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Abstract: The charge transfer interactions between the seproxetine (SRX) donor and rr-electron
acceptors [picric acid (PA), dinitrobenzene (DNB), p-nitrobenzoic acid (p-NBA), 2,6-dichloroquinone-
4-chloroimide (DCQ), 2,6-dibromoquinone-4-chloroimide (DBQ), and 7,7/,8,8'-tetracyanoquinodi
methane (TCNQ)] were studied in a liquid medium, and the solid form was isolated and characterized.
The spectrophotometric analysis confirmed that the charge—transfer interactions between the electrons
of the donor and acceptors were 1:1 (SRX: rr-acceptor). To study the comparative interactions between
SRX and the other 7r-electron acceptors, molecular docking calculations were performed between
SRX and the charge transfer (CT) complexes against three receptors (serotonin, dopamine, and
TrkB kinase receptor). According to molecular docking, the CT complex [(SRX)(TCNQ)] binds with
all three receptors more efficiently than SRX alone, and [(SRX)(TCNQ)]-dopamine (CTcD) has the
highest binding energy value. The results of AutoDock Vina revealed that the molecular dynamics
simulation of the 100 ns run revealed that both the SRX-dopamine and CTcD complexes had a stable
conformation; however, the CTcD complex was more stable. The optimized structure of the CT
complexes was obtained using density functional theory (B-3LYP/6-311G++) and was compared.
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1. Introduction

Depression is the most common mental illness, affecting roughly 322 million people
worldwide [1]. Depression is the main cause of disability and the fourth major contributor
to the global illness burden [2]. Antidepressants are the third most commonly sold class of
therapeutic drugs worldwide [3]. The majority of these treatments are based on chemicals
that target the serotonin (5-hydroxytryptamine (5-HT): a group of G protein-coupled
receptor and ligand-gated ion channels found in the central and peripheral nervous systems)
transporter, a single protein in the brain. Selected serotonin reuptake inhibitors (SSRIs),
which block 5-HT reuptake, account for around 80% of all antidepressants on the market [3].
Other antidepressants, such as serotonin and noradrenaline reuptake inhibitors, as well
as traditional tricyclic antidepressants (e.g., amitryptyline, clomipramine, imipramine),
prevent noradrenaline reuptake. Indeed, compared to tricyclic medicines, the success of
selective serotonin reuptake inhibitors is mostly due to their safety, tolerability, and lack of
severe side effects, which enhances patient compliance and quality of life [3].

Although seproxetine (SRX, also known as S-norfluoxetine) is classified as a selective
serotonin reuptake inhibitor, its inhibitory action extends beyond serotonin transporters to
dopamine transporters (DAT) and 5-HT2A /2C receptors [4]. It is the active N-demethylate
metabolite of the commonly prescribed antidepressant fluoxetine and is deemed more
potent than the parental compound itself [5]. The 5-HT(2A) and 5-HT(2C) receptors belong
to the G-protein-coupled receptor (GPCR) superfamily. GPCRs interact with G-proteins to
transmit extracellular signals to the inside of cells. The 5-HT(2A) and 5-HT(2C) receptors
are involved in the effects of a wide range of drugs on anxiety, sleep patterns, depres-
sion, hallucinations, schizophrenia, dysthymia, eating behavior, and neuro-endocrine
processes [6].

As SRX was found to be a 20 times more potent serotonin inhibitor than its sister
enantiomer R-norfluoxetine, significant research efforts were focused on this drug in the
1990s [7]. However, serious cardiac side effects, such as QT prolongation (a measure
of delayed ventricular repolarisation), halted further development [4,8]. The potency
of SRX as a serotonin inhibitor should not be ignored, and an effort must be taken to
chemically modify (charge-transfer complexation) SRX for a better serotonin inhibitor
while suppressing the drawback.

Charge-transfer (CT) complexation, or electron—donor transfer, is a crucial aspect
of biochemical and biological processes such as drug design, enzyme catalysis, and ion
sensing [9]. The pharmacodynamics and thermodynamics of therapeutic substances and
biological processes in the human body are studied using charge—transfer complexation
interactions [10-14]. In biological systems, charge-transfer complexes may play a crucial
function. Extensive research has been carried out on charge-transfer interactions between
inorganic anions, particularly the iodide ion and pyridinium, and substituted pyridinium
cations, to determine the sensitivity of their charge-transfer absorption to the solvent
environment, as well as the potential role of structures of this type in enzymatic oxidation-
reduction processes [15]. As the charge-transfer complexes are a simpler, cheaper, and
more efficient tool of analysis than the other methods mentioned in the literature, charge—
transfer interactions are an important subject employed in the determination of medicines
in pharmaceutical and pure forms [16].

Many reports stated the interactions, in solution, between flavin mononucleotide,
flavin adenine dinucleotide, or riboflavin and a variety of donors, including hydrocar-
bons [17], indoles [18], NADH [19], NADPH [19], purines and pyrimidines, as well as other
compounds with no obvious donor properties. There is little doubt that complete electron
transfer happens in several of these systems to generate the flavin semiquinone [20]. The
new broad absorption band reported for mixes of the reduced form of flavin mononu-
cleotide (FMNH?2) and (FMN) was attributed to the creation of charge-transfer com-
plexes [21]. 2-methyl-1,4-naphthoquinone, also known as vitamin K3, used as a syn-
thetic substitute for K1, o-quinone adrenochrome, and many other biologically important
quinones have substantial electron donor complexing capacity [22].



Molecules 2022, 27, 3290

3 0f20

SRX-PA
i
Aol
(o)
SRX-DCQ

Tryptophan appears to be unique among amino acids in its capacity to generate
charge transfer complexes due to the strong donor characteristics of the indole ring. How-
ever, another study has shown that a pyridinium model compound of NAD+ may form
complexes with tyrosine and phenylalanine [23]. Spectral evidence was also found to
produce charge-transfer complexes between NAD+ and model pyridinium compounds
with chymotrypsinogen, a tryptophan-rich protein [24].

Molecular docking (MD) is a computer method for efficiently predicting the non-
covalent binding of macromolecules (receptors) and small molecules (acceptors) based
on their unbound structures, structures generated through MD simulations, homology
modeling, and other methods. The prediction of small molecule binding to proteins is
of particular practical significance since it is used to screen virtual libraries of drug-like
compounds for leads for further drug development. As a result, MD has become an
important method in drug development.

Here, we used the Autodock Vina program to investigate the interactions between the
ligand (SRX and synthesized CT complexes) and receptors (serotonin, dopamine, and TrkB
kinase receptors). In the 1970s and 1980s periods, selective serotonin reuptake inhibitors
(SSRIs) were developed, which are as effective antidepressants as tricyclics but do not have
as many side effects as other antidepressant drugs. Binding energy, along with hydrophobic
properties, ionizability, aromatic, and hydrogen bond surfaces, were also investigated. The
molecular dynamic simulation was achieved at 300 K for 100 ns. The dynamic properties
of the complexes were compared in many characterizations such as residue flexibility,
structural solidity, solvent-accessible surface area, and other measurements. DFT using
the B-3LYP/6-311G++ (basis set) level of theory was employed to obtain an optimized
geometry of the CT complex- [(SRX)(PA}], [(SRX)(DNB)], [(SRX)(p-NBA)], [(SRX)(DCQ)],
[(SRX)(DBQ)], and [(SRX)(TCNQ)] with minimal energy. Different parameters of the
complexes were obtained and compared.

