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Abstract

Antimicrobial resistance is often regarded as a severe threat to human health and a significant public health
concern, with numerous and complicated factors leading to its incidence and spread. The ferulic acid
derivatives were selected from the reported work by Khatkar et al., (2015). 2D QSAR identified the nonlinear
dependence of biological activity with Log P. In 2D QSAR studies, molecular descriptors include topological
parameters like valence third-order molecular connectivity index (3¢"), valence first-order molecular
connectivity index (YY), Kier's third-order alpha shape index (ka®) and Balaban, lipophilic parameter like log
P, electronic parameters like Vamp Lumo and total dipole, govern the antibacterial activity of ferulic acid
derivatives. The molecular docking technique predicts binding affinity, drug-receptor interaction, and
orientation of drug molecules to the target site, and ADME predicts drug likeliness. Molecular docking studies
signify that unds 18, 15, 21, 32, and 30 score best against protein transcriptional regulation (PDB ID: 5X14).
Based on QSAR, molecular docking, molecular dynamics simulation, and ADME studies were employed and
show an excellent ADME profile by the Lipinski rule of five. The study suggests that compounds 18, 15, 21,
32, and 30 could be lead structures for advanced research in antimicrobial resistance.
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INTRODUCTION

The number of invasive, opportunistic microbial
species infections has increased dramatically in
recent decades, as has the prevalence of systemic
sickness [1]. The increased proportion of illnesses
and inappropriate use of antimicrobials leads to
antimicrobial resistance (AMR), which has become
a global challenge [2,3,4]. If antimicrobial
resistance (AMR) is not managed, the number of
fatalities related to it could rise deaths from
700,000 to 10 million by 2050 [5].

Ferulic acid (4-hydroxy-3-methoxy cinnamic acid)
is a phenolic acid derivative that was first
discovered in the mid-nineteenth century from
Ferula foetida (Apiaceae family) [6]. It is
generally found in green vegetables, cereal bran,
fruits, beer, coffee, wheat, barley, and several other
species of plants [7]. The medicinal potential of
Ferulic acid and its derivatives includes antioxidant
[8], anticancer [9], antifungal and antibacterial
[10], anti-inflammatory [11], antiviral [12],
antidiabetic [13], cardioprotective [14],
neuroprotective [15] activities.

Transcriptional regulators regulate the cell process,
including converting DNA to RNA. Cell organism
responds to a no. of intra and extracellular signals
via transcriptional regulators [16]. Transcriptional
factors are protein that binds to DNA sequences to
regulate the expression of a given gene.
Approximately 141400 transcriptional factors exist
in the human genome, constituting coding genes
[17].

Computer-Aided Drug Design is an emerging way
of finding and designing novel beneficial
therapeutic agents with the aid of computers in the
drug discovery process [18]. Computational
techniques play a significant role in drug
development, as they lower the cost and time
required to create and invent novel medications to
treat diseases [19].

The QSAR correlates biological activity data with
structural and physiochemical parameters of a
series of molecules to find and evaluate novel
compounds for favourable characteristics [20, 21].
A molecular graph in 2D-QSAR contains
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topological or two-dimensional (2D) data that
elaborates how atoms in a molecule are bonded and
how specific atoms interact (e.g.,, molecular
connectivity indices, total path count, etc.) [22].
The goal of the QSAR model is a rational approach
used to evaluate biological activity and
physicochemical attributes [23].

The computational method of molecular docking is
applied to measure the strength of binding between
active site residues and specific compounds.
Molecular docking is a useful approach for
determining the compatibility of ligands with their
target (receptor) and, as a result, selecting active
compounds predicting their mechanism of action,
and optimising the lead structure [24]. The main
goals of the docking investigation are exact
structural modelling and accurate activity
prediction. The molecular docking technique
studies the binding affinity, drug-receptor
interaction, and orientation of drug molecules to the
target site [25].

The Lipinski rule defines molecular features that
influence a drug's absorption, distribution,
metabolism, and excretion in the human body, also
known as pharmacokinetics. ADME modelling has
gained much interest from pharmaceutical
researchers for drug discovery due to its low cost
and high output [26].

In response to the initial findings, and as part of our
ongoing work using Hansch analysis on the
association of biological activities with different
molecular structures, we provide here the QSAR,
molecular docking, molecular dynamics simulation
and ADME investigations of ferulic acid
derivatives were synthesised by Khatkar et al.,
(2015) [27].

MATERIAL AND METHODS

2D QSAR Study

The ferulic acid derivatives (1-38) Table 1,
selected from the reported work by Khatkar et al.,
(2015), were sketched using Chem Draw 19.0. The
biological activity was shown in MIC (uM/ml). It
was changed to pMIC values to eliminate
significant clumping, making it more dependable
for the QSAR study, as shown in Table 2.
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Table 1 Chemical structures of ferulic acid derivatives used in QSAR studies.
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Table 2 Antibacterial data of ferulic acid derivatives used in QSAR studies.

