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ABSTRACT: The prevalence of resistance to harmful human
pathogens is steadily rising, emphasizing the urgent need to
identify novel antimicrobial compounds. For this purpose, plants
stand out as a significant source of bioactives worthy of
exploration. Among these, alkaloids, a vast and structurally diverse
category of plant secondary metabolites, have emerged as a
foundation for crucial antibacterial medications such as metroni-
dazole and the quinolones. In the current work, the crude
methanol leaf extract of Psammogeton biternatum Edgew collected
from District Bannu, Pakistan, was subjected to TLC (indirect)
bioautography and X-ray crystallography for the isolation of
potential antibacterial agents. From the crude extract, a novel
quinoline alkaloid called quinoline dione ((3R,3aS,5aR)-3,5a,9-
trimethyl-3a,4,5,5a-tetrahydro-2H-isoxazolo[2,3-a] quinoline-2,8(3H)-dione (C14H17NO3)) was isolated. The crystal information
(M = 247.296 g/mol) is as follows: orthorhombic, P212121, a = 7.7339(14) Å, b = 10.7254(19) Å, c = 15.730(2) Å, V = 1304.8(4)
Å3, Z = 4, T = 296 K, μ(Mo Kα) = 0.088 mm−1, ρ calc = 1.259 g/cm3, 13928 reflections measured (5.86° ≤ 2Θ ≤ 51.98°), 2478
unique (Rint = 0.1613, Rσ = 0.1335). The final R1 was 0.1098 (I ≥ 2u(I)), and wR2 was 0.2183. The antibacterial activity for both
crude extract of leaves and quinoline dione was determined by a well diffusion method. The quinoline dione alkaloid demonstrated
excellent inhibition zones against methicillin-resistant Staphylococcus aureus (18 mm), Bacillus subtills (17 mm), Escherichia coli (20
mm), and Pseudomonas aeruginosa (23 mm) compared to the crude extract. The antibiofilm potential was recorded against
Pseudomonas aeruginosa by the 96-well microtiter plate method. A dose-dependent biofilm inhibition response was recorded, which
increased with the increase in concentration. Moreover, quinoline dione showed a greater antibiofilm effect as compared to the crude
extract, which may be linked to the presence of a particular active functional group positioned on the compound isolated in its pure
form. Through in silico studies, i.e., molecular docking, quinoline dione shows strong binding energies with the LasR transcriptional
regulator (6MVN) at −9.3 and LasR transcriptional activator (3IX4) at −9.2 kcal/mol, as well as moderate affinities with other
targets such as AHL synthase LasI (PDB ID 1RO5) and OprM channel (PDB ID 3D5K), indicating its potential as a quorum
sensing inhibitor. Thus, the antibacterial and antibiofilm potential of quinoline dione was confirmed.

■ INTRODUCTION
Medicinal plants have been used for years and long before the
global use of antibiotics to effectively treat different human
ailments, and a number of plants have been tested for their
potential antimicrobial activity.1 Plant-based natural products
act as a rich source of bioactive compounds, which are
characterized by their chemical and structural diversity and
offer numerous opportunities for the discovery of novel
drugs.2,3 Plants contain active metabolites including alkaloids,
terpenoids, flavonoids, and phenolic derivatives, which serve as
direct precursors in the pharmaceutical industry. It is presumed
that plant extracts display diverse target sites and will show
activity against drug-resistant microbial pathogens.4

It is now an established fact that the presence of
antimicrobial resistance (AMR) poses a high risk to the
general health of both humans and animals.5 According to
estimation, the annual death toll at the present time is about
700 000 people, which is mainly due to antibiotic resistance; if
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no efforts are taken to stop the rising AMR, by 2050,
approximately 10 million people are at high risk.6 Biofilm
formation is one of the important strategies of resistance used
by bacteria, which makes them more resistant to antibiotics as
compared to their planktonic counterparts.7

A biofilm is a complex matrix where free-floating
(planktonic) bacterial cells fixed together in a gel-like structure
called extracellular polymeric substances that consist of
proteins, polysaccharides, nucleic acids, and other organic
elements.8 Biofilms enable bacteria to tightly bind to biotic and
abiotic surfaces and develop resistance to host defenses and
antibacterial agents.9 The transformation of bacteria into
biofilms form may add up to 1000-fold more resistance to
commonly used antibacterial agents compared to bacteria in a
planktonic mode.10 It is estimated that about 60% microbial-
induced infections occur due to biofilms, and in humans about
two-thirds of bacterial infections are the result of biofilms.11

The screening of nontargeted and effect-directed techniques
has presented novel opportunities to streamline the drug
discovery process, reducing both time and financial costs. It
helps to find active antimicrobial compounds irrespective of
their complexity and ensures a series of systematic processes
including characterization, activity-based identification, and
isolation of compounds.12 Quinoline derivatives, particularly
alkaloids such as 3,3-dibenzyl-4-hydroxy-3,4-dihydro-1H-qui-
nolin-2-ones, 6,7-sustituted 5,8-quinolinequinone, and others
are noteworthy due to their diverse medicinal properties and
renowned for their potent antimicrobial and other biological
activities.2,13 In addition, some hydrazone derivatives possess-
ing a quinoline moiety are renowned for their potent
antimicrobial and other biological properties.14

While exploring natural products, medicinal plants are an
important prime source. There are approximately 1572 genera
and nearly 6000 wild plant species, predominantly concen-
trated in the Himalaya, Hindukush, and Karakorum regions.
Among these, around 600 species have been meticulously
catalogued for their medicinal attributes. Consequently, there
is a pressing need for comprehensive research to harness the
potential of these resources, as only a limited number of
medicinal plants in Pakistan have been investigated for their
potential antimicrobial activities.4,15

The present targeted plant is Psammogeton biternatum
Edgew. (P. biternatum), a common herb belonging to the
genus Psammogeton, which consists of 6−8 species distributed
across Pakistan, Afghanistan, Iran, and India. It is locally
known as izbotk and is traditionally used for the treatment of
malaria, cough, typhoid, and chest problems.16 Despite its
potential medicinal properties, this species remains largely
unexplored, both pharmacologically and phytochemically. This
highlights the need for a comprehensive study to uncover the
potential bioactive compounds within this plant species and
address the existing void in the scientific literature.
The antibacterial and antibiofilm potential of P. biternatum

leaf extract was investigated. Furthermore, a novel quinoline
dione compound was isolated (Figure 1) using a TLC-based
autobiography technique, identified using X-ray crystallogra-
phy, and evaluated for its antibacterial potential both in vitro
and using an in silico approach. This study not only
emphasizes the importance of medicinal plants in modern
drug discovery but also highlights the methodologies that can
discover new bioactive molecules with significant medical
potential.

