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Abstract. Alzheimer's disease (AD) was first described by 
Alois Alzheimer in 1907. AD is the most prevalent dementia- 
related disease, affecting over 20 million individuals worldwide. 
Currently, however, only a handful of drugs are available 
and they are at best only able to offer some relief of symp-
toms. Acetylcholinesterase (AChE) inhibitors, antioxidants, 
metal chelators, monoamine oxidase inhibitors, anti-inflamma-
tory drugs and NMDA inhibitors are usually used to attempt to 
cure this disease. AChE inhibitors are the most effective therapy 
for AD at present. Researchers have found that histamine 
H3 receptor antagonists decrease re-uptake of acetylcholine 
and the nervous transmitter substance acetylcholine increases. 
In this study, we designed compounds by using docking, 
de novo evolution and adsorption, distribution, metabolism, 
excretion and toxicity (ADMET) analysis to AChE inhibitors 
as well as histamine H3 receptor antagonists to forward drug 
research and investigate the potent compounds which can pass 
through the blood-brain barrier. The novel drugs may be useful 
for the treatment of AD, based on the results of this theoretical 
calculation study. We will subsequently examine them in future 
experiments.

Introduction

Alzheimer's disease (AD), a debilitating disease of the elderly, 
is the most common cause of senile dementia and is character-

ized by a progressive deterioration in cognitive function and 
loss of memory (1). According to statistics, in the next 20 years, 
the number of individuals suffering from AD will double 
according to the aging population. AD has become one of the 
most costly diseases which brings heavy social and financial 
burden to both society and families (2). Therefore, the devel-
opment of effective therapies for AD is crucial at present and 
in the future. Recent research has revealed that the amyloid 
precursor protein (APP), a type of protein in central neural cell 
membranes, which is broken at the residues 672-687 in signal 
transduction, is the fragment β-amyloid protein (Aβ). Aβ is the 
main factor which causes AD (3-6). Unfortunately, at present, 
AD still cannot be thoroughly eliminated. The celebral cholin-
ergic neurons of AD patients decrease approximately 30-95%, 
particularly in the celebral cortex and hippocampus.

Drugs for AD are shown in Fig. 1. These include done-
pezil (Aricept®), rivastigmine (Exelon®) (7) and galantamine 
(Reminyl®) (8). These drugs were developed based on the 
cholinergic hypothesis which consists of four concepts: i) 
cerebral cortex cholinergic neuroticism decreases in AD 
patients; ii) the celebral acetyltransferase activity decreases in 
AD patients; iii) cholinergic insufficient has some relation on 
cognition function; iv) these factors will be improved using 
acetylcholinesterase (AChE) inhibitors.

Two common cholinesterases are usually discussed in the 
treatment of AD: AChE, which is mainly found in cerebrum, 
striated muscle, skin and red blood cells; and butyrylcholines-
terase (BChE) (9), which appears in the myocardium, smooth 
muscle, skin, gland and blood serum. Some drugs inhibit 
AChE and BChE together, but cause serious side effects, such 
as gastrointestinal discomfort and the risk of bradycardia.

According to the interaction of AChE-donepezil (PDB 
code 1EVE), donepezil interacts with various residues in the 
AChE active site, and interacts with the following groups, 
benzyl, pieridinic nitrogen and dimethoxy-indanone, which 
result in π stacking and hydrophobic interaction. The binding 
of donepezil with AChE is extremely dependent on interac-
tions with Trp279 and Phe330, which does not exist in BChE. 
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This phenomenon may successfully explain the reason why 
donepezil has higher specificity for AChE than BChE.

In this study, we designed new drugs,which exhibit stronger 
interactions with AChE than BChE by using docking and 
de novo evolution by using the basic structure of donepezil. 
We also discuss the novel drugs which have a higher dock 
score than donepezil, and analyze the phenomena from the 
point of physical chemistry.

HA is a cerebral neurotransmitter exerting its actions on 
target cells via three classes of molecularly and/or pharma-
cologically well-defined receptors designated H1, H2 and H3 
(10-12). The H3 receptor is a presynaptic receptor regulating 
the synthesis and/or release of HA itself (13) as well as a 
variety of other aminergic or peptidergic neurotransmitters 
(14).

The binding of H3-agonists to H3 receptors in brain tissues 
has been shown to be regulated by guanine nucleotides, 
implying a linkage to heterotrimeric G-proteins (15-17). More 
recently, radiolabeled H3 receptor antagonists have become 
available. The first compound to be developed was iodophen-
propit, which has been used to successfully label H3 receptors 
in rat brain membranes (18).