C.No. | pMICec | pMICsa | pMICgs | C.No. | pMICec | pMICsa | pMICass
1 1.06 1.96 1.96 20 1.36 1.06 1.36
2 1.72 1.11 1.41 21 1.38 1.08 1.38
3 1.35 1.35 1.35 22 1.38 1.08 1.38
4 1.30 1.30 1.30 23 1.38 1.08 1.38
5 1.28 1.28 1.28 24 1.38 1.08 1.38
6 1.36 1.36 1.66 25 1.40 1.10 1.10
7 0.80 1.10 1.40 26 1.40 1.10 1.40
8 1.72 1.42 1.42 27 1.40 1.10 1.70
9 1.22 1.22 0.92 28 1.06 1.06 1.36
10 1.33 1.33 1.33 29 1.11 1.11 1.41
11 1.30 1.30 1.00 30 1.36 1.06 1.36
12 1.25 1.25 0.95 31 1.38 1.08 1.38
13 0.67 0.97 0.97 32 1.36 1.06 1.36
14 1.34 1.34 1.34 33 1.36 1.06 1.36
15 1.03 1.03 1.34 34 1.41 1.11 1.41
16 1.12 1.12 1.42 35 1.28 0.97 1.28
17 1.14 1.14 1.44 36 1.89 1.00 1.30
18 1.08 1.08 1.39 37 1.92 1.02 1.32
19 1.08 1.08 1.39 38 1.68 1.08 1.38

Calculation of Molecular Descriptors

Various molecular descriptors such as Randic
topological index (R), molar refractivity (MR), log
P (octanol-water partition coefficient), valence
molecular connectivity indices (%", %V, %", %¢¥),
and Kier's shape indices (ko!, ka?, ko®), Total

Balaban topological index (J), lowest unoccupied
molecular orbital (LUMO) and energies of highest
occupied molecular orbital (HOMO), electronic
energy and dipole moment (u) of ferulic acid
derivatives (1-38) were calculated (Table 3) using
TSAR 3.3. [28-33].

energy (TE), Wiener topological

index (W),

Table 3 Selected molecular descriptors of ferulic acid derivatives

C. No. u logP | MR Ly Lyv Sy K ko’ J LUMO
1 1.79 2.55 | 80.46 | 10.08 6.21 0.43 17.36 4.34 1.52 -0.74
2 2.34 342 | 89.69 | 11.67 7.28 0.47 18.78 3.91 1.29 -0.75
3 0.49 3.23 | 77.00 | 9.69 6.95 0.39 16.37 4.54 1.51 -0.69
4 0.51 2.86 | 69.86 | 8.67 5.89 0.27 16.06 5.15 2.02 -0.72
5 0.46 240 | 65.15 | 8.02 5.28 0.50 15.06 4.48 2.08 -0.70
6 0.78 3.42 | 80.60 | 10.19 6.45 0.39 17.36 4.65 1.48 -0.72
7 4.07 3.28 | 83.09 | 10.99 6.51 0.45 19.33 4.63 1.53 -1.23
8 0.49 4.69 | 95.17 | 1140 8.66 1.12 20.31 5.26 1.64 -0.70
9 0.67 165 | 55.99 | 7.17 4.30 0.27 13.07 3.28 2.07 -0.75
10 0.50 3.19 | 7441 | 9.02 6.24 0.68 17.05 5.79 2.03 -0.72
11 0.56 286 | 69.73 | 8.52 5.74 0.68 16.06 5.15 2.06 -0.73
12 0.49 199 | 60.73 | 7.67 4.89 0.27 14.06 3.89 2.06 -0.72
13 0.53 246 | 65.26 | 8.17 5.39 0.27 15.06 4.48 2.04 -0.72
14 0.57 3.33 | 75.76 | 9.69 6.01 0.34 16.37 4.12 1.51 -0.83
15 4.23 2.68 | 77.71 | 9.69 6.10 0.36 16.37 4.12 151 -0.70
16 5.55 3.10 | 90.08 | 11.40 7.02 0.61 20.31 4.64 1.60 -1.00
17 0.72 3.15 | 89.84 | 11.40 7.11 0.64 20.31 4.79 1.58 -1.28
18 4.34 3.20 | 82.52 | 10.08 6.61 0.56 17.36 451 1.51 -0.79
19 4.81 3.20 | 82.52 | 10.10 6.61 0.52 17.36 4.24 1.55 -0.77
20 4.33 3.15 | 82.75 | 10.08 6.51 0.53 17.36 4.36 1.51 -0.70
21 5.46 243 | 84.18 | 10.63 6.63 0.41 18.34 4.34 1.58 -0.64
22 4.41 3.61 | 87.80 | 10.51 6.93 0.62 18.34 4.12 1.56 -0.69
23 4.46 3.61 | 87.80 | 10.49 6.93 0.66 18.34 4.36 1.56 -0.69
24 4.35 3.61 | 87.80 | 10.49 6.93 0.66 18.34 4.36 1.57 -0.69
25 5.74 2.63 | 85.04 | 11.01 6.60 0.45 19.33 4.38 1.62 -1.10
26 1.71 2.63 | 85.04 | 10.99 6.60 0.47 19.33 4.63 1.53 -1.16
27 5.44 2.63 | 85.04 | 10.99 6.60 0.47 19.33 4.63 1.52 -1.01
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28 4.28 3.15 | 82.75 | 10.10 | 6.52 0.50 17.36 4.10 1.55 -0.70
29 1.83 334 | 82.73 | 1049 | 6.71 0.59 18.34 4.47 1.53 -0.87
30 4.35 3.15 | 82.75 | 10.08 | 6.51 0.53 17.36 4.36 1.52 -0.69
31 4.71 243 | 84.18 | 10.62 | 6.62 0.43 18.34 4.60 1.51 -0.70
32 4.78 282 | 7793 | 10.10 | 6.21 0.41 17.36 4.06 1.55 -0.75
33 1.21 2.77 | 8255 | 10.19 | 6.56 0.40 17.36 4.65 1.48 -0.56
34 4.35 3.68 | 94.16 | 11.65 | 7.50 0.53 18.78 3.96 1.24 -0.64
35 1.40 181 | 67.21 | 8.17 5.50 0.28 15.06 4.48 2.04 -0.53
36 1.40 221 | 7181 | 8.67 6.00 0.28 16.06 5.15 2.02 -0.53
37 1.71 0.90 | 7191 | 9.20 6.12 0.38 15.39 3.71 1.55 -0.57
38 5.36 1.82 | 80.59 | 10.60 | 6.40 0.41 18.34 4.62 1.54 -0.85

