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Article Info Abstract

Plasmodium falciparum is the most dangerous malaria parasite affecting humans. Compounds such as muko-
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nal, 7-hydroxymukonal, and 7-methoxymukonal have shown potential for the treatment of this disease. Den-

sity Functional Theory (DFT), molecular docking, and pharmacokinetic analyses are valuable computational

approaches for predicting potential drug candidates against P. falciparum. In this study, three compounds
mukonal, 7-hydroxymukonal, and 7-methoxymukonal were optimized and evaluated through molecular doc-
king and pharmacokinetic analysis against the target protein PF3D7 1441900 (transcription factor TFIIH
complex subunit Tfb5, putative) from P. falciparum isolate 3D7. Frontier molecular orbital and density of
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Published: March 31, 2026 states analyses revealed that 7-methoxymukonal has a relatively smaller energy gap compared with the other

two compounds. In addition, 7-methoxymukonal exhibited the strongest binding affinity toward the target
protein. The ADME results indicated favorable drug-like properties and low toxicity, further supporting the
therapeutic potential of these compounds. Overall, our theoretical findings suggest that compound 3, namely
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7-methoxymukonal, is the most promising candidate against the selected protein, in agreement with the other
computed parameters.
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1. Introduction

Malaria remains one of the foremost global public-
health threats. The protozoan parasite P falciparum
causes the most severe form of human malaria [1,2]. Its
rapid development of drug resistance and complex intra-
erythrocytic stages has spurred demand for novel anti-
malarial agents and molecular targets. Recently, insilico
approaches, including density functional theory (DFT) to
probe electronic properties, MD for target binding, & in
silico ADME/toxicity prediction, have emerged as power-
ful tools [3, 4].

In the exploration for original antiplasmodial scaf-
folds, indeed going on carbazole alkaloids have garnered
care. Among them are mukonal, 7-hydroxymukonal, &
7-methoxymukonal (2,7-dioxygenated carbazoles). These
compounds, isolated from plant bases like the genus Clau-

sena, have revealed varying degrees of antiplasmodial &
antiprotozoal activity [5-7].

On the molecular target level, components of the ba-
sal transcription machinery proteins that regulate gene
expression in P, falciparum offer underexplored therapeu-
tic prospects. The over-all TFIIH (transcription factor II
H) multiprotein complex, a group of proteins identified in
eukaryotes for initial gene transcription, opening DNA at
gene promoters, & repairing DNA damage, has been pre-
dicted in P. falciparum done relative genomics, though it
differs from canonical eukaryotic models [8]. Inside this
complex, the Tfb5 subunit (gene locus PF3D7 1441900 in
strain 3D7) is stated to be part of the TFIIH core in the pa-
rasite & may signify a point of careful vulnerability. Tar-
geting these transcription-associated courses steps elabo-
rate in reading & using genes may assistance circumvent
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resistance mechanisms linked to metabolic or redox-active
parasite enzymes [3,9].

The plan includes compound optimization & the calcu-
lation of frontier molecular orbital energies & the density
of circumstances via density functional theory (DFT), a
quantum-mechanical tactic to study molecular electronic
structure. A smaller HOMO-LUMO energy gap shows
greater electronic reactivity, which may be equated to the
compound's capacity to bind the protein or participate in
chemical reactions [10]. MD studies then evaluation how
strongly the three compounds may bind & their probable
interaction modes with the Tfb5 protein. To end, in silico
predictions of ADME & toxicity profiles are used to gauge
the compounds' possible as drugs & their suitability for
more development [11,12].

This study reveals an efficient in silico pipeline that
combines DFT, molecular docking, & pharmacokinetic
modelling to compare novel principal compounds. The
results support prioritizing 7-methoxymukonal for anti-
malarial drug development targeting P. falciparum trans-
cription machinery.

2. Materials and Methods

Entirely three compounds were geometry-optimized
to reach even structures via Gaussian 16 [13], put on
the B3LYP hybrid functional along with the 6-311G(d,p)
source set for all atoms [14-16]. Initial molecular structures
were constructed using GaussView 6.1 [17]. The density
of states (DOS) was calculated using GaussSum [18]. For
pharmacokinetic profiling, the ADMET 2.0 tool (https:/
admetmesh.scbdd.com) [19] was utilized. MD studies in-
vestigating the interactions between the target protein and
compounds 1-3 were carried out via AutoDock Vina and
AutoDock Tools [20]. Protein structure prediction and mo-
deling were conducted via the [-TASSER platform [21].
Ligand-protein interactions and docking conformations
were visualized with Biovia Discovery Studio Visualizer
2021 [22].

