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Abstract

The purpose of this study was to test extracts from P. atlantica Desf. galls (PAG) for anti-
acetylcholinesterase (AChE) and anti-butyrylcholinesterase (BuChE) activity, and investigate
the influence of harvesting time, plant gender, and growing location on such activity. The ICso
values of PAG extracts ranged from 56.42-68.94 pg/mL and 82.43-95.81ug/mL, respectively.
Our findings revealed that the anti-AChE/BuChE activity of PAG extracts was relatively more
influenced by the time of harvest than by plant gender and growing location. A combination of
UPLC fingerprinting and chemometrics using partial least squares regression analysis identified
the presence of two phenolic compounds, namely methyl gallate and digalloylquinic, as
responsible for the anti-AChE/BuChE activity of PAG extracts. A molecular docking study
further confirmed that both compounds were able to bind to AChE and BuChE and interact
with key residues of the active sites of these enzymes.
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Practical Applications

Pistacia atlantica Desf. is an important medicinal plant whose galls are traditionally used in
many Mediterranean countries for the treatment of Alzheimer’s disease. The combination of
fingerprint technology with chemometrical approaches in this study enabled the putative
identification of metabolites in P. atlantica gall extracts responsible for anticholinesterase
activity. This investigation highlights the potential of P. atlantica galls as a promising source

for the discovery and development of new anti-Alzheimer agents.
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1. Introduction

Alzheimer’s disease (AD), the most common form of dementia, is a progressive neurological
disorder associated with a selective loss of cholinergic neurons, accumulation of amyloid-beta
(AP) plaques and neurofibrillary tangles in the brain. The symptoms of AD include memory
deterioration and a progressive impairment of cognitive functions. In 2020, it was estimated
that almost 50 million people suffered from AD worldwide. The prevalence of AD is expected
to triple by 2050 as the ageing population increases (Agatonovic-Kustrin et al., 2018; Le-Nhat-
Thuy et al., 2020; Mumtaz et al., 2019). Increasing levels of the neurotransmitter acetylcholine
(ACh) in the brain has been identified as a strategy to alleviate the cognitive and behavioral
symptoms of AD (Ragab et al., 2019). The enzymes acetylcholinesterase (AChE) and
butyrylcholinesterase (BuChE) are two structurally-related esterases/lipases of the a/f-
hydrolases superfamily that are present in the nervous system (Cygler et al., 1993; Novichkova
et al., 2019 ). The role of AChE in the brain is to degrade ACh into choline and acetic acid at
the synaptic gaps of cholinergic neurons. There is also evidence that this enzyme promotes the
formation of AP aggregates in AD (Alvarez et al., 1997; Ibrar et al., 2018).
Butyrylcholinesterase (BuChE) is a non-specific choline esterase that also plays an important
role in AD, particularly in the late stage of the disease where its levels increase to compensate
for a natural decline in AChE (Hartmann et al., 2007; Mushtaq et al., 2014;). Besides AD,
BuChE has been implicated in various other diseases such as diabetes, obesity, and liver
disorders (Zhao et al., 2021). Acetylcholinesterase inhibitors, such as donepezil, galantamine,
and rivastigmine, are the only compounds to date that have proven effective in alleviating the
symptoms of AD (Noori etal., 2021; Marucci et al., 2021). However, these drugs are expensive,
and their long term use leads to various adverse side effects (Kundu and Dubey, 2021). There

is a pressing need to discover novel, safer, cholinesterase inhibitors (ChEI) targeting AChE,
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BuChE, or even both enzymes. Interest in the search for new potential ChEI from natural
sources has been increasing over the past decades and various natural products have been
reported worldwide for their anti-Alzheimer potential through targeting such enzymes (Hafez
Ghoran and Kijjoa, 2021; Lai Shi Min et al., 2022; Murray et al., 2013).

