
Biomedicine & Pharmacotherapy 150 (2022) 113016

Available online 25 April 2022
0753-3322/© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

In vitro and in silico analysis of galanthine from Zephyranthes carinata as an 
inhibitor of acetylcholinesterase 

Karina Sierra a, Jean Paulo de Andrade b, Luciana R. Tallini c,d, Edison H. Osorio e, 
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A B S T R A C T   

Zephyranthes carinata Herb., a specie of the Amaryllidoideae subfamily, has been reported to have inhibitory 
activity against acetylcholinesterase. However, scientific evidence related to their bioactive alkaloids has been 
lacking. Thus, this study describes the isolation of the alkaloids of this plant, and their inhibition of the enzymes 
acetylcholinesterase (eeAChE) and butyrylcholinesterase (eqBuChE), being galanthine the main component. 
Additionally, haemanthamine, hamayne, lycoramine, lycorine, tazettine, trisphaeridine and vittatine/crinine 
were also isolated. The results showed that galanthine has significant activity at low micromolar concentrations 
for eeAChE (IC50 = 1.96 μg/mL). The in-silico study allowed to establish at a molecular level the high affinity and 
the way galanthine interacts with the active site of the TcAChE enzyme, information that corroborates the result 
of the experimental IC50. However, according to molecular dynamics (MD) analysis, it is also suggested that 
galanthine presents a different inhibition mode that the one observed for galanthamine, by presenting interaction 
with peripheral anionic binding site of the enzyme, which prevents the entrance and exit of molecules from the 
active site. Thus, in vitro screening assays plus rapid computer development play an essential role in the search 
for new cholinesterase inhibitors by identifying unknown bio-interactions between bioactive compounds and 
biological targets.   

1. Introduction 

Millions of people around the world have been diagnosed with Alz-
heimer’s disease (AD). Officially, the AD is considered as the fifth- 
leading cause of death worldwide [1]. AD has a slow onset of almost 
20 years before the beginning of symptoms [2], which are characterized 

by undetectable biochemical changes in the brain eventually leading to 
death. Although there are several hypotheses to explain the pathogen-
esis of AD, the cholinergic hypothesis suggests that the symptoms 
related to the loss of cognitive function could be explained by the 
decreasing of synaptic acetylcholine (ACh) levels [3]. According to the 
hypothesis, this neurotransmitter plays a key role in number of cognitive 
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functions such as memory, emotional processing and learning processes 
[4]. These functions are a consequence of the high density of cholinergic 
synapses in the thalamus, striatum, limbic system and neocortex [5,6]. 
Therefore, the inhibition of the catabolic process of ACh can improve its 
levels and counterbalance the typical deficit observed in mnemonic 
synapsis of patients with AD [3,7]. 

Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) are 
key enzymes in the cholinergic nervous system. Because of their physi-
ological function of enhancing neurotransmission by hydrolyzing ACh, 
BuChE and even more AChE have been extensively investigated and 
targeted for pharmacological intervention [8,9]. This strategy reduce 
the main symptoms in the patients with AD, improving their life quality 
and independence [7]. Donepezil, rivastigmine and galanthamine are 
well-known drugs as inhibitors of AChE and are currently used for the 
management of AD [3] through the cholinergic mechanism, which does 
not affect the progression of AD [7,10]. There are studies showing 
non-neurotransmitter [8,11,12] or catalytic [8,13,14] functions alter-
native to the cholinergic hypothesis in which AChE has an important 
role beyond the breakdown of ACh, including participation in inflam-
mation, cell apoptosis, morphogenic and adhesion functions, as well as 
participation in oxidative stress [4]. In fact, AChE exists as different 
variants derived from alternative RNA splicing, generating different 
polypeptide-encoding transcripts, which can also influence 
protein-protein interactions [15]. 

The main transcript in the brain encodes subunits that produce 
monomeric (G1) and tetrameric (G4) forms of AChE [16], while on 
erythrocytes, the dimeric form (G2) is mainly found [4]. Its active site, 
however, is conserved and is composed of four main subsites in the 
bottom gorge: the oxyanion hole, acyl binding pocket, anionic subsite, 
and catalytic anionic site (CAS) where the hydrolysis of ACh takes place 
[23]. Outside the protein gorge, the peripheral anionic site (PAS) is 
located [22] and it has been evidenced that it could promote the 
deposition and aggregation of Aβ in the brain [17,18]. Thus, inhibition 
of AChE could disrupt the self-assembly of Aβ plaques, providing a more 
effective way for the management of AD [19,20]. In addition, under-
standing the role of each AChE allows an even better understanding of 
the pathogenesis and pathophysiology of AD, since the particular dis-
tribution of each AChE species allows its interaction with specific pro-
teins. Therefore, the evaluation of molecules of interest in each model 
could change according to the characteristics of each structure [8]. 

