J Mol Model (2011) 17:1401-1412
DOI 10.1007/s00894-010-0841-2

ORIGINAL PAPER

Docking of the alkaloid geissospermine
into acetylcholinesterase: a natural scaffold targeting
the treatment of Alzheimer’s disease

Jocley Queiroz Araujo - Josélia Alencar Lima -
Angelo da Cunha Pinto - Ricardo Bicca de Alencastro -
Magaly Girao Albuquerque

Received: 28 May 2010 / Accepted: 30 August 2010 /Published online: 16 September 2010

© Springer-Verlag 2010

Abstract Pharmacological studies from our group [Lima
et al. Pharmacol Biochem Behav 92:508, (2009)]
revealed that geissospermine (GSP), the major alkaloid
of the bark extract of Brazilian Geissospermum vellosii,
inhibits acetylcholinesterases (AChEs) in the brains of rats
and electric eels (Electrophorus electricus). However, the
binding mode (i.e., conformation and orientation) of this
indole-indoline alkaloid into the AChE active site is
unknown. Therefore, in order to propose a plausible
binding mode between GSP and AChE, which might
explain the observed experimental inhibitory activity, we
performed comparative automatic molecular docking
simulations using the AutoDock and Molegro Virtual
Docker (MVD) programs. A sample of ten crystal
structures of the Pacific electric ray (Torpedo californica)
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TcAChE, in complex with ten diverse active site ligands,
was selected as a robust re-docking validation test, and
also for GSP docking. The MVD results indicate a
preferential binding mode between GSP and AChE, in
which GSP functional groups may perform specific
interactions with residues in the enzyme active site,
according to the ligand—protein contacts detected by the
LPC/CSU server. Four hydrogen bonds were detected
between GSP and Tyr121, Ser122, Ser200, and His440, in
which the last two residues belong to the catalytic triad
(Ser200---His440---Glu327). Hydrophobic and 7t—7t stack-
ing interactions were also detected between GSP and
Phe330 and Trp84, respectively; these are involved in
substrate stabilization at the active site. This study
provides the basis to propose structural changes to the
GSP structure, such as molecular simplification and
isosteric replacement, in order to aid the design of new
potential AChE inhibitors that are relevant to the treatment
of Alzheimer’s disease.

Keywords Acetylcholinesterase - Alzheimer disease -
Geissospermine - Indole-indoline alkaloid - Molecular
docking - Molecular modeling

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder
associated with a selective loss of cholinergic neurons in
the brain, accompanied by decreasing levels of the
neurotransmitter acetylcholine (ACh) [1]. The occurrence
of AD correlates with an increase in the accumulation of
beta-amyloid-rich senile plaques and neurofibrillary tangles
in the brain [2].
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The disease is characterized clinically by a progressive
decline in cognitive function, executive function losses, and
memory deficits, eventually leading to incapacitating
dementia before death [3]. AD is associated with risk
factors such as increased parental age at time of birth [4],
apolipoprotein E [5], head injury [6], diabetes [7], hyper-
tension [8], high cholesterol levels [9], strokes [10], and
smoking [11].

The prevalence of AD increases dramatically with age,
and doubles every five years after the age of 65 [12]. The
disease affects more women than men, probably because
women have a higher life expectancy [13, 14]. It has been
estimated that 30-50% of individuals in their eighth to
ninth decades have some degree of AD [15].

Studies have shown that the life expectancy for patients
with AD can reach about 10 years following diagnosis,
with considerable variability from one patient to another
[16]. In 2006, there were 26.6 million cases of AD in the
world, and by 2050, it is predicted that its prevalence will
grow fourfold, to 106.8 million, i.e., one in 85 persons
worldwide will be living with the disease [17].

There is currently no treatment to cure or stop the
progress of AD, but drug therapy may temporarily relieve
some of the symptoms. Current AD treatment has largely
involved replacing neurotransmitters, mostly according to
the ‘“cholinergic hypothesis” [18], which states that de-
creased cholinergic transmission plays a major role in the
expression of cognitive, functional and (possibly) behav-
ioral symptoms in AD [19-22].

Different strategies have been investigated to improve
cholinergic neurotransmission, including increasing ACh
synthesis, augmenting pre-synaptic ACh release, stimulat-
ing cholinergic post-synaptic muscarinic and nicotinic
receptors, and reducing ACh synaptic degradation with
ACHhE inhibitors (i.e., AChEIs or anticholinesterase agents).
However, except for the use of AChEIs, current data do not
support the use of ACh precursors, pre-synaptic releasing
agents, or muscarinic agonists, due to their inefficacy and
unacceptable side effects [18].

Compounds that increase ACh levels in the brain, thereby
facilitating cholinergic neurotransmission through AChE inhi-
bition, are the main pharmacotherapy for AD [23]. Currently,
the use of AChEIs and NMDA (N-methyl-D-aspartate)
receptor antagonists [24] is endorsed as the standard first-
line therapy in patients with mild-to-moderate AD [25].