Pistacia atlantica Desf. (Anacardiaceae), popularly known as “Butom”, is one of four species
within the genus Pistacia found in Algeria. It is a dioecious tree commonly growing in arid and
semi-arid areas, including the Sahara Desert. The plant is used as functional food and different
parts are employed in traditional medicine. Several phytochemicals, including phenolics, fatty
acids, phytosterols, terpenoids, and volatile compounds, have been reported in this species.
Crude extracts and isolated compounds from P. atlantica have demonstrated a wide range of
pharmacological effects, including antioxidant, antimicrobial, anti-inflammatory,
antinociceptive, wound healing, anticancer, antidiabetic, hepatoprotective antiparasitic, anti-
urease, antihypertensive and interestingly anticholinesterase activity (Ben Ahmed et al., 2021).
The essential oil from P. atlantica leaf and flower has previously displayed anti-AChE and anti-
BuCheE activity in vitro (Labed-Zouad et al., 2013). Similar results have been obtained with P.
atlantica leaf and stem extracts (Achili et al., 2020; Peksel et al., 2010). The purpose of this
study was to investigate the influence of plant gender, seasonality, and location of harvest on
the anti-AChE and anti-BuChE activity of extracts prepared from P. atlantica Desf. galls
(PAG). A combination of UPLC fingerprinting and chemometrics analysis using partial least
squares (PLS) regression was employed to identify the peaks in the LC-chromatograms
corresponding to the potential anti-AChE and anti-BuChE metabolites within PAG extracts. In
addition, we explored, through molecular docking analysis, the ability of the identified

metabolites to bind to each cholinesterase.

2. Materials and methods

2.1. Plant material
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The identity of the gall samples was confirmed by S. Belhadj (Department of Agropastoralism,
Faculty of Science, Achour Zian University, Djelfa, Algeria), and a voucher specimen
(GL032010ULDB) was deposited in the herbarium of the Department of Biology, Faculty of
Science, University of Laghouat (Algeria).

Galls from male (» = 5) and female (n = 5) P. atlantica Desf trees were collected periodically
in the middle of each month, starting in July and ending November 2010. Trees with a similar
age were sampled from Laghouat, located 400 km south of Algiers, Algeria. Laghouat (latitude
33°47°N; longitude 02°52°E; altitude 750 m) is characterized by an annual precipitation of 18
mm, an average summer temperature of 41.4 °C and clay soil type. Galls of one gender
(collected from five randomly selected trees) were carefully mixed, dried and cleaned to remove
insects and eggs, and then crushed manually, before storing them in polyethylene bags at

ambient temperature in the dark until further use.

2.2. Preparation of extracts

The crude extract of P. atlantica galls (PAG) was prepared according to the method
described by Hefied et al, (2020). Briefly, P. atlantica galls powder (2 g) was macerated in 40
mL methanol in the dark for 48 h at room temperature. The crude extract was filtered and the
residue re-extracted with 30 mL of the same solvent for 24 h, and filtered again. The filtrates
were combined and the methanol was removed using a rotary evaporator at 45°C. The final
residue was dried, redissolved in methanol and kept at 6 °C until further analysis.

2.3. In vitro anti-AChE and anti-BuChE activity of PAG

The inhibitory effect of PAG on AChE and BuChE was studied using the Ellman colorimetric
test (Cakmak and Giilgin, 2019). Stock solutions of PAG extracts (50 mg/mL) were prepared
in methanol and serially-diluted to afford concentrations of 5, 25, 40, 60, 80 and 90 pg/mL. 100
pL of each extract dilution was transferred into a separate test tube with 150 pL. of 100 mM

sodium phosphate buffer (pH 8.0) and either 50 uL of AChE (5.32 x 107 U) or BuChE (6.85
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x 1073 U). The reaction mixtures were incubated at 25 °C for 15 min. Then, 5.50-dithio-bis(2-
nitrobenzoic) acid (DTNB) (0.5 mM, 10 pL), and either of acetylthiocholine iodide (0.71 mM,
50 pL) or butyrylthiocholine chloride (0.2 mM,10 pL) were added. The formation of 5-thio-2-
nitrobenzoate, resulting from the reaction of DTNB with thiocholine released by the enzymatic
hydrolysis of acetylthiocholine iodide or butyrylthiocholine chloride, respectively, was
monitored at [1[]=412 nm using a Shimadzu UV 160A spectrophotometer (Shimadzu, Kyoto,

Japan). The anti-AChE and anti-BuChE activity was calculated as follows:

Inhibition (%) = Acont=Wsampie™Aviani) 4 ) M

Acont

where Asample, Ablank, and Acont represents the absorbance of the sample, the blank (methanol
instead of the enzyme solution), and the control (methanol instead of sample extract),
respectively. The results were expressed as half-maximal inhibitory concentration (ICso)
values estimated by simple linear regression using OriginPro 8.6 (OriginLab, Northampton,

MA, USA)

