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A novel series of 3-substituted pyrido[2,3-b]pyrazine derivatives were synthesized using Suzuki and 

Buchwald-Hartwig coupling reactions. All the synthesized derivatives were screened for in-vitro 

anti-inflammatory activities as inhibitors of pro-cytokines TNF-alpha and IL-6. Among them, 

compounds 7a, 7b, 7d, 9a and 9c showed LPS-induced TNF-α secretion of 79 ± 1.2, 98.5 ± 1.6, 

95.5 ± 2.1, 92.4 ± 1.9, and 88.9 ± 1.2 pg mL-1 respectively at a concentration of 20 μM. Similarly, 

compounds 7a, 7b and 7d, 9a and 9c showed LPS-induced IL-6 secretion of 59.5 ± 2.1, 77 ± 2.1, 

89 ± 2.4, 65.4 ± 2.1, and 74 ± 1.9 pg mL-1 respectively at a concentration of 20 μM. In addition, the 

compounds were tested for cytotoxic activity against A549, MCF-7, K562 & Hela cancer cell lines 

and all the compounds showed good biological profiles on cancer cell lines. In silico studies revealed 

that compounds 9a and 9b could bind strongly with the active site of the TNF-α protein structure 

and formed three hydrogen bonds with Gln61, Tyr151 amino acids with binding energies of -5.9 

and -5.7 kcal/mol. Compound 9b formed three strong hydrogen bonds with amino acids of the TGF-

β protein with a binding energy of -6.0 kcal/mol. Compound 7e bound strongly with the KRAS 

protein structure, making seven strong hydrogen bonds with amino acids Gly13, Val29, Asn116, 

Asp119, Ser145 and Ala146, each with a binding energy of -8.0 kcal/mol. Compound 7b bound 

strongly with the KRAS protein structure, making four strong hydrogen bonds with amino acids 

Asn116, Lys117, Asp119, Ser145, each with a binding energy of -8.2 kcal/mol. 
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The biological activity of nitrogen-containing 

heterocyclic compounds is well established. This makes 

them attractive targets for researchers for the synthesis 

of novel motifs.[1] Pyrazines are the most important 

nitrogen-containing heterocyclic compounds in 

biological and pharmaceutical molecules [1b, 1c]. Some 

pyrido pyrazine derivatives are predicted to be used to 

modulate the serine-threonine protein kinases function, 

anticancer, CHK1 inhibitor, Trypanosoma brucei 

inhibitor, antimalarial, GSK3β inhibitor, PDK inhibitor, 

and anticonvulsant activities [3]. As claimed by WHO, 

cancer is the second greatest cause of death universally, 

and is accountable for 9.6 million deaths in 2018, while 

12 million deaths are projected annually by 2030. In the 

same way, it is becoming a major public health problem 

in developing countries. Cancer is the unrepressed 

development of anomalous cells in the human body. The 

growth often invades surrounding tissues and can 

metastasize to distant sites.  To deal with different types 

of cancers, several treatment methods are now available. 

Subsequently, the invention of new anti-cancer agents 

has become a strategic aim worldwide [4].  But 90-95% 

of cancers can be affected by factors like infections, 

viruses, hormones, obesity, tobacco, chemicals, 

radiation and changes in lifestyle. Most cancers can be 

cured by radiology, chemotherapy and surgery[5]. 

Gefitinib (Anti-cancer), Tucatinib (Anti-cancer), 

Pazopanib Hydrochloride (Anti-cancer), and 

Esomeprazole Sodium (Anti-Inflammatory) are existing 

anti-cancer drugs currently available in the market 

which are nitrogen-containing heterocyclic compounds 

(shown in Figure 1). 
 

Inflammation is an organism’s response to 

infection or injury, and long-term inflammation may be 

caused by various long-lasting diseases such as cancer, 

atherosclerosis, cardiovascular diseases, neurological 

diseases, rheumatoid arthritis, and high fever [6-10]. Acute 

immune system acts as inflammatory mediators such as 

the cytokine receptors, chemokines leukotrienes, 

prostaglandins and interferons [11-12]. Among various 

cytokines, tumour necrosis factor-α (TNF-α) and 

interleukin-6 (IL-6) are the major pro-inflammatory 

cytokines involved in inflammatory bowel disease 

(IBD) [13-14]. Cytokine inhibition has become a popular 

research area for the development of biologically active 
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Figure 1. Biologically active nitrogen-containing heterocyclic compounds possessing pyrimidine, pyridine and 

quinoxaline skeletons. 

 

 

molecules [15]. The TNF-α cytokine is responsible for 

various pathological circumstances like heart disease, 

diabetes, ulcerative colitis, multiple sclerosis and 

atherosclerosis [16-17]. IL-6 inhibitors can be used in 

Alzheimer’s disease, psychiatric disorders, cancer, 

diabetes, and depression. Currently, non-steroidal anti-

inflammatory drugs (NSAIDs), immune selective anti-

inflammatory derivatives and TNF inhibitors are used to 

treat inflammation. Although drug treatment has 

improved to some extent, it is still a challenging task for 

researchers to discover the most effective and potent 

therapeutic agents to treat inflammation and to decrease 

the symptoms of acute and chronic inflammatory 

diseases [18]. Pyrido[2,3-b] pyrazine derivatives have 

important biological properties such as anti-cancer [19], 

anti-inflammation [20], anti-fungal [21], anti-bacterial [22], 

anti-tumor [23] etc. Several methods were developed by 

researchers to synthesise pyrido[2,3-b]pyrazines by 

condensation of an aryl-1,2-diamine with a 1,2-

dicarbonyl using  PEG‐ 400[24], Ultra sound[25], 

microwave[26], TBBDA/PBBS[27], RuCl‐(PPh3)3‐

TEMPO[28], LiBr[29], MK‐10[30], InCl3[31], Zn/proline[32], 

Ga(OTf)3
[33], HClO4‐SiO2

[34], cyclodextrins in water[35], 

FeMAP[36], TiO2‐P25[37], ZnO‐beta zeolite[38] and silica‐

supported antimony(III) chloride[39] as catalysts. Because 

of their significant biological activity, we have focused on 

the development of novel pyrido[2,3-b]pyrazine 

derivatives and assessment of their biological activities 

on pro-cytokines TNF-alpha and IL-6 as anti-

inflammatory inhibitors and cytotoxic activity against 

A549, MCF-7, K562 and Hela cancer cell lines. 
 