Considering the complexity of AD, the classic ʻone 
molecule, one target’ solution may not be effective enough 
(19-21). The novel multi-target-directed strategy has received 
attention, since single molecules simultaneously interact with 
multiple targets in complex neurotoxic cascades may achieve 
better efficacy by a complementary manner. Meanwhile, 
the hybrid would reduce individual toxicity by a special 
metabolic pathway compared with the combinational drugs 
(22). Regarding the histamine H3 receptor, its function as a 
heteroreceptor can be found on colocalized neurons, and 
H3R activation modulates the release of various important 
neurotransmitters, i.e. dopamine, acetylcholine, H3 receptor 
antagonists increasing acetylcholine levels. This approach 
might gain importance in the treatment of dementia. More 
recently, Bembenek et al reported the design and evaluation 
of the dual inhibitors of AChE and H3 receptor antagonists, 
which have had successful results (23). Furthermore, our aims 
focused on designing and synthesizing dual inhibitors that 
dock both AChE and histamine H3 receptors in this study

Materials and methods

Homology modeling using Accelrys software. Homology 
modeling was used to construct an atomic-resolution model 
of the target protein from its amino acid sequence and an 
experimental three-dimensional structure of a related homolo-
gous protein. It relies on the identification of one or more 
known protein structures likely to resemble the structure of 
the query sequence. The target structure is produced from the 
known sequence alignment and the template structure and 
its sequence. Because protein structures are more conserved 
than DNA sequences, detectable levels of sequence similarity 
usually imply significant structural similarity.

Docking and score using Accelrys software. The score 
functions in the Discovery Studio 2.5 which we used were 
DockScore, PLP1, PLP2 and PMF. Candidate ligand poses 
were evaluated and prioritized according to the DockScore 

function. There are two types of DockScore. One is based on 
a forcefield approximation, the other on the piecewise linear 
potential function (PLP).

Equation 1: DockScore (forcefield) = - (ligand/receptor inter-
action energy + ligand internal energy)

Equation 2: DockScore (PLP) = - (PLP potential)

As shown in Equation 1, there are two energy terms in the 
forcefield version of DockScore: internal energy of the ligand 
and the interaction energy of the ligand with the receptor. The 
interaction energy is taken as the sum of the van der Waals 
energy and electrostatic energy. The computation of the 
interaction energy can be quite time consuming. To reduce the 
time needed for this calculation, a grid-based estimation of the 
ligand/receptor interaction energy was employed.

The van der Waals component of the forcefield interac-
tion energy typically exhibits a steep rise at short interatomic 
distances, which can have undesirable consequences in the 
context of ligand-receptor docking. In particular, the combi-
nation of approximating the receptor structure as rigid and 
limited sampling of ligand conformational space tends to overly 
penalize poses with ʻmild’ short contacts between the ligand 
and receptor, due to the ʻhard’ nature of the van der Waals 
potential as defined in most standard forcefields.

To overcome this tendency, a softened form of the 
van der Waals potential is employed with the DockScore func-
tion. This softened potential rises to a large but finite value 
at zero interatomic separation. To maintain a proper balance 
between electrostatics and van der Waals, the electrostatic 
energy is also softened to prevent it from dominating the 
van der Waals energy at short separations.

The internal energy of the ligand is computed when using 
the forcefield version of DockScore. The purpose of including 
the internal energy is to avoid ligand conformations with bad 
internal nonbond clashes. By default, only the standard (not 
softened) van der Waals energy is used for the ligand internal 
energy. Including electrostatic energy as part of the ligand 
internal energy is optionally available.

The PLP version of DockScore uses the PLP1 function, as 
the functional form of PLP1 allows it to be readily represented 
with a grid-based approach. The PLP2 function has an angular 
dependence on hydrogen bonding interactions making its 
representation with a grid considerably more difficult.

In the PLP1 score function, there are four atom types as 
following, i) hydrogen bond donor only, ii) hydrogen bond 
acceptor only, iii) both hydrogen bond donor and acceptor, and 
iv) non-polar. When PLP1 is the docking score function, the 
internal energy is calculated for each ligand conformation that 
the ligand is in the binding site.

In the PLP2 score function, the atom typing remains the 
same as in the PLP1 score function. In addition, an atomic 
radius is assigned to each atom expected for hydrogen (24).

