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Abstract: The enzyme acetylcholinesterase (AChE) acts in mammalians and insects. Its inhibitors
are considered to treat human disease and to develop insecticides. Docking calculations were per-
formed by using AutoDock Vina and Protein-Ligand-ANTSystem (PLANTS) on the Torpedo califor-
nica AChE complexes of natural pyrrolizidine alkaloids previously evaluated in vitro as AChE in-
hibitors. Due to the known hepatoxicity of these alkaloids, the computational analysis was also di-
rected to their activity on Drosophila melanogaster AChE (6XYU). The parameters here predicted for
human and eco-toxicities may serve as a further indication in future investigation of these natural
structures as scaffolds for the potential development of insecticides.

Keywords: plant metabolite; pyrrolizidine alkaloid; AChE inhibitor; insecticidal activity; molecular
docking; ADME/toxicity prediction

1. Introduction

Acetylcholinesterase (AChE) is an enzyme acting efficiently as a hydrolase in the
nerve signal system. This enzyme acts in mammalians and insects, presenting structural
differences in amino acid sequences and conformation of the active sites.

In patients affected by Alzheimer’s disease (AD), low levels of acetylcholine, which
acts as neurotransmitter, are present. Although there are no decisive therapies so far, the
drugs currently used are based on AChE inhibition by increasing the activity of the nerv-
ous system and accordingly preventing the acetylcholine breakdown. AD has been recog-
nized to occur by a multitarget approach where AChE inhibition is regarded as one of the
main targets in the treatment of this disease [1].

Organophosphorus and methylcarbamate compounds are AChE inhibitors acting on
the central nervous systems of insects and have been used for a long time as insecticides.
Their application is of interest due to the need to counter insects as disease vectors, e.g.,
malaria [2]. However, anti-AChE insecticides mainly target the same serine residue com-
mon in insects and mammals, causing toxicity problems for humans. Despite their current
decline chiefly due to the intense use in agriculture, they are still a topic of interest in
understanding their mechanism and metabolism [3]. Irreversible inhibitors are the most
toxic for humans, such as organophosphorus insecticides. Reversible inhibitors can be
competitive or non-competitive and have the highest interest in applications, such as car-
bamate insecticides, which are toxic to humans, and agents for human therapy against
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AD [4]. All these aspects are being studied with the aim to develop more effective AD
therapies and pest control agents.

In the ethnobotanical approach, the use of local plants has been applied to protect
against insects, as well as extracts from plants and flowers to treat parasites. This proce-
dure is advantageous due to metabolites showing environmental safety and selectivity
toward target organisms [5]. Inside the wide structural diversity of plant compounds dis-
playing insecticidal activities [5], our attention has been recently focused on pyrrolizidine
alkaloids (PAs). They are secondary metabolites identified in over 6000 plant species and
show more than 500 structural modifications. In particular, the heliotridine-type PAs are
produced by plants belonging to Boraginaceae, Asteraceae, and Fabacear families and are
structurally characterized by a necine-based 1,2-unsaturated pyrrolizidine unit function-
alized by both an ester group derived from angelic acid and a branched hydroxylated
chain. Some were isolated from Solenthatus lanatus and Echium confusum Coincy extracts
and experimentally evaluated as AChE inhibitors [6,7].

We report a computational analysis including the molecular docking of these heli-
otridine alkaloids in complexes with AChEs to compare with the data from previous bio-
assays and to evaluate their insecticidal activity, supported by human and environmental
toxicity prediction.

2. Materials and Methods

The AutoDock Tools (ADT) package version 1.5.6rc3 [8] was applied to generate the
docking input files used for the calculations. The structures of Torpedo californica AChE
(6G1V) [9] and of Drosophila melanogaster (6XYU) [10] were available from the Protein Data
Bank (PDB; http://www.pdb.org/). Two different computational approaches were used:
AutoDock Vina 1.2.3 (in the future text reported as Vina), [11] which employs a genetic
algorithm, and Protein-Ligand-ANTSystem (PLANTS), which uses a class of stochastic
optimization algorithms called ant colony optimization (ACO) [12]. For PLANTS calcula-
tions the structures of enzyme and the ligands were saved in mol2 extension, a sphere
with radius = 14 A was centered at the same position used for Vina, the chemPLP scoring
function was employed [13], saving 10 cluster structures with RMSD =2.00 A. The visual
inspection of the ligand-enzyme interactions was displayed using the Biovia Discovery
Studio visualizer (Discovery Studio Visualizer v21.1.0.20298) [14]. More details on calcu-
lations are reported in Supplementary Materials.

Absorption, Distribution, Metabolism, Excretion/toxicity (ADME)/T) Analysis was
performed using admetSAR software [15,16] available online [17].