Galanthamine has demonstrated superior response in clinical terms, 
pharmacokinetics parameters, and reduced toxic effects, in comparison 
with others AChE inhibitors. This alkaloid is a natural compound found, 
in significant amount, in several genera of Amaryllidaceae family 
(particularly Amaryllidoideae subfamily), such as Narcissus from Central 
and West Europe, Leucojum from East Europe, Lycoris from China, Hip-
peastrum from Brazil, and Ungernia from Uzbekistan and Kazakhstan 
[21]. The therapeutic uses of galanthamine was approved by the Food 
and Drug Administration (FDA) in 2001 [22], and since then, the search 
for new AChE inhibitors from species of Amaryllidoideae subfamily have 
increased substantially [23,24]. 

Zephyranthes carinata Herb. (Z. carinata) from the Amaryllidoideae 
subfamily is an ornamental species in Colombia, originally described in 
Mexico [25], that under the edaphoclimatic conditions of the country 
produces alkaloids of the narciclasine, haemanthamine, lycorine, gal-
anthamine and tazettine type. Their alkaloid-enriched extracts have also 
shown remarkable AChE inhibitory activity in both, in vitro and in vivo 
experiments [26–29]. Interestingly, galanthamine is not a major alka-
loid in the plant species. As a continuity of our previous efforts to know 
the mode of action of the alkaloids of Z. carinata evaluated in triple 
transgenic mice as a model for AD (3xTg-AD) [30], the main compounds 
of the enriched-alkaloid extracts from bulbs were purified and evaluated 
in eeAChE, a G4 AChE species from Electrophorus electricus [8], and 
equine butyrylcholinesterase (eqBuChE). Finally, through in-silico tools, 
we analysed how galanthine, the most active alkaloid in vitro, interacts 
with the PAS and anionic subsite sites of AChE. 

2. Materials and methods 

2.1. Plant material 

Z. carinata was collected in Antioquia, Colombia during the flower-
ing period between February and April 2014. A representative specimen 
(4263 Alzate) was kept in the herbarium of the University of Antioquia 
(Medellin, Colombia) [31]. The collected plant material was completely 
dried in oven at 40 ◦C followed by grind process before extraction. The 
extraction for obtaining enriched-alkaloid fractions were done under the 
same parameters of the previous studies [30,31]. 

2.2. Extraction and isolation 

Methanol was used to extract the plant material (about 1800 g of 
pulverized Z. carinata bulbs). The solvent was evaporated under vacuum 
(rotavapor), and the residue diluted in 2% H2SO4 before being defatted 
with EtOAc. The aqueous layers were then basified with 25% ammonia 
to a pH of 9.5–10.0 and the alkaloids partitioned with CHCl3. 7.9 g of 
enhanced alkaloid extract was obtained after four partitioning steps, and 
6.0 g was subjected to silica gel column chromatography (CC) (CHCl3- 
MeOH, 90:10–0:100) to obtain nine fractions (Fr. 1–9). Exclusion 
Chromatography (EC) was used to separate Fr. 2 (70.0 mg) using 
Sephadex® LH-20 as the stationary phase and MeOH as the mobile 
phase, yielding eight fractions (Fr.2A-Fr 0.2 H). Trisphaeridine (1) (5.6 
mg) precipitated from Fr. 2 H. From the fraction Fr. 3 (520.0 mg), gal-
anthine (2) precipitated (119.7 mg). The supernatant from Fr. 3 was 
processed to Sephadex® LH-20 with MeOH as the mobile phase, yielding 
nine fractions (Fr. 3A-Fr. 3I). Tazettine (3) (33.1 mg) precipitated from 
the fraction Fr. 3D. The SubFr. 4D was fractionated again using Sepha-
dex® LH-20 (MeOH as mobile phase) and seven additional subfractions 
(SubFr. 4D-1 – SubFr. 4D-7) were produced. Lycorine (4) has been 
identified as the primary component of SubFr. 4D-2 (2.3 mg). The EC 
was used again with Sephadex® LH-20 (MeOH as mobile phase) to 
fractionate the SubFr. 4 F (392.5 mg), resulting in five fractions (Fr.4F1- 
Fr.4F5) containing haemantamine (5) (28.6 mg) precipitated from the 
Fr.4F3. EC (Sephadex® LH-20, MeOH as mobile phase) was used to 
separate Fr. 7 (510.0 mg) into ten fractions (Fr. 7 A - Fr. 7 J). Lycoramine 
(6) was isolated from Fr. 7B fraction (20.6 mg). The portion Fr. 7D (33.7 
mg) was subjected to preparative thin layer chromatography using a 
CHCl3:MeOH (8:2) combination as mobile phase, and the alkaloid 
hamayne was isolated (7) (2.6 mg). Finally, fraction Fr. 7 J (16.4 mg) 
was separated using semi-preparative reverse-phase chromatography 
(H2O:ACN:MeOH:CF3COOH, 80:10:10:0.01) to give vittatine/crinine 
(8) (5.4 mg) with a retention period of 8.0 min 

