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ABSTRACT

Chalcone molecules are important pharmacophores in medicinal
chemistry and have various biological functions, including inhibitory
effects on the enzymes carbonic anhydrase (CA) and
acetylcholinesterase (AChE). Carbonic anhydrase I and II inhibitors
are used in the treatment of disorders such as retinal and cerebral
edema (CAD, epilepsy, and glaucoma (CA 1II). Furthermore,
acetylcholinesterase inhibitors, which were originally created to treat
Alzheimer's disease, have proven useful for patients suffering from
Parkinson's disease-related memory problems, behavioral disorders,
and cognitive decline. The drugs on the market have adverse effects.
Therefore, new drug candidates are required to address the issues
raised. In this study, chalcone compounds were synthesized to
investigate their CA and AChE inhibitory effects and their chemical
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structures were confirmed using NMR. The inhibitory effects of the
synthesized compounds on carbonic anhydrase and acetylcholine
esterase enzymes were presented for the first time in this study.
Carbonic anhydrases and AChE inhibitory effects of 1-21 were
investigated using described methodologies. As a result of the studies,
it was determined that the compounds were in the inhibition range of
2.65-82.33 uM for hCA I and 2.63-74.89 uM for hCA II, while the ICso0
values of the reference AZA were 46.75 uM (hCA T) and 38.25 uM (hCA
II). Moreover, these compounds inhibited AChE in the range of 15.53-
177.46, while the ICso value of the reference drug Tacrin was
measured as 25.78 nM. Among the synthesized chalcone derivatives,
compound 5 emerged as the most potent inhibitor for hCA I and AChE,
while compound 13 was the strongest for hCA II. AutoDock Vina
docking results showed that compound 5 had the strongest affinity for
hCA I (-8.0 kcal mol™) and AChE (-7.0 kcal mol™), while compound 13
was most potent for hCA II (-8.1 kcal mol?). Key interactions with
catalytic residues suggest that halogen and methoxy groups enhance
enzyme binding, stability, and hydrogen bonding. These findings
suggest that these compounds hold promise as potential drug
candidates for CA and AChE related disorders.

Asetilkolinesterazi ve Karbonik Anhidraz Izoenzimlerini Hedef Alan Salkonlarin Molekiiler Yerlegtirme
Caligmalar: ve Biyolojik Aktiviteleri

OZET Medisinal Kimya

Salkon molekiilleri, medisinal kimyada 6nemli farmakoforlar olup,

karbonik anhidraz (CA) ve asetilkolinesteraz (AChE) enzimleri Arastirma Makalesi
uzerindeki inhibitor etkiler de dahil gesitli biyolojik fonksiyonlara

sahiptir. Karbonik anhidraz I ve II inhibitorleri, retina ve serebral Makale Tarihgesi

6dem (CAI), epilepsi ve glokom (CA II) gibi bozukluklarin tedavisinde Gelis Tarihi  :26.11.2024
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kullanilir. Ayrica, baslangicta Alzheimer hastaligini tedavi etmek i¢in Kabul Tarihi :15.02.2025
olusturulan asetilkolinesteraz inhibitorlerinin Parkinson hastaligiyla

iligkili hafiza sorunlari, davranis bozukluklari ve biligsel gerileme Anahtar Kelimeler
ceken hastalar icin de yararhh oldugu kanitlanmigtir. Piyasadaki Alzheimer Hastalig1
ilaglarin olumsuz etkileri bulunmaktadir. Bu nedenle, ortaya ¢ikan Karbonik Anhidraz
sorunlar1 ele almak igin yeni ila¢ adaylarina ihtiya¢ vardir. Bu Asetilkolinesteraz

calismada, CA ve AChE inhibitor etkilerini arastirmak i¢in salkon Molekiiler Doking
bilesikleri sentezlenmis ve kimyasal yapilari NMR kullanilarak Salkon
dogrulanmigtir. Bu calisma ile sentezlenen bilegiklerin karbonik
anhidraz ve asetilkolin esteraz enzimleri tizerindeki inhibitor etkileri
ilk kez sunulmustur. Bilesik 1-21'in CA ve AChE inhibitor etkileri
aciklanan metodolojiler kullanilarak arastirilmigtir. Yapilan
arastirmalar sonucunda bilesiklerin hCA I igin 2.65-82.33 uM ve hCA
IT i¢in 2.63-74.89 puM inhibisyon araliginda oldugu tespit edilirken,
referans AZA'min ICso degerlerinin ise 46.75 uM (hCA 1) ve 38.25 uM
(hCA 1D oldugu goriilmiistiir. Dahasi, bu bilesikler AChE'yi 15.53-
177.46 araliginda inhibe ederken, referans ilag Tacrin'in ICso degeri
1se 25.78 nM olarak oOl¢gulmiistir. Sentezlenen salkon tiirevleri
arasinda, bilesik 5 hCA I ve AChE igin en etkili inhibitor olarak ortaya
cikarken, bilesik 13 hCA II i¢in en glclustiydi. AutoDock Vina ile
yapilan molecular docking sonuclarina gore, bilesik 5 hCA I (-8.0 kcal
mol™) ve AChE (-7.0 kcal mol™?) icin en giiclii afiniteyi gosterirken,
bilesik 13 hCA II (-8.1 kcal mol™) i¢in en giiglii inhibitér olarak
belirlendi. Kilit katalitik kalintilarla etkilesimleri, halojen ve metoksi
gruplarinin enzim baglanmasini, stabilitesini ve hidrojen baglarini
giclendirdigini gostermektedir. Bu bulgular, bu bilesiklerin CA ve
ACHhE ile iligkili bozukluklar i¢in potansiyel ila¢ adaylari olarak umut
vadettigini gostermektedir.

Ataf igini Tugrak-Sakarya, M., Gil, H.I., Sert, Y., Akincioglu, H., Giilcin, 1., & Giil, M (2025). Asetilkolinesterazi ve
Karbonik Anhidraz Izoenzimlerini Hedef Alan Salkonlarin Molekiiler Yerlestirme Calismalar1 ve Biyolojik
Aktiviteleri. KSU Tarim ve Doga Derg 28 (2), 335-350. DOI: 10.18016/ksutarimdoga.vi.1591728.

