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Alzheimer's disease, which is a progressive neurologic disorder, is the most common form of dementia. Although there are
various treatment options for Alzheimer’s disease, there is no definite treatment for this disease yet. In this study it was aimed to
investigate the treatment potentials of three bis(3-(4-nitrophenyl)acrylamide) derivatives, two of which are known and one is
new, for Alzheimer's disease. The study consists of three parts; in the first part of the study, synthesis and characterization
studies of the investigated compounds were carried out. In the characterization of the compounds, IR, 'H-NMR, *C-NMR,
LC-MS and elemental analysis techniques were used. In the second part of the study, the compounds were investigated
computationally with the assistance of various computational techniques including density functional theory (DFT) calculations,
molecular docking and molecular dynamics simulations. In this part, binding free energy calculations were also performed on
the investigated compounds. Results of computational studies showed that synthesized compounds interacted with AChE
effectively and can be promising structures as AChE inhibitors. In the last part of the study, antioxidant and antimicrobial
properties of the compounds were investigated. Antioxidant activities were determined by DPPH' and ABTS' radical
scavenging methods. According to the DPPH" test, the most active compound was found to be 2, while the most active
compound was found to be 3 according to the ABTS" test, showing that these methods for antioxidant assay were not
significantly correlated with each other. On the other hand, the results of the antimicrobial activity tests showed that compound

3 was the most active compound, which exhibited both antioxidant and antimicrobial activity.
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Alzheimer's disease (AD) is known to be a
neurodegenerative brain disorder and causes many
abnormalities such as problems with recognition,
consideration and social behavior. Although there are
some therapeutic options decelerating the progression
of the disease or providing symptomatic relief, these
options cannot provide a definite cure yet. Since
acetylcholinesterase (AChE) plays an important role in
AD, inhibition of this enzyme is one of the strategies
used for the treatment of AD. In the literature there are
some recent studies focus on the inhibition of AChE"®.
Computational tools such as molecular docking and
molecular dynamics simulations are widely used in
drug research and development studies, and many
current studies in the literature use these methods’™".
Therefore, in the study it was aimed to investigate the
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AChE inhibition potentials of the synthesized
compounds with the assistance of in silico methods.
The acrylamide moiety is an important component
appears widely implicated in various biochemical
processes and exhibits diverse pharmacological activities.
In the literature numerous compounds containing an
acrylamide moiety show widespread biological activities
such as antiviral, antidiabetic'’, antibacterial®,
antitumor'*, antioxidant", antiproliferative'. This moiety
is found in the structure of many approved drugs such as
Entacapone, Panobinostat, Belinostat and Rifampicin'”.
In the study it was aimed to perform in vitro and
in  silico investigations on some  bis(3-(4-
nitrophenyl)acrylamide) derivatives for their possible
antioxidant, antimicrobial and AChE inhibitory activity.
Therefore, three  bis(3-(4-nitrophenyl)acrylamide)
derivatives, two of which are known (1 and 2) and one is
new(3), have been synthesized, and characterized with
the assistance of wvarious spectroscopic techniques
including IR, 'H-NMR, "“C-NMR, LC-MS and
elemental analysis. Additionally, the synthesized
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compounds were investigated in silico with the use of
computational tools such as DFT calculations,
molecular docking calculations, molecular dynamics
simulations and binding free energy calculations to
reveal their AChE inhibition potentials. Results showed
that all synthesized compounds effectively bound to
AChE and formed stable complexes, thus can be
promising structures for AChE inhibition. Moreover,
antioxidant activities of the compounds were
determinedby DPPH" and ABTS™* radical scavenging
methods. Additionally, they were also tested for their
antimicrobial activity against three gram-positive
bacteria (B. cereus, S. aureus, and E. faecalis) and three
gram-negative bacteria (E. coli, P. aeruginosa and
K. pneumoniae). In these tests, amoxicillin and
tetracycline antibiotics were used as reference drugs.

Experimental Section
Instruments and reagents

All the chemicals and solvents used in the study
were of reagent grade (Merck, Sigma-Aldrich) and
used without further purification. IR spectra were
recorded on Perkin Elmer FT-IR spectrometer. The

'H-NMR and "“C-NMR spectra were recorded on
Bruker/Biospin 400 MHz spectrometer operating at
400 MHz wusing DMSO-d¢ as solvent and
tetramethylsilane as internal standard. The splitting
patterns were given as s (singlet), d (doublet), dd
(doublet of doublets), t (triplet) and m (multiplet).
In the determination of melting points, Stuart SMP
30 apparatus were used, and the uncorrected values
of melting points were reported. Elemental analyses
were performed using a Vario Elementar Microcube.
Mass spectra were taken on a Shimadzu LCMS-8030
Plus LC- MS/MS spectrophotometer.