■ MATERIALS AND METHODS
Plant Collection and Identification. The study was

performed in the phytochemistry laboratory of the Department
of Botany, Hazara University Mansehra, Pakistan. P. biternatum
Edgew. was collected from different parts of District Bannu
and identified at the department of Botany, Hazara University,
and a dried specimen (voucher number VN52292) was
deposited in the university herbarium.
Plant Extract Preparation. The leaves of the selected

plant were collected and dried under shade for 2 weeks, and
the dried plant was then chopped and ground to a coarse
powder form. The powder (350 g) was then soaked in
methanol (1 L) for 3 days with constant vigorous daily stirring.
The extract was then filtered through Whatman (41) filter
paper, and the filtrate was concentrated under reduced
pressure to avoid thermal decomposition on rotary evaporator
at 43 °C. The process was repeated three times to get the
complete crude extract, which was then stored in the
refrigerator for future activities.17

Media and Bacterial Strains. The bacterial strains used
were methicillin-resistant Staphylococcus aureus (MRSA),
Bacillus subtills (Gram-positive), and Pseudomonas aeruginosa
(PAO1) and Escherichia coli (Gram-negative). The turbidity
standard of 0.5 McFarland, which is equal to 1.5 × 108 colony
forming units (CFU)/mL, was maintained on nutrient agar
(NA) at 4 °C. The bacterial strains were cultured in nutrient
broth (NB) media and incubated at 37 °C for 24 h.18

TLC Bioautography. To isolate the plant bioactive
compound, the plant extract was dissolved in methanol and
loaded on precoated silica gel TLC plates.19 Four TLC plates
(Merk, silica gel 60 F254, 20 × 20 cm) were cut in equal width
(20 mm) and length (70 mm), and 5 μL (5 mg/mL) of the
crude extract was loaded onto TLC plates on the horizontal
application line and eluted using an ethyl acetate/acetone

Figure 1. Structure and chemical formula of quinoline dione.
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(3:1) mobile solvent system. The developed plates were dried
using forced air drying to remove solvent traces on the plates.
After drying, all the spots on plates were seen under visible
(white), short UV (254 nm), and long UV (366 nm) lights.
The developed plates were then placed aseptically onto the
respective bacterial strains swabbed onto nutrient agar Petri
plates and incubated overnight at 37 ± 2 °C. The movement of
the extract separating spot was expressed by its retention
factor:

R
Distance travelled by the solute

Distance travelled by the solvent frontf =

where the distance travelled by the solute is the distance
travelled from the point of application to the center of the spot.
Purification of Quinoline Dione and X-ray Crystallog-

raphy. After confirming that the active zones are around 0.6
and 0.9, preparative TLC was employed for the isolation of the
active compounds using the same solvent system of ethyl
acetate/acetone (3:1). After repetitive development of
preparative TLC, the silica along with the active region was
scraped from the TLC plate based on its Rf value, i.e., 0.6 or
0.9. The scraped region was then soaked in the same solvent
system for 4−5 min and subsequently washed with methanol
to remove impurities. Upon filtering the silica and solvent
evaporation, pure white crystals (11 mg) were obtained from
the 0.6 region and oily substances were obtained from the 0.9
region. Only the crystals from the 0.6 region were then
subjected to compound identification using a Bruker APEX-II
CCD diffractometer at the Scientific and Technological
Research Application and Research Center, Sinop University,
Turkey. The crystal was maintained at 296 K during data
collection. X-ray beams were directed at the crystals, and the
X-rays were diffracted by the crystal’s atoms in multiple
directions. The angle and intensity of the diffracted beams
were used to create a 3D electron density map. The structure
was solved using the Olex2 software with charge flipping and
refined with olex2.refine.20,21

Refinement Model. The constraints (0) and restraint
numbers (26) were used in the refinement process using
OLex2-1.5.20 The rest of the details used were as follows:
twinned data refinement scales, 2(4)−1(4); fixed Uiso at 1.2
times of all C(H) groups and all C(H,H) groups; fixed Uiso at
1.5 times of all C(H,H,H) groups. Refinement of riding
coordinates: ternary CH groups, C2(H2), C4(H4); secondary
CH2 groups, C5(H5a,H5b), C6(H6a,H6b); aromatic/amide
H groups, C11(H11), C12(H12); idealized Me groups refined
a s r o t a t i n g g r o u p , C3 (H3 a ,H3b ,H3 c ) , C 1 3 -
(H13a,H13b,H13c), C14(H14a,H14b,H14c).20

Agar Well Diffusion Assay. The antibacterial potential of
P. biternatum crude leaves extract was evaluated by the agar
well diffusion method. Nutrient agar plates (NAP) were
prepared by pouring 75 mL of nutrient agar into a Petri plate
and incubating the sample overnight at 37 °C. After
incubation, sterile cotton swabs were dipped in the bacterial
suspension of each inoculum (0.5 McFarland) and gently
rubbed on the surface of NAP to evenly spread the bacteria.
Then, wells (6 mm) were made with the help of a cork borer in
the seeded agar plates, and 100 μL of extract was transferred
into each well. The plates were then incubated at 37 °C for 24
h. The bacterial inhibition was noted by recording the
diameter of inhibition zone (IZ) in millimeter (mm). Since
the crude extract was dissolved in dimethyl sulfoxide (DMSO),

pure DMSO (100%) was added in one of the well as a negative
control and antibiotics (tetracycline) were used as a positive
control, and each assay was performed in triplicate.22

Biofilm Inhibition Assay. A modified biofilm formation
assay was carried out using a 96-well microtiter plate method.
For biofilm formation, P. aeruginosa was grown overnight and
diluted (1:100) into nutrient broth media. For the antibiofilm
assay, M63 medium supplemented with 0.2% glucose, 0.4%
arginine, 1 mM MgSO4·7H2O, and salts was used. 90 μL of
M63 medium and extract was pipetted into the 96-well
microtiter plate; twofold dilution was done, and 10 μL of the
normalized bacterial suspension was added. The plates were
then kept in the incubator for 24 h at 37 °C. After incubation,
the plate was washed with distilled water to discard any
planktonic cells. After drying, 125 μL of 0.1% crystal violet dye
was used as staining adherent and added into each well. To
resolubilize the adherent biofilm cells, 130 μL of 30% acetic
acid was added into each well, and the plate was then analyzed
using a microplate absorbance reader at 550 nm for biofilm
inhibition. M63 medium without inoculum served as a negative
control, while M63 medium plus inoculum served as a positive
control. All assays were done in triplicate.23

In Silico Antibacterial Evaluation. Preparation of
Receptors and Ligands for Redocking and Docking. The
identified compound was converted into PDB formation using
the PDB Web site. The protein/targets LasR transcriptional
activator (PDB ID 3IX4), AHL synthase LasI (PDB ID
1RO5), OprM channel (PDB ID 3D5K), and LasR transcrip-
tional regulator (PDB ID 6MVN) were prepared by removing
water molecules, and heteroatoms and missing hydrogen were
added, followed by the addition of Kollman charges and
Ganister charges using Dock prep of ChimeraX.24 Among the
targeted proteins, 3IX4 and 6MVN were used for redocking, as
these proteins were experimentally cocrystallized with their
inhibitors.25 The ligands were extracted from their complex
form using Discovery Studio 2024, and the respective chains
were separated for redocking purposes while following the
same docking procedure. For docking with other ligands, the
grid box was set as center (x = 5.0759, y = 11.3238, z = 2.158,
spacing of 0.375 Å) with a size of x = y = z = 25 for 3IX4
(chain A); center (x = 41.1649, y = −10.3846, z = −13.6178)
with a size of x = 50.322239399, y = 45.9206489944, and z =
46.2245800018 for 1RO5; center (x = −21.0983, y = −2.115, z
= −46.8884) with a size of x = 73.5098215103, y =
76.8415097427, and z = 139.539057007 for 3D5K; and center
(x = 6.9568, y = −13.9221, z = −38.4412) with a size of x = y
= z = 25 for 6MVN (chain A). Exhaustiveness was equal to 8.
The same parameters were recorded from the configuration
file, ligand, and protein were converted to pdbqt file format,
and molecular docking was carried out using the Python
Prescription 0.8 interface with the prescribed codes of
autodock vina 1.2.5 win.26 The ligand molecules were
downloaded from the PubChem Web site, while the quinoline
dione was prepared using Discovery Studio 2024.

