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ABSTRACT: Inhibition of glycogen synthase kinase-3 (GSK-3), β-secretase 1 (BACE-1) and 

acetylcholinesterase (AChE) could block one of the initial pathological events of Alzheimer's disease 

(AD). Recently, a new class of drugs has been developed with significant potential for GSK-3 

inhibition. In this research, to the discovery of the new ligand as the potential multi-target drug with 

effective anti-Alzheimer's action a detailed computational investigation has been carried out on the 

effect of one of the most important drugs of such class on BACE-1 and AChE enzymes. The results of 

the binding free energies (∆GBind) showed that the binding of this drug to AChE (-67.77 kJ/mol) is 

thermodynamically more favorable than BACE-1 (-22.35 kJ/mol). Examination of dynamic properties 

such as the root mean square fluctuation (RMSF) and the propensity for the secondary structure 

demonstrated that due to the decrease in the β-sheet and β-bridge content as well as the increase in 

the random coil content of BACE-1 in the presence of the drug, this enzyme was completely more 

flexible than AChE. The free-energy landscape (FEL) based on the first and second motion modes 

(PC1 and PC2) indicated that the large concerted motions of BACE-1 found in the simulations were 

particularly more sensitive to this drug than AChE.  
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INTRODUCTION 

The most common type of dementia among the elderly 

is Alzheimer's Disease (AD), a chronic, progressive, and 

neurodegenerative disorder of the brain that involves 

deficiencies in cognitive functions, particularly mental  

 

 

 

functioning. AD is responsible for dementia in more than 

50 million people worldwide and will probably affect 

around 115 million people by 2050 [1]. 

Histologically, AD could be distinguished by the presence  
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of extracellular amyloid plaques and intraneuronal 

neurofibrillary tangles within the brain. The amyloid 

plaques are mainly made by an amyloid-β (Aβ) peptide, 

neurofibrillary tangles consist of aggregates of 

hyperphosphorylated τ protein [2,3]. Currently, the 

treatment available for this disease is only symptomatic 

and mainly trying to counterbalance the neurotransmitter 

disorders associated with the disease [4]. 

The main therapeutic approaches associated with AD 

are the inhibition of some targets including β‐site APP 

cleaving enzyme‐1 (BACE-1), acetylcholine esterase 

(AChE), glycogen synthase kinase-3 beta (GSK-3) [5,6]. 

Among these, BACE-1 play a role in the rate‐limiting step 

of the cleavage of the amyloid precursor protein (APP) 

contributes to the generation of the neurotoxic Aβ protein 

after the γ‐secretase completes its function, and causes the 

development of AD [7]. AChE is a serine hydrolase whose 

main biological function is to terminate impulse 

transmission at cholinergic synapses by the rapid 

hydrolysis of the neurotransmitter acetylcholine (ACh) [8]. 

Role of β-secretase in Alzheimer’s disease and 

amyloidogenic and non-amyloidogenic pathways well 

define. In non-amyloidogenic pathway, cleavage of 

amyloid precursor protein (APP) sequentially by α- and γ-

secretase produces soluble amyloid precursor protein 

alpha (sAPPα) and soluble P3, respectively. On the other 

hand, in amyloidogenic pathway, β-and γsecretase 

produces sAPPβ and insoluble Aβ protein, respectively, 

leading to the formation of β amyloid plaques [9,10]. 

AD is a multifactorial syndrome arising from multiple 

molecular abnormalities and it has been proven that a 

classic drug-design strategy based on the “one-molecule 

one-target” paradigm is clinically ineffective in the case of 

multifactorial diseases such as AD [11,12]. Therefore, in 

effective therapies, several drugs would have to be linked 

to multiple pathogenic targets. These types of drugs may 

be produced as part of a multiple treatment or a multiple-

compounded drug. However, these methods could be 

detrimental to patients due to compliance issues, drug-drug 

interaction, bioavailability challenges and metabolism [13]. 

Due to the higher complexity for the prediction of 

pharmacodynamic and pharmacokinetic relationships  

in a single agent with respect to that of two or more, 

solving these issues is difficult [14,15]. Nowadays,  

the Multi-Target-Directed Ligands (MTDLs) method is  

a modern strategy that has brought new hope to this field [16]. 

The assumption that makes this strategy is based  

on the ability of a compound to hit multiple targets [17,18]. 