General procedure for the synthesis of
nitrophenyl)acrylamide) derivatives (1-3)

The intermediate compound, trans-4-nitro
cinnamoyl chloride, was prepared by a modified
form of the procedure described in the literature'®.
The remaining acyl chloride was obtained as crude
material, and was used in the subsequent reactions
of  bis(3-(4-nitrophenyl)acrylamide) derivatives
without further purification or prior treatment. The
synthetic pathway is given in (Scheme 1).

bis(3-(4-

o,u

NO,
of

?—H

H;N

THF | Et3N
18h
N=H
NE,

Compound 1
Yield 71 %

THE / ElgN
24h

7 h Reflux \ S0OCIy

H-—N
NiH
HaN Q’ z % %
S o . /<]
THF F E1;N
24

H—N

[+ ]

H.N NH
e Wi
o ‘o

OgN

Compound 2
Yield 63 %

n,nm ‘ﬁ) o W@

/*»‘a-

Compound 3
Yield 65 %

Scheme 1 — Synthetic route for bis(3-(4-nitrophenyl)acrylamide) derivatives (1-3)
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The syntheses of bis(3-(4-nitrophenyl)acrylamide)
derivatives (1-3) were carried out in a slightly basic
medium by taking 2:1 ratio of acyl chloride and
diamine derivative. The primary diamine
derivative (0.004 mol) was dissolved in THF and
triethylamine (Et;N) (0.6 mL) then it was added
dropwise to the reaction medium. The solution was
made to be slightly basic. The solution of trans-4-
nitro cinnamoyl chloride (0.01 mol) in THF was
added dropwise to the reaction mixture with
stirring. Then, the reaction mixture was stirred at
25°C for 18-24 h. The progress of the reaction was
monitored by TLC. After completion of the
reaction, the resulting salt precipitate was filtered
off and the remaining filtrate was precipitated by
adding water. The final product was filtered,
washed with water, and recrystallized in a suitable
solvent'”’.

The synthesized compounds were characterized
by analytical techniques such as IR, NMR, MS, etc.
The characterization details are given as follows:

(2E,2'E)-N,N'"-(methylenebis(4,1-phenylene))bis(3-(4-nitrophenyl)
acrylamide,1

Bright yellow solid, Yield 71%, mp.246.91°C.FT-IR
(ATR) (cm™): 3110 NH (Amide), 1681 C=O (Amide I),
1603 CONH (Amide II), 1520-1343 N=0O (Asym.) N=O
(Sym.), respectively, 1625 -HC=CH- (Olefinic bonds).
'H NMR (400 MHz, DMSO-ds)d (ppm): 10.34 (s, 2H, -
NH), 8.30-8.27 (d, 1H, Ar-H, aromatic protons of nitro
substituted phenyl ring, H1), 7.99-7.97 (d, 1H, Ar-H,
H2), 7.21-7.19 (d, Ar-H, HS5), 6.67-6.73(d, Ar-H,H6),
7.72-7.68 and 7.65-7.61 (d, 2H, H3 and H4, olefinic
protons), 3.87 (s, 2H, Ar-CH,-Ar)°C NMR (100 MHz,
DMSO-d¢)0 (ppm): 167.59, 148.35, 141.78, 141.17,
129.73, 129.46, 129.15, 124.60, 124.36, 127.03 and
119.91.LC-MS/MS:  549.80[M+H]", calc. 548.56.
Elemental analysis: Calculated for molecular formulae
C3Ho4N4Og Calculated: C, 67.88; H, 4.41; N, 10.21.
Found: C, 67.40; H, 4.25; N, 10.12 (Suppl. Figs S1-S4).

