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ABSTRACT

Background: Cognitive impairment signifies a reduction in mental abilities resulting from
different factors like Alzheimer's disease leading to a diminished quality of life. Detecting it early
and implementing interventions can assist in symptom management. This research aimed to
explore the interactions between 6,6'-Dihydroxythiobinupharidine (DTBN) and the various
enzymes involved in cognitive impairment. Materials and Methods: We downloaded protein
molecules from the protein data bank and DTBN from the PubChem database. The proteins were
docked with DTBN using AutoDock software to analyze their interactions. The Schrédinger suite
was used to assess the flexibility of the docked DTBN. Results and Discussion: Interaction of
DTBN with AChE, BuChE, BACE1, GSK-3(3, MAO-B, and MAO-A showed a docking score of >-9kcal/
mol. Among these, MAO-B showed a good score of -10 kcal/mol after binding to the active site
residue Pro102. However, molecular dynamic simulation showed that DTBN did not form a stable
and rigid complex with any of these proteins. Conclusion: Although DTBN showed a good
docking score, it failed to form stable and rigid complexes. Thus, DTBN is not effective against the
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INTRODUCTION

Cognitive impairment is characterized by a decreased capacity for
information/perception processing within an individual, which
hinders their ability to maintain a healthy lifestyle (Maramis
et al., 2021). Cognitive impairment exists on a spectrum, with
Mild Cognitive Impairment (MCI) being the mildest form
and dementia being the most severe (Goyal et al., 2024). In an
MCI, the patient experiences a greater cognition decline than
age-related cognitive decline (Rye et al., 2022). Insufficiency in
the intervention and treatment of MCI can lead to a common
form of dementia known as Alzheimer’s disease (Zhao et al.,
2023; Lee, 2023).

According to the report from the Alzheimer’s Association in 2024,
about one in nine subjects 265 years of age suffer from Alzheimer’s
in the United States. Although there is limited evidence on
Alzheimer’s prevalence in the younger generation, researchers
believe that there are about 110/100,000 people of age between
30-64 years prone to younger-onset dementia (Alzheimer’s
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Acetylcholinesterase,

Alzheimer’s disease,

Association, 2024). Recent advances in Alzheimer’s treatment
have shown various enzymes such as Glycogen Synthase Kinase-3
beta (GSK-3P), Acetylcholinesterase (AChE), Beta-secretase
(BACE), Butyrylcholinesterase (BuChE), and Monoamino
Oxidase (MAO) to be a potential target for its treatment (Silva
et al., 2023; Tung et al., 2022; Singh and Vellapandian, 2023;
Yusufzai et al., 2018; Mohamed Yusof et al., 2022).

Phytotherapy has been practiced for many years and has provided
potential drug molecules for treating Alzheimer’s disease (Farihi
et al., 2023). These natural products comparatively have fewer side
effects and are cost-effective (Abraham et al., 2022; Nagori et al.,
2023). Nuphar pumila, an aquatic herb found in the ponds and
lakes of China, Russia, and Europe, was used to check bleeding,
increase urination, and decrease pain in joints in the elderly.
6,6'-Dihydroxythiobinupharidine (DTBN), a phytoconstituent
present in Nuphar pumila, consists of dimeric sesquiterpene
thioalkaloids and is a lead compound in the treatment of cancer
(Wiart, 2013). A recent study by Waidha et al. reported that
DTBN is an effective inhibitor of Protein Kinase C (PKC) as
per computational and experimental approaches (Waidha et al.,
2021). Another study by Chen et al reported that PKC plays an
important role in cognitive impairment (Chen et al., 2009). As
per Molinspiration, the bioactivity score predicted for DTBN
was -10.0 as an enzyme inhibitor. However, there are no studies
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on DTBN and its influence on various enzymes responsible for
cognitive impairment.

This research analyzed the interactions between AChE, BuChE,
GSK-3B, BACE1L, MAO-B, MAO-A and DTBN using the method
of molecular docking. Using molecular dynamic simulation,
protein-ligand interaction was analyzed.

MATERIALS AND METHODS

Molecular docking

Docking on (a) AChE (4EY6), (b) BuChE (4BDS), (c) BACE1
(2WJO), (d) GSK-3B (1UV5),and (¢) MAO (A:2Z5X; B: 2XFN) 3D
structures was performed. The proteins obtained from the Protein
Data Bank were launched in the Discovery studio visualizer 2021
software (BIOVIA, San Diego: Dassault Systémes). The protein
was cleaned of water molecules and ligands and was opened in
AutoDock 4.2.6. to apply polar hydrogen atoms and Kollman
charges. The ligand (DTBN) was sourced from PubChem. In
the AutoDock software, polar hydrogens were incorporated and
Gasteiger charges were calculated. Later, both ligand and protein
were opened in AutoDock tools and the genetic algorithm run
was set to 100. The best run and the docking scores were observed
and the interactions of ligand with proteins were observed using
the Discovery Studio visualizer (Jamal et al., 2023).

