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Abstract
Clitoria fairchildiana is a common plant in Amazon rain forest. Popularly known as sombreiro, this plant has a great 
potential to use its phytochemical content for biological and medical applications. Stemonal, one of many phytochemi-
cal products extracted from “sobreiro”, presents cytotoxic and anti-inflamatory activities, which means that has great 
potential for pharmaceutical applications. In order to collaborate with stemonal research, this paper studied the molecular 
properties of this molecule. The molecular structure of stemonal was optimized using semi-empiric methods, such as 
PM3, using ArgusLab® software. Molecular parameters, such as frontier orbitals (HOMO and LUMO), MESP and formation 
enthalpy were obtained. Also, molecular docking experiments were conducted in order to evaluate the applicability 
over AChE, and the coupling of stemonal in this enzyme shows that the phytochemical binds into the catalytic site of 
the enzyme, which means that the molecule inhibits the hydrolysis of acethylcoline, the neurotransmitter evolved into 
skeletal muscules. Therefore, stemonal molecule has great potential to be applied into pharmaceutical formulations to 
achieve a better treatment for Alzheimer’s diesease.
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1 Introduction

The pharmaceutical industry, since decades ago had the 
idea to scientifically explore the relation between drug 
side effects and therapeutical efficency. For delivering a 
new drug into market, a 10–15 years gap and a substantial 
investiment of 500 million to 2 billion dollars, but statis-
tics brought by US FDA showed a drug failure of 30% in 
early clinical tests associated with adverse side-effects [39]. 
Therefore, drug design can be very expensive and frustrat-
ing if the result showed to be unsatisfactory.

In this context, in silico methods, such as DFT modeling 
and molecular docking methods brings advantages, such 
as reduced research time for a molecule, computational 

details regarding the interaction between the molecule 
and a biological target (an enzyme, for example) and 
almost zero investiment for acquiring the software [5, 24]. 
The most popular platforms, such as ORCA, ArgusLab and 
AutoDock Vina packages, are available for free to down-
load in any computer, in any commercial available opera-
tional system [22, 23, 34–36].

Aside the computational molecular modeling solution, 
another important problem in drug development is the 
side effects brought by the drug. Some diseases, such as 
Chagas’ and Alzheimer’s diseases [1, 2, 20, 33], has phar-
maceutical formulations that are proved to be efficient but 
the side effects are adverse. In this context, using phyto-
chemical compounds are a tendency for both increasing 
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the effectiveness of the drug and diminishing the side 
effects, once the popular knowledge of using vegetable 
products for pharmaceutical use is a tradition in many 
countries worldwide, including Brazil itself [8, 12]. The 
harmony between phytochemical knowledge and compu-
tational experiments brings a broad view of applications 
that in vitro experiments cannot reach.

Regarding the potential of phytochemical compounds, 
an Amazonian plant commonly known as sombreiro (Clito-
ria fairchildiana) is very popular in Brazil [4, 7, 9, 18, 28], 
once this kind of plant is common in large and open 
places, such as gardens, roads and national parks. Many 
papers show the activity of the phytochemical compounds 
extracted from sombreiro, such as stemonal that has cyto-
toxic [9], antioxidant [18], anti-inflammatory [28] applica-
tions towards many biological targets [29]. Although ste-
monal has higher phytochemical and pharmacological 
potential for many applications, no evidence for applying 
stemonal as an anti-Alzheimer’s disease drug. The most 
important enzyme related with Alzheimer’s disease is 
acethycolinesterase (AChE), which activity is increased due 
to the beta-amyloid deposits over the enzyme.

It is important to state that AChE is a very complex 
enzyme that drives part of the muscular neurotransmis-
sion, and AChE has basically two catalytic sites within its 
strutcutre [40]:

1. The known catalytic triad by H447, E334 and S203 resi-
dues,

2. And the extented catalytic site from Y337 residue.

The hydrolysis mechanism of AChE is based on acyla-
tion/deacylation of S203 residue towards protonation of 
H447 imidazolic ring, and the acyl group of acethylco-
line bonds with S203 residue and choline releases from 
enzyme along the deprotonation of imidazolic ring. The 
second step is the capture of a proton from water and the 
hydroxyl ion reacts with carbonyl group of acethylated 
S203 residue, and the complex itself produces acetic acid 
and the regeneration of S203 and H447 residues from their 
initial structures [40]. Regarding the Alzheimer’s disease, 
García-Ayllón and coworkers [10, 11] indicated that pati-
tents with this disease had found altered levels of AChE in 
patient’s blood plasma along with alterations in cholinest-
erase levels and presence of modified colinesterase such 
as butyrylcholinesterase, which is correlated with other 
neural disfunctions on human organism [11].