■ RESULTS AND DISCUSSION
TLC Bioautography. P. biternatum Edgew leaf extract was

subjected to TLC and contact bioautography (indirect) assays
to identify the active antibacterial agent against MRSA (C1),
Pseudomonas aeruginosa (D1), Escherichia coli (E1), and
Bacillus subtilis (F1), respectively. TLC was initially performed
as a qualitative method to document the extract constituents,
and contact bioautography was used to determine the
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antibacterial activity of the compounds separated by TLC.
More than about 25% of conventional medicines have been
being derived from active plant metabolites directly or
indirectly.27 The bacterial inhibition was shown by represent-
ing active bands (ABs) with their respective Rf values (0.9 and
0.6) on the TLC chromatogram as shown in Figure 2a−d and
Table 1. A strong antibacterial effect was observed against

Pseudomonas aeruginosa and E. coli on AB with Rf values of 0.6
each as revealed by the clear inhibition zone formation (Figure
2b and c). The other AB was observed against MRSA and
Bacillus subtilis each with an Rf value of 0.9 as shown in Figure
2a and d, respectively. A potent antibacterial potential has been
recorded for a number of herbal plants against different drug-
resistant bacterial strains, which provides a valuable source for
the isolation of antimicrobial agents.28 This property of
medicinal plants can help greatly if exploited properly to
eradicate the emergence of multidrug-resistant bacterial
strains.29

Crystal Structure Determination of Quinoline Dione.
After subjecting the white crystals to X-ray crystallography, the
compound was identified as an alkaloid quinoline dione. The
crystallographic data for C14H17NO3 (M = 247.296 g/mol) are
as follows: the crystal system is orthorhombic, the space group
is P212121 (no. 19), a = 7.7339(14) Å, b = 10.7254(19) Å, c =
15.730(2) Å, V = 1304.8(4) Å3, Z = 4, T = N/A K, μ(Mo Kα)
= 0.088 mm−1, ρcalc = 1.259 g/cm3, 13928 reflections measured
(5.86° ≤ 2Θ ≤ 51.98°), and 2478 unique (Rint = 0.1613, Rσ =
0.1335), which were used in all calculations. The final R1 was
0.1098 (I ≥ 2u(I)), and wR2 was 0.2183 (all data). The
crystallographic data are given in Table 2, while the structure is
given in Figure 1. The structure has been deposited at the
Cambridge Crystallographic Data Centre, CCDC no. 2368888.
As given in Table 2, the orthorhombic space group P212121

is frequently encountered in organic and pharmaceutical
compounds, indicating a common structural motif that
contributes to stability and functionality. Similar crystallo-
graphic characteristics are observed in various alkaloids and
synthetic organic molecules used in medicinal chemistry.30

The unit cell dimensions and volume are crucial for comparing
structural similarities with compounds of related structures.
These parameters are consistent with the dimensions found in
the literature for molecules of similar size and composition,
suggesting typical packing arrangements and intermolecular
interactions.31 The calculated density and low absorption
coefficient are in line with those of organic compounds, which

Figure 2. Antibacterial activity of P. biternatum against tested bacterial strains: (a) MRSA, (b) Pseudomonas aeruginosa, (c) Escherichia coli, (d)
Bacillus subtilis.

Table 1. Active Bands with Rf values against tested strains

bacterial strains active band/Rf values

MRSA (C1) 0.9
P. aeruginosa (D1) 0.6
E. coli (E1) 0.6
B. subtilis (F1) 0.9
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generally have lower densities compared to inorganic materials.
This consistency supports the validity of the structural data and
the refinement process. The R indexes (R1 and wR2) and
goodness-of-fit values are essential for evaluating the quality of
the crystal structure. The values obtained are comparable to
those reported in other studies involving complex organic
molecules, demonstrating that the refinement is within
acceptable limits and that the structure is reliable. The
literature often cites similar R values for well-refined structures,
affirming the accuracy of our model.32

The Flack parameter is particularly relevant for determining
the absolute configuration of chiral molecules. A parameter
close to 0.3, as seen, is often reported in the literature for
partially resolved noncentrosymmetric structures. This is
significant for understanding the stereochemistry and potential
biological activity of the compound.33 The size of the crystal
and the range of data collection (2θ range) are typical for high-
quality crystallographic analysis, as seen in numerous studies.
The chosen crystal size ensures sufficient diffraction without
excessive absorption, aligning with standard practices in
crystallography literature.34

As given in Table 3, the atomic coordinates (x, y, z) specify
the positions of the atoms within the unit cell in fractional
coordinates. Each value represents the atom’s location as a
fraction of the unit cell dimensions along the respective axis.
These coordinates are crucial for defining the geometry and
bonding environment of the crystal structure. Equivalent
isotropic displacement parameter (Ueq) values provide
information about the thermal vibrations of the atoms. Higher
Ueq values indicate greater atomic displacement, suggesting
increased thermal motion or possible disorder at that atomic

site. Atoms like C3 (Ueq = 65) and N1 (Ueq = 68.8) show
relatively higher displacement parameters, which could be due
to thermal motion or less well-defined positions. The variation
in Ueq indicates differences in thermal motion among the
carbon atoms, which can be influenced by their bonding
environment and positional disorder. The positions and
displacement parameters of the aromatic carbons (e.g., C8,
C9, C10, C11, and C12) are particularly relevant for
understanding the stability and planarity of the aromatic ring
system in the structure. The higher Ueq value of 68.8(17) of
N1 is important for evaluating the reliability of the nitrogen
position and its involvement in any hydrogen bonding or
coordination. O1, O2, and O3 generally exhibit higher Ueq
values compared to most carbon atoms, indicating substantial
thermal motion at these sites, which is typical for oxygen atoms
due to their involvement in hydrogen bonding or lone pair
interactions. The variability in Ueq values aligns with the typical
thermal motion observed in small-molecule crystallography, as
reported in studies of comparable compounds.35

