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Abstract: 
In this study, we aimed to evaluate total phenolic and flavonoid contents 
(TPC & TFC), anti-AChE, anti-BChE, anti-urease and α-amylase activities 
of the ethanol extract (ZSE), obtained from the aerial parts of the Algerian 
Zygophyllum simplex L. Molecular docking was applied on the most abundant 
components identified previously from the plant around the world, which are 
six phenolic compounds, eleven flavonoids and five ursane-type saponins. 
Moderate values were observed for both TPC (29.674±2.395 mg gallic acid/g 
extract) and TFC (35.843 ± 0.836 mg quercetin/g extract). ZSE displayed weak 
AChE (IC50: 148.50±1.09 µg/mL) and α-amylase (IC50: 101.63±0.61 µg/mL) 
inhibitory activity, while remarkable effects were observed for both anti-BChE 
(IC50: 42.09±3.88 µg/mL) and anti-urease (IC50: 63.61±1.29 µg/mL). In addition, 
molecular docking reveals human BChE (PDB ID 4EY4) and Bacillus pasteurii 
urease (PDB ID 4UBP), to be potential protein targets for Z. simplex components.

Key words: 
Zygophyllum simplex, anticholinesterase, α-amylase, anti-urease, molecular 
docking
Apstrakt: 
In vitro i in silico inhibitorna aktivnost etanolnog ekstrakta vrste 
Zygophyllum simplex L. u odnosu na acetilholinesterazu, α-amilazu i ureazu 
U ovoj studiji cilj je bio da se procene ukupni sadržaj fenolnih jedinjenja 
i flavonoida (TPC i TFC), kao i anti-AChE, anti-BChE, anti-ureazna i 
α-amilazna aktivnost etanolnog ekstrakta (ZSE) dobijenog iz nadzemnih 
delova alžirske vrste Zygophyllum simplex L. Molekularno dokovanje 
primenjeno je na najzastupljenije komponente prethodno identifikovane u 
ovoj biljci širom sveta, koje obuhvataju šest fenolnih jedinjenja, jedanaest 
flavonoida i pet saponina ursanskog tipa. Umerene vrednosti zabeležene su i 
za TPC (29,674±2,395 mg galne kiseline/g ekstrakta) i za TFC (35,843±0,836 
mg kvercetina/g ekstrakta). ZSE je pokazao slabu inhibitornu aktivnost 
prema AChE (IC50: 148,50±1,09 µg/mL) i α-amilazi (IC50: 101,63±0,61 µg/
mL), dok su izraženiji efekti uočeni kod inhibicije BChE (IC50: 42,09±3,88 
µg/mL) i ureaze (IC50: 63,61±1,29 µg/mL). Pored toga, molekularno 
dokovanje ukazuje da humani BChE (PDB ID 4EY4) i ureaza bakterije 
Bacillus pasteurii (PDB ID 4UBP) predstavljaju potencijalne proteinske 
mete za komponente vrste Z. simplex. 

Ključne reči: 
Zygophyllum simplex, antiholinesterazna aktivnost, α-amilaza, antiureazna 
aktivnost, molekularno dokovanje
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Commons Attribution License, which permits unrestricted use, distribution, and build upon your work 
non-commercially under the same license as the original.

Introduction
Zygophyllum L., is the largest genus within the 
Zygophyllaceae family, comprise about 100 species, 
commonly found in desert and steppe habitats from 
the Mediterranean to central Asia, South Africa, and 
Australia (Amini-Chermahini et al., 2014). The use 
of many Zygophyllum species in the folk medicine of 
different civilizations have garnered attention, which 
has been highlighted by many studies revealing 