2.3. Preparative HPLC systems 

Chromatographic analyses were performed on an Agilent prepara-
tive equipment equipped with a binary pump (model G1361A-1260 – 
California, USA), a 1260 MWD VL detector (model G1365D), and an 
automated fraction collector (Agilent 1260 FC-PS, model G1364B). The 
mobile phase was formed of an isocratic system (H2O:MeOH:ACN, 8:1:1, 
+0.1% CF3COOH), while the stationary phase was composed of a semi- 
preparative Agilent Eclipse XDB-C18 (5 mm, 9.4 mm × 250 mm) column 
(CA, USA). The flow rate was set to 7 mL min− 1. At 270 and 290 nm, the 
absorbance was determined. 

2.4. GC/MS analysis 

We used a previously reported approach for capillary gas chroma-
tography/mass spectrometry (GC/MS) analyses [32]. The Agilent 7890 
(GC) was utilized in conjunction with an MS running at 70 eV. The 
column was an HP-1 MS capillary column (30 m x 0.25 mm×0.25 µm). 
The following temperature program was used: 1 min hold at 120 ◦C, 
120–210 ◦C at a rate of 15 ◦C/min, 210–260 ◦C at a rate of 8 ◦C/min, and 
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260–300 ◦C at a rate of 15 ◦C/min. The temperature of the injector was 
280ºC in splitless mode. The carrier gas (He) rate was 1 mL min− 1 of flow 
and 1.0 μL of the solution was injected. The alkaloids were identified by 
comparing their mass spectral fragmentation to those in the NIST 
database (NIST Mass Spectral Database, 2008, National Institute of 
Standardization and Technology, USA) or by comparing their spectra to 
those described in the literature. An alternative identification of the 
alkaloids was made by comparing their GC/MS spectra with our in-home 
library database. This collection has been updated and evaluated on a 
regular basis using isolated alkaloids that have been reliably identified 
using physical and spectrometric techniques. The Kovats retention rates 
(RI) of the compounds were recorded with a mixture of standard cali-
bration n-hydrocarbons (C7 - C40). All the mass spectra were decon-
voluted using AMDIS 2.64 (NIST) software. 

2.5. Nuclear magnetic resonance (NMR) 

We performed mono- and bi-dimensional NMR investigations on a 
Varian VNMRS 400 MHz (Palo Alto, CA, USA) utilizing CD3OD and 
CDCl3 as solvents and TMS as the internal standard. By comparing their 
NMR spectra to those already published in the literature, the alkaloids 
were identified. 

2.6. eeAChE and eqBuChE inhibitory microplate assay 

The quantification of the inhibitory activity of the eeAChE and 
eqBuChE enzymes were performed according to Ellman et al.(1961) 
[33] with some modifications [31]. The buffers used in the test were 
prepared as follows: buffer A, 50 mM Tris - HCl, pH 8.0; buffer B, 50 mM 
Tris - HCl, pH 8.0 with 0.1% bovine serum albumin in buffer A; and 
buffer C, 50 mM Tris - HCl, pH 8.0 containing 0.1 M NaCl and 0.02 M 
MgCl2 - 6 H2O in buffer A. Alkaloids were prepared in a range of con-
centrations from 7.5 μg/mL to 240 μg/mL in buffer A, and 25 μL of each 
solution was added to a 96-well microplate. Subsequently, ATCI or BTCI 
(25 μL, 15 mM) and DTNB in buffer C (125 μL, 3 mM) along with buffer B 
(50 μL) were added. The absorbance was measured at 409 nm at a 
constant temperature of 37 ◦C using a microplate reader. eeAChE or 
eqBuChE enzymes were added (25 μL, 0.22 U/mL) and the absorbance 
was read every 45 s (for 30 min). In this assay, galanthamine was used as 
a positive control. Any increase in absorbance due to spontaneous hy-
drolysis of the substrate was corrected by subtracting the absorbance 
before the addition of the enzyme. The inhibition percentage was 
calculated using the equation:  

Inhibition (%) = (1 - (A sample/A Control)) × 100)                                    

Where "A sample" represents the absorbance of the sample extract 
and "A control" represents the absorbance of the blank (DMSO as the 
dissolving solvent in buffer A (50 mM Tris–HCl, pH 8)). The extract 
concentration that inhibited 50% of the enzyme (IC50) was determined 
by plotting the percentage inhibition vs the alkaloid concentration. The 
values of inhibitory concentration of 50% of the eeAChE and eqBuChE 
(IC50) were calculated from at least four different concentrations of the 
sample using the GraphPad Prism 5 statistical package. 

