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Abstract 

A conformational analysis and docking study of nitrophenoxyalkylbenzylamine 
derivatives with inhibitory activities against acethylcholinesterase was carried out in an 
attempt to analyze their structure–activity relationships based on the enzyme–inhibitor 
interaction. First, stable conformers of the inhibitors alone were obtained from the 
conformational analysis by molecular dynamics. Next, a docking study of the inhibitors into 
the ligand binding site was performed. Among the resulting stable complex structures, it was 
found that in the case of the two stereoisomers with a 7-membered ring, the more active one 
of the two formed a much more stable complex structure. On the other hand, complex 
structures with comparable energies were obtained for both stereoisomers that had no 
7-membered ring and showed similar inhibitory activities. Lastly, structural features of the 
complex models of a series of inhibitors with side chains of different lengths were evaluated 
and corresponded well to their inhibitory activities. 
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1. Introduction 

Alzheimer's disease (AD), the most common cause of dementia, is a neurodegenerative disorder 
characterized by a progressive deterioration of memory and cognition [1][2]. Enhancement of the 
central cholinergic function by the inhibition of acetylcholinesterase (AChE) is, so far, the only 
clinically effective approach for the treatment of AD [3][4]. However, the clinical usefulness of 
marketed AChE inhibitors (AChEIs) is limited, mainly due to the adverse effect on peripheral 
organs [5][6]. AD patients often exhibit psychiatric symptoms such as irritability, anxiety, and 
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depression. Depression in AD patients has been successfully treated with inhibitors of the serotonin 
transporter (SERT) [7], anti-depressants that have no anti-cholinergic action. Thus, it is anticipated 
that drugs exhibiting SERT and AChE inhibitory activities could offer greater therapeutic benefits 
because the anti-depressive effect due to SERT inhibition might reduce the demand on cholinergic 
systems in the brain and ameliorate cognitive deficits. These dual inhibitors would be a novel class 
of anti-AD drugs and be more effective in alleviating the symptoms of AD than other known AChE 
inhibitors. 

In the search for such dual inhibitors, we have synthesized benzylamine derivatives that have a 
highly efficient dual inhibition profile (Figure 1). Interestingly, compound 1 with a 7-membered 
ring exhibited stereoselectivity against AChE (IC50 = 609 (S) vs 14 (R) nM). On the other hand, 
little difference in AChE inhibitory activities was observed for the stereoisomers of compound 2, 
which has no 7-membered ring, i.e., has an open substructure. With regard to compounds 2– 4, 
which have different lengths of the alkyl chain between the benzylamine and nitrophenoxy moieties 
(Y), compound 3 with the shortest tether group showed weak inhibitory activity (IC50 = >1000 nM) 
while reasonable inhibitory activities were observed for the other compounds 2 (IC50 = ~100 nM) 
and 4 (IC50 = 77 nM). 

With respect to donepezil, marketed as Aricept for the treatment of AD, complex structure 
models and energetics of its stereoisomers with comparable inhibitory activities against AChE were 
presented [8][9][10]. The complex crystal structure of donepezil was recently solved [11] and it was 
revealed that the overall binding mode predicted by the above modeling was correct although some 
binding interactions could not be perfectly estimated. Thus, docking study has been one of the 
effective tools to elucidate a ligand–enzyme binding orientation. 

Since the determination of the crystal structure of AChE from Torpedo californica by Sussman 
et al. [12], complex structures with different ligands have been elucidated and registered in the 
Protein Data Bank [13]. The AChE enzyme is an α/β protein that contains 537 amino acids. The 
catalytic triad comprising residues Ser200, His440 and Glu327 is located at the bottom of a deep 

O

O

Me2N

O

NO2

NMeH·HCl

O

O

Me2N

O

NO2

NMeH·HCl

NMe·HCl

O

O

Me2N

O

NO2

NMe·HCl

O

O

Me2N

O

NO2

O

O

Me2N

O

NMeH·HCl

NO2

O

O

Me2N

NMeH·HCl

O

NO2

2S 2R

1R1S (±)-3

(±)-4

(R)(S)

(S) (R)

IC50 = 609 nM IC50 = 14 nM

IC50 = 101 nM IC50 = 143 nM

IC50 >1000 nM

IC50 = 77 nM

X

Y

X

Y

X

Y

X

Y

X

Y

X

Y

(IC50 of SERT = 6 nM)

Figure 1. Chemical structures of benzylamine derivatives and their inhibitory activities 
against AChE. 
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and narrow pocket, about 20 Å long. This pocket or gorge extends halfway into the enzyme and 
widens out at the base. The middle of the cavity is as narrow as 4.5 Å due to the side chain of 
Tyr121 and the gorge is lined with the side chain rings of 14 aromatic residues. Most ligands 
(inhibitors) as observed from their crystal structures, are located at the bottom of the pocket, which 
is wide (hydrophobic pocket base), although larger ligands such as decamethonium [14] and 
donepezil [13] extend to the mouth of the gorge (hydrophobic pocket opening). 

