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Abstract

Abnormal regulation, hyperphosphorylation, and aggregation of the tau protein are the hallmark of several types of

dementia, including Alzheimer's Disease. Increased activity of Glycogen Synthase Kinase-3β (GSK-3β) in the Central

Nervous System (CNS), increased the tau hyperphosphorylation and caused the neurofibrillary tangles (NFTs) formation

in the brain cells. Over the last two decades, numerous adenosine triphosphate (ATP) competitive inhibitors have been

discovered that show inhibitory activity against GSK-3β. But these compounds exhibited off-target effects which motivated

researchers to find new GSK-3β inhibitors. In the present study, we have collected the dataset of 31 C-Glycosylflavones

derivatives that showed inhibitory activity against GSK-3β. Among the dataset, the most active compound was docked

with the GSK-3β and molecular dynamics (MD) simulation was performed for 50 ns. Based on the 50 ns MD pose of

the most active compound, the other dataset compounds were sketched, minimized, and aligned. The 3D-QSAR based

Comparative Molecular Field Analysis (CoMFA) model was developed, which showed a reasonable value of q2=0.664

and r2=0.920. The contour maps generated based on the CoMFA model elaborated on the favorable substitutions at the

R2 position. This study could assist in the future development of new GSK-3β inhibitors.
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Introduction

Alzheimer’s Disease (AD) is a known neurodegen-

erative disorder and common to the aging population.

AD patients developed tau lesions in the somas and

dendrites due to the aberrant phosphorylation and mis-

localization of the tau protein, which is crucial for main-

taining the structural integrity of microtubules in the

neural cells[1-3]. The formation of β-amyloid (Aβ) pep-

tide with tauopathies was considered as the initiator of

AD pathogenesis[2]. Recent studies elucidated that Aβ

deposition triggered the positive regulation of the Gly-

cogen synthase kinase-3 (GSK-3 kinase) by preventing

its inhibitory phosphorylation[4-6]. The GSK-3 is an

atypical serine/threonine kinase enzyme that has

recently been characterized as a regulator of tau hyper-

phosphorylation in AD. There are two different iso-

forms of GSK-3 in mammals, namely GSK-3α and

GSK-3β, where are highly conserved in their catalytic

domain and largely redundant in multiple cell signaling

pathways. GSK-3β differs from the GSK-3α at the C-

terminus domain and is inhibited upon phosphorylation

at residue Ser9 instead of Ser21 in GSK-3α[7,8]. Between

them, GSK-3β was identified as the major dominating

kinase for tau hyperphosphorylation in AD patients and

transgenic animal models [9,10]. Tau protein hyperphos-

phorylation by hyperactive GSK-3β was found in more

than 70% of the AD brain[11,12]. Hence, it is necessary

to design and develop inhibitors against GSK-3β. Sev-

eral adenosine triphosphate (ATP) competitive inhibi-

tors that target GSK-3β have been developed. However,

the off-target selection of these inhibitors remained a

significant concern.

In recent studies, natural compounds and their semi-

synthetic derivatives have been taken into account for

developing selective and irreversible GSK-3β inhibi-

tor[13,14]. Liang et al. showed the competitive inhibition

of the 31 natural and semi-synthetic C-Glycosylfavone

derivatives against GSK-3β. These compounds exhib-
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ited a wide range of activities (i.e., IC50 0.59 ± 0.04 µM

to 5153 ± 31 µM) and were taken for our current

study[15]. The compound C30 which showed the highest

activity was docked with the target GSK-3β to elucidate

the key molecular interactions within the substrate-bind-

ing site. After that, the MD simulation was performed

to study the dynamic interactions between C30 and

GSK-3β. The CoMFA models were developed to

explore the structure-activity relations of the GSK-3β

inhibitors. 

Methodology

Molecular Docking

A series of 31 GSK-3β inhibitors based on C-Glyco-

sylflavones have been chosen for this study.15 The

reported inhibitory concentration (IC50) values were

converted into -logIC50 (pIC50) values. The most active

compound (C30, pIC50= 6.22) was sketched and mini-

mized using tripos forcefield in SYBYL-X 2.1. The

crystal structure of GSK-3β (PDB ID: 1PYX)[16] was

collected from the protein databank (www.rcsb.org) and

eliminated all the water molecules, ions, and small mol-

ecules. The missing residues and loops were modeled

using MODELLER[17] and treat as a receptor for the

docking study. Docking between GSK-3β and C30 was

performed using AutodockTools[18] described in an ear-

lier study[19]. The grid-box dimension was set to

60×65×65 around the active site of the receptor,

whereby the Lamarckian genetic algorithm[20] was

applied as a search method for the ligand-binding inside

the pocket. The 100 runs of docking evaluation were

carried out, and the binding conformations of the ligand

were clustered based on the similarity of docked posi-

tion. The cluster-1 conformation of the protein-ligand

complex was selected for the molecular dynamics study

and MM/PBSA calculation.