QSAR Model Development

The QSAR equation by linear/ multiple linear
regression analysis was developed using SPSS 28.0
trial version. By evaluating actual and estimated
values, the QSAR models were found to be
accurate, calculating g2 ( LOO method ) and
detecting systemic error.

Molecular Docking Study

The ferulic acid derivatives (1-38) Table 1,
selected from the reported work by Khatkar et al.
(2015,) were sketched using ChemDraw 19.0. The
molecular docking was done using Schrodinger
suite v 13.1.

Protein Preparation

Transcriptional regulation (PDB Id: 5X14) was
picked from the Protein Data Bank for the
molecular docking research of a selected data set of
ferulic acid derivatives. The average PDB structure
file for molecular modelling calculations needs to
be more suitable. Heavy-weight atoms, cofactors,
water particles, co-crystallized ligands and metal
ions are all found in a typical PDB structure file.
The protein preparation wizard was used to
construct the protein, which was preprocessed,
optimised, and reduced. The final result is a
refined, hydrogenated ligand and ligand-receptor
complex structure that can be used with various
Schrodinger modules [34].

Ligand Preparation

Ligands were prepared using the maestro v13.1
LigPrep module for the best docking outcomes.
The structures to be docked must be close to the
ligand as they would appear in a protein-ligand
complex. This means that the structures must obey
the specifications of the Glide docking program.
They should possess a 3-D appearance. Glide-only
modified torsional coordinates of ligands and
geometric parameters should be changed before
use. A single molecule should be present in them
that would not be connected with any receptor or
other components. They should have a suitable
system of protonation that would be appropriate for
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biological pH levels (~ 7) [35, 36].

Grid Generation

The receptor grid generating module of maestro
version 13.1 created the grid. A grid was built near
the docking site previously engaged by the co-
crystallized ligand, allowing additional molecules
to be bound to the similar docking site. In contrast,
the co-crystallized ligand was excluded [37].

Molecular Docking

Docking was done by using maestro v 13.1. The
XP module performs more precise molecular
docking of chosen ferulic acid molecules. At each
level, the collected data's size shrinks as the data's
precision expands. In maestro v 13.1, XP
parameters (glide energy, glide e-model value,
docking score) were calculated [38, 39].

ADME Study

Most pharmacological compounds fail during
clinical trials, and determining ADME features is
critical. QikProp, GLIDE, and Schrodinger v
13.1 were used to determine the likeliness and
ADME attributes of the most active compounds.
The ligand was prepared in Maestro format (.maez)
for ADME investigation using the LigPrep module
of Schrodinger v 13.1. Then we got down to
business, navigated the QikPro dialogue box, and
inserted the synthesised derivatives' ligand
preparation file (.maez) to get the ADME
parameters [40].

Molecular Dynamics Simulation

Any grid-based docking approach has the
drawback of treating the receptor as a rigid entity,
resulting in a static image of the protein-ligand
interaction. In the physiological system, however,
this relationship is dynamic MD simulations were
performed for 10ns using the System builder panel
in Desmond suit of Schrodinger 13.1 ( Academic
version ) using OPLS4 force field [41]. The SPC (
simple point charge ) water box and orthorhombic
boundaries were applied to the system. The plan
was neutralised by adding Na+ as counter ions [42,
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43]. Further, the molecular dynamics panel of
Desmond was used to run simulation calculations
by adjusting simulation time, ensemble class,
simple model system before simulation etc. All the
default functions were used to run the estimates
[44]. The simulation results were analysed by
RMSD ( Root Mean Square Deviation) and RMSF
( Root Mean Square Fluctuations ), Protein-ligand
interaction and contacts [45].