2.1. Ligand preparation and geometry optimization

The three-dimensional structures of mukonal (com-
pound 1), 7-hydroxymukonal (compound 2), and
7-methoxymukonal (compound 3) were constructed using
GaussView 6.1 [17]. All compounds were subjected to full
geometry optimization without any symmetry constraints
using the hybrid density functional theory (DFT) method.
The B3LYP (Becke three-parameter Lee—Yang—Parr)
hybrid functional was employed in combination with the
6-311G(d,p) basis set for all atoms [14—-16]. All DFT cal-
culations were performed using the Gaussian 16 software
package [13]. Convergence criteria for optimization were
set to default values, and no imaginary frequencies were
observed in the optimized structures, confirming their sta-
bility at local minima.

2.2. Frontier molecular orbital and density of states
analysis

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies
were extracted from the optimized DFT outputs to cal-
culate the HOMO-LUMO energy gap (AE = ELUMO
— EHOMO), which serves as an indicator of molecular
reactivity and kinetic stability. Density of states (DOS)
spectra were generated using GaussSum [18] to analyze

the contribution of different atomic orbitals to the frontier
molecular orbitals. The partial and total DOS plots were
visualized and analyzed to understand the electronic dis-
tribution across each compound.

2.3. Molecular Electrostatic Potential (MEP) and
Non-Covalent Interaction (NCI) analysis

Molecular electrostatic potential (MEP) maps were ge-
nerated from the optimized DFT wavefunctions to visua-
lize charge distribution across the molecular surfaces. The
MEP surfaces were rendered using GaussView 6.1, with
red indicating electron-rich (negative potential) regions
and blue indicating electron-poor (positive potential) re-
gions.

Non-covalent interaction (NCI) analysis was perfor-
med using the reduced density gradient (RDG) method
based on the optimized electron density. The RDG versus
sign(A2)p plots were generated, and three-dimensional iso-
surfaces (with an RDG cutoff of 0.5 a.u. and an electron
density range of —0.05 < sign(A2)p < 0.05 a.u.) were vi-
sualized to identify hydrogen bonds (blue), van der Waals
interactions (green), and steric repulsions (red).

2.4. Protein structure modeling

The three-dimensional structure of the target protein,
PF3D7 1441900 (transcription factor TFIIH complex
subunit Tfb5, putative) from Plasmodium falciparum iso-
late 3D7, was predicted using the I-TASSER (Iterative
Threading ASSEmbly Refinement) platform [21]. The
highest-confidence model (based on C-score) was selec-
ted for further analysis. The modeled structure was ener-
gy-minimized, and its stereochemical quality was assessed
using Ramachandran plot analysis (not shown, but perfor-
med). Water molecules and heteroatoms were removed,
and hydrogen atoms were added to the protein structure
using AutoDock Tools [20].

2.5. Molecular docking studies

Molecular docking was conducted to evaluate the bin-
ding affinity and interaction modes of compounds 1-3
against the modeled Tfb5 protein. AutoDock Tools [20]
was used to prepare the protein and ligand files in PDBQT
format. A grid box of dimensions 40 x 40 x 40 A® was cen-
tered at coordinates X = 62.833,Y = 57.677, Z = 60.815,
covering the putative active site of the protein. Docking
simulations were carried out using AutoDock Vina [20]
with an exhaustiveness value of 8 and a maximum of nine
binding modes per ligand. The binding affinities (in kcal/
mol) were recorded for all nine poses, and the lowest-ener-
gy conformation was selected for interaction analysis.
Ligand-protein interactions, including hydrogen bonds,
n-alkyl, m-anion, and other hydrophobic contacts, were
visualized and interpreted using Biovia Discovery Studio
Visualizer 2021 [22].

