+0.544,0.80 £ 0.11 A, and 1.11 + 0.58 A. Higher residue fluctuations
were observed in all systems across residues 35 and 45, 105 and 120,
and 160 during MD simulation. This indicated a reduced ability of these
residues to form stable bonds (Fig. 7b). The highest flexibility was
observed across all standards and autoinducer molecules, while
obolactone-LasR, 5-hydroxy-7-methoxy-2-phenylchroman-4-one-LasR,
and 1,4-bis(phenylglyoxaloyl)benzene-LasR systems showed less
atomic or residue flux. This suggested their better thermodynamic
compatibility with the LasR target (Fig. 7b, Supplementary Table S5).
The finding implies that the 3 lead compounds formed stable bonds
(inter- and intermolecular bonds) with LasR active site residues which
contributed to the thermodynamic flexibility and stability of their
complexes [77]. Nonetheless, other complexed lead molecules (cyclo-
canaliculatin and lonchocarpin) also had mean RMSF values less than 3
A and were relatively stable. In agreement with our findings, a LasR +
curcumin system was reported to show a reduced mean local flux of <3
A. This depicted thermodynamic stability irrespective of ligand binding
[78]. Using the Gromacs 2022.2 version, another study recorded a low
mean flux across all amino acid residues (between 0.14 and 0.4 nm) for
the LasR + chrysin system which showed stability of the lead ligand
structure within the LasR binding site [79]. The evaluation of fluctua-
tions in protein residue configurations has integral functions in deter-
mining affinity and orientation changes that occur in macromolecular
complexes [80]. Our findings are also aligned with binding free energy
and RMSD outcomes, thus giving credence to the potential application,
and development of these lead molecules as LasR modulating QSIs. The
measurement of mean residues and atoms volatility at a receptor’s
active site over a simulated time is a key determinant of their ability to
form stable molecular bonds [81]. Less volatility of atoms at the ligand
binding site indicates stronger affinity and binding between the receptor
and ligand [82].

The RoG evaluates the levels of folding and compactness of pro-
tein-ligand complexes over a simulation time [81]. Here, lower RoG
values indicate better thermodynamic orderliness and compactness of
ligand atoms and receptor residues, and vice versa. On the other hand,
higher RoG values may be linked with unfavourable alterations in pro-
tein structure causing varied degrees of folding [83]. This study, the
binding of all lead metabolites to LasR did not result in target folding as
atoms and residues remained compact and stable through the simulation
period (Fig. 7c). Of all metabolites, lonchocarpin (15.58 + 0.09 10\) had
the highest RoG, while azithromycin standard had the higher value
(15.59 + 0.32 A) when compared to the apo-protein (15.42 + 0.08 A).
Nonetheless, binding of lonchocarpin to apo-LasR had little impact on its
folding. Also, protein folding was observed for the azithromycin-LasR
complex at the 70 — 80 ns range (Fig. 7c). Complexes formed by obo-
lactone, cyclocanaliculatin, 5-Hydroxy-7-methoxy-2-phenylchroman-4-
one; and 1,4-bis(phenylglyoxaloyl)benzene with LasR had lower RoG
values (15.39-15.39 A) (Supplementary Table S5) suggesting better
compactness and thermodynamic orderliness. Again, since RoG values
of LasR and bound ligand-protein complexes were closely related or
negligible, it further showed that ligand binding had a negligible effect
on LasR folding. Thus, H. annuus lead phytoconstituents maintained the
thermodynamic entropy of LasR. The study of chrysin bound to LasR
with a 1.62 nm Rog mean had also been reported to be indicative of
ligand structure and system stability [79]. A similar observation of few
shifts in the LasR + curcumin system trajectory with Rog maintained
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between 13.9 and 14.9 A also indicated system stability [78]. Our RoG
observations are partly aligned with the RMSD and RMSF measure-
ments, and point to their ability to form thermodynamically stable
complexes with LasR. This supports the potential ability of the 5 lead
H. annuus metabolites to be developed as stable QS modulators of
P. aeruginosa LasR. On the other hand, the solvent accessible solvation
area (SASA) evaluates changes in protein residue accessibility to near-by
solvent molecules. The SASA also determines protein stability and
folding, and gives insight into the protein surface area to volume that is
exposed and available for interaction with solvent molecules. Hence, a
lower SASA is indicative of reduced protein surface area and volume,
and which invariably translates to improved stability [84]. Much like
the RMSD and RMSF post-dynamic parameters, the unbound LasR,
azithromycin-LasR, and 5 lead H. annuus metabolites bound to LasR
showed stability within the 7600 and 10,200 A SASA range during the
simulation. All lead metabolites showed lower SASA scores, with the
exception of lonchocarpin (9034.77 £ 307.81 A), and compared to
higher values recorded for azithromycin (9090.31 A) and the apo-
protein (8923.76 1°\). Highest SASA fluctuations were observed from
0 to 45 ns range (Fig. 7d, Supplementary Table S5). Both RoG and SASA
outcomes align, indicating stabilization of the folded protein confor-
mation, and confirmed that binding of H. annuus lead metabolites to
LasR did not cause protein unfolding or expansion. A similar result was
observed by Lanrewaju et al. [84] where a decrease in SASA values
suggested a good conformational behaviour. Lower SASA values are
favourable since higher values indicate protein volume/surface area
increase or protein structure expansion which could impact on protein
activity [77]. S’thebe et al. [19] also recorded minimal SASA shifts upon
the binding of H. annuus (Agsun cultivar) seed oil-based phylloquinone,
oleic and linoleic acids lead metabolites relative to the standard (azi-
thromycin) upon binding with LasR during a 100 ns simulation run.