(2E,2'E)-N,N'-(oxybis(4,1-phenylene))bis(3-(4-nitrophenyl)
acrylamide), 2

Yellow solid, Yield 63%, mp.291.10°C.FT-IR
(ATR) (cm ') : 3109 NH (Amide), 1689 C=0O (Amide
I), 1602 CONH (Amide II), 1520-1340 N=0O (Asym.)
N=0 (Sym.), respectively, 1625 -HC=CH- (Olefinic
bonds), 1111 Ar-O-Ar. 'H NMR (400 MHz, DMSO-
de)d (ppm): 10.43 (s, 2H, -NH), 8.31-8.29 (d, 1H, Ar-
H, H1) 8.25-8.23(d, 1H, Ar-H, H2), 7.72-7.68 (d, 1H,
Ar-H, HS5), 6.77-6.73 (d, 1H, Ar-H, H6), 8.25-8.23 and

7.72-7.68 (d, 2H, H3 and H4, olefinic protons). *C
NMR (100 MHz, DMSO-d¢)d (ppm): 167.35, 148.69,
139.32, 134.30, 131.24, 129.81, 129.68, 129.68,
125.11, 124.25, 121.43, 119.31.LC-MS/MS:
550.90[M]", calc. 550.53. Elemental analysis:
Calculated for molecular formulae C;oH»N4O4
Calculated: C, 65.45; H, 4.03; N, 10.18. Found: C,
65.28; H, 4.02; N, 10.07 (Suppl. Figs S5-S8).

(2E,2'E)-N,N'~(sulfonylbis(4,1-phenylene))bis(3-(4-nitrophenyl)
acrylamide), 3

Cream solid, Yield 65%, mp.277, 35°C, FT-IR
(ATR) (cm™"): 3110 NH (Amide), 1689 C=0 (Amide I),
1603 CONH (Amide II), 1339-1145 S-O (Asym.) S-O
(Sym.), 1520-1341 N=O (Asym.) N=O (Sym.),
respectively, 1623 -HC=CH- (Olefinic bonds). '"H NMR
(400 MHz, DMSO-ds)6 (ppm): 10.81 (s, 2H, -NH),
8.27-8.24 (d, 1H, Ar-H, H1), 7.99-7.96 (d, 1H, Ar-
H,H2), 7.72-7.68 (d, 1H, Ar-H, HS), 6.77-6.73 (d,1H,
Ar-H, H6), 7.92-7.89 and 7.71-7.67 (d, H3 and H4,
olefinic protons). *C NMR (100 MHz, DMSO-d4)&
(ppm): 167.35, 148.72, 139.32, 134.32, 131.27, 129.80,
129.70, 129.33, 125.12, 124.26, 119.94. LC-MS/MS:
598.75[M]", calc. 598.59. Elemental analysis:
Calculated for molecular formulae C;0H»nN4OgS
Calculated: C, 60.20; H, 3.70; N, 9.36; S, 5.36. Found:
C, 60.08; H, 3.65; N, 9.29; S, 5.29 (Suppl. Fig. S9).

DFT calculations

In this part of the study, geometry optimizations,
frequency analyses, FMO (frontier —molecular
orbital)and MEP (molecular electrostatic potential)
map calculations were performed on the synthesized
compounds. In the calculations, Gaussian 09 Rev.
DO01?', GaussView 5%%, VeraChem Vconf” software
packages were used. Discovery Studio Visualizer™
was used in the visualization of the results.
Calculations were performed with the use of APF-D
(Austin-Frisch-Petersson functional with dispersion)
method and 6-311+G(2d,p) basis set. In the
calculations, Polarizable Continuum Model using the
integral equation formalism variant (IEFPCM) was
used and water was selected as solvent.

In vitro antioxidant assay
DPPH (1,1-diphenyl-2-picryl-hydrazyl) free radical scavenging
activity

In vitro antioxidant assay was performed through
slight modifications in DPPH free radical scavenging
methods. The free radical scavenging activities of
DMSO solutions of the synthesized compounds were
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determined using DPPH’ (1.1-diphenyl-2-
picrylhydrazil)®. For this, 150 uL of sample solutions
at different concentrations and 50 pL of 0.1 mM
DPPH" were mixed homogeneously in a 96-well
plate and left in the dark for 30 min at room
temperature, 25°C. The absorbances of each mixture
were measured at 517 nm using BIOTEK (Epoch2)
microplate reader and the ICso (ug/mL) values were
determined. Butylated hydroxyanisole (BHA), tert-
butylhydroquinone (TBHQ) and a-tocopherol were
used as reference.

ABTS (2,2' -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
activity

ABTS™* radical scavenging activities of the
samples were calculated using the ABTS-K,SOs
method***’. 7 mM ABTS and 2.45 mM K,SOs (2:1)
were mixed and incubated for 12-16 h at rt in the
dark. The mixture was diluted with ethanol and the
absorbance was found to be 0.700+0.020. In the
96-well plate, 20 pL of sample solution at different
concentrations were mixed homogeneously with
180 uL of ABTS'™ solution. After 6 min, the
absorbance of each mixture was measured at 734 nm
using BIOTEK (Epoch2) microplate reader and the
results were determined by calculating the ICs
(ng/mL) values. BHA, TBHQ and a-tocopherol were
used as standards for the activity assay and the results
were compared.