2.6. Pharmacokinetic and ADME prediction

In silico absorption, distribution, metabolism, and ex-
cretion (ADME) properties were predicted using the AD-
MET 2.0 online platform (https://admetmesh.scbdd.com)
[19]. The following parameters were evaluated for each
compound:
Absorption: Caco-2 permeability (log cm/s),
MDCK permeability (cm/s), P-glycoprotein (Pgp) inhi-
bition and substrate probability, human intestinal absorp-
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tion (HIA, as probability score), and oral bioavailability at
20% (F20%) and 30% (F30%).

Distribution: Plasma protein binding (PPB, %),
volume of distribution (VD, L/kg), blood—brain barrier
(BBB) penetration (probability), and fraction unbound
(Fu, %).

Metabolism: Inhibition probability for five ma-
jor cytochrome P450 enzymes: CYP1A2, CYP2CI19,
CYP2C9, CYP2D6, and CYP3A4.

Excretion: Total clearance (CL, ml/min/kg) and
half-life (T1/, probability score).

Lipinski’s Rule of Five (molecular weight < 500,
H-bond donors <5, H-bond acceptors < 10, log P <5) was
also implicitly checked via the reported MW, log P, and
hydrogen bond counts.

2.7. Data integration and comparative analysis

All computational results, including DFT-derived elec-
tronic parameters (HOMO-LUMO gaps, MEP values),
NCI interaction patterns, docking binding affinities, and
ADME predictions, were compiled and compared across
the three compounds. The compound with the lowest HO-
MO-LUMO gap, most negative MEP, strongest binding
affinity, and most favorable pharmacokinetic profile was
identified as the most promising antimalarial candidate.

3. Result
3.1. DFT study

The reactivity, stability, and possible biological activity
of compounds 1-3 were evaluated by combining DFT and
molecular docking. The molecular structures of Muko-
nal (compound 1), 7-hydroxymukonal (compound 2) &
7-methoxymukonal (compound 3) were optimized to ob-
tain their most stable conformation as depicted in Figure
1.

The investigation focused on frontier molecular orbi-
tals i.e. the highest occupied molecular orbital (HOMO)
& the lowest unoccupied molecular orbital (LUMO), as
well as their energy gap which provides insights into che-
mical reactivity and stability of molecules 3>/ HOMO
donates electrons & LUMO accepts them. Small HOMO-
LUMO gaps are usually connected to higher molecular
reactivity & bioactive potentials. The calculated energy
gaps for compounds 1, 2 & 3 were found to be 4.2, 3.9 &
3.8 eV, correspondingly. As revealed in Fig. 2, compound
3 has the minimal energy gap, so it is the maximum reac-
tive one among these three compounds.

Inadding to the FMO (Frontier Molecular Orbital) stu-
dy, a DOS (Density of States) study was shown in Figure
2.1t gives a valuable picture on the distribution of elec-
tronic states in the system over its energy. DOS & FMO
evaluates with the composition % around the HOMO
& LUMO levels display how electron-donating groups
(EDG) & electron-accepting groups EWG mark the distri-
bution of electron density in molecular orbitals ).

The total density of states is accessible in red in the
DOS plots whereas green & black areas correspondingly
correspond to bonding & antibonding orbitals with nega-
tive energies. A zero value implies that there is no inte-
raction between bond orbitals. Different acceptor groups
announce differences in both the spatial & energetic dis-
tribution of HOMOs & LUMOs, important to different
energy gaps for individual molecules. The calculated Eg
(Energy Gaps) for compounds 1, 2, & 3 are 4.2, 3.9, & 3.8

eV, correspondingly.

The MEP (Molecular Electrostatic Potential) is a visual
depiction of charge distribution on the surface of a mole-
cule which is denoted via red & blue positive & negative
potentials. These variances are specified with color coding
i.e., red corresponds to high -ve possible areas while blue
is related with high +ve possible area. Green & yellow
color denote intermediate charge zones [28-30]. Red co-
lored area are favourably attacked via electrophiles whe-
reas blue areas are more expected to undergo nucleophilic
interactions. The intermediate colours point to areas of
equal reactivity. The MEP maps of 1, 2 & 3 are shown
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Fig. 1. Chemdraw structure and optimized geometries of (a) com-
pound 1, (b) compound 2 and (c¢) compound 3. Red — Oxygen atom
(0), Blue — Nitrogen atom (N), Green or cyan bonds — Carbon ske-
leton or molecular framework, and White or light grey — Hydrogen
atom (H).
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Fig. 2. HOMO-LUMO gap & DOS diagrams of compound 1-3. Red
color — positive phase of the molecular orbital wavefunction, and
Blue color — negative phase of the molecular orbital wavefunction.
Blue line — DOS spectrum (total density of states), Green vertical
bars — Occupied states (filled electronic states) and Red vertical bars
— Virtual states (unoccupied electronic states).
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in Figure 3. The electrostatic potential values are -3.558,
-3.770 & -3.951 for compounds 1-3 correspondingly, with
the compound 3 taking the maximum -ve potential. This
point to an increased electrophilic interaction tendency.
A detailed inspection shows red zones point to probable
electrophilic attack & yellow shows likely nucleophilic
reaction targets.

