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ABSTRACT

ARTICLE HISTORY

The incidence of neurodegenerative Alzheimer’s and Parkinson’s diseases is increasing worldwide
every day, and treatment options are currently very limited. There is no definitive cure for these
diseases, and the drugs available in clinical practice only provide symptomatic relief without halt-
ing the progression of neurodegeneration. One commonly employed strategy in the treatment of
Alzheimer’s and Parkinson’s diseases is to return neurotransmitter levels by inhibiting enzymes like
cholinesterase (ChE) and monoamine oxidase (MAOQ). In this research, we focused on investigating
the therapeutic potential of 2-[2-(substituted benzylidene)hydrazinyl]-4-(substituted phenyl)thiazole
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derivatives (2a-2h) by incorporating hydrazine, known for its inhibitory effects on monoamine oxi-
dases, into the structure of molecules that inhibit acetylcholinesterase. Thiazole ring was included
in these derivatives due to its reported inhibitory activity against both cholinesterases and mono-
amine oxidase enzymes. When the enzyme inhibition activities were evaluated, it was determined
that compounds 2c¢, 2d, and 2h showed the highest inhibitory activity against AChE, while com-
pounds 2f and 2h expressed the highest activity against MAO-B. It was determined that com-
pound 2h had the highest inhibitory activity on both AChE (0.030+0.001 uM) and MAO-B
(0.048 £0.002 uM) and compound 2h was the only compound with conspicuous dual inhibitory
activity. Furthermore, molecular docking calculations and molecular dynamics simulations were
found to agree with experimental results.

molecular dynamic
simulation
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Introduction role in the degradation of acetylcholine. Conversely, BChE is
tasked with breaking down various choline esters, which
include acetylcholine. AChE and BChE display significant dis-
tinctions in their selectivity for various substrates, their
enzymatic speed, their activity levels, and their localization in
specific brain regions. These disparities are instrumental in
defining their distinct functions and how they are controlled
in the processes of cholinergic neurotransmission [3-5].
Monoamine oxidase (MAO) is an enzyme primarily situated

Cholinesterases (ChEs) are part of the serine hydrolase
enzyme family and are encoded by two separate genes, spe-
cifically acetylcholinesterase (AChE) and butyrylcholinester-
ase (BChE). These enzymes have important functions in
controlling cholinergic signaling and ensuring the optimal
operation of the nervous system [1,2]. In the cholinergic
pathway, which includes acetylcholine in both the central
and peripheral nervous systems, AChE plays an important
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in the outer mitochondrial membrane of both neuronal and
non-neuronal cells. Its primary role revolves around the
oxidative deamination of endogenous monoamines, which
encompass noradrenaline, adrenaline, dopamine, serotonin,
and tyramine. In the human system, two distinct forms of
MAO enzymes exist, known as MAO-A and MAO-B. These
enzymes serve vital functions in controlling amine metabol-
ism, neurotransmitter levels, and the storage of intracellular
amines [6-8]. Monoamine oxidase inhibitors (MAOIs) are
employed to prevent the deamination or breakdown of neuro-
transmitters. They find frequent use in the treatment of
depressive disorders, Parkinson’s disease, anxiety disorders,
and Alzheimer’s disease. By inhibiting the activity of MAO,
MAOIs elevate the levels of monoamine neurotransmitters in
the brain, thereby alleviating symptoms associated with these
conditions [7,9]. MAOIs also play an important role in thera-
peutic effects such as neuroprotection and neurological res-
cue, which are effective in the treatment of Alzheimer’s
disease (AD) [10].

AD is a chronic neurodegenerative condition associated
with the aging process. It is marked by substantial cognitive
function impairment, memory loss, and a gradual deterior-
ation in daily activities. Additionally, symptoms encompass
behavioral challenges such as anxiety, depression, and severe
memory loss [11-13]. AD’s global prevalence is on the rise,
with nearly 50 million individuals currently afflicted, and
this figure is projected to triple by the year 2050. In Europe,
it is anticipated that the number of dementia patients will
double by 2050 [14].

It has been confirmed that individuals with AD possess a
cholinergic system in their brains, and it’s noticeable that
this system’s activity diminishes postmortem. The decline in
cognitive function in AD is linked to reduced levels of ACh
within the brain. This understanding has prompted research
into cholinergic medications through clinical trials.
Inhibiting the enzymes AChE and BChE holds promise for
elevating ACh levels in the brain. Consequently, AChE/
BChE inhibitors have received approval for addressing the
symptomatic aspects of AD [11,15,16].

Parkinson’s Disease (PD) is a progressive neurological
disorder characterized by the specific loss of dopaminergic
neurons in the substantia nigra pars compacta [17].

The treatment of PD primarily focuses on enhancing
dopaminergic levels and addressing complications. This
involves drugs like L-dopa, dopamine agonists, MAO-B
inhibitors, and COMT inhibitors for the dopaminergic sys-
tem, alongside non-dopaminergic drugs like anticholinergics.
These treatments aim to optimize dopamine function and
alleviate symptoms.