2. Materials and Methods
2.1. Synthesis of [(SRX)(rt-Acceptor)] Charge—Transfer Complexes

The charge-transfer complexes [(SRX)(m-acceptor)] where m-acceptor are PA, DNB,
p-NBA, DCQ, DBQ, and TCNQ (Figure 1) were synthesized as 1:1 by the reaction of SRX
donor in a solution (25 mL) of each acceptor [25].
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Figure 1. Speculated molecular structures of (1:1) charge-transfer complexes [(SRX)(7-acceptor)].

At room temperature, the mixtures were agitated for about an hour in each case. The
precipitate was filtered and washed with the smallest amount of dichloromethane possible
before being dried under vacuum over anhydrous CaCl,.
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2.2. Instruments and Measurements

With safeguards (platinum pans, nitrogen gas flow, and 30 °C min~! heating rate), ther-
mogravimetric analysis (TGA /DTG) was examined using Shimadzu TGA-50H equipment.
A Perkin-Elmer Precisely Lambda 25 UV /Vis Spectrometer was used to scan the electronic
absorption spectra of the synthesized charge-transfer complexes in the 200-800 nm region.
A Bruker 600 MHz spectrometer was used to measure 'H-NMR spectra in DMSO solvent.

2.3. Molecular Docking

The structures of the SRX drug and CT complexes were handled in PDBQT format via
OpenBabellGUI software (version 2.4.1) [26]. Then, the PyRx-Python prescription 0.8 and
MMFF%4 force field were used to minimize the energy of the structure for 500 steps [27].
The RCSB Protein Data Bank [28] was used to get the 3D crystal structures of the three
receptors. The receptors were arranged using the BIOVIA Discovery Studio Visualizer
(v19.1.0.18287). Kollman charges were also measured with the help of the AutoDock
Tool [29]. The Geistenger method was used to allocate partial charges. The docking
calculations were performed with Autodock Vina [30]. The DS (Discovery Studio) Visualizer
was used to examine the docked poses that resulted.

2.4. Molecular Dynamics (MD) Simulation

The optimal receptor-ligand complex pose for SRX and [(SRX)(TCNQ)] with a max-
imum docking score was acquired through the molecular docking investigation. The
GROMACS package version (2019.2) was used to accomplish MD simulation analysis
via GROMOS96 43al force field. The parameter files and topologies were created with
the most recent CGenFF through CHARMM-GUI [31,32]. The SPC water models that
prolonged 10 A from the receptor were utilized to explain receptor-ligand structures [33].
To neutralize the systems, 59 Na* and 64 C1~ ions (0.15 M salt) were injected to simulate
physiological salt concentrations (Figure 2).

Figure 2. Receptor-ligand complex (a) SRXD and (b) CTcD in triclinic box solvated with water
molecules and neutralized with 59 Na* and 64 C1~ ions (0.15 M salt).

Both systems were exposed to periodic boundary conditions at a continuous tempera-
ture (300 K) and pressure (1.0 bar) for 100 ns simulation time with a Leap-frog MD inte-
grator [34]. To minimize poor contact inside the system, energy reduction with 5000 steps
was performed [35]. The gmx hbond device was used to investigate hydrogen bonding.
The gyration radius was measured using gmx gyrate tool, while the solvent-accessible
surface area was calculated by gmx sasa. The root mean square deviation (RMSD) of the
protein was designed using the gmx rms tools. The GROMACS analytic tools [36] were
used to accomplish trajectory analysis. Grace Software was used to compute the plots,
while PyMol/VMD was utilized to visualize them [37].
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2.5. Computational Structural Analysis

DFT (Density functional theory) computational study was used for structural analy-
sis of CT complexes and optimized geometry with atomic coordinates, strain-free lattice
constants, and ground state minimum energy structure are obtained. Gaussian 09RevD.01
program [38] was used for this study. Gradient corrected correlation was applied with
Pople’s basic set B3LYP/6-311G++ [39]. For visualization of obtained DFT results, Chem-
Craft 1.5 software [40] was used.

3. Results and Discussion
3.1. Preapprehension

The attachment of the receptor to drugs does not affect the efficiency of its work, in fact,
it improves it. However, it should be noted that different drugs have varying efficacy when
they are connected with the receptor’s site [41-45]. Several reports showed differences in
the efficacy of two drugs targeting the same receptor because the activation of the receptor
is dependent on the rate of drug interaction with the receptor [43,44].

This drew pharmacologists” attention to the importance of knowing the relationship
between drug chemical composition and physiological action. These findings may aid our
understanding of the molecular nature of drug—receptor interactions [43,44].

In many cases, the drug’s binding to the receptor seems to have low energy, certainly
lower than that involved in conventional covalent bonding [45]. Ionic association, par-
ticularly hydrogen bonding, and other weaker forces such as charge-transfer forces, or a
combination of many of these forces, can produce what is termed “receptor-drug complex-
ing”. The capacity of drugs and related compounds to form charge-transfer complexes
with well-defined electron acceptors or electron donors, primarily in non-aqueous circum-
stances, is used as a primary criterion for determining whether charge—transfer forces are
manipulated in any way [46—49].

The Amax of UV-Vis spectra of the synthesized charge-transfer complexes were found
to be at 340 and 436 nm for (SRX)(PA), 351 nm for (SRX)(DNB), 353 nm for (SRX)(pBBA),
528 nm for (SRX)(DCQ), 540 nm for (SRX)(DBQ), and lastly 745 and 833 nm for (SRX)(TCNQ).
According to photometric titration measurements, the produced charge-transfer complexes
between SRX and corresponding m-acceptors had a 1:1 molar ratio. The dative structure
D+-A of charge—transfer complexes in polar solvents were shown to be destabilized by the
dissociation of charge—transfer complexes into D+ and A [50-53].

In pharmacokinetics, examining the physical and chemical properties of pharmacolog-
ical substances in solution, as well as their mechanism of action, is critical. Spectroscopic
and thermodynamic approaches are used to assess the binding strength of pharmaceutical
compounds to other substances in living systems [41]. In biological and bioelectrochem-
ical energy transfer processes, electron acceptor complexes (EDA) are a common occur-
rence [42]. The development of highly colored charge-transfer complexes is often related
to molecular interactions between electron donors and acceptors, which absorb light in the
visible area [48].

Electron acceptor complexes with ionic bands are the most prevalent. Ionic interactions
and structural recognition are two crucial mechanisms in biological systems. For example,
drug action, enzyme activation, and ion transport across lipophilic membranes are all
intricate [45]. Ionic interactions are the fundamental outputs of selectivity, rate control, and
reversibility in many biological systems [46].

The most commonly used procedures for assessing various drugs and sophisticated
charge transfer investigations include UV direct spectrophotometry [47], colorimetry [48],
and HPLC [49]. EDA compounds, as previously reported, have good nonlinear optical
properties and electrical conductivity [54].

