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Abstract: The p56lck enzyme is mainly known for its important role in T cells. Immense effort has been put 

into developing p56lck inhibitors for diseases such as cancer, osteoporosis, and many others. Various studies 

on benzothiazole derivatives are of great interest because of their potent antitumor activity, and they act by 

binding to the ATP binding site of protein kinase. The protein kinase ATP binding site provided a great 

opportunity to develop newer analogs for protein kinase inhibitors. In the present investigation, we carried 

out ADMET molecular docking and Molecular Dynamic Simulation to know the structural requirements 

for inhibition of the p56lck enzyme. A docking study was performed on 51 analogs of benzothiazole and 

MD Simulation on three selected molecules. A molecular docking study on designed molecules and some 

standard molecules gives information on binding patterns like hing region, Allosteric site, and activation 

loop. ADMET study results allowed us to determine the selectivity of substitution and to know whether 

molecules obey Lipinski’s rule of five or not. Compound 1 was identified as a competitive inhibitor of 

p56lck by Molecular docking and MD Simulation. The benzothiazole-thiazole hybrids revealed structural 

features required to inhibit p56lck.  

Keywords: benzothiazole-thiazole derivatives; molecular docking; molecular dynamic simulation; 

anticancer agents. 
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1. Introduction 

Cancer is 2nd leading cause of death and an important barrier to increasing life expectancy 

in the world. Cancer is the leading cause of death across 112 of 183 countries, according to the 

WHO 2019 report. The number of new cancer cases diagnosed in 2020 was 19.3 million, and 

around 10.0 million died because of cancer, as per GLOBOCAN 2020 report. The number of 

cancer cases will rise to 28.4 million by 2040, as per GLOBOCAN prediction. As per cancer 

mortality, lung cancer is the leading cause, responsible for 1.8 million deaths (18%), then 

colorectal (9.4%), liver (8.3%), stomach (7.7%), and female breast cancer (6.9%). The main 

leading types of cancer among men are lung, prostate, and colorectal, whereas in women, breast, 
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colorectal, and lung are the leading cancers. Cancer is 5th leading cause of death, around 5.7% of 

all deaths in India, as per the 2018 report of The Medical Certification of Cause of Death. The 0.8 

million new cancer cases rise every year reported by the cancer burden [1-5]. 

Cancer treatment has become an important and challenging therapeutic task in medicinal 

chemistry. Three main 3 treatment strategies emerged: radiation therapy, surgery, and 

chemotherapy. Treatment of cancer is usually a combination of several different techniques. If the 

tumor is curable, then surgery is the single most effective technique. One of the best cancer 

treatments is chemotherapy, but it is associated with various side effects. So, it is a challenge to 

discover potent antitumor agents without side effects to develop new cancer chemotherapeutic 

agents in the future [6, 7]. 

Protein tyrosine kinases (PTKs) are involved in signaling pathways and regulate cell 

activation, growth, transformation, and differentiation. Malfunctions of cellular signaling have 

been related to several diseases, including diabetes and cancer. Protein tyrosine kinases are divided 

into two types: (i) Receptor Tyrosine Kinases (RTKs) and Non-receptor Tyrosine Kinases 

(NRTKs). The Src family belongs to Non-receptor tyrosine kinases, which play an important role 

in signal transduction. Fyn, Src, and Yes are members of the Src family, and they are found in 

most cell types, whereas other members like Lck, Hck, and Blk exhibit a more restricted tissue 

distribution, and they have an important role in signal transduction [8].  

A central switching mechanism in cellular signal transduction pathways occurs by the 

protein tyrosine kinases by catalyzing the transfer of the γ-phosphate of either GTP or ATP to 

specific tyrosine residues in protein substrates [9, 10]. p56lck (LCK) is one of the members of the 

Src family, and it is expressed in natural killer cells and T-lymphocytes. p56lck contains a SH2 

domain that participates in signaling pathways initiated through the T-cell antigen receptor on T 

lymphocytes. For the regulation and recruitment of p56lck kinase activity, the SH2 domain is 

responsible. p56lck contains 509 amino acids polypeptide chains with a molecular weight of 58.097 

kDa. Lck is required for T-cell antigen receptor (TCR) signaling in T cells, culminating in IL-2 

gene expression and effector functions [11-14].  

For T-cell development and function, Lck is essential. It plays an important role in T-cell 

antigen receptor (TCR) linked signal transduction pathways and is mainly associated with the 

cytoplasmic portions of the CD4 and CD8 surface receptors. For TCR signaling, Lck activates and 

phosphorylates various substrates. LCK catalytic activity is regulated by two sites of tyrosine 

phosphorylation: Tyr394 in the catalytic domain and Tyr505 on the C-terminus. Through the 

actions of the kinase Csk and phosphatase CD45, Tyr394 is phosphorylated, and Tyr505 is 

dephosphorylated; the tyrosine residues within a special sequence are phosphorylated by a fully 

activated enzyme called the immunoreceptor tyrosine activation motif (ITAM) located on the ζ-

chain of the TCR. This type of phosphorylation makes a docking site for its downstream substrate 

ZAP-70 binding via its SH2 domains, which must be phosphorylated by Lck to be activated. Lck's 

dual phosphorylation of tyrosine residues in ITAMs is required to bind tandem ZAP-70 Src 

homology domains. Subsequent LCK phosphorylated ZAP- 70 triggers a series of downstream 

cascade events that lead to mobilization of intracellular Ca++ and activation of protein kinase C 

(PKC), T cell activation, and proliferation. So, functional disorders in these cell regulatory 

processes may lead to diseases such as cancer, allergy, osteoporosis, inflammation, and asthma 

[15-23]. 
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These types of discoveries indicate that Lck inhibitors should inhibit T cell activation, 

which is useful for T cell-mediated autoimmune diseases and graft rejection. Over the past decade, 

major pharmaceutical research has focused on developing small molecule Lck inhibitors. 