2.4. UPLC conditions

The method used for ultra-performance liquid chromatography (UPLC) fingerprinting was
based on a previously published methodology with a mobile phase consisting of formic acid
0.1% (A) and methanol (B) with the following gradient: 0 min, 15% (B); 5 min, 30% (B); 10
min, 40% (B); 14 min, 45% (B); 16 min, 45% (B); 20 min, 55% (B); 25 min, 100% (B). The
detection was performed at 254 nm (Hefny et al., 2018). Sample solutions were freshly
prepared in methanol before injection (injection volume 2 pL) and filtered through a 0.22 pm
cellulose regenerated membrane filter. Data was processed using Waters Empower™ software.
2.4. Partial Least Squares (PLS) regression analysis

2.4.1. Data preprocessing

Different data preprocessing approaches were applied, including column centering (CC),

normalization, standard normal variate (SNV) and alignment of the data (Tistaert et al., 2012 ),
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to minimize any sources of peak misalignment, baseline drift, and variation in sampling that
could affect the chromatographic signals. Correlation optimized warping (COW) was applied
to align corresponding peaks (i.e. correct for retention time shifts in chromatograms that may
have originated from variations in flow rate, temperature and column aging) (Klein-Junior et
al., 2016; Tistaert et al., 2011)

2.4.2. Modelling

The Partial Least Squares (PLS) algorithm was used as a linear multivariate calibration
technique to study the relationship between the n % p data matrix X (here, the LC-fingerprints)
consisting of the samples (rows; n = 20) and the time points (columns; p = 11501) and an n x
I response vector y (here, anti-AChE and anti-BuChE activity). Regression coefficients were
plotted as a function of time for each model (Ben Ahmed et al., 2018). Negative regression
coefficients provided information on the metabolites potentially responsible for the anti-AChE
and/ or anti-BuChE activity of PAG extracts. The optimal model complexity for each anti-ChE
model was selected by determining the leave-one-out cross-validation with combination of low
the root mean square error of cross-validation (RMSECV) value (Tables S1).

2.4.3. Validation

The leave-one-out cross-validation (CV) method (LOO-CV) was applied to calibrate the PLS
model built with an optimal number of latent variables (LVs) based on the minimum value of
the root mean-square error of cross-validation (RMSECV) ( Ben Ahmed., 2020; Deng et al.,
2015; Goodarzi et al., 2015; Li et al., 2021)

2.5. Molecular docking study

The crystal structures of acetylcholinesterase (PDB ID: 6G1U) and butyrylcholinesterase
(PDB ID: 5LKR) were downloaded from the Protein Data Bank (http://www.rcsb.org/pdb).
The secondary metabolites detected in the UPLC-MS analysis were used as the ligands for the

docking study. The three-dimensional structure of each ligand was retrieved from the PubChem
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database (http://pubchem.ncbi.nlm.nih.gov) using UCSF Chimera v1.15 (Pettersen et al.,
2004). Before docking, the crystal structures of both proteins were processed using Discovery
Studio v20.1, starting with the removal of all water molecules and heteroatoms to uncover the
active site of each protein (Gilson and Zhou, 2007; Munawaroh et al., 2020 ). After that, polar
hydrogens and Gasteiger charges were assigned with AutoDockTools (ADT) v1.5.6. The
docking simulation and calculations were carried out using AutoDock Vina v1.2.3 (Trott and
Olson, 2010). The exhaustiveness value was set to 24. The default grid box size was determined
following a previously published protocol (Eberhardt et al ., 2021). The web server PrankWeb
(https://prankweb.cz/) was used to predicte the active site of each protein (Jendele et al., 2019).
The grid box for each target was established by enclosing the active site residues inside the
box, with a grid spacing of 1 A. The grid box parameters for AChE were centered on x = 3.777,
y=-2.109, z=21.658, with the size dimensions as 28 x 30 x 27. The grid box parameters for
BuChE were centered on x =—19.964, y =11.107, z=—41.291, with the size dimensions as 24
% 26 x 26. The protein targets were regarded as rigid while all ligand single bonds could rotate
freely. The best ligand-receptor docked structure was selected based on the lowest docking
score in kcal/mol (i.e. strongest binding affinity for the target enzyme). Intermolecular
interactions between the docked ligands best poses and specific residues on the protein targets
were visualized using PyMOL v1.7.4.5 (Schrodinger, LLC, New York, NY, USA) and
LigPlot+ v2.2.4 ( Salahuddin et al., 2020).