The six charge-transfer complexes were expected to have particle sizes of 50 nm for
(SRX)(PA), 25 nm for (SRX)(DNB), 5 nm for (SRX)(pNBA), 10 nm for (SRX)(DCQ), 20 nm
for (SRX)(DBQ), and 5 nm for (SRX)(DBQ) (TCNQ). These findings were based on TEM
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scans, which showed that the particles of the manufactured charge-transfer were nanoscale
in size.

The simultaneous thermal stability on the TG/DTG curves of all charge—transfer
complexes at a heating rate of 10 °C/min in a static nitrogen atmosphere are shown in
Figure 3. The overall mass loss from the TGA curves was 78.17% for SRX-PA, 58.38%
for SRX-DNB, 50.45% for SRX-p-NBA, 69.40% for SRX-DCQ, 77.58% for SRX-DBQ, and
75.69% for the SRX-TCNQ complexes. The complexes had mass losses of one to three
maxima peaks. The thermal analysis of the curves of the [(SRX)(7r-acceptor)] CT complexes
clearly shows that the maximum DTG peaks are located at 415, 230, 357, 383, 343, and
370 °C, respectively.

0 200 400 600
> 5.6 F ' T ' T ; ) =
E o f SRX-TCNQ)’
S o8 ]

14 [ _ . _ . _ : §

o .
2 SRX-DBQY
= 46 -

23k . . . . . . -
S 6.4 SRX-DCQ] 1
= 4.8 | -
= 3.2 - ]
> 172 = ) ] ) ] ) ] -
g er SRX-p-NBA!
£ 48l k

36 | ]
o 78 1 - 1 - 1
€ 6.5 SRX-DNB_:
< 52l -
= 3.9 — -

26
g 39l SRX-PA
£ 26 -
= 1.3 — -

0.0 - 1 - 1 - L

0 200 400 600
Temp., °C

Figure 3. TGA curves of (1:1) charge-transfer complexes [(SRX)(m-acceptor)].

The Coats-Readfern and Horowitez-Metzegar methods [55,56] were used to collect the
kinetic thermodynamic data of the maximal DTG peak decomposition steps of all charge—
transfer complexes. The kinetic parameters, E, A, AS, AH, AG, and r were calculated, and
the data are listed in Table 1 and displayed in Figure 4.
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Table 1. Kinetic thermodynamic parameters for the six charge—transfer complexes based on Coats—
Redfern (CR) and Horowitz-Metzger (HM) methods.

Parameter
Complex Method E A AS AH AG r
(kJol-1) (s (J mol-1K-1) (k] mol—1) (k] mol—?
CR 11.5 x 104 4.00 x 108 —8.52 x 101 1.12 x 105 1.54 x 105 0.9990
(SRX)(PA)
HM 11.2 x 104 5.60 x 109 —6.32 x 101 1.12 x 105 1.50 x 105 0.9989
CR 7.80 x 104 1.50 x 105 —1.55 x 102 7.25 x 104 1.47 x 105 0.9980
(SRX)(DNB)
HM 8.65 x 104 1.34 x 105 —1.30 x 102 8.12 x 104 1.44 x 105 0.9989
CR 6.38 x 104 1.32 x 104 —1.72 x 102 5.90 x 104 1.51 x 105 0.9995
(SRX)(PNBA)
HM 7.23 x 104 1.22 x 104 —1.56 x 102 6.71 x 104 1.54 x 105 0.9985
CR 4.80 x 104 1.25 x 105 —1.45 x 102 443 x 104 9.40 x 104 0.9943
(SRX)(DCQ)
HM 522 x 104 1.85 x 106 —1.32 x 102 4.68 x 104 9.22 x 104 0.9987
CR 5.77 x 104 5.12 x 103 —1.85 x 102 522 x 104 1.45 x 105 0.9890
(SRX)(DBQ)
HM 6.35 x 104 2.75 x 104 —1.72 x 102 5.90 x 104 1.40 x 105 0.9994
CR 11.1 x 104 6.22 x 108 —8.14 x 101 9.72 x 104 1.33 x 105 0.9984
(SRX)(TCNQ)
HM 11.8 x 104 5.50 x 109 —6.35 x 101 1.12 x 105 1.42 x 105 0.9996
-11.5 4
A
12.0 4 ‘u“ v
“ \'
® %(‘
€ 1254 ‘.! R\ \v\
=} o
:xf -13.0 4 \I A “ v
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Figure 4. Kinetic curves of (1:1) charge-transfer complexes [(SRX)(r-acceptor)] using (A) Coats-
Readfern and (B) Horowitez-Metzegar methods.
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The activation energies of the [(SRX)(r—acceptor)] CT complexes in the case of the
maximum DTG peak decomposition step were as follows:

(SRX)(TCNQ) > (SRX)(PA) > (SRX)(DNB) > (SRX)(PNBA) > (SRX)(DBQ) > (SRX)(DCQ).

Among the six m—acceptors, it was found that the SRX-TCNQ and SRX-PA complexes
had greater activation energies than the other charge-transfer complexes. This is owing to

the presence of cyano and nitro groups in the TCNQ and PA acceptors [57].
3.2. UV-Vis Spectra and Photometric Titration

The UV-Vis spectra of the six charge—transfer complexes in methanol solvent were
investigated in the 200-900 nm range (Figure 5) [4]. These charge-transfer complexes
are formed by combining 1.00 mL of 0.5 mM from the SRX drug donor with different
volumes of the six 7-electron acceptors to reach a final concentration of 0.5 mM. With
methanol as the solvent, each charge-transfer system had a total volume of 5 mL. Absorp-
tion bands for [(SRX)(PA), [(SRX)(DNB)], [(SRX)(p-NBA)], [(SRX)(DCQ)], [(SRX)(DBQ)],
and [(SRX)(TCNQ)] donor-acceptor interaction systems appeared at Amax of 436 nm,
351 nm, 353 nm, 528 nm, 540 nm, and 745 nm, respectively. At 25 °C, photometric titrations

were performed with the SRX medication as an electron donor and the six m—electron

acceptors. The molar ratio of the produced charge-transfer complexes between SRX and

the corresponding m—electron was 1:1. The photometric titration curves for the maximal
charge-transfer absorption bands (Amax) are shown in Figure 6 [4].

20 »
1 8 - ~
16 [\ — (SRX)(PA)
a1 AN — (SRX)(DNB)
V- N —— (SRX)(pNBA)
C24f V] —(SRX)(DCQ)
8 ol W A (SRX)(DBQ)
< /o o\ (SRX)(TCNQ)
08 = / ll‘ |
| ll
06« ‘IF |
04 o 4 ||
s I,
02 ",, ki ]'1 " "3?0 nm
0.0 353 nm "-,

200 300 400 500 600 700 800 900
Wavelength, nm

Figure 5. UV-Vis spectra curves of the SRX with the six 7t-acceptors complex [4].

The photometric titration findings were obtained by graphing the absorbance (Y-axis)
against the ratio of indicated acceptors (X-axis) using established procedures [4].

The molar ratio of the produced charge-transfer complexes between SRX medication
and identified—acceptors is 1:1 (Figure 6).