RESULTS AND DISCUSSION 

 

1. Synthetic Studies 

 

The synthesis of pyrido[2,3-b]pyrazine derivatives is 

shown in Scheme 1. The key intermediate 5 was 

synthesized from the reaction of 4-methyl-3-

nitropyridin-2-amine (1) by bromination to get 

compound 2 from which reduction (nitro to amine) 

took place to obtain compound 3. This diamine 

intermediate 3 was treated with glyoxylic acid 

monohydrate to get cyclized compound 4, which was 

chlorinated further using POCl3 to get compound 5. 

Compound 5 and boronic acid were screened with 

different palladium catalysts such as 

Pd(dppf)Cl2.CH2Cl2, Pd(OAc)2, Pd(PPh3)4 and 

Pd(PPh3)2Cl2 with altered bases such as CS2CO3, 

Na2CO3, K2CO3 , DIPEA and TEA of 1,4 

Dioxane/H2O, Toluene/H2O and THF/H2O solvents. 

Among all, the best outcome was found with 

Pd(dppf)Cl2.CH2Cl2, K2CO3 and 1,4 dioxane/H2O, 

which afforded an 88% yield of the desired products 

(7a-7e) after 3 h in a 100oC bath. To prepare N-arylated 

compounds (9a-9e), compound 5 and amine were 

treated with different palladium catalysts such as 

Pd2(dba)3/Xantphos, Pd2(dba)3/BINAP, Pd(OAc)2/ 

Xantphos, Pd(OAc)2/XPhos and bases such as a 

CS2CO3, K2CO3, Na2CO3 and KOtBu of 1,4 Dioxane, 

DMF and toluene solvents. Pd2(dba)3/Xantphos, 

CS2CO3, DMF resulted in a 75% yield of desired 

products after 5 h in a 100oC bath. [36-39]. 
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Scheme 1: Reagents and conditions:  a) Br2/AcOH, NaOAc, 10°C; b) Fe/AcOH, Con.HCl, Ethanol-Water, reflux, 

3h; c) Glyoxylic acid monohydrate, 0.5 N NaOH solution, RT, 3h; d) POCl3, 60°C, 2h; e) PdCl2(dppf)2.CH2Cl2, 

K2CO3, 1,4-dioxane and water, 100oC (Bath), 3 h; f) Pd2dba3, Xanphos, Cs2CO3, DMF, 100oC (Bath), 5 h. 

 

 

 

 

Table 1. In-Vitro anti-inflammatory activity of test compounds 7a-7e and 9a-7e 

 

A. Inhibition of TNFα pro-inflammatory cytokine 

Test 

compound 

(µM) 

TNFα (pg mL-1) 

0 5 10 20 Normal 

7a 303 ± 2.1 295 ± 1.7 232 ± 2.3 98.5 ± 1.6 12.4 ± 1.1 

7b 309 ± 1.9 292 ± 2.1 212 ± 1.5 79 ± 1.2 13.1 ± 1.1 

7c 301 ± 1.9 299 ± 1.3 298 ± 1.8 292 ± 1.9 12.2 ± 0.9 

7d 403 ± 2.6 336 ± 1.8 287 ± 1.5 95.5 ± 2.1 12.9 ± 1.1 

7e 309 ± 1.5 289 ± 1.6 283 ± 1.6 284 ± 1.7 12.4 ± 1.3 

9a 305 ± 1.5 278 ± 1.9 201 ± 1.6 92.4 ± 1.9 12.7 ± 1.1 

9b 401 ± 2.3 397 ± 2.2 394 ± 1.9 392 ± 1.7 12.5 ± 0.9 

9c 302 ± 1.7 298 ± 1.7 228 ± 1.6 88.9 ± 1.2 12.5 ± 0.7 

9d 309 ± 1.5 303 ± 1.4 299 ± 1.9 289 ± 1.2 12.9 ± 1.2 

9e 309 ± 1.9 308 ± 2.8 302 ± 1.5 301 ± 1.8 12.8± 1.2 
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B. Inhibition of IL-6 pro-inflammatory cytokine 

Test 

compound 

(µM) 

IL-6 (pg mL-1) 

0 5 10 20 Normal 

7a 301 ± 1.9 298 ± 2.1 154 ± 2.6 77 ± 2.1 11.1 ± 1.2 

7b 299 ± 2.2 281 ± 2.5 193 ± 1.9 59.5 ± 2.1 9.9 ± 0.9 

7c 292 ± 1.5 289 ± 1.8 287 ± 1.9 283 ± 2.1 11.5 ± 0.8 

7d 302 ± 1.3 298 ± 2.1 196 ± 2.1 89 ± 2.4 9.7 ± 0.9 

7e 298 ± 2.1 297 ± 2.1 291 ± 1.9 287 ± 2.1 11.2 ± 1.2 

9a 298 ± 1.2 239 ± 2.1 139 ± 2.2 65.4 ± 2.1 9.8 ± 1.1 

9b 301 ± 2.1 292 ± 2.5 289 ± 2.1 282 ± 1.9 11.2 ± 0.8 

9c 297 ± 1.9 273 ± 2.1 213 ± 2.2 74 ± 1.9 10.2 ± 1.2 

9d 289 ± 1.7 287 ± 2.1 283 ± 2.1 280 ± 1.9 9.9 ± 1.1 

9e 297 ± 1.1 252 ± 1.9 201 ± 1.9 198.3 ± 1.8 10.6 ± 1.4 

 

 

2. Biological Studies 

 

2.1. Anti-inflammatory Activity 

 

The anti-inflammatory activity of the test compounds 

was analyzed by measuring the release of pro-

inflammatory cytokines like TNF-α and IL-6 in RAW 

264.7 cells using ELISA. The analysis demonstrated 

that of all the test compounds, only 7a, 7b, 7d, 9a, and 

9c inhibited the secretion of LPS-stimulated cytokines 

(shown in Table-1). In control experiments where RAW 

cells were treated with only DMEM medium, the basal 

level of TNF-α and IL-6 secretion 7c and 7d were 12.2 

± 0.9 and 9.7 ± 0.9 pgmL-1 respectively. However, when 

the RAW cells were stimulated with 100 ng mL-1 LPS, 

the secretion of TNF-α and IL-6 increased to 403 ± 2.6 

and 302 ± 1.3 pg mL-1 respectively for test compound 

7d. Interestingly when RAW cells were treated at 20 μM 

with test compounds 7a, 7b, 7d, 9a and 9c, the LPS 

induced TNF-α secretion was reduced to 98.5 ± 1.6, 79 

± 1.2, 95.5 ± 2.1, 92.4 ± 1.9, and 88.9 ± 1.2 pg mL-1 

respectively. Similarly at 20 μM, test compounds 7a, 7b 

and 7d, 9a and 9c down-regulated the LPS induced IL-

6 secretion to 77 ± 2.1, 59.5 ± 2.1, 89 ± 2.4, 65.4 ± 2.1, 

and 74 ± 1.9 pg mL-1 respectively. 