Although AChE is an enzyme, the molecule undergoes 
in other reactions, such as the irreversible inhibition of 
AChE by organophosphorate (OP) compounds like inseti-
cides [6, 31]. Due to the chemical structure of the cata-
lytic sites of AChE, they are avaliable for reaction with any 
central atom that is nucleophilic, once hydrolysis reaction 

occours by carbonyl group of the ester from acethylcolis-
terase, naturally AChE will react with those compounds 
due to nucleophylic nature of oxygen present in OP com-
pounds. At the first step of AChE hydrolysis, S203 residue 
reacts with phosporous from OP, and a very stable adduct 
is produced and not possible to revert the reaction to 
the initial structure of S203. The equilibrium constant is 
very favorable, and the Gibbs energy is negative, almost 
− 100 kJ mol–1, showing that the AChE can undergo a com-
petitive kinetics towards other molecules [31].

As it can be seen, the importance on studing AChE is 
crucial, and this paper shows an in silico characterization 
of rotenone stemonal by semi-empirical methods and 
studying its reactivity by frontier orbital analysis and fur-
ther molecular docking analysis towards AChE enzyme.

2  Methodology

2.1  Classical and quantum calculations

All calculations were made in an Intel-based PC running 
Windows 10 in optimal configuration. The chemical struc-
ture of stemonal was acquired in Pubchem® repository 
(InChlkey INRSYSTZYGIZOF-UHFFFAFAYSA-N), and pri-
mary results regarding some physicochemical properties 
such as pKa using Calculator Plugins in MarvinSketch© 
version 19.8.0, 2018, ChemAxon (https ://www.chema 
xon.com) using Academic License. Calculations regard-
ing molecular propriertes, such as optimization energy, 
electrostatic map, formation enthalpy and frontier orbit-
als were calculated using PM3 semiempirical method 
included in ArgusLab® version 4.0.1 [34]. The semiempirical 
calculations were made by doing 200 iterations per cycle 
for structure optimization until the minimum energy was 
achieved together with an optimized structure were both 
achieved. Also, a Mulliken charge calculaton was con-
ducted in order to study the electrostatic charge distribu-
tion in stemonal molecule. To assess the molecular reactiv-
ity of stemonal, energy gap calculations were conducted 
as explained by Obot and coworkers [24].

2.2  Molecular docking calculations

Molecular docking calculations were performed using 
Avogadro (for drawing the molecular structure) [14], Auto-
DockVina (for running the molecular docking simulation) 
[36], AutoDockTools (for preparing the input files before 
running molecular docking) and UCSFChimera (for visual-
izing and taking out the results from molecular docking) 
[30]. Stemonal molecule was inserted in input file for Auto-
DockVina towards acethylcholinesterase enzyme (AChE, 
PDB code 4EY6 downloaded from https ://www.rcsb.org/), 

https://www.chemaxon.com
https://www.chemaxon.com
https://www.rcsb.org/
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and all ligands of 4EY6 enzyme were removed, once the 
PDB file contains some molecules that were used for crys-
tallizing the enzyme. After removing them, the catalytic 
site was selected using a grid box that covered all those 
known residues of AChE. All docking calculatons were 
validated by RMSD valules, which lied between 1,000 and 
2,000 Å [38].

3  Results and discussions

3.1  Geometrical optimization 
and thermodynamical data

The chemical structure of stemonal, like any chemical 
structure in many databases, is represented as pseudo-3D 
structure, and outer and inside covalent bondings are rep-
resented respectively, as wedged and dashed bounds. This 
representation does not bring the reality regarding the 
molecular structure. Therefore, an optimization in chemi-
cal structure of stemonal was performed in order to obtain 
the 3D structure with lowest energy, which means that 
those chemical structure is related with best correlation 
between potential energy and atom distance, as predicted 
by Lennard–Jones 6–12 law [25]. Figure 1 shows the planar 
and optimized 3D structural representations of stemonal.

