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Alzheimer's disease (AD) has been recognized as a significant
issue affecting population health globally and tended to increase
over the years. The utilization of natural products for AD
treatments has been widely studied, which possibly offers better
outcomes with minimum side effects. Coffee consumption has
been subjected as a lifestyle propensity, which offers beneficial
advantages including reducing the risk of AD. Bioactive natural
compounds contained in coffee such as caffeine and caffeic acid
have been experimentally proven to be acetylcholinesterase
(AChE) inhibitors, a pivotal target enzyme for AD treatments. This
research aimed to explore the dynamics interactions of caffeine
and caffeic acid in the AChE active site using the in silico approach.
In this study, 100 redocking and docking simulations were
implemented before the molecular dynamics (MD) simulations.
The 55-ns MD simulations of huprine X, caffeine, and caffeic acid
were implemented to study the dynamics interactions.
Conformational stability, free energies of binding, and interaction
hotspots were identified during the simulations. Our findings
informed that caffeine interacted in the active site during the
simulations, revealing the importance of the imidazole ring in
maintaining the interactions. In contrast, caffeic acid interacted
longer in the plausible allosteric site, forming ionic, hydrogen
bonds, and aromatic interactions.

INTRODUCTION

in 2050 (Nichols et al, 2022). Utilization of

Alzheimer's disease (AD) is known as a
neurodegenerative disorder characterized by
gradual decline and dysfunction of cognitive and
behavioral functions. This disease is also linked
with dementia, the most prevalent type being AD.
It was reported that 43.8 million people were
suffering from dementia in 2016 (Nichols et al,,
2019). In fact, it was estimated that the
prevalence would increase to 152.8 million cases
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bioactive natural products has recently become a
strategy to provide alternative treatments of AD
(Bhat et al,, 2022). A wide range of plant extracts
and bioactive natural compounds have been
studied to give better treatment of AD with fewer
side effects compared to the presently available
treatments. Since AD depends on many causes,
bioactive natural products provide substantial
advantages, including multiple target selection of
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distinguishable molecular sites in the human
brain compared to the common AD drugs that
have a single-target mechanism (Bhat et al,
2022).

Currently, coffee consumption has been
highlighted as a lifestyle factor (Nila et al., 2023).
Interestingly, recent studies showed that certain
doses of coffee consumption reduced the risk of
AD (Nilaetal., 2023; Tira et al., 2023). Coffee also
contains several bioactive natural compounds
such as caffeine, caffeic acid, and other
antioxidants (Akomolafe et al, 2017; Gani and
Istyastono, 2021; Gobbi et al, 2023). Previous
studies reported that caffeine and caffeic acid
experimentally inhibited acetylcholinesterase
(AChE), which is an enzyme that hydrolyzes
acetylcholine into choline along with acetic acid
and serves as a potential therapeutic target for
treating AD (Akomolafe et al., 2017; Mohamed et
al, 2013; Oboh et al, 2013). Our previous
research also found that caffeic acid stably
interacted in the AChE active site according to a
molecular docking study (Waskitha et al., 2023).
Nevertheless, as mentioned in the previous
research, molecular docking results might be
dubious, encouraging the researchers to validate
the results with molecular dynamics (MD)
simulations (Chen, 2015). As recently reported in
our previous findings, the usefulness of PyPLIF
HIPPOS 0.2.0 software could identify the
prominent interactions formed from MD
simulations results thereby providing us with the
interaction hotspots (Istyastono et al, 2023;
Istyastono and Riswanto, 2022).

This research aimed to study how caffeic
acid and caffeine interact in the AChE active sites
using in silico approaches. In this research, we
conducted 100 molecular docking simulations
followed by 55-ns MD simulations to evaluate the
interaction stability. The results were further
analyzed using PyPLIF HIPPOS 0.2.0. with its
direct interactive fingerprinting (IFP) feature to
identify the interaction hotspots throughout the
simulations. This finding might hopefully provide
in silico perceptions about the molecular
mechanism of caffeic acid and caffeine in
inhibiting the AChE enzyme.