Such MTDLs are expected to have a better therapeutic 

profile to combat such complex diseases [19,20]. In recent 

years, a number of promising MTDLs have been proposed 

for the treatment of AD [5]. In order to design new 

compounds with multi-target characteristics, in silico drug 

designing or computer-aided drug discovery (CADD) has 

been made colossal progress in the development of drugs 

such as small organic molecules, aptamers, peptides, and 

antibodies [21]. 

CADD is a cost-effective technique that significantly 

affects the drug development process by reducing the total 

time from identifying a target to hitting discovery and 

optimization [22]. The main advantage of CADD is the 

ability to generate a large number of compounds and 

screen them for a target-specific binding [23]. 

Lately, many of these techniques have been the key 

tools in Multi-Target Drug Discovery (MTDD) to identify 

drugs that interact simultaneously with multiple target 

agents. These techniques are considered into combinatorial 

and fragment-based approaches. Conventionally, to find 

virtual hits for each target, combinatorial approaches 

conduct parallel searches to specify which hit has an 

interaction with more than a target [24]. 

Due to such inquiries, new drugs for targets have been 

discovered in order to be used for a disease and/or to 

decrease resistance. The major consideration in drug 

discovery has been attracted to the design and development 

of a single chemical that acts simultaneously at multiple 

molecular targets [25]. New small molecules as an 

inhibitor have recently been created for a wide range of 

biological targets, as considerable signs of progress have 

been obtained in computational drug design methods, 

including  Molecular Dynamics (MD) simulations and 

virtual screening (VS), as well as increased access to large 

chemical repositories and the availability of crystallographic 

data [26]. 

Molecular dynamics simulations are powerful tools for 

understanding the atomic-detailed mechanism behind the 

interactions of protein-ligand, protein-protein, peptides, 

bio-membranes, and Aβ- organic salts [27–31], which 

greatly contribute to revealing limitations and shed light 

on the design of new drugs [32]. The MD simulation 

results could be used to expound structure–affinity 

relationships. Those pieces of information derived can  
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Fig. 1: Molecular structure of ligand. 

 

increase our comprehension of the crucial interactions at 

the active-sites of the targets and the data can be applied to 

discovery as well as design better Multi-Target-Directed 

Ligands (MTDLs) [33–35]. 

 

THEORETICAL SECTION 

Virtual screening 

At first, the results of virtual screening for BACE-1 

[36] and AChE [37] were compared among themselves 

to search for compounds included in the top best 

compounds for each target from the ChEMBL [38,39] 

and BindingDB [40] database with IC50 of < 5 nM for 

each protein as the target, for which around 400 

compounds were selected with smallest IC50. After 

selecting the inhibitors for these targets, the virtual 

screening of drugs against the structure of target 

proteins was performed individually using AutoDock 

Vina in PyRx 8.0 virtual screening tool [33]. The top 

three drugs with the highest binding energy scores 

against each protein were selected as Alzheimer's 

disease treatment compounds for further assessment. 

Among those, a novel scorpion-shaped GSK-3 inhibitor 

(14b) [41], from now on being called ligand, was 

selected to examine its effect on AChE and BACE-1 

proteins as shown in Fig. 1. 

Crystal structures for all the targets were obtained 

from the Protein Data Bank (BACE-1, PDB code: 

6EQM; AChE, PDB code: 4M0E). The modifications to 

the PDB files of the proteins were done before the 

docking process. Water molecules and other cofactors 

were omitted as well as the co-crystallized ligand. All 

the missing residues in the structures were monitored 

and fixed with the aid of a loop modeling server. 

Multiple bond orders based on correct definitions were 

then checked; using the REDUCE software program all 

hydrogen atoms were added [42].  

Molecular docking 

The docking was conducted by AutoDock4.2 [43] for 

ligand and the targets. The AutoDock package involves 

AutoGrid and AutoDock programs. The calculation of 

energy grid maps are done through which the AutoGrid 

program. Here, a 60 × 60 × 60 point's grid size with a 

spacing of 0.375 Å was determined. The conformation 

search and energy evaluation is done by AutoDock 

program; during the docking experiments the following 

parameters were applied: crossover rate (0.8), number of 

GA runs (300), mutation rate (0.02), and population size 

(150). Grid spacing and other parameters were applied as 

default values. With a maximum of 270000 generations, 

docking simulations were conducted for up to 2.5 million 

energy evaluation steps. In AutoDock, a set of 300 docked 

conformations was produced using the docking 

simulation. The best binding conformations between 

ligands and the protein were taken based on the  

lowest-energy conformations generated by AutoDock. 