Molecular Dynamics (MD) Simulation and Data

Analysis

The GROMACS-2020[21] package was used for

molecular dynamics simulation of protein-ligand com-

plex applying the CHARMM36[22] forcefield. The

CHARMM general forcefield (CGenFF)[23] was used to

generate the ligand topology file. The C30-GSK-3β

complex was then immersed into a cubic box with

TIP3P water model. The box padding dimension was

kept to 10 Å from the complex and further neutralized

by the addition of 13 Cl- ions. The overall system was

energy minimized by 100 ps steepest descent method,

followed by the 100 ps at a constant substance, volume,

and temperature (NVT) equilibration and 100 ps at a

constant substance, pressure, and temperature (NPT)

equilibration by position restraining of the protein.

Finally, an unrestrained 50 ns MD run was continued

at 300K of temperature and 1 bar of pressure. The MD

trajectory was analyzed using the in-built Gromacs

packages. Finally, protein-ligand binding energy was

calculated by molecular mechanics energies combined

with the Poison-Boltzmann and surface area continuum

solvation (MM/PBSA) method using the g_mmpbsa

package[24] described here in an earlier study[25].

CoMFA

The conformation of C30 from the 50 ns MD trajec-

tory was collected to sketch the other compounds of the

dataset. All the compounds were charged (Gasteiger

charge) and optimized by Tripos forcefield[26] in SYBYL-

X 2.1, described previously[27-29]. The compounds were

aligned based on the common substructure and proceed

further for the CoMFA study. The electrostatic and ste-

ric potential energy terms were calculated for each

model in CoMFA by probing the 3D-grid space around

the sp3 hybridized carbon atom (charge +1). Then the

Leave-One-Out (LOO) method was used to cross-vali-

date the predictive ability of the 3D-QSAR model. The

partial least square analysis (PLS) was calculated

between the dependent and independent variables to

establish the structure-activity relationship[30,31]. Based

on the optimum number of components (ONC) the non-

cross validated analysis was done to generate the final

CoMFA model with reasonable q2 and r2 values.

Results and Discussions

Molecular Docking Analysis

Molecular docking result of the C30-GSK-3β com-

plex was analyzed by AutoDockTools. Protein-ligand

complex from the cluster-1 scored -9.84 Kcal/mol with

five hydrogen bond formation and was selected to

examine the molecular interaction. In the active site,

Ile62, Asn64, Ser66, Val70, Lys85, Asp181, Lys183,

Leu188, Cys199, and Asp200 were critical for ligand

interactions. The residues Asn64, Ser66, Asp181,
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Lys183, and Asp200, formed H-bond interaction with

three hydroxyl groups of the tetrahydropyran ring of

C30. Besides, residues Ile62, Val70, and Ala83, Cys199

formed π-alkyl and π-σ interaction with the catechol B-

ring center of the C-Glycosylflavone. Lys85 formed π-

cation interaction with the C-Glycosylflavone core. The

details interactions have been summarized in Figure 1.

The ligand alignment and interaction with residues were

similar to the interactions observed in the crystal struc-

tures 1PYX and 6HK3[32]. However, no interactions

were found between the trifluoropropane group of C30

and the surrounding residues.

MD Simulation and MM/PBSA Analysis

MD simulation of the C30-GSK-3β complex was

performed for 50 ns. Multiple ligand RMSDs of C30

based on the structures of the ligand at 0 ns, 10 ns, and

30 ns of the MD trajectory as references are shown in

Figure 2(C). The RMSD plots suggested the ligand

underwent a major conformational change during the

first 2 ns. The RMSD plots plateaued after the initial 2

ns of the production run suggesting stabilization of the

ligand position. Comparison of the ligand position at 0

ns and 50 ns trajectories Figure 2(A) and 2(B) showed

that the -CF3 moiety shifted from its initial position and

formed new interactions with Tyr221 and Tyr222. The

-CF3 moiety was stabilized at the binding site by form-

ing π-anion interaction with Tyr221. At 50 ns, com-

pound C30 formed the hydrogen bond interaction with

the residue Gln185, Asn186, and Lys188 and the hydro-

Fig. 1. (A) The molecular structure of the most active compound C30. (B) C30 docked pose in the GSK-3β active site

cavity. (C) Molecular interaction analysis after docking with C30 and GSK-3β, and (D) 2D ligand interaction map.
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phobic interaction with the residue Val70, Leu188,

Thr138, and Tyr140.