AChE inhibition has beneficial effects on cognitive,
functional, and behavioral symptoms of AD [26-28]. Five
drugs have been approved by the US Food and Drug
Administration (FDA) for AD treatment. Four are AChEIs
(Fig. 1)—tacrine (Cognex™, approved in 1993), donepezil
(Aricept™, 1996), rivastigmine (Exelon™, 2000), and
galantamine (Reminyl™, 2001); the other is a NMDA
receptor antagonist, memantine (Namenda™, 2003) [24].
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Nowadays, tacrine is rarely used due to its hepatotoxicity
(about 50% of patients) [23, 29]. Donepezil and rivastig-
mine, which are not hepatoxic, are usually used in the
early-to-moderate stages of AD to treat cognitive loss.
However, neither of them cures AD, and they often cause
some adverse effects [30]. Only galantamine, with its
clinically relevant neuroprotective effects, shows promise
in the treatment of AD patients, according to the results
from Phase II studies [31, 32]. Therefore, because of the
bioavailability problems and side effects of current phar-
macotherapy, more effective AChEIs to treat AD are
urgently required.

Recently, the anticholinesterase activity of Geissosper-
mum vellosii, a Brazilian tree popularly known as Pau-
Pereira, was evaluated by our group [J.A. Lima and A.C.
Pinto] [33, 34], using Ellman’s colorimetric assay in thin-
layer chromatography (TLC). These pharmacological stud-
ies revealed that in the brains of rats and electric eels
(Electrophorus electricus), AChEs were inhibited in a
concentration-dependent manner by a fraction containing
the indole-indoline alkaloid geissospermine (GSP, Fig. 2),
which was isolated, identified, and is known to be the major
alkaloid of G. vellosii stembark [33, 34]. However, the
binding mode (i.e., conformation and orientation) of this
alkaloid into the AChE active site is unknown.

The available 3D structures of Torpedo californica
AChE (TcAChE) reveal that the active site is located at
the bottom of a narrow cavity about 20 A deep termed the
aromatic gorge, as more than 50% of its amino acids are
highly conserved aromatic residues (i.e., Phe120, Phe288,
Phe290, Phe330, Phe331, Trp84, Trp233, Trp279, Trp432,
Tyr70, Tyrl21, Tryl30, Try334, and Tyr442) that play
functional roles [35].

The active site of the AChE consists of a catalytic triad
(CT) composed of Ser200---His440*Glu327 and a catalytic
anionic site (CAS) composed of Trp84, Phe330, and
Glul199. Additionally, there is a peripheral anionic site
(PAS) composed of Asp72, Tyr70, Tyrl21, Trp279, and
Phe290, located at the gorge entrance [36].

Therefore, in order to propose a plausible binding
mode between GSP and AChE which might explain the
observed experimental inhibitory activity of the AChE,
we performed comparative automatic molecular docking
simulations using the AutoDock and Molegro Virtual
Docker (MVD) programs. Before this, we also performed
a robust re-docking validation test using a set of ten
crystal structures of the Pacific electric ray (Torpedo
californica) AChE in complex with ten diverse active site
ligands. This set was chosen in order to span the molecular
diversity of the ligands bound to the AChE in terms of
number of rotatable bonds and molecular volume. This set
of ten 7cAChE structures was also used for the GSP
docking simulations.
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Fig. 1 2D chemical structures
of the four acetylcholinesterase
inhibitors (AChEIs) currently
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Materials and methods
Protein structures

A set of ten crystal structures of AChEs, in complex with
ten diverse active site ligands, was selected as a robust re-
docking validation test. The crystal structures of the ten
AChE enzymes from the Pacific electric ray (Zorpedo
californica), in complex with their respective ligands, were
retrieved from the Protein Data Bank (PDB) [37] at the
Research Collaboratory for Structural Bioinformatics
(RCSB, http://www.rcsb.org). The respective PDB IDs
and resolution (R, A) are: 1ACJ [38] (R=2.80), 1ACL
[38] (R=2.80), 1DX6 [39] (R=2.30), 1E3Q [40] (R=2.85),
1EVE [41] (R=2.50), 10CE [42] (R=2.70), 1U65 [43] (R=
2.61), 1VOT [44] (R=2.50), 2ACE [44] (R=2.50), and
2ACK [45] (R=2.40).

