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ABSTRACT 
Atherosclerosis poses significant health risks, driving cardiovascular issues like heart attacks and strokes. Shortage of appropriate 

pathophysiological models and a suitable algorithm for the discovery of drugs and para-pharmaceuticals with direct anti-atherosclerotic action are 

major barriers to the effective pathogenetic medication for atherosclerosis.  This study focused on using bioinformatics tools and molecular docking 

techniques to identify novel molecular agonists for the Activated Monophosphate Kinase (AMPK) enzyme via the AMPK/PP2A/NF-κB/LOX-1 

pathway. Virtual screening and molecular docking were performed for activation and phosphorylation of AMPK and stimulation of Protein 

Phosphostase-2A (PP2A) which results in down-regulation of lectin-like oxLDL (LOX-1) receptor to reduce the internalization of oxidized low-density 

lipoprotein (oxLDL). Enkephalin (ZINC000014952116) emerged as a potent AMPK agonist, triggering a cascade of interactions leading to reduced 

LOX-1 expression and which inhibits the Nuclear Factor kappa betta (NF-κβ) transcriptional activity for inflammatory atherosclerosis. 
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INTRODUCTION 
Atherosclerosis, marked by intimal layer inflammation 

leading to arterial blockages, faces limited treatment success with 

traditional drugs such as statins, niacin, and others target cholesterol, 

they overlook the inflammation factor [1,2]. Emerging strategies focus 

on AMPK activation, notably with metformin, a promising AMPK 

activator. However, metformin acts indirectly via mitochondrial 

Complex I suppression, impacting ATP production. Despite the 

complexity, expensiveness and unpredictability of drug development, 

many pharmaceutical industries are investing in research for 

advancements in treating atherosclerosis through direct activation of 

AMPK [3,4]. 

When there is a lack of energy AMP activated protein kinase 

(AMPK) gets activated. This activation happens when kinases like 

Liver Kinase-B1 (LKB1) phosphorylates AMPK at Thr172. The 

catalytic activity of AMPK is further enhanced by the addition of AMP, 

which also has benefits, in preventing atherosclerosis. It helps regulate 

metabolism and displays inflammatory properties [5].  

In addition, Ser298 and Ser336 were reported as residues of PP2A 

phosphorylated under the AMPK stimulation. Stimulated PP2A 

dephosphorylates Ser536 in RelA/p65 (Subunit of nuclear factor) and 

inactivates NF-κβ (Nuclear Factor Kappa beta), a transcription factor 

that plays a key role in regulating inflammation [6]. Hence, lead to the 

downregulation of LOX-1 expression. This highlights their interaction 

and potential use in treating atherosclerosis [7].  

MATERIALS AND METHODOLOGY 

Retrieving of Sequences 
Protein accession numbers and FASTA files of liver kinase 

B1 (LKB1) (accession number: Q15831) and Protein Phosphatase- 2A 

(PP2A) (accession number: AAB69751) retrieved from National Center 

for Biotechnology Information (NCBI) online database [8]. Protein Data 

Bank (PDB) database also used to retrieve the PDB file of AMPK 

(accession number: 7JHH). In fact, the PDB file consists of 3D atomic 

coordinates obtained from experimental methods [9]. 

Pairwise Sequence Alignment 
We aimed to search for homologous proteins (i.e., which have 

been published with their 3D structure) of Protein Phosphatase- 2A 

(PP2A) and liver kinase B1 (LKB1) by submitting their FASTA file 

(generated by sequence retrieval step) to basic local alignment search 

tool (BLAST). Where we used Position-Specific Iterative (PSI)-

BLAST algorithm that set up 500 maximum target sequences against 

the PDB database. Specifically, PSI-BLAST computes statistical 

significance of match for examining distant relationship between 

proteins [10]. 

Multiple sequence alignment 
Related sequences are identified through the database 

similarity searching. Multiple Sequence Alignment of query sequence 

of PP2A and LKB1 hit ten and twenty subjects respectively, aligned 

through Clustal Omega. The input sequences for Clustal Omega were 

set to "PROTEIN SEQUENCES". The FASTA files of the LKB1 and 

PP2A files (obtained through pairwise alignment) uploaded 

independently in two different procedures. The Phylogeny Inference 

Package (PHYLIP) format output configured at each procedure. 