3.3. TH-NMR Spectra

The 'H-NMR spectra of all six 7-acceptors complexes are investigated (Figure 7); while
the 1H-NMR spectra of SRX only were cited previously [58]. The NH; protons of the SRX
amino group are downfield displaced by 6.87-6.98 ppm as a result of the involvement of one
pair of electrons on the amino group towards the six electron m-acceptors. The peaks of other
aromatic and methylene protons are similarly pushed downfield to higher ppm values, indi-
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cating the formation of six charge-transfer complexes (Supplementary Material Figure S1).

] o GRODNE

161 f SRODCY) /‘
] <+ CRODBY .
| RO
& 10 o
2 08 =
06
04 =
02 :
00 P/t T T T T T
00 05 1.0 15 2.0 25 30

Ratio of Acceptor

Figure 6. Photometric titration curves of the SRX with the six m—-acceptors complex [4].

Figure 7. Best docking pose showing a helical model of dopamine docked with (a) [(SRX)(TCNQ)]
and (b) [SRX].

3.4. Molecular Docking Studies

To find the optimal docking pose, the six CT complexes were docked against three
protein receptors: serotonin, dopamine, and TrkB kinase. For comparison, the SRX drug
(donor moiety) was employed as a control. The potential binding energy of CT complexes
was higher than that of SRX in all receptors, according to the molecular docking of these
six complexes (Table 2).
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Table 2. The docking score of six synthesized CT complexes docked with three receptors [serotonin
(PDB ID: 6BQH), dopamine (PDB ID: 6CM4), and TrkB kinase (PDB ID: 4ASZ)].

Binding Free Energy (kcal/mol)

Receptor
6BQH 6CM4 4ASZ
SRX-PA —7.8 —9.2 —8.4
SRX-DNB —6.8 —8.3 —6.5
SRX-pNBA —8.7 —7.8 -7.0
SRX-DCQ —7.5 —9.5 —74
SRX-DBQ -7.9 -8.1 -7.5
SRX-TCNQ —94 —-9.9 —8.2
SRX —7.4 -7.3 —6.0

Of the six CT complexes studied, [(SRX)(TCNQ)] exhibited the highest docking energy
values. [(SRX)(TCNQ)] had predicted binding energies of —9.3, —9.9, and —8.2 kcal /mol
with serotonin, dopamine, and TrkB kinase receptors, respectively. The binding energy
of [(SRX)(TCNQ)]-dopamine (CTcD) is higher than that of serotonin and the TrkB kinase
receptors, indicating a stronger link. The optimal docking pose of (CTcD) is shown in
Figure 5, and the docking data are listed in Table 3.

Table 3. The interactions of SRX-TCNQ and SRX with dopamine (6CM4).

Lo Interactions
Receptor Binding Free Energy (kcal/mol) H-Bond Others
: B Leu9%4, Trp100 (7-Alkyl); Phel89 (n-Sigma);
SRX-TCNQ 99 Tyrd16 and Trp13 Asp114 (r-Anion); Ile184 (Halogen-Fluorine)
SRX —7.3 Ser409 and Thr412 Tpr100, Valol (r-Alkyl); Tyr416 (m-Sigma)

The [(SRX)(TCNQ)]-dopamine (CTcD) shows that the amino acid residues, includ-
ing Tyr416 and Trp413, formed hydrogen bond interactions (Figure 8a). There are other
interactions between Leu94, Trp100 (n-Alkyl), Phel89 (n-Sigma), Asp114 (7-Anion), and
Ile184 (halogen-fluorine) [59]. The theoretical binding energies of SRX with the serotonin,
dopamine and TrkB kinase receptors were —7.3, —7.4, and —6.0 kcal/mol, respectively,
after molecular docking. The [SRX]-dopamine (SRXD) receptor had a stronger connection
than the serotonin and TrkB kinase receptors due to its greater binding energy value.

(a) (b)

Figure 8. Three-dimesnional representation of interactions for dopamine docked with (a) [(SRX)(TCNQ)]
and (b) [SRX].
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The interaction between SRX and dopamine is illustrated in Figure 8b. The amino acid
residues, including Ser409 and Thr412, formed hydrogen bond connections between SRX
and dopamine. There were also interactions between Tpr100, Val91 (m-alkyl), and Tyr416
(m-sigma). These data indicate that the [(SRX)(TCNQ)] complex binds to the three protein
receptors more efficiently than the reactant donor (SRX) alone and that the CTcD has the
highest binding energy value. TNCQ is a powerful electron acceptor that forms charge
transferring chains due to the existence of its four cyano groups and m-conjugation bonds.
This facilities the increase in interactions (such as H-bond, m-Alkyl, 7-Sigma, m-Anion,
along with SRX) with receptors.

Given the growing evidence that DA transmission assists antidepressant therapeutic
goals [60], this augmentation of transmission could have clinical implications. This is
because the majority of modern antidepressants do not boost dopamine neurotransmis-
sion [60]. One reason for DA’s significance is that it regulates motivation, concentration, and
pleasure [60]. Figure 9 shows two-dimensional depictions of ligand-receptor interactions.
Figure 10 and Figure S2 show the hydrophobic, ionizability, aromatic, and hydrogen bond
surfaces at the interaction location of [(SRX)(TCNQ)] and dopamine, respectively.
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Figure 9. Two-dimensional representation of interactions of dopamine docked with (a) CT complex
and (b) SRX.

3.5. Molecular Dynamics Simulation

For the 100 ns simulation run, the best-docking position for SRXD and CTcD with the
highest docking score was used. The RMSD of molecular dynamics data was calculated
to investigate structural stability. After 45 ns and 60 ns, respectively, SRXD and CTcD
established constant conformation with an appropriate RMSD value of 2.85 and 3.56,
respectively (Figure 11).
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(a)

H-Bonds
Donor

Acceptor H
(c)

Acidic.

Figure 10. Representation of (a) hydrogen binding surface, (b) hydrophobic surface, (c) aromatic

surface, and (d) ionizability surface; between dopamine and CT complex.

RMSD

Backbone after Isq fit to Backbone
' 1

RMSD (nm)

1 1 |
0 50 100

Time (ns)

Figure 11. The root mean square deviation (RMSD) of solvated receptor backbone and ligand complex
during 100 ns MD simulation [SRXD complex (black) and CTcD complex (green)].
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As indicated previously, <3.0 A is the most acceptable RMSD value range, which
indicates better system stability [61]. This finding shows that the CTcD develops a more
stable combination. The findings revealed that ligand-receptor interactions bring protein
chains closer and reduce the gap between them, as shown in Figure 12 [62].

Figure 12. Superimposed structure after simulation of unbound dopamine receptor (red) and
(a) CTcD (green), and (b) SRXD (blue).

The average distance and standard deviation for all amino acid pairs between two
conformations were calculated using RR distance maps [63]. In Figure 13, the patterns of
spatial interactions are depicted using the RR distance maps [64].

(a) &g;ein (b) : slggsein

Avg Dist
Avg Dist

LI 1S 4 5 il Lokl
#0:43R #0435R © N~ #0:43R #0:435R ©
#0:7A #3524 © & 20:7A #0:352A ©
#1:43A #1:435A #1:43A £1:435A

Figure 13. RR distance map between unbound dopamine receptor and after simulation for SRXD (a),
and CtcD (b).