To Cite: Tugrak-Sakarya, M., Giil, H.I., Sert, Y., Akincioglu, H., Giil¢in, I., & Giil, M (2025). Molecular Docking Studies
and Biological Activities of Chalcones Targeting Acetylcholinesterase, and Carbonic Anhydrase Isoenzymes.
KSU J. Agric Nat 28(2), 335-350. DOI: 10.18016/ksutarimdoga.vi.1591728.

INTRODUCTION

The human lifespan has increased due to advancements in medicine that improve living conditions. Conditions
such as dementia are increasingly imposing a significant burden on society due to the rising longevity of
individuals. Among the most prevalent illnesses affecting the elderly is dementia. Alzheimer's disease is the most
common cause of dementia (AD). (Ferri et al., 2005). Alzheimer's disease is a neurological disease that causes
cognitive processes like memory, attention, executive functions, visuospatial skills, and language skills to decrease
(Tierney et al., 1996; Petersen et al., 1999; Galvin et al., 2005; Petersen et al., 2006). Currently, research focuses
on early detection and effective treatment options. Alzheimer's disease etiology hypotheses include the cholinergic,
amyloid, glutamergic, metal, oxidative stress, genetic, and inflammatory hypotheses. The development and activity
of the cerebral cortex, cerebral blood flow, sleep cycle, learning, memory, and perception are all significantly
influenced by cholinergic transmission. Acetylcholine is a neurotransmitter that causes the smooth muscles in
blood vessels to relax and the smooth muscles in the gastrointestinal, urinary, and ocular tracts to contract. The
cholinergic hypothesis states that either an increase in the activity of the acetylcholinesterase (AChE) enzyme or
a decrease in the brain's generation of acetylcholine, one of the key neurotransmitters, results in a decrease in the
amount of acetylcholine. Acetylcholine's carboxylic acid ester group is hydrolyzed by AChE, resulting in the
formation of acetic acid and choline. Acetylcholine hydrolyzes in synapses and neuromuscular junctions,
preventing nerve transmission. Hence, in the autonomic and somatic nervous systems, AChE is essential for
cholinergic neuron transmission. Acetylcholine concentrations in synapses rise as a result of AChE enzyme
inhibition, allowing receptors to engage with acetylcholine more intensely and for longer periods of time. Tacrine
is an AChE inhibitor first produced for clinical use in 1986. Later, second-generation AChE inhibitors with
improved tolerance were developed, including donepezil (1996), rivastigmine (1998), and galantamine (2000)
(Knopman et al., 2021; Marucci et al., 2021; Poyraz et al., 2024). In all living organisms, the conversion of carbon
dioxide and bicarbonate ions, which are crucial in biochemical processes, to one another is of extreme importance.
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Metalloenzymes such as carbonic anhydrase (CAs, EC 4.2.1.1) can utilize certain ions or simple molecules as
substrates. Fundamentally, it is understood to catalyze the reaction between bicarbonate and carbon dioxide. To
meet the metabolic needs in a shorter amount of time, carbonic anhydrases catalyze this reaction, even though it
can occur spontaneously at physiological pH. The Zn2* ion, which is typically tightly bound and interacts with
water and histidine molecules in the active site of the enzyme, serves to bind and activate the water molecule,
thereby catalyzing the reversible hydration reaction of carbon dioxide to bicarbonate and proton ions through a
metal hydroxide nucleophilic mechanism. Humans are known to possess 16 distinct CA isoenzymes (a-hCA) that
are members of the a-class. Among them, CA I and CA II are cytosolic isoenzymes. CA I is responsible for acid-
base balance and control of respiration. Sweat glands, adipose tissue, the gastrointestinal tract, and the corneal
epithelium are among the tissues and cells that contain CA I isoenzyme. One of the isoenzymes that has been
examined the most in inhibition studies is CA II. It regulates intraocular pressure by delivering sodium to the eye.
This enzyme deficiency is associated with bone resorption, brain calcification, and renal acidity. Furthermore,
carbonic anhydrase enzymes play an important role in many physiological and pathological processes. CA
inhibitors and CA activators are considered possible treatments for disorders such as edema, glaucoma, obesity,
cancer, epilepsy, and osteoporosis due to their role in physiological and pathological processes. Furthermore, CA
isoenzymes could be possible targets for Alzheimer's disease (AD) ( Supuran et al., 2008; Temperini et al., 2008;
Le Dug, et al., 2017).

Chalcones are substances with the chemical formula 1,3-diaryl-2-propen-1-one. They have an a, B-unsaturated
ketone structure. Chalcones are naturally present in many plants due to their simple structure, ease of availability,
broad bioactivity spectrum, and tendency to cyclize to produce compounds with therapeutic properties (Quyang et
al., 2021). It has often been taken into consideration when developing new lead compounds with medical potential.
Chalcones have a wide range of biological activities, including antibacterial, antifungal, antidiabetic, anti-
inflammatory, cytotoxic, and anticancer properties (Mazumder et al., 2024) (Figure 1)
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Figure 1 Summarized scheme of some important pharmacological properties of chalcones
Sekil 1 Salkonlarin bazi 6nemli farmakolojik 6zelliklerinin 6zet semasi
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Due to promising effects obtained according to the works of literature and also as part of our ongoing research
survey, in this work, chalcone derivatives (Scheme 1) were investigated in their CAs and AChE inhibition as well
as molecular docking was applied.

MATERIAL and METHOD
Chemistry

H NMR (400 MHz) spectra in DMSO-ds (Merck) were taken using Varian Mercury Plus spectrometer, Varian Inc.,
Palo Alto, California, U.S. 9100/TA9100 instrument (Bibby Scientific Limited, Staffordshire, UK) was used to
determine melting points. Reactions were monitored by Thin Layer Chromatography (TLC) using silica gel HF254
(Merck Art 5715).