Recognizing Lck inhibitors is remarkably difficult due to Lck's membership in the SRC family. 

The Src family is highly homologous, and kinases play a crucial role in controlling a wide variety 

of cellular processes. The lck inhibitor is very specific towards other members of the Src family 

kinase with little or no activity. Due to a lack of structural information about the Src family kinase, 

this task was initially complicated; a significant amount of knowledge about the structural 

differences, similarities, and the nature of the small molecule inhibitors that show specificity 

within this family generated from a decade of research [15, 20]. 

1.1. Kinase inhibitor binding sites. 

Protein kinases exhibit the ability to facilitate the transfer of the terminal phosphate from 

ATP to substrates, typically comprised of tyrosine, serine, and threonine residues. They commonly 

share a conserved organization of secondary structural elements, divided into 12 subdomains, 

which fold into a catalytic core structure with two lobes. The lobes enclose a deep cleft where ATP 

binds, with its adenine ring forming hydrogen bonds with the kinase hinge-a segment connecting 

the amino and carboxy-terminal kinase domains. The ribose and triphosphate moieties of ATP 

occupy a hydrophilic channel extending towards the substrate binding site, featuring conserved 

residues crucial for catalytic activity. Kinases universally possess an activation loop, crucial for 

regulating kinase activity, characterized by conserved DFG and APE motifs at their beginning and 

end, respectively.  

The activation loop encompasses a wide range of conformations, from a catalytically 

competent form, typically phosphorylated, to an inactive state where the activation loop obstructs 

the substrate binding site. Primarily, kinase inhibitors, identified as ATP competitive, establish 

one to three hydrogen bonds with amino acids situated in the hinge region of the target kinase, thus 

imitating the hydrogen bonds typically formed by the adenine ring of ATP [24].  

1.2. Lck inhibitors. 

Identical ligands with Structural studies identify the challenge of developing Src family 

kinase (SFK) isoform-specific inhibitors. Crystal structures with the ATP mimetic AMP-PNP 

exhibit identical hydrogen binding to conserved residues of Src, Lck, and Hck [16, 20]. 

Thiazole and benzothiazole as modestly potent Lck inhibitors were identified by high-

throughput screening of the compound [11-15]. Thiazoles were reported to exhibit antimicrobial, 

antibacterial, analgesic, antioxidant, anti-inflammatory, anticonvulsant, antidiabetic, insecticidal, 

antitubercular, antifungal, antiprotozoal, cardiotonic, herbicidal, analgesic, anthelmintic, Syk 

inhibitor, antiviral, neuro-protective agent and antimalarial activities [25-41]. Benzothiazole 

stands out as a significant compound characterized by its weak base properties and diverse 

biological activities, including antitumor, anti-HIV, antimicrobial, antitubercular, antifungal, 

antioxidant, anticonvulsant, antileishmanial, anthelmintic, diuretic, analgesic, anti-inflammatory, 

antipsychotic, anti-ulcer, schistosomicidal and local anesthetic [42-53]. 
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Benzothiazole structure-activity relations and their biological activities, like p56lck 

inhibitory and antitumor activity, have been studied. As per the literature survey structure-activity 

study of benzothiazoles show a binding model of benzothiazole Lck inhibitors; based on published 

literature, the activated Lck kinase domain bound to ANP (phosphoaminophosphonic acid 

adenylate ester, a non-hydrolyzable ATP mimic) [10].  

The researchers at BMS optimized both thiazole and benzothiazole derivatives, which were 

among the most potent inhibitors discovered in these studies. At C2, amino group modification 

also leads to potent Lck inhibitors for the class benzothiazole and thiazole [54]. 

Focusing on the p56lck SH2 domain for potential future targets and the recent advances in 

drug design. Many labs are working on synthesizing molecules that can bind tightly to the p56lck 

SH2 domain, hindering substrate recruitment and thereby artificially controlling its effect on T-

cells to generate immunosuppressant and anticancer agents. Lck is most important for TCR 

singling, so the target is to inhibit the T-Cell singling pathway to develop new Lck inhibitors [14]. 

So many heterocyclic rings like benzothiazole, thiazole, thiadiazole, pyrimidine, and 

imidazoquinoxalines inhibit the T-cell singling and ultimately inhibit the Lck. 