2.6. Statistical analysis
All experiments were carried out in triplicate and data were expressed as means £ SD. One-
way analyses of variance (ANOVA) followed by Duncan post hoc tests were used to estimate
the significance of the harvest month and plant gender on the anti-AChE and anti-BuChE
activities. Paired #-tests were used to compare the differences in the averages of anti-AChE and

anti-BuChE activities between harvest months, plant genders, and growing locations (Ben
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Ahmed et al., 2017). Calculations were performed using SPSS v16 (SPSS, Prentice Hall,
Chicago IL, USA, 2007). All chemometrics methods (i.e. column centering, normalizing, SNV,
and PLS) applied to the data were performed using m-files, written in Matlab v7.1 (The
MathWorks, Natick, MA, USA).

3. Results and discussion

3.1. Effect of harvesting time, plant gender, and growing location on the anti-AChE/BuChE
activity of PAG extracts

PAG extracts from Laghouat demonstrated higher anti-ChE activity than those from Ain
Oussera across the harvesting period (ICso values from 56.42-66.38 pg/mL and 61.33-68.94
pg/mL, respectively for the anti-AChE activity; ICso values from 82.43-95.81 pg/mL and
90.10-94.24 pg/mL, respectively for the anti-BuChE activity). A first one-way ANOVA
revealed significant differences in anti-AChE activity at different harvesting periods for each
combination of location and plant gender (p = 0.006, 0.026, 0.041 and 0.027 for GML, GFL,
GMA and GFA, respectively). This was confirmed by Duncan post-hoc tests (Table 1). Thus,
GML samples collected in October and August were significantly different in activity from
those collected in the remaining months. GFL samples collected in August and September were
significantly different in activity from each other. GFL samples collected in August were also
significantly different from those collected in July and November. GFL samples collected in
September were also significantly different from those collected in October. GML and GFL
showed a similar pattern of seasonal fluctuations in their anti-AChE activity, with samples
harvested in August and September associated with a maximal and minimal anti-AChE activity,
respectively. Significance differences in activity were also observed when analyzing either
GMA or GFA samples across the harvesting period, but GMA and GFA showed a similar
pattern of seasonal fluctuations in their activity, with samples harvested in October and July

associated with maximal and minimal anti-AChE activity, respectively.
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[Table 1]

The paired-#-test carried out to evaluate the significance of gender differences on the anti-
AChE activity of samples from different locations showed a statistical difference between galls
collected from male/female plants growing in Laghouat (p < 0.001) but no statistical difference
for samples from male/female plants growing in Ain Oussera (p = 0.832). This indicated that
the anti-AChE activity of samples from Laghouat differed depending on the plant gender, and
therefore the data obtained from male/female galls collected in Ain Oussera were combined.
Another one-way ANOVA further showed no significant differences in the anti-AChE activity
of samples growing in Ain Oussera during the harvesting period (p > 0.05). A paired #-test
further revealed no significant difference in anti-AChE activity between samples from Ain
Oussera and samples from Laghouat (p > 0.05). The anti-AChE activity of samples varied in a
similar manner in both locations (Table 1).

A first one-way ANOVA to investigate differences within each location established that the
anti-BuChE activity of samples from Laghouat varied significantly during the harvesting period
(p = 0.013 and 0.002 for GML and GFL, respectively). This difference was not statistically
significant for samples from Ain Oussera (p = 0.634 and 0.914 for GMA and GFA,
respectively). Duncan post-hoc tests established that GML samples collected in August and
October showed a significant difference in anti-BuChE activity from those collected in the
remaining months. Significance differences in activity were also observed when analyzing GFL
samples across the harvesting period. Maximal and minimal anti-BuChE activity was observed
for samples collected in October (GML) and July (GFL) (Table 2).

[Table 2]

The paired-z-test showed no significant difference in anti-BuChE activity between male and
female galls collected from Laghouat and Ain Oussera (p = 0.071 and 0.319, respectively).

This suggests that plant gender did not have a significant effect on the anti-BuChE activity of

10
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samples within each location and therefore results from both genders were combined into a
single group within each location. Another one-way ANOVA revealed significant differences
in the anti-BuChE activity of samples from Laghouat (» = 0.001), but not Ain Oussera (p =
0.0842), during the harvesting period. A paired-z-test further revealed that the anti-BuChE
activity did not differ significantly between growing locations (p = 0.071). The anti-BuChE
activity of samples varied in a similar manner in both locations (Table 2).

Overall, PAG extracts from male and female plants growing in both locations revealed better
inhibitory activity on AChE than on BuChE (Figs.1 and 2).