 

Molecular dynamics simulation details  

In this study, four different simulation systems were set 

up to study the behaviour of the ligand-proteins (Fig. 1) in 

the presence and absence of AChE and BACE-1 proteins. 

All simulations were carried out in the NPT ensemble and 

by GROMACS 5.1.5 package [44–46]. For both ligand 

and proteins the CHARMM27 force field  were used 

[47,48]. The temperature maintained at 300 K and 

controlled by the Nose-Hoover thermostat with a coupling 

time of 0.5 ps [49]. Parrinello-Rahman barostat, with  

a coupling time constant of 2 ps was used to hold constant 

at 1 bar [50]. The bond lengths were constraint using  

the LINCS algorithm [51]. The leap-frog algorithm with  

a time step of 2 fs was used to integrate the Newton’s 

equations of motion [52]. A 1.2 nm distance were set  

as a cut-off for both Coulomb and van der Waals (vdW) 
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interactions, and the long-range Coulomb interaction was 

considered through the particle mesh Ewald (PME) 

method [53]. All of the systems were hydrated by the 

transferable intermolecular potential 3 point (TIP3P) water 

model [54] and with periodic boundary conditions in  

all three dimensions. In all systems, steepest descent 

energy minimization was applied to remove unfavorable 

atomic contacts and calm down the water molecules within 

the systems [55].At first, equilibrations in the NVT 

ensemble for 1 ns and then in NPT ensemble for 9 ns  

were conduct by restraining the positions of ligand and 

proteins. After that, simulations were carried out for  

50 ns as a final simulation step without any restrictions.  

By using of VMD visualizations of systems were  

created [56]. To estimate the receptor-ligand affinity 

energy was calculated by Molecular Mechanics-Poisson 

Boltzmann Surface Area (MM-PBSA) method [57,58]. 

The binding energy was estimated according to the 

following equation: 

ΔGbinding  =  ΔGcomplex  − ΔGprotein − ΔGligand            (1) 

Where ΔGcomplex shows the total free energy of the 

protein-ligand complex, ΔGprotein and ΔGligand express the 

free energy of protein and ligand individually in the 

solvent, respectively. 

For each term in Eq.1, the free energy could be 

expressed as: 

G =  EMM  − Gsol − TS                                                       (2) 

Which EMM is the average molecular mechanical 

potential energy in a vacuum [59] that includes 

electrostatic (Eelec) and van der Waals (Evdw) interactions. 

Gsol represents the free energy upon solvation. TS term is 

the entropy contribution to the free energy, where T and S 

are temperature and entropy, respectively.  

 
RESULTS AND DISCUSSION 

Stability of structures and binding of ligand to proteins 

The stability of the protein relative to its conformation 

can be determined by the deviations that occur in its 

simulation. Therefore, by monitoring of the root mean 

square deviation (RMSD) of backbone considering its 

starting structures was examined, Fig. 2. 

Protein RMSD values in the BACE-1 containing 

systems show an increase early in the simulation. Then the 

equilibration was obtained in both systems after 6 ns,  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Root mean square deviation (RMSD) of enzymes in 

different simulated system. 

 

so that the RMSDs fluctuated around 0.27 nm, and a flat 

region until the end of the simulations was continued. For 

BACE-1, in the ligand-containing system, the fluctuations 

around the equilibrium value are more obvious up to the 

middle of the simulation time (25 ns). In the case of AChE 

systems, a flat area is seen from the beginning of the 

simulation, indicating that these systems have been 

equilibrated. After ensuring equilibrium, the binding site 

for each system was carefully considered. One of the 

common measurements for considering affinity in a 

protein-ligand system is the distance between the binding 

site of a protein with the ligand [60,61]. In this study, by 

defining a distance of 0.3 nm between all residues and the 

ligand's Center of Mass (COM) in at last 5ns, as 

summarized in Table 1, the binding sites were revealed. 

To clarify more, the situation of the ligand relative to 

the residues of the binding site at the beginning (initial 

structure obtained from docking calculations) and the end 

of the simulation (final structure obtained from 50 ns 

molecular dynamics) is shown in Fig. S1. As can be seen, 

the ligand entered the active site of the AChE on the 

fluorine side, while in the BACE-1 it occurred on the 

opposite side of the fluorine. This difference in ligand 

loading within the cavities of proteins as well as the nature 

of the active-site inspired subsequent thermodynamic and 

dynamic studies. 