The molecular optimization using PM3 semiempiri-
cal method allows to bring a more realistic approach for 
chemical studies, once the molecule has many different 
hybridizations and the molecular geometry should be 
achieved. Therefore, other properties such as formation 
enthalpy takes into account the optimized geometry. 
The calculated optimized energy was − 112.45 kcal mol 
−1, and the calculated formation enthalpy of stemonal 
was − 254.50 kcal mol−1, indicating that the biochemical 
synthesis of stemonal is exergonic. The pKa value of ste-
monal is 7.28, meaning that the molecule deprotonates in 

a slightly basic medium, and the calculation revelaled that 
the –OH group in phenolic ring contributes to molecule 
deprotonation, once this site is the only available site. Also, 
the calculated dipole moment vector was, in (X;Y;Z) direc-
tions in debye, (− 1.08;2.49;2.76), and the resultant dipole 
moment vector was 3.87 debye, which corresponds to a 
very polar molecule if compared with the same dipole 
moment vector of water, 3.44 debye [15].

3.2  Mulliken populational analysis and frontier 
orbitals study

In order to study the electrostatic properties of stemonal, 
a Mulliken population analysis were conducted and the 
values are shown in Table 1.

Naturally, oxygen atoms are the second most electron-
egative atoms in periodic table, and this fact is confirmed 
by the higher value of charge (in modulus) if compared 
with some hydrogen and carbon atoms [15]. Although 
the charges are affected by oxygen electronegativity, their 
bonded hydrogen atoms bring also a relative higher value 
of positive charge, once this partial charge is a counter-
part of the oxygen electronegativity effect over hydrogen 
atoms. Also, the hydrogen atoms bonded in aromatic ring 
also shows a relative higher positive charge, once the 
double bonds of the benzene polarizes the carbon atoms, 
creating a negative charge by resonance (as seen in nega-
tive charge in benzene’s carbon atoms) and occupying the 
LUMO orbitals of the carbon, once the aromatic ring has 
 sp2 hybridization, and the π bonding can receive a lone 
pair of electrons. As mentioned earlier, the oxygen affects 
the charge over hydrogen atoms, and also over carbon 
atoms by the same electronegativity principle. There-
fore, the hydrogen atoms bonded in carbon atoms that 
are bonded in oxygen atoms also suffer a minor charge 
change by a field effect if we consider the atoms of ste-
monal molecule as punctual charges and Couloumb law 

Fig. 1  Planar (a) and 3D (b) representations of stemonal
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being obeyed [15]. Therefore, this charge difference can 
bring some evidence on chemical reactivity if we consider 
Lewis acid–base theory [16], considering molecular sites 
that are nucleophilic and electrophilic in stemonal mol-
ecule. This fact can be seen in Fig. 2.

As it can be seen in Fig. 2, the –CH3 far ends of the ste-
monal molecule has the highest positive charge in mole-
cule (white map scale), which can be classified as potential 
electrophilic sites for chemical reactions, and the aromatic 
rings together with oxygen atoms bonded in –CH3 and 
–H groups, due to its higher density charge as discussed 
earlier, can be associated with potential nucleophilic sites 
for chemical reactions (blue-to-red map scale). Although 
the electrostatic map shows potential regions for chemical 
reactions, a frontier orbitals study (also known as HOMO/
LUMO analysis) can be associated with electrostatic map 
results to have a better view of potential chemical reaction 
sites of the stemonal molecule, Fig. 3 shows the frontier 
orbitals of stemonal.