Recently, Bar-on et al. [15] reported the structual studies on the interaction of AChE and 
rivastigmine which possessed a carbamate moiety in the same manner as inhibitors 1– 4. From the 
aspect of structual similarity, inhibitors 1– 4 are considered to be pseudo-irreversible inhibitors of 
AChE. However, preliminary experimental results [16] suggested that inhibition type of compound 
2 was more like a reversible AChE inhibitor, such as donepezil, than a pseudo-irreversible inhibitor, 
such as rivastigmine. Therefore, we performed this study by taking inhibitors 1– 4 as reversible 
AChE inhibitors. 

In this article, we report the results of the conformational analysis and the docking study of 
inhibitors 1– 4 with AChE in order to analyze their AChE inhibition potencies, which include 
difference in AChE inhibitory activity of the stereoisomers of 1, based on their predicted 
enzyme–inhibitor interaction. The synthesis and full details of the biological evaluation of the 
inhibitors are presented elsewhere [17]. First, the conformational analysis of the inhibitors was 
carried out by molecular dynamics simulations to obtain their stable conformers. Next, a docking 
study of the inhibitors into the gorge of AChE was performed. Based on the complex structure 
models of the stereoisomers of compounds 1 and 2, the interaction energies between AChE and the 
inhibitors were estimated and compared with their inhibitory activities. Furthermore, the structural 
features of the complex models of compounds 2– 4, which all have side chains of different lengths, 
were analyzed and compared with their inhibition potencies. This study would bring useful 
information for further development of potent AChE inhibitors. 

2. Methods 

2.1 Conformational analysis of inhibitors 

Each molecule was model-built using the QUANTA system [18] in the protonated form with 
respect to the basic amine. Since compound 1 contains a tertiary methylamine moiety as a part of 
the 7-membered ring, the stereochemistry was taken into account by equating the nitrogen atom to a 
chiral carbon atom, i.e., the two stereoisomers, R’ and S’ were considered. Four models of 1RR’, 
1RS’, 1SR’ and 1SS’ were therefore built for 1 and two models of R and S isomers were considered 
for the others (Figure 2). Atomic partial charges were assigned using the “Template Charge” in 
QUANTA. A distance-dependent dielectric constant of 4r was used in the calculation of 
electrostatic energy. 

A conformational analysis using molecular dynamics and molecular mechanics was performed 
using the CHARMm force field [19]. The model was heated to 1000 K for 2 ps followed by an 
equilibration of 10 ps. A production run of 1000 ps was then carried out. A time step of 1 fs was 
used and the coordinates were saved every 0.2 ps. The saved structures were geometry-optimized 
by molecular mechanics with the Adopted-Basis Newton Raphson algorithm [20]. The above 
procedure was taken from our previous study, in which reasonable conformational search results of 
drug-like molecules were obtained [21]. A cluster analysis of the resulting stable conformers was 
done using the Group program [22] based on the torsional angles with a threshold of 30° as shown 
in Figure 2. The above calculations were carried out for 1RR’, 1RS’, 2R, 3R and 4S and the 
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resulting unique conformers were converted into their mirror images to give 1SS’, 1SR’, 2S, 3S and 
4R, respectively. 

2.2 Enzyme structure 

Several X-ray crystal structures of AChE have been elucidated and were quite similar. The 
crystal structure of the complex with donepezil which is similar in molecular size to our compounds, 
was used in this study. Its code name in the PDB is 1eve and its crystallographic resolution is 2.5 Å 
[13]. The structure of AChE from the electric ray Torpedo californica (1eve) has high homology 
with that of mouse AChE (used for the inhibition assays in this study) and the residues constituting 
the binding site are highly conserved. The His, Asn and Gln side chains were analyzed using the 
Guess_NOHQ program [23]. Some terminal conformations were flipped when they were built the 
wrong way and suitable protonation forms of the imidazole ring were determined. 