The final 3 ns of the MD trajectory were collected for

binding energy (BE) calculation. BE calculation was

done using the g_mmpbsa package and summarized in

Table 2. The van der Waals interactions and electro-

static interactions played a significant role in total BE

energy, which was found to be -54.60 kJ/mol. The res-

idues, Val70, Thr138, Arg144, Gln185, Leu188, were

the major BE contributing residues with BE values of

-4.28 kJ/mol, -3.63 kJ/mol, -3.50 kJ/mol, -4.80 kJ/mol,

and -7.24 kJ/mol respectively. The detailed analysis was

depicted in Figure 2(D).

Fig. 2. (A) Ligand position at 0 ns and 50 ns of MD simulation. (B) Molecular interaction of C30 with the active site

residues at 50 ns. (C) RMSD analysis of C30, measured based on the position taken at 0 ns (C30_0ns_ref), 10 ns

(C30_10ns_ref) and 30 ns (C30_30ns_ref).
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CoMFA Model Study

Based on the conformation of C30 at 50 ns, the rest

of the compounds were drawn, applied Gasteiger

charges, and minimized in SYBYL-X 2.1. All the com-

pounds were aligned by taking C30 as a template. The

aligned compounds were shown in Figure 3(A). Chem-

ical structures and their respective pIC50 values were

given in Table 1. The generated CoMFA model showed

the q2 and r2 values of 0.664 and 0.920 respectively, at

the ONC of 4. The detailed statical analysis was pro-

vided in Table 3. The steric and electrostatic field con-

tribution was found to be 81% and 19%, respectively.

The statistical results indicated a reasonable predictive

ability of the CoMFA model. The actual vs. predicted

pIC50 values of the compounds and their residuals were

tabulated in Table 4. The scatterplot between the pre-

dicted and actual pIC50 was shown in Figure 3(B).

Compound C4 and C19 were set as outliers (assigned

by *) due to their high residual values.

Steric and Electrostatic contour maps from the

CoMFA analysis were shown in Figure 3(C) and (D) by

taking the most active compound C30 as a reference.

The green contour signifies favorable bulky substitu-

tion, whereas the yellow contour indicates an unfavor-

able one. Similarly, the blue contour favored the

positive charge substitution, whereas the red contour

favored negative charge substitution. A green and red

contour map was found near R2 position, indicating the

bulky and electronegative group is favorable at this site.

Most active compound C30 and second most active

compound C31 poses (S)-CF3 and (R)-CF3 substitution

in their R2 position. But, C30 has more negatively

charged -CF3 towards the Tyr221 (S-configuration) and

showed higher activity compared to C31. Compounds

Fig. 3. (A) Data set alignment by making C30 as a template. (B) Scatterplot diagram of the CoMFA model to show the

actual vs. predicted pIC50. (C) Steric and (D) Electrostatic contour map from the CoMFA analysis.
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Table 1. Structure of the C-Glycosylflavones and their pIC50 values for GSK-3β

Structure A

Compounds Structure R1 X1 X2 R2

GSK-3β 

(pIC50)

1 A H H2 O H 3.37

2 3.71

3 2.28

*4 5.50

5 A CH3 H2 NH H 3.62

6 A CH3 O NH H 3.62

7 A CH3 O NH CH3 3.86

8 A CH3 O NH 4.53

9 A CH3 O NH 5.26

10 A CH3 O NH 4.47

O

OOH

O

O
O
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Table 1. Continued

11 A CH3 O NH 4.50

12 A CH3 O NH 4.55

13 A CH3 O NH 5.02

14 A CH3 O NH 4.58

15 A CH3 O NH 4.20

16 A CH3 O NH 4.88

17 A CH3 O NH 5.04

18 A CH3 O NH 4.58

*19 A CH3 O NH 4.47

20 A CH3 O NH 4.70

21 A CH3 O NH 4.80

22 A CH3 O NH 4.44

23 A CH3 O NH 4.45

N

N

S
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C1, C2, C3, C5, and C7 were not bearing any bulky

substitution and displayed lower activity values than

the compounds C16, C17, C18, C21, C22, and C23,

which bore bulky substitutions. Compound C27 and

C29 have the electronegative -CF3 towards the Tyr221

and Tyr220, compared to C26 and C28, having only

single -F. This substitution could be the reason behind

the higher activity values of C27 and C29 compared

to C26 and C28 against GSK-3β inhibition. The con-

tour map analysis suggested that compounds C30,

C31, C16, and C17 expressed higher activity values

among the dataset compounds due to the favorable

substituents.