J.D. et al. [12] reported that substituting the 2-carboxamide group with particular heteroaryl 

amines in Lck inhibitors has yielded highly potent Lck inhibitors. To design a new molecule with 

thiazole as the core moiety, we applied both approaches.  Figure 1 introduces the initial strategy 

for identifying fragments essential for biological activity. This approach involves analyzing 

pharmacophoric requirements and creating novel hybrids. These hybrids are characterized by a 

linkage where benzothiazole is connected to thiazole at the second position via a secondary amine, 

with an amide linkage at the other end.  The second approach we employed is structure-based drug 

design. In this method, we utilized the crystalline structure of p56lck to gain mechanistic insights 

into how the designed molecules interact with receptors, thereby achieving improved anticancer 

profiles. 

  
Figure 1. Designing of new benzothiazole-thiazole hybrids; I: 2-(Aminoheteroaryl)-thiazole-5-carboximide; II: 

Dasatinib; III: BMS-243117. 
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2. Materials and Methods  

2.1. Theoretical ADME prediction. 

One significant step in the drug development process is the evaluation of the 

pharmacokinetic properties of molecules. In silico ADME analysis can be used to identify lead 

molecules to check for their convenient drug-likeness and bioavailability. Nearly 40 percent of 

medicinal candidates miss clinical trials due to bad ADME properties (absorption, distribution, 

metabolism, and excretion). Drug kinetics and tissue exposure to drugs affect the pharmacological 

activity and the effectiveness of medicines, which is finally decided by ADME properties. 

Therefore, we used QikProp to predict ADME properties in silico for all 51 benzothiazole 

derivatives. Descriptors like CNS, SASA, Volume, QPlogPo/w, QPlogS, QPlogHERG, QPPCaco, 

QPPMDCK, QplogBB, QplogKhsa, % human oral absorption, and PSA were calculated using 

QikProp module (Qikprop, Schrödinger, LLC, NY, 2017).  

2.2. Molecular docking. 

The molecular docking software GLIDE (Schordinger Inc., USA) [55] was employed to 

conduct ligand docking investigations within the binding pocket of the tyrosine kinase receptor. 

The crystal structures of LCK were sourced from the Protein Data Bank (PDB ID: 1QPC) [16]. 

Protein preparation involved two steps using the protein preparation wizard in Maestro 9.0: 

preparation and refinement. After ensuring chemical correctness, water molecules in the crystal 

structures were deleted, and hydrogens were added where they were missing. Using the OPLS 

2005, the force field energy of crystal structure was minimized. Grids were defined centering them 

on the ligand in the crystal structure using the default box size. The ligands were built using 

maestro build panel and prepared by the Ligprep module (LigPrep, Schrödinger, LLC, NY, USA), 

which produces the low energy conformer of ligands using the OPLS 2005 force field. The ligands' 

low energy conformation was selected and docked into the grid generated from protein structures 

using standard precision (SP) docking mode. The final evaluation is done with a glide score 

(docking score), and a single best pose is generated as the output for a particular ligand.  

2.3. Molecular dynamic simulation. 

The 3D structure of Lck complexed with benzothiazole analogs were used for MD 

simulation. Standard Dynamics Cascade protocol in BIOVIA® DS [56] used for MD simulation, 

which follows the main four steps like minimization, heating and cooling, equilibrium run, and 

production run, minimization of the 3D structures to find the most stable conformation of the 

1QPC-benzothiazole complexes were carried out using the Steepest Descent algorithm followed 

by the Conjugate Gradient algorithm for 2000 steps each. After the minimization step, all 

complexes were subjected to gradual heating from 50K to 300K with a time interval of 2 fs. The 

system was stabilized at around 300K temperature in the equilibration phase. After equilibrium, 

1QPC-benzothiazole complexes were subjected to the production run at constant-temperature, 

constant-volume ensemble (NVT) for initially 100ps. The SHAKE algorithm [57] constraint was 

set to true for all covalent bonds involving hydrogen atoms at their respective distances from the 

charmm27 force field [58] parameters. 
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3. Results and Discussion 

3.1. ADME prediction. 

Using the QikProp tool, the ADME properties of benzothiazole derivatives (1-51) were 

carried out. Predicted results are listed in Table 1. ADME-based analysis is an important 

method for analyzing the effectiveness of drug molecules. Descriptors like CNS, SASA, 

Volume, QPlogPo/w, QPlogS, QPlogHERG, QPPCaco, QPPMDCK, QplogBB, QplogKhsa, 

% human oral absorption, and PSA were calculated using this model. In the first series of 

compounds 1-5,7,8,10,14-16,19,21-23,25,28-30,33-34,36,38,39,42,44-48,50 and 51 showed 

promising CNS activity, remaining compounds showed 0,-1 and -2 CNS value. Regarding % 

human oral absorption, 25 compounds showed 100% absorption, 20 compounds showed 

>90% absorption, compounds 24 and 25 showed >80% absorption, compounds 11 and 31 

showed >60% absorption, and compounds 26-27 showed >50% absorption.  

3.2. Docking study. 

A docking study was carried out for the target compounds using GLIDE (Schrödinger) 

(2006). The crystal structure of the LCK (1QPC) was obtained from the protein data bank PDB. A 

binding model for these benzothiazole Lck inhibitors was developed based on the published data 

of the activated Lck kinase domain bound to ANP (phosphoaminophosphonic acid-adenylate ester, 

a non-hydrolyzable ATP mimic).  