2.7. Molecular docking 

The term "molecular docking" refers to a technique for predicting the 
preferred relative orientation of a molecule (or ligand) when it attaches 
to an active site of a macromolecule and forms a stable complex. When 
the total system’s free energy is reduced, a stable complex is obtained. 
To acquire the most stable conformations of ligands, the three- 
dimensional (3D) structures are subjected to a geometrical optimiza-
tion technique using the Gaussian 09 software [34] at the PBE0 
[35]/6–311 +g* [36] level of theory. This approach is effective in 
confirming structural conformations as real minima on the potential 

energy surface. The binding mechanism of several alkaloids to the active 
site of the Torpedo californica acetylcholinesterase (TcAChE) protein, 
PDB code 1DX6 [37], was investigated in this work using the AutoDock 
v.4.2 tool [38]. This one combines a rapid energy evaluation through 
pre-calculated grids of affinity potentials, which consisted of a 
three-dimensional lattice of regularly spaced points centered on some 
region of interest of the macromolecule under study, with a variety of 
search algorithm to find suitable binding positions for a ligand on a 
given macromolecule, where this one is treated as a rigid body. Water 
molecules, cofactors, and ions are omitted from the X-ray crystallo-
graphic structure during protein preparation for docking molecular 
modeling. Moreover, the polar hydrogen atoms of the enzyme are 
added, atomic charges were computed toward the Gasteiger procedure 
and non-polar hydrogen atoms were merged. The grid maps required by 
AutoDock, one for each atom type present in the docked ligand, were 
computed using the auxiliary program AutoGrid, which chose a grid box 
with dimensions of 60 Å × 60 Å × 60 Å around the active site, which is 
located at the coordinates 3.5, 64.4, and 63.1. The search space was 
sufficiently large to encompass the most critical active site residues. The 
Lamarckian Genetic Algorithm (LGA) was used to conduct the docking 
searches [39]. This technique was used to a population of 2000 persons, 
resulting in 2,500,000 energy evaluations for each of 200 LGA runs. The 
best conformations were chosen from the cluster with the maximum 
number of conformations that had the lowest docked energy solutions. 
The best docking complex solutions (poses) were analyzed according to 
the potential intermolecular interactions (ligand/enzyme), such as 
hydrogen bonding, hydrophobic interactions and the cation–π, π–π 
stacking. 

2.8. Molecular dynamics simulations (MD) 

MD calculations were conducted on the complex TcAChE protein 
(PDBID: 1DX6) in aqueous solutions with the ligands galanthine and 
galanthamine using an explicit solvent TIP3P water model [40] 
(≈16.000 water molecules). In addition, Na+ and Cl- ions were added to 
neutralize the systems and maintain an ionic concentration of 0.15 mol 
L− 1. GAFF Force Field (GAFF) was used to parametrize galanthine and 
galanthamine for organic compounds [41,42]. The protein structures 
were modeled with the force field ff14SB [43]. The simulations were 
carried out using a standard MD protocol as follows: (I) Minimization 
and structural relaxation of water molecules utilizing 2000 stages of 
minimization (downward step) and MD simulations with an NPT (300 K) 
assembly by 1000 ps employing harmonic constraints of 10 kcal⋅mol Å− 2 

on the protein and ligand; (II) minimization of the complete structure 
considering 2000 downstream minimization steps and 6500 steps of 
conjugate gradient minimization; (III) the minimized systems were 
progressively heated to 300 K, with harmonic restrictions of 10 kcal⋅mol 
Å− 2 in the carbon skeleton and ligand during 0.5 ns; (IV) The system was 
then balanced for 0.5 ns while adhering to the constraints, and then for 
5 ns without constraints to 300 K in a canonical assembly (NVT); and (V) 
a production dynamic was conducted for 50 ns without constraints at 
300 K and 1 atm with a temporary passage of 2 fs using an isothermal 
isobaric assembly (NPT). In the MD simulation, the temperature was 
controlled by the Langevin dynamics with a collision frequency of 1 ps− 1 

(NVT) and the pressure with the Berendsen barostat (NPT). In addition, 
the Particle Mesh Ewald (PME) method with a cut-off value of 10 Å was 
used to treat nonbonding and long-range electrostatic interactions. All 
MD simulation calculations were performed using the Graphics Pro-
cessing Unit (GPU)-AMBER Implementations18 [44]. Molecular visual-
ization of the systems and MD trajectory analysis were carried out with 
the VMD software package [45]. 