Phylogenetic tree construction 
Through Phylogenetic Tree analysis of evolutionary 

relatedness of our query sequences of LKB1 and PP2A. PHYLIP 

software has been used to construct a consensus tree. The construction 

of the trees for LKB1 and PP2A used the same construction parameters 

in different trials. SEQBOOT, PROML, and CONSENSUS, among 

other programs from the package utilized in constructing phylogenetic 

trees [11]. 

Three-Dimensional (3D) Structure Prediction 

Via free an online server called” SWISS-MODEL’’ accessed 

at  SWISS model webpage a 3D structure of LKB1 and PP2A predicted, 

by homology modeling through SWISS-MODEL [12]. While performing 

comparative modeling, a 3D protein model of a target sequence created 

by extrapolating experimental data from a template protein structure 

that is evolutionarily linked to the target sequence of LKB1 and PP2A. 

The sequences from FASTA files pasted into SWISS-MODEL, and 

searching for templates, where LKB1 and PP2A's FASTA sequences 

used as a query to look for protein structures that connected to evolution 

using the SMTL SWISS-MODEL template library [13]. Next step was 

model building, 3D protein model automatically created for each 

chosen template by first transferring conserved atom coordinates as 

determined by the target-template alignment.  

Structural assessment and validation 

After 3D prediction we had verified their 3D-structure quality 

via The PROCHECK and ERRAT programs that are beneficial for 

evaluating the quality of protein structures. Both programs accessed via 

SAVES V6.0 server (https://saves.mbi.ucla.edu/) for protein 3D-

structural verification. PDB files of LKB1 and PP2A uploaded into 

SAVES V6.0 workplace and analyzed for structure validation. 

PROCHECK assesses the stereo chemical quality of protein structures, 

while ERRAT evaluates the statistical reliability of non-bonded 

interactions, providing comprehensive validation for protein structure 

models [14]. 

Molecular docking  
In this study, molecular docking involved two main stages: 

Firstly, screening of ligands that have high affinity to the AMPK by 

mimicking the interacting mode of Adenosine Monophosphate (AMP). 

To find the compounds with the optimum binding affinity, several 

compounds screened from a small-molecule library to a target 

macromolecule (often a protein). Secondly, docking approaches for 

activating and phosphorylating AMPK with screened ligand and LK-

B1 respectively. As well as docking between stimulated AMPK and 
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PP2A for increasing activity of PP2A to regulate expression of LOX-1 

[15].  

To enhance the accuracy of docking we carefully prepared 

AMPK (PDB ID; 7JHH) by identifying residues removing water 

molecules adding hydrogen atoms and eliminating chains i.e.in 

accordance with the literature review, the AMPK chains A, B, and G 

which involve in catalytic activity of AMPK were the only retained 

chains in this study, while the other chains had been eliminated [16]. This 

improved protein structure was then used for Virtual Screening, a 

technique in drug discovery that allows for accurate predictions of 

ligands during docking studies [17]. The goal was to obtain an 

estimation of the binding strength, within the protein cavity [18,19].  

Therefore, MTiOpenScreen webserver utilized for ligand 

screening and the various steps were established including web search 

of MTiOpen; MTiOpenScreen-RPSB; Run MTiOpenScreen and 

different parameters such as PDB file as receptor format, lead like 

molecule selected to act as drug were set to perform a virtual screening 

of AMPK against ligand library [20]. By molecular docking, PyRx 

Software, an open source, free, and released under the Simplified BSD 

license was employed in our experiment to explore AMPK activator 

(ligand) whereby AMPK docked with screened ligand. After that, we 

had run second docking of AMPK-ligand complex (AMPK-

ZINC000252441408, an output file of first docking by PyRx) with 

LKB1 via Hex Software, by uploading PDB output file of AMPK-

ZINC000252441408 as receptor and LKB1 as ligand then dock 

procedure performed [5,21].  