Figure 3 shows the localization of HOMO and LUMO in 
stemonal molecule. The HOMO surfaces (Fig. 3a) are local-
izes at the phenolic ring that bons two methoxy groups. 
This is reasonable once the aromatic ring receives elec-
tron density from methoxy groups, once they are known 
as aromatic rings activators for ortho and para electrophyl-
lic substitution [3] Also, the non-bonding electrons from 
oxygen from methoxy groups and lactone ring makes part 
of HOMO surface as a pure p orbital. The LUMO surfaces 
lies on the other side of the molecule, from sp2 carbons 
from phenolylic ring and oxygen atoms in carbonyl group 
on the neighbor non-aromatic ring. This also is reasonable 
once the resonance structures arise from remotion of the 
lone pair from carbonyl group, and the phenolyic ring 
contributes to the molecule stabilization donating the π 
electrons located at the benzene ring [3]. Therefore, the 
vacancy from resonance brings the LUMO from this region.

In order to study the reactivity arose from frontier orbit-
als, calculatons regarding the HOMO and LUMO energies 
were conducted, and Table 2 shows the results of those 
calculations as suggested by Obot and coworkers [24].

Table 1  Individual atomic charges for stemonal molecule by Mul-
liken populational analysis. All atom numbers are related with PM3 
calculation numbering, as shown in Fig. 1b

Atom Charge (C) Atom Charge (C)

01 C  − 0.4015 24 C  − 0.1533
02 C 0.214 25 C  − 0.1431
03 C  − 0.3678 26 C  − 0.1448
04 C 0.2697 27 H 0.2368
05 C  − 0.433 28 H 0.2496
06 C 0.2506 29 H 0.1886
07 O  − 0.1882 30 H 0.1606
08 C 0.4098 31 H 0.1524
09 C  − 0.173 32 H 0.2315
10 C  − 0.0715 33 H 0.2316
11 C 0.141 34 H 0.2837
12 C  − 0.1706 35 H 0.123
13 C 0.1276 36 H 0.0978
14 O  − 0.2143 37 H 0.1009
15 C  − 0.158 38 H 0.0868
16 C 0.0132 39 H 0.0901
17 C 0.0879 40 H 0.1157
18 C  − 0.2693 41 H 0.119
19 O  − 0.1888 42 H 0.0877
20 O  − 0.2636 43 H 0.0913
21 O  − 0.3675 44 O  − 0.3107
22 O  − 0.1913 45 H 0.2386
23 O  − 0.1894

Fig. 2  Potential electrostatic 
map of stemonal molecule cre-
ated by applying the Mulliken 
charges with scale
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Table 2 shows the calculated HOMO and LUMO energies 
for stemonal molecule. As it can be seen, the molecule has 
a similar energy gap if compared with other molecules, 
such as neochlorogenic acid, 0.299 eV, but lower than 
other molecules such as aminacids (more than 4.0 eV). This 
fact is directly related to the reactivity of the molecule: 
once the gap difference between HOMO and LUMO orbit-
als is small, the molecule tends to donate electron density 
as a nucleophilic substance [16]. Otherwise, stemonal has 
the ability to receive electron density to occupy the LUMO 
orbitals as an electrophilic substance. Therefore, the small 
gap energy shows the electron density could run both 
frontier orbitals once the distance between HOMO and 
LUMO are small, and the electron density can be easily 
promoted from HOMO to LUMO. As it can be seen by hard-
ness value, the global hardness is small but global softness 
is high. Taking into account the HSAB theory [26, 27, 37], it 
is easier to the molecule to donate electron density than 
receiving it, although gap energy is small. As it can be seen 
in Fig. 4a, b, the fraction of the frontier orbitals is different, 
being in qualitative terms, the HOMO surface larger than 
LUMO surface. Therefore, although gap energy tends to 
believe that stemonal works as an electron density donor-
receptor, the HOMO surface shows, together with HSAB 
explanation, that stemonal has higher potential to be a 
nucleophilic (or electron density donor) than a electro-
philic (or electron density receptor) substance; This fact 
agrees with experimental results regarding the antioxidant 
properties of stemonal elsewhere [18, 28].

Fig. 3  HOMO (a) and LUMO (b) surfaces over stemonal molecule

Table 2  HOMO and LUMO parameters for stemonal calculation

Propriety Value

EHOMO =  − Ionization energy  − 0.340 eV
ELUMO =  − Electron affinity  − 0.030 eV
ΔEgap 0.310 eV
Global hardness 0.155 eV
Global softness 6.452 eV−1

Fig. 4  Molecular distance (in Å) between AChE and galantamine (a) and stemonal (b)
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3.3  Molecular docking results

The results regarding the molecular docking of rotenone 
over AChE is shown in Fig. 4.