RESULTS AND DISCUSSION

2D QSAR Study

In response to the initial findings, and as part of our
ongoing work using Hansch analysis on the
association of biological activities with different
molecular structures [46], we provide here the
QSAR investigations of ferulic acid derivatives
synthesised by Khatkar et al., (2015). In this study,
the structure | features of the drug molecules were
first quantified using various molecular descriptors
(Table 3). Then the use of characteristics and
biological activity was quantified and correlated to
equations using linear/ multiple linear regression.
Biological data determined as MIC values were
first changed into the pMIC values (Table 2) and
used as the dependent variable in the QSAR study.

QSAR models for antibacterial potential against
Escherichia Coli are as follows

The initial study was done using correlation
analysis. The correlation matrix generated for
ferulic acid antibacterial effectiveness against
Escherichia Coli is shown in Table 4. There was
much colinearity (r > 0.8) between various
parameters. In defining the antibacterial action of
ferulic acid derivatives, the correlation matrix
revealed that the electronic parameter Vamp Lumo
(r=0.330, Eq. 1) Table 4.

The equation comes out as:

Section A-Research paper

pMICec = -0.466 VAMP LUMO - 1.675

(Eq.l)
n= 38, r= 0.330, ¢?= -0.002, F= 0.042, SD= 0.240

where g? - cross-validated, n - number of data
points, F - Fischer statistics, r - correlation
coefficients, r? - obtained by leaving one out
method, SD - standard deviation

For improvement of the r value, valuence first-
order molecular connectivity indices were added to
Vamp Lumo, which enhanced the correlation value
to 0.465, (Eq. 2).

pMICec = -0.112 VAMP LUMO - 0.547%V -
1.018 (Eq.2)
n= 38, r= 0.465, ¢?= 0.079, F= 0.013, SD= 0.228

For further improvement of the r value, Log P was
added in Eq. 2, which enhanced the correlation
value to 0.652, (Eq. 3).

pMICec = 0.242 VAMP LUMO - 0.273 " -
0.530 Log P - 0.665 ( Eq.3)

n= 38, r= 0.652, g*= 0.283, F=0.000, SD=0.198

But as the value of r is not closer to 1, and the value
of g is also not near 0.5 or above, this indicates that
the model is not significant. This may be due to the
presence of outliers. Therefore 11 outliers
(compound 36, 35, 28, 21, 15, 14, 13, 9, 8, 2, 1)
were identified and removed, which improved the
value of r to 0.824 (Eg. 4). The equation is
statistically significant.

pMICec = 0.271 VAMP LUMO - 0.188 %" -
0.519 Log P - 1.304 (Eq.4 )

n= 27, r= 0.824, g*>= 0.578, F= 3.598, SD=0.120

Table 4: Correlation matrix for antibacterial activity against Escherichia Coli

PMICec | u [ logP [ MR | Y EEY « | x® | J | LUMO
PMICec | 1.00
m 0.03 | 1.00
log P 043 | 0.0 | 1.00
MR -0.15 | 054 | 0.67 | 1.00
L -0.13 | 056 | 057 | 0.97 | 1.00
LY 027 | 034 | 073 | 094 | 0.88 | 1.00
3y 013 | 011 | 0.70 | 0.62 | 050 | 0.71 | 1.00
% -0.08 | 051 | 058 | 0.93 | 0.95 | 0.86 | 0.61 | 1.00
Ko -0.06 | -0.24 | 0.30 | 0.14 | 0.08 | 0.27 | 0.39 | 0.30 | 1.00
J 012 | -054 | -0.41 | -0.81 | -0.85 | -0.70 | -0.23 | -0.66 | 0.28 | 1.00
LUMO | -033 | -0.47 | -0.14 | -0.30 | -0.44 | -0.17 | -0.15 | -0.55 | -0.12 | 0.20 | 1.00

More than 0.5 value of g2 showed that the QSAR
Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644

model is valid. In contrast, the validity of the
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QSAR model is demonstrated by plotting observed
against predicted activity ( Figure 1; Table4). The
observed values were plotted against residual
values to calculate the systemic error (Figure 2).

-

200 180 180 4120 100 -80

preEC

200 160 160 140 .20 100 -80

obsEC

Fig. 1 Plot of Observed vs. Predicted Activity

QSAR models for antibacterial activity against
Staphylococcus aureus are as follows

The Preliminary investigation was done using the
correlation of molecular descriptors with the
antibacterial potential of Staphylococcus aureus.
The initial correlation of r = 0.437 was observed
with the electronic parameter Total dipole (EqQ. 5)
Table 5, which is insignificant.

The equation comes out as:

n= 38, r=0.437, g°>= 0.122, F= 0.005, SD=0.161

For further improvement of r value, valence third-
order molecular connectivity indices was added to
a total dipole, which enhanced the correlation digits
t00.481, (Eq.6).