Molecules 2022, 27, 3290

14 of 20

On the map, the white oblique represents the zero distance between two amino acid
residues, whereas the red and blue elements depict residue pairs with the biggest distance
deviations between the two forms. The average radius of gyration (Rg) value of 28.75 and
28.52 A was observed for SRXD and CTcD, respectively. Along the simulation time, Rg
decreased, indicating that the structures became more compact (Figure 14).

Radius of gyration (total and around axes)

| 1 | ! | 1 l 1
0 20,000 40,000 60,000 80,000 100,000

Time (ps)

Figure 14. The radius of gyration (Rg) for SRXD complex (black) and CTcD complex (green) during
100 ns simulation time.

The number of hydrogen bond interactions between ligand and receptor combinations
(SRXD and CTcD) were displayed against time using a grid search on a 15 x 20 x 27 grid
with a rcut = 0.35 value (Figure 15).

The hydrogen bonds between SRX and dopamine were at 33 and 1356 atoms, respec-
tively. While they were between 56 and 5109 atoms for the CT complex and dopamine.
However, there were 709 donors for both (SRXD and CTcD), 1356 acceptors for SRXD, and
1426 acceptors for CTcD. For SRXD and CTcD, the average number of hydrogen bonds per
time was found to be 0.065 and 0.144 out of 480,702 possible.

Overall, these findings suggest that the receptor—protein interaction increased the
number of hydrogen bonds by a significant amount in CTcD. As the ligand attached to
the receptor, the values of the solvent-accessible surface area (SASA) changed (Figure 16).
When the receptor interacts with the ligand, the SASA is lowered, indicating a change in
protein structure and a smaller pocket size with increased hydrophobicity.
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Figure 15. Number of average hydrogen bonding interactions between (Left) SRXD complex and
(Right) CTcD complex during 100 ns simulation time.
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Figure 16. Solvent accessible surface area analysis for the SRXD complex (black) and the CTcD
complex (green) during 100 ns simulation time.

3.6. Theoretical Structural Analysis

Density functional theory (DFT) using B-3LYP/6-311G++ (basis set) level of theory
and optimized geometry of the CT complexes- [(SRX)(PA}], [(SRX)(DNB), [(SRX)(p-NBA)],
[(SRX)(DCQ)], [(SRX)(DBQ)], and [(SRX)(TCNQ)] with atomic coordinates, strain-free lat-
tice constants and ground state minimum energy structure are obtained. The optimized
structures of all the CT complexes with the Mulliken numbering scheme are shown in
Figure 17. The minimum SCF energy of obtained for [(SRX)(PA}], [(SRX)(DNB), [(SRX)(p-
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NBA)], [(SRX)(DCQ)], [(SRX)(DBQ)], and [(SRX)(TCNQ)] is —1958.944644 to, —1689.608194,
—1673.728419, —2788.736562, —7011.542112, and —1726.964350 a.u in 87, 90, 38, 176, 34,
and 91 steps, respectively (Figure 18). Based on the optimized structure, some molecu-
lar parameters (SCF minimum energies, dipole moments, and Electronic spatial extent)
were calculated in the gas phase (Table 4). The HOMO-LUMO gap (AE) for [(SRX)(PA}],
[(SRX)(DNB), [(SRX)(p-NBA)], [(SRX)(DCQ)], [(SRX)(DBQ)], and [(SRX)(TCNQ)] was cal-
culated as 2.78, 3.44, 3.31, 2.29, 2.43, and 1.89 eV, respectively. The overall order of the
chemical reactivity of the CT complexes on the bases of AE is as follows- [(SRX)(TCNQ)] >
[SRX)(DCQ)] > [(SRX)(DBQ)] > [(SRX)(PA}] > [(SRX)(p-NBA)] > [(SRX)(DNB)].

(b)

Figure 17. Optimized structure of (a) [(SRX)(PA}], (b) [(SRX)(DNB), (c) [(SRX)(p-NBA)],
(d) [(SRX)(DCQ)], (e) [(SRX)(DBQ)], and (f) [(SRX)(TCNQ)] with Mulliken atom numbering scheme.
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Figure 18. Optimization step graph for (a) [(SRX)(PA}], (b) [(SRX)(DNB), (¢) [(SRX)(p-NBA)],
(d) [SRX)(DCQ)], (e) [(SRX)(DBQ)], and (f) [(SRX)(TCNQ)].

Table 4. Theoretical molecular parameters of the CT complexes obtained through DFT.

CT Complex h%?;g;zic)lz Dip(()]l;ell;/;(:;lent Sp}-::t(;;tlr](;:tl;nt AE (eV)
(a.u)

[(SRX)(PA}] —1958.944644 10.500053 33,762.8991 2.7845
[(SRX)(DNB)] —1689.608194 9.644797 20,168.3034 3.4449
[(SRX)(p-NBA)] —1673.728419 11.524028 26,521.9908 3.3189
[(SRX)(DCQ)] —2788.736562 5.693616 19,344.1851 2.3924
[(SRX)(DBQ)] —7011.542112 5.965700 18,542.9710 24310
[(SRX)(TCNQ)] —1726.964350 5.607618 35,156.4199 1.8942

4. Conclusions

The charge transfer complexes between the seproxetine as a donor and picric acid, dini-
trobenzene, p-nitrobenzoic acid, 2,6-dichloroquinone-4-chloroimide, 2,6-dibromoquinone-
4-chloroimide, and 7,7/,8,8' -tetracyanoquinodi methane as 7-electron acceptors were char-
acterized and studied for interaction with three receptors (serotonin, dopamine, and TrkB
kinase receptor). The spectrophotometric analysis confirmed that the charge—transfer in-
teractions between the electrons of the donor and acceptors were 1:1 (SRX: 7t—acceptor).
Molecular docking revealed that the CT complex [(SRX)(TCNQ)] interacted with all three re-
ceptors more efficiently than the reactant donor (SRX); among all, [(SRX)(TCNQ)]-dopamine
(CTcD) had the highest binding energy value. Using AutoDock Vina, the molecular dynam-
ics simulation of the 100 ns run revealed that both the SRX-dopamine and CTcD complexes
had a stable conformation; however, the CTcD complex was more stable. DFT calculations
provided the optimized geometries of the CT complexes. In the context of mounting
evidence for the role of DA transmission, such transmission enhancement might be of
potential research and clinical benefit.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27103290 /51, Figure S1: 'H-NMR spectrum of all six
m—acceptors complexes; Figure 52: Representation of (a) hydrogen binding surface, (b) hydrophobic
surface, (c) aromatic surface, and (d) ionizability surface; between dopamine and SRX.

Author Contributions: Conceptualization and visualization, A.A.A., HH., AS.A. (Ahmed S. Alzahrani),
H.A.A. and R.LF; data curation, methodology, S.S., M.SR. and A.G.; software, S.S. and A.S.A;
validation, WFE.A., M.A. and H.A; formal analysis, M.A.,, WEA., H.A.,S.S.,, M.S.R. and A.G,; inves-
tigation, B.M.R. and A.S.A. (Abdulhakeem S. Alamri); writing—original draft preparation, M.S.R.,
S.S., W.EEA. and A.G.; writing—review and editing, W.FE.A., H.A. and A.G.; project administration,
B.M.R,; funding acquisition, W.F.A. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research and Innovation,
Ministry of Education in Saudi Arabia for funding this work through project number 1-441-121.