In terms of the number of intramolecular hydrogen bonds (IHBs)
formed during simulation, fluctuations were fairly stable within the
50-110 range following the binding of lead metabolties to LasR. On
average, 1,4-bis(phenylglyoxaloyl)benzene (82) and obolactone (80)
complexed with LasR had more IHBs. Cyclocanaliculatin, 5-hydroxy-7-
methoxy-2-phenylchroman-4-one, and azithromycin had an average of
79 hydrogen (H) bonds, with the least number of bonds recorded for
lonchocarpin (76) (Supplementary Table S5, Supplementary Fig. S5).
The relative decrease in hydrogen bonds (H-bonds) upon binding of
lonchocarpin, cyclocanaliculatin, 5-Hydroxy-7-methoxy-2-phenylchro-
man-4-one, and azithromycin to LasR relative to the apo-LasR
(average of 81) indicated possible breaks in the formed IHBs. S’thebe
etal. [19] also recorded a decrease in IHBs following binding of standard
molecules and three lead Agsun essential oil metabolites, relative to apo-
LasR. In general, findings indicated that the lead metabolites occupied
some intramolecular spaces, while increase in number of IHBs as
observed with 1,4-bis(phenylglyoxaloyl)benzene points to higher
hydrogen bond interactions being formed between the metabolite
complexed with LasR. Values from RMSD align with number of H-bond
outcomes, especially for 1,4-bis(phenylglyoxaloyl)benzene and obo-
lactone, suggesting thermodynamic stability and compatibility with
LasR. Sadiq et al. [72] had also earlier showed that the maintenance of 2
H-bonds with key LasR amino acid residues (Try56, Thr115) played
inalienable roles in stabilizing the complex. Hydrogen bonds have key
functions that contribute to stabilizing protein structure. Molecules that
demonstrate an ability to form hydrogen bonds have immense potential
as drug candidates as they improve drug solubility, while sustaining key
precise interactions with their target [75,85].