3.2 Noncovalent interaction-reduced density gradient
analysis

NCI (Non-Covalent Interaction) study founds a visual
powerful tool to uncover areas where non-covalent forces
take place within molecular systems [31]. This is carried
out via plotting the RDG (Reduced Density Gradient) as a
function of electron density against the product of electron
density & the sign of the second eigenvalue of the Hessian
matrix, (sign A2)p. This parameter makes available clues
on the type of interaction occurring, a +ve value impor-
tant to repulsive forces whereas -ve values illustrate attrac-
tive interactions. Stronger attractive interactions in overall
resemble to larger electron densities (p > 0.01 a.u.) while
dispersion interactions are experiential at more -ve densi-
ties (p < 0.01 a.u.). Real-space mapping of these interac-
tions is realized through 3D isosurfaces, which accompany
2D scatter plots for each compound. A color scale is used
to differentiate interaction types-blue for hydrogen bonds,
green for van der Waals interactions, & red for repulsion.

In this lesson, NCI study was made on the adjusted
structures of compounds 1, 2, & 3, as showed in Figure 4.
The detected peaks in the RDG plots, along with blue &
green isosurfaces in the 3D visualizations, confirm the oc-
currence of both H-bonding & weak van der Waals forces
across the molecules.

3.3 ADME Analysis

Insilico ADME screening practices extrapolative com-
putational tools to estimate the pharmacokinetics of drug
applicants, via targeting their absorption, distribution, me-
tabolism & excretion 2, These characteristics are impor-
tant in the development of drugs because they affect how a
compound enters the bloodstream and moves through tis-
sues, is metabolised and eliminated. Such predictions are
invaluable for assessing the potential of a drug candidate
during early development stages.

During the absorption phase, factors such oral bioavai-
lability at F20% and F30%, Pgp-inhibition, Pgp-substrate
characteristics, Caco-2 permeability, MDCK permeability,
& human intestinal absorption (HIA) are assessed. A com-
mon model for evaluating drug permeability is the Caco-2
cell line, which is derived from human colon cancer cells.
The logarithm of centimeters per second (log cm/s) is used
to express its permeability; values greater than -5.15 log
cm/s indicate good permeability. MDCK cells, which are
frequently used to evaluate blood-brain barrier penetration
and absorption, also test permeability using the apparent
permeability coefficient (Papp) in cm/s; values greater
than 2 x 10°¢ cm/s indicate high permeability 3!

A substance known as a Pgp-inhibitor prevents P-gly-
coprotein, a transporter protein that recognizes and exports
a variety of xenobiotics, many of which are also CYP3A4
substrates-from doing its job. On a scale of 0 to 1, a com-
pound's probability of being a Pgp-inhibitor is scored: 0 to
0.3 denotes strong inhibition, 0.3 to 0.7 denotes moderate
inhibition, and 0.7 to 1.0 denotes modest inhibition (++).