General synthesis procedure of 1-21, Scheme 1

To the mixture of 4-methoxyacetophenone (1 m mol) and a suitable aldehyde (1 m mol) in EtOH (20 m1), NaOH (in
aqua 10%, 4 ml) was added. The contents of the flask were stirred at room temperature for 24 hours. The formed
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substance is poured into cold water (100 ml) and then HCI (in aqua 10%, w v-1) was added until mixture
neutralized. The solid formed was filtered and washed with water. HoO / Ethanol mixture was used for
crystallization (Tugrak et al., 2016; Tugrak et al., 2017; Tugrak et al., 2018) (Scheme 1)

O 0

CH; + HJKAI'
H4CO ﬂ :

H,CO
1-21

Ar: 12= 2,3-Dimethoxyphenyl
13= 2,3,4-Trimethoxyphenyl
14= 2,4,5-Trimethoxyphenyl
15= 3,4,5-Trimethoxyphenyl
16= 3-Bromophenyl
17= 3-Hydroxy-4-methoxyphenyl
18= Thiophenone-2yl
19= Benzyloxyphenyl
20= Naphthalen-2-yl
21= Benzold][1,3]dioxol-5-yl

Ar: 1= Phenyl

2= 4-Methylphenyl
3= 4-Methoxyphenyl
4= 4-Chlorophenyl
5= 4-Bromophenyl
6= 4-Fluorophenyl
7= 2-Chlorophenyl
8= 3-Chlorophenyl
9= 2-Fluorophenyl
10= 3-Fluorophenyl

Reagents: (i) 10% 11= 2,4-Dimethoxyphenyl

NaOH, EtOH, r.t., 24 h
Scheme 1 Synthesis of the compounds 1-21
Sema 1 Bilesik 1-211n sentezi

(B)-1-(4-Methoxyphenyl)-3-phenylprop-2-en-1-one (1)

Yield: 90%. m. p.: 98-100°C, Lit m. p.: 99-102°C (Shinichi et al., 1990). tH-NMR (CDCls) § 8.04 (d, 2H, J= 8.8 Hz,
Ar-H), 7.80 (d, 1H, J= 15.7 Hz, =CH), 7.65-7.63 (m, 2H, Ar-H), 7.54 (d, 1H, J= 15.7 Hz, =CH), 7.43-7.37 (m, 3H,
Ar-H), 6.98 (d, 2H, J= 8.8 Hz, Ar-H), 3.89 (s, 3H, CH30)

(B)-1-(4-Methoxyphenyl)-3-(p-tolyl)-prop-2-en-1-one (2)

Yield: 88%. m. p.: 96-98°C, Lit m. p.: 95-97°C (Umesha et al., 2015). tH-NMR (CDCls) § 8.03 (d, 2H, J= 8.8 Hz, Ar-
H), 7.78 (d, 1H, J= 15.6 Hz, =CH), 7.55-7.48 (m, 3H, Ar-H, =CH), 7.25-7.21 (m, 2H, Ar-H), 6.98 (d, 2H, J= 8.8 Hz,
Ar-H), 3.88 (s, 3H, CHs0), 3.85 (s, 3H, CHs0)

(B)-1,3-Bis(4-methoxyphenyl)-prop-2-en-1-one (3)

Yield: 91%. m. p.: 96-98°C, Lit m. p.: 99°C (Vaidya et al., 2012). tH-NMR (CDCls) § 8.03 (d, 2H, /= 8.8 Hz, Ar-H),
7.78 (d, 1H, J=15.5 Hz, =CH), 7.60 (d, 2H, J/= 8.8 Hz, Ar-H), 7.43 (d, 1H, J= 15.5 Hz, =CH), 6.99-6.92 (m, 4H, Ar-
H), 3.88 (s, 3H, CH30), 3.85 (s, 3H, CH30)

(B) 1-(4-Methoxyphenyl)-3-(4-chlorophenyl)-prop-2-en-1-one (4)

Yield: 90%. m. p.: 112-114°C, Lit m. p.: 115°C (Vaidya et al., 2012). 'H-NMR (CDCls) § 8.03 (d, 2H, J= 8.7 Hz, Ar-
H), 7.74 (d, 1H, J= 15.6 Hz, =CH), 7.58-7.49 (m, 3H, Ar-H, =CH), 7.38 (d, 2H, J= 8.7 Hz, Ar-H), 6.98 (d, 2H, Ar-H,
J=8.8 Hz), 3.89 (s, 3H, CH30)

(B) 1-(4-Methoxyphenyl)-3-(4-bromophenyl)-prop-2-en-1-one (5)

Yield: 85%. m. p.: 155-156°C, Lit m. p.: 152-154°C (Bale et al., 2018). 'H-NMR (CDClIs) § 8.03 (d, 2H, J= 8.8 Hz, Ar-
H), 7.72 (4, 1H, J=15.6 Hz, =CH), 7.55-7.48 (m, 5H, Ar-H, =CH), 6.98 (d, 2H, J= 8.8 Hz, Ar-H), 3.89 (s, 3H, CHs0)
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(&) 1-(4-Methoxyphenyl)-3-(4-fluorophenyl)-prop-2-en-1-one (6)

Yield: 80%. m. p.: 113-115°C, Lit m. p.: 115-118°C (Kumar et al., 2012). 'H-NMR (CDCls) § 8.04 (d, 2H, J= 8.8 Hz,
Ar-H), 7.76 (d, 1H, J=15.6 Hz, =CH), 7.65-7.61 (m, 2H, Ar-H), 7.47 (d, 1H, J = 15.6 Hz, =CH), 7.13-7.08 (m, 2H,
Ar-H), 6.94 (d, 2H, J= 8.8 Hz, Ar-H), 3.89 (s, 3H, CH;0)

(B 1-(4-Methoxyphenyl)-3-(2-chlorophenyl)-prop-2-en-1-one (7)

Yield: 81%. m. p.: 117-119°C, Lit m. p.: 118- 120°C (Kazi et al., 2017). tH-NMR (CDCls) § 8.04 (d, 2H, J= 8.8 Hz,
Ar-H), 7.76 (d, 1H, J= 15.6 Hz, =CH), 7.65-7.61 (m, 2H, Ar-H), 7.47 (d, 1H, J= 15.6 Hz, =CH), 7.13-7.08 (m, 2H,
Ar-H), 6.94 (d, 2H, J= 8.8 Hz, Ar-H), 3.89 (s, 3H, CH30)

(B) 1-(4-Methoxyphenyl)-3-(3-chlorophenyl)-prop-2-en-1-one (8)