 

THERMODYNAMICS PROPERTIES 

Hydrogen bond 

Analysis of receptor-ligand interactions in different 

ligand-protein systems indicated that among the non-

bonded interactions, the hydrogen bonds are critical  
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Table 1: Distances between protein residues and Ligand. 

Ligand in BACE-1 containing system 

Residue 

number 

Residue 

type 

Average distance of glutathione 

(nm) 

1 PHE49 0.285 (±0.020) 

2 THR74 0.232 (±0.020) 

3 GLN75 0.256 (±0.010) 

4 LYS109 0.248 (±0.050) 

5 ILE112 0.234 (±0.040) 

6 ASN113 0.224 (±0.020) 

Ligand in AChE containing system 

1 PHE533 0.278 (±0.020) 

2 TRP530 0.269 (±0.020) 

3 PHE529 0.276 (±0.020) 

4 ALA526 0.300 (±0.040) 

5 LEU371 0.250 (±0.030) 

6 ALA372 0.246 (±0.023) 

7 ALA375 0.256 (±0.020) 

8 LEU378 0.287 (±0.050) 

9 HIS379 0.251 (±0.025) 

10 TYR380 0.267 (±0.030) 

 

determinants for ligand binding affinity [62,63]. Hence, in 

order to evaluate the residues responsible for ligand 

binding, intermolecular hydrogen bonds for protein-ligand 

complexes were investigated. In the BACE-1 containing 

system, it was found that only ASN113 and GLN75 

residues were able to make 0.86 and 0.03 hydrogen bonds 

with the ligand, respectively, and the other residues did not 

show any bond with the ligand. However, in the AChE 

containing system, no hydrogen bonding was found 

between the ligand and the active-site residues. These 

results indicate that the hydrogen bonds between the ligand 

and the active-site residues did not affect the loading of the 

ligand. An important result in this section is the difference 

in the hydrogen bond between water and the ligand, due to 

the difference in the dipole moment of the ligand in the two 

simulated systems. So that, in AChE and BACE-1 

containing systems the ligand was able to made 3.2 and 2.6 

hydrogen bonds with the water molecules and the ligand 

dipoles were 4.2 and 3.9 (Debye), respectively. As seen, 

more dipole moment caused an increase in the hydrogen 

bond between the ligand/water in the AChE containing 

system. Another reason for this observation can related to 

the preferential orientation of the ligand on the active-site, 

so that the opposite side of the fluorine, which has more 

oxygen atoms, is accessible to water (Fig. S1) and 

facilitated hydrogen bonding with water.  

 

Binding free energies and interaction analysis 

To estimate binding free energies (ΔGbind) and relative 

stability of the ligand in the BACE-1 and AChE, the 

MMPBSA method was applied and are summarized in 

Table 2. 

The binding free energy ligand/BACE-1 is much 

stronger than in ligand/AChE, and in both systems, the van 

der Waals (vdW) contribution is a vital determinant, and 

the electrostatic contribution is much lower. For more 

detailed insights, ligand interaction energies with the 

active-site residues were examined, Table 3. Since the 

ligand has multiple aromatic rings and also contains two 

oxygen on the opposite fluoride side, having both 

hydrophilic and hydrophobic parts in its structure. In the 

ligand/BACE-1 system, the residues of ILE112 and 

PHE49 are both hydrophobic and the ligand was inserted 

into the BACE-1 cavity via its hydrophilic side (oxygen-

containing side). Consequently, the hydrophobic aromatic 

rings of the ligand were also placed close to the ILE112 

and PHE49 residues (Fig. S1a), which resulted in 

favourable vdW interactions -16.56 and -10.84 kJ/mol, 

respectively. In the ligand, as shown in Fig.1, the most 

negative charge is related to the nitrogen atom N1 (-0.557), 

so due to N1 containing ring being located near ASN113, 

a very favorable electrostatic interaction (-10.65 kJ / mol) 

occurs with the polar amino acid ASN113. GLN75 and 

THR74 are polar neutral side chain amino acids, so 

predominant interactions between nitrogen and oxygen 

atoms of the oxadiazole ring of the ligand with these 

residues are vdW type. In the ligand/AChE system, since 

the loading is done from the hydrophobic side of the ligand 

(fluorinated part), almost all residues that interact with the 

ligand, including ALA, PHE, TYR, TRP, and LEU, are 

hydrophobic. Meanwhile, over half of the total interaction 

energy (~ -75 kJ/mol) is associated with ALA and PHE 

residues. A protein's (or ligand's) function depends not 

only on its thermodynamics, but also on its structural 

changes. A ligand can alter the function of a protein by 

interfering with the essential motions of a protein as well  
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Table 1: Comparison of the binding free energy and various energy components. 