Fig. 2a-b Chemical structure of
the alkaloid geissospermine
(GSP). a 2D representation. b 3D
stick model representation of the
X-ray diffraction structure of the
GSP crystal retrieved from the
Cambridge Structural Database
(CSD ID: GEISSO10) (colored
by element: gray, carbon,; blue,
nitrogen; red, oxygen)

Galantamine

Ligand structures

The 3D structures of the ten ligands were extracted from
their respective complexes with AChE according to the
following ligand PDB codes: THA [38] (tacrine), DME
[38] (decamethonium ion), GNT [39] ((—)-galantamine)),
EWB [40] (BW284C51), E20 [41] (E2020), MF2 [42]
(MF268), CP0O [43] (CPT-11), HUP [44] ((—)-huperzine
A)), ACH [44] (acetylcholine), and EDR [45] (edropho-
nium ion). The chemical 2D structures of all ligands (ACD/
Labs software) [46] are shown in Fig. S1 of the “Electronic
supplementary material.”

Acetylcholine (ACH) and MF-268 (MF2) are covalently
bonded to the enzyme in the structures of complexes 2ACE
and 10CE, respectively. Therefore, in those cases, the
covalent bond was broken in order to extract the ligands,
and the structures were corrected. In addition, the structure
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of MF2 is incomplete, because the whole molecule cleaves
during the hydrolysis process.

The 3D structure of GSP alkaloid (CSD ID: GEISSO10)
[47] was retrieved from the Cambridge Structural Database
(CSD) at the Cambridge Crystallographic Data Centre
(CCDC, http://www.ccdc.cam.ac.uk) [48].

The ligand atom types and bond orders were corrected
manually in the SYBYL v.8.0 program [49]. Hydrogen
atoms were added and Gasteiger—Hiickel charges were
assigned [50]. The geometries of the ligands were opti-
mized for 200 steps with the Simplex algorithm, using the
Tripos force field [51], and saved in the SYBYL Mol2
format.

Molecular docking

The docking of ten ligands and the GSP alkaloid into the
active site of AChE was performed using the AutoDock
v.4.0 [52] and Molegro Virtual Docker (MVD) v.2008.2.4
(Molegro ApS) programs [53]. In order to compare the
results from both docking protocols, water molecules, co-
factors, and ions were excluded; the protonation states
(ligands and protein) were set to the physiological pH; the
rotatable bonds of the ligands were set to be free; and the
enzyme was treated as a rigid body.

Molecular docking using AutoDock

AutoDock combines a rapid energy evaluation through pre-
calculated grids of affinity potentials with a variety of

Table 1 Ligand/AChE complex PDB codes and corresponding reso-
lutions (R, A), ligand PDB codes, number of rotatable bonds (nRotB),
molecular weight (MW, g mol "), CPK volume (CPK Vol, A®), and

search algorithms to find suitable binding positions for a
ligand on a given macromolecule [54].

The polar hydrogen atoms of the enzymes were added,
the non-polar hydrogen atoms were merged, Kollman
charges were assigned, and solvation parameters were
added. For all ligands, including GSP, the non-polar
hydrogen atoms were merged, and the Gasteiger charges
were assigned.

The auxiliary program AutoGrid generated the grid
maps. The grids, one for each atom type in the ligands,
plus one for the electrostatic interactions, were chosen so as
to be sufficiently large to include the active site of AChE,
since all ligands are bonded within the active site. The grid
box dimensions were 60 x 60 x 60 A around the active site
and the grid spacing was set to 0.375 A. The starting
positions of all ligands were outside the grid box (>20 A
away from the center of the binding pocket).

Docking was performed using the empirical free energy
function together with the Lamarckian genetic algorithm
(LGA) [55]. The LGA protocol applied a population size of
150 individuals, while 250,000 energy evaluations were
used for the 100 LGA runs. In addition, the maximum
number of evaluations was set to 27,000; the mutation rate
to 0.02; the crossover rate to 0.8; and the elitism rate to 1.0.

Clustering histogram analyses were performed after
docking searches. Sets of 100 solutions were clustered into
groups with a root-mean-square deviation (RMSD) of no
more than 1.0 A. The best conformations were chosen from
the lowest docked energy solutions in the cluster populated
by the highest number of conformations.

RMSD (A) values obtained from the re-docking validation test
performed using the AutoDock and Molegro Virtual Docker (MVD)
programs

PDB ID R Ligand nRotB MW CPK Vol RMSD ¢
AutoDock MVD

1ACJ 2.80 THA 0 199.28 217.88 0.58 0.51
1VOT 2.50 HUP 1 243.33 261.14 1.78 0.67
1DX6 2.30 GNT 1 287.36 300.26 0.68 0.65
2ACK 2.40 EDR 2 166.24 196.19 4.94 0.84
2ACE * 2.50 ACH 4 146.21 174.47 443 1.14
1EVE 2.50 E20 6 380.51 417.25 1.85 0.79
1U65 2.61 CPO 6 587.70 604.59 1.57 1.55
10CE ® 2.70 MF2 10 270.42 322.46 4.77 491
1ACL 2.80 DME 11 258.49 339.45 3.57 2.64
1E3Q 2.85 EBW 12 406.61 483.34 3.31 3.01