2.3 Docking study of the inhibitors into the ligand binding site of AChE 

The docking study of the inhibitors was carried out with the QUANTA/CHARMm system 
based on several low energy conformations obtained by the conformational analysis. A series of 
initial positions and conformations of the inhibitors were manually set and stable complex 
structures were obtained by energy minimization with the enzyme structure being fixed. 
Adopted-Basis Newton Raphson algorithm was used for the energy-minimization and a 
distance-dependent dielectric constant of 4r was adopted. The interaction energy was estimated by 
simply subtracting the conformational energies of the enzyme and the isolated ligand from that of 
the complex. The global minimum energy obtained by the conformational analysis was employed 
as the conformational energy of the isolated inhibitor. In the actual derivation of the interaction 
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Figure 2. Model structures and torsional angle definitions of compounds used in this study. 
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energy, the conformational energy of the enzyme was not subtracted because it was common to all 
complex structures. 

3. Results and Discussion 

3.1 Conformational analysis of inhibitors 

A conformational analysis with molecular dynamics was performed for 1RR’, 1RS’, 2R, 3R and 
4S. The number of the resulting unique conformers with ∆E<10 kcal/mol were 170, 161, 274, 105 
and 610, respectively, which is reasonable considering the flexibility of the compounds. Four kinds 
of conformations of the 7-membered ring of 1RR’ and 1RS’ were observed as shown in Figures 3 
and 4, respectively. Two of them had a chair-like (chair) puckering and the other two had a 
boat-like (boat) puckering. Alternatively, half of them had the methyl substituent in the equatorial 

Figure 3. Stereofigures of four kinds of stable conformations of 1RR’. 

Figure 4. Stereofigures of four kinds of stable conformations of 1RS’. 
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position and the other half, in the axial position. As it can be seen from those figures, the most 
stable conformation had the chair-like puckering with an equatorial methyl group. Figure 5 shows 
representative conformations including the global minimum conformation of each of 2R, 3R and 4S. 
The stable conformations of 1SS’, 1SR’, 2S, 3S and 4R were obtained as mirror images of those of 
1RR’, 1RS’, 2R, 3R and 4S, respectively. 

As it can be seen from Figures 3, 4 and 5, most molecules had a compactly folded hairpin 
conformation with the two benzene rings in close proximity, in the global minimum structures. 
However, extended conformations with the two benzene rings apart (∆E = ~2 kcal/mol) were also 
observed. Judging from the size of the gorge, extended conformations was used in next docking 
study to AChE as described below. 

3.2 Docking models with inhibitors bound to AChE 

The size of the gorge base where the catalytic triad resides is too small for the inhibitors to fit in 
their folded conformations. On the other hand, inhibitors in their extended conformations with the 
two benzene rings apart were found to fit into the long gorge, with the dimethylcarbamate (dMC) 
phenyl head group (X) at the base and the nitrophenyl tail group (Y) at the opening (forward), or 
vice versa (reverse). Such an extended conformation of the ligand has been seen in the crystal 
structures of decamethonium and donepezil. Although the two types of orientations were initially 
considered, the forward orientation was found to be more favorable than the reverse orientation 
with respect to energetics and, therefore, only the forward orientation was employed afterwards. 
Considering the shape complementarity between the gorge base and the ligand head group (X) 
corresponding to the benzyl group of donepezil, four possible inhibitor binding modes (A, B, C and 
D) were examined as shown schematically in Figure 6. In these binding modes, phenyl head group 
(X) is aligned along one of the two larger sides of the base having a triangular transection, in the 
similar fashion observed in the complex of donepezil. In addition, two opposite conformations of 
dMC (upper and lower) were investigated. The conformation of the tether between the two phenyl 
rings was also examined. However, the conformational allowance was rather limited due to the 
narrow nature of the middle of the gorge. With regard to 1, four kinds of conformations of the 
7-membered ring were taken into account. After the manual positioning of the inhibitors, complex 
structures were energy-minimized with the enzyme structure being fixed. The interaction energies 
and conformational energies of the representative complex structures including the most stable 
forms of each model are compiled in Table 1. 

Figure 5. Stereofigures of the stable conformations of 2R (a), 3R (b) and 4S (c). 
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3.3 Comparison between docking models of isomers of 1 and 2 and their inhibitory potencies 

The interaction energies in Table 1 are regarded as approximations of the binding enthalpies 
without consideration of the solvation effect. The affinity or the free binding energy of a ligand is 
calculated by the summation of the binding enthalpy as well as the solvation effect and the change 
in entropy upon binding. The difference in the free binding energies between 2S and 2R can be 
approximately evaluated to be the interaction energies (Eint) presented in Table 1 since the 
contributions of the solvation effect and entropy are essentially the same for both enantiomers. In 
comparison with the diastereomers 1RS’, 1RR’, 1SS’ and 1SR’, the entropy contribution is also 
essentially the same while the contribution of the solvation effect is considered to be comparable 
since the area and nature of molecular surface are approximately the same. Therefore, the 
interaction energies (Eint) of the diastereomers of 1 can be estimated as the difference in the free 
binding energies. 