METHODS
In Silico Instrumentations

A computer with central processing unit
(CPU) specification of AMD Ryzen 7 5800X,
graphics processing unit (GPU) of NVIDIA
GeForce GTX 1650, 32 GB of random-access
memory (RAM) along with 466 GB of solid-state
drive (SSD) was used to perform all molecular
simulations. This computer had the molecular
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simulation programs installed such as YASARA-
Structure 24.4.10 embedded with our in-house
developed plug-in for performing 100 redocking
and molecular docking simulations. YASARA-
Structure 24.4.10 was also used for molecular
dynamics simulations while PyPLIF HIPPOS 0.2.0
was utilized for interaction hotspots
identification (Istyastono et al., 2023).

Input File Preparation

The three-dimensional structure of
acetylcholinesterase (AChE) complexed with its
native ligand i.e, huprine X, was directly
downloaded using YASARA-Structure with the
Protein Data Bank (PDB) identification code of
1E66. The structure was manually corrected and
prepared according to our previous research
(Waskitha et al, 2023). This preparation
included the addition of amino acids lost in the
crystallographic structure, deletion of water
molecules and the artifact residue (Nag), and
terminal cap addition of the receptor,
respectively. Further preparation was also
conducted by correcting the native ligand
structure, setting the system pH to 7.4 as the
physiological condition, structure checking, and
energy minimization. The prepared and
corrected structure was then saved as 1e66-corr-
min.yob for redocking simulations.

Redocking Simulations of Huprine X

The 100 redocking simulations of the
native ligand were assisted using our in-house
developed plug-in from our recent studies
(Istyastono et al., 2023; Waskitha et al., 2023).
This plug-in allowed us to automatically execute
100 redocking simulations with 1e66-corr-
min.yob as the MacroTarget. These 100
redocking simulations resulted in redocking
poses of the native ligand from the first to the last
simulation. The root mean square deviation
(RMSD) value of the best-docked pose of each
simulation compared to the corrected
crystallographic native ligand structure was also
automatically calculated and the values were
stored in a file named rmsd_bestpose_all.txt for
redocking protocol validation (Diallo et al., 2021;
Istyastono et al., 2023).

Molecular Docking Simulations of Caffeine
and Caffeic Acid

These simulations were also executed
using the same in-house developed plug-in from
our recent studies (Istyastono et al, 2023;
Waskitha et al, 2023). The 100 molecular
docking simulations of caffeine and caffeic acid
were performed separately in the different
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working directories. The resulting files from the
redocking simulations, ie.,
MacroTarget_receptor.sce and
MacroTarget_config.mcr were copied and then
pasted into each working directory, allowing us
to use the same molecular docking protocol as
the redocking protocol. The three-dimensional
structures of caffeine and caffeic acid were built

using their SMILES codes, ie.,
CN1C=NC2=C1C(=0)N(C(=0)N2C)C and
C1=CC(=C(C=C1C=CC(=0)0)0)0, respectively.

The system pH was adjusted to 7.4, thereby
representing its structure in the physiological
pH.

Each structure was automatically checked
and energy minimized. The structure was then
saved and used as the MacroTarget to perform
100 molecular docking simulations. Apart from
the free energies of binding (FEB) calculated, the
simulations resulted in RMSD values which
compared the conformation and coordinate of
the best-docked pose from each simulation to the
best-docked pose from the first simulation.
Accordingly, the best-docked compound from
each simulation possessing RMSD value > 2.000
A exhibits  distinguishable conformation
compared to the best-docked compound from
the first simulation (Istyastono et al., 2023). As a
result, the lower values of FEB indicated where
the more stable interactions were formed.