their antidiabetic, antimicrobial, antitumor, and 
anti-inflammatory properties (Shawky et al., 2019). 
Zygophyllum simplex L. (Syn.: Tetraena simplex 
(L.)), is one of eight Zygophyllum species widespread 
in the Algerian desert (Mohammedi, 2020), reported 
to be used in folk medicine for treating gout, asthma, 
dry scaly patches, and cleaning the skin (Abdallah & 
Esmat, 2017). Triterpenoids and flavonoids represent 
the principal chemical constituents identified in Z. 
simplex extracts (Hassanean et al., 1992; Amin et 
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al., 2011; Hussein et al., 2011; Baky et al., 2020; 
Abdel Bar et al., 2025). Among these, isorhamnetin, 
quercetin, and their glycosylated derivatives emerge 
as the predominant metabolites, widely regarded as 
the primary contributors to the plant’s antioxidant 
and anti-inflammatory activities (Kakrani et al., 
2011; Abdallah & Esmat, 2017; Bourgou et al., 
2017; Galal et al., 2025). Flavonoids more broadly 
are recognized for exerting dual antioxidant and anti-
inflammatory effects, with documented relevance to 
conditions including neurodegeneration, diabetic 
complications, and gastric mucosal injury, mediated 
in part through inhibition of acetylcholinesterase 
(AChE), α-amylase, and urease. In this regard, 
quercetin and isorhamnetin have both been shown 
to inhibit AChE and attenuate neuroinflammation, 
positioning them as candidates for therapeutic 
interest in Alzheimer’s disease research (Gong 
et al., 2020; Souza et al., 2025). Isorhamnetin 
additionally reverses scopolamine-induced increases 
in cholinesterase activity and decreases in brain-
derived neurotrophic factor (BDNF) levels within 
the prefrontal cortex and hippocampus, thereby 
enhancing cholinergic signalling and synaptic 
plasticity (Olennikov et al., 2017). Quercetin 
inhibits α-amylase through direct strong binding 
that modifies its kinetic parameters (Huang et al., 
2024), while isorhamnetin has been reported to 
protect against diabetes-associated cerebral changes 
by reducing astroglial activation, AChE activity, 
oxidative stress, apoptosis, and inflammatory 
signalling (Jamali-Raeufy et al., 2019). Quercetin, 
isorhamnetin, and their respective glycosides have 
further demonstrated moderate to strong anti-urease 
activity in several independent investigations (Ayoub 
et al., 2022; Goodarzi et al., 2024; Liu et al., 2025).

To our knowledge, no prior studies have reported 
the anticholinesterase, anti-urease, or α-amylase 
inhibitory activities of Z. simplex extracts, despite 
the plant’s established richness in isorhamnetin, 
quercetin, and their glycosides. The present study 
therefore aimed to evaluate the in vitro inhibitory 
potential of the ethanol extract (ZSE) against 
acetylcholinesterase (AChE), butyrylcholinesterase 
(BChE), urease, and α-amylase, complemented 
by molecular docking analyses of 22 previously 
identified constituents of the plant.

Materials and Methods
Identification of plant material
The aerial parts of Z. simplex were collected in 
December 2021 from the Algerian National Park 
„Tassili N’Ajjer” and identified by Dr Djamel 
Sarri on the basis of Quezel & Santa (1963). 
A voucher specimen has been deposited in the 

Herbarium of the VARENBIOMOL Research 
Unit, Université des Frères Mentouri, under 
the flowing order n° 20/2021/ZSL.

Preparation of the plant extract
The dried powder (200 g) of the plant’s aerial parts 
was extracted successively with 0.5 L of petroleum 
ether, chloroform and ethanol (3 h for each solvent) 
in a Soxhlet apparatus. The EtOH solution was 
filtered and then concentrated using a vacuum rotary 
evaporator at 40 °C to yield a crude ethanolic extract 
(ZSE: 4.746 g) which was then stored at -4 °C.

Total phenolic and flavonoid contents 
determination
The total phenolic content (TPC) of ZSE was 
determined according to the Folin-Ciocalteu 
spectrophotometric assay at 765 nm (Brahmi et 
al., 2012). 100 μL of diluted sample was added 
to 2 mL of 2% Na2CO3 aqueous solution. After 2 
min, 100 μL of 50% FC reagent was added. The 
final mixture was shaken and then incubated at 
room for 30 min in the dark at room temperature. 
The calibration curve was constructed using gallic 
acid (5-300 µg/mL) as a standard and the results 
are expressed in mg gallic acid equivalents per  
gram extract (mg GAE/g extract).

