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ABSTRACT

Background: Subjective cognitive decline is considered to be a risk for Alzheimer’s disease. However, it can also be 
associated with non-cognitive variables.

Objectives: To identify and select some of the existing molecules, with different therapeutic indications, as potential 
B-RAF inhibitors from literature. To explore and identify the appropriate B-RAF enzyme from the Protein Data 
Bank to carry out the molecular docking study on the selected molecules. To carry out the molecular docking studies 
on the selected molecules using molecular docking software AutoDock 4.2.2.

Methods: Molecular docking studies were conducted using AutoDock 4.2.2 version software. Antimicrobial agents 
[pyrazine-2-carboxylic acid derivatives (D1-D10)] and antifungal agents [albendazole derivatives (A1-A22)] were 
repurposed as BRAF inhibitors.

Results: Amongst the pyrazine-2-carboxylic derivatives compound D3 showed good results while amongst albendazole 
derivatives compound A12 showed promising results.

Conclusion: In silico drug designing was used to study pyrazene-2-carboxylic acid derivatives (D1-D10) and 
Benzimidazole (Albendazole) derivatives (A1-A22) as BRAF inhibitors. The online software named AutoDock 
version 4.2.2 was used to study molecular docking.
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INTRODUCTION

Drug discovery is a very long and expensive process. The main 
reason behind this is the high failure rate of drugs which can occur 
during any stage of drug discovery [1]. Over the years, many efforts 
have been made to ease this process and find cost-effective measures. 
One such development was molecular docking. Ever since its 
discovery in the 1980s, this technique has been increasingly used in 
the pharmaceutical industry [2]. It is a modeling technique which 
is used to study the interactions between a protein molecule and 
ligand; the protein usually is body enzymes, genes, etc., and ligand 
is the proposed drug molecule. Several software’s are available 
for molecular docking like Auto Dock [3], Auto Dock Vina [4], 
Schrodinger [5], GOLD [6] etc. They help understand the binding 
efficiency and conformation of the molecule. In silico drug design 
along with being cost effective, is also a very time-saving process, 
i.e., helps shorten the duration of drug discovery. In silico drug 
design is now a backbone of the pharmaceutical industry.

In the present research work, in silico drug design has been used 
to identify BRAF inhibitors which are an important class of 
anticancer agents. BRAF is a gene responsible for cell proliferation, 
apoptosis etc [7]. Its mutation is one reason for the development 
of various types of cancers in human beings like melanomas (50-
60%), colorectal cancer (10%), thyroid cancer (83%), non-small 
cell lung cancer (3%) and hairy cell leukemia (100%) [8-12,13]. 
Hence, BRAF inhibitors are considered as an effective class of 
anticancer agents. The existing drugs have various side effects like 
muscle pain, sunburn, joint pain, scaly skin, etc [14]. Moreover, 
their synthesis process is complex. Hence, the search for better 
inhibitors is essential. 

Compounds with benzimidazole and pyrazine rings as nuclei in 
their structures are being frequently used in anticancer therapy [15-
23]. These rings have a striking similarity with the natural ligands, 
which makes them successful inhibitors. Several modifications 
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containing8 rings like benzimidazole, pyridine, piperidine, 
pyrazine, etc. are frequently employed citing their resemblance to 
nucleic acid bases [46,47]. This property is considered very useful 
when diseases with underlying gene mutations are to be treated. 
As mentioned above, gene mutations have been identified as one 
of the causes of cancer; just like BRAF mutation. In this case, a 
mutation in the V600E site of BRAF gene locks it in the active 
state. As a result, BRAF continuously keeps sending signals to 
MEK protein for cell proliferation. Phosphorylation of human 
protein kinases is an important mechanism for signal transduction, 
where adenosine triphosphate (ATP) acts as a phosphodonor. This 
indicates the importance of nitrogen-containing heterocyclic ring 
systems in disease therapy and explains the success of dabrafenib 
[48] and vemurafenib [49] as BRAF inhibitors as shown in Figure 1. 
Hence, it was decided to study the potential of some of the pyrazine 
and benzimidazole derivatives as B-RAF inhibitors (Figure 2).

MATERIALS AND METHODS

Softwares used

Chem sketch: It is a freeware, used for drawing and modifying 
organic and organometallic molecules. Molecules can be displayed 
in both two-and three-dimensional forms [50].

Open babel: It is software used to interconvert chemical file formats 
from .cdx to .pdbqt [51]

Auto dock version 4.2.2: AutoDock is an automated molecular 
docking software package that has been distributed to academics 
and non-profit research institutes free-of-charge since 1990. It is 
a suite of automated docking tools. It is designed to predict how 
small molecules, such as substrates or drug candidates, bind to 
a receptor of known 3D structure. AutoDock offers a variety of 
search algorithms to explore a given docking problem [52,53].

Python Molecular Viewer 1.5.6_17_14 Used for graphical 
visualization of Auto Dock Tools.

