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Three-dimensional quantitative structure-activity relationship (3D-QSAR) models were developed for 67

molecules of 2-amino-benzothiazole-6-anilide derivatives against lymphocyte-specific protein tyrosine kinase

(P56 LCK). The molecular field analysis (MFA) and receptor surface analysis (RSA) were employed for

QSAR studies and the predictive ability of the model was validated by 15 test set molecules. Structure-based

investigations using molecular docking simulation were performed with the crystal structure of P56 LCK.

Good correlation between predicted fitness scores versus observed activities was demonstrated. The results

suggested that the nature of substitutions at the 2-amino and 6-anilide positions were crucial in enhancing the

activity, thereby providing new guidelines for the design of novel P56 LCK inhibitors.
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Introduction

Protein tyrosine kinases (PTKs) are critically involved in

signaling pathways that regulate cell growth, differentiation,

activation, and transformation.1-3 PTKs can be divided into

receptor tyrosine kinases (RTKs) and non-receptor (cyto-

solic) tyrosine kinases.4,5 Typically, a cascade of signals is

initiated from an RTK after ligand binding, which leads to

receptor dimerization, kinase activation, and autophosphor-

ylation of tyrosine residues. These phosphorylated tyrosines

then serve as docking sites for recruiting downstream

signaling molecules, including non-receptor tyrosine kinases

that can trigger a variety of cell responses.6

Lymphocyte-specific protein tyrosine kinase (LCK) is a

member of the Src family of non-receptor protein tyrosine

kinases,7,8 expressed primarily in T-Lymphocytes and natural

killer cells.9,10 LCK is essential for T-cell development and

function.11 It is constitutively associated with the cyto-

plasmic portions of the CD4 and CD8 surface receptors and

plays a key role in T-cell antigen receptor (TCR) linked

signal transduction pathways.12-14 Inhibitors of LCK may

have potential therapeutic ability in the treatment of auto-

immune diseases such as coxsackievirus B3-mediated heart

diseases, rheumatoid arthritis, multiple sclerosis, lupus, as

well as inflammatory diseases, prevention of solid organ

transplantation and allergic diseases. 15-18

Methods

Biological Data and Structures. The activity data and

two-dimensional structures for 67 benzothiazole analogs

were taken from the literature reported by Jagabandhu Das

et al.
19,20 The activity data and structure of each molecule are

listed in Table 1 to Table 4.

3D-QSAR. Three dimensional quantitative structure-

activity relationship (3D-QSAR)21,22 models were developed

by Molecular Field Analysis (MFA) and Receptor Surface

Analysis (RSA) methods using Cerius2 software23 on a

series of 67 benzothiazole analogs. These 67 molecules were

divided into two sets, namely training set of 52 molecules

and test set of remaining 15 molecules.

Molecular Structure Generation and Alignments. All

the molecules were initially modeled using Molecule Builder

module of Cerius2 software. Molecules were minimized

with smart minimizer and further geometric optimizations

were performed using MOPAC with the AM1 method. All

the molecules were manually aligned to the most active

molecule, compound 51 (Table 3) by considering the

significant basic scaffold 2-amino-bennzothiazole-6-anilide.

Further refinement in the alignment was carried out by a

RMS based automated approach.

Molecular Field Analysis (MFA). Molecular field values

were generated for all the aligned molecules using CH3

(steric) and H+ (electrostatic) probes. Only 10% from the

total No. of variables, whose variance is highest, were

considered as independent variables. The biological

activities of all 52 molecules in the training set were used as

the dependent variables (Table 1 to Table 4). Genetic

function algorithm (GFA) combined with partial least square

(PLS) approach (only linear terms were considered) was

used in order to develop a set of QSAR equations. For

deriving the MFA QSAR equations, number of compounds

in training set are 52, the descriptor values scaled to a

variance of 1.0, the optimal number of components fixed as

3, the length of the equation set to 6 terms and genetic

crossovers limited to 5000 generations.