2.8.1. Free energy calculation 
The binding free energy of TcAChE-ligand complexes was estimated 

using the molecular MM/GBSA technique. For computations, the first 
40 ns of MD were isolated and the explicit water molecules and ions 
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were deleted. Three subsets of each system were analyzed using MM/ 
GBSA: the protein alone, the ligand alone, and the complex (protein- 
ligand). The total free energy (ΔGtot) was computed as follows for each 
of these subsets:  

ΔGtot = EMM + GSolv -TΔSconf                                                                

Where EMM denotes the bonded and Lennard–Jones energy compo-
nents; GSolv denotes the polar and nonpolar contributions to the solva-
tion energy, respectively; T denotes the temperature; and ΔSconf denotes 
the conformational entropy [46]. Both EMM and GSolv were calculated 
using AMBER 18 program with the generalized Born implicit solvent 
model [47,48]. ΔGtot was calculated as a linear function of the 
solvent-accessible surface area, which was calculated with a probe 
radius of 1.4 Å [49]. The difference between the binding free energies of 
TcACh and ligand complexes (ΔGbind) was used to compute the binding 
free energy of TcACh and ligand complexes (ΔGbind) where values 
represent the simulation’s averages.  

ΔGbind = Gtot (complex) – Gtot (protein) -Gtot (ligand)                                  

2.8.2. Noncovalent interaction index (NCI) 
To reveal possible non-covalent interactions of TcAChE-ligand 

complexes such as hydrogen bonds, steric repulsion, and van der 
Waals interactions, the non-covalent interaction index (NCI) [50,51] 
was used. The NCI is based on the electron density (ρ), its derivatives, 
and the reduced density gradient (s). 

s =
1

2(3π2)
1
3

∇ρ
ρ4

3 

In this methodology, non-covalent interactions appear at low elec-
tron densities and reduced density gradient values. Thus, the reduced 
density gradient’s isosurface is shown at low values. Weak interactions 
can thus be seen as closed domains in the molecular space that surround 
the regions of contact. The blue areas denote strong attractive connec-
tions, the green areas denote weak Van der Waals interactions, and the 
red areas denote a significant non-bonded overlap. In this work, the 
promolecular densities (ρpro), computed as the sum of all atomic con-
tributions, were used. The NCI was calculated using the NCIPLOT pro-
gram [50]. 

2.9. Statistical analysis 

At least three separate tests were used to evaluate experiments. 
ANOVA was used to examine data with homogeneous variance using the 
PRISM program. To minimize inter-assay variation, all sample groups 
were processed in parallel. 

3. Results and discussion 

3.1. Isolation of alkaloids and their eeAChE and eqBuChE inhibitory 
activity 

Since the first isolation, around 636 structures of isolated or tenta-
tively recognized alkaloids from Amaryllidoideae plants have been 

Fig. 1. Purified alkaloids structures.  
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reported. These different compounds have been classified into 42 
Amaryllidaceae skeleton types, being 16 of them the most representative 
at the different genera [52]. The recognized alkaloids galanthine, hae-
manthamine, hamayne, lycoramine, lycorine, tazettine, trisphaeridine, 
and vittatine/crinine were purified in this study, and these results are 
consistent with prior GC/MS evaluations [30]. However, in this alkaloid 
extract, haemanthamine and hamayne have not been detected earlier by 
GC/MS, but they were separated as minor components. The identifica-
tion of these eight recognized alkaloids (Fig. 1) was based on a com-
parison of their spectroscopic data to those previously published in the 
literature [53–55]. Vittatine and crinine are enantiomers and they must 
be unambiguously assigned using Circular Dichroism, which could not 
be carried out at this time. The results of inhibition for both enzymes 
expressed as IC50 of each alkaloid are shown in Table 1. 

Galanthine had the lowest IC50 value (1.96 μg/mL, corresponding to 
6.18 μM) for eeAChE with no statistical difference when compared to 
the positive control galanthamine, which is consistent with previously 
published findings [26]. The other alkaloids in this model presented IC50 
values higher than 29.59 µg/mL. The alkaloid galanthine is not com-
mercial and has been consistently determined in many species of Zeph-
yranthes [56,57]. Since the 1950 s, this genus has been investigated 
extensively, yielding significant results not only in terms of alkaloid 
isolation, but also in terms of dereplication techniques and biological 
activities [58]. The latter have been particularly focused on AChE 
enzyme inhibition due to the promising results obtained for this target 
with enriched-alkaloid extracts from Zephyranthes species and their 
purified components [27–29]. In fact, galanthine was isolated with high 
extraction performance from Z. carinata and showed remarkable activity 
as AChE inhibitor [26]. Although galanthine has been shown to have 
biological activity, the inhibitory results vary depending on the exper-
imental settings, since the chemical has been reported to be inactive in 
some investigations [59], and in others, it is active in the eeAChE model 
[26]. This information indicates that the alkaloid’s mode of action at the 
active site of the protein is unknown. Additionally, despite the fact that 
galanthine is ineffective in human model enzymes (dimeric form (G2) 
found primarily on erythrocytes) [60], the eeAChE model is extensively 
explored due to its high concentration of the tetrameric form (G4) found 
in the brain [16]. 

