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Abstract - The molecular structures of the lowest-energy conformers of donepezil (CasH2sNOs), rivastigmine
(C14H22N205), and galantamine (Ci7H2:NOs), which are extensively used in Alzheimer's disease and other memory
disorders, were identified using the Spartan06 program and the MMFF method. The optimized geometries, obtained with
the same method, were used as initial data in molecular docking investigations with the Acetylcholinesterase enzyme.
The binding modes, binding affinities, and interactions were comparatively determined as consequence of the
calculations.
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1. Introduction

Alzheimer's disease is a common cause of cognitive impairment acquired in middle age and
old age. However, age alone is not a major risk factor for this disease. Presence of one or more
apolipoprotein gene E4 alleles (APOE4), severe traumatic brain injuries and cardiovascular factors
are also important risk factors for Alzheimer's disease [1]. Apathy, anxiety and irritability are the
most prominent neuropsychiatric symptoms in this disease. Symptoms that occur after dementia are
appetite and sleep disturbances, disinhibition, hallucinations, or thought changes [2]. Brain
tomography allows the detection of moderate and severe amyloid deposition in the brain [3].

Alzheimer's disease is also biologically characterized by the presence of plaques containing
beta-amyloid and neurofibrillary tangles containing the tau gene or tau protein. Neurodegenerative
diseases are characterized by the degeneration of some nerve cells by developing filamentous
inclusions [4, 5]. The filamentous inclusions are found in diseases such as Alzheimer's disease,
corticobasal degeneration, types of dementia head syndrome, Down syndrome, Parkinsonism, and
Pick’s disease. Normal aging contains hyperphosphorylated microtubule-associated tau protein, these
diseases are known as taupathies [6, 7].

The name of a neurodegenerative disease, that occurs with abnormal tau protein accumulation
in the brain, is taupathies [8,9]. The pathophysiologically important proteins in Alzheimer's disease
are tau proteins [10]. Pick's disease, advanced paralysis, and corticobasal degeneration are tau
pathologies [11]. Amyloid deposition in the brain is thought to begin 10-20 years before clinical
symptoms appear [12]. In the dementia disease practice guide of the American Academy of
Neurology, it is stated that it is possible to treat mild and moderate Alzheimer's patients with
acetylcholinesterase inhibitors [13]. The ertorhinal cortex is the primary source of information flow
to the hippocampus. Granule cells are involved in this cortex [14]. There is an exchange of signals
between the ertorhinal cortex and the hippocampus [15]. The decrease in entorhinal cortex volume is
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associated with Alzheimer's disease. The entorhinal cortex is associated with the cognitive disorder
schizophrenia [16]. Memory loss occurs due to memory and spatial learning function. The
hippocampus is a region in the medial temporal lobe of the brain that plays an important role in
memory and navigation and influences particularly short-term memory [17-18].

The most used cholinergic neuronal markers are choline acetyltransferase (ChAT) and
acetylcholinesterase (AChE) and their loss is one of the most consistent neurotransmitter changes
found in the brain of Alzheimer's patients [19-23]. Alzheimer's disease is expressed as the loss of
learning and memory abilities in the elderly population [24]. The enzyme acetylcholinesterase
(AChE) plays an important role in the hydrolysis of the neurotransmitter acetylcholine, and because
of this feature, it is the therapeutic target of most drugs used in the treatment of Alzheimer's disease
[25]. Since the exact mechanism of this disease is unknown, its treatment is still not possible. AChE
is an enzyme that catalyzes the hydrolysis of a chemical bond. This enzyme enables the development
of mechanism-based inhibitors [26, 27]. It inhibits B-amyloid-induced damage and cytokine release
from cell free radical toxicity [28].

Increasing the level of acetylcholine in the brain using acetylcholinesterase inhibitors is an
important approach to treat this disease [29]. Various AChE inhibitors are under investigation for the
treatment of Alzheimer's disease. AChE inhibitors such as tacrine, donezepil, rivastigmine, and
galantamine have been approved by the Food and Drug Administration in the United States [30].
Among other strategies not explored, monoamine oxidase inhibitors have also been proposed for the
treatment of AD [29].