Being galantamine the main drug for Alzheimer’s disease 
treatment [2, 21], this ligand can be considered the default 
value of docking over AChE to compare with stemonal. 
Being TYR 337 one of the catalytic residues of AChE, the dis-
tance between galantamine and AChE is 2.816 Å (Fig. 4a) 
while stemonal lies on a distance of 2.779 Å of TYR 337 
residue. Also, the score energy due to interaction between 
stemonal and AChE was − 8.3 kcal mol−1 (or − 35 kJ mol−1), 
and this energy is a Gibbs adsorption energy by definition 
[36]. Therefore, the interaction between stemonal and AChE 
is thermodynamically favorable, or this means that stemonal 
can block the enzymatic reaction of hydrolysis of acethylco-
line to acethyl and coline, as shown by Fig. 5 [2, 19].

Once acethylcoline is a neurotransmisser, the intense 
activity of AChE in diagnosed Alzheimer’s disease patients is 
higher if compared with healthy individuals, and the hydrol-
ysis of acethylcoline interrupts the synaptic functioning of 
the neuronal cells [2, 13, 33]. Therefore, catalytic inhibition of 
the AChE is the goal for Alzheimer’s disease to stop the AChE 
activity towards acethylcoline hydrolysis, and stemonal 
showed to block the TYR 337 residue related to the catalytic 
site of the hydrolysis reaction of acethylcoline. In order to 
investigate the nature of chemical bonding between other 
residues and stemonal molecule, Fig. 6 shows the calculated 
interactions in molecular docking of stemonal over AChE.

Figure 6 shows the interaction of stemonal among other 
residues. Most of them are conventional hydrogen bond, 
once TYR and PHE has polar –OH groups in their structures 
and interacts by this kind of bonding. TRP has an aromatic 
ring together with an indol ring, which brings a non-polar 
interaction with stemonal. Therefore, having lone π electrons 
in both stemonal and TRP, both interacts directly in π–π 
stacking interaction, when the TRP molecule goes planar 
with stemonal molecule. Although stemonal is a very polar 
molecule, the presence of aromatic rings in its structure 

brings a non-polarity that interacts with AChE enzyme. To 
summarize the docking results, Table 3 shows a resume of 
the results following Imberty and coworkers interaction of 
hydrogen bonding and bonding force [17].

Table 3 shows the results’ summary for molecular dock-
ing of both stemonal and galantamine. As it can be seen, 
stemonal interacts strongly by hydrogen bonding between 
oxygen and hydrogen atoms, as galantamine does in dock-
ing. Therefore, the stemonal molecule has, at least poten-
tially, a strong bonding towards AChE residues by hydrogen 
bonding, as galantamine does. Until this date, a doctorate 
thesis [32] showed stemonal inhibited AChE enzyme along 
other similar molecules, such as clitoriacetal and 6-deoxi-
clitoriacetal, but stemonal had the smaller inhibition if 
compared with other rotenones, but this experimental data 
already shows a biochemical activity towards AChE.

Fig. 5  Acetylcholine hydrolysis 
reaction by AChE

Fig. 6  Intermolecular interactions between stemonal and other 
residues of AChE

Table 3  Results from stemonal docking towards AChE docking

Molecule Residue Distance (Å) Score energy
(kJ  mol−1)

Bonding type Bonding strength

Stemonal 337 2.779  − 35 Conventional hydrogen bonding Strong
Galantamine 2.816

(from PDB file)
– Strong
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4  Conclusions

Stemonal molecule showed to be a polar molecule with 
low reactivity due to the small gap energy between fron-
tier orbitals. Electrostatic map results showed high nucle-
ophlic sites on oxygen atoms of the molecule, having their 
HOMO surface over the aromatic ring bonded with methoxyl 
groups, and the LUMO surface was found in the other side of 
the molecule, in the phenolyic ring. Stemonal also showed 
to have a small hardness but elevated softness in terms of 
HSAB theory, which agrees with antioxidant results found 
in literature. Also, stemonal links over the catalytic site of 
AChE, proving to be a potential molecule for using in anti-
Alzheimer’s disease medicine.
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