Molecular Dynamics Simulations

The stability of the interactions formed
from the molecular docking simulations was
assessed using 55-ns molecular dynamics (MD)
simulations. All MD simulations parameters
were set in YASARA macro file i.e., md_run.mcr.
The AMBER14 forcefield was selected to describe
the forces between atoms and periodic boundary
conditions were applied. A cube cell with a
distance of 10 A around all atoms was set with
water molecules having a density of 0.993 g/mL
in the system temperature and pressure of 310 K
and 1 bar, respectively. In addition, Na+ and ClI-
ions were added to the system with a
concentration of 0.9%, depicting the
physiological condition. Long-range coulomb
forces were calculated using Particle Mesh Ewald
with no cut off and the Van der Waals forces cut-
off was set to 8.000 A. Prior to the simulations,
the steepest descent followed by simulated
annealing energy minimizations were subjected
to minimize steric hindrances in the system.

Eventually, 55-ns MD simulations were
executed with a timestep of 2.5 fs, and the
simulation snapshot was saved every 100 ps. In
these simulations, the first 5 ns was regarded as
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the equilibration run followed by 10 ns of the
production run to evaluate conformation
stability at the initial production run. The
production run was prolonged to 40 ns and
therefore the production run took 50 ns with
total simulations time of 55 ns. The simulations
generated RMSD values of backbone atoms of the
receptor (RMSD Backbone) and RMSD values of
the ligand (RMSD Ligand Movement) in every
saved snapshot. The alterations of RMSD values
were used to access the conformational stability
(Istyastono et al., 2023).

Free Energies of Binding (FEB) Analysis

The FEB of each MD simulations snapshot
were calculated using YASARA-Structure macro
file i.e, md_analyzebindingenergy.mcr. In the
macro file, the AMBER14 force field was selected,
adapting the consistency of the selected force
field from the MD simulations. The solvation
energy calculation was performed using Poisson-
Boltzmann (PBS) at the temperature of 310 K.
Finally, the FEB were calculated using the VINA
local search (VINALS) algorithm.

Interaction Hotspots Identification
Interaction hotspot identification was
executed using PyPLIF HIPPOS 0.2.0. with its
direct IFP feature as recently used in our
previous research (Istyastono et al., 2023). All
MD simulations snapshots were converted into
pdb format using YASARA macro file ie,
md_convert.mcr without water molecules
contained in the system. All interactions defined
by PyPLIF HIPPOS 0.2.0. from each MD
simulations snapshot were clustered according
to the interaction type to identify the interaction
hotspots throughout 55-ns MD simulations.

RESULTS AND DISCUSSION
Molecular Docking Simulations Targeting
Acetylcholinesterase (AChE)

Initially, redocking simulations of the
native ligand were executed before performing
molecular docking simulations of both caffeine
and caffeic acid targeting the AChE active site.
Aside from understanding the native ligand
interactions formed, redocking simulations
aimed to evaluate the reliability and validity of
the proposed redocking protocol (Diallo et al,
2021; Istyastono et al., 2023). The 100 redocking
simulations resulted in stable conformation of
the best-docked poses, exhibiting an average FEB
of -13.119 kcal/mol. Therewith, 100 redocking
simulations generated the best-docked poses
having RMSD value < 2.000 A compared to the
corrected crystallographic native ligand
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conformation. These results indicated that the
redocking protocol was considerably valid and
could be used for further processes, i.e,
molecular docking of caffeine and caffeic acid,
separately (Diallo et al., 2021; Istyastono et al,
2023). The lowest RMSD value was 0.207 A,
possessing FEB of -13.115 kcal/mol which was
closely similar to the average FEB value. The
conformation stability of this best-docked pose
was evaluated with 55-ns MD simulations as this
conformation was the most closely resembling
the crystallographic conformation.

Molecular docking simulations of caffeine
resulted in all the best-docked poses possessing
RMSD value of < 2.000 A compared to the best-
docked pose of the first simulation. This result
pointed out that there was only one best-docked
caffeine conformation dominantly, which
possessed an average FEB of -7.009 kcal/mol.
The lowest FEB was -7.032 kcal/mol, forming
interactions with amino acid residues of the
active site such as Tyr70, Asp72, Trp84, Gly118,
Tyr121, Ser122, Phe330, Tyr334, Trp432, and
Tyr442 along with two of three catalytic triad
residues i.e, Ser200 and His440. Interestingly,
molecular docking simulations of caffeic acid in
the AChE active site resulted in a difference
compared to caffeine. These simulations
produced 95 out of 100 of the best-docked
conformations with RMSD value of < 2.000 A,
thereby generating two probabilities of the best-
docked conformations. As we analyzed the FEB,
the dominant best-docked poses possessed an
average FEB of -7.931 kcal/mol whereas the rest
possessed a relatively close average FEB of -
7.940 kcal/mol. The lowest FEB of the best-
docked caffeic acid was -7.968 kcal/mol, which
was also representing the dominant best-docked