Receptor Surface Analysis (RSA). The RSA technique

builds a hypothetical model of the receptor site that

embodies essential information about the receptor in terms

of hydrophobicity, charge, electrostatics (ELE) potential,
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van der Waals (VDW) potential and hydrogen-bonding

propensity. Variable selection techniques such as GFA along

with PLS can then be used to develop a set of QSAR

equations that explains the relationship between the activity

values and the RSA descriptors such as ELE, VDW at each

surface point.

The following parameters were set for deriving the QSAR

equations using RSA method. Number of compounds in

training set are 52, the descriptor values scaled to a variance

of 1.0, the optimal number of components fixed as 3, the

length of the equation set to 6 terms and genetic crossovers

limited to 5000 generations.

Molecular Docking. The program GOLD (Genetic Opti-

misation for Ligand Docking) from Cambridge Crystallo-

graphic Data Center, UK,24 was used to dock the inhibitors

into the ATP site of the P56 LCK. GOLD is an automated

ligand docking program that uses a genetic algorithm to

explore the full range of ligand conformational flexibility

with partial flexibility of the protein, and satisfies the fund-

amental requirement that the ligand must displace loosely

bound water on binding. A crystal structure of P56 LCK was

used for molecular docking studies (PDB code: 1QPC).25

Table 1. Training set and test set compounds with observed and predicted activities