Selection of proteins

Among the several X-ray crystallographic structures of B-RAF 
kinase available on RCSB’s PDB, the enzyme structure having 

have been studied on these rings over the years. Benzimidazole 
derivatives with pyrrolidine side chains are effective against 
hepatocellular cancer [24], 2-aryl derivatives against breast cancer 
[25], 1,2,5-trisubstituted derivatives against multiple myeloma, 
lymphoma and leukemia, etc., [26]. Similarly, pyrazine derivatives 
like pyrrolo [1,2a] pyrazine are effective against prostate and breast 
cancer [27], [1,2,4] triazolo[4,3-a] pyrazine derivatives bearing 4-oxo-
pyridazinone moieties against cell lines A549, MCF-7 and HeLa 
and c-Met kinase [28], pyrazolo[3,4-b]pyrazines derivatives against 
breast cancer [29] etc,. Moreover, 2-(Allylthio)pyrazine derivatives 
[30], triazolo pyrazine derivatives [31], 3-Trifluoromethyl-5,6-
dihydro-[1,2,4]triazolo Pyrazine Derivatives [32] etc. have been 
used to treat various types of cancers. Modifications of naturally 
occurring benzimidazoles and pyrazines with side chains like 
carboxamides and coumarin hybrids have also proved to be 
effective anticancer agents [33-35]. Apart from anticancer activity, 
certain pyrazine and benzimidazole ring derivatives have shown 
antifungal, antimicrobial, antitubercular, etc. activities as well [36-
41]. The main aim of this study is to identify such compounds and 
repurpose them as BRAF inhibitors.

BRAF gene and MAPK pathway

The BRAF gene is located on chromosome 7(7q34) and is 
responsible for encoding the BRAF protein [42]. It is a member of 
RAF kinase family. Its other isoforms are 1/c-RAF and A-RAF. All 
RAF proteins are substrates of MAPK (Mitogen activated protein 
kinase) Pathway [43]. These kinases have an important role in cell 
proliferation, inflammation regulation, apoptosis, differentiation, 
etc. [44] Alterations in RAF-MAPK pathways have been linked 
to various disorders like cancer, Noonan syndrome, LEOPARD 
syndrome, etc. gives a step-by-step overview of MAPK pathway [45] 
(Figure 1).

Rationale for selecting the chemical class as BRAF 
inhibitors

Heterocyclic compounds are widely distributed in nature 
and are essential to life in various ways. Nitrogen-containing 
aromatic heterocyclic rings such as benzimidazole, pyrazine, and 
pyridine are important structural units in natural and synthetic 
pharmaceutical compounds. These heterocyclic rings have 
shown various pharmacological activities. Moreover, studies have 
shown heterocyclic compounds containing nitrogen, oxygen, 
and sulphur atoms are the core structures of several biologically 
active compounds. Amongst all heterocyclic compounds, nitrogen-

Figure 1: Overview MAPK Pathway.

Figure 2: Hypothetical model to predict the interaction of ligand (D3) 
with ATP binding site of enzyme B-Raf Kinase.
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PDB ID: 4XV9 was selected for the study and downloaded from 
the Protein Data Bank (PDB). The X-ray crystallographic structure 
of B-RAF gene, 4XV9, was selected because it was found to be co-
crystallised with one of the highly active inhibitors PLX5568 and it 
has a resolution of 2.00 Å. The co-crystallised ligand, PLX5568 is 
a benzene sulphonamide derivative. It has been reported to inhibit 
B-RAF with an IC50 of 190 nM [54]. It shows the enzyme 4XV9 
with its in-built ligands on the RCSB website (Figure 3).

Ligand design

Literature survey and analysis of the unique ligand PLX5568 
proved the anticancer activity of nitrogen-containing heterocyclic 
rings because of its resemblance to ATP molecule. It also indicated 
the importance of sulfonamide groups and electron withdrawing 
groups (like Cl, Br, F) in the molecules. Studies of the existing BRAF 
inhibitors, i.e.,dabrafenib and vemurafenib, also supplemented 
this data [55]. Accordingly, albendazole derivatives (A1-A22) and 
pyrazine 2-carboxylic acid derivatives (D1-D10) were selected as test 
ligands (Tables 1 and 2). Papers reported that these derivatives have 
been tested for antimicrobial and antifungal properties, respectively 
[56-58].

Table 1: Albendazole derivatives structures (A1- A22).

Derivatives Structure

A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

A11

Figure 3: 3-D view of 4XV9 with inbuilt ligand PLX 5568.
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A19

A20

A21

A22

Table 2: Pyrazine 2- carboxylic Derivatives Structures (D1-D10).

Derivatives Structure of derivative

D1

D2

D3

A12

A13

A14

A15

A16

A17

A18
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D4

D5

D6

D7

D8

D9

D10

Molecular docking studies on A1-A22 and D1-D10

Autodock 4.2.2 software was used as the software for the docking 
process. PMV Tool (Python Molecular Viewer) was as used as the 
interface.

Protein repairing and preparation: After dedocking the protein 
with its unique ligand and removal of water molecules, missing 
amino acid residues were searched for in the protein structure [59]. 
Through a literature search, it was understood that Lysine 522 
was missing and the addition of this amino acid residue would 
improve the docking results [60]. Polar hydrogens were restored and 
Kollman charges were added and balanced. This prepared protein 
was saved in .pdbqt format. It shows the prepared protein molecule 
4XV9 (Figure 4).

Preparation of ligand: The ligands were drawn using ChemSketch 
software and saved in .cdx (CS Chem Draw) format. These were 
converted to .pdbqt (protein data bank charge and torsion) format 
which is acceptable in AutoDock 4.2.2 software. After conversion, 
the ligands were loaded on the workspace of AutoDock. The 
required parameters like torsion, Kollman charge, gastegier charge, 
etc. were set up (Figure 5). 