  

  
(a) (b) 

  
(c) (d) 

Figure 2. Proposed and Standard molecules binding mode at the ATP site of Lck (a) 

Compound 1; (b) Compound 2; (c) Compound3; (d) Dasatinib. 
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Table 1. QikProp ADMET prediction of the benzothiazole-thiazole hybrids (1-51). 

Co

mp

nd. 

CNS
a 

SASAb Volumec QPlogPo/

wd 

QPlog

Se 

QPlogH

ERGf 

QPPCaco
g 

QPlogB

Bh 

QPPMD

CKi 

QPlogK

hsaj 

%HOA
k PSAl mol_M

Wm 

HB

Dn 

HB

Ao 

#me

tabp RO5q RO3r 

1 0 655.025 1112.054 3.955 -5.715 -6.876 2224.42 -0.186 3586.599 0.264 100 66.876 366.455 2 6 4 0 1 

2 1 742.916 1304.407 5.417 -7.762 -6.238 2405.86 0.125 10000 0.756 100 64.87 463.399 2 6 5 1 1 

3 0 734.645 1274.205 5.043 -7.378 -6.479 2269.971 -0.046 8600.516 0.674 100 65.565 473.404 2 6 5 1 1 

4 1 692.77 1178.77 4.88 -7.134 -6.432 2267.456 0.234 10000 0.427 100 66.548 438.417 2 6 3 0 1 

5 0 696.501 1249.321 4.67 -6.513 -6.007 1826.223 -0.206 3758.164 0.629 100 66.379 473.404 2 6 6 0 1 

6 -1 706.435 1228.317 3.941 -6.447 -6.555 430.155 -0.884 1616.503 0.337 100 109.455 490.348 2 7 4 0 1 

7 0 755.934 1335.362 5.107 -7.413 -6.194 2532.235 -0.175 3663.641 0.837 100 64.662 422.562 2 6 7 1 2 

8 1 725.71 1248.623 5.445 -7.832 -6.559 2371.589 0.318 10000 0.605 93.318 66.043 514.241 2 6 3 2 1 

9 -2 730.874 1268.713 4.196 -7.101 -6.457 282.256 -1.002 2043.338 0.434 95.376 111.197 480.343 2 7 4 0 1 

10 1 734.181 1279.048 5.142 -7.414 -6.431 2499.11 0.032 10000 0.688 100 66.064 473.404 2 6 5 1 1 

11 -2 716.544 1248.934 2.686 -5.792 -6.547 51.241 -2.204 61.101 0.164 60.313 154.453 456.45 2 8 5 1 1 

12 -2 710.16 1232.766 3.781 -6.456 -6.564 284.006 -1.13 882.97 0.347 92.996 111.174 490.348 2 7 4 0 1 

13 -1 667.012 1194.037 3.544 -5.524 -6.105 435.181 -0.908 775.637 0.274 94.924 109.757 490.348 2 7 5 0 0 

14 1 675.605 1147.536 4.421 -6.434 -6.701 2246.948 0.011 10000 0.35 100 66.512 402.436 2 6 4 0 1 

15 0 753.941 1334.665 5.059 -7.338 -6.214 2372.938 -0.228 3038.786 0.836 100 64.567 422.562 2 6 8 1 2 

16 0 697.286 1246.455 4.649 -6.522 -6.042 1840.356 -0.209 3731.886 0.62 100 66.429 428.953 2 6 6 0 1 

17 -2 707.663 1225.425 3.718 -6.395 -6.571 282.22 -1.145 831.381 0.328 92.574 111.203 445.897 2 7 4 0 1 

18 -2 711.945 1225.293 3.707 -6.457 -6.656 283.153 -1.171 809.117 0.324 92.537 110.992 445.897 2 7 5 0 1 

19 1 725.418 1297.688 5.798 -8.059 -5.906 1777.887 0.346 10000 0.748 93.146 66.557 538.68 2 6 3 2 1 

20 -2 723.952 1239.073 3.825 -6.743 -6.725 264.712 -1.193 952.588 0.354 92.705 111.839 490.348 2 7 4 0 1 

21 1 743.033 1331.951 5.569 -7.882 -5.884 1827.791 0.076 10000 0.836 100 66.39 497.844 2 6 5 1 1 

22 1 721.3 1248.393 5.454 -7.765 -6.478 2377.757 0.333 10000 0.608 93.393 66.199 514.241 2 6 3 2 1 

23 1 698.192 1205.189 4.974 -7.056 -6.592 2376.747 0.171 10000 0.499 100 66.198 479.796 2 6 3 0 1 

24 -1 747.199 1305.348 4.564 -7.582 -6.355 282.837 -0.9 3657.766 0.528 84.586 111.184 514.788 2 7 4 1 1 

25 1 687.994 1224.482 5.01 -6.919 -6.087 1799.87 0.097 10000 0.563 88.625 66.606 514.241 2 6 3 2 1 