2.5
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RMSD Backbone (A)
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poses. This best-docked pose was stabilized with
amino acid residues of the active site as the
lowest FEB of the best-docked caffeine
interacted. In this research, to evaluate the
interaction stability of the lowest FEB of the best-
docked caffeine and caffeic acid, molecular
dynamics (MD) simulations were executed to
validate the molecular docking simulations
results.

Molecular Dynamics (MD) Simulations

The conformational stability of AChE
backbone atoms and the docked ligands was
assessed using MD simulations, as depicted in
Figures 1 and 2, respectively. A conformation is
considered stable if the RMSD value is < 2.000 A
compared to the reference structure (Liu and
Kokubo, 2017). As seen in Figure 1, the RMSD
value of backbone atoms of AChE complexed
with huprine X remained stable in the
equilibration run, i.e., until 4.9 ns. Afterward, the
RMSD backbone value increased gradually with
RMSD backbone value of 2.896 A at 6.8 ns. Even
though there were decreasing RMSD backbone
values until 8.4 ns, the value once escalated to
2.899 A at 9.7 ns then remained relatively steady
until 46.9 ns. Thereafter, the RMSD backbone
value tended to decrease until the end of the
simulations. Excitingly, the RMSD ligand
movement of huprine X remained stable with
relatively low alterations of the RMSD value,
retaining RMSD values < 2.000 A throughout
simulations (Figure 2). These considerably
steady  conformations were due to
intermolecular interactions of the AChE active
site such as the hydrogen bonds and aromatic
interactions as tabulated in Table 1.

0 L] T T
0

5 10 15 20 25 30 35 40 45 50 55

Time (ns)

Figure 1. The alteration of RMSD backbone atoms value of AChE complexed with huprine X (green),
caffeine (red), and caffeic acid (blue) throughout 55-ns MD simulations
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Figure 2. The alteration of RMSD Ligand Movement value of huprine X (green), caffeine (red), and
caffeic acid (blue) throughout 55-ns MD simulations.

Table 1. Non-hydrophobic interactions hotspots identified by PyPLIF HIPPOS 0.2.0 calculating
interacting residues of AChE-huprine X throughout 55-ns MD simulations
Interacting Residue Interaction Type Interaction Percentage

Trp84 Aromatic face-to-face 92.74 %
Aromatic edge-to-face 59.52 %

Tyrl21 Aromatic edge-to-face 0.18 %
Aromatic face-to-face 95.82 %

Phe330 Aromatic edge-to-face 21.23 %
Tyr334 Aromatic edge-to-face 66.42 %
Trp432 Aromatic face-to-face 2413 %
Aromatic edge-to-face 7295 %

) Aromatic face-to-face 6.35 %
His440 Aromatic edge-to-face 23.23 %
Aromatic face-to-face 0.36 %

Tyr442 Aromatic edge-to-face 73.86 %
H-bond donor 217 %

In the MD simulations, PyPLIF HIPPOS
0.2.0 identified receptor-ligand interactions

These results were also in good
correlation with the previous research, revealing

formed such as ionic, hydrogen bond, aromatic,
and hydrophobic interactions. Nevertheless, this
research exposed only non-hydrophobic
interactions, i.e., ionic, hydrogen bond, and
aromatic interactions since all amino acid
residues of the AChE active site could form
hydrophobic interactions especially with the
hydrophobic moiety of the ligand as observed in
the previous research (Windah and Istyastono,
2024). Our findings indicated that PyPLIF
HIPPOS 0.2.0 identified amino acid residues of
the active site such as Trp84, Tyr121, Phe330,
Tyr334, and other amino acid residues tabulated
in Table 1. This research revealed that the
nitrogen atom of 4-aminopyridine moiety
formed hydrogen bonds with Tyr442 at several
MD simulations snapshots. In addition, amino
acid residues of Trp84, Phe330, Tyr334, Trp432,
and Tyr442 formed aromatic interactions with
aromatic moiety of huprine X more than 50%
during the 55-ns simulations.