Molecular dynamic simulations

To ensure the stability of the docked ligand and protein, molecular
dynamic simulation was carried out employing Desmond
software. Briefly, the configurations of all docked receptors were
deduced. A single-point charge model with a boundary condition
of 1.0 nm was employed to replicate the aqueous environment.
Na+ or Cl- ions were introduced for neutralization purposes.
Additionally, the pressure was maintained at 1 atm using the
algorithm of Parrinello-Rahman and a temperature of 300 K
using the Nose-Hoover temperature coupling method. The NPT
ensemble was implemented for minimization and relaxation
processes. A 100 ns MD simulation was performed with a 100 ps
interval. The resulting production run trajectories were analyzed
using the simulation interaction diagram module. Analytical
parameters such as protein deviation, fluctuation, compactness,
and hydrogen bonding were calculated along with the occupancies
of hydrogen bonds. Furthermore, changes in ligand properties
during the simulation were assessed to determine optimal
physiological conditions (Khalid et al., 2022; Nassar et al., 2023;
Manandhar, et al., 2022).

RESULTS

During docking, the binding energy decreases into the negative
range for a favorable biological interaction between the protein
and ligand. The interaction details, binding scores and inhibition
constant of DTBN against various enzymes involved in cognitive
impairment are summarized below.
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AChE

The X-ray Diffraction (XRD) model of human AChE bound
to galantamine (R=2.15 A) served as a template for docking
simulations performed with AutoDock software. The docking
score of DTBN and AChE was -10.46 kcal/mol, and the inhibitory
index was 21.36 nM (Figure 1). Here, the hydroxyl group at the
C6 position of DTBN formed a conventional hydrogen bond
interaction with Ser 293. Also, Phe 295 which is a key residue
from the acyl pocket of AChE formed hydrogen bonding with an
oxygen atom located at the 15" position of DTBN. The non-key
residues like Ser 293 and Arg 296 displayed a C-H bond with C14
of the furan ring. The furan ring of the DTBN interacted with Ser
293 and formed 7- lone pair bond. The residues that participated
in m-n stacking interactions concerning the furan ring of the
substrate were Phe 297 and Trp 286, situated at the entrance of the
acyl pocket and the peripheral anionic site pocket. Additionally,
other hydrophobic interactions, such as m-Alkyl interactions,
involved Val 294, Arg 296, and Trp 286 with the furan ring, while
Leu 289 formed an alkyl bond with the C' quinolizidine ring of
the compound.

BuChE

The XRD model of human BuChE bound to tacrine (R=2.10 A)
was utilized as a template for docking studies. The docking score
of DTBN and BuChE was -11.34 kcal/mol, and the inhibitory
index was 4.86 nM (Figure 1). DTBN forms two conventional
H-bond interactions with the BuChe active site. The Ser 198 of
the catalytic triad interacts with the oxygen atom of the furan ring
at the C15’ position and Pro 285 with the hydroxyl group at the
C6 position. r- Sigma was formed between Trp 82 of the anionic
site and hydrogen of the quinolizidine ring in DTBN at the C’
position. The furan ring of DTBN formed n- cation interaction
with His 438 of the catalytic triad. Multiple nt-Alkyl interactions
between Trp 430 (5.34 A), Tyr 440 (6.35 A), Trp 82 (5.52 A) of
anionic site, and Pro 285 with furan ring was observed. Alkyl
hydrophobic interaction between Ala 328 which is a non-key
binding residue with quinolizidine ring at C’ position, Val 288
of acyl pocket at C position of quinolizidine ring was also noted.

BACE1

The XRD model ofhuman BACE1 boundto cyclohexanecarboxylic
acid (R=2.50 A) served as a template for docking studies. The
docking score of DTBN and BACE1 was -11.47 kcal/mol and the
inhibitory index was 3.90 nM (Figure 1). DTBN is supported by
n-interactions, such as m--m and m---§ interactions and H-bond
interactions within the binding site. The hydroxyl group of
DTBN formed a conventional H-bond interaction with LYS 107
and a C-H bond between furan ring and Phe 108 wherein, the
measured bond distance was of 2.13 A and 2.86 A, respectively.
A 1- 1t t-shaped interaction was seen between one of the furan
rings of DTBN and TYR 71 of the BACE1 enzyme. The furan
rings of DTBN formed 7t- 7 stacked interaction with PHE 108.
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Other hydrophobic interactions like n-Alkyl and Alkyl were also
observed between quinolizidine ring and -methyl group (-CH,)
of quinolizidine ring in DTBN and Trp 76, Tyr 71, Phe 108, Val
69, and Ile 118 amino acid residues of BACEL.