*In the X-ray structure (2ACE), the natural substrate (acetylcholine, in an all-trans conformation) was manually docked into the active site and covalently
bound to catalytic serine (Ser200) in a tetrahedral intermediate conformation (the acetylcholine is a model; it is not derived from the experimental data)

°In the X-ray structure (10CE), the dimethylmorpholinooctylcarbamic moiety of MF268 is covalently bound to Ser200

¢ Italicized RMSD values indicate the best results according to the text
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The best docking complex solutions (poses) were
analyzed according to the potential intermolecular inter-
actions (ligand/enzyme)—such as hydrogen bonding (H-
bonding), cation—7t, m—7 stacking, hydrophobic, and van
der Waals (vdW)—using the LPC/CSU server, which is
used to analyze ligand—protein contacts on PDB files [56].
This software automatically classifies the ligand/protein
atom types, calculates all atomic contacts and solvent-
accessible surfaces for every atom of the ligand in its
complex and uncomplexed forms, and determines the
contacting residues and types of interactions they can
undergo (e.g., hydrogen bonds, hydrophobic—hydrophobic,
aromatic—aromatic, aromatic—polar, etc.).

Using the output from the LPC server, we cross-checked
the interaction types and refined the results in order to
reduce the number of contacts reported by the program.
However, it is important to take care when analyzing these
potential interactions further, as empirical force fields are
generally not parameterized to compute some interactions
such as hydrophobic, r—rt stacking, and cation—rt.

Molecular docking using the Molegro Virtual Docker

The Molegro Virtual Docker (MVD) is based on a new
heuristic search algorithm that combines differential evolu-
tion with a cavity prediction algorithm. Differential evolu-
tion [57] has been successfully applied to molecular
docking [58]. During the search process, fast and accurate
identification of the potential binding modes is achieved
through the use of predicted cavities.

The atom types and the bond orders were corrected to
both ligand and enzyme structures using the MVD
automatic preparation function. For each complex, the

Fig. 3 The superpositions of
the best docked poses of CP0
(AutoDock, RMSD=1.57 A
and MVD, RMSD=1.55 A)
and DME (AutoDock, RMSD=
3.57 A and MVD, RMSD=
2.64 A) (stick model colored by
element) with the corresponding
bounded X-ray conformation
(light gray in AutoDock and
green in MVD)

DME docked (AutoDock) / X-ray (PDB 1ACL)

hydrogen atoms were added and the MVD default charges
were assigned.

Potential binding sites (cavities) were detected using the
grid-based cavity prediction algorithm. The population size,
maximum interactions, scaling factor, and crossover rate
were set to 150, 2000, 0.50, and 0.90, respectively. For
each complex, we performed 100 independent runs with the
MolDock optimizer algorithm, with each run returning one
solution (pose).

The highest ranked solution was compared with the
known experimental structure (X-ray) in terms of RMSD,
and similar poses were clustered within a RMSD of 1.00 A.
The MolDock score function with a grid resolution of
0.30 A was used to precompute score grids for rapid dock
evaluation. Guided differential evolution and a force-field-
based docking scoring function were used to search for the
binding orientation and conformation of each candidate
molecule.

In a similar manner to AutoDock, the best docking
complex solutions were analyzed according to the potential
intermolecular interactions (ligand/enzyme) using the LPC/
CSU server [56].

Results and discussion

Validation of the docking protocols by re-docking using
the ten ligand/AChE complexes

Before docking GSP into the ten AChE structures, the
AutoDock and MVD docking protocols were validated
using the ten ligand/AChE complexes selected from PDB:
THA/1ACJ; DME/1ACL; GNT/1DX6; EBW/1E3Q; E20/

DME docked (MVD) / X-ray (PDB 1ACL)
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Table 2 Best docking poses (sorted by PDB ID) of the geissosper-
mine (GSP) alkaloid into the Torpedo californica AChE biding site,
comparing the results from the AutoDock (AutoDock score) and
Molegro Virtual Docker (MolDock score and Re-Rank score)
programs

AutoDock Molegro Virtual Docker

PDB ID * Score MolDock score Re-Rank score
1ACJ 227.29 —169.28 -82.32
1ACL 95.93 —206.06 —104.33
1DX6 68.02 -197.14 —96.83
1E3Q 119.41 —190.38 —112.62
1EVE 77.15 —198.8 —86.66
10CE 54.69 -221.73 —100.61
1U65 59.11 —206.88 —87.04
1VOT 59.13 —158.58 122.95
2ACE 69.45 —204.79 30.38
2ACK 125.57 -169.07 34.1

# Ttalicized entries indicate the best results considering the three score
values simultaneously

1EVE; MF2/10CE; CP0/1U65; HUP/1VOT; ACH/2ACE;
EDR/2ACK. This set of AChE active site ligands was
chosen in order to span the molecular diversity of the
ligands in terms of the number of rotatable bonds (nRotB
ranging from zero to 12, Table 1) and molecular volume
(CPK Vol ranging from 174 to 605 g mol™', Table 1. Each
ligand was extracted from its original PDB X-ray structure
and re-docked using both docking protocols.