 

Based on the above data, compounds 7a, 7b, 7d, 

9a and 9c exhibited significant effects with pro-

cytokines TNF-alpha and IL-6 cells using ELISA in 

RAW 264.7. 

 

2.2. Cytotoxicity Studies 

 

The cytotoxicity of the test compounds was assessed 

using MTT cell proliferation assay. The IC50 results 

exhibited by test compounds against different cancer 

cell lines were shown in Table-2. From the above graph, 

it was evident that except for compound 9c, all the test 

compounds showed moderate to good cytotoxic activity 

against the tested cancer cell lines. In the case of A549 

carcinoma cells, test compound 9d showed promising 

activity, while 7e, 9a and 7c showed respectable 

anticancer activity. Test compounds 9d, 7d, 7a, 9e and 

7b exhibited good cytotoxicity against MCF-7 cancer 

cells. Further, exceptional anticancer activity was 

observed against Hela carcinoma cells by 9a, 9d, 7b, 7c 

and 7d. Test compounds 9a, 9d and 7d showed good 

anticancer activity against K562 carcinoma cells in 

comparison to control cells. However, no toxicity was 

shown by all examined compounds against the normal 

HEK293 cells.
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Figure 2. IC50 values of test compounds against different cancer cell lines. 

 

 

 

Table 2. In-Vitro cytotoxic activity of test compounds 7a-7e and 9a-9e 

 

Test Compound 

IC50μM 

A549 MCF-7 Hela K562 HEK293 

7a 12.30 ± 1.50 9.50 ± 1.70 3.90 ± 0.90 23.50 ± 1.90 NA 

7b 10.20 ± 1.20 8.90 ± 1.90 11.90 ± 1.20 NA NA 

7c 9.40 ± 0.9 10.90 ± 1.2 3.98 ± 0.80 NA NA 

7d NA 3.90 ± 0.90 8.70 ± 0.70 5.80 ± 1.20 NA 

7e 6.50 ± 1.10 18.90 ± 1.50 20.90 ± 1.20 12.40 ± 1.90 NA 

9a 7.30 ± 1.20 NA 2.80 ± 0.90 8.90 ± 1.20 NA 

9b NA 23.70 ± 1.20 19.40 ± 1.60 11.20 ± 0.90 NA 

9c NA NA NA NA NA 

9d 1.20 ± 0.20 2.30 ± 0.40 3.90 ± 0.90 4.40 ± 0.70 NA 

9e 10.80 ± 1.20 9.80 ± 0.80 20.90 ± 1.50 13.50 ± 1.80 NA 

Doxorubicin 0.50±0.20 0.69±0.50 0.54±0.30 0.71±0.45 NA 

NA- No Activity 

A549: Human alveolar adenocarcinoma cell line, HeLa-Human Cervical cancer cell line. 

MCF-7: Human breast adenocarcinoma cell line, K562- Human chronic myelogenous leukemia cell line. 

HEK 293: Human embryonic kidney cell line.  

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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3. In Silico Analysis 

 

3.1. Pharmacophore Analysis  

 

Drug-like properties of the bioactive molecules were 

examined based on Lipinski’s Rule of 5 and Veber’s 

Rule. The drug-like properties such as miLogP<5 

represent the dissolution of test compounds in 

octanol/water. Poor absorption or permeation are more 

likely when H-bond donors >5 (expressed as the sum of 

all OH and NH functional groups), H-bond acceptors 

(expressed as the sum of all N and O groups), molecular 

weight >500. Substrates for biological transporters are 

exceptions to the rule. Veber’s rule suggests that good 

oral bioavailability of compounds is based on properties 

of rotatable bonds ≤ 10, TPSA ≤140 Å2 or total 

hydrogen bonds (acceptors plus donors) ≤ 12. However, 

“violation” of one rule may not result in poor absorption 

(shown in Table 3 & Table 4 and highlighted in green). 

ADME and toxicity of the phytochemicals is predicted 

using the admetSAR online server. The ADMET 

properties include parameters based on human intestinal 

absorption (HIA), human oral bioavailability, Caco-2 

permeability, plasma protein binding, blood brain 

barrier penetration (BBB), acute toxicity, 

carcinogenicity, LD50 and mutagenicity.  

 

 

Table 3. Pharmacophore Analysis of selected chemicals based on Lipinski Rule of 5 

 

Ligand miLogP TPSA N 

atoms 

MW H 

Donors 

H 

Acceptors 

Rotatable 

bonds 

Volume 

7a 3.84 38.68 18 300.16 3 0 1 221.42 

7b 3.60 55.75 20 328.17 4 0 2 240.41 

7c 2.77 51.57 18 301.15 4 0 1 217.26 

7d 4.49 38.68 19 334.60 3 0 1 234.96 

7e 3.34 58.90 19 316.16 4 1 1 229.44 

9a 4.28 50.70 19 315.17 4 1 2 233.82 

9b 3.38 63.59 19 316.16 5 1 2 229.67 

9c 3.21 63.59 19 316.16 5 1 2 229.67 

9d 4.40 50.70 20 333.16 4 1 2 238.75 

9e 5.09 50.70 20 394.04 4 1 2 251.71 

 

 

 

Table 4. Bioactive properties of the synthesized compounds predicted using molinspiration. 

 

Properties 7a 7b 7c 7d 7e 9a 9b 9c 9d 9e 

GPCR Ligand -0.10 -0.09 -0.02 -0.05 0.01 0.00 0.15 0.12 -0.02 -0.01 

Ion Channel modulator 0.12 0.07 0.23 0.10 0.18 0.08 0.24 0.26 -0.04 0.04 

Kinase inhibitors 0.30 0.33 0.49 0.31 0.42 0.58 0.75 0.74 0.65 0.57 

Nuclear receptor ligand -0.65 -0.37 -0.66 -0.56 -0.37 -0.65 -0.70 -0.73 -0.67 -0.62 

Protease inhibitor -0.53 -0.54 -0.46 -0.53 -0.45 -0.30 -0.30 -0.19 -0.28 -0.29 

Enzyme inhibitor 0.30 0.27 0.43 0.27 0.39 0.31 0.49 0.39 0.24 0.27 
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Table 5. Sequence similarity search and templates identification to predict 3D complex protein structures using 

BLASTp. 