GSK-3pB

The XRD structure of human GSK-3f in complex with
6-bromoindirubin-3'-oxime (R=2.80 A) served as a template
for docking studies. The docking score of DTBN and GSK-3
was -9.10 kcal/mol, and the inhibitory index was 212.79 nM
(Figure 1). Hydrophilic interactions like conventional H-bond
were observed between Phe 229 and Tyr 288 with -OH attached
to the quinolizidine ring at the C6 position. Also, C-H bond
formation between Ile 228, Tyr 288, and Thr 289 with furan
ring was observed. Various hydrophobic interactions included:
7- lone pair between Thr 289 and furan ring of the substrate,
n- 7 t-shaped observed between Phe 229 and quinolizidine ring
(the interaction was majorly comprehended by the one side of
the ring). Other interactions included n-Alkyl between Ile 281
and furan ring, Phe 293 and quinolizidine ring, Phe 291 and
Phe 229 and quinolizidine ring of the DTBN. Two amino acid
residues displayed alkyl interactions, Val 263 and Leu 266 with
a quinolizidine ring. Additionally, Val 263 also interacted with
-CH, of the quinolizidine ring and formed an alkyl bond.

MAO-A

The XRD model of human MAO-A bound to harmine (R=2.20 A)
was utilized as a template for docking calculations. The docking
score of DTBN and MAO-A was -8.82 kcal/mol and inhibition
constant was 340.95 nM (Figure 1). DTBN formed hydrophobic
and hydrophilic associations with auxiliary binding amino acids.
The oxygen atom of the furan ring at the O15’ position connected
via a conventional hydrogen bond with Ala 111, similarly, the
oxygen of the furan ring at the O15 position interacted with His
488. Also, the hydroxyl group at the C6 position interacted with
Thr 205. C4 of the quinolizidine ring interacted with Glu 492
via a C-H bond. The furan ring present at the bottom formed
71- cation bond with His 488 and 7t- Pi T-shaped interaction with
Phe 112. Furan rings present at the C12 and C12’ positions and
quinolizidine rings interacted with Ala 111 and Phe 112 forming
an alkyl bond. Lastly, quinolizidine and -CH, attached to the
quinolizidine ring interacted with Ile 486. Even -CH, attached to
the quinolizidine ring interacted with Val 484 residue.

MAO-B

TheXRD modelofhuman MAO-Bboundto2-(2-benzofuranyl)-2-
imidazoline (2-BFI, R=1.60 A) was utilized as a template for
docking calculations. The docking score of DTBN and MAO-A
was -10.00 kcal/mol and the inhibitory index was 46.95 nM
(Figure 1). Conventional hydrogen bond interaction is observed
between the hydroxyl group and Glu 483, Tyr 112, and Arg 100
of the active site. Hydrophobic interaction such as - Pi T-shaped
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was formed between the furan ring and Phe 103. Alkyl bond
formation was seen with -CH, attached to the quinolizidine ring
and Val 106 residue. Many m-Alkyl interactions were observed
with Pro 102 (5.31 A), Phe 103, His 115, Tyr 112, Arg 100, and Pro
105. Out of all of these residues furan ring displayed interaction
with Pro 102 (5.31 A) a key amino acid residue that resides in the
entryway of the bipartite cavity of the enzyme.

Molecular Dynamic Simulation

The DTBN complex underwent quantitative elemental analysis
using Molecular Dynamics Simulation. The analysis evaluated
the stability, change, deviation, and fluctuation of the protein
and ligands. From this, a review of complex behavior over time
was made. In particular, it was focused on any conformational
differences that developed during the simulation. The production
run lasted for over 100 ns; these time scales are necessary to
gain a detailed view of what happens in a huge complex since
the comprehensive approach allows for deep research on how the
complex evolves and behaves under simulated conditions.