[Figs.1 and 2]

Studies have revealed that extracts prepared from the same plant species but collected at
different times of the year and/or different locations can present significant differences in their
chemical profiles, which in turn affects biological activity (Shi et al, 20022; Bibi et al., 2022;
Reyes-Vaquero et al., 2021). The effect of seasonal and plant gender variations on the essential
oil composition of P. atlantica Desf. leaves and on the antioxidant activity of PAG have already
been highlighted (Ben Ahmed et al., 2022; Gourine et al., 2010). The production/accumulation
of metabolites in plants is also influenced by environmental biotic factors such as plant
interactions with pathogens/insects/herbivores (Erb and Kliebenstein, 2020). P. atlantica galls
are formed following attacks from insects, particularly aphids and chalcid wasps (Ben Ahmed
et al., 2022). Therefore, it is reasonable to hyptothesize that the observed anti-ChE activity of
PAG extracts could be due to the presence of defensive compounds targeting these enzymes in
insects (Ryan and Byrne, 1988). To the best of our knowledge, the present study is the first to
report on the anti-ChE activity of PAG extracts, including information on the best harvesting
period to maximize the anti-ChE potential. Moreover, the galls were collected from P. atlantica

growing in natural conditions, so it is difficult to determine which environmental factor is

mainly responsible for observed variations because the changes are small and irregular(Tables
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1 and 2). Therefore, seasonal variation of anti-ChE activity should be analysed over several
years in order to confirm that October is the most useful harvest for anti-ChE activity compared
to other harvest months. In this context, further studies with isolated constituents must be
performed to determine how the anti-ChE compounds vary according to seasonality.

3.2. Identification of potential anti-AChE and/or anti-BuChE metabolites in PAG extracts

using UPLC fingerprinting and chemometrics

The ultra-performance liquid chromatography (UPLC) fingerprints obtained for the 20 PAG
samples analysed were preprocessed (Fig. 3) before being used to build the anti-AChE/anti-
BuChE activity models used in PLS regression analysis. The peaks labelled as 2, 3 and 4, eluting
at 3.12, 3.39, and 8.61 min, respectively, displayed negative regression coefficients in the anti-
AChE activity model, suggesting their potential as anti-AChE metabolites. In addition, the
model showed two major positive peaks (i.e. unlikely to contribute to the anti-AChE activity)
labelled as 1 and S and eluting at 1.16 and 9.2 min, respectively (Fig. 4). The peaks labelled as
2, 3 and 5, eluting at 3.12, 3.39, and 9.20 min respectively, displayed negative regression
coefficients in the anti-BuChE activity model suggesting their potential as anti-BuChE
metabolites. In addition, the model showed two peaks with positive regression coefficients (i.e.
unlikely to contribute to the anti-BuChE activity) labelled as 1 and 4 and eluting at 1.16 and
8.61 min, respectively (Fig. 5). From these results, it could be summarized that peak 4 and 5
were linked to a selective anti-AChE and anti-BuChE effect, respectively, whilst peak 2 and 3
showed dual anti-AChE and anti-BuChE properties.
[Figs.4 and 5]

As the complexity of herbal extracts often makes it often difficult to purify bioactive compounds
within a reasonable time limit, the use of a combination of LC fingerprinting and chemometrics
has gained in popularity in recent years as an efficient method to identify metabolites potentially

responsible for a given biological activity (Ben Ahmed et al., 2022; Ertas et al., 2021).
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Our findings demonstrated the applicability of LC fingerprinting linked to chemometrics to
identify potential anti-ChE metabolites in PAG extracts. Peaks 1, 2, 3, 4, and 5 were previously
characterized as the phenolic compounds quinic acid, methyl gallate, digalloylquinic acid,
methyl digallate, and valoneic acid dilactone, respectively. Previous reports have shown
that bioactive phytochemicals, like phenolic compounds, could form complexes with
enzymes, changing their biological structures and inhibiting their activity (Zhang et al., 2022).
Another interesting observation is that (1-5) were previously predicted to be responsible for the
antioxidant activity of PAG extracts (Ben Ahmed et al., 2022). It could be assumed that these
phenolic compounds may also contribute in reducing oxidative stress associated with AD and
other neurodegenerative disorders (Ten et al., 2018; Arruda et al., 2020).