The total flavonoid content (TFC) of ZSE was 
determined using a spectrophotometric method with 
aluminum chloride (Shraim et al., 2021). The sample 
contained 1 mL of ZSE methanolic solution (1 mg/
mL) and 1 mL of 2% AlCl3 solution dissolved in 
methanol. After incubation at room temperature for 
15 min, quercetin was used to make the calibration 
curve (5-150 µg/mL). The absorbance of the reaction 
mixture was measured at 430 nm, and the total 
flavonoid content was expressed in mg quercetin 
equivalents per gram of extract (mg QE/g extract).

Anticholinesterase inhibitory activities
Ellman’s colorimetric method (Ellman et al., 
1961; Elkolli et al., 2022), was utilized to 
evaluate acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE) inhibitory assays using 
a 96-well microplate reader (Perkin Elmer, EnSpire 
Multimode Plate Reader, USA). In this assay, 4 mg 
of the extract was dissolved in methanol and diluted 
to prepare seven concentrations ranging from 200 
μg/mL to 3.125 μg/mL. Subsequently, 10 μL of 
each sample was combined with 150 μL of sodium 
phosphate buffer (0.1 M, pH 8.0) and 20 μL of AChE 
or BChE (5.32 × 10⁻³ U). The mixture was incubated 
at 25 °C for 15 min. Following incubation, 10 μL 
of DTNB (0.5 mM) and 10 μL of acetylthiocholine 
iodide (ACI, 0.71 mM) or butyrylthiocholine 
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iodide (BuCI, 0.5 mM) were added to the reaction. 
Absorbance readings were taken at 412 nm at two 
time points (T0 and T1 5 min), and IC50 values (μg/
mL) were calculated for each sample in triplicate.

Urease inhibitory activity
The urease inhibitory activity assay was performed 
following the method described by Weatherburn 
(Weatherburn, 1967). In brief, the reaction mixture 
consisted of 25 µL of enzyme, 10 µL of various 
concentrations of the sample, and 50 µL of 
urea, which were incubated at 30 °C for 15 min. 
Afterward, 45 µL of phenol reagent and 70 µL of 
basic reagent were added to the mixture, followed by 
a 50 min incubation at 30 °C. The absorbance was 
then recorded at 630 nm using a microplate reader 
(96-well format) (PerkinElmer, EnSpire Multimode 
Plate Reader, USA). The extent of urease inhibition 
was calculated and expressed as a percentage.

Alpha-amylase inhibitory activity 
The α-amylase inhibition assay was conducted 
following the procedure described by Zengin et al., 
(2014). In summary, the tested extract was dissolved 
in methanol to achieve concentrations ranging 
from 4 mg/mL to 62.5 µg/mL. A volume of 25 µL 
from each concentration was combined with 50 
µL of the enzyme (1U) and incubated at 25 °C for 
10 min. Subsequently, 50 µL of a 0.1% substrate 
solution was added, and the mixture was incubated 
again at 37 °C for another 10 min. After this second 
incubation, 25 µL of hydrochloric acid (1 M) and 
100 µL of potassium iodide (IKI) were added as a 
colorimetric reagent. A blank sample, containing all 
components except the enzyme, was also prepared. 
Absorbance readings were taken at 630 nm using a 
microplate reader (96-well format) (Perkin Elmer, 
EnSpire Multimode Plate Reader, USA). The 
degree of α-amylase inhibition was calculated and 
expressed as a percentage.

Statistical analysis 
The results were expressed as mean ± standard error 
mean (S.E.M.). One-way ANOVA was applied for 
the analysis of anticonvulsant results, followed by 
Tukey’s test, significance was considered at p<0.05 
using Graph Pad Prism 5.0.