Table 5: Correlation matrix for antibacterial activity again Staphylococcus aureus
1

Section A-Research paper

The zero residual propagation on every dimension
demonstrated the absence of systemic error in
creating the QSAR model.

resEC

200 180 EL) 14 EF] A0 B

obsEC

. 2 Comparison of Observed vs. Residual Activity

PMICsz = 0.041 11 - 0.219 %" - 1.167 ( Eg. 6)
n= 38, r=0.481, ¢?= 0.128, F= 0.009, SD= 0.160

But as the value of r is not closer to 1, and the value
of g?is also not near 0.5 or above, this indicates that
the model is not significant. This may be due to the
presence of outliers. Therefore 9 outliers
(compound 37, 36, 35, 33, 29, 17, 13, 6, and 1) were
identified and removed, which improved the value
of r to 0.896 (Eq. 7). The equation is statistically
significant.

PMICsa = 0.049 11 - 0.128 3" - 1.246 (Eq. 7)

n=29, r= 0.896, g°= 0.716, F= 3.041, SD=0.052

PMICsa [ [ logP [ MR Ly 3y K x> | J | LUMO
PMICsa | 1.00
u 0.44 | 1.00
logP | -017 | 0.0 | 1.00
MR 008 | 054 | 067 | 1.00
L 009 | 056 | 057 | 0.97 | 1.00
LY 001 | 034 | 073 | 094 | 0.88 | 1.00
3y 015 | 011 | 070 | 0.62 | 050 | 0.71 | 1.00
% 006 | 051 | 058 | 093 | 0.95 | 086 | 0.61 | 1.00
Ko -0.19 | -0.24 | 030 | 0.4 | 0.08 | 0.27 | 039 | 0.30 | 1.00
J -0.08 | -054 | -0.41 | -0.81 | -0.85 | -0.70 | -0.23 | -0.66 | 0.28 | 1.00
LUMO | 001 | -0.17 | -0.14 | -0.30 | -0.44 | -0.17 | -0.15 | -055 | -0.12 | 0.20 | 1.00

More than 0.5 value of g2 showed that the QSAR
model is valid. In contrast, the validity of the
QSAR model is demonstrated by plotting observed
against predicted activity (Figure 3; Table 5). The
observed values were plotted against residual

Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644

values to calculate the systemic error (Figure 4).
The zero residual propagation on both sides
demonstrated the absence of systemic error in
creating the QSAR model.
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Fig. 3 Comparison of Observed vs. Predicted Activity Fig. 4 Comparison of Observed vs. Residual Activity

QSAR models for antibacterial activity against
Bacillus subtilis are as follows

The Preliminary investigation was carried out in
terms of the correlation of molecular descriptors
with the antibacterial activity of Bacillus subtilis.
The initial correlation of r = 0.610 was seen with
the topological parameter Balaban (Eg. 8) Table
6, which is insignificant.

The equation comes out as:
pPMICps=0.486 J - 2.148 (Eq. 8)
n= 38, r=0.610, g°>= 0.291, F= 4.454, SD=0.151

For further improvement of the r value, kier’s third-
order alpha shape indices were added to Balaban,
which enhanced the correlation value to 0.703, (Eq.
9).

PMICpe= -0.133 J + 0.500 Ko - 1.423 (Eq. 9)
n= 38, r= 0.703, ¢?= 0.426, F= 5.328, SD=0.137

But as the value of r is not closer to 1, and the value
of g is also not near 0.5 or above, this indicates that
the model is not significant. This may be due to the
presence of outliers. Therefore 8 outliers
(compound 35, 33, 27, 25, 13, 11, 13, 1) were
identified and removed, which increased the value
of r to 0.879 (Eqg. 10). The equation is statistically
significant.

PMIChs= -0.142 J +0.398 Kos- 1.205 ( Eq. 10)

n= 30, r= 0.879, g°= 0.694, F= 4.468, SD= 0.063

Table 6: Correlation matrix for antibacterial activity against Bacillus subtilis

PMICss | p [ logP | MR | Xy Ly Sy « | ke’ | J | LUMO
pMICss | 1.00
m -0.24 | 1.00
logP | -0.31 | 0.0 | 1.00
MR -059 | 054 | 0.67 | 1.00
L -059 | 056 | 057 | 0.97 | 1.00
Ly -052 | 034 | 0.73 | 094 | 088 | 1.00
3y 023 | 011 | 0.70 | 0.62 | 050 | 0.71 | 1.00
% -054 | 051 | 058 | 093 | 0.95 | 0.86 | 0.61 | 1.00
Ko -0.16 | -0.24 | 0.30 | 0.14 | 0.08 | 0.27 | 039 | 0.30 | 1.00
J 061 | -054 | 041 | -0.81 | -0.85 | -0.70 | -0.23 | -0.66 | 0.28 | 1.00
LUMO | 012 | -017 | -0.14 | -0.30 | -0.44 | -0.17 | -0.15 | -0.55 | -0.12 | 0.20 | 1.00

More than 0.5 value of g2 showed that the QSAR
model is valid. In contrast, the validity of the
QSAR model is demonstrated by plotting observed
against predicted activity (Figure 5; Table 6). The
observed values were plotted against residual

Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644

values to calculate the systemic error (Figure 6).
The zero residual propagation on both sides
demonstrated the absence of systemic error in
creating the QSAR model.
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Fig. 5 Comparison of Observed vs. Predicted Activity Fig. 6 Comparison of Observed vs. Residual Activity

We can conclude From the above data that all
QSAR models are valid. In contrast, the validity of
the QSAR model is demonstrated by the

comparison of observed, predicted, and residual
values of each of the organisms taken, shown in
Table 7.