Trisphaeridine exhibited the most modest inhibition of eqBuChE of 
all drugs examined. According to the literature, trisphaeridine has a 
lower molecular docking affinity for BuChE (PDB code: 4BDS) than 
galanthamine (− 8.23 and − 7.27 kcal.mol-1, respectively) [61], which is 
consistent with our data. 

3.2. Analysis of molecular docking results 

Due to the fact that galanthine has the lowest IC50 value for eeAChE, 
a theoretical inhibition toward molecular docking experiments was 
undertaken to investigate the inhibition mode of galanthine, using gal-
anthamine as a control. The model used for this experiment was Tetro-
narce californica (an electric ray formerly known as Torpedo californica), 
a classic preparation for biochemical studies of cholinergic neurotrans-
mission [62] and in silico model of eeAChE [63]. The results suggested 
that the estimated free energy of ligand-protein complexes binding was 
quite near to each other, with galanthine exhibiting − 8.84 kcal.mol-1 
and galanthamine exhibiting − 8.78 kcal.mol-1. As a first 

Table 1 
IC50 values of the alkaloidal fraction and alkaloids isolated against eeAChE and 
eqBuChE enzymes.  

Name Alkaloid type eeAChE 
IC50 (µg/mL) 

eqBuChE 
IC50 (µg/mL) 

Alkaloidal fraction of 
bulbs 

NA 4.26 ± 0.57 57.03 
± 4.06### 

Lycoramine Galanthamine 42.48 
± 1.66*** 

> 60### 

Haemanthamine Haemanthamine 44.69 
± 4.79*** 

> 60### 

Hamayne Haemanthamine 50.25 
± 5.06*** 

> 60### 

Vittatine/Crinine Haemanthamine > 60*** > 60### 

Galanthine Lycorine 1.96 ± 0.01 > 60### 

Lycorine Lycorine 53.63 
± 11.95*** 

> 60### 

Trisphaeridine Narciclasine 42.07 
± 9.77*** 

31.91 
± 0.52### 

Tazettine Tazettine 29.59 
± 2.36*** 

> 60### 

Galanthamine (positive 
control) 

Galanthamine 0.59 ± 0.11 7.53 ± 0.37 

Data are expressed as the means ± standard deviation (SD) of at least three in-
dependent experiments. ***, **, and * represent significant difference versus 
control (galanthamine) with AChE. ###, ##, and # represent significant dif-
ference versus control (galanthamine) with eqBuChE. p < 0.001, p < 0.002 or 
p < 0.033, respectively. 2way ANOVA with Dunnett’s multiple comparison test 
(the differences for each component in both eeAChE and eqBuChE inhibition are 
in relation to the positive control (galanthamine) inhibition for each enzyme). 

Fig. 2. Principal interactions located by the molecular docking experiments between the ligands (A) Galanthine and (B) Galanthamine with the TcAChE enzyme.  
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approximation, these data indicate that galanthine is approximately as 
effective as galanthamine as a TcAChE inhibitor. The most important 
interactions between the ligands (a) Galanthine and (b) Galanthamine 
with the TcAChE are presented in Fig. 2. 

TcAChE’s active site is approximately 20 mm deep and is composed 
of three distinct regions: i) the peripheral anion site (PAS), which is 
made of Tyr70, Tyr121, Asp72, Trp279, and Tyr334 residues placed at 

the active site’s gate; and ii) the alpha-anionic site, which is composed of 
Trp84 and Phe330 residues positioned in the active gorge site. Both 
residues are aromatic, which allows for stabilization via π-π interactions; 
and iii) the catalytic anion site (CAS), which is primarily constituted of 
Ser200, His440, and Glu 327 residues [64,65]. Galanthamine’s location 
in the CAS-ligand complex, near to the catalytic triad, has been exten-
sively documented [66,67]. Our results have once again shown this 
(Fig. 2B). Our findings for galanthine indicate that there are no stabi-
lizing interactions with Ser200 and His440 residues (Fig. 2A). However, 
there are several interactions with 4 different amino acids located in 
different areas of CAS: a stabilizing π-π stacking interactions with 
Phe330; a hydrogen bonding interaction with Ser122, located at 
alpha-anionic site; π-Alkil interactions with Tyr334, located at PAS; and 
π-Alkil interactions with Phe331. Thus, the molecular docking calculus 
suggests that the inhibition mode of galanthine is different than gal-
anthamine, because galanthine is located in the alpha-anionic and PAS 
sites. 