26 -2 733.367 1259.246 2.564 -6.074 -6.7 31.412 -2.552 35.875 0.178 55.795 156.845 456.45 2 8 5 1 1 

27 -2 733.367 1259.255 2.564 -6.074 -6.7 31.417 -2.552 35.88 0.178 55.797 156.846 456.45 2 8 5 1 1 

28 2 748.102 1340.458 6.254 -8.72 -5.842 1799.401 0.486 10000 0.857 95.91 66.611 573.125 2 6 3 2 1 

29 1 711.352 1263.447 5.459 -7.628 -6.024 1797.822 0.249 10000 0.659 91.247 66.647 504.235 2 6 3 2 1 

30 1 730.019 1290.922 5.36 -7.504 -6.245 2535.204 0.147 10000 0.725 100 64.053 463.399 2 6 6 1 1 

31 -2 675.207 1214.223 2.692 -4.995 -6.085 120.442 -1.669 111.676 0.105 66.992 153.509 456.45 2 8 6 1 0 

32 -2 704.206 1268.141 3.778 -5.962 -5.989 469.844 -1.019 488.276 0.455 96.889 109.992 439.506 2 7 7 0 2 

33 1 687.318 1219.338 4.972 -6.902 -6.113 1796.86 0.09 10000 0.549 100 66.64 469.79 2 6 4 0 1 

34 0 662.637 1174.518 4.476 -6.162 -6.191 1788.283 -0.073 7108.785 0.439 100 66.621 435.345 2 6 4 0 1 

35 -2 715.407 1233.091 3.77 -6.534 -6.662 283.683 -1.162 853.486 0.343 92.923 111.003 490.348 2 7 5 0 1 

36 1 708.733 1261.073 5.413 -7.535 -6.034 1799.802 0.226 10000 0.654 90.988 66.626 504.235 2 6 4 2 1 

37 -1 691.697 1234.806 3.992 -6.248 -6.062 423.175 -0.788 1838.095 0.369 100 109.825 480.343 2 7 5 0 1 

38 0 661.609 1177.416 4.488 -6.139 -6.148 1772.846 -0.075 6935.106 0.448 100 66.57 479.796 2 6 4 0 1 

39 1 684.648 1220.539 4.966 -6.843 -6.053 1773.025 0.083 10000 0.554 100 66.575 514.241 2 6 4 1 1 

40 -1 669.686 1201.659 3.631 -5.598 -6.094 457.7 -0.868 890.716 0.293 95.822 110.138 490.348 2 7 5 0 0 
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Table 1. QikProp ADMET prediction of the benzothiazole-thiazole hybrids (1-51). 

Co

mp

nd. 

CNS
a 

SASAb Volumec QPlogPo/

wd 

QPlog

Se 

QPlogH

ERGf 

QPPCaco
g 

QPlogB

Bh 

QPPMD

CKi 

QPlogK

hsaj 

%HOA
k PSAl mol_M

Wm 

HB

Dn 

HB

Ao 

#me

tabp RO5q RO3r 

41 -1 667.542 1191.199 3.506 -5.526 -6.138 417.551 -0.938 726.727 0.265 94.38 109.808 445.897 2 7 5 0 0 

42 0 661.207 1180.877 4.513 -6.135 -6.11 1774.693 -0.069 6988.863 0.458 100 66.528 524.247 2 6 4 1 1 

43 -1 692.536 1241.457 4.056 -6.276 -6.026 436.122 -0.759 1978.441 0.388 100 110.061 480.343 2 7 5 0 1 

44 1 709.679 1261.729 5.44 -7.59 -6.006 1788.057 0.243 10000 0.655 91.091 66.614 504.235 2 6 4 2 1 

45 0 721.238 1290.452 5.135 -7.247 -5.953 1838.389 -0.051 9189.138 0.73 100 66.437 463.399 2 6 5 1 1 

46 1 700.036 1211.956 5.034 -7.106 -6.574 2388.94 0.186 10000 0.518 90.966 66.172 524.247 2 6 3 2 1 

47 1 717.971 1229.288 5.323 -7.749 -6.448 2223.447 0.314 10000 0.555 100 66.919 471.326 2 6 3 1 1 

48 0 742.986 1312.252 5.224 -7.459 -6.222 2514.766 -0.018 7981.872 0.778 100 64.3 442.98 2 6 7 1 2 

49 -1 669.77 1198.017 3.582 -5.589 -6.124 435.668 -0.903 818.686 0.283 95.155 110.167 445.897 2 7 5 0 0 

50 0 662.195 1178.365 4.501 -6.156 -6.149 1784.484 -0.069 7126.244 0.45 100 66.578 479.796 2 6 4 0 1 

51 1 712.143 1217.605 5.075 -7.366 -6.709 2238.146 0.161 10000 0.525 90.703 66.858 524.247 2 6 3 2 1 
1Table: aCNS:- Central Nervous System, Predicted value (i) active scale (+2) (ii) inactive scale (-2); bSASA:- 

Solvent Accessible Surface Area used a probed with 1.4 ºA radius (300 to 1000); cVolume:- Total solvent-accessible 

volume used a probe with1.4 ºA radius (500 to 2000) dQPlog Po/w:- Partition coefficient of octanol/water, 