Yield: 82%. m. p.: 95-97°C, Lit m. p.: 97-99°C (Abdel-Halim et al., 2013). tH-NMR (CDCls) § 8.04 (d, 2H, J= 8.8 Hz,
Ar-H), 7.75 (d, 1H, J= 15.8 Hz, =CH), 7.62-7.47 (m, 2H, Ar-H, =CH), 7.35 (d, 2H, J= 8.9 Hz, Ar-H), 7.08-6.97 (m,
2H, Ar-H), 6.83 (d, 1H, J= 8.8 Hz, Ar-H), 3.89 (s, 3H, CH30)

(B) 1-(4-Methoxyphenyl)-3-(2-fluorophenyl)-prop-2-en-1-one (9)

Yield: 80%. m. p.: 100-102°C, Lit m. p.: 105-106°C (Choi et al., 2015). tTH-NMR (CDCls) § 8.04 (d, 2H, J/= 8.8 Hz,
Ar-H), 7.98 (d, 1H, J= 15.9 Hz, =CH), 7.66 (d, 1H, J= 15.9 Hz, =CH), 7.62-7.35 (m, 1H, Ar-H), 7.21-7.10 (m, 2H,
Ar-H), 6.97 (d, 1H, J= 8.9 Hz, Ar-H), 3.89 (s, 3H, CH50)

(B) 1-(4-Methoxyphenyl)-3-(3-fluorophenyl)-prop-2-en-1-one (10)

Yield: 85%. m. p.: 100-102°C, Lit m. p.: 104.5-105.5 °C (Roman et al., 2015). 'H-NMR (CDCls) § 8.04 (d, 1H, J= 8.8
Hz, Ar-H), 7.77 (d, 2H, J= 8.8 Hz, Ar-H), 7.53 (d, 1H, J= 15.6 Hz, =CH), 7.40-7.35 (m, 1H, Ar-H), 7.16-7.10 (m,
2H, Ar-H, =CH), 6.98 (d, 1H, J= 8.9 Hz, Ar-H), 6.83 (d, 2H, J= 8.8 Hz, Ar-H), 3.89 (s, 3H, CHs0)

(B) 1-(4-Methoxyphenyl)-3-(2,4-dimethoxyphenyl)-prop-2-en-1-one (11)

Yield: 91%. m. p.: 85-87°C, Lit m. p.: 82°C (Bandgar et al., 2010). 'TH-NMR (CDCls) § 8.06-8.01 (m, 3H, Ar-H, =CH),
7.58-7.53 (m, 2H, Ar-H, =CH), 6.97 (d, 2H, J= 8.8 Hz, Ar-H), 6.54-6.47 (m, 2H, Ar-H), 3.90 (s, 3H, CH30), 3.88 (s,
3H, CHs0), 3.85 (s, 3H, CH30)

(B) 1-(4-Methoxyphenyl)-3-(2,3-dimethoxyphenyl)-prop-2-en-1-one (12)

Yield: 86%. m. p.: 100-102°C, Lit m. p.: 99.0-99.5°C (Wu et al., 2011). 'H-NMR (CDCls) § 8.10-8.03 (m, 3H, Ar-H,
=CH), 7.61 (d, 2H, J=15.8 Hz, =CH), 7.29-7.25 (m, 2H, Ar-H), 7.13-7.06 (m, 1H, Ar-H), 6.98 (d, 2H, J= 8.8 Hz, Ar-
H), 3.90 (s, 3H, CH30), 3.89 (s, 3H, CH30), 3.88 (s, 3H, CHs0)

(B)-1-(4-Methoxyphenyl)-3-(2,3,4-trimethoxyphenyl)-prop-2-en-1-one (13)

Yield: 85%. m. p.: 91-92°C, Lit m. p.: 94°C (Russell, 1934). 1H-NMR (CDCls) § 8.03 (d, 2H, Ar-H, /= 8.8 Hz), 7.97
(d, 1H, J= 15.8 Hz, =CH), 7.57 (d, 1H, J= 15.8 Hz, =CH), 7.38 (d, 1H, J= 8.8 Hz, Ar-H), 6.98 (d, 2H, J= 8.8 Hz,
Ar-H), 6.72 (d, 1H, J= 8.8 Hz, Ar-H), 3.94 (s, 3H, CH30), 3.91 (s, 3H, CH50), 3.90 (s, 3H, CH;30), 3.89 (s, 3H, CH50)

(B)-1-(4-Methoxyphenyl)-3-(2,4,5-trimethoxyphenyl)-prop-2-en-1-one (14)

Yield: 86%. m. p.: 120-122°C, Lit m. p.: 124°C (Roman et al., 2015). 'H-NMR (CDCls) § 8.04 (d, 1H, =CH, J=15.5
Hz), 7.93 (d, 2H, J= 8.8 Hz, Ar-H),7.48 (d, 1H, J= 15.7 Hz, =CH), 6.84 (s, 1H, Ar-H), 6.77 (d, 2H, J= 8.8 Hz, Ar-
H), 6.21 (s, 1H, Ar-H), 3.80 (s, 6H, 2 x CH30), 3.75 (s, 3H, CH30), 3.57 (s, 3H, CH30)

(B)-1-(4-Methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)-prop-2-en-1-one (15)

Yield: 81%. m. p.: 132-134°C, Lit m. p.: 131.1-132.5°C (Kovar et al., 2020). 'H-NMR (CDCls) § 8.03 (d, 2H, Ar-H, J
=8.8Hz), 7.71(d, 1H, J=15.6 Hz, =CH), 7.42 (d, 1H, J=15.6 Hz, =CH), 6.98 (d, 2H, J= 8.8 Hz, Ar-H), 6.86 (s, 2H,
Ar-H), 3.92 (s, 6H, 2xCH;30), 3.90 (s, 3H, CH30), 3.89 (s, 3H, CH30)

(B) 1-(4-Methoxyphenyl)-3-(3-bromophenyl)-prop-2-en-1-one (16)