 

Proteins target Templates % of identity E-value Coverage 

A
n

ti
ca

n
ce

r 
p

ro
te

in
s 

AKT (NP_001014431.1) 
4EJN_A 99.33% 0.0 92% (2-446) 

3O96_A 100% 0.0 92% (2-443) 

BCL2 (NP_000624.2) 
2XA0_A 100.0% 7e-155 86% (1-207) 

5JSN_A 100.0% 2e-154 86% (1-207) 

KRAS (NP_004976.2) 
2MSC_B 100.0% 6e-138 98% (1-185) 

4DSN_A 99.47% 6e-138 99% (2-188) 

p53 (BAC16799.1) 5XZC_B 99.25% 0.0 67% (92-356) 

A
n

ti
-i

n
fl

am
m

at
o

ry
 

p
ro

te
in

s 

COX2 (AAA58433.1) 
6RZ3_A 99.13% 9e-172 58% (62-292) 

5F1A_A 99.82% 0.0 91% (19-570) 

NF-kB (P19838) 
5IKQ_A 99.82% 0.0 91% (19-569) 

1SVC_P 99.45% 0.0 37% (2-365) 

TGF-β (NP_001020018.1) 
2V2T_B 99% 0.0 37% (40-365) 

5E8V_A 98.08% 0.0 52% (262-574) 

TNF-α (P01375) 
6OP0_A 99.37% 6e-115 67% (76-233) 

5MU8_A 100.0% 8e-115 67% (77-233) 

 

 

 

Table 6. Protein structure validation of the 3D complex protein structures predicted using SAVES 

 

Properties Proteins Models ERRAT Verify 3D Ramachandran 

plot 

A
n

ti
-c

an
ce

r 

p
ro

te
in

s 

AKT 3O96_A 96.3815 83.48% (PASS) 92.8% 

BCL2 5JSN_A 99.2908 95.97% (PASS) 94.5% 

KRAS 2MSC_B 93.6416 100% (PASS) 88.0% 

P53 6RZ3 91.3649 100% (PASS) 90.2% 

A
n

ti
-

in
fl

am
m

at
o

ry
 

 P
ro

te
in

s 

COX2 5F1A_A 96.475 91.12% (PASS) 89.5% 

NF-kB 1SVC_P 80.5369 99.04% (PASS) 85.3% 

TGF-β 5E8V_A 99.262 90.54% (PASS) 91.7% 

TNF-α 5MU8_A 85.4545 80.26% (PASS) 91.2% 

 

 

3.2. Protein Structure Prediction and Modelling 

 

Using ligand-based drug discovery, the drug likeliness 

analysis is performed to screen the compounds based on 

Lipinski’s Rule of 5 and Veber’s Rule. Further, one can 

use the target receptors to predict the protein-drug 

interaction based on lock and key models. The 

anticancer proteins and anti-inflammatory protein 

sequences were retrieved from NCBI and similar 

templates were searched using the BLASTp tool (Table 

5). The best possible template sequences are used for 

homology modelling and protein structure validation 

(Table 6). Active site amino acids are identified by the 

CastP calculation server and the resultant protein 

structures are used for molecular docking against the 

selected chemical structures.   

 

3.3. Molecular Docking of Anti-inflammatory Proteins  

 

The anti-inflammatory inhibitors such as 7a-7e and 9a-

9e lead molecules are docked with target TNF-α and 

TGF-β proteins to the target active site amino acids. 

NFKB protein structure is docked with the chemical 

structures and results show the 7b structure formed 4 
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hydrogen bonds with Gly55, Gly69 and Lys80, with an 

interaction energy of -6.0 kcal/mol. 7c and 7d structures 

formed 2 hydrogen bonds with the interaction energy of 

-5.8 and -6.1 kcal/mol respectively within the active site 

regions of Gly55, Gly69 and Thr153 amino acids. 

COX2 protein was also docked with the selected 

chemical structures and showed strong interaction with 

the target amino acids. 9c and 9e showed strong 

interactions with COX2 protein within the active site 

regions of Gln203, Thr206, His207, and Tyr385 with 

binding energies of -8.3 and -7.8 Kcal/mol. Similarly, 

we also docked the TNF-α protein structure with 

selected chemical structures, and the results showed 9a 

and 9b formed 3 hydrogen bonds with Gln61, Tyr151 

amino acids with interaction energies of -5.9 and -

5.7kcal/mol. Another compound 9e formed 2 hydrogen 

bonds with Gln61 and Tyr151 amino acids with an 

interaction energy of -6.1 Kcal/mol. Another protein 

TGF-β was docked with selected chemical structures 

and the results showed 9b formed 3 hydrogen bonds 

with target receptors Ala414, Gly417, Ser432 with an 

interaction energy of -6.0Kcal/Mol. 9a also strong 

interactions with Gly417 and Ser432 with an interaction 

energy of -6.1Kcal/mol. Based on overall observations, 

anti-inflammatory proteins interacted with the selected 

lead molecules and the results showed 7b, 7c, 7d, 7e and 

9a, 9b and 9e compounds strongly interacted with 

NFKB, COX2, TNF-α and TGF-β proteins by forming 

4, 3, and 2 hydrogen bonds (highlighted with green color 

in Table 7) and these compounds can potentially be 

synthesized and used for anti-inflammatory activity 

against different cancer cell lines. 
 

 

Table 7. Molecular docking of anti-inflammatory proteins using AutoDock 4.2 

 

Ligands 

NF-kB COX2 TNF-α   TGF-β 

H-Bonds Bond 

energy 

H-Bonds Bond 

energy 

H-Bonds Bond 

energy 

H-Bonds Bond 

energy 

7a 0 -6.4 0 -8.8 0 -6.5 0 -6.8 

7b 4 -6.0 1 -8.5 0 -6.4 1 -6.4 

7c 2 -5.8 1 -7.5 1 -5.9 0 -6.3 

7d 2 -6.1 0 -8.7 0 -6.4 0 -6.6 

7e 1 -6.0 1 -8.4 0 -6.2 1 -6.7 

9a 0 -6.1 1 -8.2 3 -5.9 2 -6.1 

9b 0 -5.9 1 -8 3 -5.7 1 -6.0 

9c 0 -5.7 2 -7.8 0 -5.6 1 -6.0 

9d 0 -6.1 0 -8.6 1 -6.1 1 -6.1 

9e 0 -6.0 2 -8.3 2 -6.1 1 -6.2 

 

 

 

 
Figure 3. The docking interactions of compounds 9b and 9c at active site of NFKB protein 
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Figure 4. The docking interactions of compounds 9c and 9e at active site of COX2 protein. 