Molecular docking study
For applying molecular docking study, we selected 
twenty-two compounds (Fig. S1) previously  
identified as the most abundant bioactive 
phytoconstituents from Z. simplex extracts  
(Hussein et al., 2011; Abdallah & Esmat, 2017; 
Baky et al., 2020; Bar et al., 2025). Their 

3D-structures were generated and minimized 
using MMFF94x force field in builder tool 
executed in Molecular Operating Environment 
(MOEv2019.0102, Chemical Computing Group 
ULC) package aligned with fixing hydrogens,  
then saved as mol2 files.

The X-Ray diffraction structures of the targeted 
proteins: human AChE (PDB ID 4EY4), human 
BChE (PDB ID 4BDS), human α-amylase (PDB 
ID 2QV4) and Bacillus pasteurii urease enzyme 
(PDB ID 4UBP) were downloaded as PDB files 
from the protein data bank website (https://www.
rcsb.or). As a first step, all water molecules and co-
crystallized ligands were removed from the proteins 
structure using MOE software. Subsequently, they 
were subjected to MOE-QuickPrep option after 
setting potential at AMBER14 force field for energy 
minimization through fixing hydrogens and charges. 
MOE-Site finder option was also used to define the 
active site residues of each protein. Next, the prepared 
proteins were saved as PDB files. The device used in 
this study was with processor i5_2520M CPU 2.50 
GHz and 4.00 GB of memory (RAM), Windows 10 
Pro 2021 version (64-bits).

Both ligands, after adding Gastieger charges, and 
proteins were converted into PDBQT files (input) 
in AutoDockTools (v.1.5.7) software (Morris et 
al., 2009), aligned with setting grid box parameters 
as outlined in Tab. 1. In the configuration settings 
prepared for Vina docking, the exhaustiveness and 
number of poses were set as ‘8’ and ‘10’, respectively. 
Therefore, the docking calculations were conducted 
using AutoDockVina (v1.1.2) (Trott & Olson, 
2010). In order to validate the docking method, the 
native co-crystallized ligands tacrine and acarbose 
were re-docked into their targets 4BDS and 2QV4, 
respectively. Their RMSD values were quantified as 
0.484 and 1.307 Å, respectively, with DockRMSD 
web server (https://zhanggroup.org/DockRMSD). 
However, tacrine and donepezil were docked and 
considered as references for the free 4EY4 protein 
(Costa et al., 2023). Meanwhile, Acetohydroxamic 
acid was re-docked into 4UBP protein and the 
obtained binding affinity in Vina was compared to 
that reported by Naseem et al., (2021). 

Analysis and visualization. To investigate the 
amino acids involved in the active site pocket, 
hydrogen bonding, and hydrophobic interactions, 
both BIOVIA Discovery Studio (2024 client) and 
UCSF Chimera (v1.16) were used to analyse and 
generate 2D and 3D illustrations of ligand–protein 
complexes (output). 

Results and Discussion
The evaluation of total phenolics and flavonoids 
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content’s yielded moderate values (29.674±2.395 
mg gallic acid/g extract and 35.843±0.836 mg 
quercetin/g extract, respectively). Our findings are 
in accordance with the data in literature indicating 
that flavonoids level was always reported to be 
higher than phenolic compounds in Zygophyllum 
species (Hassanean et al., 1992; Hussein et al. 2011).

The examination of ZSE’s AChE and BChE 
inhibitory activities (Tab. 1) revealed the  
observation of potent BChE inhibition with an 
IC50 value of 42.09±3.88 µg/mL, compared to the 
reference drug, galantamin (34.75±1.99 µg/mL), 
however, the AChE assay showed weak AChE 
inhibition (IC50: 148.50±1.09 µg/mL). Our findings 
suggested that ZSE could be particularly effective 
in later stages of Alzheimer diseases when BChE 
activity predominated (Elsawalhy et al., 2024), 
which is in accordance with AChE and BChE 
properties data, previously reported for some 
Zygophyllum species (Orhan et al., 2004; Kchaou 
et al., 2016). Reposts suggested that many plant-
derived products exert neuroprotective effects 
through mechanisms such as anti-inflammatory 
one (Ojetunde, 2024), which might be one of the 
reasons for the observed BChE inhibition effect 
of Z. simplex extract, previously reported for 
exerting potent anti-inflammatory properties for 
both extracts and pure compounds (Abdel Bar 
et al., 2025). Otherwise, the presence of some 
potent anti-BChE agents in Z. simplex extracts, 
in particular isorhamnetin (7), quercetin (13), 
and their derivatives (8-11, 14-16), together with 
myricitrin (12) and luteolin 7-O-glucoside (17) 
(Fig. S1) (Szwajgier, 2015; Khan et al., 2018; 
Sezen Karaoğlan et al., 2023), might explain why 
ZSE remarkably inhibited BChE (Fig. 1).