The stability and binding affinities of complexed systems are inex-
tricably impacted by the type and number of bonds interacting within
each system [86]. The observed interactions between the lead H. annuus
metabolites and LasR over the 100 ns simulation time frame included
carbon-hydrogen and conventional H-bonds, van der Waals, alkyl, and
pi-alkyl (Fig. 8a—d, Fig. 9a-d, Supplementary Table S4a-b). The simu-
lation interaction depicted as contact maps (residues in contact with
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lead ligands forming varied bond interactions) for the top 3 metabolites
clearly showed that higher number of total and H-bond interactions,
complemented by a high number of hydrophobic interactions contrib-
uted to enhance the observed in silico AQS activities and free binding
energy of the lead metabolites (Fig. 9a—c) relative to azithromycin which
had fewer amino acid interactions and an unfavourable bond (Fig. 9d).
The total number of bond interactions between complexes at 100 ns for
azithromycin-LasR, 1,4-bis(phenylglyoxaloyl)benzene-LasR, obolacto
ne-LasR, cyclocanaliculatin-LasR, 5-hydroxy-7-methoxy-2-phenylchro-
man-4-one-LasR, and lonchocarpin-LasR systems were 13, 27, 23, 21,
20, and 16, respectively (Supplementary Table S4b). The higher number
of interactions and H-bonds, especially in 1,4-bis(phenylglyoxaloyl)
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benzene, obolactone, and cyclocanaliculatin bound systems correlate
well with their lower docking scores and higher negative AGyping values.
In addition, bond interactions analysis showed 2 (Arg56, Thr110), 3
(Trp55, Asp68, Tyr88), 2 (Thr70, Thr110), and 2 (Thrl10, Alal22)
conserved H-bond contacts for 1,4-bis(phenylglyoxaloyl)benzene-LasR,
obolactone-LasR, 5-hydroxy-7-methoxy-2-phenylchroman-4-one-LasR
and cyclocanaliculatin-LasR systems, respectively, compared to none
for the azithromycin-LasR system after 100 ns simulation
(Supplementary Table S4b). These conserved bonds could also be
responsible for the better AGpinq observed for the metabolites. In
contrast to our findings, Sadiq et al. [72] noted that the conserved H-
bond interactions of the LasR antagonist, sulfamerazine, with Tyr56,
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Fig. 8. 2D interaction plots of the 3 lead metabolites and azithromycin standards bound to LasR at 30 ns, 60 ns, and 100 ns simulation. (a) 1,4-Bis(phenylglyoxaloyl)
benzene, (b) Obolactone, (c) 5-Hydroxy-7-methoxy-2-phenylchroman-4-one, (d) Azithromycin.
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Trp60, Thr115, and Ser129 were key contributors to the compound’s
observed AGping (—52.74 kcal/mol) and stability.

The lower number of H-bonds observed for 5-hydroxy-7-methoxy-2-
phenylchroman-4-one and lonchocarpin despite their high number of
total interactions may have contributed to the lower negative AGpjpq of
their bound systems. A similar observation was made by Lanrewaju et al.
[87], where total number of interactions did not correlate with AGping
for gnetin L bound to VP7C protein. Nevertheless, all the lead H. annuus
metabolites showed better AGyng scores relative to the standards. Again,
an unfavourable donor-donor bond was only observed with the
azithromycin-LasR system. The reduced stability, docking score and
lower negative AGping of the azithromycin-LasR system may be due to
the pull exerted by the unfavourable donor-donor bond, and presence of
lesser number of interactions and H-bonds [87]. The conserved amino