3.3. Analysis of molecular dynamics (MD) simulation results 

MD simulations were conducted using the docking results to eluci-
date the mechanism by which galanthine inhibits eeAChE. MD simula-
tions were performed to estimate the free energy of binding for both 
complexes using molecular mechanics generalized Born solvent acces-
sibility (MM-GBSA) calculations. The small values in the root-mean- 
square deviation (RMSD) study indicate the stability of protein-ligand 
conformations during MD (Fig. 3). 

The binding free energies presented in Table 2 indicate that the 
galanthine complex is significantly more stable than the galanthamine 
complex by 4.1 kcal.mol− 1. This result corroborates experimental and 
molecular docking studies indicating that galanthine is as effective as 
galanthamine as a TcAChE inhibitor. To determine the frequency of 
interaction between the residues and the alkaloids, we performed a 
contact frequency study between the most significant residues and the 
galanthine and galanthamine molecules throughout the MD. A radius of 
3 Å was chosen as the assessed region for this research because it cor-
responds to the average distance between hydrogen bond variations in 
the analyzed systems. The MD results showed that galanthamine is 
located at the bottom of the active site, near to the catalytic triad Ser 
200, Glu 327, and His 440. Additionally, Fig. 4 demonstrates a signifi-
cant interaction between galanthamine and the Phe 288 and Phe 290 
residues. These amino acids are involved in the formation of the acyl- 
binding pocket. 

The schematic representation of active sites after 60 ns of MD 

Fig. 3. RMSD calculated for TcAChE backbones, and the ligands used in 
MD procedures. 

Table 2 
Free energy calculations of TcAChE in the presence of galanthine and 
galanthamine.  

Substrate MM-GBSA 
(kcal⋅mol− 1)a 

Molecular Docking 
(kcal⋅mol− 1) 

Galanthine -35.2 (0.06) -8.84 
Galanthamine -31.1 (0.06) -8.78  

a The values in parentheses correspond to the standard deviation of the energy 
calculation. 

Fig. 4. Frequency of the appearance of residues at a distance of 3 Å or closer from a ligand for TcAChE calculated using MD procedures. The reason of 3 Å was the 
length of the hydrogen bond ranges from 2.6 Å to 3.1 Å based on observation from the PDB. 
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simulation is shown in Fig. 5. With regards to the galanthine complex, 
the MD analysis detects no interactions with Ser 200, Phe 288, or Phe 
290 residues, indicating that this ligand is located at a distinct region of 
the active site’s bottom. The most important interactions occur at the 
peripheral anion site: Asp72, Ser 81, Tyr121 and Ser122 residues 
(Fig. 5A-1) and PAS: mainly by Phe330 and His440 residues. PAS con-
tributes to the enzyme’s catalytic efficiency by trapping substrates or 
inhibitors on their way to the active site [68]. Additionally, it has been 
suggested that PAS may facilitate the deposition and aggregation of Aβ 
in the brain [17,18]. As a result, galanthine coupled to PAS may inhibit 
Aβ formation and deposition, making it a more effective treatment for 
AD management [19]. The stabilization of galanthamine (Fig. 5B-1) 
occurs at the bottom of the active site, near to the catalytic site formed 
by the Glu199 and Ser200 residues. 

The noncovalent interactions are colored according to their strength 
and kind in the isosurfaces created by the NCIPLOT tool, Figs. 5A-2 and 
5B-2. The hues in the spectrum range from blue to red, with blue indi-
cating strong attractive contacts (hydrogen bridges), green indicating 
moderate or weak attractive interactions (Van der Waals), and red 
indicating a strong non-binding overlap. There are two regions in 

galanthine (Fig. 5A-2) that exhibit strong interactions: the stabilization 
of OH by Ser122 and the interaction of NH with His440. This is insig-
nificant in the case of non-stabilizing interactions in the red zone 
compared to weak binding interactions in the green region. For gal-
anthamine (Fig. 5B-2), the NCIPLOT analysis reveals a significant 
interaction caused by the Gly118 residue stabilizing the OH group in 
direct contact with the catalytic triad Glu199 and Ser200. As is the case 
with galanthine, the non-binding overlap sections are quite small. 
Finally, both graphs have a significant region of weak Van der Waals 
interactions that serve to stabilize both ligands. 