Table 7: Observed, predicted, and residual activity values of the ferulic acid derivatives

C. No. Escherichia Coli Staphylococcus aureus Bacillus subtilis

Obs. Pre. Res. Obs. Pre. Res. Obs. Pre. Res.
1 - - - - - - - - -
2 - - - -1.11 -1.19 0.08 -1.41 -1.40 -0.01
3 -1.35 -1.38 0.03 -1.35 -1.27 -0.07 -1.35 -1.37 0.02
4 -1.30 -1.26 | -0.04 | -1.30 -1.26 -0.05 -1.30 -1.27 -0.03
5 -1.28 -1.29 0.01 -1.28 -1.29 0.01 -1.28 -1.15 -0.13
6 -1.36 -1.22 | -0.14 - - - -1.66 -1.46 -0.20
7 -0.80 -1.00 0.21 -1.11 -1.19 0.08 -1.40 -1.46 0.07
8 - - - -1.35 -1.27 -0.07 -1.42 -1.41 -0.01
9 - - - -1.30 -1.26 -0.05 -0.92 -0.97 0.05
10 -1.33 -1.24 | -0.08 | -1.28 -1.29 0.01 -1.33 -1.37 0.04
11 -1.30 -1.24 | -0.07 | -1.30 -1.31 0.00 - - -
12 -1.25 -1.31 0.06 -1.25 -1.26 0.00 -0.95 -1.07 0.12
13 - - - - - - - - -
14 - - - -1.34 -1.26 -0.08 -1.34 -1.37 0.03
15 - - - -1.03 -1.08 0.05 -1.34 -1.37 0.03
16 -1.12 -1.27 0.15 -1.12 -1.05 -0.07 -1.42 -1.43 0.01
17 -1.14 -1.13 | -0.02 - - - -1.44 -1.43 -0.01
18 -1.08 -1.27 0.19 -1.08 -1.10 0.02 -1.39 -1.40 0.01
19 -1.08 -1.29 0.21 -1.08 -1.08 0.00 -1.39 -1.34 -0.05
20 -1.36 -1.32 | -0.04 | -1.06 -1.10 0.04 -1.36 -1.40 0.04
21 - - - -1.08 -1.03 -0.05 -1.38 -1.36 -0.01
22 -1.38 -1.28 | -0.10 | -1.08 -1.11 0.03 -1.38 -1.33 -0.05
23 -1.38 -1.27 | -0.10 | -1.08 -1.11 0.04 -1.38 -1.37 -0.01
24 -1.38 -1.27 | -0.10 | -1.08 -1.12 0.04 -1.38 -1.37 -0.01
25 -1.40 -1.26 | -0.13 | -1.10 -1.02 -0.08 - - -
26 -1.40 -1.23 | -0.16 | -1.10 -1.22 0.13 -1.40 -1.46 0.07
27 -1.40 -1.31 | -0.09 | -1.10 -1.04 -0.06 - - -
28 - - - -1.06 -1.10 0.04 -1.36 -1.34 -0.02
29 -1.11 -1.21 0.11 - - - -1.41 -1.38 -0.02
30 -1.36 -1.32 | -0.04 | -1.06 -1.10 0.04 -1.36 -1.40 0.04
31 -1.38 -1.53 0.16 -1.08 -1.07 -0.01 -1.38 -1.43 0.06
32 -1.36 -1.32 | -0.03 | -1.06 -1.06 0.00 -1.36 -1.34 -0.02
33 -1.36 -1.50 0.14 - - - - - -
34 -1.41 -1.39 | -0.02 | -1.11 -1.10 -0.01 -1.41 -1.46 0.05
35 - - - - - - - - -
36 - - - - - - -1.30 -1.27 -0.03
37 -1.92 -1.92 0.00 - - - -1.32 -1.23 -0.09
38 -1.68 -1.58 | -0.10 | -1.08 -1.04 -0.04 -1.38 -1.42 0.05

Note: (-) used in the table refers to the outliers removed against the particular organisms.

Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644
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Molecular Docking

The Ferulic acid derivatives were selected from
reported work by Khatkar et al., (2015) (Table 2),
and their antibacterial docking score was

Section A-Research paper

determined by molecular docking software
Schrodinger v 13.1, using PDB: 5X14 (Table 8)
concerning a standard drug (norfloxacin).