Both AD and PD involve cholinergic and dopaminergic
system dysfunction, leading to drug development strategies
centered on restoring neurotransmitter levels by inhibiting
ChE and MAO enzymes [18]. Because Alzheimer’s disease
has a complex pathophysiology, medications used to treat
Alzheimer’s may not be an effective strategy. Therefore,
many research groups have focused on developing multi-tar-
get agents (MTAs) for effective drug candidates in the treat-
ment of Alzheimer’s disease. The design strategy of MTAs is
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to include pharmacophoric groups of different drugs in the
same structure. Therefore, it is thought that a ligand with
MAO inhibitor potential may have a more effective thera-
peutic effect in AD if it also has AChE inhibitor activity.
This is why there are many studies on the development of
MTA [19-21].

Thiazole derivatives are known to have various pharma-
cological effects, such as antimicrobial [22] antimalarial [23],
antitubercular [24], antiviral [25], anti-inflammatory [26],
antidiabetic [27], anticonvulsant [28], antioxidant [29], anti-
cancer [30] and cardiovascular activity [31]. Furthermore,
there are studies on the monoamine oxidase inhibitor and
cholinesterase inhibitor activity of 2-hydrazinothiazole deriv-
atives [32-40]. In addition, in previous studies, it was deter-
mined that the 4-arylthiazol-2-yl-hydrazine structure was a
pharmacophore group for MAO inhibition activity [36].

Building upon the information mentioned earlier, our
research involves the synthesis of derivatives of 2-[2-(substi-
tuted benzylidene)hydrazinyl]-4-(substituted phenyl)thiazoles
(2a-2h). Considering the promising characteristics and
effects typically associated with compounds featuring the
thiazole ring, we anticipate that these newly synthesized
compounds could serve as promising candidates for address-
ing AD and PD. However, to gauge their effectiveness and
suitability for therapeutic purposes in these diseases, further
investigations and evaluations are necessary.

A series of 2-hydrazinothiazole derivatives have been syn-
thesized in the studies reported in the literature [36,41,42]
and the most active compounds of the series when evaluated
for MAO activities are shown in Figure 1. Furthermore, in
one of the studies reported [38], 2-hydrazinothiazole deriva-
tives were synthesized and evaluated for MAO and AChE
activities and the most active compounds of serine dual
inhibitors against MAO-B and AChE are shown in Figure 1
[36,38,41,42]. In light of all this information, new 2-hydrazi-
nothiazole derivatives were synthesized and MAOI and
ChEI activities were investigated in this study.

Results and discussion
Chemistry

In the first step, benzaldehyde derivatives were reacted with
thiosemicarbazide, resulting in the formation of thiosemicar-
bazones (la-1f). In the second step, the 2-(substituted
benzylidene)hydrazinecarbothioamide derivatives obtained
from the first step were reacted with 2-bromo-3’,4’-(disubsti-
tuted acetophenone) derivatives according to Hantzsch thia-
zole synthesis, leading to the final compounds showed
Figure 2 (2a-2h).

The structures of the synthesized 2-[2-(substituted benzy-
lidene)hydrazinyl]-4-(substituted phenyl)thiazole derivatives
were checked by 'H and ?C NMR spectroscopy and mass
spectrometry.

The IR spectra of 2-[2-(substituted benzylidene)hydra-
zinyl]-4-(substituted phenyl)thiazoles 2a-2h were investi-
gated. The bands of the N-H bond stretching in all
compounds and the O-H bond stretching in some com-
pounds were found to be between 3325 and 3070 cm™.
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Figure 1. 2-Hydrazinothiazole framework in some studies and 2a-2h compounds.
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Figure 2. Synthesis of 2-[2-(substituted benzylidene)hydrazinyl]-4-(substituted phenyl)thiazoles 2a-2h.

In addition, it was observed that the bands for aromatic
C-H stretching were between 3159 and 3043 cm™’, the bands
for aliphatic C-H stretching were between 2941 and
2791cm™" and the bands for C=C and C=N stretching
were between 1624 and 1386cm™'. When the compounds
containing 1,2-disubstituted, 1,3-disubstituted, 1,4-disubsti-
tuted, and 1,3,4-trisubstituted benzene rings were examined,
it was determined that the out-of-plane deformation bands
of these parts were between 962 and 723 cm™".

"H-NMR spectra of the synthesized compounds were
recorded at 300 MHz. The signals of the synthesized com-
pounds were observed in the range of 6.76-12.73 ppm. The
signal belonging to the amino group in the compounds was
observed only in the derivatives containing the chloro sub-
stituent and these signals were found to be in the range of
12.17-12.73 ppm as singlet. In compounds containing the
hydroxyl group, the signal belonging to this group was
observed to be in the range of 9.62-10.09 ppm. The signals
for the aromatic protons are in the range of 6.76-8.33 ppm
in all compounds.

According to the >C NMR spectra of the synthesized
final compounds, the signal of the carbon atom in the
second position of the thiazole ring appears in the range of

168.8-168.0 ppm, while the signal of the carbon atom in the
fourth position is in the range of 145.9-150.2 ppm. The sig-
nal of azomethine carbon atom in all compounds was
detected in the range of 138.0-146.0 ppm. The NMR signal
of the carbon atom, to which the hydroxyl group is
attached, is observed at around 158.0 ppm, while the NMR
signals of the other carbon atoms are observed in the region
up to 106.6 ppm.

The compounds, of which the mass spectra were
recorded, showed a peak compatible with the M+ 1 ion. In
addition, the molecular weight of the compound, the mass
spectrum of which was obtained by the APCI-MS method,
is compatible with the M + H peak observed.