As given in Table 4, the Uij values for carbon atoms (C1−
C14) exhibit varying degrees of anisotropy. For instance, C3
has relatively high U11 (82) and U33 (62), indicating significant
thermal motion along these directions. C6 shows pronounced
anisotropy with U11 (85) and U22 (65) compared to U33 (21),
suggesting that it is more displaced along the a- and b-axes.
The U12, U13, and U23 values are generally smaller, indicating
less cross-axis displacement, which is typical for stable
molecular structures. The nitrogen atom (N1) has high Uij
values, particularly U11 (93), indicating substantial anisotropic
thermal motion. This could be due to the nitrogen’s
involvement in potential intermolecular interactions or lone
pair effects. O1, O2, and O3 generally have higher Uij values
compared to carbon atoms. O3, in particular, has significant
anisotropy with U11 (105) and U33 (68), reflecting substantial
thermal motion and possible involvement in hydrogen
bonding. The cross-axis displacement parameters (U12, U13,
amd U23) for oxygen atoms are generally more noticeable due
to their higher electron density and nonbonding interactions,
showing them to be more mobile, i.e., have greater thermal

Table 2. Crystal Data and Structure Refinement for
Quinoline Dione

empirical formula C14H17NO3

formula weight 247.296
temperature (K) 296
crystal system orthorhombic
space group P212121
a (Å) 7.7339(14)
b (Å) 10.7254(19)
c (Å) 15.730(2)
α (°) 90
β (°) 90
γ (°) 90
volume (Å3) 1304.8(4)
Z 4
ρcalc (g/cm3) 1.259
μ (mm−1) 0.088
F(000) 528.4
crystal size (mm3) 0.06 × 0.03 × 0.02
radiation Mo Kα (λ = 0.71073)
2θ range for data collection (°) 5.86 to 51.98
index ranges −9 ≤ h ≤ 9, −13 ≤ k ≤ 13, −18 ≤ 1 ≤ 19
reflections collected 13928
independent reflections 2478 [Rint = 0.1613, Rσ = 0.1335]
data/restraints/parameters 2478/0/167
goodness-of-fit on F2 1.158
final R indexes [I ≥ 2σ (I)] R1 = 0.1098, wR2 = 0.1811
final R indexes [all data] R1 = 0.1961, wR2 = 0.2183
largest diff. peak/hole (e/Å3) 0.80/−0.75
Flack parameter 0.3(18)

Table 3. Fractional Atomic Coordinates (x, y, z × 104), and
Equivalent Isotropic Displacement Parameter Ueq (Å2 ×
103) of Quinoline Dione

atom x y z Ueq

C1 8727(8) 11727(5) 10237(4) 46.5(15)
C2 9371(7) 11990(5) 9350(4) 44.6(15)
C3 8508(9) 13152(6) 9003(4) 65(2)
C4 8933(7) 10769(5) 8923(3) 39.5(14)
C5 8659(9) 10680(6) 7970(4) 55.7(18)
C6 8274(9) 9309(6) 7765(4) 57.0(18)
C7 6749(9) 8757(5) 8288(4) 45.6(16)
C8 6971(7) 9001(4) 9244(3) 36.5(13)
C9 6923(7) 8105(5) 9824(4) 38.4(13)
C10 6855(8) 6782(6) 9575(4) 50.2(17)
C11 6754(10) 6519(6) 8669(4) 57.9(18)
C12 6693(9) 7404(6) 8090(4) 59.2(19)
C13 5006(9) 9312(6) 7999(4) 65(2)
C14 6904(9) 8308(5) 10780(3) 59.4(19)
N1 7274(8) 10379(5) 9371(4) 68.8(17)
O1 7597(5) 10768(3) 10248(2) 44.8(10)
O2 9059(6) 12283(4) 10881(3) 64.6(14)
O3 6904(7) 5944(4) 10093(3) 73.9(14)
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vibrations. The anisotropic displacement parameters reveal the
dynamic nature of the crystal structure. The greater thermal
motion is important for the understanding of the stability and
reactivity of the compound. This analysis provides insight into
the molecular dynamics within the crystal lattice, contributing
to the broader understanding of the compound’s behavior
under crystallographic conditions.
As given inTable 5, the C−C bond lengths in quinoline

dione vary from 1.316(8) Å (C11−C12) to 1.556(9) Å (C6−

C7). The shorter bond lengths (e.g., C8−C9 at 1.327(7) Å
and C11−C12 at 1.316(8) Å) are consistent with typical
aromatic or double-bond character, indicating a partial double-
bond nature within the quinoline ring system. Longer C−C
bonds, such as C6−C7 at 1.556(9) Å, suggest single-bond
character and potential flexibility in these parts of the molecule,
which could be due to less steric hindrance or electronic
effects. The C�O bond lengths, such as C1−O2 at 1.203(7)
Å and C10−O3 at 1.214(6) Å, are indicative of carbonyl
groups, consistent with the typical double-bond character in
such functional groups. The C−O single-bond lengths, such as
C1−O1 at 1.350(6) Å and N1−O1 at 1.462(6) Å, reflect the

single-bond nature with partial double-bond character due to
resonance or conjugation effects.
The C−N bond lengths, such as C4−N1 at 1.523(8) Å and

C8−N1 at 1.509(7) Å, are typical for single bonds in amide or
aromatic systems. These values are consistent with the
literature reports for similar compounds, indicating standard
bonding interactions without significant strain or distortion.
The aromatic carbon−carbon bonds, such as C8−C9 at
1.327(7) Å and C11−C12 at 1.316(8) Å, are shorter than
typical single bonds, reflecting the delocalized π-electron
system in the quinoline ring that contributes to the stability
and planarity of the aromatic ring. Bond lengths observed in
quinoline dione are in agreement with those reported for other
quinoline derivatives and related aromatic compounds, e.g., the
C�O bond lengths around 1.20 Å and C−N bond lengths
around 1.51−1.52 Å are typical for such structures.36 The
information about the bond lengths in quinoline dione gives
insights into the electronic structure and potential reactivity
that align with established inclinations in crystallography,
supporting the validity of the structural model and providing a
basis for further analysis and application.37

As given in Table 6, the carbon−oxygen−carbon angles
(C1) are as follows: O1−C1−C2, 111.6(5)°; O2−C1−C2,

128.0(5)°; and O2−C1−O1, 120.4(6)°. These angles around
C1 reflect a trigonal planar geometry typical of carbonyl-
containing structures. The bond angle of O2−C1−C2
(128.0°) proposes a significant electron-withdrawing effect
from the carbonyl group, leading to a broader angle. Carbon−
carbon−carbon angles (C2, C4, C7, C9, C10) are as follows:
C3−C2−C1, 110.0(5)°; C4−C2−C1, 100.1(4)°; C5−C4−
C2, 121.6(5)°; N1−C4−C2, 102.8(5)°; N1−C4−C5,
108.8(5)°; C6−C5−C4, 107.1(5)°; C7−C6−C5, 113.6(5)°;
and C12−C7−C6, 106.5(5)°. These angles show typical
variations seen in substituted aromatic and heteroaromatic
systems. The bond angles imitate both electronic and steric
effects, representing the general planar structure of the
aromatic system.
Nitrogen−carbon−nitrogen/carbon−oxygen−nitrogen an-

gles are as follows: N1−C8−C7, 108.3(4)°; N1−C8−C9,
128.5(5)°; C8−N1−C4, 109.8(5)°; O1−N1−C4, 102.4(5)°;
O1−N1−C8, 115.5(4)°; and N1−O1−C1, 108.4(4)°. The