Grid selection: Process of blind docking was performed as the 
docking data of ligands (A1-A22 and D1-D10) for 4XV9 was not 
available. Grid size was selected as (100 Å) for this Autogrid module. 
The grid points giving the least binding energy were obtained. 
These coordinates were selected and for the final docking grid size 
40 x 40 x 40 was used [61,62] it shows the grid selection process 
(Figure 6).

Figure 4: Screen shot of the repaired protein molecule 4XV9.

Figure 5: Preparation of ligand (Structure D3).

Figure 6: Generation of grid box.
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Validation of the generated grid: After dedocking the in-built 
ligand (PLX5568) from the downloaded protein (4XV9); the ligand 
was redocked. The Root Mean Square Deviation value (RMSD) 
obtained was the same as that written on the RCSB website. This 
validates the docking protocol for further study [63].

Docking After successful grid generation, parameters were set with 
Genetic Algorithms, 40 conformations were tested for each ligand. 
The output was obtained as Lamarckain GA 4.2 format. The RMSD 
values of the structures were evaluated through a notepad. Depict 
the autogrid, autodock, and visualization of docking conformations 
after a successful docking process, respectively (Figures 7-9).

RESULTS AND DISCUSSION

After docking of the ligand and the enzyme (4XV9), the .dlg file is 
obtained, which contains complete information about the docked 
molecule. The derivatives of albendazole and pyrazine-2-carboxylic 
acid were docked to the enzyme 4XV9 using AutoDock tools 4.2.2 
software (Tables 3 and 4).

Table 3: Binding energy of the docked albendazole derivatives.

Sr.No. Ligand ID Binding energy

1 A12 -11.30

2 A13 -10.59

3 A8 -10.39

4 A11 -10.37

5 A5 -10.37

6 A9 -10.36

7 A10 -10.24

8 A22 -9.71

9 A17 -9.68

10 A21 -9.64

11 A15 -9.44

12 A20 -9.39

13 A3 -9.35

14 A14 -8.99

15 A16 -8.79

16 A4 -8.45

17 A19 -7.98

18 A18 -7.93

19 A7 -6.25

20 A6 -6.18

21 A21 -6.08

22 A1 -6.03

Table 4: Binding energy of the docked pyrazine 2-carboxylic acid derivatives.

Sr.No. Ligand ID Binding energy

1 D3 -11.21

2 D2 -10.08

3 D1 -9.47

4 D6 -8.94

5 D4 -8.47

6 D7 -8.42

7 D5 -7.76

8 D9 -7.35

9 D10 -7.31

10 D08 -7.06

It present the binding energy values of the docked molecules 
A1-A22 and D1-D10, respectively. The binding energies, no. of 
hydrogen bonds formed and RMSD values associated with the 

Figure 7: Screen shot of running of AutoGrid.

Figure 8: Screen shot of running of AutoDock.

Figure 9: Screen shot after playing the conformation.



7

Kalia M et al. OPEN ACCESS Freely available online

Drug Des, Vol.11 Iss. 2 No:1000204

molecule were studied. The RMSD values were found to be 0. All 
compounds have formed hydrogen bonds in the range 1-2. The 
ligands which have not formed hydrogen bonds are A8, A9, A10, 
A13, A14, and A22. However, these ligands have shown good Van 
der Waals interactions. 

It is observed from Table 3 that compound 1 with ligand ID 
A12 from the derivatives of albendazole, has a binding energy of-
11.30 kCal/mole. It can be seen that this binding energy is more 
compared to the other compounds of the series. Thus, it can be 
concluded that the resulting interacting complex is very stable 
compared to the complex made by other compounds in the series. 
Binding energy is an important criterion for molecular docking 
analysis. It helps understand the specificity and sensitivity of 
the enzyme for the drug molecule. Lower binding energies are 
preferred. Most of the ligands showed hydrogen bonding with CYS 
532. Some exceptions include compound A4 (H-bonding GLN 
530, CYS 532), compound A6 (H-bonding with TRP 531), and 
compounds A15–A19 (H-bonding GLY 534, CYS 532). It shows 
ligand A7 docked at its binding site (Figure 10).

It is observed from Table 4 that Compound 1 with ligand ID D3 
from the derivatives of Pyrazine-2-carboxylic acid has a binding 
energy of -11.21  kCal/mole. It can be seen that this binding energy 
is more compared to the other compounds of the series. Thus, it 
can be concluded that the resulting interacting complex is very 
stable compared to the complex made by other compounds in the 
series. All ligands have shown hydrogen bonding with CYS 532 
except D6 which bonded with GLY534. It shows the ligand D3 
docked at its binding site (Figure 11).

CONCLUSION

In the present research paper, an in silico drug design approach was 
used to study the potential of albendazole derivatives (A1-A22) and 
pyrazine-2-carboxylic acid derivatives (D1-D10) as BRAF inhibitors. 
The online software named AutoDock version 4.2.2 was used to 
study molecular docking. Amongst the pyrazine-2-carboxylic acid 
derivatives, D3 showed the best results with respect to binding 
energy-11.21 kCal/mol. While, amongst the albendazole derivatives, 
A12 showed the best results with binding energy-11.30 kCal/mol. 

Thus, it can be concluded that D3 ([4-(1H-indol-6-yl) piperazin-1-
yl) (5-methylpyrazin-2-yl) methanone) is the best B-RAF inhibitor 
amongst all tested compounds. Synthesis of this compound can be 
carried out using the procedure from the literature. Furthermore, 
this compound can be tested on mutant BRAF cell lines. In 
addition to this, enzyme inhibition studies can also be carried out 
to check their correlation with the results of in silico studies.