Evaluation of physicochemical parameters of
synthesized compounds

In order for a molecule to be effective as a drug, it must reach
its target in the body in sufficient concentration and remain
in a bioactive form for a sufficient time for the expected bio-
logical events to occur there [43]. Determination of these
properties is included in the activity assessment and in vivo
pharmacokinetic studies for active compounds may be



considered in the following studies. For this reason, the medi-
cinal chemistry and pharmacokinetic profiles of the designed
compounds were calculated with the Swiss-ADME web-based
program.

In silico ADME (Absorption, Distribution, Metabolization,
and Elimination) study was performed for the synthesized
2-[2-(substituted benzylidene)hydrazinyl]-4-(substituted phe-
nyl)thiazole derivatives 2a-2h (Table 1). The number of
hydrogen bond acceptor atoms (HBA), hydrogen bond
donors (HBD), topological polar surface area (TPSA),
partition coefficient (Log P), water solubility (Log S), skin per-
meability coefficient (Log Kp), and gastrointestinal absorption
(GI Abs.) were determined and were scored according to 5
different filters in terms of drug-likeness. It has been deter-
mined that the molecular weight is in the range of 345.80-
417.14, the number of hydrogen bond acceptor atoms is the
range of 2-4, the number of hydrogen bond donor atoms is
the range of 1-3, the topological polar surface area is the range
of 65.52-105.98, and the log P is the range of 3.51-5.86. In
addition, it was determined that the compounds have a high
absorption rate in the GI tract whereas moderate rate in the
skin [44].

When the drug likeness of the synthesized compounds
was examined according to the Lipinski, Veber, Ghose,
Muegge, and Egan rules, it was seen that the compounds
passed 2, 4, and 5 of them. According to the rules set by
Lipinski et al., the physicochemical ranges required for the
compounds to have a high probability of being an oral drug
were determined [43]. Based on the evaluation of Lipinski’s
five drug-likeness rule, all the compounds synthesized in
this study were found to meet the criteria, indicating
their suitability as potential oral drugs in terms of key
parameters.

Evaluation of enzyme inhibition activity

In this study, the inhibitory activities of the synthesized
2-[2-(substituted benzylidene)hydrazinyl]-4-(substituted phe-
nyl)thiazole derivatives 2a-2h on AChE, BChE, MAO-A,
and MAO-B enzymes were investigated (Table 2). All
enzymes were studied at 107> and 10™* M concentrations
and the results were expressed as percent inhibition.
Donepezil was used as a reference drug for AChE inhibition
and tacrine for BChE inhibition, moclobemide for MAO-A
inhibition and selegiline for MAO-B inhibition.

Table 1. Physicochemical properties of compounds 2a-h.

MW HBA HBD TPSA LogP GlAbs. BBB LogK, DL
2a 38269 2 1 6552 536 High No —405 2/5
2b 34580 4 310598 351 High No —523 5/5
2 38269 2 1 6552 535 High No —405 2/5
2d 38269 2 1 6552 534 High No —405 2/5
2e 41714 2 1 6552 586 High No —382 2/5
2f 38025 4 310598 402 High No  —499 4/5
29 36425 3 2 8575 442 High No  —464 4/5
2h 36425 3 2 8575 440 High No —464 4/5

MW: Molecular weight; HBA: Hydrogen bond acceptor; HBD: Hydrogen bond
donors; TPSA: Topological polar surface area (A%); Log P: Partition coefficient;
Gl Abs: Gastrointestinal absorption; BBB: Blood-brain barrier; Log Kp: Skin
permeability coefficient; DL: Druglikeness. Calculations were made via http://
www.swissadme.ch/index.php#.
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AChE inhibition activity

The AChE percent inhibition values of the compounds were
found to be between 48.552+0.899% and 96.267 +2.133%
for 107> M concentration and, between 34.757 +0.790% and
91.308 + 1.840% when evaluated for the 10™* M concentra-
tion. For donepezil, the reference drug for AChE inhibition,
these values were 99.156 +1.302% at 107> M concentrations,
and 97.395+1255% at 107 M concentrations. The
compounds 2c¢ (ICse: 0.041+0.001pM), 2d (ICsq:
0.069 +0.002 uM), and 2h (ICs: 0.030 +0.001 uM) showed
significant AChE inhibition whereas the reference drug
donepezil has an ICsy value of 0.0201 +0.0010 uM. The ICs
values of the other compounds could not be calculated.

BChE inhibition activity

BChE percent inhibition values of the compounds were
found between 26.589 +0.890% and 37.452 +0.836% for the
107> M concentration and between 20.346+0.974 and
30.059 + 0.905% for the 10™* M concentration. These values
were 99.827+1.378% at the 10™> M concentration and
98.651 +1.402% at the 10™* M concentration for tacrine, the
reference drug for BChE inhibition. IC5, values of the com-
pounds could not be calculated as none of the compounds
showed 50% inhibition.

MAO-A inhibition activity

The MAO-A percent inhibition values of the compounds were
found to be between 29.618+0.737% and 42.489 +0.848%
when evaluated for 107> M concentration, and between
21.236+0.651% and 34.002 + 0.855% when evaluated for 10™*
M concentration. For moclobemide, the reference drug for
MAO-A inhibition, these values were 94.121 +2.760% at the
107> M concentration and 82.143 +2.691% at the 10™* M con-
centration. The ICs, values of the compounds could not be cal-
culated as none of the compounds showed 50% or greater
inhibition.