Table 4. Anisotropic Displacement Parameters (Å2 × 103)
for Quinoline Dionea

atom U11 U22 U33 U12 U13 U23

C1 48(4) 45(4) 46(4) −5(3) −5(3) −9(3)
C2 45(3) 48(4) 41(4) −11(3) 4(3) 5(3)
C3 82(5) 51(4) 62(5) −6(4) 5(4) 8(3)
C4 36(3) 48(3) 34(3) 1(3) 4(3) 13(3)
C5 71(5) 63(4) 32(4) −9(4) 14(3) 9(3)
C6 85(5) 65(4) 21(3) 5(4) −2(3) −6(3)
C7 58(4) 48(4) 31(3) −2(3) −4(3) −2(3)
C8 38(3) 34(3) 38(3) 3(3) 1(3) −8(3)
C9 39(3) 38(3) 38(3) −2(3) 0(3) 4(3)
C10 55(4) 43(4) 52(5) −4(3) −1(3) 7(3)
C11 79(5) 44(4) 51(4) −2(3) −5(4) −8(3)
C12 85(5) 57(4) 36(4) −2(4) −13(4) −12(3)
C13 73(5) 65(4) 58(5) −5(4) −24(4) 0(4)
C14 81(5) 55(4) 42(4) −8(4) 2(4) 14(3)
N1 93(5) 60(4) 53(4) −7(3) 1(4) 3(3)
O1 60(2) 48(2) 27(2) −6(2) 4.0(18) −8.0(19)
O2 87(3) 59(3) 48(3) −7(2) −7(2) −14(2)
O3 105(4) 49(3) 68(3) −3(3) 8(3) 18(3)

aThe anisotropic displacement factor exponent takes the form: π2[h2a
× 2U11 + 2hka × b × U12 + . . .] where Uij are the elements of the
anisotropic displacement tensor and h, k, and l are the Miller indices.

Table 5. Bond Lengths for Quinoline Dione

atom atom length (Å) atom atom length (Å)

C1 C2 1.509(8) C7 C12 1.485(8)
C1 O1 1.350(6) C7 C13 1.542(8)
C1 O2 1.203(7) C8 C9 1.327(7)
C2 C3 1.516(8) C8 N1 1.509(7)
C2 C4 1.510(8) C9 C10 1.472(8)
C4 C5 1.517(8) C9 C14 1.520(8)
C4 N1 1.523(8) C10 C11 1.455(9)
C5 C6 1.535(9) C10 O3 1.214(6)
C6 C7 1.556(9) C11 C12 1.316(8)
C7 C8 1.535(8) N1 O1 1.462(6)

Table 6. Bond Angles of Quinoline Dione

atom atom atom angle (°) atom atom atom angle (°)
O1 C1 C2 111.6(5) C13 C7 C12 106.9(5)
O2 C1 C2 128.0(5) C9 C8 C7 123.1(5)
O2 C1 O1 120.4(6) N1 C8 C7 108.3(4)
C3 C2 C1 110.0(5) N1 C8 C9 128.5(5)
C4 C2 C1 100.1(4) C10 C9 C8 121.1(5)
C4 C2 C3 117.1(5) C14 C9 C8 125.3(5)
C5 C4 C2 121.6(5) C14 C9 C10 113.6(5)
N1 C4 C2 102.8(5) C11 C10 C9 116.7(5)
N1 C4 C5 108.8(5) O3 C10 C9 122.2(5)
C6 C5 C4 107.1(5) O3 C10 C11 121.0(5)
C7 C6 C5 113.6(5) C12 C11 C10 122.6(6)
C8 C7 C6 111.6(5) C11 C12 C7 124.0(6)
C12 C7 C6 106.5(5) C8 N1 C4 109.8(5)
C12 C7 C8 112.0(5) O1 N1 C4 102.4(5)
C13 C7 C6 111.1(5) O1 N1 C8 115.5(4)
C13 C7 C8 108.7(5) N1 O1 C1 108.4(4)
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bond angles around N1 reflect the tetrahedral geometry typical
of sp3 hybridized nitrogen.
Aromatic ring angles (C8−C9−C10, C9−C14−C8, etc.) are

as follows: C9−C8−C7, 123.1(5)°; C10−C9−C8, 121.1(5)°;
C11−C10−C9, 116.7(5)°; O3−C10−C9, 122.2(5)°; C12−
C11−C10, 122.6(6)°; and C11−C12−C7, 124.0(6)°. The
angles within the aromatic ring are close to 120°, characteristic
of sp2 hybridized carbons in a benzene-like ring structure.
Minor deviations are due to the presence of substituents.
The bond angles are consistent with those reported for

similar aromatic- and quinoline-based structures. For instance,
bond angles around sp2 hybridized carbons in aromatic
systems typically range from 118° to 123°, and angles around
sp3 hybridized carbons and nitrogens range from 105° to 115°,
aligning well with our data. By comparing these bond angles
with established data in the literature, we can conclude that the
molecular geometry of quinoline dione is typical for such
compounds, reinforcing the reliability of our structural data
and its relevance in understanding the compound’s chemical
behavior.38

The details about torsion angle are given in Table 7. The
C1−C2−C4−C5 angle of 155.9(4)° indicates a near-planar
arrangement with a slight deviation, which is typical in
conjugated systems to reduce steric strain. The smaller C1−
C2−C4−N1 angle of 34.0(5)° suggests a nonplanar
conformation involving the nitrogen, which could be due to
steric interactions or lone pair repulsion affecting the dihedral
angle. The C1−O1−N1−C4 and C1−O1−N1−C8 angles of
26.6(4)° and 145.8(4)°, respectively, reflect the orientation of
the O1−N1 bond relative to the C1 and C4/C8 atoms. The
larger angle indicates a significant deviation from planarity,
likely due to the spatial arrangement of the oxygen and
nitrogen atoms. The C2−C4−C5−C6 angle of 179.0(6)° is
nearly 180°, indicating a trans configuration, which is common
in extended conjugated systems to minimize steric interactions.
The negative C2−C4−N1−C8 and C2−C4−N1−O1 angles
of −161.0(4)° and −37.8(4)°, respectively, suggest different
orientations of the N1−C8 and N1−O1 bonds relative to the
C2−C4 axis, reflecting the molecule’s flexibility. The C4−C5−
C6-C7 and C4−N1−C8−C7 angles of 54.2(5)° and
−62.1(5)°, respectively, indicate significant deviations from
planarity, showing the influence of the substituents on the ring
conformation. The torsion angles of C5−C6−C7−C8 and
C5−C6−C7−C12 of −50.8(6)° and −173.3(5)°, respectively,
reflect the spatial orientation of the substituents on the ring,
with one nearly trans and the other significantly twisted. The
C6−C7−C8−C9 and C6−C7−C8−N1 angles of −126.2(5)°