Waskitha et al.

that 4-aminopyridine moiety had a crucial role in
stabilizing interactions in the AChE active site as
well as maintaining the inhibitory activity (Ronco
et al, 2011; Sinha and Shrivastava, 2013).
Indeed, these simulations also might explain the
molecular interactions of huprine X as an AChE
inhibitor experimentally reported by the
previous research (Luque and Mufioz-Torrero,
2024; Relat et al,, 2018; Ziemianin et al.,, 2012).
As exhibited in Figure 3, the FEB of huprine X
throughout the simulations were comparably
lower than caffeine and caffeic acid as well,
denoting the more stable interactions.
Nevertheless, there were increasing FEB at 3.7,
19.0, and 49.6 ns severally which might be due to
unfavorable steric bumping interactions or
weaker interactions formed.

Although the conformational backbone
atoms stability of AChE complexed with huprine
X was relatively altered and noticeably unstable
at mostly several snapshots, the conformational
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backbone atoms stability of AChE complexed
with caffeine and caffeic acid was comparatively
more stable as depicted in Figure 1.
Time (ns)
0 5 10 15 20 25 30 35 40 45 50 55

0
2 -
4 -

Free Energies of Binding
(Kj/mol)
&

-14 4
Figure 3. The free energies of binding resulted from each MD simulations snapshot reflecting

interactions of huprine X (green), caffeine (red), and caffeic acid (blue) with amino acid residues of
AChE.

Table 2. Non-hydrophobic interactions hotspots identified by PyPLIF HIPPOS 0.2.0 calculating
interacting residues of AChE-caffeine throughout 55-ns MD simulations
Interacting Residue Interaction Type Interaction Percentage

Ser81 H-bond donor 0.90 %
H-bond donor 0.18 %

Trp84 Aromatic face-to-face 93.28 %
Aromatic edge-to-face 1.08 %

Asn85 H-bond donor 0.18 %
Tyr130 H-bond donor 0.18%
Aromatic face-to-face 13.61 %

Phe330 Aromatic edge-to-face 7241 %
Phe331 Aromatic face-to-face 0.18 %
Tyr334 Aromatic edge-to-face 217 %
Trp432 Aromatic face-to-face 42.10%
Aromatic edge-to-face 37.56 %

. Aromatic face-to-face 0.90 %
His440 Aromatic edge-to-face 1.99 %
H-bond donor 0.54 %

Tyr442 H-bond acceptor 0.90 %
Aromatic edge-to-face 83.48 %

Interestingly, AChE complexed with caffeine
retained conformational backbone atoms of the
receptor stably, with RMSD value < 2.000 A
during 55-ns simulations. It could be observed
that caffeine has RMSD ligand movement values
of more than 2.000 A at the initial equilibration
run (0.1 ns) until the end of the simulations, as
shown in Figure 2. At the equilibration run of 0.1
to 4.9 ns, the highest RMSD resulted was 3.506 A.
Yet, caffeine still interacted in the AChE active
site as shown by contribution of hydrogen bonds
formation with Tyrl30 and aromatic
interactions with amino acid residues of Trp84,
Phe330, Phe331, His440, and Tyr442.

Starting from the end of the equilibration
run (5.0 ns) until the end of simulations, the

Waskitha et al.