In vitroanti-microbial activity assay

Determination of minimum inhibitory concentrations (MIC)

The antimicrobial activities of the target
compounds were determined against Escherichia coli
ATCC 25922", Pseudomonas aeruginosa ATCC
154427, Klebsiella pneumoniae ATCC 10031" as
gram negative bacteria and Enterococcus faecalis
ATCC 29212", Bacillus cereus CCM 99",
Staphylococcus aureus ATCC 252137 as gram
positive bacteria. Amoxicillin and tetracycline
antibiotics were used as reference drugs.

The antibacterial activities of the synthesized
compounds were determined by microbroth dilution
method®™. For cationic MHB (Mueller Hinton II
Broth), 400 uL MgCl, (2 mg/mL) and 1 mL CaCl,
(2 mg/mL) were added to 100 mL MHB. 100 puL of
cationic MHB was added to each well in a sterile
96-well plate. 100 pL of sample (1024 pg/mL) or
reference antibiotics amoxicillin (2048 pg/mL) and
tetracycline (1024 pg/mL) were added to the first
well, mixed and serial dilution was made up to well

12. Finale, 100 pL of solution from well 12 was
discarded. 1 mL of the McFarland 0.5 bacterial
solution was taken and mixed with 9 mL of cationic
MHB and 5 pL of this solution was added to all wells.
It was kept in a refrigerator at +4°C for 2 h and then it
was left to incubate at 37°Cor 16-18 h. Minimum
inhibitory concentrations (MIC) were given in pg/mL.

Molecular docking and molecular dynamics simulation studies

AutoDock  Tools”, AutoDock Vina® and
Discovery Studio Visualizer** software packages were
used in molecular docking calculations. The structure
of acetylcholinesterase (AChE) was obtained from
RCSB Protein Data Bank (PDB ID: leve)’'”* and 3D
structures of the investigated compounds were
obtained from DFT calculations. Prior to molecular
docking calculations, receptor was prepared by
removing water molecules and bound ligands, then
adding hydrogens and Gasteiger charges. Calculations
were performed in a 20x20x20 A* grid box covering
active site of the enzyme and grid spacing was set to 1
A. In molecular docking calculations Lamarckian
genetic algorithm was used to obtain top-scoring
docking poses for each compound.

After performing molecular docking calculations, a
100ns molecular dynamics simulation was performed
for each top-scoring ligand-receptor complex to
simulate the behavior of each complex and
subsequently to determine the binding free energies.
Molecular dynamics simulations were performed
using GROMACS*>, AMBER force field** and TIP3P
water model. Acpype Server was used to obtain
ligand topologies. Before performing molecular
dynamics simulations, system was neutralized, and
energy minimization was carried out by employing
steepest descent minimization algorithm. 100 ns
molecular dynamics simulations performed at 1 bar
and 300 K reference pressure and temperature
followed the 200 ps NVT and NPT ensemble
equilibrations. After performing molecular dynamics
simulations, MM-PBSA (Molecular Mechanics
Poisson-Boltzmann Surface Area) calculations®®’
were performed to determine the average binding free
energies. In MM-PBSA calculations, the last 20 ns of
each molecular dynamics simulation was used.

Statistical analysis

The triplicate analyzes results obtained from
in vitro biological activity determination studies were
expressed as + standard deviation values for each
parameter. IBM Statistical Package for Social Studies
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(SPSS) 20.0 software package program was used to
determine the differences between the groups using
ANOVA.

Results and Discussion

IR spectra analysis

In the characterization of the synthesized bis (3-(4-
nitrophenyl)acrylamide derivatives, IR spectral data
were used. When the IR spectra are examined for all
compounds (1-3), it was seen that the N-H stretching
vibration was appeared in the range of 3109-3110 cm ',
the amide I (C=O stretching) bands between
1689 cm ™' and 1681 cm ', and the bands 1603-1602
cm' region, due to the interaction of the N-H bending
and C-N stretching referred to as the amide II bands.
The absorption bands were observed in the range of
1343-1340 cm ' and 1520 cm ', which are attributed
to the symmetric and asymmetric stretching vibrations
of N=0, respectively. In the spectra of 1-3, the bands
at 1625 and 1623 cm™' correspond to the stretching
vibration of olefinic double bonds (—CH=CH-CO).
Also, for compound 2, Ar-O-Ar symmetric stretching
band was observed at 1111 cm'. The presence of
these characteristic peaks in the IR spectra confirmed
that the synthesized compounds were obtained
successfully, as expected (Suppl. Figs S1 and S5).