                          Energy components (kJ/mol) 

Systems 
ΔEelec ΔEvdw ΔGpolar ΔGnonpolar ΔGbind 

Water + Ligand + BACE-1 -4.86 (±0.13) -37.89 (±0.89) 24.86 (±1.02) -4.46 (±0.10) -22.35 (±0.92) 

Water + Ligand + AChE -10.29 (±0.13) -109.29 (±0.58) 63.93 (±0.47) -12.12 (±0.06) -67.77 (±0.67) 

 

Table 2. Analysis of interaction energies (kJ/mol) between the 

active-site residues and ligand. 

Ligand in BACE-1 containing system 

               Different components 

Proteins residues 

Ligand  

(Columbic) 

Ligand 

(vdW) 

PHE49 -0.72 (±0.35) 
-10.84 

(±2.60) 

THR74 0.03 (±0.04) -1.29 (±0.64) 

GLN75 1.05 (±0.14) 
-10.62 

(±1.20) 

LYS109 -3.54 (±1.80) 
-16.08 

(±1.20) 

ILE112 -7.61 (±1.70) 
-16.56 

(±1.40) 

ASN113 
-10.65 

(±2.80) 
-2.30 (±0.78) 

Sum -21.44 -57.69 

Ligand in AChE containing system 

PHE533 -0.28 (±0.26) 
-20.01 

(±0.64) 

TRP530 -6.45 (±0.11) 
-17.95 

(±0.40) 

PHE529 2.83 (±0.07) 
-18.35 

(±0.30) 

ALA526 -1.53 (±0.07) -4.10 (±0.15) 

LEU371 -3.29 (±0.40) 
-15.86 

(±0.13) 

ALA372 -0.23 (±0.03) 
-13.12 

(±0.17) 

ALA375 -1.28 (±0.11) 
-19.16 

(±0.17) 

LEU378 0.15 (±0.02) -6.29 (±0.15) 

HIS379 -2.40 (±0.26) -6.82 (±0.13) 

TYR380 -0.14 (±0.08) -3.08 (±0.05) 

Sum -12.62 -124.74 

 

as the interactions of the active-site. In particular,  

the essential motions induced by the conformational 

changes [64]. Deviations in the structure of the ligand and 

proteins in the simulated systems were examined separately 

in two sections, which are discussed in detail as follows.  
 

DYNAMIC PROPERTIES AND STRUCTURAL 

DEVIATIONS OF LIGAND 

To investigate the dynamic properties of the influence 

of proteins on the ligand, the Mean Square Displacement (MSD)   
 

of the ligand in both protein-containing systems was 

considered, Fig. 3. As can be seen, the ligand movement in 

the AChE system is far lower than BACE-1. According to 

Table 3, the interaction energies of the ligand with the 

active-site residues in the AChE system are almost two 

times more than the BACE-1, and the number of residues 

around the ligand is more than the active-site residues in the 

BACE-1 system. Therefore, the possibility of movement 

has been severely limited.  Another reason, which is less 

important, is the more hydrogen bonds that the ligand is 

made with water. Altogether, stronger interactions with the 

active-site and more hydrogen bonding with water appear to 

thermodynamically limit the ligand on both sides and the 

lack of space due to the more residues in the active-site 

dynamically reduces the movement in AChE containing 

system. To determination of compactness level in the 

structure and solvent accessibility of ligand in both systems, 

radius of gyration (Rg) and solvent accessible surface area 

(SASA) analysis were done, Table S1. Analysis of radius of 

gyration provides us an insight of the overall dimensions of 

the protein and ligand. However, the simultaneous study of 

Rg and SASA shows that the ligand compactness was not 

significantly different in both systems. The ligand RMSD 

values in the two systems are greater than 0.3 nm, indicating 

that the ligand was flexible when interacting with the two 

proteins. To get a precise insight of the ligand structure, an 

angle (α) between the three atoms (specified as A1, A2, and 

A3 in Fig. 1) as well as a dihedral angle (β), were assigned 

to the ligand for measuring structural changes. 

Simultaneous examination of these angles can be 

advantageous because the internal coordinates naturally 

provide a correct separation of internal and overall motion. 