Yield: 75%. m. p.: 121-123°C, Lit m. p.: 126°C (Patil et al., 2007). '"H-NMR (CDCls) § 7.72 (d, 2H, J= 8.8 Hz, Ar-H),
7.32-7.26 (m, 1H, Ar-H, =CH), 7.18-7.11 (m, 4H, Ar-H, =CH), 6.98 (d, 1H, J= 8.9 Hz, Ar-H), 6.83 (d, 2H, J= 8.8 Hz,
Ar-H), 3.89 (s, 3H, CH30)
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(B) 1-(4-Methoxyphenyl)-3-(3-hydroxy-4-methoxyphenyl)-prop-2-en-1-one (17)

Yield: 70%. m. p.: 148-150°C, Lit m. p.: 150-152°C (Raghavan et al., 2015). 'H-NMR (DMSO-ds) § 9.12 (bs, OH),
8.13 (d, 2H, /= 8.8 Hz, Ar-H), 7.69 (d, 1H, /= 15.4 Hz, =CH), 7.58 (d, 1H, J= 15.4 Hz, =CH), 7.32-7.27 (m, 2H, Ar-
H), 7.07 (d, 2H, J= 8.8 Hz, Ar-H) 6.98 (d, 1H, J= 8.3 Hz, Ar-H), 3.86 (s, 3H, CH;50), 3.83 (s, 3H, CH50)

(B)-1-(4-Methoxyphenyl)-3-(thiophen-2-yl)-prop-2-en-1-one (18)

Yield: 72%. m. p.: 103-105°C, Lit m. p.: 106-107°C (Shibata et al., 1991). tH-NMR (CDCls) § 8.02 (d, 2H, /= 8.8 Hz,
Ar-H), 7.93 (d, 1H, J=15.3 Hz, =CH), 7.41-7.33 (m, 3H, Ar-H, =CH), 7.09-7.07 (m, 1H, Ar-H), 6.98 (d, 2H, J= 8.8
Hz, Ar-H), 3.89 (s, 3H, CHs0)

(B) 1-(4-Methoxyphenyl)-3-(4-(benzyloxy)phenyl)-prop-2-en-1-one (19)

Yield: 76%. m. p.: 132-133°C, Lit m. p.: 135-137°C (Bale et al., 2018). 'H-NMR (CDCls) § 8.03 (d, 2H, J= 8.8 Hz, Ar-
H), 7.84 (d, 1H, J= 8.8 Hz, Ar-H), 7.77 (d, 1H, J= 15.3 Hz, =CH), 7.59 (d, 2H, J= 8.8 Hz, Ar-H), 7.45-7.34 (m, 6H,
Ar-H, =CH), 7.09-6.96 (m, 3H, Ar-H), 5.11 (s, 2H, OCHy), 3.88 (s, 3H, CH30)

(B)-1-(4-Methoxyphenyl)-3-(naphthalen-2-yl)-prop-2-en-1-one (20)

Yield: 84%. m. p.: 151-152°C, Lit m. p.: 155°C (Mai et al., 2014). 1H-NMR (CDCls) § 8.65 (d, 1H, J= 15.4 Hz, =CH),
8.27 (d, 1H, J= 8.0 Hz, Ar-H), 8.09 (d, 2H, J = 8.9 Hz, Ar-H), 7.93-7.88 (m, 3H, Ar-H), 7.65-7.50 (m, 4H, Ar-H,
=CH), 6.98 (d, 2H, J= 8.9 Hz, Ar-H), 3.89 (s, 3H, CH50)

(&) 1-(4-Methoxyphenyl)-3-(benzold][1,3]dioxol-5-y])-prop-2-en-1-one (21)

Yield: 78%. m. p.: 132-133°C, Lit m. p.: 134-135°C (Schwartz et al., 1977). tH-NMR (CDCls) § 8.02 (d, 2H, J= 8.8
Hz, Ar-H), 7.72 (d, 1H, J= 15.5 Hz, =CH), 7.38 (d, 1H, J= 15.5 Hz, =CH), 7.17-7.10 (m, 2H, Ar-H), 6.97 (d, 2H, J=
8.8 Hz, Ar-H), 6.84 (d, 1H, J/= 8.0 Hz, Ar-H), 6.02 (s, 2H, OCH:20), 3.88 (s, 3H, CHs0)

PHARMACOLOGICAL/BIOLOGICAL ASSAYS
AChE inhibition study

The effects of compounds on AChE enzyme were investigated. Two substrates which are 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB) and acetylcholiniodate (AChI) were used in the inhibition tests. In addition, Tris / HCI
(100 ml, 1M, pH = 8) buffer was used in this method for AChE enzyme. The final volume was completed to 100 uL
and changes in the absorption were followed at 412 nm. The ICs0 values of the compounds were calculated via
activity (%) versus compounds concentration plots (Tugrak et al., 2021c, Yurt et al., 2024; El-Sayed et al., 2019).

hCA Inhibition studies

Human CA isoforms (hCA I and hCA II) were isolated using the sepharose - 4B-L- tyrosine sulfanilamide affinity
segregation process, as previously reported. Protein concentrations were measured using the Bradford method at
595 nm. The compounds' inhibitory effects were studied by measuring esterase activity in accordance with
Verpoorte et al., as described in prior investigations. The hCA activity was evaluated by monitoring the conversion
of the p-nitrophenyl acetate substrate to p-nitrophenolate at 348 nm using a spectrophotometer (UV-VIS
Spectrophotometer, UV mini-1240, Shimadzu Corporation). Acetazolamide (AZA) was utilized as the control
medication. (Kocyigit et al., 2017; Bradford, 1976; Verpoorte et al., 1967; Guney et al., 2014; Tugrak et al., 2020;
Tugrak et al., 2021a; Tugrak et al., 2021b).

Computation Method

In this study, in silico docking analyses were performed using the AutoDock Vina (Trott et & Olson, 2010) program.
The molecular structures (1-21) were optimized in their ground state and gas phase employing Density Functional
Theory (DFT) with the B3LYP functional and the 6-311++G(d,p) basis set, utilizing the Gaussian 09W software
package (Frisch et al., 2009). Three-dimensional representations of the optimized structures were generated using
the GaussView program (Dennington et al., 2009), without imposing symmetry constraints.