RMSD ligand movement of caffeine was in the
range of 3.507 - 5.992 A. At this simulation time
range, caffeine was unpredictably still in the
AChE active site forming several hydrogen bonds
with amino acid residues of Ser81, Trp84, Asn85,
and Tyr442 at several snapshots, along with
other interactions such as aromatic interactions
with Trp84, Phe330, Tyr334, Trp432, and
Tyr442. Our visual inspection revealed the
importance of the nitrogen atom in the imidazole
ring and the carbonyl moiety of caffeine to
stabilize the interactions via hydrogen bond
formation with these amino acid residues. The
FEB of caffeine, as graphically depicted in Figure
3, also confirmed that the interactions formed
were energetically stable compared to the FEB of
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huprine X though the values were higher. This
FEB resulted were caused by several interactions
especially hydrogen bonds and aromatic
interactions during the simulations as shown in
Table 2. As expected, the primary interactions
formed due to the imidazole ring of caffeine.
Besides the hydrogen bonds formed, the
imidazole ring formed aromatic interactions
predominantly with Trp84, Phe330, and Tyr442
throughout the simulations. This imidazole ring
feature was also observed in bioactive natural
compounds inhibiting AChE such as xanthine,
theobromine, and theophylline as mentioned in
the previous research (Reshetnikov et al., 2022).
These interactions, especially the aromatic
interactions, were also observed in the huprine X
interactions, representing the importance of
heteroaromatic ring moiety to stabilize the
interactions in the AChE active site.

As perceived in Figure 1, backbone atoms
of AChE complexed with caffeic acid tended to be
more stable compared to huprine X even though
there were RMSD value fluctuations exceeding
2.000 A atseveral MD snapshots, with the highest
value of 2172 A. Caffeic acid retained
interactions stably at the initial equilibration run,
i.e., until 0.9 ns then the RMSD ligand movement
value tended to increase gradually until 8.0 ns
with a maximum RMSD ligand movement value
of 7.888 A. At the equilibration run until the early
production run, from 0.0 to 8.0 ns, caffeic acid
still formed interactions in the AChE active site,
forming interactions of hydrogen bonds along
with aromatic interactions as tabulated in
Supplementary File 1. The formed interactions
along this simulation time might be considerably
weaker interactions since there was a tendency
to increase FEB as graphically shown in Figure 3.

Figure 3 shows that there were fluctuating
FEB from 8.0 to 8.7 ns as caffeic acid started
escaping the AChE active site, showing highly
increasing values in the RMSD ligand movement
notably starting from 7.6 ns. The RMSD ligand
movement value reached 15.332 A at 8.7 ns with

no interactions with amino acid residues of the
AChE active site, forming hydrophobic
interactions with amino acid residues of Met83
and Leu456 in the plausible allosteric site.
Starting from 8.7 to 44.9 ns, caffeic acid formed
interactions in the plausible allosteric site though
there were highly fluctuating RMSD ligand
movement values from 32.0 to 32.2 ns along with
decreasing values from 419 ns to 42.4 ns
followed by increasing values until 44.9 ns. In
this allosteric site, caffeic acid was stabilized by
ionic interactions with Lys133 (5.23%) and
several hydrogen bonds interactions, especially
with Glu445 (62.53%) along with aromatic
(edge-to-face) interactions with Trp84 (0.28%)
as tabulated in Table 3.

At 45.0 ns, caffeic acid moved freely
escaping the receptor and interacting with water
molecules. It could be observed that there were
several FEB of 0.000 kJ/mol, indicating that
caffeic acid no longer interacted with any amino
acid residues of AChE in several snapshots
ranging from 45 to 55 ns of the simulations, as
shown in Figure 3. Nevertheless, caffeic acid
tended to reach any amino acid residues in the
outer AChE enzymes, i.e.,, Lys270, Lys52, Gln162,
Glu229 at several snapshots at the end of the
simulations. All formed interactions of caffeic
acid identified by PyPLIF HIPPOS 0.2.0 along 55-
ns MD simulations were tabulated in
Supplementary File 2. According to the results,
caffeic acid interacted unstably in the AChE
active site and tended to occupy a plausible
allosteric site even though it also was proved to
escape the receptor interactions at the end of the
simulations. Hence, our findings might suggest
caffeic acid was a non-competitive inhibitor as
other non-competitive AChE inhibitors, i.e,
bromotyrosine alkaloids (Olatunji et al., 2014),
tacrine (Bai et al, 2000), certain flavonoids
(Khan et al.,, 2018; Remya et al,, 2012) and also
peptides (Asen et al, 2022) as previously
reported.