4. Conclusions 

In summary, it has been demonstrated that Z. carinata produces 
primarily galanthamine-, haemanthamine-, and lycorine-type alkaloids. 
As the primary component, galanthine was separated. According to the 
antecedents of enhanced alkaloid fractions from Zephyranthes species 
being effective cholinesterase inhibitors, all separated alkaloids were 
bio-assayed for their inhibition of the eeAChE and eqBuChE enzymes. 
Galanthine exhibited substantial activity against eeAChE at low 

Fig. 5. Schematic representations at the end (60 ns) of their respective production runs for ligands (A) Galanthine and (B) Galanthamine bound to TcAChE. (1) Two- 
dimensional interaction map of galanthine and galanthamine with TcACh. The arrows indicate potential interactions between amino acid residues and the ligands. 
(2) NCIPLOT isosurface gradient (0.5 au) of ligands on the structure of TcACh. 
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micromolar doses. The in-silico investigation established the high affin-
ity of galanthine and the mechanism by which it interacts with the active 
site of the TcAChE enzyme at the molecular level. NCIPLOT data indi-
cate that galanthine’s interactions with the active site are attractive and 
stabilizing, which corroborates the experimental result IC50. However, 
molecular dynamics study suggests that galanthine inhibits the enzyme 
differently than galanthamine does, by interfering with the enzyme’s 
PAS, preventing molecules from entering and exiting the active site. 
Thus, in vitro screening assays in combination with quick computer 
development are critical in the hunt for new cholinesterase inhibitors 
because they enable the discovery of previously unknown bio in-
teractions between bioactive chemicals and biological targets. 
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[15] J. Massoulié, The origin of the molecular diversity and functional anchoring of 
cholinesterases, Neurosignals 11 (2002) 130–143, https://doi.org/10.1159/ 
000065054. 

[16] D. Kaufer, A. Friedman, S. Seidman, H. Soreq, Acute stress facilitates long-lasting 
changes in cholinergic gene expression, Nature 393 (1998) 373–377, https://doi. 
org/10.1038/30741. 

[17] M. Pera, A. Martínez-Otero, L. Colombo, M. Salmona, D. Ruiz-Molina, A. Badia, M. 
V. Clos, Acetylcholinesterase as an amyloid enhancing factor in PrP82-146 
aggregation process, Mol. Cell. Neurosci. 40 (2009) 217–224, https://doi.org/ 
10.1016/J.MCN.2008.10.008. 

[18] L. Jean, S. Brimijoin, D.J. Vaux, In vivo localization of human acetylcholinesterase- 
derived species in a β-sheet conformation at the core of senile plaques in 
Alzheimer’s disease, J. Biol. Chem. 294 (2019) 6253, https://doi.org/10.1074/ 
JBC.RA118.006230. 

[19] H. Akrami, B.F. Mirjalili, M. Khoobi, H. Nadri, A. Moradi, A. Sakhteman, S. Emami, 
A. Foroumadi, A. Shafiee, Indolinone-based acetylcholinesterase inhibitors: 
synthesis, biological activity and molecular modeling, Eur. J. Med. Chem. 84 
(2014) 375–381, https://doi.org/10.1016/J.EJMECH.2014.01.017. 

[20] P. Sharma, P. Srivastava, A. Seth, P.N. Tripathi, A.G. Banerjee, S.K. Shrivastava, 
Comprehensive review of mechanisms of pathogenesis involved in Alzheimer’s 
disease and potential therapeutic strategies, Prog. Neurobiol. 174 (2019) 53–89, 
https://doi.org/10.1016/J.PNEUROBIO.2018.12.006. 

[21] S. Berkov, L. Georgieva, V. Kondakova, A. Atanassov, F. Viladomat, J. Bastida, 
C. Codina, Plant sources of galanthamine: phytochemical and biotechnological 
aspects, Biotechnol. Biotechnol. Equip. 23 (2009) 1170–1176, https://doi.org/ 
10.1080/13102818.2009.10817633. 

[22] M. Heinrich, Chapter 4 – galanthamine from galanthus and other amaryllidaceae – 
chemistry and biology based on traditional use, Alkaloids Chem. Biol. (2010) 
157–165, https://doi.org/10.1016/S1099-4831(10)06804-5. 

[23] S. Berkov, J. Bastida, F. Viladomat, C. Codina, Analysis of galanthamine-type 
alkaloids by capillary gas chromatography–mass spectrometry in plants, 
Phytochem. Anal. 19 (2008) 285–293, https://doi.org/10.1002/pca.1028. 

[24] M.N. Akram, R. Verpoorte, B. Pomahačová, Methods for the analysis of 
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