Previous study demonstrated how four quinovic 
acid (18) sulfated derivatives, isolated from 
Z. fabago L., exert strong anti-urease activity 
(Khan et al., 2014). In our study, moderate 
inhibition (63.61 µg/mL) was observed for ZSE, 
previously reported to contain quinovic acid and its 
derivatives (18-22) (Baky et al., 2020), reported for 
exerting remarkable anti-urease activity (Nazeer 
et al., 2002). Moreover, molecular docking and 
structure−activity relationship analysis of some 
flavonoids including myricitrin (12), quercetin 
(13), and luteolin 7-O-glucoside (17), suggested 
that 3-OH, 5-OH, and 3′,4′-dihydroxyl groups 
are typical structural character for strong urease 
inhibitory activity (Xiao et al., 2012). Besides 
12, 13, and 17, our extract contains other 
flavonoids, particularly 14-16. This may explain  
the shown effect by ZSE. 

On the other hand, some previous studies 
reported moderate or weak antidiabetic activity of 
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some Zygophyllum species (Mnafgui 
et al., 2014; Boumaza et al., 2016), 
which is the case of Z. simplex, 
showing weak α-amylase potential  
(IC50 101.63±0.61 µg/mL).

Molecular docking was applied for 
the known inhibitors tacrine, donepezil, 
acarbose, acetohydroxamic acid, and 
thiourea (see Tab. S1, Fig. S2), together 
with twenty-two prepared ligands 
(molecules from Z. simplex, Fig. S1) 
in the active site of AChE (PDB ID 
4BDS), BChE (PDB ID 4EY4), urease 
(PDB ID 4UBP), and α-amylase (PDB 
ID 2QV4) enzymes (see Tab. S2, Figs. 
S3−S18). The docked compounds 
(7−14, 16−22) for BChE, showed 
similar or higher scores (-8.9 − -11.3 
Kcal/mol) than tacrine (-8.3 Kcal/
mol). The aromatic rings of compounds 
1−8, 13, and 17 were involved in π-π 
interactions with TRP 82 (3.77−5.69 Å), 
while the ones of 2, 8, 11, 14, 16, 18, 
19, and 21 were interacted by π-alkyl 
bonds with ALA 328 (3.60−5.05 Å), 
similar to the ones shown by tacrine. 
Moreover, the OH groups of compounds 
5, 8−12, 14−17, and 21 formed at least 
three hydrogen bonds with residues 
(2.07−3.09 Å) (see Tab. S3), while the 
aromatic rings of 7, 13, and 17 were 
the only ones to interact with ASP 70 
by π-anion bond (4.61−4.69 Å). These 
interactions might be the reason for ZSE  
remarkable anti-BChE. 

The docked inhibitors tacrine (-8.7 
Kcal/mol) and donepezil (-9.6 Kcal/
mol) were involved in π-π interactions 
with some AChE residues (TRP 286, 
TYR 341 and TRP 86, TRP 286, TYR 
337, respectively), while hydrogen bond 
interactions were formed with ASP 
74 and PHE 295. Similar interactions 
were observed for compounds 7, 9, 
13, and 17 (1.98−4.43 Å). Moreover, 
the OH groups of 1−7, 10, 13, 15, 
18, 21, and 22 showed at least 
three hydrogen bonds (1.89−2.9 Å)  
with different residues (see Tab. S3).