In the spectrum of compound 3, the N-H stretching
vibration was appeared at 3110 cm ', while the C=0
stretching vibration (amide I) was appeared at 1689
cm . The absorption bands observed at 1603 cm'
indicated the interaction of the N-H bending and C-N
stretching vibrations (amide II). In addition, this
compound gave two bands around 1341 cm™' and
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1520 cm ™' due to the asymmetric and symmetric N=0O
stretching. Due to the symmetric and asymmetric
vibrations of S-O bond of the sulfone group, two
prominent bands were observed for compound 3, one
of them appeared at 1145 cm' and the other at
1339 ¢cm™'. The olefinic double bond (-CH=CH-CO)
stretching vibration peak was observed at 1623 cm ',
as shown in (Fig. 1). IR spectral data of all
compounds are also given in the supplementary
material (Suppl. Figs S1 & S5). These spectral data
are in good agreement with the values published
previously for similar compounds™*'.

"H NMR spectra analysis

'H NMR spectra of the synthesized compounds
were taken in DMSO-ds and chemical shifts and
multiplicities were correlated with the proposed
structures. For compounds 1-3, the characteristic NH
peaks appeared in the range of 10.81-10.34 ppm. The
olefinic protons showed two doublet signals, one in
the range of 8.25-7.89 ppm and the other at 7.72-7.61
ppm, respectively. The new peak appearing as singlet
at 3.87 ppm was assigned to the methylene (Ar-CH,-
Ar) protons of compound 1. The aromatic ring
protons resonated within the range of 8.25-6.72 ppm
(Suppl. Figs S2 & S6).

In the '"H NMR spectrum of compound 3 (Fig. 2),
the NH peak was appeared as a singlet at 10.81 ppm.
The H1 proton coupled with the H2 proton showed
doublet at 8.27-8.24 and gave another doublet at 7.99-
7.96 ppm, respectively. The other aromatic ring
protons, H5 coupled with H6and gavetwo doublets at
7.72-7.68 ppm and 6.77-6.73 ppm, respectively. Two
doublets were observed at 7.92-7.89 and 7.71-7.67
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Fig. 1 — IR spectrum of compound3



214 INDIAN J. BIOCHEM. BIOPHYS., VOL. 60, MARCH 2023

—10.81

2.50

WWWBWN NSNS -2V}
B W
TN OONO =N N
NN QN DQND NN
WO NNNNNN )
N N Y4 \Y4
ON H2 H 6 O
H4 NH s=0
H1 H2 W 3
| |
| | HS H4
I || 13,161 T
I "\ ;\l ) l ‘ -
OAW\
d T v T v T ¥ T T L T g T T s T |
80 76 72 68 \Q\
f1 (ppm) NO:
|
16 15 14 13 12 11 10 8 6 5 a 3 2 1 (0
f1 (ppm)

Fig. 2 — "H NMR spectrum of compound 3

ppm for olefinic protons H3 and H4, respectively.
These results are consistent with the literature results
for similar compounds® '

3C NMR spectra analysis

The "*C NMR spectrum of the compound 3 showed
11 distinct resonances in accordance with the
proposed structure as shown in (Fig. 3). The carbon
signal belongs to theamide carbonyl carbon -C=0O
(C7) was appeared at 167.35 ppm. The signals belong
to aromatic carbon (C1-C4) appeared at148.72,
125.12, 129.70, and 134.32 ppm while the signals for
the other aromatic ring carbons (C8-C11) were
appeared at 131.27, 119.94, 129.33 and 129.80 ppm,
respectively. The two olefinic carbons (C5 and C6),
adjacent to the amide carbonyl carbon resonated at
139.32 and 124.26 ppm, respectively.

In the spectra of compounds (1 and 2), the amide
carbonyl carbon(C7) peaks were observed at 167.59
and 167.35 ppm, respectively. The olefinic carbons,
C5 and C6, of compounds 1 and 2 resonated in the
range of 141.78 -119.91 and 134.30-121.43 ppm,
respectively. The aromatic carbons (C1-C4) resonated
at 148.69-124.36 ppm, while the signals of other
aromatic carbons (C8-C11) in the structure were

observed in the range 0f139.32-119.31 ppm. Also, the
CH,; (C12) peak, which was expected to appear about
40.3 ppm, could not be observed for compound 1,
probably due to the overlap with the DMSO peak. All
synthesized compounds showed their characteristic
signals and confirmed their proposed chemical
structures (Figs S3 & S7). Spectral data of the
compounds are in full agreement with the values
reported previously for similar compounds®® .