Table 8 Docking score and Glide energy of the ferulic acid derivatives

C.No. | Docking score | Glide energy C. No. Docking score Glide energy
1 -6.559 -30.823 21 -7.050 -34.059
2 -5.540 -41.275 22 -6.423 -30.077
3 -6.426 -28.032 23 -6.919 -32.541
4 -6.564 -38.243 24 -6.855 -32.460
5 -6.569 -36.904 25 -6.852 -34.200
6 -6.788 -31.130 26 -6.963 -34.181
7 -4.991 -38.558 27 -4.327 -34.234
8 -6.996 -31.665 28 -6.737 -30.749
9 -6.660 -37.154 29 -6.848 -30.370
10 -6.618 -39.711 30 -7.005 -32.583
11 -6.665 -37.149 31 -6.693 -33.618
12 -6.670 -38.220 32 -7.009 -30.414
13 -6.703 -36.643 33 -6.531 -33.502
14 -5.916 -37.437 34 -6.774 -34.655
15 -7.243 -30.786 35 -6.525 -36.196
16 -6.733 -34.619 36 -6.295 -28.659
17 -6.586 -32.915 37 -6.238 -30.660
18 -7.424 -32.335 38 -6.362 -36.512
19 -6.691 -32.405 Norfloxacin -4.555 -31.366
20 -6.935 -32.804 Ferulic acid -7.620 -35.374

The binding mechanism of the ferulic acid
derivatives with their respective receptors was
investigated using molecular docking. The active
site of transcriptional regulation (PDB ID: 5X14)
was used to conduct a molecular docking
investigation of ferulic acid compounds and a
conventional medication (norfloxacin). The
oxygen atom of compound 18's amide nucleus
made hydrogen bonds with Argl64, Hiel54, and
water amino acid residues, according to the 2-D
ligand interaction diagrammatic perspective.
Hiel54 and water amino acid residues made
hydrogen bonds with the oxygen atoms of
compounds 15 and 21's amide nucleus. Hie154 and
water amino acid residues made hydrogen bonds

3

with the oxygen atoms of the amide nucleus of
compounds 32 and 30. The docking scores glide
energy and e-model values were shown in negative
terms. The lower the docking score, the better the
ligand's affinity for binding to the receptor. Table 9
shows the docking data for the top five compounds
(18, 15, 21, 32 and 30) and the reference
medication. Figures 7, 8, 9, 10, 11, and 12 illustrate
the ligand interaction diagram and the binding
surface of docked molecules 18, 15, 21, 32, 30, and
norfloxacin, respectively. By interacting with
homologous amino acid residues, these molecules
have the same homology as normal norfloxacin,
according to the 2-D ligand interaction
diagrammatic perspective.

) o 5
| =2 135 ——————2320
2o

Fig. 7: Binding suface and 2D interaction of molecule 18

Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644
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Fig. 11: Binding surface and 2D interaction of molecule 30
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Fig. 12: Binding surface and 2D interaction of Norfloxacin

Table 9: Docking score of the top five ferulic acid derivatives

C. No. Docking score | Glide energy

Glide emodel

Interacting residues

18 -7.424 -32.335

-47.525

Glu29, Glu32, Phe33, Leul31, Leul58, Val157,
Hiel54, Alal61, Ser134, Arg164, Lys127,
Lys137, Glu28

15 -7.243 -30.786

-38.484

Glu29, Glu32, Phe33, Leul31, Leul58, Vall57,
Hiel54, Alal61l, Ser134, Argl64, Lys127,
Lys137, Glu28

21 -7.050 -34.059

-50.763

Glu29, Glu32, Phe33, Leul31, Leul58, Vall57,
Hiel54, Alal61l, Ser134, Argl64, Lys127,
Lys137, Glu28, Lys27, Glu165

32 -7.009 -30.414

-42.981

Glu29, Glu32, Phe33, Leul3l, Leul58, Val157,
Hiel54, Alal61l, Ser134, Argl64, Lys127,
Lys137, Glu28

30 -7.005 -32.583

-39.353

Glu29, Glu32, Phe33, Leul3l, Leul58, Val157,
Hiel54, Alal61, Ser134, Argl64, Lys127,
Lys137, Glu28, Glul65

Norfloxacin -4.555 -31.366

-36.099

Glu29, Glu32, Phe33, Leul3l, Leul58, Val157,
Hiel54, Alal61, Ser134, Lys127, Lys137, Glu28

ADME Study

The ADME characteristics of the presented ferulic
acid derivatives were determined using the
Schrodinger v 13.1 QikProp module. Table 10
summarises ADMET data of the best active
complexes, namely 18, 15, 21, 32, and 30. All of

the considerations of the Lipinski rule of five were
followed by the molecules 18, 15, 21, 32, and 30.
The results showed that compounds 18, 15, 21, 32,
and 30 follow Lipinski's rule, indicating that these
derivatives could be used as prototype molecules
for advanced research.