MAO-B inhibition activity

The percent inhibition values of MAO-B of the compounds
were found to be between 39.358 +0.755 and 94.485 +2.18%
for the 107> M concentration, and between 26.861 + 0.822
and 91.227 + 1.566% when evaluated for the 10™* M concen-
tration. For selegiline, the reference drug for MAO-B inhib-
ition, these values are 98.589+2.055% at the 107> M
concentration and 94.850+1.14% at the 10™* M concentra-
tion. The ICs, value of most of the compounds could not be
calculated. However, ICsq values of 2f (0.072 + 0.003 uM) and
2h (0.048 £0.002 uM) compounds were calculated. The ICs,
value of the reference drug selegiline is 0.0374 £ 0.0016 yM.

Evaluation of molecular Docking studies

Docking study on MAO-B enzyme

According to the in vitro MAO-B inhibition results, it was
determined that the synthesized substances showed activity
on the target proteins. To understand the structure-activity

relationship with the obtained inferences, placement studies
were carried out (Figure 3). The binding forms of the active
compounds 2f and 2h on MAO-B are given in Table 3.
According to these interactions, all of the compounds inter-
acted with the FAD (Flavin adenine dinucleotide) protein.
This interaction of the compounds has been observed as
hydrogen bonding. In addition, the interaction of tyrosine
amino acids (seq. 398 and 435) with FAD is essential for
enzyme activity, thus, interactions with these enzymes play a
key role in inhibition activity. However, it is known that
binding of the ligand with amino acids Ile199 and GIn202
contributes to the inhibition activity [33]. For this reason, it
can be said that in the interactions of the 2f and 2h with
the FAD protein the interactions with these amino acids are
especially effective. In conclusion, the interaction of com-
pound 2h with both FAD protein and important pocket
amino acids is in agreement with the results from in vitro
tests. Basically, the two-site chlorine substitution of the phe-
nyl ring on the thiazole moiety allowed this end of the mol-
ecule to remain at the protein’s pocket entrance, while the
hydroxy substituent at the other end formed a hydrogen
bond with the FAD protein.

Docking study on AChE enzyme

According to the results obtained from in vitro AChE
enzyme inhibition tests, active compounds were determined
and a molecular docking study was carried out in order to
examine the structure-effect relationships at the molecular
level. The best 2D and 3D poses of the compounds are
shown in Figure 4. The way the compounds bind to the
AChE enzyme and their binding numbers are indexed in
Table 4. Docking results showed n-7 interaction with Trp86
amino acid for all compounds. In addition, it was deter-
mined that all compounds, except for compound 2¢, bind to
the amino acid Trp286. Trp86 and Trp286, designated as
catalytic active site (CAS) amino acid and peripheral anionic
site (PAS) amino acid, respectively, are important in enzyme
activity and enzyme inhibition activity [45]. Therefore, most
probably these interactions are the basis of the activity of
these compounds. Moreover, the placement of compound 2¢
in the acyl pocket, which is an important pocket that facili-
tates the hydrolysis of acetylcholine, and the hydrogen bond
formation there with Phe295, may have stabilized the lig-
and-enzyme complex and thus exerted its inhibition effect.
In all, the results of the enzyme activity of the compounds
and the results of the docking study were found to be in
agreement. In terms of structure-effect relationship, the
binding of the monosubstituted phenyl ring with Trp86
from the 3" or 4™ position attached to the hydrazone moi-
ety was found to be important for the activity.

Evaluation of molecular dynamic simulation (MDS)
studies

The stability of the model compound 2h was evaluated
through a molecular dynamics simulation (MDS) study to
understand its interactions and behavior under environmental
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Figure 3. The best 2D and 3D representation of active compounds in the MAO-B active pocket. (A) 3D exposure of superimposed active compounds. (B-1, B-2) 3D
and 2D representation of compound 2f in the active pocket. (C-1, C-2) 3D and 2D representation of compound 2h in the active pocket.

Table 3. Interaction index of MAO-B enzyme and active compounds.

Compounds Enzyme part Type and number of bond
2f o lle199 e 1Ar H-bond
e Phe343 e 1 -7 interaction
e Phe343 e 1Ar H-interaction
e FAD e H-bond
e FAD e H-bond
2h e Pro102 e 1Ar H-bond
e leul6bs e 1 halogen bond
o Tyr326 e 1 m-m interaction
o Tyr326 e 1Ar H-bond
e GIn206 e 1Ar H-bond
o Tyr398 e 1 7-m interaction
e Tyr435 e 1 77 interaction
e FAD e 1H-bond

changes. The RMSD value is used to analyze the stability of
the protein-ligand complex during the simulation time (as
shown in Figure 5A-C) [46]. The protein RMSD is in the
acceptable range of 1-3 A [47].

The RMSF value offers a stability diagram of the rigid and
flexible regions of the protein structure [48,49]. For the stabil-
ity of the proteins in the RMSF graphs, the fluctuation should
be similar or less when considering the form of the protein
[50]. The RMSF plot indicated that the peaks of interacted res-
idues with the loop region were observed under 1 A similar to
o-helices (red areas) and f3-strands (blue areas).