DFT calculations

Geometry optimized structures of the investigated
compounds obtained with the use of DFT/APF-D
method and 6-311+G(2d,p) basis set are given in (Fig. 4).

A conformational search and a frequency analysis for
each optimized geometry were performed to confirm
that global minima were obtained for each optimized
geometry. Performing conformational search and the
absence of the imaginary frequency verified that each
optimized geometry corresponds to a global minimum.
Geometric parameters and vibrational spectra of the
investigated compounds obtained from calculations
performed with the use of APF-D method and 6-
311+G(2d,p) basis set are given in Supplementary
Information (Tables S1-S3 & Figs S10-S12).
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Fig. 3 — C NMR spectrum of compound 3

Fig. 4 — Geometry optimized structures of the synthesized
compounds

HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) of the
investigated compounds, and HOMO-LUMO gaps are
given in (Fig 5). HOMO-LUMO gaps of the
synthesized compounds 1-3 were found to be 3.1257,
2.8918 and 3.4969 eV, respectively. Since the larger

HOMO-LUMO gaps correspond to more stable
structures, it was concluded that compound 3 is the
most stable structure while compound 2 is the least
stable one.

In Figure 6, MEP maps of the synthesized
compounds obtained from DFT calculations are
given. MEP maps of the compounds were obtained
with the use of APF-D method, 6-311+G(2d,p) basis
set and IEFPCM (The Polarizable Continuum Model
PCM using the integral equation formalism variant)
solvation model. MEP maps give information about
the electron-rich and electron-deficient parts of a
given molecule. Results showed that negative charge
dominantly located on the oxygen atoms while
positive charge located on the hydrogen atoms of N-H
groups. Molecular docking and molecular dynamics
simulation results also showed that these negative and
positive regions of the compounds took part in the
interactions formed between ligands and AChE.

In vitro antioxidant evaluation

DPPH and ABTS free radical scavenging ability of bis (3-(4-
nitrophenyl)acrylamide derivatives

DPPH and ABTS are regarded as free radical
generators and widely used to quantify antioxidative
capacities of biological samples and food stuff. In this
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study, the antioxidant properties of the investigated
compounds (1-3) were evaluated through, ABTS™
and DPPH" scavenging activity. The results of
antioxidant activity screening are given in (Table 1
and Fig. 7).

All the tested compounds were found to possess
comparatively lower scavenging potential against
DPPH radical in comparison to the standards, BHA,
TBQH and o-tocopherol. These results can be
explained by deactivation of the aromatic rings due to
the electron- withdrawing effect of the nitro group*'*.
As shown in (Fig. 7A), compound 2, which bears an

350

u BHA 8 TBHQ ¥ ¢-tokoferol 8 Comp. 1 ®Comp. 2 ® Comp. 3
(A) DPPH (B) ABTS
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8 & 8 B

v
o

Fig. 7 — (A) DPPH; and (B) ABTS free radical scavenging
capacities (ICsq) of bis (3-(4-nitrophenyl) acrylamide derivatives
(1-3) and reference antioxidants

Table 1 — The antioxidant activities of bis (3-(4-
nitrophenyl)acrylamide derivatives

Antioxidant Activity, ICso (ug/mL)

Compounds DPPH" ABTS*

1 91.64+0.46¢ 308.66+1.60°
2 68.26+1.04° 205.18+4.26°
3 113.39+0.82° 118.88+1.16°
BHA 22.54+0.24° 33.91+2.09°
TBHQ 4.82+0.24° 32.09+2.02°
a-tocopherol 10.56+1.66" 64.86+3.28°

NU: No use, The letters a, b, ¢, d and e are statistically significant
indicators

oxydibenzene moiety, has the highest DPPH" scavenging
effect (ICsp 68.26+1.04 pg/mL). However, compound
3 showed the lowest activity (ICso 113.39 =+
0.82 pug/mL) due to the presence of a sulfone group
on the diamide skeleton. The order of the antioxidant
activities of the investigated compounds and the
reference molecules is as follows: TBHQ>a-
tocopherol>BHA>2>1>3.