Finally, regarding to the literature review, activated and 

phosphorylated AMPKα catalytic subunit (A chain) stimulates PP2A to 

increase its activity by phosphorylating B56γ at Ser-298 and Ser-336 

[22,23]. Thus, we preferred to modify an output file generated by the 

previous docking between Ligand bound AMPK and LK-B1 by 

retaining only residues at chain A of AMPK interacted with LK-B1. 

This was for ensuring the minimization of docking errors from other 

non-interested chains or residues [24]. Therefore, AMPK 

INC000014952116-LK-B1 complex docked with PP2A via HEX 

Software. HEX 8.0.0 Software superimposes pairings of molecules 

using only information of their 3D forms and it can compute protein-

ligand docking under the assumption that the ligand is stiff [25]. 

RESULTSAND DISCUSSION 

Phylogenetic tree analysis for PP2A and LK-B1 
A consensus tree was constructed by utilizing the PHYLIP 

package to identify the level of relationship among the compared 

homologous proteins; it indicated PP2A and LK-B1 with their 

homologous proteins [11].  

From phylogenetic analysis, “PP2A and 6NTS” were sister 

clade since they belong to the same tree branch, while 2NYL is 

considered as a precursor of PP2A. So, as this sister clade occurs, 

maximum times in 30 times, 6NTS has been used as a template for 

homology modeling intention [26]. 

While “1MRV and 1GZN” and “2JDO and 16OL” were sister 

clades and LK-B1 is an ancestor of these two sister clades. Since 

“1MRV and 1GZN” have occurred maximum times in 100 times we 

preferred to use 1MRV as homology model of liver kinase B1 (LK-B1). 

Three-dimensional structural model prediction Structure 

Assessment and Validation of predicted Models (PP2A and LK-

B1) 
Template proteins 6NTS and 1MRV were selected for 3D 

structure prediction of Protein Phosphatase 2A and Liver Kinase B1, 

respectively. SWISS Model was used, meeting requirements of 

sequence identity, resolution, and clade proximity for accurate 

predictions [13,27].

Table 1: Structure assessment results for predicted models (PP2A and LKB1) 

 

SWISS-MODEL workspace aids users in identifying weak 

points in models through MolProbity plots and Ramachandran plots. 

Ideally, Ramachandran favored above 98% signifies optimal residue 

distribution as found on SWISS Model Webpage [28]. However, both 

PP2A and LK-B1 models achieved 95.26% and 92.52%, respectively. 

To ensure model validation, PROCHECK and ERRAT analysis were 

consulted [14]. 

Error! Reference source not found. reveals a high-quality 

model of PP2A, evident by its G-factor of -0.09, within the acceptable 

range. The model's 99.4% Ramachandran favorability underscores its 

reliability, aligning with previous quality assessments. LK-B1's 

model, with a G-factor of -0.18 and 87.6% favored residues, suggests 

good quality [13], [27]. ERRAT's overall quality factors stand at 96.675 

for PP2A and 85.2294 for LK-B1. Literally, for good high-resolution 

structures, the total quality factor value must be 95% or greater [29].  

https://swissmodel.expasy.org/assess/help
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For that reason, LK-B1 has been remodeled through the 

refining process, while the PP2A model bypassed refinement. LK-B1 

underwent refinement via GalaxyWEB server, improving to 91.2% 

favored residues and a positive G-factor, confirming its structural 

validity [30]. In addition to the increased overall quality factor, the 

positive G-factor usually indicates a good quality model aligning with 

Eshan Khan’s emphasis on G-factor importance in model assessment 

since 2014 on research gate. 

Virtual Screening of a highly potent ligand towards AMPK. 

The study's first objective sought a suitable biomolecule 

binding to AMPK from a diverse compound library. MTiOpenScreen 

allows screening more than 10,000 molecules from its compound 

repository [20]. Thus, the virtual screening against AMPK by 

MTiOpenScreen was deemed highly reliable. Among the screened 

ligands, ZINC000014952116 (Enkephalin) emerged as the top 

contender with a binding energy of -11.2 Kcal/mol, aligning with 

Simon's findings since 2018 [31]. His work accepted ligands with less 

than -7.0 Kcal/mol binding energy. Low negative binding energy 

ensures more binding affinity [22,32,33]. This substantiates capability of 

Enkephalin (ZINC000014952116) as an effective AMPK modulator.  