Compound R R1 R2 R3 Exp. pIC50a MFA Pred. pIC50b RSA Pred. pIC50c

1 2,6-Me2 NH-Cyclopropyl H H 1.045 1.3167 1.1784

2 2-Cl,6-Me NH-t-Bu H H 2.398 1.7724 1.7600

3 2,4,6-Me3 Cyclopropyl H H 1.699 1.5966 0.9855

4 2-Cl,6-Me 2-Me-cyclopropyl H H 2.154 2.0169 1.7750

5 2-Cl,6-Me NH-(CH2)2-N-(Me)2 H H 1.522 1.3775 1.1825

6 2-Cl,6-Me NH-C(CH3)2-C2H5 H H 1.260 1.4067 1.1824

7 2-Cl,6-Me NH-p-F-Ph H H 0.910 0.4890 1.1700

9 2-Cl,6-Me NH-α-Et-Bn H H 1.721 1.4883 1.1826

10 2-Cl,6-Me NH-CH2-2-Furyl H H 1.409 1.3159 1.1492

11 2-Cl,6-Me NH-Cyclopentyl H H 1.346 1.3230 1.1810

12 2,6-Me2 NH-1,1-Me2-propyl H H 1.097 1.4002 1.1824

14 2,4,6-Me3 NH-n-Bu H H 0.481 0.3771 0.4089

15 2,4,6-Me3 O-t-Bu H H 0.537 −0.2007 0.1114

16 2,4,6-Me3 O-t-Bu Cl H −0.643 −0.1927 −0.0803

17 2,4,6-Me3 O-t-Bu H CH3 −0.748 −0.2103 0.1112

19 2,6-Me2 i-Propyl H H −0.255 −0.2274 0.0854

20 2,6-Me2 2-Me-cyclopropyl H H 1.958 2.0086 1.8000

23 2,4,6-Me3 i-Propyl H H 0.154 −0.6474 −0.6863

24 2-Cl,6-Me Cyclobutyl H H 0.176 0.6672 0.5470

25 2-Cl,6-Me 2-Tetrahydrofuryl H H 0.565 1.4373 0.9635

26 2-Cl,6-Me o-Me-Bn H H 0.247 −0.0761 1000.0

27 2,4,6-Me3 NH-Bn H H −0.238 0.4785 0.0287

29 2-Br,4,6-Me2 O-t-Bu H H 0.698 0.3443 0.1216

30 2,6-Me2,4-COOCH3 O-t-Bu H H −0.494 −0.5965 −0.1881

31 2,6-Me2,4-Br O-t-Bu H H 0.958 0.7510 0.2033

32 2,6-Me2 O-t-Bu H H 1.045 0.8880 0.8903

33 2-Cl,6-Me O-t-Bu H H 1.154 0.8935 0.8903

TEST SET

8 2-Cl,6-Me NH-p-F-Bn H H 1.060 1.6005 1.1825

13 2,6-Me2 NH-t-Bu H H 1000. 1.3613 1.1805

18 2,6-Me2 Cyclopropyl H H 1.823 2.0106 1.7573

21 2-Cl,6-Me Cyclopropyl H H 2.045 2.0187 1.7350

22 2,6-Me2,4-CH2OH O-t-Bu H H 0.508 −0.4233 0.1085

28 2,4,6-Me3 NH-Cyclopropyl H H 0.522 0.8812 0.4058

aObserved activities. bMFA predicted activities. cRSA predicted activities
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The ATP binding site, which was filled with ANP (phospho-
aminophosphonic acid-adenlate ester) in the X-ray structure,
was used to define active site region. Active site radius was
taken as 10.0 Å around ANP molecule. The RMS deviation
was considered within 1.5 Å and annealing parameter of van
der Waals interaction was 4.0, hydrogen bond interaction
was 2.5.

Results and Discussion

Molecular Field Analysis (MFA). From the given train-
ing set, a MFA model was developed with r2 value of 0.83, a
cross-validated r2 value of 0.764, and with a PRESS
(Predictive Sum of Squares) value of 12.2. The correlation
between experimental and predicted pIC50 values is shown
in Figure 2a. MFA model was validated by test set compris-
ing of 15 molecules, which are shown in Table 1-4. The

steric (CH3) and electrostatic (H+) descriptors in the QSAR
equation of MFA (eq. 1) specify the regions where variations
in the structural features (steric or electrostatic) of different
compounds in the training set, lead to increased or decreased
activities. The number accompanying descriptors, in equation
1 represents its position in the three-dimensional MFA grid.

Activity = −1.00604
−0.059054 * “CH3/406” +0.039039 * “H+/557”
+0.027846 * “H+/278” +0.043972 * “H+/174” 
+0.030442 * “CH3/368” (1)

The equation generated by MFA, predicted accurately for
test set compounds 18, 21, 40, 45, 52, 57, 59, 62 and 69,
predicted moderately for compounds 8, 13, 28, 35 and 36.
The only compound whose activity was abnormally predict-
ed was compound 22. This might be due to the presence of
CH2OH group on the 4th position of phenyl group of anilide.

Table 2. Training set and test set compounds with observed and predicted activities

Compound R R1 Exp. pIC50a MFA Pred. pIC50b RSA Pred. pIC50c

34 2,4,6-Me3 H −1.178 −0.8127 −1.15270

37 2,4,6-Me3 2-Pyrazinyl 0.628 0.4015 1.09267

38 2,4,6-Me3 3-(1,2,4-Triazinyl) −0.276 −0.3246 0.68730

39 2,4,6-Me3 4-Pyrimidinyl 0.394 1.2276 1.12280

41 2-Cl,6-Me 3-Pyrazolyl −0.201 0.3345 0.30970

42 2-Cl,6-Me Ph 0.485 0.7188 0.13790

TEST SET

35 2,4,6-Me3 2-Pyridyl 0.860 1.2326 1.17430

36 2,4,6-Me3 Ph −0.240 0.2722 −0.63460

40 2-Cl,6-Me 4-Pyrimidinyl 1.569 1.7662 1.76620

aObserved activities. bMFA predicted activities. cRSA predicted activities

Table 3. Training set and test set compounds with observed and predicted activities

Compound R R1 Exp. pIC50a MFA Pred. pIC50b RSA Pred. pIC50c

43 2,4,6-Me3 4-Me 1.494 1.2262 1.1734

44 2,4,6-Me3 6-Me 0.744 1.3300 1.1957

46 2-Cl,6-Me 5-Me 1.455 1.6588 1.9445

47 2,4,6-Me3 3,5-di-Me 1.770 1.9448 0.9218

48 2-Cl,6-Me 6-NH2 2.699 1.8113 2.5349

49 2-Cl,6-Me 6-CH2-N-(Me)2 2000. 2.4422 2.3141

50 2-Cl,6-Me 6-CH2-Morpholinyl 1.886 2.4730 2.4941

51 2-Cl,6-Me 6-NH-(CH2)2OH 3.301 2.4320 2.6512

53 2-Cl,6-Me 6-NH-CH2C(CH3)2NH2 2.222 2.3898 2.6447

54 2-Cl,6-Me 4-Me 1.699 1.6687 1.9460

55 2-Cl,6-Me 4,6-di-Me 2.096 1.7679 1.9672

TEST SET

45 2,4,6-Me3 5-Me 1.142 1.2159 1.1718

52 2-Cl,6-Me 6-Me 2.045 1.7737 1.9683

aObserved activities. bMFA predicted activities. cRSA predicted activities
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As there were no other compounds with such groups at 4th

position in training set the prediction might be bad.