Fig. S2a shows the (α) distribution obtained from the 

simulation, which prognosticates that mainly two 

conformational states are populated in the AChE 

containing system. One of them occurred between ~75-90º 

and another one is a region between ~165-175º. However, 

only one state was seen in the BACE-1 containing system 

between ~150-155º. Angular distribution of β in the AChE 

containing system, shown in Fig. S2b, revealed that the  
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Fig. 3: The mean square displacement (MSD) of ligand in 

different simulated system. 

 

structures were populated with β=90º as the same (even 

greater than) at β=180º. Finally, it is observed that the 

value of the β angle in the BACE-1 containing system was 

often around 180º, although structures with β=90º also 

occurred. Given the angular distributions, more 

information about the flexibility and predominant 

configuration of the ligand interaction with BACE-1 and 

AChE can be obtained from the free-energy landscape, as 

shown in Fig. 4. A free energy landscape may be 

characterized by its minima that represent metastable 

conformational states and its barriers that connect these 

states. It can be seen that the ligand in the BACE-1 

containing system gets trapped in many local minima in 

the range of α=60-175º and β=50-180º, which seems to be 

faced with less energy barrier to converting from one 

configuration with certain angles to another configuration. 

However, the ligand in the AChE containing system can 

be taken more limited α and β angles (α= 60-120º and 

β=50-100º as well as α= 120-180º and β=140-180º), so that 

it showed more specific local minima. Representative 

structures are identified and clearly depicted in Fig. 4. As 

a result, the ligand had taken a more flexible structure in 

BACE-1 and shown diverse configurations with lower 

surface energy, while in AChE it adopted a rigid structure 

with more specific angles. 

 

DYNAMICS PROPERTIES AND STRUCTURAL 

DEVIATIONS OF PROTEINS  

Root Mean Square Fluctuation (RMSF) 

The dynamic behavior of individual amino acid 

residues for proteins was determined in terms of RMSF 

values. This analysis is useful for describing local 

differences in flexibility between residues throughout MD 

simulation [65]. As shown in Fig. 5, compared to the 

ligand-free system, BACE-1 shows an overall higher 

degree of flexibility in the ligand-containing system, and 

significant changes are seen. 

So that, the average RMSF values in the lig/BACE-1 

and BACE-1 systems were 0.124 and 0.082 nm, 

respectively. The difference in the flexibility of the active-

site residues (Table S2) shows that the most change was 

related to PHE49, LYS109, ILE112, and ASN113 while 

GLN75 did not change and THR74 showed a decrease. In 

both systems, the most fluctuations were related to the 

303-311 residues, which could be because more than half 

residues (GLU302, ASP303, ASP309, ASP310) were 

electrically charged (negatively charged), and the 

electrostatic repulsion between these residues has been 

increased the flexibility. However, AChE showed low 

fluctuations, Fig. 5b. As can be seen, the flexibility of 

AChE residues in the ligand-free system is not 

significantly different from that of the ligand-containing 

system, and the average RMSF values were 0.081 and 

0.080, respectively. A similar observation is found 

regarding the flexibility of the active-site residues of 

AChE (Table S2). The results indicate that two regions of 

the AChE structure have significant fluctuations. One 

contains 76-85 residues (TYR75, PRO76, GLY77, 

PHE78, GLU79, GLY80, THR81, GLU82, MET83, and 

TRP84) which are mostly hydrophobic. Another among 

the residues 259-263 (GLY258, GLY259, THR260, 

GLY261, and GLY262) in which GLY is as the simplest 

and lightest amino acid. 

 
Analyses of secondary structures 

Protein structure is inherently important because the 

structure of a protein is directly related to its function. The 

propensity of the secondary structural content is an 

essential element to study the structural behavior of the 

protein [66]. Changes in the secondary structure were 

examined in BACE-1 and AChE, as shown in Figures 6 

and 7. The secondary structure results of BACE-1 show 

that in the ligand-containing system, the Coil content is 

more than the ligand-free system, while the Bend content 

remains almost constant. In addition, the β-sheet and β-

bridge content clearly decreased, especially at the end of 

the simulation time. And finally is seen the α-Helix,  

Turn, and 3-Helix content remain constant. Therefore,  
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Fig. 4: 2D representations of the free-energy landscape of 

ligand in BACE-1 (a), AChE containing system (b). 

 
it is suggested that increasing the coil as well as decreasing 

β-leaf and β-bridge greatly increases the fluctuation of 

BACE-1 in the ligand-containing system. Residues that are 

predominantly β-sheet are indicated in the RMSF by the 

green line (C1, C2, and C3 in Fig. 5a and S3). It can be 

seen that these residues in both BACE-1 containing 

systems, have relatively less flexibility than other residues. 