and 52.6(5)°, respectively, show substantial nonplanarity,
indicating a distorted ring conformation due to the
substituents. The near-zero C7−C8−C9−C10 angle of
7.3(7)° suggests a nearly planar configuration, while the larger
negative C7−C8−C9−C14 angle of −171.7(6)° indicates a
trans configuration. The C7−C8−N1−O1 and C7−C12−
C11−C10 angles of −177.2(5)° and 1.1(9)°, respectively,
show that the N1−O1 bond is almost anti to the C7−C8
bond, while the C12−C11 bond is nearly planar. The C8−
C9−C10−C11 and C8−C9−C10−O3 angles of −3.0(6)° and
176.0(6)°, respectively, indicate a near-planar configuration for
C8−C9−C10−C11 and a trans configuration for C8−C9−
C10−O3, respectively. The C9−C10−C11−C12 angle of
−1.2(7)° shows a nearly planar conformation, suggesting
minimal steric hindrance at this part of the molecule.
The torsion angles observed in quinoline dione are

consistent with those reported for similar heterocyclic and
aromatic compounds. Literature on quinoline derivatives often
reports similar conformational flexibility and deviations from
planarity due to steric and electronic effects.37 Understanding
the torsion angles is crucial for predicting the compound’s
reactivity, interaction with other molecules, and overall
stability. The observed torsion angles highlight the balance
between electronic effects, steric hindrance, and the molecule’s
inherent flexibility.
Hydrogen coordinates (x, y, z) are given in fractional values

relative to the unit cell dimensions see Table 8. These
positions help define the precise geometry of the molecule and
confirm the hydrogen placement on the carbon framework.
Isotropic Ueq values for hydrogen atoms range from 47.4(17)
to 98(3), indicating the extent of thermal motion. Higher Ueq
values suggest greater mobility or positional disorder of the
hydrogen atoms. Specific hydrogen atom analysis for H2 is as
follows: coordinates, x = 10628(7), y = 12105(5), z =
9358(4); Ueq = 53.5(18). Positioned on C2, H2 has moderate
thermal motion, which is typical for a hydrogen atom in an
aromatic ring.
Coordinates for the methyl group hydrogens (H3a, H3b,

H3c, H13a, H13b, H13c, H14a, H14b, H14c) vary
significantly within each methyl group, reflecting the three-
dimensional rotation. Ueq is generally higher (98(3) for H3a,
H3b, and H3c; 89(3) for H14a, H14b, and H14c). These
values indicate substantial thermal motion due to free rotation
around the C−C bond. Coordinates for other aliphatic
hydrogens (H5a, H5b, H6a, and H6b) are distributed around
the parent carbon atoms. Ueq values of 67(2) and 68(2) reflect
the flexible nature of the aliphatic chain, with moderate

Table 7. Torsion Angles for Quinoline Dione

A B C D angle (°) A B C D angle (°)
C1 C2 C4 C5 155.9(4) C5 C6 C7 C13 70.7(6)
C1 C2 C4 N1 34.0(5) C6 C7 C8 C9 −126.2(5)
C1 O1 N1 C4 26.6(4) C6 C7 C8 N1 52.6(5)
C1 O1 N1 C8 145.8(4) C6 C7 C12 C11 124.9(6)
C2 C4 C5 C6 179.0(6) C7 C8 C9 C10 7.3(7)
C2 C4 N1 C8 −161.0(4) C7 C8 C9 C14 −171.7(6)
C2 C4 N1 O1 −37.8(4) C7 C8 N1 O1 −177.2(5)
C4 C5 C6 C7 54.2(5) C7 C12 C11 C10 1.1(9)
C4 N1 C8 C7 −62.1(5) C8 C9 C10 C11 −3.0(6)
C4 N1 C8 C9 116.7(5) C8 C9 C10 O3 176.0(6)
C5 C6 C7 C8 −50.8(6) C9 C10 C11 C12 −1.2(7)
C5 C6 C7 C12 −173.3(5)
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thermal motion. Coordinates for aromatic hydrogens (H4,
H11, and H12) were positioned according to the aromatic ring
structure. Ueq = 47.4(17) for H4, with higher values for H11
(69(2)) and H12 (71(2)). H11 and H12 exhibit higher
thermal motion, possibly due to their positions at the ends of
the aromatic ring, where the ring might experience more
flexibility. The observed Ueq values and coordinates are
consistent with typical hydrogen atom behavior in organic
compounds. In the literature, hydrogen atoms bonded to sp2
carbons generally show lower Ueq values compared to those
bonded to sp3 carbons or in methyl groups, where free rotation
is possible. Similar studies report comparable Ueq ranges and
positional variability for hydrogen atoms in organic molecules,
indicating that our data align well with established trends. The
hydrogen atom coordinates and isotropic displacement
parameters provide a comprehensive understanding of the
molecular geometry of quinoline dione. The values align with
expected behavior based on the molecular structure and its

environment, supporting the reliability and accuracy of the
crystallographic analysis.37,39

The radial distribution function, g(r), describes the
probability of finding a particle at a distance r from a reference
particle in a system. For a crystal, it reflects the periodic
arrangement of atoms or molecules.40 The base for calculating
the pair distribution function, g(r), from the particle positions
is given by the formula

g r
N

r r r( )
1

( )
i j

i j= = | |

where ρ is the number density, N is the total number of
particles, ri and rj are the positions of particles i and j,
respectively, and δ is the delta function.
Figure 3has 3 peaks. The first and most intense peak around

1 Å is typical for nearest-neighbor distances, often correspond-
ing to bonds between light atoms like hydrogen−carbon or
carbon−carbon in organic molecules. The second peak
(around 1.5 Å) suggests the next-nearest neighbor distances,
which might be indicative of other bonded pairs, such as
carbon−nitrogen or carbon−oxygen bonds. The third peak
(around 2 Å) could correspond to more distant neighbors,
potentially indicating secondary interactions or longer bond
distances. The peaks beyond 2 Å, although less intense,
indicate further atomic correlations in the structure. These
might be due to more extended molecular frameworks or
secondary structural features. Decay of peaks is a gradual
decrease in peak intensity with increasing r, indicating that the
probability of finding atoms decreases with distance, as
expected. This reflects the diminishing influence of the
reference atom over longer distances. The sharp and well-
defined peaks suggest a well-ordered structure typical of
crystalline materials. The heights and positions of these peaks
provide insight into the atomic arrangements and bonding
distances within the structure. For quinoline dione, these peaks
likely correspond to specific bond lengths and spatial
arrangements discussed in the tables of bond lengths and
angles. The first peak likely corresponds to typical C−H or C−
C bonds, while subsequent peaks relate to longer bonds or
intermolecular interactions. The PDF plot is consistent with