The PMF score function was developed based on statistical 
analysis of the 3D structures of the protein-ligand complex 
(25). They were found to correlate well with protein-ligand 
binding free energy while being fast and simple to calculate. 
The scores are calculated by summing pairwise interaction 
terms over all interatomic pairs of the receptor-ligand complex. 
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The score function of DockScore is the default function in the 
Discovery Studio 2.5.

All the simulations were also applied by the forcefield 
of the chemistry at CHARMM (Chemistry at Harvard 
Macromolecular Mechanics). CHARMM was parameterized 
by experimental data. It has been widely used for simula-
tions ranging from small molecules to solvated complexes of 
large biological macromolecules. CHARMM performs well 
over a broad range of calculations and simulations, including 
minima, time-dependent dynamic behavior, and barriers to 
rotation, vibrational frequencies, and free energy. CHARMM 
uses a flexible and comprehensive energy function:

E(pot) = Ebond + Etorsion + Eoop + Eelect. + EvdW + Econstraint + Euser

where the out-of-plane (OOP) angle is an important torsion. 
The van der Waals term is derived from rare-gas potentials, 
and the electrostatic term can be scaled to mimic solvent 
effects. Hydrogen-bond energy is not included as a separate 
term as in AMBER. Instead, hydrogen-bond energy is implicit 
in the combination of van der Waals and electrostatic terms.

De novo evolution using Accelrys software. To design the 
new compounds from the potent drugs, we used the program 
ʻDe novo evolution’ in the Discovery Studio 2.5 (Accelrys, San 
Diego, USA). We took the new compounds from the ʻDe novo 
evolution’ and took them into the protein acceptor binding 
pocket and shown scores.

ADMET descriptors using Accelrys software. We computed 
the ADMET properties of small molecules by using Discovery 
Studio 2.5 (Accelrys) to estimate the following properties: 
aqueous solubility blood-brain barrier penetration (BBB), 
cytochrome P450 (CYP450) 2D6 inhibition, hepatotoxicity 
human intestinal absorption (HIA) and plasma protein 
binding. Furthermore, key issue was to calculate the BBB and 
other factors as the drugs should pass through the BBB to react 
with the receptor protein to cure AD.

Blood-brain barrier (BBB). This model predicts blood-brain 
penetration (BBB) after oral administration. This model 
contains a quantitative linear regression model for the prediction 
of blood-brain penetration, as well as 95 and 99% confidence 
ellipses in the ADMET_PSA_2D, ADMET_AlogP98 plane. 
These ellipses are not the same as those associated with the 
ADMET-HIA, although they have an analogous interpreta-
tion. They were derived from over 800 compounds that are 
known to enter the CNS after oral administration.

Cytochrome P450. The cytochrome P450 2D6 model predicts 
CYP2D6 enzyme inhibition using 2D chemical structure as 
input. The model was developed from known CYP2D6 inhibi-
tion data on a diverse set of 100 compounds. An ensemble of 
recursive partitioning trees were trained against 2D descrip-
tors and 1D similarity data. The model classifies compounds 
as either 0 or 1 for non-inhibitor or inhibitor and provides an 
average-class-value estimate of confidence.

Hepatotoxicity human intestinal absorption (HIA). A compu-
tational model for predicting potential liver toxicity of a 

compound was recently reported by Cheng and Dixon (26). 
The model was developed from available literature data of 
382 compounds known to exhibit liver toxicity (i.e., positive 
dose-dependent hepatocellular, cholestatic, neoplastic), or 
trigger dose-related elevated aminotransferase levels in more 
than 10% of the human population. From this, a model was 
generated from a classification structure activity relationship 
(SAR) technique that uses recursive partitioning. The model 
was tested against 54  compounds yielding >80% correct 
classification of ʻyes’ and ʻno’ questions about hepatotoxicity. 
Using only 2D information from the compounds provided, the 
model predicts, with greater than 80% accuracy, the potential 
occurrence of dose-dependent human hepatotoxicity of any 
compound. The model classifies compounds either as ʻtoxic’ 
or ʻnontoxic’ and provides a confidence level indicator of the 
likelihood of the predictive accuracy of the model.

Each marker molecule has a characteristic 1D similarity 
threshold that is used to determine whether a given predicted 
compound is sufficiently similar to bind at that marker's associ-
ated level (90 or 95%). Thus, if a predicted compound exhibits 
a 1D similarity to any 90% marker molecule that meets or 
exceeds that marker's threshold, then the predicted compound 
is flagged as being likely to bind at 90% or higher. Binding 
at 95% or greater is predicted if the similarity threshold is 
exceeded for any marker in the 95% set. Binding level predic-
tions are also supplemented by conditions on AlogP98 (27).