RMSD of DTBN with Various Enzymes

The enzymes involved in cognitive impairment showed interesting
contact with DTBN over a simulation period of 100 ns (Figure
2). The Root Mean Square Deviation (RMSD) values for AChE
ranged from 1.75 to 2.20 A with an average of 2.00 A. Whereas,
the RMSD of DTBN increased above 4 A within the first 10 sec,
reached ~10 A between 20-80 ns, and attained 16 A by the end of
100 ns. Similarly, the RMSD values for BuChE ranged from 1.0 to
3.8 A with an average of 2.40 A. The RMSD of DTBN increased to
2 A within the first 10 sec, but attained an equilibrium at 2.70 A
for the rest of the simulation period. The RMSD values for BACE1
ranged from 1.4 to 1.6 A with an average of 1.5 A. Whereas, the
RMSD of DTBN increased from 0 to 5.6 A within the first 40 ns
and later obtained an equilibrium of 3.2 A from 40 ns to 100 ns.
Furthermore, the RMSD values for GSK-3f alone ranged from
1.6 to 2.8 A with an average of 2.2 A. The complex of GSK-3p and
DTBN showed an increase in RMSD throughout the simulation
time. After the simulation, the complex attained the RMSD value
of 10.5 A. Similarly, RMSD values for MAO-A ranged from 0.0
to 8.0 with an average of 4.00 A. Whereas, the RMSD of DTBN
increased from 0 to 6.7 A within the first 20 sec, decreased to 3
A in the next 20 sec, gradually increased up to 8 A at 70 sec and
reached 6.5 A upon simulation completion. The RMSD value of
MAO-B ranged from 3.1 A to 4.6 A with an average of 4.3 A and
at the end of the simulation, the RMSD of DTBN was found to
be 2.5 A.

RMSF of DTBN with various enzymes

In this study, we observed the Root Mean Square Fluctuation
(RMSF) of AChE, BACE1, GSK-3B, MAO-B, and MAO-A
(Figure 3). The residues present in these proteins show random
fluctuations which are stabilized by complexation with DTBN.
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The first 200 residues present in AChE show fluctuations in
the range of 0.5-4.5 A. After the formation of the complex, the
fluctuations were restricted to 0.5-2.5 A. However, the fluctuation
towards the C-terminal was above 4 A even when there was
interaction with DTBN. The fluctuations in BuChE varied
constantly throughout the residue index and had no impact of
complexation with DTBN on itself. The N and C terminals of
BACE1 showed random fluctuations. The interaction between
DTBN and BACEI showed a maximum fluctuation of 2 A at a
residue index between 50-100. In the case of GSK-3p, there was
a high fluctuation in the N-terminal but the C-terminal showed
lower fluctuation. When DTBN complexed with GSK-3p, the
fluctuations varied from 0.7-2.9 A. For MAO-A, there was
less fluctuation in the N-terminal and more fluctuation in the
C-terminal. The fluctuation at the C-terminal of MAO-A was
more than 7.2 A. The complex of DTBN and MAO-A had a
maximum fluctuation of 2.5 A and the average fluctuation was
1.6 A. The MAO-B had similar fluctuations as MAO-A but had
binding with DTBN and fluctuation of more than 4.5 A at the

C-terminal.

To confirm the stability of complexes, RMSF of DTBN was also
observed. The acceptable RMSF of the ligand should be <2 A. In
the present study, the RMSF of DTBN concerning AChE, BACEL,
GSK-3p3, MAO-A, MAO-B and BuChE was >2 A (Figure 4).

Contact between DTBN and Various Enzymes

The interactions of DTBN with AChE, BACE1, GSK-3p, MAO-B,
and MAO-A were hydrophobic bonds, hydrogen bonds, ionic
bonds and water bridges for 100 ns. The complex of DTBN and
AChE showed the hydrogen bond and water bridges with Gly 240,
Arg 246, GIn 291, Thr 311, and Gln 369. Arg 246, Arg 247, and
Arg 296 showed ionic bonds with water bridges. Hydrophobic
bonds and water bridges were also observed with Pro 235, Pro
290, Pro 368, Val 370, Pro 537, Leu 540, and Ala 542. All these
amino acids had a deficient number of contacts with DTBN over
a period of 100 ns. BuChE and DTBN showed hydrogen bonds
and water bridges with Gly 117, and Ser 287 but Ala 199 showed
only hydrogen bond. Hydrophobic bonds were observed with
Trp 82, Trp 231, Ala 277, Leu 286, Phe 329, Phe 398, and His
438 but hydrophobic bonds and water bridges were observed
only with Tyr 332. Asp 70 and Pro 285 had more than >100%
interactions with DTBN through water bridges. BACE1 showed
hydrogen bonds and water bridges at Ser 35, Tyr 71, Gln 73, and
Lys 107 when complexed with DTBN. It showed hydrophobic
bonds at Leu 30, Ile 110, Trp 115, Ile 118, Ile 226, and Val 332. Tyr
71 and Phe 108 showed hydrophobic bonds, hydrogen bonds and
water bridges in addition to ionic bonds only in Tyr 71. However,
Phe 108 showed a higher number of contact with the nitrogen
group of the quinolizidine ring, i.e., 62% of the simulation time
whereas, Tyr 71 was in contact with the nitrogen group of the
quinolizidine ring for only 37% of the simulation time. The
interactions of GSK-3p were similar to AChE. The only higher
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Figure 1: Interaction of DTBN with AChE, BuChE, BACE1, GSK-33, MAO-A, MAO-B.
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interaction observed was with Asn 64 for 31% of the simulation
time. MAO-A had hydrogen bonds and water bridges at Ala 111,
Asn 125, and Asn 212. Only Glu 495 showed an ionic bond with
a water bridge. Hydrophobic bonds and water bridges were also
observed with Arg 109, Phe 112, Tyr 121, and His 488. Among
these amino acids, only Ala 111 had a higher number of contacts
with DTBN for 44% of the simulation time. MAO-B also had
low interactions with DTBN. Hydrogen bonds were formed with
residues such as Val 106, Tyr 112, His 115, Trp 119 and Thr 499.
Ionic bonds were observed with Glu 483. The rest of the residues

