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Abstract

Keywords

Acetylcholinesterase (AChE) inhibitors are yet the best drugs currently available for the
management of Alzheimer’s disease. The recent phytochemical investigation has led to the
isolation of a new depsidone 1 with moderate AChE activity (1 mg). This work was focused on its
electronic properties analysed using commercially available programs. Both the active
depsidone molecule 1 and galanthamine showed to have higher HOMO energies than the
inactive depsidones 2–4, isolated from the same lichen species. However, the amino depsidone
derivative 7, whose structure was proposed using computational approaches, is expected to be
more active AChE inhibitor than the depsidone 1, due to the improved HOMO energy value. In
addition, the molecular docking study indicated that the compound 7 has ability to make the
well-known interactions of potent AChE inhibitors with the enzyme active site. The data
presented herein support the design of novel AChE inhibitors based on the depsidone scaffold.

AChE inhibitors, density functional theory,
electronic properties, molecular docking

Introduction
Acetylcholinesterase (AChE) inhibitors are yet the best drugs
currently available for the management of Alzheimer’s disease1.
Because most of these inhibitors are alkaloids that often possess
several side effects, such as galanthamine (GAL) used clinically
for the disease treatment2, it is important to search for the novel
inhibitors not belonging to this structural class. The recent
phytochemical investigation conducted on a foliose lichen,
Lobaria pulmonaria (L.) Hoffm. (Lobariaceae), has led to the
isolation of a new depsidone in the form of diacetate derivative (1,
Figure 1a) with moderate3 AChE inhibitory activity (1 mg). This is
indeed the first and the only record of bioactive depsidone
molecule in the search for the novel AChE inhibitors till date. The
other new depsidone (2, Figure 1b), stictic acid (3, Figure 1c) and
deoxystictic acid (4, Figure 1d), all isolated from the same lichen
species3–5, showed no activity in the AChE inhibition test6,7.
These experimental data have indicated the importance of
covalent depsidone modification (acetylation) for the bioactivity
observed. Although GAL inhibits the enzyme 100 times more
than the compound 1 (0.01 mg), the depsidone scaffold is worthy
of further studies due to the different chemical structure (11Hdibenzo[b,e][1,4]dioxepin-11-one ring system) from the alkaloid
one. Therefore, the electronic properties of the bioactive
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depsidone 1 were investigated using commercially available
programs. The selection of the computational method and basis
set are crucial in getting accurate results. Zhao et al.8,9 have
developed the M06 family of local and hybrid functionals, which,
in most cases, have been found to be more accurate and have
better performance than the most popular hybrid functional,
B3LYP. The local functional M06-L applied in this study is
reported to be very effective among the M06 family10. In order to
understand the binding mode of the computationally proposed
AChE inhibitor 7 based on depsidone scaffold, molecular docking
simulation (a value added tool in medicinal chemistry) was
performed11–13.

Material and methods
Calculation of the electronic properties
All calculations except drug likeness properties were performed
with the Gaussian 09 suite of programs14. M06-L functional of the
M06 family was used. Since preliminary calculations showed that
the studied systems had low ionisation potentials, diffuse functions
were added to the heavy atoms. Stability of the wave function was
found to be adequate under the perturbations considered.
Furthermore, the geometry of all structures were fully optimised
at M06-L level using the popular polarised basis set, 6-31 + G(d,p),
which adds p functions to hydrogen atoms and d functions on heavy
atoms. Frequency calculations were computed at the same level for
each molecule to verify that the corresponding optimised
geometries were real minimum without the imaginary frequency.
Dipole moment (m), HOMO-LUMO energies and related properties such as ionisation potential (I), electron affinity (A), electronegativity (), chemical hardness (Z) and chemical softness (S)
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Figure 1. (a) Depsidone 1; (b) Depsidone 2; (c) Stictic acid 3; and (d) Deoxystictic acid 4.

were calculated using optimised geometries. Drug likeness
properties, i.e. octanol–water partition coefficient (ALogp), polar
surface area (PSA) and number of hydrogen bond donors and
accepters (HBD and HBA), were calculated using Accelrys Draw
4.1 software (Accelrys, Inc., San Diego, CA)15.
Molecular docking study
Docking calculations were performed using the program
AutoDock Vina16. This software, an updated version of
AutoDock17, has better docking accuracy with a new scoring
function as well as improved speed, efficient optimisation and
multithreading properties.
AutoDockTools17 implemented in MGLTools (http://
mgltools.scripps.edu/downloads) were used to prepare the inputs
for docking. Protein data bank structure of AChE complexed with
(–)-GAL at 2.3 Å resolution was downloaded from RCSB Protein
Data Bank (1DX6). Binding site was determined using the GAL
as the reference ligand. Hydrogens were added to the receptor,
while all heteroatoms including the GAL were removed; default
parameters were used. Discovery Studio Visualizer 4.0 (Accelrys,
Inc., San Diego, CA)18 was used to analyse docking results and
generate binding interactions between the ligand and the receptor.