The results showed that the RMSD values (Table 1) of
the predicted and experimental poses (conformation and
orientation) of the ligands into the binding pocket of AChE
range from being slightly (R=0.48 AutoDock) to highly
(R=0.83 MVD) correlated with the number of rotatable
bonds (nRotB). For example, the complexes with the most
rigid ligands, such as THA/1ACJ (THA, nRotB=0) and GNT/
1DX6 (GNT, nRotB=1), usually showed the lowest RMSD
values (<1.0 A) for both docking protocols. On the other hand,
the complexes with the most flexible ligands, such as EBW/
1E3Q (EBW, nRotB=12) and MF2/10CE (MF2, nRotB=10),
showed the largest RMSD values (>3.0 A).

However, in the AutoDock calculation, the EDR/
2ACK complex showed the largest RMSD value
(4.94 A), in spite of its ligand having only two rotatable
bonds, while the RMSD value was lower (0.84 A) in the
MVD calculation, showing a better performance. This
result might be explained by the small molecular volume
of its ligand (CPK Vol=196.19 A®). In a relatively wide
active site, such as that of AChE, the orientation search
method included in AutoDock could not accurately
reproduce the experimental coordinates of the ligand in
this particular complex.
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Comparing the covalently bound complexes, i.e., ACH/
2ACE and MF2/10CE, it is interesting to note that the
ACH/2ACE (ACH, nRotB=4) complex had a RMSD value
(1.14 A) in the MVD calculations that was much lower than
in AutoDock (4.43 A), while the AutoDock (RMSD=
4.77 A) and MVD (RMSD=4.91 A) protocols showed high
RMSD values for the MF2/10CE (MF2, nRotB=10)
complex. In fact, it was expected that both protocols would
show similar poor performances with ligands covalently
bonded to the enzyme (i.e., the natural substrate acetylcho-
line and the MF268 irreversible inhibitor), since in these
cases the “correct pose” (from the X-ray structure) is a
forbidden solution.

Table 1 shows that five complexes calculated with MVD
presented RMSDs of <1.0 A (i.e., THA/1ACJ, HUP/IVOT,
GNT/1DX6, EDR/2ACK, and E20/1EVE), while with
AutoDock only two complexes had RMSDs of <1.0 A (i.
e., THA/1ACJ and GNT/1DX6). On the other hand, only
three complexes calculated with MVD had RMSDs of
>2.0 A (i.e., MF2/10CE, DME/IACL, and EBW/1E3Q),
while with AutoDock, five complexes had RMSDs of
>2.0 A (i.e., EDR/2ACK, ACH/2ACE, DME/1ACL, MF2/
10CE, and EBW/1E3Q). These results suggest that the
MolDock algorithm is better parametrized, at least for this
particular system, since it gave better performance results.

Overall, considering both protocols (AutoDock and
MVD), the best results (RMSD values lower than 2.0 A,
Table 1) were obtained for ligands with no more than six
rotatable bonds and CPK volumes that were greater than
~200 A®. Therefore, these results suggest that the Auto-
Dock and MVD simulations should accurately predict the
conformation and binding orientation of GSP into the
AChE binding site, since GSP has only four rotatable bonds
and a relatively large volume (CPK volume ~600 A%).

To further illustrate these results, we selected two
complexes of the reversible inhibitors, CP0/1U65 (CPO,
nRotB=6 and CPK Vol ~605 A®) and DME/1ACL (DME,
nRotB=11 and CPK Vol ~340 A% (Table 1), and
simultaneously compared both criteria (nRotB and CPK
Vol) with the RMSD results. The superpositions of the best
docked poses of CPO (AutoDock, RMSD=1.57 A and
MVD, RMSD=1.55 A) and DME (AutoDock, RMSD=
3.57 A and MVD, RMSD=2.64 A) with the corresponding
bounded X-ray conformation are shown in Fig. 3.

AutoDock and MVD docking of GSP in the ten AChE
X-ray structures

The CSD X-ray structure of GSP was used as the input
ligand for docking simulations at the active sites of ten
PDB X-ray structures of 7cAChE, using the same protocols
as those employed in the re-docking test. The 3D structure
of each complex was scored using the AutoDock and MVD
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Fig. 4 Graphical representa-
tions of the binding orientations
of geissospermine (GSP) in the
best GSP/1DX6 and GSP/10CE
solutions obtained via the Auto-
Dock and Molegro Virtual
Docker (MVD) programs. The
green grids represent the cavity
of the active site of AChE

(MolDock and Re-Rank) score functions. Choosing the best
docked solution or pose (conformation and orientations) is
often difficult, as results are particularly sensitive to the
score function used in each particular docking program.
Therefore, we adopted the criterion of the lowest docking
energy in all cases.