The pharmacokinetics of Pgp-recognized drugs can be
significantly impacted by changes in P-glycoprotein acti-
vity, which may impact their potential contraindications or
therapeutic efficacy. Likewise, a compound's likelihood of
being a Pgp substrate is assigned a number between 0 and
1. Likelihood as a substrate is indicated to be high when
scores are between 0 and 0.3, moderate between 0.3 and
0.7, and low when scores fall between 0.7 and 1. Intesti-
nal absorption by the human is one of the important factors
for evaluation of oral bioavailability of drugs. Since the
intestinal absorption is closely related to oral bioavailabi-
lity, HIA value may be a useful predictor of bioavailability.
With respect to low absorption is concerned, molecules
with an absorbance of 30% are typically considered as
having poor absorption. The interesting part, HIA score

Fig. 3. Molecular Electrostatic ~Potential of compound
1-3. Red regions: Indicate electron-rich zones, Blue re-
gions: Indicate electron-poor zones and Green/yellow areas

Represent intermediate electrostatic potential.
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Fig. 4. Non-Covalent Interaction plots of (a) compound 1 (b) com-
pound 2 & (c) compound 3 got from the improved structure where
cutoffs were set at RDG(s) = 0.5 a.u. & -0.05 < sign(,)p < 0.05 a.u.
Colour-mapped scatter plot of RDG(s) as a function of sign(},)p are
revealed in right side with RDG isosurface of 0.5 a.u. Blue: Hydrogen
bonding, Green: van der Waals interaction, and Red: Steric repulsion.
Cyan/green — Carbon atoms (C), Red — Oxygen atoms (O), Blue —

Nitrogen atoms (N), and White — Hydrogen atoms (H).
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is between 0 and 1 which makes the possibility of intes-
tinal absorption. High absorption corresponds to values
from 0 to 0.3, moderate absorption is from 0.3 to 0.7 &
low absorption is from 0.7 to 1.

F20% is an important parameter to assess oral drugs
since it indicates the probability of reaching 20% bioavai-
lability, which is a key feature for systemic distribution.
This probability is represented by the F20% score, ran-
ging from 0 to 1. Score of up to 0.3 probability is good, a
score between 0.3 and 0.7 indicates intermediate probabi-
lity and a weighting of more than 0.7 (++ rating) is classi-
fied as poor.). Similarly, F30% measures the likelihood of
achieving 30% oral bioavailability, a key benchmark for
successful systemic circulation. Active compounds take a
bioavailability max than 30% (F30%-). Similar to this
classification is the F30% probability score, which is in
turn scaled from 0-1: 0-0.3 instead of good possibility, 0.3-
0.7 moderate & bad > 70% (++).

The metrics of drug distribution contain Fu (Fraction
Unbound), VD (Volume of Distribution), BBB (Blood-
Brain Barrier) penetration, & PPB (Plasma Protein Bin-
ding). Because it changes the % of free drug accessible for
therapeutic result, PPB has a main impact on a medications
uptake & distribution. Because they limit the active free
concentration, high PPB values-usually above 90%-can
lessen the drug strength. To preserve a suitable therapeutic
index, a PPB score below 90% is ideal. A drugs VD, which
is measured in L/kg, shows how widely it is distributed all
over the body. It offers info on the pharmacokinetic profile
& tissue distribution, with appropriate VD values charac-
teristically dropping between 0.04 to 20 L/kg. Drugs that
target the central nervous system (CNS) must be able to
penetrate the BBB in order to reach their active site. BBB
penetration is categorized as excellent (0 to 0.3), medium
(0.3 to 0.7), or poor (++ rating, 0.7 to 1.0) based on its
speed in cm/s. There are two types of drugs in plasma:
bound and unbound. The drug's therapeutic effectiveness
is impacted when it binds to plasma proteins because it
lowers the concentration of the drug's free, active form. To
get the best pharmacological activity, bound and unbound
forms must be balanced.

The percentage of a medication that is still unbound in
plasma is shown by the Fraction Unbound (Fu) number.
Fu levels fall into one of three categories: low if they are
less than 5%, medium if they fall between 5% and 20%,
and high if they surpass 20%. Excellent values are those
that are 5% or higher, and poor values are those that are
less than 5%. The inhibition of important cytochrome en-
zymes, such as CYP1A2, CYP2C19, CYP2C9, CYP2D6,
& CYP3AA4, is examined in order to assess drug metabo-
lism. Phase I (oxidative processes) & Phase I (conjugative
reactions) are the two stages of metabolism. Two-thirds of
all known medications are metabolized by the cytochrome
P450 enzyme family, which consists of 57 isozymes. Of
these, 80% of drug metabolism is attributed to five en-
zymes: CYP1A2, CYP3A4, CYP2C9, CYP2C19, and
CYP2D6. A probability number between 0 and 1 repre-
sents the possibility of enzyme inhibition. Half-life (T:/2)
and drug clearance (CL) are used to measure excretion.
Milliliters per minute per kilogram (ml/min/kg) is the unit
of measurement for clearance, a crucial factor in determi-
ning a drug's efficacy.