Predicated value: -2.0 to -6.5; eQPlogS:- Aqueous Solubility in mol dm-3, Predicated value: -6.5 to -0.5; 
fQPlogHerg:- Blockage of HERG K+ channels; Predicated IC50 value: > -5; gQPPCaco:- Gut-blood barrier in 

nm/sec; Predicated value for non active transport (poor: <25 and great: >500); hQPlogBB:- Brain/Blood partition 

coefficient; jQPlogKhsa:- Binding to human serum albumin, Predicated value: (-1.5 -1.5); iQPPMDCK:- MDCK 

cell permeability in nm/second, Predicated value for non active transport (poor: <25 and great: >500); k%Human 

Oral Absorption:- Predicated value: (poor: <25% and high: >80%); lPSA:- Polar Surface Area; mMol MW:-

Molecular Weight of molecule, Predicated value: (130.5 to 725.0); ndonorHB:- No. of hydrogen bond donor, 

Predicated value: (0.0 to 6.0); oaccptHB:- No. of hydrogen bond acceptor, Predicated value: (2.0 to 20.0); p#metab:- 

No. of metabolic reaction, Predicated value: (1 to 8); qRule of Five (Lipinski’s Rule):- (i) molecular weight is <500; 

(ii) QlogPo/w is <5, (iii) donorHB is ≤ 5 (iv) accptHB is ≤ 10; rRule of Three:- (i) QPlogS is > -5.7 (ii) QPPCaCo is 

>22 nm/s, #primary Meabolites is <7.  
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As shown in Figure 2, compound 1 binds in an extended conformation to the ATP-

binding site of Lck. The entire complex was then subjected to alternate cycles of minimization 

and dynamics. The intent was to get a satisfactory complex structure consistent with the 

published crystal structure. From the comparative docking study of our compounds with 

standard molecules such as dasatinib, BMS 243117, and 2-(Aminoheteroaryl)-thiazole-5-

carboximide we could observe how our compounds might bind to the kinase binding site, based 

on the knowledge of the structure of similar active sites. The substituted aniline ring is out of 

plane concerning the benzothiazole core, which, in turn, allows the phenyl ring to fit into the 

narrow and angular hydrophobic pocket. These docking studies have revealed that the nitrogen 

of benzothiazole moiety makes a hydrogen bond with the backbone of carbonyl of (H) MET319 

in the hydrophobic pocket. At the same time, secondary amine also forms a hydrogen bond 

with the backbone of carbonyl of with the same amino acid (O) MET319 in a hydrophobic 

pocket. These interactions underscore the importance of both nitrogen atoms for binding and 

the subsequent inhibitory capacity. The docking score of all 51 compounds and standard 

compounds is mentioned in Table 2. For the inhibition action of Lck, the necessary thing is an 

analog of benzothiazole, and thiazole fits into a narrow and angular hydrophobic pocket and 

makes hydrogen bonding with a backbone of carbonyl of an amino acid (Figure 2). It makes a 

similar type of interaction to standard molecules Dasatinib. 

Table 2. Docking score for benzothiazole-thiazole hybrids and standard compounds. 

No. Compound 

Docking 

score 

(kcal/mol) 

Glide 

lipo 

Glide H 

bond 

interaction 

Glide evdw 

interaction 

Glide 

ecoul 

Glide E-

model 

Glide 

Energy 

(kcal/mol) 

Dasatinib 

 

-7.379 -2.328 -0.242 -47.138 -9.738 -73.375 -56.876 

BMS-

243117 
 

-6.732 -2.665 -0.46 -37.547 -8.616 -63.229 -46.163 

2-

(Aminohe

teroaryl)-

thiazole-

5-

carboxim

ide 

 

-6.52 -2.456 -0.018 -41.823 -3.687 -60.875 -45.51 

1 

 

-7.244 -2.86 -0.433 -33.308 -5.494 -56.098 -38.803 

2 

 

-6.771 -2.796 -0.18 -46.483 -3.867 -65.492 -50.35 

3 

 

-6.664 -2.767 -0.171 -45.569 -4.042 -63.867 -49.611 

4 

 

-6.581 -2.544 -0.054 -42.874 -2.554 -60.835 -45.428 

5 

 

-6.546 -2.765 -0.167 -46.213 -3.094 -62.871 -49.307 

6 

 

-6.391 -2.75 -0.26 -39.714 -3.403 -57.906 -43.117 
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No. Compound 

Docking 

score 

(kcal/mol) 

Glide 

lipo 

Glide H 

bond 

interaction 

Glide evdw 

interaction 

Glide 

ecoul 

Glide E-

model 

Glide 

Energy 

(kcal/mol) 

7 

 

-6.387 -2.507 -0.084 -43.624 -3.449 -61.029 -47.073 

8 

 

-6.372 -2.58 -0.354 -40.013 -3.581 -57.204 -43.594 

9 

 

-6.144 -2.619 -0.114 -43.684 -3.083 -60.001 -46.767 

10 

 

-6.14 -2.608 -0.252 -42.899 -1.897 -56.771 -44.796 

11 

 

-6.125 -2.515 -0.062 -45.449 -3.116 -62.115 -48.565 

12 

 