Figure 1: Chemical structure of Enkephalin 

 
Activation of AMPK by ZINC000014952116 (Enkephalin) 

It is crucial to have a basic understanding about the interaction 

between AMPK and ligand docked with it for validating the docked 

results in line with the wet laboratory experiments [18]. In this study 

we intended to find a Biomolecule that mimicked the activation 

activity of AMP towards AMPK. PyRx helped to generate many 

different docked conformations between ZINC000014952116 and 

AMPK during activation. Among the docked conformations, the 

precious one was recorded to have binding affinity (-9.4 kcal/mol) [34]. 

Regarding to the figure below, the different residues interacted with 

the ligand, Enkephalin, as displayed by using Pymol and Discovery 

Studio Visualizer. The interacting residues are: Ser45,46,242, 

Arg70,152,171,172,299, Ala71,228,295, Ile166,240, Tyr165, Leu48,229, Thr168, 

Lys47,170,174, Val29,294, Phe244, His390, Pro43,227, Gln391, Gly68, Asp245 

and Glu296.  Arginine, Lysine and Histidine are the only basic amino 

acids which are positively charged while the Aspartate and Glutamate 

have the negatively charged R groups.  

The interacting residues align with both wet laboratory 

findings and published data [5,22,23,31]. AMP binding to AMPK 

involves phosphate groups binding to residues including Arg69, 

His150, Arg151, Lys169, His297, and Arg298, along with Ser/Thr hydroxyl 

groups [22,23]. Leu70,81, His139, Lys62,47, and Phe160 are implicated in 

AMPK activation. Many of these residues also play roles in lipid 

metabolism, such as Threonine's role in controlling lipid biosynthesis 

and Isoleucine's impact on AMPK responses. Antioxidant and 

metabolic functions are associated with Leucine and Arginine, while 

Serine's dysregulated phosphorylation can impact proliferation 

signaling [35,36]. These identified interactions between AMPK and 

ZINC000014952116, supported by negative binding affinity 

predictions, validate their feasibility in biological systems [37,38]. 

Phosphorylation of AMPK bound with 

ZINC000014952116. 
Experimental evidence indicates that AMPKα's 

phosphorylation at Thr172 involves LK-B1 and CaMKKβ kinases. The 

Adenosine derivative IMM-H007 strongly binds to AMPK-α, 

boosting Thr172 phosphorylation [39]. AMP binding to AMPK's 

gamma subunit stabilizes a complex with LK-B1, enhancing Thr172 

phosphorylation [6]. However, the structural details of this interaction 

remain unknown [16].  

In the following Figure 3:A) 3D structure for a complex of 

AMPK bound with ZINC000014952116 and LK-B1 Visualized by 

Discovery Studio Visualizer (DSV). B) 3D-Ribbon structure of the 

interacting residues between AMPK and LK-B1, generated by 

SPDBV package. C) Screenshot of the residues of A chain (catalytic 

subunit of AMPK) interacted with LK-B1), captured from SPDBV 

package in 2D manner.  

This study surprisingly found that while Thr172, a known 

residue for AMPK phosphorylation was not involved in our 

interactions. The docking energy of -792.06 Kcal/mol indicated 

feasibility of LK-B1 and AMPK interaction. Residues such as Ser99, 

Lys36,43,60,109,156, Gly100, Tyr82,97,106, His77,152, Thr40, 

Val98, Arg120, Glu96,117, Asn134, Met153, Pro76, Asp150 and 

Leu39 made an interaction. The contradiction with prior lab 

experiments might be because we have retrieved AMPK PDB file 

which has been submitted based on Electron Microscopy Assay while 

the laboratory experiments that we referred to, have implied X-ray 

crystallography. Despite the 7JHH accession sequence not having 

Thr172, Thr40 emerged as a key interacting residue. The study 

employed the PDB file 7JHH based on Electron Microscopy (EM) 

Assay, offering high-resolution structural data. While EM provides 

detailed information, it may not capture finer details, possibly 

explaining the absence of Thr172 in the structural data [40].

https://www.researchgate.net/post/How-to-perform-Procheck-and-WhatCheck-result-analysis
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Figure 2: Ligand-Protein interaction

A) the image was generated by SPDBV Package: Red is a ligand (ZINC000014952116), green is α-catalytic subunit of AMPK, while yellow and blue are 

regulatory subunits of AMPK. B) Protein-Ligand interaction image from Discovery Studio Visualizer (DSV). 
 