The residues Asp74, Glyl122, Ser203, and Trp286 were
determined to be continuously interacting with compound 2h

(as shown in Figure 5D). Hydrophobic interactions were
observed with Trp86, Trp286, Phe297, Tyr337, Phe338,
Tyr341, and His447 while the water-mediated H-bonds were
found with Asp74, Asn87, Tyrl124, Tyr337, and Tyr341 (as
shown in Figure 5D,E). Additionally, there were some direct
H-bonds with Asp74, Glyl122, Tyr124, Ser203, Tyr337, and
His447. Meanwhile, compound 2h also interacted with vari-
ous amino acids via m-m stacking, aromatic H-bonds, and
halogen bonds. The n-7 stackings were observed between lig-
and and Trp286, Tyr337, Phe338, and Tyr341; aromatic
H-bonds were observed with Asp74, Ser203, Trp286, Tyr337,
Tyr341, and His447 and halogen bonds were observed with
Tyr72. The most stable interactions were with Asp74, Trp86,
Gly122, Tyr124, Ser203, Trp286, Tyr337, Phe338, and Tyr341
and are shown in Figure 5F and in a video (see Supplemental
Materials). In the video of the molecular dynamics simulation,
all interactions between 2h and the AChE enzyme during the
entire simulation time can be viewed.

Conclusions

The 2-[2-(substituted benzylidene)hydrazinyl]-4-(substituted
phenyl)thiazoles 2a-2h were synthesized in two steps. The
structures of the synthesized compounds were confirmed by
'"H NMR,"’C NMR, IR spectroscopy and mass spectrometry.
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Figure 4. The best 2D and 3D representation of active compounds in the AChE active pocket. (A) 3D exposure of superimposed active compounds. (B-1, B-2) 3D
and 2D representation of compound compound 2c in the active pocket. (C-1, C-2) position of compound 2d in the active pocket. (D-1, D-2) 3D and 2D representa-

tion of compound 2h in the active pocket.

Table 4. Interaction index of AChE enzyme and active compounds.

Compounds Enzyme part Type and number of bond
2c e Trp86 e 1 7-m interaction
e Tyr133 e 1Ar H-bond
e Phe295 e 1 halogen bond
o Tyr341 e 1 7-m interaction
2d e Trp86 e 2 7-m interactions
e Tyr133 e 1 halogen bond
e Trp286 e 1 7-m interaction
e Ser293 e 1 halogen bond
e His447 e 1Ar-H-bond
2h e Trp86 e 1 7-m interaction
e Glh202 e 1Ar H-bond
e Glh202 e 1H-bond
e Trp286 e 1 7-m interaction
o His447 e 1Ar H-bond

The synthesized final compounds exhibited a higher inhibi-
tory effect against AChE and MAO-B compared to their
inhibitory effect against BChE and MAO-A.

Compounds 2¢, 2d, and 2h exhibited the highest activity
against AChE, while compounds 2f and 2h showed the
highest activity against MAO-B. Notably, compound 2h
demonstrated the highest inhibitory activity against both
AChE (0.030+0.001 uM) and MAO-B (0.048 +0.002 uM),
making it the only compound with dual inhibitory activity.
Although the compounds did not reach the activity level of
the reference drugs donepezil and selegiline, they displayed
activity that was very close to these references.

It has been revealed in many studies in the literature that
compounds containing 2-hydrazinothiazole in their structure
show MAO inhibition and anticholinesterase activity. Based
on the extensive available information, our study found that
the newly designed hydrazinothiazoles exhibited inhibitory

effects on MAO and AChE enzymes. Notably, 2-[2-
(3-hydroxybenzylidene)hydrazinyl]-4-(3,4-dichlorophenyl)
thiazole 2h displayed the highest activity against both
enzymes. Moving forward, future studies are being contem-
plated to design compounds utilizing these structures, aiming
to achieve dual inhibitory activity against AChE and MAO-B
enzymes. The docking calculation and molecular dynamics
simulation studies revealed importantly that the 3-hydroxy
group increases the stability in the CAS region of AChE while
4-phenyl thiazole shows contacts with residues of the PAS
region. Hence, these two moieties play an important role in
AChE inhibition when combined with hydrazone pharmaco-
phore core.

Materials and methods
Chemistry

All of the materials used in the synthesis of the compounds
are from Sigma-Aldrich Pty. Ltd. (Germany) and Merck Pty.
Ltd. (Germany). The NMR spectra of the synthesized com-
pounds were recorded using a Bruker spectrometer operat-
ing at 300 MHz (*H) and 75MHz (3C). IR spectra were
measured using a Shimadzu-IR Affinity-IS instrument. Mass
spectrum measurement was performed by Electrospray
Ionization Mass Spectrometry (ESI) using an LCMS-IT-TOF
device. In addition, the measurement of some of the mass
spectra was carried out with an Advion Compact Mass
Spectrometer, USA. The melting points of the compounds
were determined using the Mettler Toledo-MP90 Melting
Point System.
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Figure 5. MDS results for 2h and AChE protein complex. (A) Physicochemical properties of the ligand. (B) RMSD plot of the protein, the ligand versus protein, and
the ligand versus ligand. (C) RMSF plot of the complex. (D) Number of interactions and interaction types versus time plot. (E) Plot of interaction fractions versus resi-
dues with their interaction types during the time. (F) 2D diagram for contact strength.