Table 3. Non-hydrophobic interactions hotspots identified by PyPLIF HIPPOS 0.2.0 calculating
interacting residues of AChE-caffeic acid in the plausible allosteric site throughout 8.7 to 44.9 ns MD
simulations

Interacting Residue

Interaction Type

Interaction Percentage

Trp84 Aromatic edge-to-face 0.28%
Lys133 H-bond donor 2.75%
lonic as the cation 5.23%

Tyrl34 H-bond donor 1.38%
Tyr442 H-bond acceptor 0.55%
H-bond donor 1.38%

Glu445 H-bond acceptor 62.53%
Tyr458 H-bond donor 0.55%

Waskitha et al. J. Pharm. Sci. Community, 2025, 22(2), 279-289
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As supposed, caffeic acid was stabilized by
ionic, hydrogen bonds, and aromatic interactions
in the plausible allosteric site, denoting the
importance of the hydroxyl, aromatic, and
carboxyl moiety of caffeic acid according to this
study. These features were in parallel with the
previous research reported, which denoted that
the hydroxyl and aromatic moiety of caffeic acid
phenethyl ester derivatives might increase the
inhibitory activity of AChE (Gief3el et al,, 2019).
Also, another research reported the pivotal role
of carboxyl group in inhibiting AChE (Santos and
Takahashi, 2017). Furthermore, the allosteric
site identified by these MD simulations could
provide validation for compounds resembling
caffeic acid structure, i.e., cinnamic acid and
ferulic acid or their derivatives as mentioned in
the previous research (Saeed et al., 2014; Zhang
et al, 2018), informing the importance of the
moiety of those compounds as AChE inhibitors.

Recapping the key points, caffeine still
interacted in the AChE active site during the MD
simulations while caffeic acid tended to bind in
the plausible allosteric site and then managed to
escape the receptor at the end of the simulations.
The results denoted that caffeine possessed a
better affinity to the receptor than caffeic acid.
Our results might explain and were well-matched
with the previous research, showing that caffeine
had a better inhibitory inhibition of AChE (ICso =
7.25 pM) than caffeic acid (ICso = 4.21 pg/mL or
23.36 pM) (Mohamed et al, 2013; Oboh et al.,
2013) identified using the Ellman method.
Hence, a possible explanation for the weaker
inhibitory effect of caffeic acid compared to
caffeine could be its tendency to leave the
receptor more easily.

The capacity of drugs to penetrate the
blood-brain barrier (BBB) is a critical factor
when developing treatments for
neurodegenerative disorders (Li et al, 2015).
Remarkably, previous studies also denoted that
caffeine and caffeic acid were able to cross the
BBB, indicating the good expectancy of these
compounds as AChE inhibitors (Grabska-
Kobylecka et al., 2020; McCall et al., 1982; Ren
and Chen, 2020; Ruggiero et al., 2022). Therefore,
developing effective treatments for Alzheimer's
disease should take into account the ability of
potential drugs to penetrate the BBB as many
other common AChE inhibitors (Pohanka, 2014).

Waskitha et al.

CONCLUSIONS

Molecular dynamics simulations revealed
huprine X and caffeine interacted in the AChE
active site throughout the simulations. Our
findings found that huprine X and caffeine
interactions were reinforced by the hydrogen
bonds and aromatic interactions, which also
signified the importance of the aromatic ring for
ligand-receptor stabilization. Caffeic acid
noticeably interacted in the AChE active at the
initial stage of the simulations then occupied the
plausible allosteric site and finally escaped the
receptor at the end of the simulations. Our
contrivance hopefully could be used to
comprehend the molecular level of bioactive
compounds contained in coffee, i.e., caffeine and
caffeic acid in inhibiting the AChE enzyme
according to in silico perspectives.
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