Data Availability Statement: All data supporting the reported results are available in the manuscript.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, Ministry of Education in Saudi Arabia for funding this work through project number
1-441-121. The authors are also grateful to Christian M. Nefzgar, Institute for Molecular Bioscience,
The University of Queensland, Brisbane, QLD, Australia, for his technical support.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the corresponding author.

References

1.

2.
3.
4

10.

11.

12.

13.

14.

15.

Friedrich, M.]J. Depression Is the Leading Cause of Disability Around the World. JAMA 2017, 317, 1517. [CrossRef] [PubMed]
Reddy, M.S. Depression: The disorder and the burden. Indian . Psychol. Med. 2010, 32, 1-2. [CrossRef] [PubMed]

Yohn, C.N.; Gergues, M.M.; Samuels, B.A. The role of 5-HT receptors in depression. Mol. Brain 2017, 10, 28. [CrossRef] [PubMed]
Al-Humaidi, J.Y.; Refat, M.S. Solution, and solid investigations on the charge-transfer complexation between seproxetine as a
selective serotonin reuptake inhibitor drug with six kinds of m—electron acceptors. J. Mol. Lig. 2021, 332, 115831. [CrossRef]
Hyttel, J. Pharmacological characterization of selective serotonin reuptake inhibitors (SSRIs). Int. Clin. Psychopharmacol. 1994, 9
(Suppl. S1), 19-26. [CrossRef]

Van Oekelen, D.; Luyten, W.H.; Leysen, ].E. 5-HT2A and 5-HT2C receptors and their atypical regulation properties. Life Sci. 2003,
72,2429-2449. [CrossRef]

Horton, J.R; Liu, X.; Wu, L.; Zhang, K.; Shanks, ].; Zhang, X.; Rai, G.; Mott, B.T.; Jansen, D.].; Kales, S.C.; et al. Insights into the
Action of Inhibitor Enantiomers against Histone Lysine Demethylase 5A. J. Med. Chem. 2018, 61, 3193-3208. [CrossRef]
Rajamani, S.; Eckhardt, L.L.; Valdivia, C.R.; Klemens, C.A.; Gillman, B.M.; Anderson, C.L.; Holzem, K.M.; Delisle, B.P.; Anson,
B.D.; Makielski, J.C.; et al. Drug-induced long QT syndrome: HERG K+ channel block and disruption of protein trafficking by
fluoxetine and norfluoxetine. Br. J. Pharmacol. 2006, 149, 481-489. [CrossRef]

Adam, A.A.; Hegab, M.S.; Refat, M.S.; Eldaroti, H.H. Proton-transfer and charge-transfer interactions between the antibiotic
trimethoprim and several o- and m-acceptors: A spectroscopic study. J. Mol. Struct. 2021, 1231, 129687. [CrossRef]

Adam, A.A.; Saad, H.A.; Alsuhaibabi, A.M.; Refat, M.S.; Hegab, M.S. Charge-transfer chemistry of azithromycin, the antibiotic
used worldwide to treat the coronavirus disease (COVID-19). Part I: Complexation with iodine in different solvents. J. Mol. Struct.
2021, 325, 115187. [CrossRef]

Al-Humaidi, J.Y.; El-Sayed, M.Y.; Refat, M.S.; Altalhi, T.A.; Eldaroti, H.H. Spectrophotometric studies on the charge transfer
interactions between thiazolidine as a donor and three m-acceptors: P-chloranil (CHL), DDQ and TCNQ. J. Mol. Struct. 2021,
333, 115928. [CrossRef]

Khan, I.M.; Islam, M.; Shakya, S.; Alam, K.; Alam, N.; Shahid, M. Synthesis, characterization, antimicrobial and DNA binding
properties of an organic charge transfer complex obtained from pyrazole and chloranilic acid. Bioorg. Chem. 2020, 99, 103779.
[CrossRef] [PubMed]

Khan, I.M.; Shakya, S.; Akhtar, R.; Alam, K,; Islam, M.; Alam, N. Exploring interaction dynamics of designed organic cocrystal
charge transfer complex of 2-hydroxypyridine and oxalic acid with human serum albumin: Single crystal, spectrophotometric,
theoretical and antimicrobial studies. Bioorg. Chem. 2020, 100, 103872. [CrossRef] [PubMed]

Karmakar, A.; Bandyopadhyay, P; Banerjee, S.; Mandal, N.C.; Singh, B. Synthesis, spectroscopic, theoretical and antimicrobial
studies on molecular charge-transfer complex of 4-(2-thiazolylazo) resorcinol (TAR) with 3, 5-dinitrosalicylic acid, picric acid, and
chloranilic acid. J. Mol. Lig. 2020, 299, 112217. [CrossRef]

Kosower, E.M. The Solvent Sensitivity of the Charge-Transfer Band of Tropylium Iodide. J. Org. Chem. 1964, 29, 956. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules27103290/s1
https://www.mdpi.com/article/10.3390/molecules27103290/s1
http://doi.org/10.1001/jama.2017.3826
http://www.ncbi.nlm.nih.gov/pubmed/28418491
http://doi.org/10.4103/0253-7176.70510
http://www.ncbi.nlm.nih.gov/pubmed/21799550
http://doi.org/10.1186/s13041-017-0306-y
http://www.ncbi.nlm.nih.gov/pubmed/28646910
http://doi.org/10.1016/j.molliq.2021.115831
http://doi.org/10.1097/00004850-199403001-00004
http://doi.org/10.1016/S0024-3205(03)00141-3
http://doi.org/10.1021/acs.jmedchem.8b00261
http://doi.org/10.1038/sj.bjp.0706892
http://doi.org/10.1016/j.molstruc.2020.129687
http://doi.org/10.1016/j.molliq.2020.115187
http://doi.org/10.1016/j.molliq.2021.115928
http://doi.org/10.1016/j.bioorg.2020.103779
http://www.ncbi.nlm.nih.gov/pubmed/32240872
http://doi.org/10.1016/j.bioorg.2020.103872
http://www.ncbi.nlm.nih.gov/pubmed/32348934
http://doi.org/10.1016/j.molliq.2019.112217
http://doi.org/10.1021/jo01027a516

Molecules 2022, 27, 3290 19 of 20

16.

17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.
37.
38.

39.

40.

41.

42.

43.

44.