3. Results and Discussion

3.1. Molecular Docking of Natural Alkaloids 1-8 as AChE Inhibitors and Correlation with
Known Experimental Data

In 2016 Benamar et al. [6] reported the isolation from Solenthatus lanatus DC of the
new 7-O-angeloylechinatine N-oxide (1) and the known 3'-O-acetylheliosupine N-oxide
(2), heliosupine N-oxide (3) and heliosupine (4), (Figure 1). Later, the same authors iso-
lated 7-O-angeloyllycopsamine N-oxide (5), echimidine N-oxide (6), echimidine (7) and 7-
O-angeloylretronecine (8) (Figure 1) for the first time from Echium confusum Coincy [7].
The lower AChE inhibition displayed by the ethanolic extract of Solenthatus lanatus than
the one of Echium confusum (467 pg/mL and 268 ug/mL, respectively) was in line with the
better ICs0 values obtained for some metabolites isolated from Echinium confusum plant
[6,7] However, the inhibition was in sub-millimolar range values (0.537-0.602 mM for 1-4
and 0.276-0.769 mM for 5-8) and therefore only moderate in comparison with active
agents showing sub-micromolar ICso values as inhibitor of the same tested type of enzyme.
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Figure 1. Molecular structures of pyrrolizidine alkaloids tested as acetylcholinesterase (AChE) in-
hibitors by Benamar et al. [6,7], reported as in the original papers.

Our interest has been focused on data accessible by molecular docking to be corre-
lated with bioassay results obtained with AChE from electric eel (eeAChE, EC 3.1.1.7)
[6,7]. No PDB files for complexes involving this particular type of enzyme are available.
Therefore, AChE from Torpedo californica was adopted as a model system. This choice is
supported by our previous comparison using the TM-align algorithm between the two
AChEs, which shows a very good overlap of their secondary structures. Furthermore, they
display the identical amino acid residues in the active sites, except for Phe330 unit in Tor-
pedo californica AChE replaced by Tyr330 in eeAChE [18]. The Vina docking for the com-
plexes of Torpedo californica AChE with each of the tested PA alkaloids 1-8 and the original
ligand have given results in terms of energy values (Table 1), and both number and type
of interactions involved in each complex (Figure S1). The protein-ligand docking software
PLANTS provided the score values listed in Table 1, for which a more negative value cor-
responds to a more robust interaction.

Table 1. Data from docking calculations by using Vina and PLANTS software of alkaloids 1-8 with
Torpedo californica AChE (PDB-ID: 6G1V) and Drosophila melanogaster AChE (PDB-ID: 6XYU).

Compound Torpedo californica AChE Drosophila melanogaster AChE

Energy by Vina PLANTS Energy by Vina PLANTS

(kcal/mol) Score (kcal/mol) Score

1 -9.010 -102.2 -8.686 -96.67

2 -8.608 -103.73 -8.202 -102.09

3 ~7.795 -108.72 ~7.464 -90.59

4 -9.120 -103.37 -8.103 -98.54

5 -8.047 -102.75 -7.815 -99.22

6 ~7.795 -92.48 -6.416 -94.69

7 -8.228 -112.25 ~7.629 -104.91

8 ~7.463 -94.34 -7.712 -87.92
Original ligand -11.333 @ -105.30 @ -13.201° -114.31°

2 12-amino-3-chloro-6,7,10,11-tetrahydro-5,9-dimethyl-7,11-methanocycloocta[b]quinolin-5-ium; ®
9-(3-iodobenzylamino)-1,2,3,4-tetrahydroacridine.

The following indications emerge by a correlation between the experimental biolog-
ical evaluation and data from this computational analysis. 7-O-angeloylretronecine (8)
gives the highest energy value and the lowest number of interactions in the series, in line
with its simplest structure, and shows a good agreement with the AChE inhibition assay
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where it was the least active. In the Protein-Ligand-ANTSystem (PLANTS) calculation, its
score is the second highest, enough to reflect the bioassay result (ICs0 0.769 mM).

For molecules 3 and 7 having the same energy values (Table 1), what makes the dif-
ference are the interactions, mainly the number of hydrogen bonds which are higher for
3, although the presence of an unfavorable interaction (Figure S1). Therefore, by Vina cal-
culations the AChE complex is more stable for 3 than 6, in line with the PLANT score, but
not matching with the biological results where 3 resulted in less active than 6 (ICso 0.602
mM and 0.347 mM, respectively) [6,7]. Any other possible considerations regarding the
presence of oxygen on N atom by comparing the pairs 2/4 and 6/7, the stereochemistry in
C-7 positions of 1/5, the additional OH on the chain evaluated in the couples 1/3 and 5/7,
the replacement of an OH group by an acetate in 2/3 find no decisive correlation. This can
be ascribed to the small variability of energy for compounds 1-8 (from —7.463 to -9.120
kcal/mol, Table 1) ranging within the 2 kcal/mol deviation associated with the energy data
accessible by Vina docking. On the other hand, the moderate and similar ICso values (fall-
ing in the range 0.602 mM-0.537 mM for 1-4 [6], from 0.397 mM to 0.347 mM for 7 and 6,
respectively and 0.276 mM for the most active 5 [7]) do not allow further specific correla-
tions.