-6.121 -2.625 -0.134 -43.856 -3.033 -60.389 -46.889 

13 

 

-6.098 -2.679 -0.045 -45.35 -3.112 -62.162 -48.462 

14 

 

-6.082 -2.546 -0.2 -42.54 -3.669 -57.764 -46.209 

15 

 

-6.074 -2.813 -0.125 -45.566 -2.661 -58.884 -48.227 

16 

 

-5.988 -2.911 -0.371 -39.048 -4.32 -58.151 -43.369 

17 

 

-5.949 -2.604 -0.085 -43.007 -1.255 -57.16 -44.262 

18 

 

-5.939 -2.585 -0.364 -40.672 -4.692 -60.436 -45.364 

19 

 

-5.918 -2.552 -0.25 -44.172 -1.195 -59.664 -45.367 

20 

 

-5.892 -2.498 -0.169 -44.802 -1.914 -59.092 -46.716 

21 

 

-5.84 -2.923 0 -47.83 -3.57 -60.443 -51.4 

22 

 

-5.782 -2.541 -0.184 -43.578 -1.08 -54.15 -44.659 

23 

 

-5.773 -2.479 -0.012 -43.684 -1.912 -55.68 -45.596 

24 

 

-5.763 -2.623 -0.08 -44.044 -1.107 -57.647 -45.151 
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No. Compound 

Docking 

score 

(kcal/mol) 

Glide 

lipo 

Glide H 

bond 

interaction 

Glide evdw 

interaction 

Glide 

ecoul 

Glide E-

model 

Glide 

Energy 

(kcal/mol) 

25 

 

-5.742 -2.562 -0.205 -41.823 -1.106 -54.213 -42.929 

26 

 

-5.718 -1.679 -0.55 -37.788 -5.225 -56.404 -43.014 

27 

 

-5.697 -1.625 -0.498 -38.047 -6.16 -55.659 -44.207 

28 
 

-5.688 -2.625 -0.01 -45.641 0.583 -54.719 -45.058 

29 

 

-5.666 -2.629 -0.085 -43.871 -0.336 -56.134 -44.207 

30 

 

-5.66 -2.846 0 -42.935 -3.942 -64.186 -46.877 

31 

 

-5.646 -2.511 -0.213 -42.749 -3.178 -57.205 -45.927 

32 

 

-5.589 -2.603 0 -47.345 -1.081 -61.494 -48.426 

33 

 

-5.53 -2.513 -0.25 -44.582 -3.164 -58.862 -47.746 

34 

 

-5.509 -2.552 -0.149 -42.502 -2.842 -55.335 -45.344 

35 

 

-5.499 -2.882 -0.087 -42.499 -3.785 -57.444 -46.285 

36 

 

-5.49 -2.496 -0.162 -44.827 -4.581 -60.255 -49.408 

37 

 

-5.447 -2.403 -0.056 -46.198 -4.948 -61.352 -51.146 

38 

 

-5.427 -2.52 -0.192 -45.278 -2.9 -58.27 -48.178 

39 

 

-5.406 -2.539 -0.193 -45.532 -3.085 -58.687 -48.617 

40 

 

-5.401 -2.316 -0.16 -43.449 -3.757 -58.559 -47.206 

41 

 

-5.378 -2.519 0 -45.527 -2.827 -59.158 -48.354 
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No. Compound 

Docking 

score 

(kcal/mol) 

Glide 

lipo 

Glide H 

bond 

interaction 

Glide evdw 

interaction 

Glide 

ecoul 

Glide E-

model 

Glide 

Energy 

(kcal/mol) 

42 

 

-5.358 -2.508 -0.203 -45.49 -2.88 -58.207 -48.37 

43 

 

-5.342 -2.494 -0.16 -41.996 -2.6 -57.649 -44.596 

44 

 

-5.273 -2.658 -0.16 -41.803 -2.398 -56.083 -44.201 

45 

 

-5.236 -2.715 -0.116 -42.733 -2.43 -58.967 -45.163 

46 

 

-5.215 -2.542 0 -43.21 -2.644 -56.197 -45.854 

47 

 

-5.199 -2.35 -0.117 -42.463 -3.127 -53.193 -45.59 

48 

 

-5.156 -2.624 -0.073 -41.765 -3.164 -58.696 -44.929 

49 

 

-5.152 -2.41 -0.126 -41.545 -3.367 -57.37 -44.912 

50 

 

-5.118 -2.573 -0.125 -44.165 -1.269 -55.183 -45.434 

51 

 

-4.96 -2.492 -0.111 -43.037 -1.539 -52.005 -44.576 

3.3 Molecular dynamic study. 

A Molecular Dynamics (MD) Simulation was performed to understand the stability of 

the complex or drug molecule within the receptor. We conducted MD simulations for the 

molecules with the highest docking scores and standard molecules to compare Root Mean 

Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF). The simulations 

followed a well-established protocol, ensuring consistent conditions and parameters throughout 

the process. We selected the molecules with the highest docking scores and standard reference 

molecules to provide a comparative analysis. The average RMSD for all complexes ranged 

from 2.05 to 3.05 Å, indicating a high level of stability for the molecules throughout the MD 

simulation. The RMSD analyses confirmed that the Lck-benzothiazole complexes maintained 

stability during the entire MD simulation period. The RMSF graphs further supported the 

stability of these complexes, revealing that the N-terminal region had a higher fluctuation (~6.0 

Å) compared to the C-terminal region (~2.5 Å). The lower fluctuation at the C-terminal 

suggests that this part of the complex remains more rigid and stable, which is crucial for 

maintaining the structural integrity of the molecule-receptor interaction. We also monitored 

non-bonded interactions of the ligands throughout the simulation, providing insights into how 

they interact with the receptor and maintain their positions, contributing to the overall stability. 