As it can be seen from Table 1, with respect to compound 1 isomers, their rank order in terms of 
interaction energy was 1RS’ (most favorable) < 1RR’ < 1SS’ < 1SR’. Due to the freely invertible 
nitrogen atom, 1R can favorably form the complex as 1RS’, and 1S as 1SS’. The most stable model 
of 1R with the lowest energy was about 6 kcal/mol more stable than that of 1S, which is consistent 
with the observed potencies of the isomers of 1, i.e., 1R is around 40 times more potent than 1S. On 
the other hand, comparable interaction energies were derived for 2R and 2S. This is consistent with 
the fact that only a slight difference was observed for the IC50 values of the isomers of 2. Overall, 
the docking study energetics corresponded well to the observed IC50 values of the isomers of both 1 
and 2. It is speculated that the rigidity of the 7-membered ring of 1S may cause steric hindrance 
while that of flexible compound 2 may not. This structure–activity relationship is further discussed 
in the following structural analysis. 

Figure 6. Schematic representation of four possible binding modes (A, B, C and D) and two
conformations (upper and lower) of dMC group at the base with respect to the cross
sectional plane. Transection of the enzyme gorge viewed from the opening toward the
base. 
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Table 1. Summary of energy calculations for complex models of AChE and inhibitors 1– 4 
aBinding modes as defined in Figure 6. bDimethylcarbamate group. cPuckering of the 7-membered ring. 
dConformation of the methyl group on N atom. eInteraction energy 

Compound Binding dMCb Puckeringc NMed τ1 τ2 τ3 τ4 Energy (kcal/mol) 
 modea (τd)  (τm)     Ecomplex Eligand Eint

e

            
1RS’ C lower boat eq tr tr tr tr -21.7 28.3 -50.0
 C lower chair ax tr tr tr tr -20.9  -49.2
 A lower chair ax tr tr tr tr -17.1  -45.4
            
1RR’ C lower boat ax tr tr g+ tr -20.9 28.1 -49.0
 C lower chair ax tr tr g+ tr -20.5  -48.6
 D lower chair ax tr tr tr g+ -18.6  -46.7
            
1SS’ C lower boat ax tr tr g- tr -16.2 28.1 -44.3
 A lower chair ax tr tr tr tr -15.5  -43.6
 C lower chair ax tr tr g- tr -14.8  -42.9
            
1SR’ A lower boat ax tr tr g+ tr -15.1 28.3 -43.4
 B lower boat ax tr tr g- tr -14.9  -43.2
 D lower boat ax tr tr g- tr -14.8  -43.1
            
2S A lower - g- g+ tr tr tr -38.8 9.4 -48.2
 D lower - g- g+ tr g- tr -36.9  -46.3
 C upper - g- g+ tr g- tr -36.2  -45.6
            
2R D lower - g- tr tr tr g+ -38.4 9.4 -47.8
 C lower - g- tr tr tr tr -38.0  -47.4
 D upper - g- tr tr tr g+ -35.6  -45.0
            
3S A lower - g+ tr tr tr - -42.8 9.1 -51.9
 C lower - g+ tr tr tr - -40.7  -49.8
 D upper - g- g+ tr tr - -40.6  -49.7
            
3R B lower - g- tr tr tr - -39.4 9.1 -48.5
 B upper - g- tr tr tr - -38.9  -48.0
 D lower - g- tr tr tr - -37.9  -47.0
            
4R C lower - g- tr tr g+ tr -38.3 7.4 -45.7
 D lower - g- g+ tr g- tr -38.2  -45.6
 C lower - tr tr tr tr tr -37.8  -45.2
            
4S D lower - tr tr tr tr g+ -39.7 7.4 -47.1
 C lower - g+ tr tr tr tr -38.7  -46.1
 B lower - g- g- tr tr tr -37.7  -45.1
 