3.3. Molecular interaction analysis

The binding affinity of methyl gallate and digalloylquinic acid in the active site of AChE and
BuChE was further predicted using a molecular docking approach. Methyl gallate and
digalloylquinic acid displayed docking scores of —6.47 and —8.26 kcal/mol, respectively (Table
3). The active site of AChE is a long gorge with a length of approximately 20 A. The bottom
of the gorge contains several sub-sites. The peripheral anionic site (PAS) is located around
the entrance of the active site gorge (approximately 18 A away from the active site). The PAS
region consists of several aromatic residues, including Asp72, Trp279, Tyr70, Tyrl121, and
Tyr334, and is considered to exert important functions related to both ACh hydrolysis and A3
aggregation (Bartolini et al., 2003). The catalytic active site (CAS) is responsible for the
hydrolysis of ACh through a catalytic triad consisting of Ser200, Glu327, and His440. The
amino acids Phe288 and Phe290 form an acyl pocket, while Trp84 and Phe330 make up the
anionic site. There is also an oxyanion hole that binds with the acetylcholine carbonyl oxygen,
and which contains Gly118, Gly119, and Ala201 residues (Chen et al., 2017).

[Table 3]
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The docking analysis revealed that the top ranked conformations of methyl gallate and
digalloylquinic acid were well accommodated within the active site of AChE. Each ligand
displayed different types of interactions with the active site residues of the target enzyme as
shown in Fig. 6a and b. Methyl gallate showed interactions with the PAS region of AChE by
interacting with Tyr121 through a hydrophobic interaction. It also formed a hydrophobic
interaction with His440, a critical residue in the Ser200-Glu327-His440 catalytic triad of the
CAS region of AChE. Such interactions suggest that methyl gallate could exert its anti-AChE
activity by hindering the approach of acetylcholine to CAS. The carbonyl group at C7 in methyl
gallate established one hydrogen bond with Ser 122 (3.13 A). Methyl gallate also interacted via
hydrophobic interactions with Trp84 and Phe330 residues of the anionic site of AChE, and
showed two other hydrophobic interactions with Glul199 and Gly 441 (Fig. 6a).
Digalloylquinic acid established hydrogen bonds with Arg289, and Phe331, via its hydroxyl
group in C5 (3.09/2.71 A) and C1 (3.16 A), respectively. It also interacted through a hydrogen
bond via its carbonyl group at C8 (3.07 A) with Tyr121 of the PAS region. Hydrophobic
interactions between the docked conformation and the Tyr70, Trp279 and Tyr334 residues of
PAS further stabilized this ligand within the PAS region. Digalloylquinic acid also showed
hydrophobic interactions with Phe288 and Phe290 of the acyl binding pocket of AChE. Such
interactions suggest a strong binding of this compound at the bottom of the pocket, potentially
preventing the binding of acetylcholine. At the anionic site of AChE, digalloylquinic acid
interacted with Phe330 through a hydrophobic interaction. Other residues, including 11287,
Gly335, as well as Ser286, were also implicated in the anchoring of this ligand via hydrophobic
interactions (Fig.6b).
[Fig. 6]
The predicted binding affinity and interactions of methyl gallate and digalloylquinic acid with

the active site residues of BuChE were also analyzed by molecular docking. Methyl gallate and
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digalloylquinic acid had docking scores of —5.98 and —9.10 kcal/mol towards BuChE,
respectively (Table 4). The active site of BuChE is comprised of the CAS site with three
important residues (Ser198, His438, Glu325), a choline binding site or cation-r site (Trp82), an
oxyanion hole (Gly116, Gly117, Alal99), an acyl binding site (hydrophobic pocket) (Leu286,
Val288), and PAS (Asp70) (Ogidigo et al., 2021). The hydroxyl group in C5 of methyl gallate
showed hydrogen bond interactions with Tyr128 and Glu197 (3.08 and 3.04 A, respectively)
while its hydroxyl group in C6 formed a hydrogen bond with Tyr128 (2.86 A). Methyl gallate
further interacted with the His438 residue of CAS via a hydrophobic interaction, and developed
a m-cation interaction with the Trp82 residue of the cation-x site. The docked conformation was
further stabilized by hydrophobic interactions with Tyr440, Glyl15, and Ile442 (Fig. 7a).
Digalloylquinic acid interacted via four hydrogen bonds with Glu197 (3.34 A), Ala328 (3.14
A) and Tyr128 (3.11 and 2.70 A). Its hydroxyl group in C17 interacted with Glu197 and Tyr128,
respectively, while its hydroxyl group groups in C5 and C20 interacted with Ala328 and
Tyr128, respectively. It also established hydrophobic interactions with Gly115, Met437,
Trp430, Phe329, Tyr332, Thr120 and Ile69. Digalloylquinic acid also interacted with the
Glyl16 residue of the oxyanion hole and the Asp70 residue of PAS via hydrophobic
interactions. It further interacted with Trp82 in the cation-r site of BuChE (Fig.7b).
[Table 4]