3.2. Molecular Docking of Natural Alkaloids 1-8 as Insect AChE Inhibitors

The potential of PAs for the development of drugs to treat human diseases is pre-
vented by their hepatotoxicity, which mainly involves the glutathione metabolism [19].
This toxicity has long been known, and several countries and organizations have estab-
lished regulations to restrict the use of plants and plant products containing PAs [20]. Be-
sides the pyrrolizidine ring, the entity of toxicity is affected by the presence of ester
groups, hydroxyl functionalities, and branched chains [19]. For many species of insects,
plant PAs act against their predators. In particular, the heliotridine-type alkaloid
echimidine (7, Figure 1) has shown a potent antifeedant activity without toxic effects on
Leptinotarsa decemlineata, which is one of the most destructive insect pests of potatoes [21].

In this context and based on the role of AChE as a target of environmentally safe
insecticides [22], we focused on the molecular docking for the alkaloids 1-8 as ligands of
Drosophila melanogaster AChE (6XYU). The corresponding energy values from Vina and
score values from PLANTS are reported in Table 1

PLANTS scores indicate the compound 8 as the worst inhibitor, as suggested by the
most straightforward molecular structures in the series, making fewer interactions possi-
ble, similarly to the docking result for Torpedo californica AChE. Vina data are evaluated
according to both energy values (Table 1) and interactions of each ligand 1-8 in the en-
zyme active site (Figure S2). Hydrogen bonds are the most stabilizing interactions, and it
is evident that their lower number is obtained with the structure of alkaloid 8 where the
ester group with the hydroxylated chain is missing. Compound 1 turns out to be as one
of the most interesting from Vina calculation. A specific hydrogen bond between Tyr370
and the oxygen in the N-oxidized group is present for 3 and 6, but this is not achieved in
all N-oxidized compounds. Unfavorable interactions are also possible, as in the case of
compound 2, when one of the two destabilizing interactions involves the acetate group.
In short, no further considerations can be confidently inferred regarding structural corre-
lations.

3.3. Structural Comparison of Torpedo californica AChE and Drosophila melanogaster AChE

For all compounds 1-8, the data from both Vina and PLANTS calculations on Droso-
fila melanogaster AChE show similar energy and score values to those obtained in the cor-
responding complexes with Torpedo californica AChE (Table 1). These findings encouraged
us to consider a comparison between the two enzyme types. AChEs of different species
show a very high similarity in both function and structure, or they are different depending
on how similar the species are, based on their evolution. Additionally, it was reported the
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possibility to distinguish between mammals and insects in terms of the specificity of the
enzyme inhibition [23]. We have carried out the comparison between Torpedo californica
(6G1V) and Drosophila melanogaster (6XYU) AChEs (Figure S3), quantifying the average
distance between the atoms of the superimposed structures by the root-mean-square de-
viation (RMSD), whose value is given by a pairwise matrix. The obtained similarity was
good, as indicated by an RMSD value of 1.817 A.

3.4. ADME/Toxicity Prediction of the Compounds 1-8

The ADME parameters of compounds 1-8 were predicted by using the tool ad-
metSAR [15-17]. The results (Table S1) indicate the absence of human oral bioavailability,
no permeation of the brain blood barrier (BBB) except for 7-O-angeloylretronecine (8) and
human intestinal absorption, evaluated as positive for values higher than 30%, only for 4,
7, and 8. Considering the human toxicity, neither corrosion and irritation for eyes and
skin, nor carcinogenic potency are reported according to the model considered by the soft-
ware. For the Ames test, able to identify carcinogens using mutagenicity in bacteria, most
compounds are considered active. By a model built regarding 10207 molecules with effects
against rats, the lowest acute oral toxicity was foreseen for compounds 2 and 8, next to the
values estimated for 3 and 6. About the environmental toxicity, all molecules are sug-
gested to have no biodegradation effect, no activity toward honey bees, evaluated by a
model based on toxic pesticides or pesticide-like molecules or non-toxic compounds (with
LDso>11 pg/bee), and no effects on avian species, selected as a model because sensitive to
pesticides and industrial chemicals. The alkaloids 4, 7, and 8, with structures in which the
N-O functionality is missing, are referred to as not toxic for fishes. Lastly, the C-7 epimeric
molecules 4 and 7 show the lowest toxicity towards the protozoa Tetrahymena pyriformis
present in all aquatic environments and often used as a toxic endpoint as a response
against xenobiotic substances.

4. Conclusions

We performed a computational analysis to study the inhibition of AChE by the plant
derived heliotridine-type pyrrolizidine alkaloids 1-8. Molecular docking calculations pro-
vided energy and interaction details used for a correlation with known experimental
AChE inhibition data. It was established that the presence of the hydroxylated chain is
crucial for the activity. For this class of molecules, hepatoxicity prevents the potential use
for human treatment. Therefore, we evaluated their molecular docking with an insect
AChE and conducted a virtual screening to predict their human and environmental tox-
icities. Based on the recognized role of AChE as a target of environmentally safe insecti-
cides of natural origin, this computational study supports structures 1-8 as interesting
scaffolds for the design and optimization of new potential pesticides.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figures S1 and S2: Representations by AutoDock Vina for the interactions
of 1-8 with T. californica and Drosofila melanogaster AChE, respectively; Figure S3: Alignment of T.
californica and Drosophila melanogaster AChE structures; Table S1: Data by ADME/toxicity prediction
for compounds 1-8.
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