The presence of CH3/406 at the meta position of anilide

group gave a negative effect on the equation which means

the presence of steric/bulky groups is unfavorable (shown in

Figure 1a). This is evident from the low activity of

compounds 5g, 5k (> 12.5 uM)19 which have methyl and

isopropyl groups at meta position when compared to

compound 29 and compound 32 respectively (Figure 3). The

presence of H+/557 group at the 6th position of pyridine or

2nd position of pyrimidine favors the presence of electro-

static groups on the aliphatic group. This is also evident

from the fact that the compound 6aa,20 which is not having

any group on 6th position of pyridine ring (pIC50 = 1.075) is

Table 4. Training set and test set compounds with observed and predicted activities

Compound R R1 Exp. pIC50a MFA Pred. pIC50b RSA Pred. pIC50c

56 2,4,6-Me3 2,6-di-Me 1.275 1.3604 1.0677

58 2-Cl,6-Me 2-Cl 1.508 1.7135 1.5760

60 2-Cl,6-Me 6-NHCH2CH2OH 2.096 1.7547 1.7605

61 2-Cl,6-Me 2,6-di-Me 1.699 1.8461 1.7990

63 2-Cl,6-Me 6-Et 2.301 1.7102 1.7652

64 2-Cl,6-Me 2-NHCH2CH2OH, 6-Me 2.699 2.3935 2.4031

66 2-Cl,6-Me 2-NHCH2C(CH3)2OH, 6-Me 2.222 2.3856 2.4039

67 2-Cl,6-Me 6-NHCH3 2.699 2.5175 2.6717

TEST SET

57 2,4,6-Me3 6-Et 1.113 1.2181 0.9926

59 2-Cl,6-Me 6-Cl 1.699 1.7160 1.7609

62 2-Cl,6-Me 2-NHCH2CH2OH 2.523 2.4227 2.4040

65 2-Cl,6-Me 6-Me 1.678 1.7070 1.7652

aObserved activities. bMFA predicted activities. cRSA predicted activities

Figure 1. MFA grid and grid points (a) and RSA pseudo receptor
surface (b) with high active compound 51. 

Figure 2. Correlation graph between experimental and predicted activities of MFA (a) and RSA (b).

Figure 3. Negative effect of bulky groups (CH3/406) at the meta
position (shown with asterisk) of anilide group.
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relatively low active than compounds 51, 48, 53, 49 and 50

which have electrostatic group (Figure 4). In a similar

manner the compound 40, which does not have any electro-

static group on 2nd position of pyrimidine ring (pIC50 =

1.569) is less active than compound 64, 62 and 66. This is

also supported by the formation of a hydrogen bond with

Ser323 by compound 51 as shown in Figure 7a. This sug-

gests that the electrostatic group at 6th position of pyridine

or 2nd position of pyrimidine is crucial for hydrogen bond

formation.

The presence of H+/278 at 4th position of pyridine or 6th

position of pyrimidine suggests that electrostatic groups on

aliphatic chain or heterocyclic groups would enhance the

activity. This explanation can be supported by the high

activity of compounds 6ah (pIC50 = 2.045),20 6ai and 6aj

(pIC50 = 3.000 for both)20 which have electrostatic groups

on aliphatic and heterocyclic groups respectively at 4th

position of pyridine than compound 6ag (pIC50 = 0.304)20

which has amino group at 4th position (Figure 5).