Refat, M.S.; Ibrahim, O.B.; Saad, H.A.; Adam, A.M.A. Usefulness of charge-transfer complexation for the assessment of
sympathomimetic drugs: Spectroscopic properties of drug ephedrine hydrochloride complexed with some m-acceptors. J. Mol.
Struct. 2014, 1064, 58-69. [CrossRef]

McCormick, D.B.; Li, H.-C.; Mackenzie, R.E. Spectral evidence for the interaction of riboflavin with aromatic hydrocarbons.
Spectrochim. Acta 1967, 23, 2353-2358. [CrossRef]

Czent-Gyorgyi, A.; Isenberg, I. On the electron-donating properties of indoles. Proc. Natl. Acad. Sci. USA 1960, 46, 1334. [CrossRef]
Isenberg, I.; Czent-Gyorgyi, A. On charge transfer complexes between substances of biochemical interest. Proc. Natl. Acad. Sci.
USA 1959, 45, 1229. [CrossRef]

Fleischman, D.E.; Tollin, G. Molecular complexes of flavins and phenols I. Absorption spectra and properties in solution. Biochim.
Biophys. Acta 1965, 94, 248-257. [CrossRef]

Massy, V.; Palmer, G. Charge transfer complexes of lipoyl dehydrogenase and free flavins. J. Biol. Chem. 1962, 237, 2374. [CrossRef]
Cilento, G.; Sanioto, D.L. Electron Transfer from Polycyclic Aromatic Hydrocarbons to Menadione. Ber. Bunesnges Physik. Chem.
1963, 67, 426. [CrossRef]

Cilento, G.; Tedeschi, PJ. Pyridine Coenzymes: IV. Charge Transfer Interaction with the Indole Nucleus. Biol. Chem. 1961, 236,
907-910. [CrossRef]

Wilcox, P.E.; Cohen, E.; Wen Tans, ]. Amino acid composition of a-chymotrypsinogen, including estimation of asparagine and
glutamine. Biol. Chem. 1957, 228, 999-1019. [CrossRef]

O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox.
J. Cheminf. 2011, 3, 33. [CrossRef]

Dallakyan, S. PyRx-Python Prescription v. 0.8; The Scripps Research Institute: La Jolla, CA, USA, 2008.

Chu, C.-H,; Li, K.-M,; Lin, S.-W.; Chang, M.D.-T;; Jiang, T.-Y.; Sun, Y.-J. Crystal structures of starch binding domain from Rhizopus
oryzae glucoamylase in complex with isomaltooligosaccharide: Insights into polysaccharide binding mechanism of CBM21
family. Proteins Struct. Funct. Bioinform. 2014, 82, 1079-1085. [CrossRef]

Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, RK.; Olson, A.]. Automated docking using a Lamarckian
genetic algorithm and an empirical binding free energy function. J. Comput. Chem. 1998, 19, 1639-1662. [CrossRef]

Trott, O.; Olson, A.]. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. |. Comput. Chem. 2010, 31, 455—461. [CrossRef]

Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I; et al.
CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-atom additive biological
force fields. J. Comput. Chem. 2010, 31, 671-690. [CrossRef]

Yu, W,; He, X.; Vanommeslaeghe, K.; MacKerell, A.D., Jr. Extension of the CHARMM General Force Field to sulfonyl containing
compounds and its utility in biomolecular simulations. J. Comput. Chem. 2012, 33, 2451-2468. [CrossRef]

Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for
Simulating Liquid Water. . Chem. Phys. 1983, 79, 926-935. [CrossRef]

Allen, M.P; Tildesley, D.]J. Computer Simulations of Liquids; Clarendon Press: Oxford, UK, 1987.

Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577-8593. [CrossRef]

Steinbach, P.J.; Brooks, B.R. New Spherical-Cutoff Methods for Long-Range Forces in Macromolecular Simulation. J. Comput.
Chem. 1994, 15, 667-683. [CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 28-33. [CrossRef]

DeLano, W.L. PyMOL; DeLano Scientific: San Carlos, CA, USA, 2002.

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A. Gaussian 09, Revision E.01; Gaussian, Inc.: Wallingford, CT,
USA, 2009.

Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648.

Zhurko, G.A.; Zhurko, D.A. Chemcraft—Graphical Program for Visualization of Quantum Chemistry Computations;, Academic
Version 1.5; Chemcraft: Ivanovo, Russia, 2004.

Ilangovan, R.; Subha, V.; Ravindran, R.E.; Kirubanandan, S.; Renganathan, S. Chapter 2—Nanomaterials: Synthesis, physicochem-
ical characterization, and biopharmaceutical applications. In Nanoscale Processing; Elsevier: Amsterdam, The Netherlands, 2021;
pp- 33-70.

El-Mossalamy, E.H.; Batouti, M.E.; Fetouh, H.A. The role of natural biological macromolecules: Deoxyribonucleic and ribonucleic
acids in the formulation of new stable charge transfer complexes of thiophene Schiff bases for various life applications. Int. |. Biol.
Macromol. 2021, 193, 1572-1586. [CrossRef]

Abdallah, A.M.; Frag, E.Y,; Tamam, R.H.; Mohamed, G.G. Gliclazide charge transfer complexes with some benzoquinone
acceptors: Synthesis, structural characterization, thermal analyses, DFT studies, evaluation of anticancer activity and utility for
determination of gliclazide in pure and dosage forms. J. Mol. Struct. 2021, 1234, 130153. [CrossRef]

Niranjani, S.; Nirmala, C.B.; Rajkumar, P.; Serdaroglu, G.; Jayaprakash, N.; Venkatachalam, K. Synthesis, characterization,
biological and DFT studies of charge-transfer complexes of antihyperlipidemic drug atorvastatin calcium with Iodine, Chloranil,
and DDQ. J. Mol. Lig. 2022, 346, 117862. [CrossRef]


http://doi.org/10.1016/j.molstruc.2014.02.024
http://doi.org/10.1016/0584-8539(67)80128-4
http://doi.org/10.1073/pnas.46.10.1334
http://doi.org/10.1073/pnas.45.8.1229
http://doi.org/10.1016/0926-6585(65)90029-4
http://doi.org/10.1016/S0021-9258(19)63444-7
http://doi.org/10.1002/bbpc.19630670415
http://doi.org/10.1016/S0021-9258(18)64328-5
http://doi.org/10.1016/S0021-9258(18)70676-5
http://doi.org/10.1186/1758-2946-3-33
http://doi.org/10.1002/prot.24446
http://doi.org/10.1002/(SICI)1096-987X(19981115)19:14&lt;1639::AID-JCC10&gt;3.0.CO;2-B
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1002/jcc.21367
http://doi.org/10.1002/jcc.23067
http://doi.org/10.1063/1.445869
http://doi.org/10.1063/1.470117
http://doi.org/10.1002/jcc.540150702
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1016/j.ijbiomac.2021.10.220
http://doi.org/10.1016/j.molstruc.2021.130153
http://doi.org/10.1016/j.molliq.2021.117862

Molecules 2022, 27, 3290 20 of 20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Yu, Y,; Liang, G. Interaction mechanism of phenolic acids and zein: A spectrofluorometric and molecular dynamics investigation.
J. Mol. Lig. 2022, 348, 118032. [CrossRef]

Samir, A.; Salem, H.; Abdelkawy, M. Optimization of two charge transfer reactions for colorimetric determination of two
beta 2 agonist drugs, salmeterol xinafoate and salbutamol, in pharmaceutical and biological samples. Spectrochim. Acta Mol.
Biomol. Spectrosc. 2022, 269, 120747. [CrossRef]

Al Rabiah, H.; Yousef, T.A.; Al-Gamal, A.; Homoda, A.M.; Mostafa, G.A. Tamoxifen charge transfer complexes with 2, 3-dichloro-5,
6-dicyano-1, 4-benzoquinone and 7, 7, 8, 8-tetracyanoquinodimethan: Synthesis, spectroscopic characterization and theoretical
study. Bioorg. Chem. 2022, 120, 105603.