Overall, methyl gallate interacted with residues present in multiple locations within the active
site of AChE, including the PAS and CAS regions. Digalloylquinic acid interacted mainly with
residues in the PAS region. As CAS is responsible for the hydrolysis of ACh and PAS is
involved in both ACh hydrolysis and A aggregation ( Bartolini et al., 2003; Chen et al., 2017),
these results suggest that both methyl gallate and digalloylquinic acid have the potential to
influence the catalytic activity of AChE as well as its effect on AP plaque aggregation.

Digalloylquinic acid also interacted with Trp82, along with Tyr128, Gly115, and Glul197 that
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have been identified as important residues for an inhibitory effect on BuChE in line with
previous studies (Chen et al., 2017, Igbal et al., 2021). Digalloylquinic acid had a higher
predictive binding affinity towards AChE/BuChE than methyl gallate and interacted with each
enzyme via more hydrogen bonds and hydrophobic interactions compared to methyl gallate.
Previous studies have indicated that the presence of multiple interactions (particularly via
hydrogen bonds) between a ligand with a phenolic structure and the active site residues of
AChE and BuChE supported potentially high inhibitory activity (Ali et al., 2016; Mansha et al.,
2021).
[Fig. 7]

4. Conclusion

This study is the first to describe the effect of harvesting time, plant gender, and growing
locations on the anti-AChE and anti-BuChE activity of PAG extracts. We observed that the
anti-AChE/BuChE activity of PAG extracts was relatively more influenced by the time of
harvest than by plant gender and growing location, with October identified overall as the best
harvesting month for optimal activity. Overall, PAG extracts from Laghouat demonstrated
higher anti-ChE activity than those from Ain Oussera across the harvesting period. Those
prepared from male/female plants regardless of growing locations had better inhibitory activity
on AChE than on BuChE. Combining data on the anti-ChE activity of PAG extracts with their
UPLC fingerprints enabled us to construct a multivariate calibration model using PLS
regression analysis, and calculate regression coefficients predicting the peaks in the LC-
chromatograms corresponding to methyl gallate and digalloylquinic potentially responsible for
both anti-AChE and anti-BuChE activity. Molecular docking analyses confirmed that methyl
gallate interacted with key amino acids in the active site of AChE (CAS and PAS regions) and
BuChE (CAS region), while digalloylquinic acid interacted with important residues in the

active site of AChE and BuChE (PAS regions in both cases). Our findings suggest that P.
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atlantica galls may serve as a potential source for the discovery and development of new anti-
AChE/BuChE agents for the management of AD. Further in vitro and in vivo studies are
warranted to screen the active phenolic compounds identified in our PAG extracts for anti-
AChE/BuChE activity, as well as characterize any further active constituents that may be

responsible for the observed anti-ChE activity.
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Caption Figures

Fig.1. Anti-AChE activity (expressed as % inhibition) of various concentrations of gall extracts
of P. atlantica male and female plants collected in Laghouat (a) and Ain Oussera (b) (GML-
GFL): male (ML) and female (FL) gall collected in Laghouat, (GMA-GFA): male (MA) and
female (FA) galls collected in Ain Oussera.

Fig. 2. Anti-BuChE activity (expressed as % inhibition) of various concentrations of gall
extracts of P. atlantica male and female plants collected in Laghouat (a) and Ain Oussera (b)
(GML-GFL): male (ML) and female (FL) gall collected in Laghouat, (GMA-GFA): male (MA)
and female (FA) galls collected in Ain Oussera.

Fig. 3. Warped chromatograms of the 20 PAG samples, acquired on an Acquity BEH C18
UPLC column with a mobile phase consisting of formic acid 0.1% (A) and methanol (B), a
column temperature of 25 °C, a flow rate of 0.3 mL/min, injection volume of 2 pL, and
detection wavelength at 254 nm (see Materials and methods section for reference).

Fig. 4. (a) UPLC chromatograms and (b) PLS regression coefficients after column centering of

the 20 PAG samples analyzed in the anti-AChE activity model.

Fig.5. (a) UPLC chromatograms and (b) PLS regression coefficients after normalization and

column centering of the 20 PAG samples analyzed in the anti-BuChE activity model.