REFERENCES
1.	 Mohs RC, Greig NH. Drug discovery and development: Role of basic 

biological research. Alzheimers Dement (N Y) . 2017;3(4):651-7.

2.	 Sethi A, Joshi K, Sasikala K, Alvala M. Molecular docking in modern 
drug discovery: Principles and recent applications. Drug Discovery. 
2019;2:1-21.

3.	 Vieira TF, Sousa SF. Comparing AutoDock and Vina in ligand/decoy 
discrimination for virtual screening. Appl. 2019;9(21):4538.

4.	 Butt SS, Badshah Y, Shabbir M, Rafiq M. Molecular docking using 
chimera and autodock vina software for nonbioinformaticians. JBB. 
2020;1(1):e14232.

5.	 Friesner RA, Banks JL, Murphy RB, Halgren TA, Klicic JJ, Mainz 
DT. Glide: a new approach for rapid, accurate docking and scoring. 
1. Method and assessment of docking accuracy. J.Med.Chem. 
2004;47(7):1739-49.

6.	 Verdonk ML, Cole JC, Hartshorn MJ, Murray CW, Taylor 
RD. Improved protein–ligand docking using GOLD. Proteins. 
2003;52(4):609-23.

7.	 McCain J. The MAPK (ERK) pathway: investigational combinations 
for the treatment of BRAF-mutated metastatic melanoma. P 
T.2013;38(2):96.

8.	 Caputo F, Santini C, Bardasi C, Cerma K, Casadei-Gardini A, 
Spallanzani A et al. BRAF-mutated colorectal cancer: clinical and 
molecular insights. Int.J.Mol.Sci.2019; 20(21):5369.

9.	 Molina-Cerrillo J, San Román M, Pozas J, Alonso-Gordoa T, Pozas M, 
Conde E et al. BRAF Mutated Colorectal Cancer: New Treatment 
Approaches. Cancers (Basel) 2020;12(6):1571.

10.	 Crispo F, Notarangelo T, Pietrafesa M, Lettini G, Storto G, 
Sgambato A et al. BRAF inhibitors in thyroid cancer: clinical impact, 
mechanisms of resistance and future perspectives. Cancers (Basel). 
2019;11(9):1388.

11.	 O’Leary CG, Andelkovic V, Ladwa R, Pavlakis N, Zhou C, Hirsch F 
et al. Targeting BRAF mutations in non-small cell lung cancer. Transl 
Lung Cancer Res. 2019;8(6):1119.

12.	 Blombery PA, Wong SQ, Hewitt CA, Dobrovic A, Maxwell EL, Juneja 
S et al. Detection of BRAF mutations in patients with hairy cell 
leukemia and related lymphoproliferative disorders. Haematologica. 
2012;97(5):780.

Figure 10: Docking of compound A7 (5-(propylsulfanyl)-1H-
benzimidazol-2-amine) on 4XV9.

Figure 11: Docking of compound A7 (5-(propylsulfanyl)-1H-benzimidazol-
2-amine) on 4XV9 Docking of compound D3 ([4-(6-aminopyrimidin-4-
yl) piperazin-1-yl](5-methylpyrazin-2-yl)methanone) on 4XV9.

https://www.sciencedirect.com/science/article/pii/S2352873717300653
https://www.sciencedirect.com/science/article/pii/S2352873717300653
https://www.sciencedirect.com/science/article/pii/S2352873717300653
https://www.sciencedirect.com/science/article/pii/S2352873717300653
https://www.mdpi.com/2076-3417/9/21/4538
https://www.mdpi.com/2076-3417/9/21/4538
https://bioinform.jmir.org/2020/1/e14232/
https://bioinform.jmir.org/2020/1/e14232/
https://pubs.acs.org/doi/abs/10.1021/jm0306430
https://pubs.acs.org/doi/abs/10.1021/jm0306430
https://onlinelibrary.wiley.com/doi/abs/10.1002/prot.10465
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3628180/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3628180/
https://www.mdpi.com/2072-6694/12/6/1571
https://www.mdpi.com/2072-6694/12/6/1571
https://www.mdpi.com/2072-6694/11/9/1388
https://www.mdpi.com/2072-6694/11/9/1388
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC6976351/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC6976351/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC6976351/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3342983/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3342983/


8

Kalia M et al. OPEN ACCESS Freely available online

Drug Des, Vol.11 Iss. 2 No:1000204

13.	 Ojaswi G, Divya N, Digna P. Melanoma and its Drug Targets. Res J 
Pharm Technol. 2016;9(5):562-70.

14.	 Welsh SJ, Corrie PG. Management of BRAF and MEK inhibitor 
toxicities in patients with metastatic melanoma. Ther Adv Med 
Oncol. 2015;7(2):122-36.  

15.	 Goud NS, Kumar P, Bharath RD. Recent developments of target 
based coumarin derivatives as potential anticancer agents. Mini Rev 
Med Chem. 2020;20(17):1754-66.

16.	 Yadav S, Narasimhan B. Perspectives of benzimidazole derivatives 
as anticancer agents in the new era. Curr Med Chem Anticancer 
Agents.2016;16(11):1403-25.