In the docking simulations with AutoDock, the pose
with the minimum AutoDock score value was selected as
the best solution for each GSP/AChE complex (see Table
S1 of the “Electronic supplementary material”). The
AutoDock score values are calculated from the estimated
free energy of binding (total), which is obtained from the
following: total=[(1)+(2)+(3)—(4)], where (1) is the final
intermolecular energy, (2) is the final internal energy of the
ligand, (3) is the torsional free energy, and (4) is the
unbound system’s energy.

The docking analysis (Table S1) shows that the
estimated free energy of binding is strongly dependent on

GSP/1DX6 (AutoDock)

GSP/1DX6 (MVD)

GSP/TOCE (AutoDock)

GSP/10CE (MVD)

the final intermolecular energy and the final internal energy
of the ligand. The variations in parameter values for the
torsional free energy and the unbound system’s energy were
almost negligible. The best results, according to a histo-
gram analysis, were for the 10CE, 1U65, 1VOT, 1DXG6,
and 2ACE complexes with GSP, which showed AutoDock
score values (estimated free energy of binding) of 54.69,
59.11, 59.13, 68.02, and 69.45 kcal mol ', respectively
(Table S1).

In the docking simulations with MVD, the pose with the
minimum MolDock score value was selected as the best
solution for each GSP/AChE complex (Table S2 of the
“Electronic supplementary material”). In this case, the
MolDock score is obtained from the sum of the total
interaction energy and the internal energy of the ligand, i.e.,
Escore=Einter T Einya- Therefore, according to a histogram
analysis, the best results were for the 10CE, 1U65, 1ACL,
2ACE, 1EVE, and 1DX6 complexes with GSP, which

@ Springer
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Table 3 Selected interatomic distances measured in the docking
solutions of the GSP/1DX6 and GSP/10CE complexes obtained by
AutoDock and Molegro Virtual Docker (MVD)

Interatomic distances (A) AutoDock MVD

AChE / GSP 1DX6 10CE 1DX6 10CE
Tyr121-OH / N1 6.63 6.74 434 4.19
Phe331-O / N5 10.82 11.24 10.38 13.45
ASP72-062 / 020 7.08 8.97 7.01 7.94
Trp84-O / N33 9.20 9.40 8.83 8.88
Tyr334-OH / 068 7.80 10.55 6.38 5.53

showed MolDock score values of —221.73, —206.88,
—206.06, —204.79, —198.80, and —197.14 kcal mol ',
respectively (Table S2).

Moreover, to increase the docking accuracy, the 100
best solutions obtained from 100 independent docking
runs were re-ranked using the Re-Rank score function,
which takes into account an sp’—sp® torsion term and a
Lennard—Jones 12-6 potential. The Re-Rank score identi-
fies the most promising docking solution from the
solutions obtained by the docking algorithm (MolDock).
Furthermore, docking experiments showed that a simple
docking scoring function followed by a re-ranking
procedure is adequate to identify high-quality binding
modes in the place of more advanced scoring schemes
[48]. After the re-ranking procedure, the new results
showed a significant change in the order of the complexes
(Table S2). Here, the best results, according to a histogram
analysis, were for 1E3Q, 1ACL, 10CE, and 1DX6
complexes with GSP, which showed Re-Rank score values
of —112.62, —104.33, —100.61, and —96.83 kcal mol ',
respectively (Table S2).

Overall, after considering the three scoring functions
simultaneously, i.e., AutoDock score (Table S1), MolDock
score and Re-Rank score (Table S2), in the consensus
scoring scheme shown in Table 2 (a composite of Tables S1
and S2), we selected the GSP/IDX6 and GSP/10CE
complexes as the best solutions in the three scoring
schemes for further analysis.

Analysis of the GSP/1DX6 and GSP/10CE complexes
from AutoDock and MVD

A priori, the GSP/10CE complex should be excluded from
this analysis, since in the validation test the MF2/10CE
complex showed high RMSD values in both docking
methods (Table 1), probably due its high number of torsion
angles (nRotB=10). Moreover, the MF2 ligand is cova-
lently bonded to the enzyme in the X-ray MF2/10CE
complex, which may induce bias during the analysis of the
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validation procedure. However, these features cannot
influence the prediction results, because the docked ligand
is not MF2 but GSP.

Therefore, we analyzed the pose solutions (conformation
and orientation) of the GSP ligand in the GSP/1DX6 and
GSP/10CE complexes obtained with both docking methods
(Fig. 4). In order to do so, we selected five heteroatoms
from GSP and five heteroatoms from the residues located in
the AChE binding site and measured the interatomic
distances (Table 3) between ligand and enzyme using the
LPC/CSU server.