acid residues forming H-bonds after 100 ns simulation of azithromycin,
1,4-bis(phenylglyoxaloyl)benzene, cyclocanaliculatin, obolactone, lon-
chocarpin, and 5-hydroxy-7-methoxy-2-phenylchroman-4-one com-
plexed with LasR were 0, 2 (Arg56, Thr110), 2 (Thrl10, Alal22), 3
(Trp55, Asp68, Tyr88), 1 (Trp55) and 2 (Thr70, Thr110), respectively
(Supplementary Table S4b). Again, the most prevalent interactions
observed in the top 3 metabolites were hydrophobic and H-bonds, and
residues that interact with ligands more than once reflect interaction
fractions that exceed 1 (Fig. 9a-d). Obolactone contact with Trp55,
Asp68, Tyr88 each had a fraction of 1 (interaction maintained for 100 %
of the simulation period). Also, contact of 1,4-bis(phenylglyoxaloyl)ben-
zene (0.7, 70 %) and 5-hydroxy-7-methoxy-2-phenylchroman-4-one
(0.3, 30 %) with Ser124, and 100 % contact maintained with Thr110
for both metabolites were key to stabilizing both bound systems. These
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metabolites formed H-bond with Trp55, while only obolactone main-
tained a H-bond with Tyr88 for 100 % of the simulation period. Earlier
studies had also shown that H- or hydrophobic-bond contacts with hy-
drophobic pocket residues are key to stabilizing and ensuring the
function of QSIs [88,89]. The Tyr88 residues is also a key conserved
residue with atoms tightly linked to the ligand binding (R binder) pocket
of LasR [90]. This may have also contributed to the highest negative
AGying observed for the obolactone-LasR system relative to other me-
tabolites. Furthermore, interaction of metabolites with conserved Thr75
and Asp 73 (Supplementary Table S3, Fig. S1) has been reported to
favourably mediate the packing of LasR alpha 3, 4 and 5 folds (helices)
unto the centralized beta-sheet, ensuring correct LasR hydrophobic
centre formation. This interaction-induced protein folding attribute is
key to stabilizing the protein, and in selecting ligands with potential QSI
activity [90]. Overall, higher total number of interactions and hydrogen
bond counts contribute to improve target inhibition and correspond to
prolonged residency of modulators or inhibitors at the target catalytic
site, thereby enhancing modulatory activity [80]. The high number of H-
bond interactions, as well as alkyl, and pi-alkyl interactions maintained
between H. annuus metabolites and LasR contributed to the thermody-
namic stability and binding affinity of their systems [80]. These in silico
outcomes showed as high binding free energies and strong bond in-
teractions, thermodynamic stability and compactness of bound lead
ligand-LasR systems, particularly in the order 1,4-bis(phenylglyoxaloyl)
benzene > obolactone > 5-hydroxy-7-methoxy-2-phenylchroman-4-one,
indicated the lead metabolites potential AQS and modulatory effects
against P. aeruginosa LasR. Future studies could transit to added vali-
dation of findings using in vivo techniques after further derivatization or
modification of the leads to enhance their function as potential QSIs
[91].

4. Conclusion

Overall, our in vitro and in silico metabolomic and cheminformatic
bioprospection of six H. annuus Pannar seed cultivars, their extracts and
metabolites, provided evidence of the quorum sensing (QS) modulatory
properties of the seed extracts and metabolites against P. aeruginosa LasR
system. The PAN 7102 cultivar extracts showed the best antibacterial,
anti-biofilm and AQS activities. Furthermore, metabolomic analysis of
the cultivars identified several metabolites for the first time. These
metabolites include methoxymellein, hydroxytetradecanedioic acid,
koninginin G, geoside, pinellic acid, and methylpicraquassioside A.
Chemometric PCA and PLS-DA analyses showed distinct metabolomic
signatures and variance which were largely driven by aqueous and
ethanolic extracts of Pannar cultivars 7102, 7160, and 7156. Subsequent
in silico bioprospection and validation showed that obolactone, 5-hy-
droxy-7-methoxy-2-phenylchroman-4-one and 1,4-bis(phenylglyoxa-
loyl)benzene had the best AQS activity against the P. aeruginosa LasR.
For the first time, this study demonstrated that sunflower, Pannar seed
extracts and their lead compounds had significant AQS activities. Also,
all lead metabolites [obolactone, 5-hydroxy-7-methoxy-2-phenylchro-
man-4-one, 1,4-bis(phenylglyoxaloyl)benzene, cyclocanaliculatin, lon-
chocarpin] showed good pharmacokinetic and drug-like properties,
given their conformation to the Lipinski rule of 5. Thus, these leads have
the potential to be developed into oral QSIs which could be efficacious as
modulators of LasR and QS-related virulence factors (motility, cell
attachment, biofilm, violacein and pyocyanin expression) to mitigate
P. aeruginosa infections pathogenicity. Nonetheless, further exploration
through in-depth in vivo and derivatization studies to evaluate the
toxicity profile of the lead metabolites and their modified derivatives is
required prior to use in various therapeutic formulations targeting LasR
modulation.
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