Low clearance is less than 5 ml/min/kg, moderate clea-
rance is between 5 and 15 ml/min/kg, & high clearance is

greater than 15 ml/min/kg. In general, clearance numbers
below 5 ml/min/kg are regarded as poor, whereas those
over this threshold are regarded as outstanding. The half-
life (T1/2), which is impacted via both clearance & volume
of distribution, is the amount of time required for the drugs
concentration in the body to drop via half. On a scale of
0 to 1, the half-life is categorized as outstanding if it is
between 0 & 0.3, medium if it is between 0.3 & 0.7, &
bad if it is between 0.7 & 1.0 (++ rating). Table 1 makes
available a summary of the ADME study results.

Compound 1 shows the following pharmacokinetic fea-
tures: it holds three H bond acceptors, one H bond donor,
& one rotatable bond. Absorption studies illustration outs-
tanding Caco-2 permeability (-4.858), no Pgp inhibition
(0.0), & reasonable probability of being a Pgp substrate
(0.005). Human intestinal absorption (HIA) & absorption
fractions at 20% (F20%) & 30% (F30%) are all in the best
range (0-0.17). In terms of distribution, it demonstrates
strong PPB at 20.27%, favorable VD, & efficient BBB
penetration. The compound also has a more unbound Fu
of 79.80%. Regarding metabolism, compound 1 strongly
inhibits multiple cytochrome P450 enzymes including
CYP2C9, CYP2C19, CYP3A4, CYP1A2, and CYP2D6.
Evacuation data illustrations modest clearance at 9.15 ml/
min/kg & a prolonged half-life (T:2) of 0.477.

Compound 2 takes 4H bond acceptors, 3H bond donors
& one rotatable bond. It has medium Caco-2 permeability
(-5.119), weak Pgp inhibition (0.0) & outstanding probable
to be a Pgp substrate. F20% absorption is outstanding,
however HIA & F30%are comparatively low. The distri-
butions show a low PPB 0f 20.27%, notable VD at 1.351,
moderate penetration toward BBB with large unbound Fu
meaning high blood brain permeability at 85.99%. In rela-
tions of metabolism, it is a modest inhibitor of CYP1A2,
CYP2C19, CYP2D6, & CYP3A4. In the characteristic of
excretion, it has lower clearance (CL = 11.498 ml/min/
kg) & short half-life (Ti/>2=0.57). The properties of com-
pound 3 are defined in Table 1.

In decision, the ADME profiles of compounds 1 & 2
show different degrees in absorption, distribution & me-
tabolism, supporting their potential for more preclinical
research actions.

3.4 Molecular Docking analysis

Founded on the MD study, the deliberate compounds
presented exact interactions with residues (amino acids)
of the protein target [34-39,40-42]. Target protein,
PF3D7 1441900 (putative TFIIH complex subunit Tfb5
from P falciparum (isolate 3D7)) were also analysed for
binding by compounds 1-3. Prior to docking, water mole-
cules were deleted from the structure of protein and a grid
box with dimensions 40 x 40 x 40 A was prepared, cente-
red at X =62.833,Y =57.677, Z = 60.815 to fully encom-
pass the active site residues.

Docking simulations were then employed to examine
the binding affinities & types of intermolecular interac-
tions. Different binding modes were considered to find
the docking orientation of the ligands that is preferred
most and investigate critical interactions with the protein.
Compounds with higher binding affinity were considered
more efficient in targeting the protein. The effect of bin-
ding poses and binding energy values on interaction qua-
lity was also studied; the outcomes are listed in Table 2.