17.	 Florio R, Carradori S, Veschi S, Brocco D, Di Genni T, Cirilli R 
et al. Screening of benzimidazole-based anthelmintics and their 
enantiomers as repurposed drug candidates in cancer therapy. 
Pharmaceuticals (Basel).2021;14(4):372.

18.	 Rashid M, Husain A, Shaharyar M, Sarafroz M. Anticancer activity 
of new compounds using benzimidazole as a scaffold. Anticancer 
Agents Med Chem.2014;14(7):1003-18.

19.	 Tahlan S, Kumar S, Kakkar S, Narasimhan B. Benzimidazole 
scaffolds as promising antiproliferative agents: a review. BMC Chem. 
2019;13(1):1-6.

20.	 Srilaxmi D, Sreenivasulu R, Mak KK, Pichika MR, Jadav SS, Ahsan 
MJ et al. Design, synthesis, anticancer evaluation and molecular 
docking studies of chalcone linked pyrido [4, 3-b] pyrazin-5 (6H)-one 
derivatives. J. Mol. Struct.2021;1229:129851.

21.	 Mamedova G, Mahmudova A, Mamedov S, Erden Y, Taslimi P, Tüzün 
B et al. Novel tribenzylaminobenzolsulphonylimine based on their 
pyrazine and pyridazines: Synthesis, characterization, antidiabetic, 
anticancer, anticholinergic, and molecular docking studies. Bioorg. 
Chem.2019;93:103313.

22.	 Suk FM, Liu CL, Hsu MH, Chuang YT, Wang JP, Liao YJ. Treatment 
with a new benzimidazole derivative bearing a pyrrolidine side chain 
overcomes sorafenib resistance in hepatocellular carcinoma. Sci. Rep. 
2019;9(1):1-0.

23.	 Chu B, Liu F, Li L, Ding C, Chen K, Sun Q et al. A benzimidazole 
derivative exhibiting antitumor activity blocks EGFR and HER2 
activity and upregulates DR5 in breast cancer cells. Cell Death Dis. 
2015;6(3):e1686.

24.	 Ibrahim HA, Refaat HM. Versatile mechanisms of 2-substituted 
benzimidazoles in targeted cancer therapy. Future J. Pharm. Sci. 
2020;6(1):1-20.

25.	 Seo Y, Lee JH, Park SH, Namkung W, Kim I. Expansion of chemical 
space based on a pyrrolo [1, 2-a] pyrazine core: Synthesis and its 
anticancer activity in prostate cancer and breast cancer cells. Eur J 
Med Chem. 2020;188:111988.

26.	 Zhang B, Liu X, Xiong H, Zhang Q, Sun X, Yang Z et al. Discovery 
of [1, 2, 4] triazolo [4, 3-a] pyrazine derivatives bearing a 4-oxo-
pyridazinone moiety as potential c-Met kinase inhibitors. New J 
Chem. 2020;44(21):9053-63.

27.	 El-Kashef H, El-Emary T, Verhaeghe P, Vanelle P, Samy M. Anticancer 
and anti-inflammatory activities of some new pyrazolo [3, 4-b] 
pyrazines. Molecules. 2018;23(10):2657.

28.	 Lee JW, Lee B, Kim ND. Synthesis of 2-(allylthio) pyrazines as a novel 
cancer chemopreventive agent. Arch Pharm Res. 2001;24(1):16-20.

29.	 Raveesha R, Kumar MG, Prasad SB. Synthesis of 3-Trifluoromethyl-5, 
6-dihydro-[1, 2, 4] triazolo Pyrazine Derivatives and Their Anti-Cancer 
Studies. Molbank. 2020;2020(4):M1173.

30.	 Myadaraboina S, Alla M, Saddanapu V, Bommena VR, Addlagatta 
A. Structure activity relationship studies of imidazo [1, 2-a] pyrazine 
derivatives against cancer cell lines. Eur. J. Med. Chem.2010; 

45(11):5208-16.

31.	 El Rashedy AA, Aboul-Enein HY. Benzimidazole derivatives as 
potential anticancer agents. Mini reviews in medicinal chemistry. 
2013;13(3):399-407.

32.	 Goel R, Luxami V, Paul K. Synthesis, in vitro anticancer activity and 
SAR studies of arylated imidazo [1, 2-a] pyrazine–coumarin hybrids. 
RSC Adv. 2015;5(47):37887-95.

33.	 Tumova L, Tuma J, Dolezal M. Pyrazinecarboxamides as potential 
elicitors of flavonolignan and flavonoid production in Silybum 
marianum and Ononis arvensis cultures in vitro. Molecules. 
2011;16(11):9142-52.

34.	 Khabnadideh S, Rezaei Z, Pakshir K, Zomorodian K, Ghafari N. 
Synthesis and antifungal activity of benzimidazole, benzotriazole and 
aminothiazole derivatives. Res Pharm Sci. 2012;7(2):65.

35.	 Keng Yoon Y, Ashraf Ali M, Choon TS, Ismail R, Chee Wei A, Suresh 
Kumar R et al. Antituberculosis: synthesis and antimycobacterial 
activity of novel benzimidazole derivatives. Biomed Res Int. 2013.

36.	 Krishnanjaneyulu IS, Saravanan G, Vamsi J, Supriya P, Bhavana JU, 
Kumar MV. Synthesis, characterization and antimicrobial activity of 
some novel benzimidazole derivatives. J Adv Pharm Technol Res. 
2014;5(1):21.