Table 8. H Atom Coordinates x, y, and z (Å × 104) and
Isotropic Displacement Parameters (Å2 × 103) of Quinoline
Dione

atom x y z Ueq

H2 10628(7) 12105(5) 9358(4) 53.5(18)
H3a 8790(40) 13852(9) 9357(16) 98(3)
H3b 8910(40) 13300(20) 8435(11) 98(3)
H3c 7277(10) 13037(16) 9000(20) 98(3)
H4 9832(7) 10166(5) 9077(3) 47.4(17)
H5a 7698(9) 11204(6) 7798(4) 67(2)
H5b 9688(9) 10954(6) 7670(4) 67(2)
H6a 8006(9) 9237(6) 7165(4) 68(2)
H6b 9304(9) 8819(6) 7874(4) 68(2)
H11 6733(10) 5692(6) 8492(4) 69(2)
H12 6610(9) 7167(6) 7523(4) 71(2)
H13a 5050(20) 10205(6) 8040(30) 98(3)
H13b 4780(30) 9070(30) 7422(10) 98(3)
H13c 4098(12) 9010(30) 8360(18) 98(3)
H14a 8063(11) 8450(40) 10977(5) 89(3)
H14b 6200(40) 9020(20) 10912(4) 89(3)
H14c 6440(50) 7583(16) 11055(4) 89(3)

Figure 3. Pair distribution function of the quinoline dione crystal (g(r) is plotted against the radial distance r in angstroms).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05459
ACS Omega 2024, 9, 43557−43569

43564

https://pubs.acs.org/doi/10.1021/acsomega.4c05459?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05459?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05459?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05459?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the crystallographic data provided for quinoline dione. The
observed peaks align with the expected bond distances and
atomic arrangements in the molecule, reaffirming the structural
information obtained from X-ray crystallography. This analysis
helps us to understand the local atomic environment and the
overall structural order within the material.
Structural identification of quinoline derivatives through X-

ray crystallography is essential for explaining their biological
activities. Previous research, such as the study by Zhang et al.36

on the crystal structure of 5-chloro-2-(quinolin-8-yl)-
isoindoline-1,3-dione and that by Sawada et al.41 on the
crystal structure of 2,4-dimethyl-4,4a-dihydro-1H-[1,3,5]-tri-
azino-[1,2-a]-quinoline-1,3,6(2H)-trione and corresponding
dehydrated compound, has provided valued insights into the
conformational properties and binding affinities of these
compounds. These findings are crucial for detailed structural
characterization in the context of drug discovery and
development. In our study, the structural analysis of quinoline
dione revealed a triclinic crystal system with parameters that
closely resemble those reported for similar compounds.
Specifically, the unit cell dimensions and space group
symmetry are comparable, suggesting a similar mode of
molecular packing and potential interaction sites. This
similarity indicates that quinoline dione, like the compound
studied by Zhang et al., exhibits significant hydrogen bonding
and π−π stacking interactions. These interactions are critical to
the stability and functionality of the molecule. Moreover, the
structural characteristics of quinoline dione, such as its planar
conformation and extensive hydrogen bonding network,
suggest a strong potential for interactions with biological
targets such as in antimicrobial applications, where such
interactions can play a pivotal role in the compound’s efficacy.
The detailed comparison of these structural features highlights
the potential of quinoline dione as a bioactive agent and aligns
it with other well-studied quinoline derivatives.36,41

Antibacterial Activity. The results obtained from agar
well diffusion assay for both crude and isolated compounds
indicated a sharp increase in antibacterial potency, as shown in
Table 9. Moreover, the crude extract was more active against

Gram-positive bacteria compared to the compound isolated,
which showed a high degree of activity against Gram-negative
bacteria. It is reported that the compound isolated in its pure
form is more active than its crude extract, which may be
attributed to the presence of specific active functional group
they possessed. In our study, the activity may be associated
with quinoline moiety that is present in a number of alkaloids
and is linked with its antimicrobial potential.42

Antibiofilm Activity. The inhibition of biofilm formation
was studied in P. aeruginosa (PAO1) as it is a model organism
for biofilm-related studies. In the assay, dose-dependent
biofilm inhibition was recorded for both the crude extract
and quinoline dione, and an increase in antibiofilm activity was

also observed for the isolated compound compared to the
crude extract as shown in Figure 4. This property of quinoline
dione can play an important role in stopping the initial
attachment of P. aeruginosa to form the biofilm and quorum
sensing in preformed biofilms, as it can potentially contain an
active group responsible for disrupting the biofilm-forming
structure.43 Previous studies have highlighted the antibacterial
properties of quinoline dione derivatives and demonstrated the
efficacy of the isolated chemical skeleton.44 Plants extracts or
derived compounds show promising results in pursuit of
eradicating infections caused by bacterial biofilms as they
contain ingredients that can disrupt the biofilm structure far
more easily than commercially available antibiotics.45 This
report suggests the potential for synthesizing and screening
quinoline dione compounds for other pharmacological
activities beyond their established antibacterial effects.
In Silico Studies. Redocking and Validation. To validate

our docking protocol, we performed a redocking procedure
using the crystal structure of chain A from the 6MNV protein.
The cocrystallized ligand, N-(3-oxo-decanoyl)-homoserine
lactone, was extracted and used as a standard to assess
whether our predicted docking poses matched the exper-
imental data. The minimum binding energy for the redocked
6MNV chain A and its ligand was determined to be −8.3 kcal/
mol. The poses of the cocrystallized ligand and the docked
ligand were analyzed and compared using Discovery 2024,
yielding coordinates of 5.092684, −18.250263, and
−35.991053 for the cocrystallized ligand and 5.543474,
−18.751526, and −36.429895 for the docked ligand,
respectively. The RMSD between the cocrystallized and
docked poses was calculated to be 1.158 Å using ChimeraX.
Similarly, the redocking procedure was performed for the

protein−ligand complex with PDB ID 3IX4. The binding
energy for the cocrystallized ligand (TX1) was calculated to be
−14 kcal/mol for chain A with an RMSD of 1.382 Å between
the experimental and predicted poses. For both redocking
experiments, the RMSD values were found to be lesser than 2
Å, supporting that our docking procedure is reliable.46 The
similarity in coordinates after visualizing the ligand binding
interactions for both experimental and predicted poses further
confirmed the accuracy of our software for showing the same
interactions.

Docking. During the in silico evaluation, promising results
were obtained against LasR receptors with the lowest binding
energies, as shown in Table 10, while the interactive sites can
be seen in Figures 5−7. In P. aeruginosa, OprM is known for its
role in multidrug resistance, and ligands that could potentially
interact with OprM might include small molecules or
compounds that have the potential to inhibit the efflux
pump, thereby reducing the antibiotic resistance in P.
aeruginosa. Understanding the role of LasR and quorum
sensing in P. aeruginosa is important for studying the
pathogenicity of the bacterium and developing potential
therapeutic strategies. Disrupting quorum sensing mechanisms
may interfere with bacterial virulence and could be a target for
controlling bacterial infections.47 Our in silico studies also
confirm the antibacterial action against LasR with the lowest
binding energy of −9.8 kcal/mol, LasI with −6.8 kcal/mol, and
−6.9 kcal/mol binding energy against OprM and LasR
(transcriptional regulator), thus possessing a possible potential
to be a new antibacterial agent.
The Table 10 provides binding affinities (in kcal/mol) for

various compounds interacting with different protein targets.