The combined analyses of RMSD, RMSF, and non-bond interactions demonstrate the robust 
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stability of the designed drug molecules within their respective receptors, validating their 

potential for enhanced anticancer profiles. The RMSD graphs depicted the stability and 

deviations over the simulation time (Figures 3a, 4a, 5a, 6a, 7a, 8a, 9a, 9b, and 9c), while the 

RMSF graphs illustrated the fluctuations in atomic positions, highlighting regions of stability 

and flexibility (Figures 3b, 4b, 5b, 6b, 7b, 8b, 10a, 10b, and 10c).  

  

 

 

 
Figure 3. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of Dasatinib; (b) RMSF 

v/s Residual Index graph of Dasatinib; (c) Ligand Non-bond Monitor of Dasatinib. 

 
Figure 4. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of BMS-243117; (b) 

RMSF v/s Residual Index graph of BMS-243117; (c) Ligand Non-bond Monitor of BMS-243117. 

The ligand non-bond monitor showed the interaction patterns between the ligands and 

receptor, supporting the stability findings (Figures 3c, 4c, 5c, 6c, 7c, and 8c). These 

comprehensive analyses provide a detailed understanding of the molecular stability and 
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interaction dynamics, ensuring the reliability of the designed molecules for further drug 

development. 

 

 
Figure 5. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of 2-(Aminoheteroaryl)-

thiazole-5-carboximide; (b) RMSF v/s Residual Index graph of 2-(Aminoheteroaryl)-thiazole-5-carboximide; 

(c) Ligand Non-bond Monitor of 2-(Aminoheteroaryl)-thiazole-5-carboximide. 

 
Figure 6. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of Compound-1; (b) 

RMSF v/s Residual Index graph of Compound-1; (c) Ligand Non-bond Monitor of Compound-1. 
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Figure 7. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of Compound-2; (b) 

RMSF v/s Residual Index graph of Compound-2; (c) Ligand Non-bond Monitor of Compound-2. 

 
Figure 8. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of Compound-3; (b) 

RMSF v/s Residual Index graph of Compound-3; (c) Ligand Non-bond Monitor of Compound-3. 

 

 
Figure 9. Result of molecular dynamics simulation (a) RMSD v/s Conformation graph of Standard Molecules; 

(b) RMSD V/S Conformation Graph of Test Molecules; (c) RMSD V/S Conformation Graph of Standard and 

Test Molecules. 
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Figure 10. Result of molecular dynamics simulation (a) RMSF V/S Residual Index of Standard Molecules; (b) 

RMSF V/S Residual Index of Test Molecules; (c) RMSF V/S Residual Index of Standard and Test Molecules. 

4. Synthetic Feasibility for Designed Molecules 

The designed molecules can be synthesized using a synthetic route, as per Figure 11. 

The ethyl acetoacetate reaction with thiourea gives 2-amino thiazole. Further, utilizing a free 

amino group with thiazole to react with various isothiocyanates gives thiourea derivatives, 

which further react with bromine for oxidative cyclization to give benzothiazole connected 

with thiazole through a secondary amine bridge. Further, the ester function on thiazole will be 

used to react with various anilines to give the final desired derivatives.  

 
Figure 11. Route for synthesis of benzothiazole-thiazole hybrids 1-51; Reagents a) (i) H2O, NBS, THF, 0ºC 

(ii)Thiourea, 80ºC; b)CSCl2, CH2Cl2; c) CH3OH; d) CHCl3; e) R´NH2, KOt-Bu, THF. 

5. Conclusions 

The model was developed to predict the structural features of benzothiazoles to inhibit 

p56lck, which shows useful information about the structural features required for the molecules. 

The molecular docking obtained helps us understand the structural features required by the 

ATP binding site of p56lck. The synthetic feasibility of designed benzothiazole-thiazole 

hybrids opens research for wet lab activity in vitro or in vivo, leading to LCK inhibition for 

cancer treatment. ADMET study results allowed us to determine the selectivity of substitution 

and to know whether molecules obey Lipinski’s rule of five. Molecular docking study on 

designed molecules and some standard molecules gives information on binding patterns like 

hing region, Allosteric site, and activation loop. 
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Additionally, MD simulation studies on selected three molecules allowed us to 

understand the stability of the complex, ligand properties, and protein–ligand contacts. 

Altogether, these data suggest that compound 1 can potentially inhibit the p56lck enzyme. This 

work provides scope for further studies to establish the potential of benzothiazole derivatives 

as new p56lck inhibitors. 
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