 

 

 

 
Figure 5. The docking interactions of compounds 9a and 9b at active site of TNF-alpha 

 

 

 

 
Figure 6. The docking interactions of compounds 9a and 9b at active site of TGF-beta protein. 
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3.4. Molecular Docking of Anti-cancer Proteins 

Using AutoDock 4.2. 

 

The anti-cancer inhibitors such as 7a-7e and 9a-9e lead 

molecules were docked with target p53, KRAS, BCL2 

and AKT proteins to the target active site amino acids. 

It was observed that when docking with p53 protein, 7a, 

7b, 7c and 7e strongly interacted with the target receptor 

by forming 3 and 2 hydrogen bonds with Leu111, 

Phe113, His115 and Asn268 amino acids with 

interaction energies of -7.3, -7.1, -6.7 and -6.5Kcal/mol. 

Similarly, we also performed docking of BCL2 with 

selected ligand compounds by forming 2 hydrogen 

bonds for 7d and 7e compounds with an interaction 

energy of -6.1 kcal/mol bound with Tyr108 and Gly145 

amino acids. We also performed docking studies with 

KRAS protein with selected lead molecules and the 

results showed 7e had 7 hydrogen bonds with Gly13, 

Val29, Asn116, Asp119, Ser145, and Ala146 with a 

binding energy of -8.0kcal/mol, while 7b formed 4 

hydrogen bonds with Asn116, Lys117, Asp119, and 

Ser145 amino acids with a binding energy of -8.2 

kcal/mol. 7d and 9c formed 2 hydrogen bonds with 

binding energies of -8.2 and -7.4 kcal/mol respectively 

with active sites of Gly13, Val29 and Asn116 amino 

acids. We also screened the chemical structures with 

AKT protein, and the results showed 7d and 7e 

compounds showed 2 hydrogen bonds bound with 

Ser205, Thr211 and Lys268 amino acids with an 

interaction energy of -9.0 Kcal/mol. Based on overall 

observation, anticancer proteins interacted with selected 

lead molecules and the results showed 7a, 7b, 7d, 7e and 

9c compounds strongly interacted with p53, BCL2, 

KRAS and AKT proteins by forming 7, 4, 3, and 2 

hydrogen bonds (highlighted with green color in Table 

8) and these compounds can potentially be synthesized 

and used for anti-cancer activity against different cancer 

cell lines. 
 

 

 

Table 8. Molecular docking of anti-cancer proteins using AutoDock 4.2 

 

Ligands 

AKT BCL2 KRAS p53 

H-Bonds 
Bond 

energy 
H-Bonds 

Bond 

energy 
H-Bonds 

Bond 

energy 
H-Bonds 

Bond 

energy 

7a 0 -9.2 0 -6.4 0 -7.6 2 -6.7 

7b 1 -9.1 1 -6.2 4 -8.2 2 -7.3 

7c 1 -8.4 1 -5.8 0 -7.1 2 -6.5 

7d 2 -9 2 -6.1 2 -8.2 1 -7.1 

7e 2 -9 2 -6.1 7 -8 2 -7.1 

9a 0 -8.9 0 -5.9 1 -8 0 -6.7 

9b 1 -8.5 0 -5.9 1 -7.6 0 -6.6 

9c 1 -8.1 0 -5.6 2 -7.4 1 -6.6 

9d 0 -8.8 0 -6.5 1 -8.3 0 -7 

9e 0 -8.5 0 -6.2 0 -7.4 1 -6.3 
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Figure 7. The docking interactions of compounds 7a, 7b, 7c and 7e at active site of p53 protein. 

 

 

 
 

Figure 8: The docking interactions of compounds 7d and 7e at active site of BCL2 protein. 
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Figure 9. The docking interactions of compounds 7e and 7b at active site of KRAS protein 

 

 

 
Figure 10. The docking interactions of compounds 7e and 7c at active site of AKT protein 

 

 

CONCLUSION 

 

In summary, we have demonstrated that the 3-

substituted 7-bromo8-methyl pyrido[2,3-b] pyrazine 

scaffold underwent sequential synthesis using Suzuki 

[7a-7e] and Buchwald-Hartwig coupling reactions [9a-

9e]. In this examination we found that all test 

compounds exhibited remarkable toxicity towards all 

cell lines i.e. A549 (lung), MCF-7 (breast), Hela 

(cervical), K562 (leukemia), and HEK293 (kidney) and 

interestingly compound 9d showed comparable toxicity 

(IC50 = 1.2 - 4.4µM) to that of the reference drug 

Doxorubicin (IC50 = 0.50 – 0.71µM). In the anti-

inflammatory study, test compounds 7a, 7b, 7d, 9a and 

9c exhibited significant effect with pro-cytokines TNF-

alpha and IL-6 cells using ELISA in RAW 264.7. 

Similarly, docking studies revealed that 7b, 7e and 9a 

showed good kinase inhibitory effects and enzyme 

inhibitory effects. Compounds 7b, 7e and 9a had strong 

interactions with anti-cancer and anti-inflammatory 
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proteins and may be used as potential drug compounds 

for their anti-apoptosis properties. In summary, 3-

substituted pyrido[2,3-b] pyrazine derivatives can be 

regarded as promising candidates for the development 

of new anti-cancer and anti-inflammatory drugs. 

 

EXPERIMENTAL PROCEDURE 

 

All reactions were examined by TLC using pre-coated 

silica gel plates with n-hexane and ethyl acetate as the 

mobile phase and on TLC plates spot visualization was 

done by UV illumination. 1H NMR and 13C NMR were 

analyzed using Bruker 400 MHz with TMS as an 

internal reference. High resolution mass spectra were 

recorded on a Bruker MaXis HR-MS (ESI-Q-TOF-MS) 

instrument. All the reagents were procured from Sigma 

Aldrich and used as received. Column chromatography 

was performed with silica gel of 230-400 mesh size for 

all purifications. Melting points (m.p.) were recorded in 

open capillary tubes using an Elchem microprocessor 

based DT apparatus. 