Receptor Surface Analysis (RSA). RSA model with r2

value of 0.796, a cross-validated r2 value of 0.706, and with

a PRESS value of 15.17 was developed. The correlation

between experimental and predicted pIC50 values is given

in Figure 2b. RSA model was validated by the same test set

which was used in the MFA comprising of 15 molecules as

shown in Table 1-4. The van der Waals (VDW) and electro-

static (ELE) descriptors in the QSAR equation of RSA (eq.

2) specify the regions where variations in the structural

features (steric or electrostatic), of different compounds in

the training set, lead to increased or decreased activities with

respect to the pseudo receptor surface generated.

Activity = 0.708798

+6.21263 * “VDW/1199” +4.04185 * “ELE/2745”

+7.21059 * “VDW/4675” +7.94388 * “VDW/2005” 

–8.30589 * “ELE/3766” (2)

The RSA equation generated predicted well for all test set

compounds except for compound 21, 22, 35 and 36. The

presence of VDW/4675 at the 4th position of pyridine ring

strongly favors a bulky group (Figure 1b). Results of MFA

suggested that electrostatic groups alone were unfavorable

compared to electrostatic groups on aliphatic chain or

heterocyclic rings. This coincides and strongly recommends

the presence of bulky moieties with charged groups. This

can be evidenced by the compound 6aa (pIC50 = 1.075) <

compound 54 (pIC50 = 1.699) < compound 6ah (pIC50 =

2.045).

The presence of ELE/2745 near the 6th position of

pyridine or 2nd position of pyrimidine favors the presence of

electrostatic groups. This was also predicted by MFA model.

The presence of VDW/2005 at the para position of anilide

group gave a positive effect on the equation which means the

presence of bulky groups is favorable.

Molecular Docking. GOLD fitness scores were compared

Figure 4. Requirement of electrostatic groups (H+/557) at the 6th
position (shown with asterisk) of pyridine ring.

Figure 5. Requirement of electrostatic (H+/278) groups on
aliphatic or heterocyclic rings at 4th position (shown with asterisk)
of pyridine ring. Figure 6. Plot of fitness score against measured pIC50.
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with observed activity for all 67 molecules. The correlation
graph (Figure 6) drawn between observed activities and
GOLD predicted fitness scores, gave correlation r = 0.56. All
molecules shown in Table 1 to Table 4 were divided into
three sets named low active (pIC50 from –1.178 to 0.698),
moderately active (pIC50 from –0.7 to 1.8) and high active
(pIC50 from 1.8 to 3.301) based on experimental pIC50
values. Total numbers of low active compounds are 21,
moderately active compounds are 28 and 18 high active
compounds. After performing docking, these three categories
fell in the regions of 43-60, 61-64 and 65-70 GOLD fitness
scores respectively with few discrepancies. 

The predictive ability of GOLD fitness scores are shown
in Table 5. Out of 18 high active compounds set, 13 com-
pounds were predicted as high active and remaining 5
compounds as moderately active. No highly active com-
pound was predicted as low active. Out of 28 moderately
active compounds set, 19 compounds were predicted as
moderately active, 4 as highly active and 5 as low active.
Among the 21 low active compounds set, 12 were predicted
as low active, 6 were predicted as moderately active while 3
were predicted as highly active.

Compound 19 (Table 1) is experimentally low active but
GOLD predicted as high active, as its structure is similar to
compound 18 which had experimentally high activity and
high predicted score. The only structural difference is the
presence of isopropyl group at R1 substitution instead of
cyclopropyl group. As both are aliphatic hydrophobic

groups with less structural difference GOLD predicted
fitness score predicted a low active compound 19 as highly
active. The other two compounds 24 and 25 (Table 1) are
experimentally low active but GOLD predicted as high
active, as they had similar structure with compound 21
which is experimentally high active as well as high GOLD
predicted score. The only structural difference between them
is the presence of cyclopropyl (compound 21) group at R1
substitution instead of cyclobutyl (compound 24) group and
2-tetrahydrofuryl (compound 25) group. Due to less struc-
tural difference, GOLD predicted fitness score showed these
two compounds as high active. Predicted fitness scores for
high and low active compounds are shown in Table 6.