Acetylcholinesterase (AChE) is a carboxylesterase enzyme secreted from muscle and
primarily found at postsynaptic neuromuscular junctions, especially in muscles and nerves. Its
altereted activity is caused to some congenital and acquired diseases [31]. Sudden blockade of AChE
is lethal, and its gradual loss is associated with progressive deterioration of cognitive, autonomic, and
neuromuscular functions, as in Alzheimer's disease, multiple system atrophy, and other conditions
[32]. It immediately hydrolyzes a neurotransmitter acetylcholine (ACh) and breaks it down into acetic
acid and choline [32]. The primary role of AChE is to prevent ACh dispersal and activation of nearby
receptors, in order to terminate neuronal transmission and signaling between synapses. It also plays
arole in neural development [32]. Organophosphorus compounds such as pesticites and nerve agents
are AChE inhibitors. Since the 1990s, AChE inhibitors have been known to provide some benefits
for Alzheimer's disease [33]. Inhibition of AChE reduces the breakdown of ACh and as a result ACh
accummulates. This accumulated ACh leads to increased stimulation of muscarinic and nicotinic
receptors, resulting in some therapeutic relief for memory deficits in Alzheimer's disease [34] Thus
Acetylcholinesterase (AChE) is an important target for symptomatic improvement in Alzheimer’s
disease (AD) [35].

The microtubule-associated protein tau is one of the major pathophysiologically relevant
proteins in Alzheimer's disease [36]. Tau pathology is the underlying cause of a variety of sporadic
and genetic illnesses. These are referred to as tauopathies. The spectrum of tau pathologies includes
Pick's disease, progressive supranuclear palsy, and corticobasal degeneration [37, 38]. Emerging
pathologies include primary age-related taupathies, including globular glial taupathies, chronic
traumatic encephalopathy, and aging-related tau astrogliopathy [39]. Clinical symptoms include
frontotemporal dementia, corticobasal syndrome, Richardson syndrome, parkinsonism, and rarely
motor neuron symptoms [40, 41].

Today, some special molecules are used in treatment of this disease. These molecules are
donepezil (C24H29NOQ3), rivastigmine (C14H22N202) and galantamine (C17H21NOs). Since Alzheimer's
disease is not a reversible disease, treatment is provided only by using acetylcholinesterase inhibitor
drugs such as donepezil, rivastigmine and galantamine to stop or reduce the progression of the disease
[42, 43].
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The development of donepezil began in 1983 at the Japanese pharmaceutical company Eisai
[44]. The active ingredient was first approved in the USA in 1996. Generics with the active ingredient
donepezil have been on the market since 2010 [45, 46]. In the treatment of Alzheimer's disease in
which cholinergic neurons are deficient, it works with the principle of operating the decreased
acetylcholine amount more effectively by inhibiting the acetylcholinesterase enzyme, which is the
enzyme that breaks down acetylcholine [47]. At the same time Donepezil is a medicine that most
commonly prescribed for the treatment of Alzheimer's disease. Functional studies have shown that
donezepil conditions slow the progression of mild-to-moderate Alzheimer's disease [48, 49].

Rivastigmine is used to treat dementia in persons with Alzheimer's disease (a brain ailment
that affects the ability to remember, think effectively, communicate, and perform daily activities, as
well as mood and personality changes) [50]. Rivastigmine belongs to the cholinesterase inhibitors
group of drugs and it improves mental function (such as memory and reasoning) in the brain by
increasing the amount of a natural substance [51]. Furthermore, rivastigmine is utilized to treat Lewy
body dementia on occasion [52].

Galantamine is a reversible and selective competitive AchE inhibitor obtained from several
botanical sources. AchE inhibitors have historically been the first line of treatment for Alzheimer's
Disease. Galantamine also has a lower rate of adverse drug responses than other AchE inhibitors
[53,54]. In addition Galantamine is it is also used in the treatment of Alzheimer's, polio, narrow-angle
glaucoma and as an antidote after poisoning [55]. It is currently under investigation for use in the
treatment of alcohol and nicotine addiction, schizophrenia, and cognitive memory disorders [56].

In this study, due to close relation between structure and function of the bioactive molecules,
firstly the conformation analyses were performed on donepezil, rivastigmine, and galantamine
molecules, and their lowest energy conformations were determined. Afterwards, the interaction of the
donepezil, rivastigmine, and galantamine with Acetylcholinesterase enzyme were investigated by in
silico docking simulations, and binding affinities and binding modes were determined.