Figure 4 shows that the ligand conformations in these
complexes are similar, except for GSP/IOCE from
MVD, since the variation between the interatomic
distance O-Phe331 and N5-GSP in this complex and
GSP/1DX6 (MVD) is the largest (Table 3). Moreover, the
orientation of GSP inside the binding site is quite different
when the AutoDock and MVD results are compared. In
the GSP/1IDX6 and GSP/10CE complexes from Auto-
Dock, GSP is closer to the border of the binding site
(Fig. 4), while in the GSP/1DX6 and GSP/10CE com-

WPHE330
_— \'-.
GSP/10CE (MVD)

Fig. 5 Geissospermine (GSP) (carbon atoms in green) bonded to
AChE (GSP/1DX6 and GSP/10OCE models), showing residues Trp84,
Tyr121, Ser122, Ser200, Phe330, and His440
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Table 4 Classification of the R
potential interaction types Ligand/AChE * H-bonding Cation—7t -7t stacking Hydrophobic vdw ¢
detected between each AChE
ligand (including GSP) and GSP/1DX6 Tyrl21 nd Trp84 Phe330 nd
AChE residues in the best Ser122
docking pose solution from the Ser200
Molegro ertual Dpcker pro- His440
gram, obtained using the LPC/
CSU server GSP/10CE Asp72
Ser81
Tyrl21 nd nd Phe330 Ser200
Ser122 His440
Glul99
THA/1AC] His440 nd Trp84 nd nd
Phe330
DME/1ACL nd Trp84 nd nd Phe330
Trp279
GNT/1DX6 Asp72 nd nd nd Phe290
Glul199
Ser200
EBW/1E3Q Tyrl21 Trp279 nd Phe330 His440
E20/1EVE nd Phe330 Trp84 nd Phe290
Trp279 Phe331
MF2/10CE Tyr70 Trp279 nd nd nd
Gly118
Gly119
See text for ligand and AChE Ser200
PDB .codes; GSP, geissospermine; His440
see Fig. S1 for structures of
ligands: THA. tacrine: DME CP0/1U65 Phe284 nd Tl'p279 Trp84 Phe331
decamethonium; GNT, (-)-galant- Asp285 Phe330 Tyr334
amine; EBW, BW284C51; E20), HUP/IVOT Tyrl30 Trp84 nd Gly118 nd
E2020; MF2, MF268; CP0, CPT- His440 Phe330 Serl22
15 HUP, ()-huperzine As ACH, =\ oy s o Ser200 Trp84 nd nd His440
acetylcholine; EDR, edrophonium; Phe330
nd, not detected ¢
b L. . EDR/2ACK Ser200 Trp84 nd Phe330 nd
Hydrogen-bonding interaction Hisd40 Phe33l

®van der Waals interaction

plexes from MVD, GSP is nearer to the center of the
binding site (Fig. 4). Therefore, in order to analyze the
interactions between GSP and the residues in AChE, we
selected only the results from MVD, because in these
complexes the ligand is nearer to the residues involved in
AChE inhibition (Fig. 5).

Interactions between GSP and AChE in the GSP/1DX6
and GSP/10CE complexes

We analyzed the interactions between GSP and the AChE
residues in the GSP/1DX6 and GSP/1OCE complexes from
MVD using the LPC/CSU server. These complexes showed
several putative interactions between GSP and the residues
of the AChE binding site (Fig. 5), including hydrogen
bonding, -7 stacking, hydrophobic, and van der Waals,
according to the classification of ligand—protein contacts by
the LPC/CSU server.

In the GSP/1DX6 complex, at least four putative hydrogen-
bonding interactions were detected between GSP and AChE:
GSP-068 and Tyr121-OH (0—O: d=2.89 A); GSP-020
and Ser122-OH (O—O: d=3.01 A); GSP-NS5 and Ser200-
OH (N—O: d=3.14 A); and GSP-N5 and His440-NH (N—
N: d=2.66 A). These specific interactions established a stable
binding mode for the GSP/AChE complex, including
interactions with one residue of the PAS (Tyrl21) and two
residues of the CT (Ser200 and His440).

In the GSP/10CE complex, at least five putative
hydrogen-bonding interactions were detected between the
GSP and AChE: GSP-N33 and Asp72-CO,H (N—O: d=
3.36 A); GSP-N27 and the carbonyl backbone of Ser81
(N—O: d=4.57 A); GSP-N1 and Tyr121-OH (N—O: d =
4.19 A); GSP-063 and Ser122-OH (0—O: d = 4.28 A);
and GSP-N5 and Glu199-CO,H (N—O: d=3.59 A). These
specific interactions established a stable binding mode for
the GSP/AChE complex, including interactions with one

@ Springer
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residue of the CAS (Glul99) and two residues of the PAS
(Asp72 and Tyrl21).