Table 10: ADME data of most active compounds calculates using Qik Prop Simulation

C.No. MW | QPlogPo/w | AcceptHB | QPlogBB | DonorHB | Human oral absorption | Rule of Five
15 269.2 2.9 4 -0.8 2 3 0
18 303.7 3.3 4 -0.6 2 3 0
21 299.3 3.0 4.75 -0.8 2 3 0
30 283.3 3.2 4 -0.8 2 3 0
32 287.2 3.1 4 -0.7 2 3 0

v"Molecular weight, not more than 500 Da.

v'Hydrogen bond donor (Accepted Limit: < 5)

v'Hydrogen bond acceptor (Accepted Limit: < 10)

v'Log P less than 5.

v'Human oral absorption — 1, 2, or 3 for low,
medium, or high.

v'QPlogBB range from -3.0 to 1.2.

Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644

Molecular Dynamics Simulation

Molecular dynamics simulations were performed
for compounds 18 and 21 based on their biological
activity, i.e., pMIC values and molecular docking
with Transcriptional regulation (5X14). Compound
18 showed protein RMSD values in the series of (4
- 6) A and ligand RMSD values in the range of (4 -
7) A with fluctuations at various time intervals. The
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RMSD graph tells us the stability of the protein-
ligand complex, which is verified that the lesser the
RMSD greater the stability (Fig. 13(a)). The RMSF
value lies in (1.5- 8.8) A. The RMSF graph depicts
the mobility of target proteins, with frequent peaks
showing the presence of flexible amino acids on the
C-alpha backbone of the protein (Fig. 13(b)). MD
simulation outcomes specify probable protein-
ligand interactions in the form of histograms and
heat maps (Fig. 13(c), (d)). The interface between
protein and ligand comprises four types of bonds,
hydrogen bonds (green), hydrophobic interaction
(grey), ionic bonds (pink), and water bridges (
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blue). The amino acids residues Argl3, Glu29,
Ser134, His154, and Arg164 forms hydrogen bonds
(green), Leu30, Phe33, Trp34, Lysl127, Leul3l,
His154, Vall57, Leul58, Alal6l, and Argl64
form hydrophobic interaction ( grey ), and Ala7,
Gly10, Argl3, Leull, Glu28, Glu29, GIn32,
Lys127, Aspl30, Serl34, Lys 137, Gly 153,
His154, Vall57, Alal6l, Argl64 forms water
bridges ( blue ) respectively (Fig. 13 (c)). The
residue Arg164 showed 33% interaction more than
30% of the time by forming a water bridge with the
ligand molecules (Fig. 13 (d)).

Protein RMSF

o

(b)

Ligand-Protein Contacts
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Fig. 13: Compound 18 (a) Graphical representation of Protein RMSD (A) and Ligand RMSD (A) versus
time (ns), (b) Graphical representation of RMSF (A) versus the residual index, (c) Histogram representation
specify probable protein-ligand interactions, (d) Ligand protein contact.

Compound 21 showed protein RMSD values in the
range of (4-5.5) A and ligand RMSD values in the
range of (4-7.5) A with fluctuations at various time
intervals. The RMSD graph tells us the stability of
the protein-ligand complex, which is verified that
the lesser the RMSD greater the stability (Fig.
13(a)). The RMSF value lies in the range of (1.4-
7.4) A. The RMSF graph depicts the mobility of
target proteins, with frequent peaks showing the
presence of flexible amino acids on the C-alpha
backbone of the protein (Fig. 13(b)). MD
simulation outcomes specify probable protein-
ligand interactions in the form of histograms and

Eur. Chem. Bull. 2023, 12(Special Issue 5), 4627 - 4644

heat maps (Fig. 13(c), (d)). The interface between
protein and ligand comprises four types of bonds,
hydrogen bonds (green), hydrophobic interaction
(grey), ionic bonds (pink), and water bridges (blue).
The amino acids residues GIn32, Ser134, Lys137,
and Hisl54 forms hydrogen bonds (green),
Met145, Phe33, Leul31, Lys137, His154, Val157,
Leul38, Alal6l, and Leul58 from hydrophobic
interaction ( grey ), and Glu28, Glu29, GIn32,
Phe33, Lys127, Lys137, Asp151, Ser134, His154,
Vall57, and Argl64 forms water bridges ( blue )
respectively (Fig. 13 (c)). The ligand-protein
contacts diagram is shown in (Fig. 14(d)).
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CONCLUSION

In this research work, various computational tools,
i.e., 2D QSAR, molecular docking, molecular
dynamics simulation and ADME studies of ferulic
acid derivatives against E.Coli, S. Aureus, and B.
Subtilis were performed. In 2D QSAR studies,
molecular descriptors include topological
parameters like valence third-order molecular
connectivity index (®), valence first-order
molecular connectivity index (YY), Kier's third-
order alpha shape index (ka®), and Balaban,
lipophilic parameter like log P, electronic
parameters like Vamp Lumo and total dipole,
govern the antibacterial activity of ferulic acid
derivatives. Molecular docking studies signify
compounds 18, 15, 21, 32, and 30 have the best
docking score against protein transcriptional
regulation (PDB ID: 5X14). Based on QSAR,
molecular docking results, molecular dynamics
simulation and binding interaction analysis,
ADME studies were employed and showed an
excellent ADME profile by the Lipinski rule of
five. The study suggests that these compounds
could be utilised as lead structures for advanced
research in antimicrobial resistance.
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