RESULTS and DISCUSSION
Chemistry

Chalcones 1-21 were synthesized by reacting suitable aldehyde with 4-methoxyacetophenone under alkaline
conditions at room temperature via Claisen-Schmidt Condensation (Scheme 1 and Figure 2). The progress of the
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reaction was monitored by TLC. After the reaction, the mixture was cooled in ice water and acidified with 10% HCI
until pH = 7. The crystals were obtained by crystallization in an ethanol-water mixture. Confirmation of compound
structures was done via melting points and 'H NMR spectra. Experimental part details the chalcones' (1-21)
characterization by 1TH NMR. Chalcones are open chain flavonoids. Chemically they consist of a, B-unsaturated
carbonyl system, and two aromatic rings. They are available in both cis (2) and trans (E) forms. In this work, the
compounds were seen as E isomer on the basis of coupling constants. Olefinic carbon-carbon bond of each chalcone
was established by their large trans coupling constants (<) in the range of 15-16 Hz in the 'H NMR spectra.
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Figure 2 Chemical structure of chalcones used in this study.
Sekil 2 Bu ¢alismada kullanilan salkonlarin kimyasal yapisi

Bioactivity results

The inhibitory effects of 4-methoxychalcone derivatives on hCA I, hCA II, and AChE were investigated in this
study. The ICso values of the chalcones were calculated using Activity (%)-[Chalcone]. The inhibitory data are
compiled in Table 1, alongside those pertaining to acetazolamide (AZA), utilized as a standard inhibitor for both
hCA isoenzymes. To assess the impact of chalcone derivatives (1-21) on the specified metabolic enzymes, the
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subsequent results have been presented:

(i) Physiologically significant hCA I is predominantly present in erythrocytes and is also expressed in normal
colonic mucosa (Mikus et al., 2018). Regarding CA I, all chalcone derivatives (1-21) exhibited ICso values in the low
nanomolar range, specifically between 2.65 pM and 82.33 uM. Among the synthesized chalcone derivatives (1-21),
chalcone 5, with a bromo group in the meta position, exhibited the highest inhibition (ICs0: 2.65 pM), followed by
chalcone 4 (ICs0: 3.08 uM) in comparison to AZA (Table 1). AZA, serving as a positive control and utilized as a
therapeutic medication, exhibited a ICso value of 46.75 uM. The analysis of inhibitory results indicated that
halogenated compounds exhibited greater inhibition. All chalcones exhibited superior hCA I inhibition compared
to AZA, with the exception of compounds 17 (ICso: 82.33), 18 (ICs0: 77.91), 19 (ICs0: 56.62), and 21 (ICso: 48.43).

(ii) The chalcones 1-21 demonstrated ICso values ranging from 2.63 to 74.89 pM against the predominant cytosolic
hCA II isoform (Table 1). Many chalcones were found to have strong inhibitory effects on hCA II isoenzyme. AZA
also revealed an ICso of 38.25 uM against the hCA II isoenzyme. Based on the ICs0 values, compound 13 exhibited
a potency 14.5 times greater than AZA against hCA II. Additionally, compound 20 may be regarded as the second
most powerful drug, exhibiting an ICso value of 6.32 nM against hCA II, as indicated in Table 1. The ICs0 data
indicated that lead compound 13 inhibited hCA II with 7.2 times more selectivity than hCA 1.

Table 1 The enzyme inhibition parameters of the compounds 1-21 against carbonic anhydrase isoenzyme I and II
(CAT, II), acetylcholinesterase (AChE) enzyme

Cizelge 1 Bilesik 1-21'in karbonik anhidraz izoenzim I ve II (CA I, II), asetilkolinesteraz (AChE) enzimine karsi
enzim inhibisyon parametreleri

Compound No  CA-I (ICs0, pM) r2 CA-II (ICs0, pM) r2 AChE (ICso, pM) r2

1 24.0 0.9522 48.15 0.8423 177.46 0.871
2 28.73 0.94 48.02 0.872 53.72 0.8901
3 6.90 0.9377 64.23 0.8518 18.0 0.9301
4 3.08 0.8704 30.83 0.9899 52.46 0.9158
5 2.65 0.9614 21.98 0.865 15.53 0.9932
6 11.74 0.9925 29.61 0.8914 80.97 0.9144
7 15.10 0.9927 30.97 0.8545 53.47 0.9508
8 12.0 0.9502 26.79 0.8832 70.41 0.9752
9 33.13 0.8865 16.62 0.861 89.95 0.9504
10 9.44 0.8894 48.02 0.8933 81.18 0.8936
11 18.67 0.874 9.37 0.979 143.0 0.8584
12 21.18 0.9164 22.11 0.9577 96.62 0.9829
13 18.99 0.8133 2.63 0.974 135.19 0.8858
14 32.69 0.916 52.69 0.8989 160.27 0.8506
15 36.0 0.9556 51.41 0.8415 143.98 0.8804
16 31.85 0.8948 43.69 0.9825 62.88 0.8891
17 82.33 0.9135 74.89 0.9163 61.44 0.9863
18 77.91 0.8144 39.58 0.9945 94.21 0.8325
19 56.62 0.8451 9.38 0.9283 98.73 0.9505
20 24.63 0.86 6.32 0.8576 69.94 0.9759
21 48.43 0.8998 16.58 0.9219 94.81 0.967
AZA 46.75 0.955 38.25 0.833 : .
Tacrine - - - - 25.78 0.989
*TAC: nm

(iii) The AChE inhibitory effects of the synthesized compounds were assessed using Ellman’s technique, consistent
with prior research employing the reference drug tacrine (Ellman et al., 1961). Tacrine, the first AChE inhibitor
used in clinical trials, was withdrawn from the market due to hepatotoxicity. Even while drugs like donepezil,
galantamine, and rivastigmine are available, their efficacy remains poor. As a result, research into new anti-AD
drug possibilities remains popular. Table 1 indicates that the chemicals evaluated exhibited ICso values ranging
from 15.53 to 177.46 uM against the AChE enzyme. Compounds 3 and 5 exhibited significant inhibitory effects
with low ICso values of 18.0 uM and 15.53 uM, respectively. Considering the ICso value, compound 5 was deemed
the most effective acetylcholinesterase inhibitor in the series.
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Molecular Docking