Synthesis of 2-(substituted benzylidene)hydrazinecarbo-
thioamides 1a-f (method A)

For the synthesis of 2-(substituted benzylidene) hydrazinecar-
bothioamides la-f, a mixture of 11 mmol of the appropriate
benzaldehyde derivative and 11 mmol of thiosemicarbazide
was dissolved in about 30 mL of ethanol. This mixture was
boiled at reflux for 6-8h. The progress of the reaction was
monitored by TLC. The precipitated product was then filtered
and dried. It was recrystallized from ethanol.

Synthesis of 2-[2-(substituted benzylidene)hydrazinyl]-4-
(substituted phenyl)thiazoles 2a-h (method B)

For the synthesis of 2-[2-(substituted benzylidene)hydra-
zinyl]-4-(substituted phenyl)thiazoles 2a-h, 0.3 grams of
each of the 2-(substituted benzylidene)hydrazinecarbothioa-
mides la—f was taken separately and dissolved in ~100 mL
of alcohol. An equimolar quantity of the respective 2-bro-
moacetophenone derivative was added to the solution, fol-
lowed by refluxing for a period of 24-36h. The progress of
the reaction was monitored using TLC. Upon completion,
the resulting product was precipitated, filtered, and subse-
quently dried. Finally, the product was subjected to crystal-
lization from ethanol.

2-[2-(2-Chlorobenzylidene)hydrazinyl]-4-(3,4-dichlorophe-
nyl)thiazole (2a)

Yield 65%, m.p. 180-182°C. IR (ATR): Vimax (cm™) = 3172
(N-H stretching band), 3159-3059 (aromatic C-H stretching
band), 2910-2791 (aliphatic C-H stretching band), 1597-
1573 (C=N and C=C stretching band), 931-725 (1,2-
disubstituted benzene and 1,3,4-trisubstituted benzene out-
of-plane bending bands).'"H NMR (300 MHz, DMSO-dj):
0=7.63-7.69 (m. 2H, Ar-H), 7.74-7.79 (m, 1H, Ar-H),
7.84-7.86 (m, 1H, Ar-H), 7.90-7.95 (m, 1H, Ar-H), 8.11
(dd, J=8.0Hz, 2.0Hz, 1H, Ar-H), 8.16-8.21 (m, 1H, Ar-H),
8.34-8.35 (m, 1H, Ar-H), 8.66 (s, 1H, Ar-H), 12.73 (br s,
1H, N-H). '*C NMR (75 MHz, DMSO-dy):  =107.1, 126.3,
126.9, 127.9, 128.3, 130.5, 131.4, 131.6, 133.0, 135.8, 138.0,
148.8, 168.8. HRMS (m/z): [M+H]": Caled. for
C16H10C5N5S: 381.9750, found: 381.9734.

2-[2-(2-Chlorobenzylidene)hydrazinyl]-4-(3,4-dihydroxyphe-
nyl)thiazole (2b)

Yield 68%, m.p. 201-204°C. IR (ATR): Vpax (cm™) =
3325-3211 (O-H and N-H stretching band), 3072 (aromatic
C-H stretching band), 1624-1525 (C=N and C=C stretch-
ing band), 823-761 (1,2-disubstituted and 1,3,4-trisubsti-
tuted benzene out-of-plane bending bands). 'H NMR
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(300 MHz, DMSO-dy): 6=6.78 (d, J=8.2Hz, 1H, Ar-H),
7.02 (s, 1H, Ar-H), 7.12 (dd, J=8.2Hz, 2.2Hz, 1H, Ar-H),
725 (d, J=2.2Hz, 1H, Ar-H), 7.39-7.43 (m, 2H, Ar-H),
7.49-7.52 (m, 1H, Ar-H), 7.92-7.95 (m, 1H, Ar-H), 8.47 (br
s, 1H, Ar-H). C NMR (75MHz, DMSO-d,): é=101.7,
113.9, 116.2, 117.6, 126.0, 126.8, 128.1, 130.4, 131.2, 132.0,
132.8, 138.3, 145.7, 146.0, 150.2, 168.1. HRMS (m/z):
[M+H]": Caled. for C;4H;,CIN;O,S: 346.0412, found:
346.0414.

2-[2-(3-Chlorobenzylidene)hydrazinyl]-4-(3,4-dichlorophe-
nyl)thiazole (2c)

Yield 72%, m.p. 186-187°C. IR (ATR): vpa (cm™') = 3113
(N-H stretching band), 3062 (aromatic C-H stretching
band), 2848 (aliphatic C-H stretching band) 1558-1386
(C=N and C=C stretching band), 927-731 (1,3-disubsti-
tuted and 1,3,4 trisubstituted benzene out-of-plane bending
bands). 'H NMR (300 MHz, DMSO-dy): &=7.44-7.49
(m, 2H, Ar-H), 7.58-7.69 (m, 4H, Ar-H), 7.84 (d, J=8.5Hz,
1H, Ar-H), 8.02 (s, 1H, Ar-H), 8.08 (s, 1H, Ar-H), 12.37
(s, 1H, N-H). 3C NMR (75MHz, DMSO-dy): é =106.7,
1254, 126.0, 127.6, 127.6, 129.4, 130.2, 131.2, 131.3, 131.9,

134.1, 135.6, 137.0, 140.3, 148.5, 168.7. HRMS (m/z):
[IM+H]": Caled. for C;¢H;oCLsN5S: 381.9734, found:
381.9751.