This limitation could stem from the resolution constraints 

of the EM technique. we consider the possibility of improving the 

mentioned lab data using a lower-resolution X-ray crystallography 

determined structure, which is currently unavailable for us.  

Activation loop phosphorylation, enhancing AMPK 

activity, was suggested by Steinberg & Carling,  

 

while Leu, Ser, and Lys in interacting residues connect to 

kinase phosphorylation [41]. This insight suggests AMPK 

phosphorylation occurs at different residues than Thr-172. The 

phosphorylation could occur at any residue, as molecules are not static 

and have different active sites responsible for inducing expected 

behaviors [41]. 
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Figure 3: Images for displaying interacting residues between AMPK and LK-B1 through HEX Docking

 

Stimulation of PP2A activity by phosphorylated AMPK 

Higher phosphorylation at Thr172 of AMPK leads to its 

influence on the kinase enzyme PP2A, resulting in increased PP2A 

activity through direct phosphorylation of B56γ subunits by 

adiponectin-activated AMPK [22]. Through Hex software, we 

predicted the docking energy between Protein Phosphatase-2A 

(PP2A) and AMPK, as well as uncovering interaction details. Hex 

software can predict the docking energy between two proteins, and it  

has been utilized by Gundampati who have been working on 

Aspergillus niger RNase and human actin docking [34]. The affected 

residues of PP2A such as, Pro, Phe, Ser, His, Asp, Asn, Gln, and Glu 

were all conserved motifs among the aligned sequences of 

homologous proteins of PP2A. while the predicted docking energy of 

-730.25 Kcal/mol suggested thermodynamic stability [33].

Figure 4: Residues of PP2A interacted with AMPK
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In recent studies, phosphorylation at Ser-298 and Ser-336 of 

PP2A B56γ subunit correlates with our findings on Ser-337, as noted 

by Kim since 2009. AMPK activation potentially triggers NF-κB 

dephosphorylation, wherein PP2A plays a role in dephosphorylating 

NF-κB's subunit RelA/P65 at Ser536 [6,42,43]. This process reduces NF-

КB transcriptional activity in macrophages, leading to decreased levels 

of LOX-1, responsible for oxLDL internalization [44]. Key interacting 

residues like Glutamine, Lysine, and Phenylalanine exhibit antioxidant 

and anti-inflammatory effects, potentially inhibiting MAPK-

controlled signaling pathways and interfering with Lipoprotein 

binding to toll-like receptors [36,45]. 

CONCLUSION  
In summary our research offers possibilities for 

comprehending and potentially tackling atherosclerosis a health 

concern. The potential of enkephalin as an AMPK activator could 

represent an advancement in combating the inflammation associated 

with atherosclerosis. However, it is important to recognize the 

constraints of our computer-based simulations and the requirement for 

confirmation, through laboratory studies. Future investigations, 

including molecular dynamics simulations and in vitro tests, will be 

crucial to advance our understanding and eventually translate these 

findings into therapeutic solutions. This study lays a foundation for the 

exploration of innovative atherosclerosis treatments, offering hope for 

improved cardiovascular health. 

Authorship statements 

Parfaite BIZIMANA 
Literature review, software’s’ installation and visualization.  

Leon Fabrice ISHIMWE Writing – Manuscripts draft, results 

analysis, visualization, interpretation, and validation.   

Jean Fidele KATABARWA Methodology and hands on software.  

Dr. Dieudonne MUTANGANA Supervision, writing - review and 

editing, project administration.  

Declaration of interest 
The authors declare that there are no conflicts of interest 

related to this research study or its publication.  

Funding sources 
This research did not receive any specific grant from 

funding agencies in the public, commercial, or not-for-profit sectors. 