37.	 Roymahapatra G, M Mandal S, F Porto W, Samanta T, Giri S, Dinda 
J et al. Pyrazine functionalized Ag (I) and Au (I)-NHC complexes are 
potential antibacterial agents. Curr Med Chem. 2012; 19(24):4184-
93.]  .

38.	 Yu B, Zhou S, Cao L, Hao Z, Yang D, Guo X et al. Design,Synthesis, 
and evaluation of the antifungal activity of novel pyrazole–thiazole 
carboxamides as succinate dehydrogenase inhibitors. J. Agric. Food 
Chem. 2020; 68(27):7093-102.

39.	 Reddyrajula R, Dalimba U. The bioisosteric modification of 
pyrazinamide derivatives led to potent antitubercular agents: 
Synthesis via click approach and molecular docking of pyrazine-1, 2, 
3-triazoles. Bioorganic Med. Chem. 2020;30(2):126846.

40.	 Matallanas D, Birtwistle M, Romano D, Zebisch A, Rauch J, von 
Kriegsheim A et al. Raf family kinases: old dogs have learned new 
tricks. Genes and cancer.2011;2(3):232-60.

41.	 Sugiura R, Satoh R, Takasaki T. ERK: A double-edged sword in 
cancer. ERK-dependent apoptosis as a potential therapeutic Strategy 
for cancer. Cells. 2021;10(10):2509.

42.	 Hussain MR, Baig M, Mohamoud HS, Ulhaq Z, Hoessli DC, Khogeer 
GS, et al. BRAF gene: From human cancers to developmental 
syndromes. Saudi J Biol Sci. 2015;22(4):359-73.

43.	 Mahapatra A, Prasad T, Sharma T. Pyrimidine: A review on anticancer 
activity with key emphasis on SAR. Future J. Pharm. Sci. 2021; 7(1):1-
38.

44.	 Lee Jr JT, McCubrey JA. The Raf/MEK/ERK signal transduction 
cascade as a target for chemotherapeutic intervention in leukemia. 
Leukemia. 2002;16(4):486-507.

45.	 Kim G, McKee AE, Ning YM, Hazarika M, Theoret M, Johnson JR et 
al. FDA approval summary: vemurafenib for treatment of unresectable 
or metastatic melanoma with the BRAFV600E mutation. Clin 
Cancer Res. 2014; 20(19):4994-5000.

46.	 Ballantyne AD, Garnock-Jones KP. Dabrafenib: first global approval. 
Drugs.2013;73(12):1367-76.

47.	 Marpaung DN, Siregar LF, Pongkendek JJ. Effect of using chemsketch 
on teaching molecular shape of hydrocarbon to increase student’s 
achievement. InJournal of Physics: Conference Series 2020 (1569, 
No. 4, p. 042101). IOP Publishing. 