As shown in Figure 7B, the order of the ABTS™*
scavenging activities of the investigated compounds is
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Table 2 — The MIC values of bis (3-(4-nitrophenyl)acrylamide derivatives (1-3) and standards
Minimum Inhibiton Concentration (pg/mL)
Gram-negative bacteria Gram-positive bacteria
Compounds E. coli P. aeruginosa K. pneumoniae E. faecalis B. cereus S. aureus
(ATCC 25922) (ATCC 15442) (ATCC 10031) (ATCC 29212) (CCM 99) (ATCC 25213)

1 512 1024 512 512 512 512
2 128 256 256 128 128 128
3 64 128 64 64 64 64
Amoxicillin >1024 >1024 >1024 >1024 >1024 >1024
Tetracycline 64 64 64 64 4 64
as follows: 3>2>1. Considering the molecules, Molecular docking and molecular dynamics simulation
compound 3 (ICsy 118.88+1.16 ng/mL) is the studies ) . o
most active compound, whereas compound 1 Iq mole.culgr docklpg calculations, initial Fop-
(ICsy 308.66£1.60 pg/mL) the least active SCOTINg binding positions of the synthesized

compound. As a result, it was revealed that all
tested compounds showed low antioxidant activity
compared to the standards, BHA, TBQH and
a-tocopherol. No correlation was found by comparing
the DPPH" with ABTS* assays, therefore, no general
statement can be drawn for the assays. According to
the results of both tests, the presence of the
substituents in the structure of the compounds have a
negative effect on the DPPH" scavenging activity.
However, a similar trend was not observed for ABTS*
scavenging assay.

In vitro antimicrobial activity evaluation

All the synthesized compounds were screened
for their antibacterial activity against three
Gram-negative bacteria E. coli, P. aeruginosa and
K.  pneumoniae, three Gram-positive bacteria
E. faecalis, B. cereus and S. aureus by determination
of the MIC values using microbroth dilution method.
Reference drugs Amoxicillin and Tetracycline
were also tested under similar conditions for
comparison. The minimum inhibitory concentration
(MIC) of the synthesized compounds and standards
are reported in (Table 2). Among the compounds
tested, compound 3 was found to be the most
potent molecule with the MIC value of 64 pg/mL
for all micro-organisms except P. aeruginosa.
The relatively higher antimicrobial activity of
compound 3 can be explained by the presence of
sulfone group in the structure of this compound.
Compound 2, which is the second most active
one, was found to be approximately four times
more active than compound 1 against some
certain bacterial species. The antibacterial activity
evaluation is largely dependent on the type of the
various substituents in the structure and the amide
moiety™*.

compounds and reference drug donepezil were
obtained. After performing molecular docking
calculations, each top-scoring ligand-receptor
complexes were subjected to 100 ns molecular
dynamics simulation aiming to investigate the
stability of ligand-receptor complexes and the
interactions between ligands and receptor. RMSDs
(root mean square deviations) of ligands after least
square fit to protein were monitored during the
molecular dynamics simulations and are given in
(Fig 8). Results for AChE-1 complex showed that
ligand reached its equilibrium position in the binding
pocket around 10™ ns of the simulation and no
significant change in the relative position of the
ligand was observed in the remaining time of the
simulation. Results for AChE-2 complex showed that
ligand reached its equilibrium position immediately
and kept its position throughout the entire simulation.
Results for AChE-3 complex showed that ligand
reached its equilibrium position around 10" ns.
Although there was a slight change in the position of
the ligand around 80" ns, it was observed that ligand
remained bound in the binding pocket of AChE
during the entire simulation. Results also showed that
in AChE-donepezil complex, donepezil could not
equilibrate before 45™ ns of the simulation but in the
remaining time of the simulation no considerable
change was observed (Fig. 8).

RMSD and RG (radius of gyration) of protein are
known to be good indicators of stability, thus, RMSD
of protein backbone and RG of protein were also
monitored during the molecular dynamics simulation
for all ligand-receptor complexes and are given in
(Figs 9 & 10). Since there were no significant change
in RMSD of backbone and RG of protein during the
simulation, it was concluded that the enzyme
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20 AChE - 1 complex| . AChE - 2 complex|

RMSD (backbone-backbone) (nm)
RMSD (backbone-backbone) (nm)

0.5 0.5
[ MMM
0.0 T T T T 0.0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Simulation Time (ns) Simulation Time (ns)
20 AChE - 3 complex 20 AChE - donepezil complex

-
o
1

-
o
1

o
[
1

0.5

RMSD (backbone-backbone) (nm)
RMSD (backbone-backbone) (nm)

0.0 T T T T T T T
0 20 40 60 80 100 20 40 60 80 100

Simulation Time (ns) Simulation Time (ns)