REFERENCES  
1. Davies M. J, Woolf N, 1993. Atherosclerosis: what is it and why 

does it occur. Br Heart J, 69 (1), pages - 3-11. Doi: 
10.1136/hrt.69.1_suppl.s3. 

2. Dayuan L, Hongjiang C, Romeo F, et al, 2002. Statins Modulate 
Oxidized Low-Density Lipoprotein-Mediated Adhesion 
Molecule Expression in Human Coronary Artery Endothelial 
Cells: Role of LOX-1. Journal of Pharmacology and 
Experimental Therapeutics, 302 (2), pages - 601–605. Doi: 
10.1124/jpet.102.034959. 

3. Hung Y.-C, Liu C.-T, and Wen-Long H, 2015. Complementary 
Therapy with Traditional Chinese Medicine for Treating 

Atherosclerosis-Related Diseases. In Complementary Therapies 
for the Body, Mind and Soul, InTech. Doi: 10.5772/60704. 

4. Charo I. F and Taub R, 2011. Anti-inflammatory therapeutics for 
the treatment of atherosclerosis. Nat Rev Drug Discov, 10 (5), 
pages - 365–376. Doi: 10.1038/nrd3444. 

5. Joungmok K, Goowon Y, Yeji K, et al, 2016. AMPK activators: 
mechanisms of action and physiological activities. Exp Mol Med, 
48 (4), pages - 224–224. Doi: 10.1038/emm.2016.16. 

6. Chen B, Jin L, and Haibo Z, 2016. AMP-activated protein kinase 
attenuates oxLDL uptake in macrophages through PP2A/NF-
κB/LOX-1 pathway. Vascul Pharmacol, 85, pages - 1–10. Doi: 
10.1016/j.vph.2015.08.012. 

7. Crea F, 2022. New therapeutic targets to reduce inflammation-

associated cardiovascular risk: the CCL2–CCR2 axis, LOX-1, 
and IRF5. Eur Heart J, 43 (19), pages - 1777–1781. Doi: 
10.1093/eurheartj/ehac233. 

8. Jenne D.E, Reimann H, Nezu J, et al, 1998. Peutz-Jeghers 
syndrome is caused by mutations in a novel serine threonine 
kinase. Nat Genet, 18 (1), pages - 38–43. Doi: 10.1038/ng0198-
38. 

9. Shimizu T, Matsuo Y, Nakagawa K, et al, 1987. Dynamic and 

Static Properties of Molecules in Highly Excited Vibrational 
States1987, pp. 234–235. Doi: 10.1007/978-3-540-47973-4_66. 

10. Altschul S, 1997. Gapped BLAST and PSI-BLAST: A new 
generation of protein database search programs. Nucleic Acids 
Res, 25 (17), pages - 3389–3402. Doi: 10.1093/nar/25.17.3389. 

11. Abdennadher N and Boesch R, 2007. Deploying PHYLIP 
phylogenetic package on a Large-Scale Distributed System. In 
Seventh IEEE International Symposium on Cluster Computing 

and the Grid (CCGrid ’07), IEEE, pages - 673–678. Doi: 
10.1109/CCGRID.2007.36. 

12. Kiefer F, Arnold K, Kunzli M, et al, 2009. The SWISS-MODEL 
Repository and associated resources. Nucleic Acids Res, 37, 
pages - 387–392. Doi: 10.1093/nar/gkn750. 

13. Waterhouse A, Martino B, Stefan Bienert, et al, 2018. SWISS-
MODEL: homology modelling of protein structures and 
complexes. Nucleic Acids Res, 46 (1), pages - 296–303. Doi: 
10.1093/nar/gky427. 

14. Roman Laskowski B. A, Macarthur M. W, and Thornton J. M, 
1983. Computer Programs PROCHECK: a program to check the 
stereochemicai quality of protein structures. 

15. Mingyi C, Tomoh M, and Tatsuya S, 2002. LOX-1, the receptor 
for oxidized low-density lipoprotein identified from endothelial 
cells: implications in endothelial dysfunction and atherosclerosis. 
Pharmacol Ther, 95 (1), pages - 89–100. Doi: 10.1016/S0163-
7258(02)00236-X. 