https://www.indianjournals.com/ijor.aspx?target=ijor:rjpt&volume=9&issue=5&article=019
https://journals.sagepub.com/doi/full/10.1177/1758834014566428
https://journals.sagepub.com/doi/full/10.1177/1758834014566428
https://www.ingentaconnect.com/content/ben/mrmc/2020/00000020/00000017/art00007
https://www.ingentaconnect.com/content/ben/mrmc/2020/00000020/00000017/art00007
https://www.ingentaconnect.com/content/ben/acamc/2016/00000016/00000011/art00006
https://www.ingentaconnect.com/content/ben/acamc/2016/00000016/00000011/art00006
https://www.mdpi.com/1424-8247/14/4/372
https://www.mdpi.com/1424-8247/14/4/372
https://www.ingentaconnect.com/content/ben/acamc/2014/00000014/00000007/art00010
https://www.ingentaconnect.com/content/ben/acamc/2014/00000014/00000007/art00010
https://link.springer.com/article/10.1186/s13065-019-0579-6
https://link.springer.com/article/10.1186/s13065-019-0579-6
https://www.sciencedirect.com/science/article/abs/pii/S0022286020321645
https://www.sciencedirect.com/science/article/abs/pii/S0022286020321645
https://www.sciencedirect.com/science/article/abs/pii/S0022286020321645
https://www.sciencedirect.com/science/article/abs/pii/S0045206819313860
https://www.sciencedirect.com/science/article/abs/pii/S0045206819313860
https://www.sciencedirect.com/science/article/abs/pii/S0045206819313860
https://www.nature.com/articles/s41598-019-53863-2
https://www.nature.com/articles/s41598-019-53863-2
https://www.nature.com/articles/s41598-019-53863-2
https://www.nature.com/articles/cddis201525.
https://www.nature.com/articles/cddis201525.
https://www.nature.com/articles/cddis201525.
https://fjps.springeropen.com/articles/10.1186/s43094-020-00048-8
https://fjps.springeropen.com/articles/10.1186/s43094-020-00048-8
https://www.sciencedirect.com/science/article/abs/pii/S0223523419311407
https://www.sciencedirect.com/science/article/abs/pii/S0223523419311407
https://www.sciencedirect.com/science/article/abs/pii/S0223523419311407
https://pubs.rsc.org/en/content/articlelanding/2020/nj/d0nj00575d/unauthhttps://pubs.rsc.org/en/content/articlelanding/2020/nj/d0nj00575d/unauthhttp://Discovery of [1, 2, 4] triazolo [4, 3-a] pyrazine derivatives bearing a 4-oxo-pyridazinone moiety as
https://pubs.rsc.org/en/content/articlelanding/2020/nj/d0nj00575d/unauthhttps://pubs.rsc.org/en/content/articlelanding/2020/nj/d0nj00575d/unauthhttp://Discovery of [1, 2, 4] triazolo [4, 3-a] pyrazine derivatives bearing a 4-oxo-pyridazinone moiety as
https://pubs.rsc.org/en/content/articlelanding/2020/nj/d0nj00575d/unauthhttps://pubs.rsc.org/en/content/articlelanding/2020/nj/d0nj00575d/unauthhttp://Discovery of [1, 2, 4] triazolo [4, 3-a] pyrazine derivatives bearing a 4-oxo-pyridazinone moiety as
https://www.mdpi.com/1420-3049/23/10/2657
https://www.mdpi.com/1420-3049/23/10/2657
https://www.mdpi.com/1420-3049/23/10/2657
https://link.springer.com/article/10.1007/BF02976487
https://link.springer.com/article/10.1007/BF02976487
https://link.springer.com/article/10.1007/BF02976487
https://link.springer.com/article/10.1007/BF02976487
https://link.springer.com/article/10.1007/BF02976487
https://www.sciencedirect.com/science/article/abs/pii/S0223523410006136
https://www.sciencedirect.com/science/article/abs/pii/S0223523410006136
https://europepmc.org/article/med/23190032
https://europepmc.org/article/med/23190032
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra00584a/unauth
https://pubs.rsc.org/en/content/articlelanding/2015/ra/c5ra00584a/unauth
https://www.mdpi.com/1420-3049/16/11/9142
https://www.mdpi.com/1420-3049/16/11/9142
https://www.mdpi.com/1420-3049/16/11/9142
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3501901/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3501901/
https://www.hindawi.com/journals/bmri/2013/926309/
https://www.hindawi.com/journals/bmri/2013/926309/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3960790/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC3960790/
https://www.ingentaconnect.com/content/ben/cmc/2012/00000019/00000024/art00014
https://www.ingentaconnect.com/content/ben/cmc/2012/00000019/00000024/art00014
https://pubs.acs.org/doi/abs/10.1021/acs.jafc.0c00062
https://pubs.acs.org/doi/abs/10.1021/acs.jafc.0c00062
https://pubs.acs.org/doi/abs/10.1021/acs.jafc.0c00062
https://www.sciencedirect.com/science/article/abs/pii/S0960894X19308200
https://www.sciencedirect.com/science/article/abs/pii/S0960894X19308200
https://www.sciencedirect.com/science/article/abs/pii/S0960894X19308200
https://www.sciencedirect.com/science/article/abs/pii/S0960894X19308200
https://journals.sagepub.com/doi/abs/10.1177/1947601911407323
https://journals.sagepub.com/doi/abs/10.1177/1947601911407323
https://www.mdpi.com/2073-4409/10/10/2509
https://www.mdpi.com/2073-4409/10/10/2509
https://www.mdpi.com/2073-4409/10/10/2509
https://www.sciencedirect.com/science/article/pii/S1319562X14001314
https://www.sciencedirect.com/science/article/pii/S1319562X14001314
https://link.springer.com/article/10.1186/s43094-021-00274-8
https://link.springer.com/article/10.1186/s43094-021-00274-8
https://www.nature.com/articles/2402460
https://www.nature.com/articles/2402460
https://clincancerres.aacrjournals.org/content/20/19/4994.short
https://clincancerres.aacrjournals.org/content/20/19/4994.short
https://link.springer.com/article/10.1007/s40265-013-0095-2
https://iopscience.iop.org/article/10.1088/1742-6596/1569/4/042101/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1569/4/042101/meta
https://iopscience.iop.org/article/10.1088/1742-6596/1569/4/042101/meta


9

Kalia M et al. OPEN ACCESS Freely available online

Drug Des, Vol.11 Iss. 2 No:1000204

48.	 O'Boyle NM, Banck M, James CA, Morley C, Vandermeersch 
T, Hutchison GR. Open Babel: An open chemical toolbox. J 
Cheminform. 2011;3(1):1-4.

49.	 Forli S, Huey R, Pique ME, Sanner MF, Goodsell DS, Olson AJ. 
Computational protein–ligand docking and virtual drug screening 
with the AutoDock suite. Nat Protoc. 2016; 11(5):905-19.

50.	 Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell 
DS et al. AutoDock4 and AutoDockTools4: Automated docking with 
selective receptor flexibility. J Comput Chem. 2009; 30(16):2785-91. 

51.	 https://www.rcsb.org

52.	 El-Nassan HB. Recent progress in the identification of BRAF 
inhibitors as anti-cancer agents. Eur J Med Chem. 2014;72:170-205.

53.	 Khan M, Khan S, Salar U, Khan KM, Rehman G, Gul N et al. Biology-
oriented Drug Synthesis (BIODS), Structural Characterization and 
Bioactivities of Novel Albendazole Derivatives. Lett Drug Des Discov. 
2019;16(12):1329-38.

54.	 Lin Y, Ong YC, Keller S, Karges J, Bouchene R, Manoury E et al. 
Synthesis, characterization and antiparasitic activity of organometallic 
derivatives of the anthelmintic drug albendazole. Dalton Trans. 
2020;49(20):6616-26.