 

5-bromo-4-methyl-3-nitropyridin-2-amine (2) Yellow 

solid, Yield: 90 %, m.p.: 160-162 °C; 1H NMR (400 

MHz, CDCl3): δ ppm 8.28 (s, 1H), 7.06 (s, 2H), 2.31 

(s, 3H),13C NMR (100 MHz, CDCl3): δ ppm 152.64, 

151.53, 141.56, 132.56, 108.62, 19.29. 

 

5-bromo-4-methylpyridine-2, 3-diamine (3) Brown 

solid, Yield: 81%, m.p.: 161-163°C, 1H NMR (400 

MHz, CDCl3): δ ppm 7.37 (s, 1H), 5.52 (s, 2H), 4.77 

(s, 2H), 2.12 (s, 3H). 13C NMR (100MHz, CDCl3): δ 

ppm 147.42, 135.28, 129.68, 124.88, 111.25, 16.93.  

 

7-bromo-8-methylpyrido[2,3-b] pyrazin-3-ol (4) 

Brown solid, Yield: 84 %, m.p.:242-244 °C;1H NMR 

(400 MHz, CDCl3): δ ppm 12.22 (s, 1H), 8.62 (s, 1H), 

8.41 (s, 2H), 2.54 (s, 3H), 13C NMR (100MHz, 

CDCl3): δ ppm 155.71, 151.5, 146.28, 124.41, 17.01. 

 

7-bromo-3-chloro-8-methylpyrido[2,3-b]pyrazine 

(5) Colorless solid , Yield: 55 %, m.p.: 153-155°C;1H 

NMR (400 MHz, CDCl3): δ ppm 9.07 (s, 1H), 8.90 

(s, 1H), 2.81 (s, 3H). 13CNMR (100MHz, CDCl3): δ 

ppm 154.31, 147.22, 146.86, 146.58, 146.43, 136.44, 

123.62, 15.81. 

 

1. General procedure for the synthesis of 

pyrido[2,3-b]pyrazine annulated heterocycles 

by Suzuki coupling (7a-7e) 

 

A mixture of compound 5 (200 mg, 0.773 mmol), aryl 

boronic acid (140 mg, 0.933 mmol) and K2CO3 (213 

mg, 1.54 mmol) were added under nitrogen 

atmosphere into a mixture of 1,4-dioxane (3 mL) and 

water (1 mL), followed by Pd(dppf)Cl2CH2Cl2 (28 mg, 

0.05 mmol). The reaction was carried out at reflux 

temperature, and the completion of the reaction was 

monitored by TLC. The reaction mixture was filtered 

through cellite powder, washed with ethyl acetate (10 

mL), and then diluted with ethyl acetate (50 mL) and 

water (15 mL). After separating the layers, the organic 

layer was washed with brine solution, dried over 

Na2SO4, and concentrated under vacuum. This crude 

product was purified by column chromatography using 

ethyl acetate and n-hexane (7:3 v/v) to obtain 

compounds 7a-7e. 

 

7-bromo-8-methyl-3-phenylpyrido[2,3-b]pyrazine (7a) 

Colorless solid, Yield: 88 %, m.p.: 148-150 °C; 1H 

NMR (400 MHz, CDCl3): δ ppm 9.53 (s, 1H), 9.10 (s, 

1H), 8.25 (t, J = 1.60 Hz, 2H), 7.58 (d, J = 7.20 Hz, 3H), 

2.98 (s, 3H).13CNMR (100MHz, CDCl3): δ ppm 154.67, 

151.90, 148.73, 148.00, 145.48, 137.38, 135.73, 130.91, 

129.29, 127.69, 123.71, 16.72. HRMS-ESI (m/z) calcd 

for C14H11BrN3 [M+H]+= 300.0136, found = 300.0149. 

 

3-(7-bromo-8-methylpyrido[2,3-b]pyrazin-3-

yl)benzaldehyde (7b) Brown solid, Yield:68 %, m.p.: 

213-215°C; 1H NMR (400 MHz, CDCl3): δ ppm 9.60 (s, 

1H), 9.15 (s, 1H), 8.76 (s, 1H), 8.55 (d, J = 7.60 Hz, 1H), 

8.08 (d, J = 7.60 Hz, 1H), 7.79 (t, J = 7.60 Hz, 1H), 3.01 

(s, 3H). 13CNMR (100MHz, CDCl3): δ ppm 191.62, 

155.33, 150.52, 148.91, 148.14, 145.12, 137.38, 137.25, 

136.76, 133.24, 131.81, 130.11, 128.58, 124.06, 16.81. 

HRMS-ESI (m/z) calcd for C15H11BrN3O [M+H]+= 

328.0085, found = 328.0093. 

 

7-bromo-8-methyl-3-(pyridin-3-yl)pyrido[2,3-

b]pyrazine (7c) Brown solid, Yield: 90%, m.p.: 240-242 

°C; 1H NMR (400 MHz, CDCl3): δ ppm 9.60 (s, 1H), 

9.15 (s, 1H), 8.75 (s, 1H), 8.54 (d, J = 7.60 Hz, 1H), 8.08 

(d, J = 7.60 Hz, 1H), 7.79 (t, J = 7.60 Hz, 1H), 3.01 (s, 

3H). 13CNMR (100MHz, CDCl3): δ ppm 159.87, 

156.14, 155.72, 149.10, 148.29, 147.21, 144.36, 137.64, 

129.44, 124.48, 16.79. HRMS-ESI(m/z) calcd. for 

C13H10BrN4 [M+H]+= 301.0089, found = 302.0049. 

 

7-bromo-3-(3-chlorophenyl)-8-methylpyrido[2,3-

b]pyrazine (7d) Brown solid, Yield: 80%, m.p.: 158-160 

°C;1H NMR (400 MHz, CDCl3): δ ppm 9.49 (s, 1H), 

9.12 (s, 1H), 8.24 (s, 1H), 8.10 (q, J =4  Hz, 1H), 7.53-

7.52 (m, J = 4 Hz, 2H), 2.98 (s, 3H). 13CNMR (100MHz, 

CDCl3): δ ppm 155.17, 150.42, 148.84, 148.09. 145.12, 

137.43, 137.30, 135.51, 130.87, 130.51, 127.75, 125.63, 

123.95, 16.77. HRMS-ESI (m/z) calcd. for 

C14H10BrClN3 [M+H]+= 333.9747, found = 333.9754. 