A 71— stacking (face-to-face aromatic—aromatic) inter-
action was detected between the GSP indole ring and Trp84
only for the GSP/IDX6 complex. This residue belongs to
the CAS and is considered to be the main contributor to
substrate stabilization at the active site of AChE. Molecular
dynamic simulations of 7cAChE suggested that the confor-
mational change of the Trp84 lateral chain could result in
the appearance of a short channel that would allow the
traffic of solvent, substrate or products [59, 60]. Therefore,
the interaction of GSP with this residue would increase the
blockade of the active site and at the same time make the
GSP more tightly bound with the AChE.

A hydrophobic interaction was detected between GSP
and Phe330 for both the GSP/1DX6 and the GSP/1OCE
complexes. This residue belongs to the CAS and it is one of
two aromatic residues that belong to the gorge bottleneck of
the AChE binding site. It has been suggested that the
orientation of its aromatic rings controls the opening/
closing of the bottleneck [35]. We believe that its
interactions with GSP could impair substrate access and
contribute to AChE inhibition.

Finally, van der Waals interactions between GSP and
important residues such as Ser200 and His440 (from the
CT) were only detected for the GSP/10CE complex.

Comparing the interactions between GSP and AChE
in the GSP/1DX6 complex from MVD with those for the
ten crystal structures of ligand/AChE complexes, we
found that the GSP has some interactions in common
with those of these ligands (Table 4). Among the
hydrogen-bond interactions, at least one residue (i.e.,
Tyr121, Ser200 or His440) occurs in all of the complexes
except those with DME, E20 and CPO ligands. Among the
m—7 stacking interactions, only ligands THA and E20
interact with Trp84 as well as GSP. However, this residue
undergoes cation—7t (positively charged amine groups and
m-systems) interactions with the ligands DME, HUP,
ACH, and EDR. It seems that there is an interchange
between 7—7t stacking and cation—7t interactions, depend-
ing on the ligand. In relation to hydrophobic interactions,
only three ligands (EBW, CP0O, and EDR) showed
interactions with Phe330, such as GSP.

An analogous comparison for the GSP/IOCE complex
(Table 4) showed that among the hydrogen-bond interac-
tions, at least one residue (i.e., Asp72, Glul99 or Tyrl121)
occurs in only two complexes with GNT and EBW ligands.
In relation to hydrophobic interactions, the same behavior
was observed as in the GSP/IDX6 complex. Concerning
the van der Waals interactions, only His440 was detected in
two complexes with EBD and ACH ligands.

Analyzing the occurrences of common residues inde-
pendent of the interaction type, and comparing GSP/1DX6
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and the other ten complexes (Table 4), at least two
residues are seen to occur in all ligands, except for the
GNT ligand, which has just one residue in common
(Ser200). The frequencies are: four (HUP, ACH, and
EDR), three (THA and EBW), and two (DME, E20, MF2,
and CPO0) residues in common with GSP/1DX6. However,
upon comparing GSP/10CE and the other ten complexes
(Table 4), at least two residues occur in all ligands, except
for E20 (Phe330), CPO (Phe330), and DME (Phe330). The
frequencies are: three (ACH, EBW, EDR, GNT, and HUP)
and two (MF2 and THA) residues in common with GSP/
10CE.

Overall, we selected the GSP/1DX6 complex as the best
solution because it shows more common putative inter-
actions with the ten ligands. Moreover, the four hydrogen
bonds in this complex could be classified as moderate (2.5~
3.2 A) [61]. In the GSP/IOCE complex, two hydrogen
bonds could be classified as weak (3.2-4.0 A) [61], and the
other three are far from this maximum distance criterion. In
addition, only the GSP/1DX6 complex shows a m—7t
stacking interaction, while in the GSP/10CE complex
neither 7—7t stacking nor cation—7t interactions were
detected; depending on the ligand (except GNT), there is
at least one of these interactions. Therefore, we recommend
the GSP/1DX6 complex for further studies of molecular
modification strategies, such as molecular simplification
and isosteric replacement.

Conclusions

In this work, we docked the alkaloid geissospermine
(GSP) into the active site of acetylcholinesterase (AChE)
in order to predict its putative “bioactive” conformation
and binding orientation, since this natural product is an
ACHhE inhibitor. Several docking calculations were carried
out using the AutoDock and Molegro Virtual Docker
(MVD) programs.

The best docking solution (GSP/1DX6 complex) was
obtained using MVD, which showed a preferential
binding mode between specific groups of GSP and the
AChE residues. In this complex, some putative ligand/
protein interactions, such as hydrogen bonds, 7—7m
stacking, and hydrophobic interactions were detected.
Hydrogen bonding interactions with Ser200 and His440
were detected, which may suggest the influence of the
catalytic triad in the AChE inhibition mechanism by
GSP.

This study provides the basis to propose structural
changes to the GSP structure, such as molecular simplifi-
cation and isosteric replacement, which would aid the
design of new potential AChE inhibitors relevant to the
treatment of Alzheimer’s disease.
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