formed hydrophobic bonds and water bridges.

AChE, acetylcholinesterase; BACE, beta-secretase; BuChE,
butyrylcholinesterase; DTBN, 6,6’-dihydroxythiobinupharidine;

DISCUSSION

The present study was conducted based on the enzyme inhibition
score of DTBN obtained in Molinspiration software. This study
showed that DTBN had a good docking score but failed to form
stable complexes with the enzymes.

The catalytic domain of AChE and BuChE are situated at the
base of a binding cavity that is approximately 20 A deep and
narrow (Hristova et al., 2018; Atanasova et al., 2015; Kumar et
al., 2023). In this study, the lowest binding energy of AChE and
BuChE was because of multiple binding interactions, especially
with the anionic residues, acyl pockets and catalytic triad. These
formed hydrogen bonds with ligands while binding was further
stabilized by hydrophobic interactions. To inhibit BACE1, ligands
must have many H-bond donors and acceptors and form strong

GSK-3p, glycogen synthase kinase-3  beta; MAO-A, hydrogen bonds with Asp 32 and Asp 228 of BACEL. In the
monoaminoxidase A; MAO-B, monoaminoxidase B. present study, DTBN had limited H-bond donors and acceptors,
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Figure 2: RMSD of DTBN and various enzymes involved in cognitive impairment. A) AChE, B) BACE1, C) GSK-3[3, D) MAO-A, E) MAO-B, F)
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Figure 3: RMSF of various proteins with DTBN. A) AChE, B) BACE1, C) GSK-3f3, D) MAO-A, E) MAO-B, F) BuChE.
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Figure 4: RMSF of DTBN with various proteins. A) AChE, B) BACE1, C) GSK-3f3, D) MAO-A, E) MAO-B, F) BuChE.

thus limiting the inhibition of BACEL. For GSK-3p, although
the lowest binding energy was -9.10 kcal/mol for GSK-3f, no
interaction was observed with essential amino acids or key amino
acid residues. Furthurmore, the optimal hydrogen bond distance
between donor and acceptor is anticipated to be in the range of 2.7
to 3.3 A (Noureddine et al., 2021) but in present study, GSK-3f
had higher hydrogen bond distance. In case of MAO-A, there
were many interactions, but literature on the essential amino acid
for active site is limited whereas for MAO-B, DTBN did not bind
to the essential amino acids, thus it cannot be considered to have
any activity against MAO-B.

Molecular Dynamics Simulation evaluated the stability, change,
deviation, and fluctuation of the protein and ligands. The complex
of protein and ligand is said to be stable if the Root Mean Square
Deviation (RMSD) value is <3 A (Gurram et al., 2023). The RMSD
results suggest that, although the complex of DTBN and enzymes
had a good docking score, there was no stability between them.

In RMSD, conformational changes are assessed in the backbone
of the proteins, while in RMSE, the focus is on the conformational
changes occurring in the side chains of the protein. In this study,
none of the enzymes had rigid complexes with DTBN.

CONCLUSION

The molecular docking approach revealed that DTBN showed a
score of -10.00 kcal/mol with MAO-B. Also, molecular dynamic
simulation showed that the complex of DTBN and MAO-B was
unstable and flexible. These data reveal that DTBN may not be
a suitable candidate for the inhibition of enzymes involved in
cognitive impairment.
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