Molecular docking is a computational technique used to predict the interaction between a ligand and a receptor,
often within the context of drug discovery. This approach is frequently used in drug design and discovery because
it helps scientists find possible therapeutic candidates by modeling molecular interactions and forecasting how
well a drug might attach to its target. In order to further the development of therapeutic drugs, scientists can
optimize the design of novel compounds with enhanced efficacy, selectivity, and decreased adverse effects by
examining these interactions (Karagac et al., 2024; Demir Y, 2020). It involves simulating how a small molecule,
such as a drug candidate, fits into the active site of a target protein, evaluating binding affinity and potential
interactions. By predicting how well the molecule binds and interacts with the protein, docking helps in identifying
promising drug candidates before experimental testing (Erdogan et al., 2024; Demir et al., 2024). The process
typically employs algorithms to explore the conformational space of both the ligand and the receptor, aiming to
identify the most energetically favorable binding pose. Scoring functions are integral to docking, quantifying the
strength of interactions such as hydrogen bonding, hydrophobic effects, and electrostatic forces. Advances in
molecular docking have incorporated machine learning to improve accuracy, though challenges such as receptor
flexibility and water-mediated interactions remain significant. This method continues to play a crucial role in
streamlining the drug discovery process, reducing the cost and time associated with experimental screening (Taylor
et al., 2002; Ferreira et al., 2015; Meng et al., 2011). At this stage of the study, the molecular docking or
interactions of 1-21 molecules with hCA I (PDB: 2CAB), hCA II (PDB: 5AML), and AChE (PDB: 1EVE) targets
were examined with the help of Autodock Vina (Trott et & Olson, 2010), a free program that allows its users. First
of all, molecules 1-21 were quantitatively optimized using DFT/B3LYP theory/functional and 6-311++G (d,p) basis
set with the help of Gaussian 09W package program (Frisch et al., 2009) and Gauss View 5.0 interface (Dennington
et al., 2009) programs. Based on both experimental and theoretical results, the three-dimensional optimization
structures of only compounds 5 and 13 were given in Figure 3. The sum of electronic and zero-point energies for
these compounds were calculated as -3325.54720857 and -1106.02428896 a.u, respectively.

The ligands (1-21) were subsequently converted into PDB and PDBQT formats, with all ligand-related processes
conducted using the Discovery Studio Visualizer 4.0 (DSV 4.0) software (Scientific Software). Based on
experimental protocols and relevant literature, the target proteins selected for this study were hCA I (PDB ID:
2CAB) (Kannan et al., 1984; Mahmudov et al., 2022), hCA II (PDB ID: 5AML) (Mahmudov et al., 2022; Ivanova et
al., 2015), and AChE (PDB ID: 1EVE) (Mahmudov et al., 2022; Kryger et al., 1999). The three-dimensional PDB
structures of these receptors were obtained from the RCSB Protein Data Bank (PDB) (Protein Data Bank).
Similarly, heteroatoms present in the three target proteins were removed using Discovery Studio Visualizer 4.0
(DSV 4.0) (Scientific Software). Polar hydrogen atoms and their corresponding charges were subsequently added,
and the processed data were saved again in PDB and PDBQT formats. To enhance the precision of the docking
analysis, the active sites and key residues of the target proteins were identified as follows: HIS119, HIS96, and
HIS94 for hCA I (PDB ID: 2CAB); THR200, THR199, LEU198, PHE131, VAL121, HIS119, HIS96, HIS94, GLN92,
ASN67, and ASN62 for hCA II (PDB ID: 5AML); and HIS440, PHE330, GLU327, TRP279, SER200, and TRP84
for AChE (PDB ID: 1EVE) (Mert et al., 2025). To 1ncorp0rate these active zones, the following grid parameters
were developed: 40 x 40 x 40 As x, y, z dimensions, 0.375 A space and 39.041, - 10.534, 10.394 x, y, z centers for
hCA I/PDB: 2CAB; 32 x 40 x 32 A3 x, y, z dimensions, 0.375 A space and -5.915, 5.359, 16.391 x, y, z centers for
hCA II / PDB: 5AML; 44 x 44 x 38 A3 X, y, z dimensions, 0.375 A space and -0.39, 63.448, 67.71 x, y, z centers for
AchE / PDB: 1EVE (Mert et al., 2025). Among the tested ligands, compound 5 demonstrated the strongest binding
affinity to hCA I (-8.0 kcal mol!) and AChE (-7.0 kcal mol?), while compound 18 exhibited the highest binding
affinity to hCA II (-8.1 kcal mol ). The binding modes and interactions of these compounds were visualized to
elucidate key stabilizing interactions such as hydrogen bonds and hydrophobic effects. Detailed molecular docking
results for all compounds are presented in Table 2, highlighting the varying affinities across the three targets. The
findings reveal that the compounds exhibit diverse binding profiles, with compounds 5 and 13 emerging as potent
inhibitors, hence the interactions between these molecules and their respective proteins were given in Figures. 4-
6. Figure 4 illustrates the docking pose and molecular interactions of ligand 5 with human carbonic anhydrase
isozyme I (hCA D). Panel (a) provides a three-dimensional visualization of ligand 5 within the active site of hCA I,
highlighting its strategic positioning to interact with critical residues. Panel (b) offers a detailed two-dimensional
interaction map, showcasing the specific types of interactions. Ligand 5 forms hydrogen bonds with GLN92 and
HIS119, which play a pivotal role in stabilizing the ligand-protein complex.
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&)

Figure 3 The optimized structures of 5 (a) and 13 (b) molecules.
Sekil 3 5 (a) ve 13 (b) molekiillerinin optimize edilmis yapilari.