Figure 7 illustrates the most stable complex structure models of 1R (1st entry of 1RS’ in Table 
1) and 2S (1st entry of 2S in Table 1). As it can be seen from Figure 7A, the benzoazepine ring of 
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1R was located in the hydrophobic pocket near Trp84 and Phe330. The proton of the tertiary 
ammonium group of the azepine ring did not directly interact with the carboxyl group of Asp72. 
The positive charge should have been stabilized by the negative charge of Asp72 (the NH---O 
distance is 5.0 Å) and the aromatic ring of Tyr334 through the aromatic–ammonium interaction 
[24][25]. This kind of interaction is observed by several complex crystal structures such as those of 
donepezil [13] and galanthamine [26]. The carbamate moiety was located near Tyr 130 and 
catalytic Ser200. Two torsional angles τ3 and τ4 in the ethoxy spacer adopted a trans conformation. 
The nitrophenyl tail group (Y) was near the indole ring of Trp279, which is located in the 
hydrophobic pocket opening, and the nitro group was rather exposed to the solvent. The binding 
mode of the most stable complex structure models of 1S (1st entry of 1SS’ in Table 1) was rather 
similar to that of 1R except for the conformation of the methyl group on the N atom. 

As it can be seen from Figure 7B, the phenyl head ring (X) of 2S was located in the 
hydrophobic pocket near Phe330, which is located deep in the gorge. The proton of the tertiary 
ammonium group did not interact directly with the carboxyl group of Asp72. The carbamate moiety 
was located near catalytic Ser200. Two CH2-CH2 bonds adopted a trans conformation. The 
nitrophenyl tail group (Y) was at the hydrophobic pocket opening. 

Scoring or energy evaluation of ligands docked into enzyme structures is important but 
challenging because of the difficulty in evaluating the entropic contribution and solvation effect 
[27][28]. Recently, Pilger et al. reported the binding mode of galanthamine with AChE based on the 
comparison of interaction energies derived by their docking study and the predicted binding mode 
corresponded well to that solved by the X-ray crystal structure analysis which was in progress at the 

Figure 7. Complex structure models of AChE and 1RS’ (entry 1) (A) or 2S (entry 1) (B).   
The front and the back are omitted for clarity. 

A 

B 
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same time [29]. In the case of one ligand or two stereoisomers of one compound such as the ones 
shown here or of models presented by Pilger et al., in which the entropic contribution and solvation 
effect were cancelled out, analysis of the complex structures and interaction energies derived by the 
docking study is considered sufficient. 

3.4 Comparison among docking models of 2– 4, inhibitors with different lengths of the 
methylene chain 

The length of the methylene chain between the benzylamine and nitrophenoxy moieties (Y) is 
an important factor affecting the potency. Among compounds 2– 4, compound 3 with one methylene 
spacer group showed very weak inhibitory activity (IC50 = >1000 nM) while reasonable inhibitory 
activities were observed for 2 (IC50 = ~100 nM) and 4 (IC50 = 77 nM), which have two and three 
methylene spacer groups respectively. The binding energies among different compounds can not be 
directly compared with the energies presented in Table 1 since the entropy contribution and 
solvation effect were not considered. We therefore, focused on the position of the nitrophenyl group 
(Y) at the binding site. The most stable complex structure models of 3S (1st entry of 3S in Table 1) 
and 4R (1st entry of 4R in Table 1) obtained by the docking are shown in Figure 8. 

The nitrophenyl tail group (Y) of 2 was involved in the hydrophobic interaction with the indole 
group of Trp279 as mentioned above. In the case of 3, the distance between the phenyl moiety (Y) 

Figure 8. Complex structure models of AChE and 3S (entry 1) (A) or 4R (entry 1) (B).   
The front and the back are omitted for clarity. 

A 

B 
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and indole rings became 0.2 Å longer than that of 2 (Figure 8A). The shorter spacer length for 3, 
relative to 2, may prevent the phenyl rings X and Y to simultaneously interact with the hydrophobic 
pocket at the base or opening respectively, as it was the case for 2. On the other hand, the distance 
between the phenyl ring (Y) of 4 and the indole ring of Trp279 was 0.4 Å shorter than that of 2 
(Figure 8B), leading to an enlarged ring overlap. Moreover, the interaction at the peripheral 
hydrophobic site seemed to be more favorable due to the additional hydrophobic methylene group 
of 4 although its larger number of rotatable bonds was more disadvantageous with respect to 
entropy compared to 2. This seemed to slightly lower its activity, making it the second best among 
the synthesized compounds. 

4. Conclusion 

The detailed analysis of the complex structures and on their interaction energies derived by the 
docking study provided a reasonable basis for the inhibition potency difference between the 
isomers of 1 and 2. Furthermore, structural features of the complex models of 2– 4 with different 
methylene spacer lengths corresponded well to their inhibitory activities. Although X-ray analysis 
of the complex is essential in determining the exact binding mode, the approach described in this 
article would still be very useful to understand the potencies of inhibitors based on their modeled 
enzyme–inhibitor interaction. 
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