Result and discussion

The enzyme monomer of the T.  californica AChE (PDB 
accession code: 1EVE) is an α/β serine hydrolase consisting 
of 537 residues with a 12-strand mixed b sheet surrounded by 
14 α helices (28). The active site is approximately 20Å above 
the narrow tunnel. This tunnel penetrates halfway into the 
enzyme and widens out at the end. Fourteen highly conserved 
residues cover a substantial portion of the tunnel. The button of 
the tunnel approximately 4 A long is the catalytic machinery: 
Ser200, His440, and Glu327 formed a catalytic. In the region 
of the enzymatic cavity located between the choline binding 
site and the peripheral anionic site, the phenyl group of Phe330 
of the enzymatic cavity interacts by cation-π with the piperi-
dinic nitrogen of denepezil, which contains a positive charge, 
and Tyr334 forms a calix-domain with Phe330 and the piperi-
dinic ring of donepezil. Hence, the interaction with Phe330 
represents an additional site of quanternary binding with 
functional significance, inside the active site. In the peripheral 
anionic site, the indanone ring interacts with the indonic group 
of Trp279, via a classical parallel π-π interaction. Recent data 
suggest that the inhibitors interact with the peripheral anionic 
site and prevent the A from interacting with AChE. This could 
result in the elimination of AChE's role in the fibril formation 
process (29).

In order to make the structure of AChE more closer to the 
human type, the 3D homology model of the AChE of the human 
was established by using Discovery Studio 2.5 (Accelrys) 
from the crystal structure of the T. californica AChE and the 
known sequence (P04058 from Swiss-Prot). To proceed with 
the multiple sequence alignment, framework construction, 
energy minimization, structure reasonable analysis, finally 
we constructed human type AChE by homology modeling. 
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The human type AChE has high sequence similarity with the 
crystal structure of the T. californica AChE. This explained 
successfully that we could simulate the structures precisely 
(30).

We built the structure of human named HUMAN.
B99990001, which is a result of the homology model with the 
Discovery Studio 2.5, containing key residues. We found that 
Ser200, His440, Glu327, Trp84 and Trp279 are converted into 
Ser200, His444, Glu331, Trp83 and Trp283. Then we performed 
energy minimization, by using molecular mechanics energy 
minimization to correct unfavorable non-covalent touch and 
to reach ideal bond geometry and the lowest energy configura-
tion. Ramchandran plot analysis shows 78.2% of the residues 
in the most favored region, 16.1% in the allowed and 5.7% 
in the disallowed region (30). We allowed donepezil to dock 
with HUMAN.B99990001, and revealed that donepezil can 
combine to the tunnel of AChE. Trp279 and Phe330 can still 
form π-π interaction with HUMAN.B99990001 (30).

New drug designed as an acetylcholinerase inhibitor. We used 
Discovery Studio 2.5 to design novel new drugs, which are not 

Figure 1. Conformation of Evo27 in the binding site, in triple bonds will form a 
hydrophobic interactions, and hook the buttom of the tunnel. In the median of 
tunnel OH base of Evo27 f H-bond is formed with the residue Trp121, and an 
extended side chain also produces good performance at the top.

Figure 2. Conformation of Evo9 in the binding site; Evo9 forms H-bonds with 
the residue Trp121 and Tyr338. Benzyl group formulates ring aromatic group 
and five rings of that formulate hydrophobic interaction.

Figure 3. The principal structure of Evo27 and Evo9 express the same 
docking pose, but other side chains provide adequate interaction. Green, 
Evo27; blue, Evo9.

Table I. Score values of new AChE inhibitors and donepezil.

	 -PLP1	 -PMF	 DockScore

Donepezil	 78.52	 153.85	 67.85
Evo27	 99.07	 163.26	 81.39
Evo9	 105.72	 197.40	 79.89
Evo10	 75.11	 152.83	 69.89

Table II. Score values of new dual inhibitors and donepezil.