 

7-bromo-3-(3-methoxyphenyl)-8-methylpyrido[2,3-

b]pyrazine (7e) Brown solid, Yield: 70%, m.p.: 176-178 

°C; 1H NMR(400 MHz, CDCl3): δ ppm 9.48 (s, 1H), 

9.09 (s, 1H), 7.77 (d, J = 6.80 Hz, 2H), 7.47 (t, J = 8.40 

Hz, 1H), 7.07 (t, J = 7.20 Hz, 1H), 3.93 (s, 3H), 2.96 (s, 

3H).  13CNMR (100MHz, CDCl3): δ ppm 160.32, 

154.67, 151.58, 148.76, 147.95, 145.51, 137.27, 137.03, 

130.31, 123.69, 119.98, 116.39, 113.16, 55.46, 16.70. 
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HRMS-ESI (m/z) calcd. for C15H13BrN3O[M+H]+= 

329.0242, found = 330.0253. 

 

2. General procedure for the synthesis of 

pyrido[2,3-b]pyrazine annulated heterocycles 

by Buchwald coupling reaction (9a-9e) 

 

A mixture of compound 5 (200 mg, 0.775 mmol), aryl 

amine (79.4 mg, 0.851 mmol) and CS2CO3 (504 mg, 

1.54 mmol) were added into DMF (4 mL). The reaction 

mixture was purged with N2 for 10 min, subsequently 

Pd2(dba)3 (35 mg, 0.038 mmol) and Xanphos (18 mg, 

0.038 mmol) were added, and the reaction was carried 

out under a nitrogen atmosphere with stirring at 100°C 

for 5 h. After completion of reaction (monitored by 

TLC), the entire reaction mixture was filtered through a 

cellite bed, washed with ethyl acetate (10 mL), and then 

diluted with ethyl acetate (50 mL) and water (15 mL). 

The separated organic layer was washed with brine, 

dried over Na2SO4, and concentrated under vacuum. 

This residue was purified by column chromatography 

using ethyl acetate and n-hexane (6:4 v/v) to obtain the 

compounds 9a-9e. 

 

7-bromo-8-methyl-N-phenylpyrido[2,3-b]pyrazin-3-

amine (9a) Brown solid, Yield: 80%, m.p.:260-262 

°C;1H NMR (400 MHz, CDCl3): δ ppm 9.07 (s, 1H), 

7.48 (d, J = 9.60 Hz, 2H), 6.72 (d, J = 8.00 Hz, 2H), 

6.19-6.17 (m, 2H), 5.85-5.84 (m, 1H), 1.48 (s, 

3H).13CNMR (100MHz, CDCl3): δ ppm 154.47, 150.34, 

148.81, 144.97, 141.17, 134.14, 127.91, 127.87, 123.90, 

21.89. HRMS-ESI (m/z) calcd. for C14H12BrN4 

[M+H]+= 315.0245, found = 315.0247. 

 

7-bromo-8-methyl-N-(pyridin-2-yl)pyrido[2,3-

b]pyrazin-3-amine (9b) Yellow solid, Yield: 60%, m.p.: 

230-232 °C; 1H NMR (400 MHz, DMSO-d6): δ ppm 

10.82 (s, 1H), 9.08 (s, 1H), 8.79 (d, J = 2.40 Hz, 1H), 

8.49 (d, J = 5.70 Hz, 1H), 8.37 (t, J = 2.00 Hz, 1H), 7.86 

(d, J = 5.70 Hz, 1H), 7.08 (t, J = 5.70 Hz, 1H), 2.80 (s, 

3H).13CNMR (100MHz, DMSO-d6): δ ppm152.97, 

149.35, 149.02, 148.67, 148.87, 144.54, 143.89, 138.80, 

136.09, 123.22, 118.97, 112.96, 17.21. HRMS-ESI 

(m/z) calcd.for C13H11BrN5 [M+H]+= 316,0198 found = 

316.0204.  

 

7-bromo-8-methyl-N-(pyridin-3-yl)pyrido[2,3-

b]pyrazin-3-amine (9c)Yellow solid, Yield: 60%, m.p.: 

276-278°C;1H NMR (400 MHz, DMSO-d6): δ ppm 

10.52 (s, 1H), 9.08 (d, J = 3.30 Hz, 1H), 8.78 (s, 1H), 

8.74 (s, 1H), 8.42-8.39 (m, 1H), 8.28 (d, J = 3.30 Hz, 

1H), 7.45 (dd, J = 3.30 Hz, 8.20 Hz, 1H), 2.74 (s, 3H). 

13CNMR (100MHz, DMSO-d6): δ ppm 149.52, 148.74, 

145.68, 144.18, 143.58, 143.49, 140.92, 137.03, 136.24, 

125.48, 123.79, 123.19, 17.14. HRMS-ESI (m/z) calcd.  

 

 

 

for C13H11BrN5 [M+H]+= 316.0198, found = 315.9937. 

 

7-bromo-N-(2-fluorophenyl)-8-methylpyrido[2,3-

b]pyrazin-3-amine (9d) Brown solid, Yield: 50%, m.p.: 

258-260 °C;1H NMR (400 MHz, DMSO-d6): δ ppm 

9.80 (s, 1H), 9.01 (s, 1H), 8.73-8.68 (m, 2H), 7.24-7.08 

(m, 3H), 2.75 (s, 3H). 13CNMR (100MHz, DMSO-d6): 

δ ppm 154.59, 149.66, 148.71, 145.74, 144.39, 143.67, 

136.24, 127.82, 127.71, 124.38, 123.66, 121.74, 115.36, 

16.94. HRMS-ESI (m/z) calcd. for C14H11BrFN4 

[M+H]+= 333.0151, found = 333.0160. 

 

7-bromo-N-(4-bromophenyl)-8-methylpyrido[2,3-

b]pyrazin-3-amine (9e) Brown solid, Yield: 70%, m.p.: 

242-244 °C; 1H NMR (400 MHz, CDCl3): δ ppm 9.53 

(s, 1H), 7.86 (s, 1H), 7.80 (s, 1H), 7.01 (d, J = 8.80 Hz, 

2H), 6.67 (d, J = 8.80 Hz, 2H),  1.81 (s, 3H). 13C NMR 

(100 MHz, DMSO): δ ppm 149.58, 148.57, 145.63, 

144.15, 144.11, 139.72, 136.29, 132.07, 131.76, 128.88, 

128.76, 123.15, 121.13, 17.21, HRMS-ESI(m/z) calcd. 

for C14H11Br2N4 [M+H]+= 392.9350, found = 392.9350. 