[=]
(=)
o

Fig.9 — RMSDs of the protein after least square fit to protein for all AChE-ligand complexes

remained stable in all ligand-receptor complexes. In molecular dynamics simulation studies, number
Average RGs of proteins and standard deviations  of hydrogen bonds formed between ligands and AChE
were found to be 2.3456 nm (0.0098), 2.3528 nm  were also monitored during the simulation and
(0.0087), 2.3453 nm (0.0075) and 2.3440 nm (0.0074)  are given in (Fig 11). Results showed that the
for AChE-1, AChE-2, AChE-3 and AChE-donepezil  highest number of hydrogen bonds was observed for
complexes, respectively. AChE-2 complex while the lowest one was observed for
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Fig.11 — Number of hydrogen bonds formed during the molecular dynamics simulation binding positions of the synthesized compounds
and interactions between ligands and AChE belong to the 100™ ns of molecular dynamics simulations are given in Figs 12 and 13. Results
showed that PHE75, TRP84, SER124, PHE284, ASP285, ILE287, ARG289, TYR334, VAL71, PRO76, GLY77, PHE78, PROS6,
GLY117, GLY118, TYRI121, GLY123, LEU282, SER286 and especially TYR70, TRP279, and PHE288 amino acids took part in the

interactions between ligands and AChE
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Fig. 13 — 2D Representation of the interactions between ligands and AChE

AChE-1 complex. On the other hand, it was observed 1.108, 2.764, 1.323 and 0.555 for AChE-1, AChE-2,
that the number of hydrogen bonds formed between = AChE-3 and AChE-donepezil complexes,
compounds 1-3 and AChE was found to be higher  respectively (Figs 12 & 13).

than that of formed between donepezil and AChE. In the study, binding free energies of the
Average number of hydrogen bonds were found to be  investigated compounds have also been calculated
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with the use of MM-PBSA method. Results showed
that all synthesized compounds have higher binding
affinity than reference drug donepezil, and compound
3 has the highest binding affinity to AChE (Fig. 14).
When compared with similar studies in the
literature™* and the reference drug Donepezil, these
values are seen to be quite good, and the compounds
can have high AChE inhibition potential.

Conclusion

In this study, three bis(3-(4-nitrophenyl)acrylamide)
derivatives, two of which are known and one is new,
were synthesized and characterized with the use of
various spectroscopic techniques and then evaluated
for their antioxidant activity with the use of two
methods. The antioxidant capacities were determined
by DPPH (ICsy values range from 68.26 to
113.39 pg/mL) and ABTS (ICs, values range from
118.88 to 308.66 pg/mlL) assays. The DPPH’
scavenging effects of the compounds, especially
compound 2 (ICs, 68.26+1.04 pg/mL), which is
carrying an oxydibenzene moiety in the structure, has
the highest activity but almost all compounds showed
less antioxidant activity than the corresponding
standards. This effect is related to the presence of the
electron-withdrawing nitro group in the structures of
all compounds. The order of ABTS* scavenging
activities was found to be as follows: 3>2>1. On the
other hand, obtaining the lowest DPPH" scavenging
activity for compound 3 revealed that there was no
clear correlation between ABTS'* and DPPH" tests.
Also, all the compounds were tested for antibacterial
activity using three gram-positive and three gram-
negative bacteria. Among the compounds tested,

compound 3  exhibited exceptionally good
antimicrobial activities compared to other derivatives
against all micro-organisms except P. aeruginosa
bacterial specie with MIC values of 64 pug/mL and
even showed activity equal to Tetracycline antibiotic.
The increase in antimicrobial activity can be
explained by the presence of the sulfone group in this
compound. The results revealed that compound 3 has
both antioxidant and antimicrobial activity.
Compound 2, which is the second most active one,
was found to be approximately four times more active
than compound 1 against some certain bacterial
species. The degree of antibacterial activity is largely
dependent on the type of the substituents the
structures bear and the presence of amide moiety.
Additionally, these synthesized compounds were
investigated for their AChE inhibition potentials with
the use of computational tools including DFT
calculations, molecular  docking  calculation,
molecular dynamics simulation studies and binding
free energy calculations. Results showed that the
binding affinities of the synthesized compounds are
higher than that of reference drug donepezil. Since the
synthesized compounds have considerably high
binding affinity to AChE and form stable complexes
with AChE, it was concluded that the synthesized
compounds are promising structures as AChE
inhibitors, and it is worth for further investigations.
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