55.	 Hareesh HN, Nagananda GS, Minchitha KU, Swetha S, Ganai 
SA, Dhananjaya BL et al. Synthesis, free radical scavenging activity, 
antimicrobial and molecular docking studies of novel pyrazine 
2-carboxylic acid derivatives of piperazines. Res. J. Pharm. Biol. 
Chem. Sci. 2015;6(4):1914-26.

56.	 Guerrero-Perilla C, Bernal FA, Coy-Barrera ED. Molecular docking 
study of naturallyoccurring compounds as inhibitors of N-myristoyl 
transferase towards antifungal agents discovery. Revista Colombiana 
de Ciencias Químico-Farmacéuticas. 2015;44(2):162-78.

57.	 Schneider M. Chémoinformatique intégrative pour guider la 
conception des médicaments: Application à la re-conception d’un 
inhibiteur clinique de kinase protéinique (Doctoral dissertation, 
Université Montpellier).

58.	 Azam SS, Abbasi SW. Molecular docking studies for the 
identification of novel melatoninergic inhibitors for acetylserotonin-
O-methyltransferase using different docking routines. Theor Biol 
Med Model.2013; 10(1):1-6.

59.	 Tehrani MB, Emani P, Rezaei Z, Khoshneviszadeh M, Ebrahimi M, 
Edraki N et al. Phthalimide-1, 2, 3-triazole hybrid compounds as 
tyrosinase inhibitors; synthesis, biological evaluation and molecular 
docking analysis. J. Mol. Struct. 2019;1176:86-93.

60.	 Shivanika C, Kumar D, Ragunathan V, Tiwari P, Sumitha 
A. Molecular docking, validation, dynamics simulations, and 
pharmacokinetic prediction of natural compounds against the SARS-
CoV-2 main-protease. J Biomol Struct Dyn. 2020:1.

61.	 Hevener KE, Zhao W, Ball DM, Babaoglu K, Qi J, White SW et 
al. Validation of molecular docking programs for virtual screening 
against dihydropteroate synthase. J Chem Inf Model. 2009;49(2):444-
60.

62.	 Shivanika C, Kumar D, Ragunathan V, Tiwari P, Sumitha 
A. Molecular docking, validation, dynamics simulations, and 
pharmacokinetic prediction of natural compounds against the SARS-
CoV-2 main-protease. J. Biomol. Struct. 2020:1.

63.	 Agostino M, Jene C, Boyle T, Ramsland PA, Yuriev E. Molecular 
docking of carbohydrate ligands to antibodies: structural validation 
against crystal structures. J. Biomol. Struct. 2009;49(12):2749-60.

https://jcheminf.biomedcentral.com/articles/10.1186/1758-2946-3-33
https://www.nature.com/articles/nprot.2016.051
https://www.nature.com/articles/nprot.2016.051
https://onlinelibrary.wiley.com/doi/full/10.1002/jcc.21256
https://onlinelibrary.wiley.com/doi/full/10.1002/jcc.21256
https://www.rcsb.org/
https://www.sciencedirect.com/science/article/abs/pii/S0223523413007605
https://www.sciencedirect.com/science/article/abs/pii/S0223523413007605
https://www.ingentaconnect.com/content/ben/lddd/2019/00000016/00000012/art00005
https://www.ingentaconnect.com/content/ben/lddd/2019/00000016/00000012/art00005
https://www.ingentaconnect.com/content/ben/lddd/2019/00000016/00000012/art00005
https://pubs.rsc.org/en/content/articlelanding/2020/dt/d0dt01107j/unauth
https://pubs.rsc.org/en/content/articlelanding/2020/dt/d0dt01107j/unauth
https://www.anjs.edu.iq/index.php/anjs/article/view/1742
https://www.anjs.edu.iq/index.php/anjs/article/view/1742
https://www.anjs.edu.iq/index.php/anjs/article/view/1742
http://www.scielo.org.co/scielo.php?pid=S0034-74182015000200003&script=sci_arttext&tlng=en
http://www.scielo.org.co/scielo.php?pid=S0034-74182015000200003&script=sci_arttext&tlng=en
http://www.scielo.org.co/scielo.php?pid=S0034-74182015000200003&script=sci_arttext&tlng=en
https://tel.archives-ouvertes.fr/tel-02485659/
https://tel.archives-ouvertes.fr/tel-02485659/
https://tel.archives-ouvertes.fr/tel-02485659/
https://tel.archives-ouvertes.fr/tel-02485659/
https://tbiomed.biomedcentral.com/articles/10.1186/1742-4682-10-63
https://tbiomed.biomedcentral.com/articles/10.1186/1742-4682-10-63
https://tbiomed.biomedcentral.com/articles/10.1186/1742-4682-10-63
https://www.sciencedirect.com/science/article/abs/pii/S0022286018309827
https://www.sciencedirect.com/science/article/abs/pii/S0022286018309827
https://www.sciencedirect.com/science/article/abs/pii/S0022286018309827
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7573242/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7573242/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7573242/
https://pubs.acs.org/doi/abs/10.1021/ci800293n
https://pubs.acs.org/doi/abs/10.1021/ci800293n
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7573242/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7573242/
https://www.ncbi.nlm.nih.gov/labs/pmc/articles/PMC7573242/
https://pubs.acs.org/doi/abs/10.1021/ci900388a
https://pubs.acs.org/doi/abs/10.1021/ci900388a
https://pubs.acs.org/doi/abs/10.1021/ci900388a