All the compounds showed a stable interaction with
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the target protein. The 3D & 2D ligand-protein binding
modes of compound 1, compound 2, & compound 3 are
shown in Figure 4. For compound 1, nine docking poses
yielded binding affinities of -5.3, -5.2,-5.1, -4.9, -4.9, -4.7,
-4.6, -4.5, and -4.3 kcal/mol. The conformation with the
lowest energy (-5.3 kcal/mol) represents the most favou-
rable binding site. Major interactions for compound 1
involve hydrogen bonding, m-sigma, and m-anion which
could be indicative of its stable and favorable docking
conformation. Docking showed that 1, 2 and 3 have their
best binding energy at -5.3, -5.3 & -5.5 Kcal/mol corres-
pondingly. These results suggest that the two proteins ex-
perience stable and positive interactions in their docking
mode. A summary of the binding affinities for the three
compounds is listed in Table 2. In this case, compound 2
established hydrogen bonds as well as w-alkyl interactions

and the latter contacts took place at a distance of 4.88 A.

Notably, compound 3 exhibited a more negative bin-
ding energy than both compounds 1 and 2, suggesting the
most effective binding interaction with the target protein.
The findings underscore the importance of hydrogen bon-
ding, m-alkyl, & m-anion interactions in contributing to the
stability of the ligand-protein complexes.

4. Discussion

The optimized geometry of all the three compounds has
been calculated at DFT/B3LYP/6-311G(d,p) level which
offers significant information on molecular reactivity and
stability. The optimized geometries established the mole-
cular planarity and conjugation between the coumarin
core and the substituent groups involved in controlling
their reactivity. Compound 3 with HOMO-LUMO energy

Table 1. Absorption, distribution metabolism and excretion analysis for compound 1-3.

Species Compound 1 Compound 2 Compound 3
MW 223.16 239.15 253.17
H-bond acceptors 3 4 4
H-bond donors 2 3 2
Rotatable bond 1 1 2
TPSA 49.33 69.56 58.56
Log S -1.708 -1.143 -1.131
Log P 0.171 -1.118 -0.302
Caco-2 Permeability -4.858 -5.119 -4.872
MDCK Permeability 2.5e-05 9.3e-05 7.5e-05
Pgp-inhibitor 0.0 0.0 0.0
Pgp-substrate 0.005 0.013 0.014
HIA 0.633 0.833 0.647
F20% 0.03 0.062 0.009
F30% 0.176 0.803 0.046
PPB 20.27% 21.64% 20.96%
VD 1.351 1.243 1.466
BBB Penetration 0.059 0.059 0.07
Fu 79.80% 85.99% 86.29%
CYP1A2 inhibitor 0.036 0.015 0.012
CYP2C19 inhibitor 0.027 0.018 0.014
CYP2(C9 inhibitor 0.003 0.002 0.001
CYP2D6 inhibitor 0.036 0.003 0.003
CYP3A4 inhibitor 0.036 0.012 0.021
CL 9.15 11.498 10.99
T 0.477 0.57 0.427

1/2

Table 2. Binding affinity values of compounds 1-3.

Mode Compound 1 Affinity (kcal/mol) Compound 2 Affinity (kcal/mol) Compound 3 Affinity (kcal/mol)
1 -5.3 -53 -5.5
2 -5.2 -5.0 -5.1
3 -5.1 -5.0 -5.0
4 -4.9 -4.9 -5.0
5 -4.9 -4.8 -4.9
6 -4.7 -4.6 -4.9
7 -4.6 -4.5 -4.8
8 -4.5 -4.5 -4.7
9 -4.3 -4.5 -4.5
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Fig. 5. 3D & 2D structures showing interactions between residues
(amino acid) with compound 1 (a) 2 (b) & 3 (c). Red helices —
a-helix segments of the protein, and Gray or white sticks — amino
acid residues of the protein. Gray or cyan — Carbon atoms (C), Red
— Oxygen atoms (O), Blue — Nitrogen atoms (N), and White —
Hydrogen atoms (H).

gap of 3.8 eV among three compounds is the smaller one
indicating its greater chemical softness and electron do-
nor capacity as compared with compound 2 (3.9 eV) and
compound 1 (4.2 eV). This electronic behavior increases
its interaction ability with electrophilic or polar residues
within the active site of the target protein.