16. Yan Y, Zhou X.E, Melcher K, et al, 2018. Structure and 
Physiological Regulation of AMPK. Int J Mol Sci. 19 (11), p. 
3534. doi: 10.3390/ijms19113534. 

17. Reddy A.S, Pati S.P, Kumar P.P, et al, 2007. Virtual Screening in 
Drug Discovery - A Computational Perspective. Curr Protein 
Pept Sc,i 8 (4), pp. 329–351. doi: 10.2174/138920307781369427. 



DOI: 10.55522/jmpas.V12I6.5469                                                                                                                                                                        ISSN NO. 2320 – 7418     
 

 

Journal of medical pharmaceutical and allied sciences, Volume 12 – Issue 6, 5469, November – December 2023, Pages – 6254 – 6261                             6261 

18. Pedro H M, Sodero A. C. R., Jofily P, et al, 2019. Key Topics in 
Molecular Docking for Drug Design. Int J Mol Sci, 20 (18), pages 
4574. Doi: 10.3390/ijms20184574. 

19. Meng X Y, Zhang H X, Mezei M, et al, 2017. Molecular Docking: 
A Powerful Approach for Structure-Based Drug Discovery. 

Current Computer Aided-Drug Design, 7 (2), pages - 146–157. 
Doi: 10.2174/157340911795677602. 

20. Céline M L, Julien R, David L, 2015. MTi Open Screen: a web 
server for structure-based virtual screening. Nucleic Acids Res, 
43 (1), pages - 448–454. Doi: 10.1093/nar/gkv306. 

21. Dallakyan S and Olson A. J, 2015. Small-Molecule Library 
Screening by Docking with PyRx. Pages - 243–250. Doi: 
10.1007/978-1-4939-2269-7_19. 

22. Kim K Y, Baek A, Hwang J E, et al, 2009. Adiponectin-Activated 
AMPK Stimulates Dephosphorylation of AKT through Protein 
Phosphatase 2A Activation. Cancer Res, 69 (9), pages - 4018–
4026. Doi: 10.1158/0008-5472.CAN-08-2641. 

23. Yu Li, Shanqin Xu, Bingbing J, et al, 2011. AMPK 
Phosphorylates and Inhibits SREBP Activity to Attenuate 
Hepatic Steatosis and Atherosclerosis in Diet-Induced Insulin-
Resistant Mice. Cell Metab, 13 (4), pages - 376–388. Doi: 

10.1016/j.cmet.2011.03.009. 

24. Osamu T, Terumasa N, Takehiko M, et al, 1996. Molecular 
cloning of a 74-kDa regulatory subunit (B" or delta) of human 
protein phosphatase 2A. FEBS Lett, 379 (1), pages - 107–11. Doi: 
10.1016/0014-5793(95)01500-0. 

25. Ritchie, Dave, and Orpailleur T, 2013. Ritchie2013hex. Protein 
Docking Using Spherical Polar Fourier Correlations Copyright c.  

26. Cavasotto C. N and Phatak S. S, 2009. Homology modeling in 

drug discovery: current trends and applications. Drug Discov 
Today, 14 (13–14), pages - 676–683. Doi: 10.1016/j. 
drudis.2009.04.006. 

27. Colovos C and Yeates T. O, 1993. Verification of protein 
structures: Patterns of nonbonded atomic interactions. Protein 
Science, 2, (9), pages - 1511–1519. Doi: 10.1002 
/pro.5560020916. 

28. Shikha A, 2013. Ramachandran Plot. Proteopedia. Doi: 
10.14576/381225.1772128. 

29. Majorek K.A, Zimmerman M. D, Grabowski M, et al, 2020. 
Assessment of Crystallographic Structure Quality and Protein–
Ligand Complex Structure Validation. In Structural Biology in 
Drug Discovery, Wiley, pages - 253–275. Doi: 
10.1002/9781118681121.ch11. 

30. Seok C, Park H, Heo L, et al, 2012. GalaxyWEB server for protein 
structure prediction and refinement. Nucleic Acids Res, 40 (1), 
pages 294–297. Doi: 10.1093/nar/gks493. 