	 R1	 R2	 -PLP1	 -PMF	 DockScore

Com1			   92.50	 151.86	 67.18

Com7			   79.08	 136.39	 67.08

Com8			   102.83	 176.54	 64.75

Com2			   73.73	 145.28	 64.57

Donepezil			   78.52	 153.85	 67.58



MOLECULAR MEDICINE REPORTS  5:  1043-1048,  2012 1047

only more effective but also have no critical side effects. We found 
that there are five potent compounds for which the DockScores 
are higher than donepezil (3 are shown in Table I). We observed 
that Evo27 combines successfully to HUMAN.B99990001,  
which in triple bonds will form a hydrophobic interactions 
and hook the bottom of the tunnel; and in the median of the 
tunnel OH base of Evo27 to become a H-bond receptor which 
can form a H-bond with the residue Trp121, and that may 
give Evo27 higher interaction and extends the side chain that 
can also create constructive binding at the top (Fig. 1). Evo9 
combined to HUMAN.B99990001 and different conditions 
were present at the top, which will be the H-bond donor in the 
NH base and residue Trp283 to form a hydrogen bond, such as 
putting an embolus at the opening. The benzyl group of Evo9 
formulates a ring aromaticity just as donepezil and five rings 
of that formulate hydrophobic interaction resulting in better 
binding energy (Fig. 2). The structures of Evo27 and Evo9 
express the same docking pose, but other side chains provide 
suitable interactions which cause a higher DockScore than 
donepezil (Fig. 3). These data demonstrated that Evo27 is the 
most suitable compound to dock in AChE.

New drug designed as an histamine H3  receptor antago-
nist. Research indicates that histamine H3 receptors cause 
re-uptake of acetylcholine. In order to increase the quantities 
of acetylcholine in the brain, H3 receptor antagonists decrease 
the re-uptake of acetylcholine. There are various H3 receptor 
antagonists which may gain importance in the treatment of 
dementia since AChE inhibitors are commonly used in the 
therapy of AD. Therefore, affecting the pathology of AD by 
dual-acting compounds is a very key issue in designing more 
effective drugs. We used the pharmacophore of H3 receptor 
antagonists as a skeleton (31) to perform the program ̒ De novo 
evolution’ in the Discovery Studio 2.5, and found four potent 
compounds (Table II). The benzyl group of Com1 resulting in 
the π-π stacking in the middle, and piperidinic nitrogen can 
form a cation-π interaction with residue Trp283, and create a 
key combination, that can prevent the β Aβ peptide from inter-
acting with AChE (Fig. 4). Three inner triple bonds and double 
bond will interact with the buttom of the tunnel successfully. 
In the middle, the benzyl group of Com7 formed π-π stacking 
interactions with the top and bottom (Fig. 5). Their DockScore 
and donepenzil approach, but this type of compound contained 

Figure 4. Illustration of the ligand binding of side atoms. Benzyl group of 
Com1 to form π-π stacking in the middle, and piperidinic nitrogen can form 
cation‑π interaction with residue Trp283.

Figure 5. Illustration of the ligand binding side atoms. In the middle, benzyl 
group of Com7 forms π-π stacking interactions with the top and bottom.

Figure 6. Evo27, Evo9, Com7 and Com1 perform ADMET tools. 2D ADMET Plot shows that Com7 and Com1 are in the 95 and 99% blood brain barrier (BBB) 
confidence ellipse region.
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dual-action, can reduce the drug uptake and attain a curing 
effect on AD. Finally, we used Discovery Studio 2.5 as a tool 
to perform ADMET. 2D ADMET Plot showed that Com1 and 
Com7 contained blood-brain barrier penetration potential, 
which implied that the compounds pass the BBB and have an 
effect on the brain (Fig. 6). Com1 and Com7 are the two best 
candidate compounds to cure AD, and will be investigated in 
the near future.

In conclusion, to explore novel effective drugs for the 
treatment of AD, two inhibitor compounds were designed and 
investigated. In this study, we aimed at homology modeling 
to simulate the characters of AChE. We used donepezil as a 
framework to design more effective chemical compounds 
for binding affinity. Our results suggest that Evo27 contains 
the highest DockScore, has stronger interactions with 
AChE, which we modeled using the crystal structure of the 
T. californica AChE and the human sequence than the other 
compounds including donepezil. Moreover, we designed the 
dual-acting compounds to lower the drug intake and increase 
neurotransmitters. Com1 not only had the characteristics of 
the antagonist of histamine H3 receptors and the ability of an 
AChE inhibitor but also contained BBB potential as well, and 
the DockScore was almost the same as donepezil.

Our results suggest that adding the hydrophobic functional 
group to chemical compounds such as Com1 and Evo27 
resulted in interactions with the button of tunnel of AChE, 
which produce a higher DockScore. The docking results of 
three compounds may interact with the PAS and, based on 
current thinking, could potentially avoid the aggregation of 
β-amyloid and slow the progression of AD. However, these 
docking studies provide rational evidence that these inhibitors 
interact with target proteins, which offer additional direction 
to design more potent drugs for the treatment of AD.
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