 

3. Cytotoxicity Studies 

 

3.1. Cytotoxicity Assay 

 

The in vitro cytotoxicity was assessed using the 3-(4,5-

dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide 

(MTT) staining method. The assay is based on the 

spectrophotometric measurement of the mitochondrial 

reduction of MTT salt by dehydrogenases of viable 

cells. The MTT salt is reduced and converted to 

insoluble purple formazan crystals by viable cells which 

are measured at 570 nm. The cell lines used in the study 

include: A549- Human alveolar adenocarcinoma cell 

line, Hela - Human Cervical cancer cell line, MCF-7 - 

Human breast adenocarcinoma cell line, K562 - Human 

chronic myelogenous leukemia cell line and HEK 293 - 

Human embryonic kidney cell lines. Cells were 

incubated at a density of 5 × 103 cells well-1 in 96-well 

plates for 12 h. Further, the cells were treated with 

various concentrations of test compounds (1–200 μM). 

The cells were incubated at 37 °C for 48 h and then 20 

μl of MTT solution (5 mg ml−1 in PBS) was added to 

each well and further incubated for an additional 4h at 37 

°C. The purple-coloured formazan crystals formed were 

dissolved in 150 μl well−1 of DMSO and the cell 

proliferation (%) was measured at 570 nm in a microplate 

reader (BioRad Laboratories, Hercules, CA, USA). The 

results are represented as the means of triplicate 

experiments run in four replicates. The IC50 values 

(inhibitory concentration 50%) for all tested drugs in all 

cell lines were estimated from the log concentration– 

effect curves in Graph Pad Prism (GraphPad software 

Inc., CA, USA) using non-linear regression analysis. 
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3.2. Anti-inflammatory activity 

 

The anti-inflammatory activity of test compounds was 

determined using a sandwich ELISA assay. The 

quantification of pro-inflammatory cytokines TNF-α 

and IL-6 secreted from RAW 264.7 macrophages was 

determined using an enzyme-linked immune sorbent 

assay kit (Biosource International, USA). Initially, 

RAW 264.7 macrophages were cultured in 90 mm 

culture dishes at a density of 5 × 106 cells well-1 for 12 

h. Then the RAW 264.7 cells were pre-treated with test 

compounds at concentrations 5, 10 and 20 μM and 

incubated for 2 h. Then the RAW macrophages were 

stimulated with LPS (100 ng ml-1). After the respective 

treatments, the cells were incubated for 24h at 37 °C. 

Further, the culture supernatant was collected and the 

release of TNF-α and IL-6 into the culture supernatant 

was quantitatively measured using the enzyme-linked 

immunoassay. 

 

4. Computational Screening and Molecular 

Docking 

 

4.1. Pharmacophore and Bioactive properties 

 

The drug-like properties of the bioactive molecules were 

examined based on Lipinski’s Rule of 5 and Veber’s 

Rule, and predicted using Molinspiration software 

(https://www.molinspiration.com). The drug-like 

properties such as miLogP<5 represent the dissolution 

of compounds in octanol/water. The properties of poor 

absorption or permeation are more likely when H-bond 

donors >5 (expressed as the sum of all OH and NH 

functional groups), and H-bond acceptors (expressed as 

the sum of all N and O groups), molecular weight >500. 

Substrates for biological transporters are exceptions to 

the rule. Veber’s rule suggests  good oral bioavailability 

of compounds based on properties of rotatable bonds ≤ 

10, TPSA ≤140 Å2 or total hydrogen bonds (acceptors 

plus donors) ≤ 12. However, “violation” of one rule may 

not result in poor absorption.  

 

5. ADMET Properties 

 

ADME and toxicity of phytochemicals was predicted 

using the admetSAR online server 

(http://lmmd.ecust.edu.cn/admetsar1/). The ADMET 

properties consider the parameters of atoms based on 

human intestinal absorption (HIA), human oral 

bioavailability, Caco-2 permeability, plasma protein 

binding, blood brain barrier penetration (BBB), acute 

toxicity, carcinogenicity, LD50. Mutagenicity is 

considered for the most active molecules and screened 

experimentally using molecular docking.  

 

 

 

 

6. Protein Structure Prediction and Modeling 
 

The anti-cancer and anti-inflammatory proteins were 

retrieved from the NCBI database. The anti-cancer 

target proteins such as AKT, BCL2, KRAS, p53 

proteins and anti-inflammatory proteins COX2, NFKB, 

TGFB and TNF-α proteins were the best targets for the 

protein-ligand interactions. The BLASTp tool was used 

to predict the protein templates and for homology 

modelling to predict the 3D complex protein structure 

using MODELLERv9.25 and Swiss PDB viewer 

software. The stereochemical activity of the atom-to-

atom interactions was predicted using the Structure 

Analysis and Validation Server (SAVES: 

https://saves.mbi.ucla.edu/). Active sites and ligand 

binding site amino acids were predicted using CastP 

calculation server. The best modelled protein structures 

were used for molecular docking. 
 

7. Molecular Docking and Virtual Screening 
 

Molecular docking of anti-cancer and anti-inflammatory 

proteins plays a vital role in drug discovery. The best 

active sites and ligand binding sites were predicted and 

targeted for docking using Autodock4.2 and AutoDock 

Vina (http://autodock.scripps.edu/) and the interaction 

energies were calculated based on the number of 

hydrogen bonds, binding amino acids and the binding 

energies to the target amino acids. The protein structure 

was selected to add Gasteiger chargers and hydrogen 

atoms to the polar group of amino acids in the 

macromolecule, whereas ligand structure by adding 

torsion counts of amide bonds rotatable and all active 

bonds non-rotatable and generated the PDBQT file for 

both protein and ligand structures. AutoDock was used 

to dock proteins and ligand structures by adding 

Lamarckian genetic algorithm (LGA) with default 

parameters. The best docking conformation for protein-

ligand interactions was predicted with the energy value 

in kcal/mol and followed by the analysis of hydrogen 

bonding interactions and hydrophobic interactions. The 

best docking complex for protein-ligand was screened 

based on clustering analysis and visualized using Pymol 

(https://pymol.org/2/) and BIOVIA Discovery Studio 

(2017V). 
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