2-[2-(4-Chlorobenzylidene)hydrazinyl]-4-(3,4-dichlorophe-
nyl)thiazole (2d)

Yield 64%, m.p. 202-203 °C. IR (ATR): Vay (cmfl) = 3122
(N-H stretching band), 3049 (aromatic C-H stretching
band), 2941-2796 (aliphatic C-H stretching band), 1595-
1552 (C=N and C=C stretching band), 929-727 (14-
disubstituted and 1,3,4 trisubstituted benzene out-of-plane
bending bands). 'H NMR (300 MHz, DMSO-d,): J=7.50
(d, J=8.6Hz, 2H, Ar-H), 7.58 (s, 1H, Ar-H), 7.66-7.70
(m, 3H, Ar-H), 7.84 (dd, J=8.4Hz, 2.0 Hz, 1H, Ar-H), 8.03
(s, 1H, Ar-H), 8.08 (d, J=2.0Hz, 1H, Ar-H), 12.32 (br s,
1H, N-H). *C NMR (75 MHz, DMSO-dy): 6 =106.6, 126.0,
127.6, 128.4, 1294, 130.2, 131.4, 131.9, 133.7, 134.2, 135.6,
140.7, 1485, 168.8. HRMS (m/z): [M+H]": Calcd. for
C16H10CI5N5S: 381.9734, found: 381.9722.

2-[2-(3,4-Dichlorobenzylidene)hydrazinyl]-4-(3,4-dichloro-
phenyl)thiazole (2e)

Yield 71%, m.p. 232-235°C. IR (ATR): vpax (cm_l) = 3113
(N-H stretching band), 3128-3061 (aromatic C-H stretching
band), 2929-2854 (aliphatic C-H stretching band), 1556-
1473 (C=N and C=C stretching band), 925-723 (1,3,4-tri-
substituted benzene out-of-plane bending bands). '"H NMR
(300 MHz, DMSO-dy): =758 (s, 1H, Ar-H), 7.62-7.69
(m, 3H, Ar-H), 7.83 (dd, J=8.6 Hz, 2.0 Hz, 1H, Ar-H), 7.86
(d, J=16Hz, 1H, Ar-H), 800 (s, 1H, Ar-H), 8.07
(d, J=2.0Hz, 1H, Ar-H), 12.42 (br s, 1H, N-H). '*C NMR
(75 MHz, DMSO-d): 6=106.8, 126.0, 126.4, 127.6, 128.2,
130.2, 131.3, 131.5, 131.8, 131.9, 132.1, 135.5, 135.6, 139.2,

148.5, 168.6. APCI-MS (-m/z): Calcd. for

C16HoCIyN;S: 417.13, found: 418.4.

[M+H]:

2-[2-(3,4-Dichlorobenzylidene)hydrazinyl]-4-(3,4-dihydroxy-
phenyl)thiazole (2f)

Yield 69%, m.p. 209-210°C. IR (ATR): Vpax (cm™) =
3197-3109 (O-H and N-H stretching band), 2916-2848 (ali-
phatic C-H stretching band), 1620-1516 (C=N and C=C
stretching band), 962-783 (1,3,4-trisubstituted benzene out-
of-plane bending bands). '"H NMR (300 MHz, DMSO-dj): &
=6.76 (d, J=8.2 Hz, 1H, benzene 5-H), 7.00 (s, 1H, thiazole
5-H), 7.12 (dd, J=8.1Hz, 2.0Hz, 1H, benzene 6-H), 7.24
(s, 1H, benzene 2-H), 7.63-7.71 (m, 2H, benzene 5-H and
6-H), 7.87 (d, J=1.4Hz, 1H, benzene 2-H), 8.03 (s, 1H,
CH=N). *C NMR (75 MHz, DMSO-dy): 6 =101.5, 113.9,
11_6.1, 117.6, 126.5, 128.2, 131.5, 131.7, 132.1, 135.7, 139.2,
145.7, 1459, 168.0. HRMS (m/z): [M+H]": Calcd. for
C16H1:CI,N50,S: 380.0022, found: 380.0033.

2-[2-(2-Hydroxybenzylidene)hydrazinyl]-4-(3,4-dichlorophe-
nyl)thiazole (2 g)

Yield 64%, m.p. 205-208 °C, Lit. m.p. 226.9-228°C [51]. IR
(ATR): Vmax (cm™") = 3140-3109 (O-H and N-H stretching
band), 3043 (aromatic C-H stretching band), 2939-2791 (ali-
phatic C-H stretching band), 1606-1556 (C=N and C=C
stretching band), 952-732 (1,2-disubstituted and 1,3,4-tri-
substituted benzene out-of-plane bending bands). '"H NMR
(300 MHz, DMSO-dy): 6=7.85-791 (m, 2H, Ar-H), 7.22
(t, J=7.8Hz, 1H, Ar-H), 7.55 (s, 1H, Ar-H), 7.63-7.68
(m, 2H, Ar-H), 7.84 (dd, J=8.4Hz, 1.9Hz, 1H, Ar-H), 8.1
(d, J=2.1Hz, 1H, Ar-H), 8.33 (s, 1H, Ar-H), 10.09 (s, 1H,
OH), 12.19 (s, 1H, N-H). °C NMR (75 MHz, DMSO-d,):
0=106.2, 116.6, 120.0, 120.6, 126.0, 127.6, 130.2, 131.1,
131.4, 131.9, 135.7, 140.0, 148.5, 156.4, 168.7. HRMS (m/z):
[M+H]": Caled. for C;sH;;CLN;OS: 364.0073, found:
364.0062.