2. Methods and Calculations

The most stable molecular structures (Figure 1) of donepezil, rivastigmine, and galantamine
molecules were determined using the MMFF method [57] and the Spartan06 [58] program, by
conformational analysis, following by geometric optimization. The optimized molecular structures
were then used as the starting data for docking with the acetylcholinesterase enzyme. The docking
studies were performed by using AutoDock-Vina program [59].

3. Results and Discussions
3.1. Structure

The most stable conformers of donepezil (C2sH20NOs3), rivastigmine (Ci1aH22N202) and
galantamine (C17H21NOs) molecules are shown in Figure 1.
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Figure 1. The most stable conformer of donepezil (a), rivastigmine (b) and galantamine (c).
3.2. Molecular Docking

The crystal structures of Acetylcholinesterase enzyme (PDB ID:1DX4, 4EY4, 4EY7) was
obtained from the protein database [60, 61]. The acetylcholinesterase enzyme was prepared for
docking by removing water molecules and replacing them with polar hydrogens. Its Kollman charges
were computed before the docking study. The partial charges of the donepezil, rivastigmine and
galantamine molecules were assigned by Geisteger method and the active region of
Acetylcholinesterase enzyme was labeled as 40A x 40A x 40A grid.

-
LEUA71

Figure 2. The 3D docked views of the most stable conformer of donepezil in active site of acetylcholinesterase (PDB
ID:1DX4, -7.4 kcal/mol).

The 3D docked views of donepezil, rivastigmine and galantamine were shown in Figures 2-4.

As seen in Figure 2, the donepezil molecule interacted with:

11e82 through pi-sigma interaction with 3.86A length;

Asp160 through pi-anion interaction with 4.14 A length;

Leu471 through 1.83A long hydrogen bond interaction;

With Asp482 through 3.39A long carbon hydrogen bond interaction;

and with Leu496 through an alkyl pi-sigma interaction with a length of 5.47A

The binding affinity was determined to be -7.4 kcal/mol.

In the molecular docking studies of triterpenoid (azadirachtin A) into acetylcholinesterase enzyme
(PDB ID:1DX4) performed by Rodrigues et al., it was found that triterpenoid (azadirachtin A)
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interacted with Tyr71, Gly79, Glu80, Ile82, Trp83, Asn84, Tyr148, Gly149, Gly150, Gly151, Phel52,
Met153, Thrl54, Gly155, Leul59, Tyrl62, Trp321, Tyr324, Phe330, Tyr370, Phe371, Leu479,
His480, Asp482 and Glu485 amino acids of AChE receptor [62].

TYR
A:370

Interactions
[ carben Hydrogen Band I FiPistacked
:' Pi-Sigma :' Pi-Allyl

Figure 3. The 3D docked views of the most stable conformer of rivastigmine in active site of
acetylcholinesterase (PDB ID:1DX4, -7.0 kcal/mol).

As seen in Figure 3, rivastigmine was interacted with;

Trp83 through carbon hydrogen bond interaction with 3.77 A length, pi-pi stacked interaction with
4.28 A length, pi-sigma interactions with 3.72, 3.97 and 4 A length, pi-alkyl interaction with 4.81 A
length;

Tyr370 through pi-pi stacked interaction with 4.45 A length;

and with His480 through a carbon hydrogen bond interaction with a length of 3.32 A (Figure 3).
The binding affinity was calculated as -7.0 kcal/mol.

In the molecular docking studies of Tacrine and Hesperetin molecules into AChE receptor (PDB
ID:1DX4) performed by Kondapalli et al., it was found that Tacrine molecule interacted with Trp83,
Tyr370, His480 amino acids and Hesperetin molecule interacted with Trp83, Thr154, His480 amino
acids of AChE receptor. Our results are in accord with the previous findings [63].

TRP
A:83

RP83 TYR
AB70

TYR370 %
\l

GLU
A:237
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|:| Pi-Pi T-shaped

Figure 4. The 3D docked views of the most stable conformer of galantamine in active site of
acetylcholinesterase (PDB ID:1DX4, -9.7 kcal/mol).