For the urease enzyme, the oxygen 
atoms in compounds 1−4 (Fig. 2; -5.3 − 
-6.3 Kcal/mol) were involved in metal 
acceptor interactions with NI 798, NI 799 
(2.30−2.77 Å), and hydrogen bonds with 
different residues (2.06−2.71 Å), similar 
to the ones showed by acetohydroxamic Fi
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acid, whereas ligands 1−4, 6, 8, 11−14, 16, 17 (-5.3 
− -8.5 Kcal/mol) were involved in hydrogen bond 
interactions (1.97−3.02 Å) with residues similar to 
the ones observed for thiourea. Moreover, aromatic 
rings of 8, 11, 13, 14, 16, 17 formed π-anion 
(3.25−4.47 Å) and/or π-sulfur (4.86−5.84 Å) bonds 
with residues. On the other hand, acarbose (-10.1 
Kcal/mol), which is an α-amylase inhibitor, was 
involved in conventional hydrogen interactions 
with thirteen active site residues (1.97 Å). Only 
compound 22 (-9.2 Kcal/mol) showed similar 
hydrogen interactions (2.02−2.96 Å), which explain 
the weak observed effect of ZSE. The obtained 
data indicated that many of the docked ligands 
from Z. simplex showed similar scores compared 
to the inhibitors, offering higher affinity and strong 
interactions, which suggest BChE (PDB ID 4EY4) 
and B. pasteurii urease (PDB ID 4UBP) to be 
potential protein targets for Z. simplex components.

Supplementary material

Tables S1−S4 and, Figures S1−S18 can be found in 
the supplementary material file.

Conclusions
Zygophyllum simplex is a medicinal plant known 
for the presence of some bioactive compounds 
such as flavonoids and saponins. Our findings 
revealed the remarkable anticholinesterase and anti-
urease properties of the ethanol extract, supported 
by molecular docking data of the most abundant 
compounds, explaining the observed effects. Our 
results suggest that Z. simplex may be considered as a 
potential source of anti-BChE and anti-urease agents.
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Score (Kcal/mol)

Compound AChE
(4BDS) BChE (4EY4) Urease (4UBP) α-amylase 

(2QV4)

Vanillic acid (1) -6.6 -6 -6.3 -5.5

Ferulic acid (2) -6.7 -6.7 -6.1 -6.7

4′-Hydroxy benzoic acid (3) -6.2 -5.8 -5.6 -5.5

4′-Hydroxy acetophenone (4) -6.2 -5.8 -5.3 -5.7

p-Hydroxy acetophenone glucoside (5) -7.6 -7.8 -7.1 -7.2

Androsin (6) -7.8 -7.9 -6.8 -7.8

Isorhamnetin (7) -8.9 -8.9 -7.7 -9

Isorhamnetin 3-O-glucoside (8) -8.1 -9.2 -8.3 -8.1

Isorhamnetin 3,7-diglucoside (9) -9.3 -9.5 -8.3 -8.7

Isorhamnetin 3-O-(6'-malonyl)glucoside (10) -8.2 -9.6 -7.7 -8.8

Isorhamnetin 3-rutinoside (11) -8.8 -10.4 -8.2 -8.3

Myricitrin (12) -8.9 -9.7 -8.5 -8.5

Quercetin (13) -9.6 -9.3 -7.9 -9.2

Quercetin 3-O-glucoside (14) -8.5 -9.4 -8.5 -8.5

Quercetin 3-O-(6''-malonyl) glucoside (15) -7.8 -10.4 -7.7 -9

Quercetin 3-α-L-rhamnoside (16) -10 -9.9 -8.4 -9.7

Luteolin 7-O-glucoside (17) -9.1 -9.3 -8.4 -8.4

Quinovic acid (18) -8.9 -10.6 -7 -8.7

3-methoxyquinovic acid (19) -9 -10.6 -6.9 -8.5

Quinovic acid 3-α-L-rhamnoside (20) -8.9 -11.3 -7.6 -10

3-O-β-D-glucopyranosyl quinovic acid (21) -9.8 -10.9 -7.4 -9.4

3-O-β-D-glucosyl-(1→2)-D-glucosyl quinovic acid-
28-O-β-D-glucopyranosyl ester (22) -8.3 -9 -8.1 -9.2