Fig. 6. Molecular docking analysis showing the interactions of methyl gallate (a) and

digalloylquinic acid (b) with the binding site of AChE.

Fig. 7. Molecular docking analysis showing the interactions of methyl gallate (a) and

digalloylquinic acid (b) with the binding site of BuChE.
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Tables

Table 1 Monthly variation in the anti-AChE activity (expressed as ICsoin pg/mL) of PAG extracts from Laghouat
and Ain Oussera.

Month GML GFL GMA GFA GMA-GFA=*
+SD (n=3) +SD (n=3) +SD (n=3)  #SD(n=3)  +SD (n=6)
July 63.43%+2 64.53%+5 68.94°+7 68.13°7 67.52+6
August 56.42°4+4 58.15°+8 66.10%°+12 63.24%+5 62.28+4
September 65.18°+7 66.38°+5 63.24%°+8 67.35%+6 64.69+7
October 57.14°+4 60.14%0+7 61.33%%5 62.30°£9 65.47+£5
November 62.74°+5 65.81%+4 67.35%+8 66.00%°+12 66.1043

(GML-GFL): male (ML) and female (FL) gall collected in Laghouat, (GMA-GFA): male (MA) and female (FA)
galls collected in Ain Oussera. Averages in one column with the same superscript do not differ significantly
according to the Duncan post hoc tests. Superscripts a— b— ¢ indicate increasing activities (decreasing ICso).

* Average of results obtained for both genders.

Table 2 Monthly variation in the anti-BuChE activity (expressed as ICsy in pg/mL) of PAG extracts from
Laghouat and Ain Oussera.

Month GML GFL GMA GFA GML-GFL* GMA-GFA*
+SD (n=3) +SD (n=3) +SD n=3)  #SD(n=3)  SD (n=6)  +SD (n=6)

July 85.86%°+2 82.43%+5 90.10+4 92.53+4 84.14°+6 91.31+6
August 91.58°+9 93.71°+4 92.15+6 94.24+5 92.64°+6 93.19+4
September 82.85%+8 87.38%+7 91.71+3 93.52+3 85.11°+6 92.61+7
October 84.14%+6 83.47%+3 94.1445 92.80+4 83.80+6 93.47+5
November 90.54%+5 95.81°+8 93.52+9 92.54+4 93.11°+6 92.84+3

(GML-GFL): male (ML) and female (FL) gall collected in Laghouat, (GMA-GFA): male (MA) and female (FA)
galls collected in Ain Oussera. Averages in one column with the same superscript do not differ significantly
according to the Duncan post hoc tests. Superscripts a— b— c indicate increasing activities (decreasing 1Cso).

* Average of results obtained for both genders.
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Table 3. Binding affinity and molecular interactions of methyl gallate and digalloylquinic acid with AChE

. Docking Type of
Ligands . .
score(kcal/mol) interaction

Number of
interactions

Residues

Distance (A)

Hydrogen
Bond

Ser122

3.13

Methyl gallate —6.47
Hydrophobic

Trp84
Tyrl21
Glul199
Phe330
His440
Gly441

Hydrogen
Bond

Tyrl21
Arg289 (2)
Phe331

3.07
3.09/2.71
3.16

Digalloylquinic
acid —8.26
Hydrophobic

Tyr70
Trp279
Ser286
11e287
Phe288
Phe290
Phe330
Tyr334
Gly335
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Table 4. Binding affinity and molecular interactions of methyl gallate and digalloylquinic acid with BuChE

Docking
Ligands score
(kcal/mol)

Type of
interaction

Number of
interactions

Residues

Distance (A)

Hydrogen
Bond

3

Tyrl28 (2)
Glu197

3.08/2.86
3.04

Methyl gallate —5.98
Hydrophobic

Trp82
Glyl15
His438
Tyr440
11e442

Hydrogen
Bond

Tyrl128 (2)
Glul97
Ala328

3.11/2.70
3.34
3.14

Digalloylquinic
acid
Hydrophobic

10

Ile69
Asp70
Trp82
Glyl15
Glyl16
Thr120

Phe329
Tyr332
Trp430
Met437
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Table S1 Number of model components (#) and RMSECV of the models for enzyme inhibition, built with the
fingerprints and using three preprocessing approaches.

Inhibition activity Preproccessing # RMSECVicso
AChE
Column centering 2 18.22
Normalization and column centering 5 23.67
SNV and column centering 4 21.4
BuChE
Column centering 2 27.42
Normalization and column centering 3 26.16
SNV and column centering 3 28.68
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