Results and discussion
All the studied depsidone molecules have higher dipole moments
than GAL but lower chemical hardness values, which is an
indication of reactivity (Table 1). Sugimoto et al. have reported
that AChE inhibitors with high dipole moments may have
improved inhibitory activity towards the enzyme due to its
remarkable large dipole moment19.
Chemical hardness and softness are important electronic
properties, which are a measure of the molecular stability and

reactivity. Chemical hardness increases as the energy gap between
HOMO and LUMO increases. A compound with low chemical
hardness or high chemical softness can easily offer electrons to an
acceptor. Nascimento et al. have indicated the importance of
HOMO energy value for describing the interaction of AChE
inhibitors with the receptor20. Moreover, recent literature reveals
that HOMO, LUMO and HOMO-1 make important contributions
to the AChE inhibitory activity21. The active depsidone 1 and
GAL are found to have higher HOMO and HOMO-1 energies than
the inactive depsidones 2–4. In fact, this trend is very clear for
HOMO. In case of HOMO-1, the inactive depsidone 2 has higher
HOMO-1 energy value than the active depsidone 1. It is
noteworthy to mention that all the isolated depsidones, including
the proposed ones, obey drug likeness properties except for the
depsidone 2, which is yet known to be inactive. According to
Veber et al., the depsidone 2 fails to obey the drug likeness
property of having PSA being equal to or less than 140 Å2 (or
having 12 or fewer H-bond donors and acceptors)22.
In the light of these results, the maps of frontier molecular
orbitals for the depsidone 1 were calculated (Figure 2). The
arrangement of these frontier molecular orbitals is important to
determine the most relevant part/atoms of the ligand for the
interaction between the ligand and the receptor. It can be noticed
that HOMO and HOMO-1 are mainly located on the ring with the
acetate substituents.
With the aim to design more potent AChE inhibitors based on
the depsidone scaffold (following the fact that the active inhibitors
have high HOMO and HOMO-1 energy values), the acetate
groups were replaced with strong e-donating groups, i.e. –OH (5),
–OCH3 (6) and –NH2 (7). After the optimisation of these newly
proposed depsidone structures in the same way as the previous
ones, their electronic properties were investigated. All three
depsidone compounds were found to have both higher HOMO and
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Table 1. Electronic properties calculated at M06-L/6-31 + G(d,p) level.
Compound
Calculated properties
LUMO (eV)
HOMO (eV)
HOMO-1 (eV)
DE (eV) (ELUMO- EHOMO)
Dipole Moment m (D)
Ionisation Potential I (eV)
Electron affinity A (eV)
Electronegativity  (eV)
Chemical hardness Z (eV)
Chemical Softness S (eV 1)
Alogp*
PSA (Å2)*
HBD*
HBA*

7

GAL

5

6

1

4

2

3

2.48
4.66
5.47
2.19
3.69
4.66
2.48
3.57
1.09
0.46
1.63
113.87
2
7

0.70
4.82
5.00
4.12
1.89
4.82
0.70
2.76
2.06
0.24
1.38
41.93
1
4

2.56
5.16
5.81
2.60
5.73
5.16
2.56
3.86
1.30
0.38
2.63
102.29
2
7

2.56
5.36
5.82
2.80
3.73
5.36
2.56
3.96
1.40
0.36
2.69
80.29
0
7

2.69
5.87
6.00
3.18
8.24
5.87
2.69
4.28
1.59
0.31
2.20
114.43
0
9

2.95
5.93
6.19
2.97
8.49
5.93
2.95
4.44
1.49
0.34
2.37
108.36
1
8

2.68
5.93
5.98
3.25
7.41
5.93
2.68
4.31
1.63
0.31
2.31
156.66
3
10

3.21
6.02
6.48
2.82
10.47
6.02
3.21
4.62
1.41
0.36
2.27
128.59
2
9

*Predicted with Accelrys draw 4.1.

Figure 2. Frontier molecular maps of the depsidone 1 calculated at M06-L/6-31 + G(d,p) level.

HOMO-1 values than the reference molecule, the depsidone 1. In
addition, the depsidone with –NH2 substituent (7) has even higher
HOMO energy value than GAL itself (Table 1).
The molecular electrostatic potential maps of the depsidones 1
and 7 show potential regions of interaction with the AChE
enzyme (Figure 3). As it can be seen, high electron density lies on
seven-membered ring, whereas positive region is located around
the aromatic ring where acetylation occurs. The high electron
densities (red colour) may act as proton acceptor region of the
ligand. Actually, this high negative density has been reported to
be able to transfer charges resulting in a – bonding interaction
with the aromatic systems of the AChE active site19. Molecular
docking simulation of depsidone 7 demonstrates that it makes –
interactions with Trp 84, Phe 330 and Tyr 334 (Figure 4).
Campiani et al. have reported that the naturally occurring
AChE inhibitor huperzine A makes a hydrogen bond with Glu
199 via a water bridge; if this water molecule could be
incorporated into the inhibitor, the binding affinity might be

improved23. They synthesised inhibitors that make hydrogen
bond directly to Glu 199 improved the binding affinity.
Molecular docking results clearly show that the depsidone 7
makes the same hydrogen bond with Glu 199, without the need
for a water bridge (Figure 4). This compound also establishes a
–s interaction with Phe 330; -alkyl interactions with Tyr 334
and Phe 331; hydrogen bonds with Gly 117, Tyr 121 and Ser
122. All these interactions are known to be formed between the
potent AChE inhibitors and the enzyme active site24–26.
Consequently, it may be supposed that the depsidone 7 does
represent a promising lead for the new AChE inhibitors based on
the depsidone scaffold.

Conclusions
According to the results obtained, the depsidone scaffold should
be seriously considered in design of the novel AChE inhibitors.
In such a search, the electronic property and molecular docking
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Figure 3. Molecular electrostatic potential (top) and counter (bottom) maps of the depsidone 1 (a) and depsidone 7 (b), calculated at M06-L/631 + G(d,p) level.

Figure 4. Binding interactions of the depsidone 7 with the AChE active site, based on
molecular docking studies.

calculations could be used in the early stages that potentially
save both money and time. Indeed, the substituents that positively
affect e-donating ability might contribute to discover a new
depsidone lead with an enhanced AChE inhibitory activity.
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