Khalil, T.E.; Elbadawy, H.A.; Attia, A.A.; El-Sayed, D.S. Synthesis, spectroscopic, and computational studies on molecular charge-
transfer complex of 2-((2-hydroxybenzylidene) amino)-2-(hydroxymethyl) propane-1, 3-diol with chloranilic acid: Potential
antiviral activity simulation of CT-complex against SARS-CoV-2. |. Mol. Struct. 2022, 1251, 132010. [CrossRef] [PubMed]
Niranjani, S.; Venkatachalam, K. Synthesis, spectroscopic, thermal, structural investigations and biological activity studies of
charge-transfer complexes of atorvastatin calcium with dihydroxy-p-benzoquinone, quinalizarin and picric acid. J. Mol. Struct.
2020, 1219, 128564. [CrossRef]

Adam, A.A,; Refat, M.S.; Altalhi, T.A.; Aldawsari, ES.; Al-Hazmi, G.H. Liquid- and solid-state study of charge-transfer (CT)
interaction between drug triamterene as a donor and tetracyanoethylene (TCNE) as an acceptor. J. Mol. Lig. 2021, 336, 116261.
[CrossRef]

Adam, A A ; Refat, M.S. Analysis of charge-transfer complexes caused by the interaction of the antihypertensive drug valsartan
with several acceptors in CH,Cl, and CHClj3 solvents and correlations between their spectroscopic parameters. J. Mol. Lig. 2022,
348, 118466. [CrossRef]

Usmana, R.; Khan, A.; Tang, H.; Ma, D.; Alsuhaibani, A.M.; Refat, M.S.; Adnan; Ara, N.; Fan, H.-].S. Charge Transfer and
Hydrogen Bonding Motifs in Organic Cocrystals Derived from Aromatic Diamines and TCNB. J. Mol. Struct. 2022, 1254, 132360.
[CrossRef]

Durgadevi, R.; Suvitha, A.; Arumanayagam, T. Growth, optical, electrical properties and DFT studies on piperidinium
4-nitrophenolate NLO single crystal in acetone. J. Cryst. Growth 2022, 582, 126512. [CrossRef]

Coats, A.W.; Redfern, ].P. Kinetic Parameters from Thermogravimetric Data. Nat. Lett. 1964, 201, 68-69. [CrossRef]

Horowitz, H.H.; Metzger, G.A. A New Analysis of Thermogravimetric Traces. Anal. Chem. 1963, 35, 1464-1468. [CrossRef]
Akram, M.; Lal, H.; Shakya, S.; Kabir-ud-Din. Multispectroscopic and Computational Analysis Insight into the Interaction of
Cationic Diester-Bonded Gemini Surfactants with Serine Protease a-Chymotrypsin. ACS Omega 2020, 5, 3624-3637. [CrossRef]
Tseng, T.C.; Urban, C.; Wang, Y.; Otero, R.; Tait, S.L.; Alcami, M.; Ecija, D.; Trelka, M.; Gallego, ].M.; Lin, N.; et al. Charge-
transfer-induced structural rearrangements at both sides of organic/metal interfaces. Nat. Chem. 2010, 2, 374-379. [CrossRef]
[PubMed]

Garrido, E.M.; Garrido, J.; Calheiros, R.; Marques, M.P; Borges, F. Fluoxetine and norfluoxetine revisited: New insights into the
electrochemical and spectroscopic properties. J. Phys. Chem. A 2009, 113, 9934-9944. [CrossRef] [PubMed]

Khan, LM,; Islam, M.; Shakya, S.; Alam, N.; Imtiaz, S.; Islam, M.R. Synthesis, spectroscopic characterization, antimicrobial activity,
molecular docking and DFT studies of proton transfer (H-bonded) complex of 8-aminoquinoline (donor) with chloranilic acid
(acceptor). J. Biomol. Struct. Dyn. 2021, 1-15. [CrossRef]

Dunlop, B.W.; Nemeroff, C.B. The role of dopamine in the pathophysiology of depression. Arch. Gen. Psychiatry 2007, 64, 327-337.
[CrossRef] [PubMed]

Wu, Q.; Peng, Z.; Anishchenko, I.; Cong, Q.; Baker, D.; Yang, J. Protein contact prediction using metagenome sequence data and
residual neural networks. Bioinformatics 2020, 36, 41-48. [CrossRef]

Chen, J.E.; Huang, C.C.; Ferrin, T.E. RRDistMaps: A UCSF Chimera tool for viewing and comparing protein distance maps.
Bioinformatics 2015, 31, 1484-1486. [CrossRef] [PubMed]

Marks, D.S.; Colwell, L.J.; Sheridan, R.; Hopf, T.A.; Pagnani, A.; Zecchina, R.; Sander, C. Protein 3D structure computed from
evolutionary sequence variation. PLoS ONE 2011, 6, e28766. [CrossRef]

Kavitha, R.; Nirmala, S.; Nithyabalaji, R.; Sribalan, R. Biological evaluation, molecular docking and DFT studies of charge transfer
complexes of quinaldic acid with heterocyclic carboxylic acid. J. Mol. Struct. 2020, 1204, 127508. [CrossRef]


http://doi.org/10.1016/j.molliq.2021.118032
http://doi.org/10.1016/j.saa.2021.120747
http://doi.org/10.1016/j.molstruc.2021.132010
http://www.ncbi.nlm.nih.gov/pubmed/34866653
http://doi.org/10.1016/j.molstruc.2020.128564
http://doi.org/10.1016/j.molliq.2021.116261
http://doi.org/10.1016/j.molliq.2022.118466
http://doi.org/10.1016/j.molstruc.2022.132360
http://doi.org/10.1016/j.jcrysgro.2021.126512
http://doi.org/10.1038/201068a0
http://doi.org/10.1021/ac60203a013
http://doi.org/10.1021/acsomega.9b04142
http://doi.org/10.1038/nchem.591
http://www.ncbi.nlm.nih.gov/pubmed/20414237
http://doi.org/10.1021/jp904306b
http://www.ncbi.nlm.nih.gov/pubmed/19685890
http://doi.org/10.1080/07391102.2021.1969280
http://doi.org/10.1001/archpsyc.64.3.327
http://www.ncbi.nlm.nih.gov/pubmed/17339521
http://doi.org/10.1093/bioinformatics/btz477
http://doi.org/10.1093/bioinformatics/btu841
http://www.ncbi.nlm.nih.gov/pubmed/25540183
http://doi.org/10.1371/journal.pone.0028766
http://doi.org/10.1016/j.molstruc.2019.127508

	Introduction 
	Materials and Methods 
	Synthesis of [(SRX)(-Acceptor)] Charge–Transfer Complexes 
	Instruments and Measurements 
	Molecular Docking 
	Molecular Dynamics (MD) Simulation 
	Computational Structural Analysis 

	Results and Discussion 
	Preapprehension 
	UV–Vis Spectra and Photometric Titration 
	1H-NMR Spectra 
	Molecular Docking Studies 
	Molecular Dynamics Simulation 
	Theoretical Structural Analysis 

	Conclusions 
	References