Table 1. Continued

24 A CH3 O NH 4.25

25 A CH3 O NH 4.66

26 A CH3 O NH 4.45

27 A CH3 O NH 4.71

28 A CH3 O NH 4.30

29 A CH3 O NH 4.76

30 A CH3 O NH 6.22

31 A CH3 O NH 5.63

*Outliers

Table 2. Summary of MM/PBSA binding energy evaluation 

Energy term Binding Energy contribution

Van der Waal energy -192.12 ± 19.82 kJ/mol

Electrostatic energy -48.67 ± 15.54 kJ/mol

Polar solvation energy 210.40 ± 28.47 kJ/mol

SASA energy -24.21 ± 1.75 kJ/mol

Total Binding energy -54.60 ± 11.99 kJ/mol

F

F

F

F

F

CF3

CF3
(S)

CF3
(R)

Table 3. Statistical summary of the CoMFA model

Parameters CoMFA MODEL

q2 0.664

ONC 4

SEP 0.443

r
2 0.920

SEE 0.217

F value 68.858

Steric contribution 81%

Electrostatic contribution 19%

q
2: cross-validated correlation coefficient; ONC: optimum

number of components; SEP: standard error of prediction;

r
2 : non-cross-validated correlation coefficient; F-value: F-

test value; SEE: standard error of estimation.
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Conclusion

We have performed the molecular modeling study on

the C-Glycosylflavone derivatives. C-Glycosylflavones

are an interesting candidate over the existing inhibitors

due to their ease of chemical modification and higher

selectivity for the GSK-3β. In this study, we have per-

formed docking and MD simulation, which showed the

critical interactions for binding with GSK-3β. MM/

PBSA evaluation showed the important residues that

contributed to binding energy for ligand binding. The

3D-QSAR based CoMFA model was developed to

study the structure-activity relationship. The contour

map analysis from CoMFA showed favorable substitu-

tion in the R2 position for steric and electrostatic inter-

actions. This study could help in developing new C-

Glycosylflavon based derivatives to inhibit the GSK-3β

for the treatment of AD patients.

Table 4. Actual vs predicted pIC50 values and their residuals generated from the CoMFA analysis

Compounds IC50 (µM) Actual pIC50 
CoMFA

Predicted pIC50 Residuals

1 184.9 ± 1.4 3.37 3.54 0.19

2 194.1 ± 1.0 3.71 3.75 -0.04

3 5153 ± 31 2.28 2.39 -0.10

4 3.1 ± 1.3 5.50 3.08 2.42

5 239.2 ± 1.2 3.62 3.53 0.08

6 237.3 ± 1.4 3.62 3.51 0.10

7 135.0 ± 1.3 3.86 3.84 0.02

8 29.2 ± 1.1 4.53 4.51 0.02

9 5.4 ± 0.1 5.26 4.86 0.39

10 33.3 ± 1.1 4.47 4.51 -0.03

11 31.1 ± 1.2 4.50 4.63 -0.12

12 28.0 ± 1.1 4.55 4.65 -0.10

13 9.4 ± 0.9 5.02 4.83 0.19

14 25.8 ± 1.1 4.58 4.75 -0.16

15 61.9 ± 1.2 4.20 4.57 -0.37

16 13.1 ± 1.1 4.88 4.82 0.06

17 9.0 ± 1.3 5.04 5.01 0.03

18 26.0 ± 1.2 4.58 4.61 -0.03

19 33.5 ± 0.8 4.47 5.45 -0.97

20 19.7 ± 1.1 4.70 4.49 0.20

21 15.8 ± 1.2 4.80 4.59 0.20

22 35.6 ± 1.3 4.44 4.55 -0.10

23 35.1 ± 1.0 4.45 4.18 0.26

24 56.2 ± 1.2 4.25 4.47 -0.22

25 21.7 ± 1.2 4.66 4.67 -0.01

26 34.8 ± 1.0 4.45 4.81 -0.35

27 19.3 ± 0.8 4.71 5.00 -0.29

28 49.5 ± 1.2 4.30 4.51 -0.21

29 17.2 ± 0.9 4.76 4.59 0.16

30 0.59 ± 0.04 6.22 5.86 0.36

31 2.3 ± 0.5 5.63 5.78 -0.15
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