MEP surface maps are also consistent with these results
indicating various trends in the charge separation pattern.
The significantly negative potentials around the oxygen
atoms of 3 imply that there is a stronger likelihood to
form hydrogen bonds with donor residues in the pocket
of the receptor. Compound 1, in contrast, shows less loca-
lized charge growth consistent with its somewhat larger
HOMO-LUMO gap & lesser reactivity. These differences
show the influence of two types of substituents (-OH &
-OCHs) in electronic structure as well as biological affi-
nity. The non-covalent interaction study further defines
the existence different interaction that held these opti-
mized structures in stable form. The 3D RDG isosurfaces
of the mixtures of H-bondings & van der Waals contacts,
are revealed in blue & green area correspondingly. The
broad & large blue areas detected for compound 3 was
more marked than that of compounds 1 & 2, representing
stronger H-bonding interaction. These landscapes are re-
liable with its more docking affinity n-n stacking, m-alkyl
& m-anion interactions make available stabilization to
ligand-protein complex.

The results of MD are in decent promise with those
of DFT & NCI. Negative binding energies (-5.3 to -5.5
kcal/mol) for all three ligands also implied their favo-
rable interactions with the target protein & stability as
well. Compound 3 unveiled the strong binding belongings
(-5.5 kcal/mol) via producing numerous H-bonds & pac-
king with aromatic rings of amino acid residues including
Lys, Phe, as well as Asp. The occurrence of methoxy subs-
tituent not only increases hydrophobic interactions but
also helps charge delocalization that eventually led to
higher interaction net. Hydroxyl-substituted compound

(compound 2) presented relatively a smaller number of
n-contacts & a medium level binding affinity, & the inte-
raction of compound 1 is mainly stabilized via polar H-
bonding.

Also, it i1s also noted that these results are further
maintained through pharmacokinetic analysis. All three
compounds are consistent with the Lipinski’s Rule of five
& have proper molecular weight (< 500 Da), moderate
polarity (TPSA < 70 A?) & realistic solubility. The good
Caco-2 & MDCK penetrability values indicate favorable
intestinal absorption for these compounds. Furthermore,
optimal plasma protein binding (A° = ~21%) was detected
for compound 3 retaining a high unbound fraction (%Fu =
86%), which assurances that the active form is sufficiently
present in systemic circulation. Its modest clearance (= 11
mL/min/kg) & stable half-life (~0.43) also expect sustai-
ned bioavailability.

Inclusive, the DFT & MD study together with AD-
MET proves that electron-donating (rich) substituents
advance reactivity as well as better biological affinity via
orbital delocalisation & more favorable electrostatic pos-
sible. From its computed energy gap, electrophilic inte-
raction possible, non-covalent interactions & pharmaco-
kinetic properties, compound 3 is observed as the most
hopeful inhibitor candidate. The chemical reactivity &
biocompatibility of the methoxy-substituted mukonal
compounds help to best part the potential of these mole-
cules as chief candidates for future therapeutic use.

Here, in this work, the stability, reactivity, pharmaco-
kinetic properties and protein-binding interactions of the
compounds 1-3 were assessed using density DFT calcula-
tions combined with ADME properties profiling and MD
studies. Nine docking conformations were considered to
investigate each compound’s binding mode with the tar-
get protein. Complex 3 shows strongest interaction whe-
reas the calculated binding energies of compounds 1-3
were in good agreement with their biological activity. The
activity order was found to be compound 3 > compound
1 = compound 2.

Compound 3 is a better inhibitor than the other two
due to its stronger binding with the target protein, indica-
ting more preferable and effective interaction. MEP study,
which demonstrated a marked negative potential, further
corroborates this conclusion. All the compounds showed
significant stabilizing interactions such as m-anion, n-alkyl
and hydrogen bond. In addition, the full set of pharma-
cokinetic properties for each compound were examined
by ADME analysis and excellent results in permeability,
distribution and metabolic stability parameters were ob-
tained. All of these findings make the compounds under
study especially compound 3-strong candidates for addi-
tional study and advancement in medicinal applications.

Abbreviation

MD: Molecular Docking; DFT: Density functional theory;
TFIIH: Transcription factor II H; DOS: Density of states;
HOMO: Highest occupied molecular orbital; LUMO:
Lowest unoccupied molecular orbital; FMO: Frontier
Molecular Orbital; EDG: Electron-donating groups; HIA:
Human intestinal absorption; MEP: Molecular Electros-
tatic Potential; NCI Non-Covalent Interaction; RDG:
Reduced Density Gradient; Fu: Fraction Unbound; VD:
Volume of Distribution; BBB: Blood-Brain Barrier; PPB:
Plasma Protein Binding; CNS: Central nervous system.
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