As seen in Figure 4, galantamine molecule was interacted with:

Trp83 through pi-alkyl interaction with 4.74A length;
15
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Glu237 through carbon hydrogen bond interaction with 3.53A length;

and with Tyr370 through a pi-alkyl interaction with a length of 5.09A and a pi-pi t-shaped
interaction with a length of 5.17A. The binding affinity was determined to be -9.7 kcal/mol.

In the molecular docking study of Methomyl and 9-(3-phenylmethylamine)-1,2,3,4-
tetrahydroacridine molecules into AChE receptor (PDB 1D:1DX4), Methomyl molecule was found
to interact with Trp83, Tyr370, Trp472, Leud79, His480 amino acids and 9-(3-phenylmethylamine)-
1,2,3,4-tetrahydroacridine found to interact with Trp83, Gly150, Gly151 ve His480 residues of the
ACNhE receptor [64]. Our findings are consistent with those of Rodrigues et al. [64].

The donepezil, rivastigmine and galantamine drugs, used in the study are known as AChE
inhibitors, and their half maximal inhibitory concentrations (ICso) which are measure of their potency
in inhibiting AChE are available in the literature [65]. The results of the docking of these molecules
to AChE were compared with the plCso results of the molecules and were given in Table 1.

Table 1. The calculated binding affinities of donepezil, rivastigmine and galantamine molecules to acetylcholinesterase
enzyme, in comparison with their experimental half-maximal inhibitory concentration (plCso).

PDB ID: 1DX4 PDB ID: 4EY4 PDB ID: 4EY7 plCso?
Binding affinity (kcal/mol) | Binding affinity (kcal/mol) | Binding affinity (kcal/mol)
This study [65]
Donepezil -1.4 -8.6 -11.4 8.699
Rivastigmine -7.0 -6.0 -7.9 7.268
Galantamine -9.7 -7.5 -10.1 6.523

2 plCso = -logICs (IC50 values were taken from ref [65]).

Figure 5. The orientations of donepezil docked into AChE, obtained in this study (yellow) and donepezil in
the crystal structure of AChE-Donepezil complex taken from (PDB ID: 4EY7) (grey).

The 3D orientation of Donepezil in AChE target, obtained the study, was compared with the
existing ligand orientation in the AChE-donepezil complex crystal structure (see Figure 5) and were
found to be in agreement.

Recently, Baskaran et al [66] were performed molecular docking calculations of Donepezil and
Rivastigmine molecules into 4EY7 target receptor, using AutodockVina program and found the
binding affinities as -9.8 and 7.1 kcal/mol, respectively. In this study the binding affinities of
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donepezil and risvatigmine molecules to the 4EY7 receptor (AChE) were found to be -11.4 and -7.9
kcal/mol, respectively. The results indicated that the active site found in this study was more stable.
Moreover, as seen in Fig 5 that the location donepezil binding site in the AChE target is highly
compatible with the location of the donepezil molecule in donepezil-AChE complex.

4. Conclusions

Because the function-activity relationship is so important for bioactive molecules, the most stable
conformer of donepezil, rivastigmine, and galantamine molecules was determined. To shed light into
their biological activities and to examine the inhibitory effects on Acetylcholinesterase enzyme, the
binding mechanisms of donepezil, risvastigmine and galantamine with Acetylcholinesterase enzyme
were elucidated by performing molecular docking studies with AChE targets (PDB IDs: 1D X4, 4EY4
and 4EY7). Donepezil, rivastigmine, and galantamine were found to bind to Acetylcholinesterase
enzyme (PDB 1D:1DX4) with -7.4, -7.0, and -9.7 kcal/mol binding affinities, respectively. In the
molecular docking studies of triterpenoid (azadirachtin A) into acetylcholinesterase enzyme (PDB
ID:1DX4) [62], It was found that triterpenoid was interacted also with 11e82, Trp83, Tyr370, His480,
Asp482 residues of the target receptor. Our results are highly consistent with previous findings [62].
The docking studies revealed that donepezil, rivastigmine, and galantamine binds to 4EY4 with -8.6,
-6.0and -7.5 kcal/mol and to 4EY7 with -11.4, -7.9 and -10.1 kcal/mol binding affinities, respectively.
The results indicated that the investigated molecules have good inhibitory impact on the
Acetylcholinesterase enzyme.
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