The protein ligand interactions were evaluated based on
hydrogen bond distances (Figure 7). Both best-ranked con-
formations of high and low active compounds (compound
51 and 34 respectively) were used for measuring hydrogen
bond interactions. Compound 51 formed four different
hydrogen interactions with active site amino acids (Figure
7a). The NH of aniline formed hydrogen bond with hydroxyl
group of Thr316, the benzothiazole nitrogen formed H-bond
with Met319 amino group, NH group of amino-pyridine is
hydrogen bonded to carbonyl group of Met319, the hydroxyl
group present in the 6th position of amino-pyridine ring
formed hydrogen bonding with Ser323 amino group. The
hydrogen bond distances are 1.94, 1.91, 2.06, and 2.24 Å,
respectively. Some hydrogen atoms present on benzothi-
azole ring (C-H) may form weak hydrogen interactions with
other active site amino acids. 

The hydrogen bonding interactions with the least active
molecule (compound 34) were also observed (Figure 7b).
The NH of aniline formed hydrogen bond with hydroxyl
group of Thr316, the benzothiazole nitrogen formed H-bond
contact with Met319 amino group. The amino group of
benzothiazole formed hydrogen bond with carbonyl group
of Met319. The hydrogen bond distances are 2.31, 2.41, and
2.30 Å, respectively. All the three H-bond interactions are
weak relative to compound 51. The predicted protein-ligand
hydrogen bond energy (external H-bond) for compound 34
is 0.19, which is very low when compared to other com-
pounds as well as highly active compound 51 (6.3). 

Figure 7. Molecular docking results: ligand and active site interaction. Hydrogen bonds between the ligand and the three key amino acids in
active site were displayed by yellow line: compound 51 (a) and compound 34 (b). The binding pocket of P56 LCK was shown with a docked
ligand, compound 51.

Table 5. Comparison of GOLD predicted Fitness scores and
Experimental activities

Pred. 

high 

active

Pred. 

moderately 

active

Pred. 

Low 

active

Exp. high active compounds 13 5 0

Exp. moderately active compounds 4 19 5

Exp. low active compounds 3 6 12

Correlation between the number of compounds with high, moderate and
low GOLD predictive score and the number of compounds with high,
moderate and low experimental activity values respectively. 
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Van der waals interactions have also played an important

role at the active site. This can be supported by citing a

comparison between the inactive compound which has no

groups attached to the 2-amino position of benzothiazole

and the active compound or others that had aromatic/

aliphatic/alicyclic groups. These groups exhibit van der

waals interactions at the active site region. Fitness scores

with their individual scores are represented in Table 6.

Finally, the binding pocket of the active site was visualized

with the docked ligand in Figure 7c.

Conclusions

In this work, 3D-QSAR and molecular docking studies

were carried out to explore the binding mechanism of 2-

amino-benzothiazole-6-anilide derivatives to the P56 LCK,

and to construct highly predictive 3D-QSAR models for

designing new lymphocyte-specific protein tyrosine kinase

inhibitors for the treatment of auto-immune diseases. The

presence of bulky groups at the meta position of anilide

group gave a negative effect on activity of the molecule. The

presence of electrostatic groups on aliphatic chain or

heterocyclic rings at the 4th position of pyridine and 6th

position of pyrimidine ring is strongly favored both in RSA

and MFA models. GOLD method was used for molecular

docking of 67 benzothiazole derivatives at P56 LCK ATP

binding site. GOLD predicted fitness scores correlated well

with experimental activity. Thus GOLD molecular docking

and 3D-QSAR methods provided new guidelines for novel

inhibitor design to accelerate the drug discovery process.
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Table 6. GOLD predicted fitness scores for high active compound
51 and low active compound 34

# File 

name
Fitness

VDW 

int

Tors 

int

VDW 

ext

H 

ext

Comp 34 55.04 −0.22 −8.36 46.12 0.19

Comp 51 68.34 −1.87 −14.51 57.03 6.30

VDW int (Ligand internal van der Waal energy); Tors int (Ligand
torsional strain energy); VDW ext (Protein-ligand van der Waal energy);
H ext (Protein-ligand hydrogen bond energy) were compared 