Table 9. Antibacterial Potency (mm) of Crude Leaf Extract
and Quinoline Dione (5 mg/mL)a

bacteria crude extract tetracycline quinoline dione

MRSA (C1) 12 ± 0.13 26 ± 012 18 ± 0.14
P. aeruginosa (D1) 13 ± 0.25 25 ± 0.17 23 ± 0.11
E. coli (E1) 12 ± 0.12 24 ± 0.15 20 ± 0.15
B. subtilis (F1) 15 ± 0.25 22 ± 0.11 17 ± 0.20

aData are expressed as mean ± standard error (n = 3).
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The lower (more negative) the value, the stronger the binding
energy of the compound to the protein. Ciprofloxacin shows
the highest binding energy with the LasR transcriptional
activator (3IX4) with a binding energy of −10.4 kcal/mol. This

suggests a strong interaction, potentially inhibiting the quorum
sensing mechanism in Pseudomonas aeruginosa. It shows
moderate binding affinities with other targets. Amoxicillin
shows moderate binding affinities across all targets with the
highest binding energy observed for the LasR transcriptional
activator at −9.3 kcal/mol. It is generally known for its action
against cell wall synthesis rather than interaction with these
protein targets. Dodecyl sulfate shows relatively weak binding
affinities with all targets except for the LasR transcriptional
regulator (6MVN), where it shows a slightly better binding
energy (−6.8 kcal/mol). Quinoline dione shows a strong
binding energy with the LasR transcriptional regulator
(6MVN) at −9.3 kcal/mol, indicating its potential as a
quorum sensing inhibitor. It shows moderate affinity for other
targets. Tetracycline shows consistent and relatively strong
binding affinities across all targets with the highest binding
energy observed for the OprM channel (3D5K) at −7.8 kcal/
mol. This suggests its potential broad-spectrum effectiveness.

Figure 4. Comparison of leaf extract and quinoline dione against biofilm inhibition of P. aeruginosa. Data are expressed as mean ± standard error (n
= 3).

Table 10. Binding Energies of All of the Ligands with the
Protein Targets Using Molecular Docking Analysis

sample
(PubChem

ID)

PDB ID 3IX4
chain Aa

(kcal/mol)

PDB ID
1RO5b

(kcal/mol)

PDB ID
3D5Kc

(kcal/mol)

PDB ID
6MVN chain
Ad (kcal/mol)

ciprofloxacin
(2764)

−10.4 −6.9 −8 −8.5

amoxicillin
(33613)

−8.7 −5.9 −6.8 −7.8

dodecyl sulfate
(8778)

−6.7 −5.7 −4.9 −6.8

quinoline
dione

−9.2 −5.9 −7.4 −9.3

tetracycline
(54675776)

−5.7 −6.7 −7.8 −5.5

aLasR, a transcriptional activator. bAHL synthase LasI. cOprM
channel. dLasR transcriptional regulator.

Figure 5. Visualization of ciprofloxacin−Protein (PDB ID 3IX4) interactions. The diagram illustrates the interactions between a ligand and
surrounding amino acid residues in a protein. Different types of interactions are highlighted using distinct color codes: van der Waals interactions
are represented in light green, carbon hydrogen bonds are colored light cyan, π−π stacking interactions are indicated in pink, alkyl interactions are
marked in light purple, and π−alkyl interactions are displayed in light pink. Key interacting amino acid residues include ILE C:52, LEU C:36, TYR
C:64, TYR C:56, TRP C:60, ASP C:73, ALA C:127, VAL C:76, CYS C:79, LEU C:125, SER C:129, THR C:75, and GLY C:38. Each residue is
labeled with its name and chain identifier to provide clear insights into the specific interactions occurring between the ligand and the protein.
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■ CONCLUSION
Th antibacterial and antibiofilm efficacy of Psammogeton
biternatum Edgew was explored, which led to the identification
of a novel quinoline alkaloid, quinoline dione, using X-ray
crystallography. The crude methanol extract exhibited
significant antibacterial activity against various strains,
particularly against Gram-positive bacteria. However, the
isolated quinoline dione demonstrated superior antibacterial
efficacy against Gram-negative bacteria, notably MRSA, B.
subtilis, E. coli, and P. aeruginosa.
The antibiofilm activity, assessed using the 96-well micro-

titer plate method, revealed a dose-dependent inhibition of P.

aeruginosa biofilm formation, with quinoline dione showing
markedly higher efficacy compared with the crude extract. This
enhanced activity is likely attributed to the specific active
functional groups present in the pure isolated compound.
Furthermore, in silico studies confirmed the strong binding

energy of quinoline dione with the LasR transcriptional
regulator, suggesting its potential role as a quorum sensing
inhibitor. The molecular docking studies also indicated
moderate affinities with other targets, such as LasI and
OprM, supporting its potential as a multifunctional antimicro-
bial agent. The isolated compound holds potential for further
progress and testing in both in vitro and in vivo models to

Figure 6. Visualization of quinoline dione−protein (PDB ID 3IX4) interactions. Molecular interaction diagram of a quinoline dione with
surrounding amino acid residues in a protein. The interactions depicted include van der Waals forces (green circles), a conventional hydrogen bond
(green dotted line) with GLY H:38, π−σ interactions (purple dashed lines) with TYR H:47 and TYR H:64, alkyl interactions (pink circles) with
ALA H:50, and π−alkyl interactions (pink circles with purple shade) with TYR H:47. The ligand is shown at the center, surrounded by the amino
acid residues identified by their three-letter codes and sequence positions (e.g., GLY H:126, LEU H:39). This diagram highlights the key binding
interactions between the ligand and the protein.

Figure 7. Interaction site of the ligand (quinoline dione) with receptors. The figure illustrates the interactions between quinoline dione and
different protein targets as identified by their PDB IDs: 1RO5, 3D5K, and 6MVN. Interaction with 1RO5: quinoline dione interacts primarily
through van der Waals forces. Key residues involved include THR A:144, THR A:145, ARG A:30, PHE A:105, ALA A:106, VAL A:26, ILE A:107,
and VAL A:148. Interaction with 3D5K: The interaction involves both van der Waals forces and conventional hydrogen bonds. Notable residues
participating in the interaction include ALA C:216, PHE C:422, GLN C:426 (hydrogen bond), GLN C:418, ALA C:212, TYR C:185, and LEU
A:389. Interaction with 6MVN: This interaction is characterized by van der Waals forces, conventional hydrogen bonds, and carbon hydrogen
bonds. Significant residues include HIS A:63, LYS B:16 (hydrogen bond), ARG A:66 (hydrogen bond), GLU A:62 (carbon hydrogen bond), PHE
B:51, and ALA B:50.
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establish its efficacy and safety. Future investigations should
focus on its synthesis and pharmacokinetic and pharmacody-
namic studies to explore its therapeutic potential in clinical
settings.
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