It is well known, the hydrogen bonding which occurs 

between the carboxyl oxygen and the amine hydrogen of 

the backbone of a protein is the main driving force behind 

the secondary structure [67]. Examination of hydrogen 

bonds (Table S3) showed that in the ligand-containing 

system, the number of parallel and anti-parallel bridges 

hydrogen bonds within BACE-1 structure is drastically 

reduced than the ligand-free system, which in turn can be 

considered as a reason to decreasing the propensity of  

β-sheet and β-bridge and increasing fluctuations. The 

results of the AChE secondary structure show that in the  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Root mean square fluctuation (RMSF) of BACE-1 (a), 

and AChE (b) in different simulated system. 

 
ligand-containing system, the Coil content is slightly 

increased compared with the ligand-free system, but the 

Bend content is also reduced. Another contrary propensity 

is to reduce the β-sheet content, while α-Helix is increased. 

Overall, there was no significant difference in the 

fluctuations of AChE containing systems, so flexibility has 

changed locally. One can see that in the ligand-containing 

system, residues 75-85 have been changed to the Coil and 

Bend content (D1 in Fig. 5b and S2). Therefore, an 

increase in fluctuations occurs in this region. Also, 

residues 255-265 have been changed to the Bend to some 

extent (D2 in Fig. S4), therefore the fluctuations of these 

residues have increased, as shown in Fig. 5. Another 

important finding in this regard is the lack of significant 

change in the number of parallel and anti-parallel bridges 

hydrogen bonds within the AChE structure (Table S3), 

which can be considered a reason for the low fluctuations 

observed in the ligand-containing system. 
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Fig. 6: Secondary structure changes of BACE-1 during the course of 100-ns MD simulation Coil (a), B-Sheet (b), B-Bridge (c), 

Bend (d), Turn (e), A-Helix (f), 3-Helix (g), Structure (h) in ligand-free system (orange) and ligand-containing system (blue). 
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Fig.7: Secondary structure changes of AChE during the course of 100-ns MD simulation Coil (a), B-Sheet (b), B-Bridge (c), 

 Bend (d), Turn (e), A-Helix (f), 3-Helix (g), Structure (h) in ligand-free system (cyan) and ligand-containing system (pink). 
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Ramachandran plot analysis 

The Ramachandran plot is the 2D plot of the φ-ψ 

torsion angles that played a central role in understanding 

the protein structure. Each range of φ-ψ values in the 

Ramachandran plot relates to a particular secondary 

structure and shows the possible conformations of φ and ψ 

angles for a protein. The conformations in which the atoms 

in the protein come closer than the sum of their Vander 

Waals radii and demonstrated by the white (disallowed for 

all amino acids except glycine). The partially allowed 

regions of the left-handed helix where the atoms are 

allowed to come a little closer together and shown by the 

yellow. Red regions are related to the α-helical and β-sheet 

conformations, wherein there are no steric clashes 

(allowed regions) [68]. In this study, the Ramachandran 

plot was evaluated to examine the active-site residues  

and their structural changes. The analyses of the 

Ramachandran plots produced by PROCHECK [69,70] 

are given in Fig. S5. The results indicated that most of the 

residues were in the favorable areas (more than 90%).  The 

Ramachandran plot was divided into two areas for detailed 

analysis of the conformations. Residues having torsion 

angles in the range -135 < φ < -38º, -72 < ψ < 27º were 

considered to be in the α-helical region. Residues having 

torsion angles in the range -171 < φ < -38º, 90 < ψ < 180º 

were considered to be in the β-sheet region. Then, the 

active-site residues were carefully studied (Table S4). In 

the case of BACE-1, three residues (PHE49, THR74, and 

LYS109) in the ligand-free system were changed from α-

helical to β-sheet structure in the ligand-containing system, 

and the β-sheet structure was seen for GLN75, ILE112, 

and ASN113 in both systems. However, a different finding 

was obtained for AChE, so that all of the active-site 

residues remained within the α-helical region in both 

systems and just small changes were seen. 