Table S2. Molecular docking calculation of the selected molecules from Z. simplex with AChE, BChE, anti-
urease and α-amylase enzymes

Docking Score (Kcal/mol)

AChE
(PDB ID 4BDS)

BChE 
(PDB ID 4EY4)

Urease
(PDB ID 4UBP)

α-amylase 
(PDB ID 2QV4)

Tacrine -8.7 -8.3 − −

Donepezil -9.6 − − −

Acetohydroxamic acid − − -3.8 −

Theourea − − -3.2 −

Acarbose − − − -10.1

Table S1. Docking scores of the reference inhibitors of AChE, BChE, urease and α-amylase

Supplementary material
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AChE BChE

N° Interactionsa H− length (Å) Interactionsa H− length (Å)

1 TYR 124, PHE295, ARG 296, TYR 
341 2.57−2.87 HIS 438 2.26

2 TYR 124, TYR 337, ASP 74 2.08−2.53 TYR 332 2.57

3 PHE 295, ARG 296, TYR 341 2.59−2.69 − −

4 TYR 124, PHE 295, ARG 296 2.29−2.83 − −

5 TYR 124, HIS 447, SER 203, GLY 
122 1.89−2.67 ASP 70, TRP 430, TYR 128, TYR 

332, TYR 440 1.95−2.94

6 TYR 124, HIS 287, SER 293 2.21−2.67 GLY 117, SER 198 2.49−3.06

7 SER 293, PHE 295, ARG 296, GLN 
291 1.97−2.74 HIS 438 2.68

8 TYR 72, SER 293 1.99−2.69 ASP 70, ASN 83, LEU 286, SER 287 2.21−2.71

9 PHE 295 2.17 ASP70, GLU 197, THR 120 2.37−2.90

10 TYR 72, PHE 295, SER 293, GLN 
291, ARG 296 2.12−2.90 ASP 70, HIS 438, TRP 82 2.24−2.68

11 GLU 292, ARG 296 2.64−2.65 GLY 115, GLY 117, TRP 82 2.38−3.09

12 PHE 295, SER 293 1.87−2.21 TRP 82, TYR 128, GLU 197 2.18−2.39

13 SER 293, ASP 74, TYR 124, PHE 
295, ARG 296 2.10−2.79 GLU 197, HIS 438 2.68−2.72

14 SER 293 2.27 TRP 82, SER 198, SER 287, GLY 78 2.43−2.65

15 TYR 124, PHE 295, ARG 296, TYR 
72, SER 293, GLN 292 2.19−2.83 GLY 117, THR 120, ALA 199, SER 

287, HIS 438, GLY 78, TYR 440 2.06−2.78

16 SER 293, TYR 124 1.80−2.95 TYR 332, GLU 197, SER 287 2.50−2.76

17 GLY 122, PHE 295 2.55−2.68 ASN 68, GLU 197, SER 287 2.04−2.96

18 GLN 369, PRO 235, ARG 296 2.22−2.93 ASP 70 2.33

19 GLN 369, ARG 296 2.270−2.272 ASP 70 2.36

20 HIS 287, ASP 74 2.60−2.70 ASP 70 2.5

21 ARG 296, ASN 533, ASN 233, GLU 
313 1.88−2.39 TYR 332, THR 284, SER 287 2.62−2.83

22 ASN 233, GLY 234, THR 238 2.19−2.41 GLU 197, GLU 276, GLU 276, SER 
287 1.98−2.95

Table S3. List of hydrogen bond interactions between ligands from Z. simplex and human acetyl- and 
butyryl-cholinesterase receptors
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Fig. S1. The selected phenolic compounds (1-6), flavonoids (7-17), and ursane type saponins (18-22) for 
molecular docking calculations, previously identified in Zygophyllum. simplex extracts
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