31. Mok S.W.F, Zeng W, Niu Y, et al, 2018. A Method for Rapid 
Screening of Anilide-Containing AMPK Modulators Based on 
Computational Docking and Biological Validation. Front 
Pharmacol. vol. 9. Doi: 10.3389/fphar.2018.00710. 

 

 

32. Xiao B, Heath R, Saiu P, et al, 2007. Structural basis for AMP 
binding to mammalian AMP-activated protein kinase. Nature, 
449 (7161), pages - 496–500. Doi: 10.1038/nature06161. 

33. Dieudonne M, Narcisse M, Gaetan N.J, et al, 2020. In Silico 
Studies on Structural Function of Melanin Concentrating 

Hormone Receptor 1 Through Docking Approach, Towards 
Designing Drug for Treating Obesity. Rwanda Journal of 
Engineering, Science, Technology and Environment, 3 (2). Doi: 
10.4314/rjeste.v3i2.7. 

34. Gundampati R K, Chikati R, Kumari M, et al, 2012. Protein 
protein docking on molecular models of Aspergillus niger RNase 
and human actin novel target for anticancer therapeutics. J Mol 
Model, 18 (2), pages - 653–662.  Doi: 10.1007/s00894-011-1078-

4. 

35. Q. Tang, P. Tan, N. Ma, and X. Ma, “Physiological Functions of 
Threonine in Animals: Beyond Nutrition Metabolism,” Nutrients, 
vol. 13, no. 8, p. 2592, Jul. 2021, doi: 10.3390/nu13082592. 

36. Durante W, 2019. The Emerging Role of l-Glutamine in 
Cardiovascular Health and Disease. Nutrients, 11 (9), p. 2092. 
Doi: 10.3390/nu11092092. 

37. Jakhar R, Dangi M, Khichi A, et al, 2020. Relevance of Molecular 

Docking Studies in Drug Designing. Curr Bioinform, 15 (4), 
pages - 270–278. Doi: 10.2174/1574893615666191219094216. 

38. Kitchen D. B, Decornez H, Furr J. R, et al, 2004. Docking and 
scoring in virtual screening for drug discovery: methods and 
applications. Nat Rev Drug Discov, 3 (11), pages - 935–949. Doi: 
10.1038/nrd1549. 

39. Woods A, Dickerson K, Heath R, et al, 2005. Ca2+/calmodulin-
dependent protein kinase kinase-β acts upstream of AMP-

activated protein kinase in mammalian cells. Cell Metab, 2 (1), 
pages - 21–33. Doi: 10.1016/j.cmet.2005.06.005. 

40. Renaud J.p, Ashwin C, Holger Stark, et al, 2018. Cryo-EM in 
drug discovery: achievements, limitations and prospects. Nat Rev 
Drug Discov, 17 (7), pages - 471–492. Doi: 10.1038/nrd.2018.77. 

41. Steinberg G.R and Carling D. AMP-activated protein kinase: the 
current landscape for drug development. Nat Rev Drug Discov, 
18 (7), pages - 527–551. Doi: 10.1038/s41573-019-0019-2. 

42. Cheng Y.H, Ming J Hsu, George H, et al, 2011. Andrographolide 

Enhances Nuclear Factor-κB Subunit p65 Ser536 
Dephosphorylation through Activation of Protein Phosphatase 
2A in Vascular Smooth Muscle Cells. Journal of Biological 
Chemistry, 286 (8), pages - 5942–5955. Doi: 10.1074/ 
jbc.M110.123968. 

43. Jin L, Liping Z, Fengzhong W, et al, 2017. Dissecting the role of 
AMP-activated protein kinase in human diseases. Acta Pharm Sin 
B, 7 (3), pages - 249–259. Doi: 10.1016/j.apsb.2016.12.003. 

44. Natalia D. P, Gloria F, and Pandolfi A, 2016. Physiology and 
pathophysiology of oxLDL uptake by vascular wall cells in 
atherosclerosis. Vascul Pharmacol, vol. 84, pages - 1–7, Doi: 
10.1016/j.vph.2016.05.013. 


	Virtual Screening of a highly potent ligand towards AMPK.
	Activation of AMPK by ZINC000014952116 (Enkephalin)
	Stimulation of PP2A activity by phosphorylated AMPK