2-[2-(3-Hydroxybenzylidene)hydrazinyl]-4-(3,4-dichlorophe-
nyl)thiazole (2h)

Yield 61%, m.p. 251-252°C. IR (ATR): Vpa. (cm™') =
3132-3070 (O-H and N-H stretching band), 1624-1598
(C=N and C=C stretching band), 891-761 (1,3-disubsti-
tuted and 1,3,4-trisubstituted benzene out-of-plane bending
bands). 'H NMR (300 MHz, DMSO-dy): 6=6.79 (dt,
J=28.1Hz, 2.0Hz, 1H, benzene 4-H), 7.04 (d, J=7.7Hz, 1H,
benzene 6-H), 7.11 (s, 1H, thiazole 5-H), 7.22 (t, J=7.8 Hz,
1H, benzene 5-H), 7.52 (s, 1H, benzene 2-H), 7.64
(d, J=8.4Hz, 1H, benzene 5-H), 7.82 (dd, J=8.0Hz, 1.9 Hz,
1H, benzene 6-H), 7.95 (s, 1H, benzene 2-H), 8.06 (s, 1H,
CH=N), 9.62 (s, 1H, OH), 12.17 (br s, 1H, N-H). '*C NMR
(75 MHz, DMSO-dy): 6 =106.3, 112.5, 112.8, 117.2, 118.5,
118.8, 126.0, 126.8, 127.6, 130.2, 130.3, 131.0, 131.3, 131.9,
135.7, 136.0, 142.2, 1484, 158.1, 168.9. HRMS (m/z):
[M+H]": Caled. for C,¢H;,CLN;OS: 364.0077, found:
364.0073.
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Anticholinesterase activity studies

Anticholinesterase activities of the synthesized final com-
pounds were carried out on AChE and BChE enzymes
according to the modified Ellman method [52]. A solution
(2%) in DMSO of AChE or BChE (20 pL) in the concentra-
tion range of 107'-107°mM and a solution of the com-
pound (20 uL) was added to 140 puL of phosphate buffer (pH
8+0.1) and incubated at 25°C for 5min. The reaction was
started by adding 5-5-dithiobis(2-nitrobenzoic acid) (DTNB)
(20pL) and acetylthiocholine iodide ATC (10puL) to the
enzyme-inhibitor mixture. All solutions used in this enzym-
atic assay were stored at —20°C and were brought to room
temperature just prior to performing the experiments. After
mixing the solutions in the wells they were incubated in the
oven for 15min; the absorbance value was 412 nm. The tests
were performed at concentrations of 107> M and 10™* M
and the experiments were repeated four times.

Monoamine oxidase inhibition studies

The MAO enzyme inhibitory activity of synthesized final
compounds was tested by fluorometric method [53]. The
MAO enzyme inhibitory activity of the compounds was
investigated by measuring their effects on hydrogen peroxide
(H,0,) production from tyramine using the Ampliflu Red
MAO assay and recombinant hMAO isoforms. H,O, pro-
duction catalyzed by MAO isoforms can be detected using
Ampliflu Red reagent, a non-fluorescent and highly sensitive
probe that reacts with H,O, [54]. The synthesized com-
pounds and reference agents were prepared at concentra-
tions of 107°-10"* M in 2% DMSO. Recombinant hMAO-A
(0.5U/mL) and recombinant hMAO-B (0.64 U/mL) enzymes
were dissolved in phosphate buffer and their final volume
was made up to 10 mL. Horseradish peroxidase (200 U/mL,
100puL), Ampliflu Red (20mM, 200pL), and tyramine
(100 mM, 200 puL) were dissolved in phosphate buffer and
made up to 10mL in final volumes. Solutions of inhibitor
(20 uL/well) and hMAO-A (100 uL/well) or hMAO-B
(100 puL/well) were added to a plain black bottom 96-well
micro-test plate and incubated at 37 °C for 30 min. Solutions
of inhibitor (20 puL/well) and hMAO-A (100 pL/well) or
hMAO-B (100 pL/well) were added to the 96-well microtest
plate and incubated at 37°C for 30 min. After this incuba-
tion period, the reaction was started by adding a working
solution (100 pL/well), the mixture was incubated at 37°C
for 30min, and fluorescence (Ex/Em = 535/587nm) was
measured at 5-min intervals.

In silico method

Molecular docking and molecular dynamics simulation stud-
ies were carried out in the same way as in our previous
studies [20].
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Supporting information

Analytical data (HRMS, "H NMR and >C NMR spectra, IR
spectra) of the compounds prepared are available in the
Supplemental Materials. The dynamics of the protein-ligand
interactions are available as a video (MPEG).
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