 

Principal Component Analysis (PCA) 

By reducing the number of dimensions of the data 

obtained from molecular dynamics simulations, one can be 

identifying the dynamical behavior of proteins by 

projecting the trajectory on small dimensions in terms of 

principal components (PCs) [67]. Hence, by taking the 

trajectory of the molecular dynamics simulations, the 

dominant modes in the motion of BACE-1 and AChE in 

the different simulated systems were extracted, as shown 

in Fig. 8. If the motions are similar, the eigenvectors and 

eigenvalues from the individual trajectories must be 

similar. Principal components analysis (PCA) was carried 

out on the backbone atoms in BACE-1 and AChE proteins. 

Such analysis showed that the first two eigenvectors 

account for ˃ 40% of all the motion in BACE-1 and AChE 

(Fig. S6). The protein concerted motions are identified by 

the first few eigenvalues and decrease rapidly in amplitude 

to reach some more localized and constrained fluctuations. 

Fig. 8a shows that the properties of the motions described 

by the first few PCs differ for the ligand-containing and 

ligand-free systems in both proteins. To find the most 

stable configurations for each protein and qualitative 

inspection to find that what the energy barriers are between 

different conformational basins, the free energy counter 

maps constructed for all systems, as shown in Fig. 8b.  

It was found that the PC1 and PC2 motion modes of 

BACE-1 in ligand-containing system spanned larger 

ranges than that ligand-free system, indicating 

conformational rearrangements caused by the ligand. 

More red spots in the free-energy landscape BACE-1 in 

the ligand-containing system show that more motion 

modes, without significant barrier, are accessible and this 

is in agreement with those findings of reducing the 

intramolecular hydrogen bonds (Table S3) and increasing 

the RMSF (Fig. 5a). To identify the main local deviations, 

the first modes of motion in both systems were taken into 

account simultaneously. As can be seen in Fig. S7, the 

most of the deviations are related to a β-hairpin region (C), 

an α-helix region (D), and finally some other different coils 

(A and B). However, in the case of AChE, the distinctive 

local basins were observed, although these minima were 

more localized in the ligand-containing system with fewer 

red and orange spots.  

 

CONCLUSIONS 

A computational study of the protein-ligand complex 

based on the dynamics and thermodynamics effects of a 

well-known drug on the two amyloid-beta-precursor 

proteins (BACE-1 and AChE enzymes) was done. 

According to the MSD results, due to the stronger 

interaction energies between drug/active-site residues, the 

movement of the drug in the AChE-containing system was 

less than that of BACE-1. The drug showed different 

mechanisms of binding in the active-site of proteins, and 

therefore, the drug tended to be bound to the active-site of 

BACE-1 from the opposite side of fluorine, while it was  
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Fig. 8: Eigenvalue versus eigenvector index of proteins (a), free-energy landscape between PC1 and PC2 of BACE-1  

and AChE in different simulated systems (b). 

 

bound to the active-site of AChE from the fluorine side. 

The free-energy landscape (FEL) based on the internal 

angles (α and β) showed that the drug was more flexible in 

the BACE-1-containing system than that of AChE. 

Analyzing the RMSF revealed that in the presence of the 

drug, BACE-1 was affected more than AChE and had great 

flexibility, it was especially noticeable when comparing 

active-site residues in two systems. The results obtained 

from the secondary structural content in the BACE-1 

containing systems demonstrated a decrease in the propensity 

of β-sheet and β-bridge in the presence of the drug, which 

in turn could be due to the reduction in the number  

BACE-1 with ligand 

BACE-1 without ligand 

AChE without ligand 

AChE with ligand 
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of parallel and anti-parallel bridges hydrogen bonds within 

BACE-1 structure. The results of ligand/active-site 

residues study showed that the hydrogen bonding was 

ineffective in ligand binding to both enzymes, and van der 

Waals (vdW) interactions play a decisive and dominant 

role. Compared to the ligand-free system, the active-site 

residues of BACE-1 in the ligand-containing system 

tended to adopt the β-sheet structure, whereas the active-

site residues of AChE remained α-helical in both simulated 

systems. Investigation of the active-site residues of BACE-

1 showed that PHE49, THR74, and LYS109 in the ligand-

free system were changed from α-helical to β-sheet 

structure in presence of the drug, while in both systems 

containing/free of drug, all of the active-site residues of 

AChE remained within the α-helical region. By 

considering the principal component analysis (PCA) it was 

found that due to the presence of drug, conformational 

rearrangements occurred in BACE-1 and the PC1 and PC2 

motion modes spanned larger ranges compare to the 

ligand-free system. 
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