Additionally, Pi - Pi stacking interactions with HIS94 and HIS200, and alkyl interactions with LEU198, contribute
to the compound's binding stability. The close proximity of ligand 5 to the catalytic zinc ion suggests potential
competitive inhibition, rendering it a potent inhibitor of hCA T activity. This comprehensive interaction profile
underscores ligand 5's high binding affinity (-8.0 kcal mol!) as reported in the docking analysis, confirming its
potential as a selective inhibitor. Figure 5 demonstrates the binding interaction of ligand 13 within the active site
of hCA II. In panel (a), the three-dimensional docking visualization highlights the ligand's orientation relative to
the catalytic pocket. Panel (b) elaborates on the molecular interactions, showing critical hydrogen bonds with
residues such as GLN92 and THR200. These interactions are complemented by carbon hydrogen bonds with HIS94
and van der Waals interactions with VAL121 and LEU198, ensuring ligand stability within the active site. m-donor
hydrogen bonding and m-Sigma interactions with THR200 further enhance binding specificity. The reported
binding affinity of ligand 13 (-8.1 kcal mol!) aligns with these interactions, confirming its superior inhibitory
potential against hCAII compared to other compounds in the study. The high specificity and stability of ligand 13
make it a promising candidate for targeting hCA II-related pathologies. Figure 6 presents the molecular docking
results of ligand 5 with acetylcholinesterase (AChE). Panel (a) shows the ligand's three-dimensional positioning
within the enzyme's active site, while panel (b) provides a detailed interaction map. Ligand 5 forms n-m stacking
interactions with TRP84 and PHE330, which are critical for substrate recognition and inhibition. Additional
hydrogen bonds with HIS440 and van der Waals interactions with GLU199 and ILE444 further stabilize the ligand
within the catalytic pocket. The compound also engages in alkyl interactions with TYR334, contributing to its
binding affinity. The docking score of ligands 5 (-7.0 kcal mol!) reflects these diverse and strong interactions,
demonstrating its potential as an effective AChE inhibitor. These results support the hypothesis that ligand 5 may
act as a competitive inhibitor, interfering with substrate binding and enzymatic activity.
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Table 2 Molecular docking scores of 1-21 compounds.
Cizelge 2 1-21 bilesiklerin molekiiler yerlestirme puanliari.

hCA I1/PDB: 2CAB + hCA II/ PDB: 5AML + AChE/PDB: 1EVE +
Compounds ligands ligands ligands
Affinity Affinity Affinity
(kcal mol) (kcal mol 1) (kcal mol?)
1 -6.8 -6.6 -6.9
2 -7.0 -6.8 6.7
3 -6.7 -6.8 -6.6
4 -6.4 -6.5 -6.7
-8.0 -6.6 -7.0
5 Ki =1.36759 uM Ki =7.39542 yM
H.B=1 H.B=0
6 -7.3 -6.5 -6.5
7 -6.7 -6.8 -6.5
8 -6.9 -6.9 -6.4
9 -7.0 -6.8 -5.9
10 -6.8 -7.0 -6.8
11 -6.2 -6.8 -6.9
12 -7.0 -7.3 -6.9
-6.6 -8.1 -6.9
13 Ki =1.1552 pM
H.B=1
14 -5.9 -6.7 -6.0
15 -6.1 6.1 -6.4
16 -7.0 -7.1 -6.9
17 -6.4 -6.5 -6.3
18 -6.1 -6.4 -5.8
19 -6.7 -7.4 -6.9
20 -7.9 -7.9 -6.8
21 -7.9 -7.7 -6.9

Ki: Inhibition constant
H. B: Hydrogen Bonding

Figure 4 The localization of the molecule to the active site of the protein 2CAB (a) and 2D (b) molecular docking
results for compound 5 and PDB: 2CAB.

Sekil 4 Molekiiliin protein 2CAB'nin aktif bélgesine lokalizasyonu (a) ve 2D (b) bilesik 5 ve PDB:2CAB i¢in
molektiler yerlestirme sonuglari
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Figure 5 The localization of the molecule to the active site of the protein 5AML (a) and 2D (b) molecular docking
results for compound 13 and PDB: 5AML.

Sekil 5 Molekiiliin protein SAML'nin aktif bélgesine lokalizasyonu (a) ve 2D (b) bilesik 13 ve PDB: 5AML i¢in
molektiler yerlestirme sonuglari

Figure 6 The localization of the molecule to the active site of the protein 1EVE (a) and 2D (b) molecular docking
results for compound 5 and PDB: 1EVE.

Sekil 6 Molekiiliin protein 1EVE'nin aktif bolgesine lokalizasyonu (a) ve 2D (b), bilesik 5 ve PDB: 1EVE igin
molektiler yerlestirme sonuglari

CONCLUSION

In conclusion, chalcone derivatives were successfully produced with high yields and they were evaluated for their
inhibitory potentials on the hCA I, hCA II, and AChE enzymes. The computational evaluation of current enzyme
inhibitors and molecular docking analysis was also performed. According to the ICso values, compound 5 and
compound 13 were 17.6 and 14.5 times more potent than the reference acetazolamide against hCA I and hCA II,
respectively. Compound 5 significantly inhibited AChE at micromolar doses. The inhibitory potential of the newly
synthesized compounds (1-21) against hCA I (PDB: 2CAB), hCA II (PDB: 5AML), and AChE (PDB: 1EVE) was
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evaluated through in silico molecular docking simulations utilizing the AutoDock Vina platform. Compound 5
showed the highest docking score for hCA I (-8.0 kcal mol™?) and AChE (-7.0 kcal mol™), indicating a favorable
interaction with key catalytic residues such as HIS119, HIS94, and HIS96 in hCA I, and TRP84 and PHES330 in
AChE. Compound 13 displayed the best docking score for hCA II (-8.1 kcal mol ), interacting with critical residues
GLN92, THR200, and HIS94, suggesting a strong stabilizing effect within the enzyme’s active site. These results
demonstrate that the halogen and methoxy substituents in compounds 5 and 13 likely contribute to their enhanced
enzyme-ligand interactions, hydrogen bonding potential, and overall stability within the binding pocket.
Additionally, the agreement between computational predictions and experimental IC50 values highlights the
reliability of molecular docking as a predictive tool. A strong concordance between the computational predictions
and experimental data was observed, underscoring the reliability of the applied approach. These findings indicate
that these compounds, alongside existing market agents, hold significant promise as inhibitors targeting AChE,
hCA I, and hCA II proteins. Overall, prospective investigations have identified possible compounds 5 and 13 for
CAs and compound 5 for AChE. Compounds 5 and 13 can be considered as remarkable candidates for further
studies. Inother words, given their potent inhibition profiles, compounds 5 and 13 are strong candidates for further
optimization and preclinical evaluation in the development of novel inhibitors targeting carbonic anhydrase and
acetylcholinesterase-related disorders. At the same time, compounds synthesized by molecular modifications can
be supported by in vivo studies in future studies.
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