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In the current study, quantitative three-dimensional structure-activity-relationship (3D-QSAR) method
was performed to design a model for new chemical entities by utilizing pyrazolopyrimidines. Their
inhibiting activity on receptor IL-2 Itk correlates descriptors based on topology and hydrophobicity. The
best model developed by ligand-based (atom-based) approach has correlation-coefficient of r2: 0.987
and cross-validated squared correlation-coefficient of g%: 0.541 with an external prediction capability of
r2: 0.944. Whereas the best selected model developed by structured-based (receptor-based) approach
has correlation-coefficient of r?: 0.987, cross-validated squared correlation-coefficient of q2: 0.637 with
an external predictive ability of r2: 0.941. The statistical parameters prove that structure-based gave a
better model to design new chemical scaffolds. The results achieved indicated that hydrophobicity at R;
location play a vital role in the inhibitory activity and introduction of appropriately bulky and strongly
hydrophobic-groups at position 3 of the terminal phenyl-group which is highly significant to enhance
the activity. Six new pyrazolopyrimidine derivatives were designed. Docking simulation study was car-
ried out and their inhibitory activity was predicted by the best structure based model with predictive
activity of ranging from 8.43 to 8.85 log unit. The interacting residues PHE435, ASP500, LYS391, GLU436,
MET438, CYS442, ILE369, VAL377 of PDB 4HCT were studied with respect to type of bonding with the
new compounds. This study was aimed to search out more potent inhibitors of IL-2 Itk.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction that originate from the cell surface [3]. IL-2 Itk is a non-receptor

tyrosine- kinase and a member of Tec kinase family [4].

T-cell cancers include a group of disorders: acute lymphoblas-
tic leukemia (T-ALL), Adult T-cell leukemia lymphoma and Seizary
syndrome (a cutaneous T-cell lymphoma). Despite, that there are
obvious variances between these carcinomas, management has
some overlap especially at their terminal stages. Poor prognosis
is due to the relapse of the disease. It is reported that 42% of T-ALL
patients suffer with complications like relapse within 5 years [1].
Simultaneously the survival rate of Seizary syndrome is only 11%
[2]. Tyrosine kinases are the central proteins of signal transmission

Abbreviations: 3D-QSAR, 3-dimentional quantitative structure-activity relation-
ship; CoOMFA, comparative molecular field analysis; COMSIA, comparative molecular
similarity index analysis; PLS, partial least square; IL-2 Itk, interleukin 2 inducible
tyrosine kinase.
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It’s structure comprise of amino end which contains the
Pleskstrin homology (PH) domain then the Zn++ binding region
called as the Btk homology (BH) and then a proline rich region (PRR)
that follows the sequence of the SH3 ligand. As an antigen is rec-
ognized by the T-cell receptor (TCR) at major histocompatibility
complex (MHC) a set of phosphorylation cascade inside the T-cell
gets initiated. Downstream activation causes calcium flux which in
turn results in activation of calcineurin and NFATc and simultane-
ously induces the expression of cytokines [5]. It is reported that Itk
also signal through the G protein coupled receptor (GPCR) through
CXCL14/SDF1 furthermore it induce actin polymerization and cel-
lular migration [6]. Itk has proven to play a dominant role in T cell
malignancies [7]. IL-2 Itk also has an aberrant role in inflammatory
disorders like lung inflammation, skin dermatitis, and asthma and
HIV infections [8,9].
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Fig. 1. Redocking pose of 4HCT with 18R compound as reference by GOLD software
(3.0) with RMSD value of 1.5 A.
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Fig. 2. 3D representation of docking interactions a between the 4HCT and the ref-
erence 18R compound showing the residues and the water molecules interacting in
the active site within 10 A.

Itk inhibitors reported in literature are 2 amino 5
[(thiomethyl)aryl] thiazoles [10], 2 amino 5 (thioaryl) thiazoles
[11], 4/5 arylpyrazolyl indoles [12], benzimidazole derivatives
[13-17] and pyrazolopyrimidines [18].

This detailed information of chemical features that can pos-
itively enhance the biological activity of inhibitor is considered
to be important to design new potent compounds. The molecu-
lar modeling by 3D QSAR technique establishes a potent model.
It explores new chemical scaffolds and studies their structure
activity relationship (SAR). The structure activity prediction gives
the information of the influencing molecular features contribut-
ing high biological activity.3D QSAR modeling can be carried out
by two approaches the ligand based (atom-based) and structure
based (receptor-based) approaches [19]. Both approaches created
CoMFA and CoMSIA models and determined correlations between
biological activity and 3D structure using energy fields of Steric,
Electrostatic, Hydrophobic, Electron donor and acceptor fields.

Current study modeling was performed by taking the reported
pyrazolopyrimidines (Table 1). The aim was to design new com-
pounds that can have better inhibitory activity on IL-2 Itk.

2. Methodology
2.1. Molecular dataset

The reported pyrazolopyrimidine derivatives and their experi-
mental activities were included in this study [18]. A 44 compounds
dataset was randomly distributed into two subsets the training
(35 compounds) and test (7 compounds) based on the following
rules: (a) to evaluate the significance of statistical model compound
diversification was essential. (b) In-order to evade redundancy or
biasness in activity range and structural features, the given infor-
mation of the compounds must be precise. (¢) The training dataset
activity should range from the most potent to the least potent com-
pound. The biological activities reported were in ICsq, which were
then converted to pICsg by applying formula of pICsq (pICsg =Log
[1/IC50]). The activity ranges from 4.19 to 8.7 log units (Table 1).
Thus the compounds provide a comprehensive data set for 3D-
QSAR study. Generally, the range of biological activity must cover
at a minimum of 3 log units for a robust 3D QSAR model [20].

2.2. Ligand and receptor preparation

The 2D structures of the ligands were sketched by ChemDraw
Ultra 8.0 software [21] which was further converted into 3D struc-
tures by using QUACPAC OpenEye Babel [22]. The ligands were
charged AM1 by QUACPAC OpenEye molcharge program [23] fol-
lowed by further correction by sketch module of Sybyl 7.3 [24] and
the geometry optimization of the ligands was done by energy min-
imization by QUACPAC OpenEye Omega v2.5.1.4 [25]. In this study,
the reported PDB used of IL-2 Itk was 4HCT (Resolution:1.48 A),
which is resolved by X-ray crystallography [18] and retrieved from
RCSB Protein Data Bank.

2.3. Molecular alignment

This is a step fundamental for comparison and co-relation of
diverse structures in a dataset. Therefore, the alignment-based 3D
QSAR models are considered to be sensitive to the different confor-
mations of the molecules in the data set which are super-imposed
over each other. To develop the optimal 3D QSAR models, two dif-
ferent methods of alignment were employed. The first one is an
atom-based or ligand-based alignment, i.e., all ligands were then
aligned to compound 41 (most potent compound of the series) by
the Align Database command in SYBYL 7.3 software. The second
one is a receptor-based alignment, which comprise dataset of opti-
mal conformations of the ligands resulting from docking studies.
The conformations were charged (AM1 charges) and imported for
molecular alignment for 3D QSAR analysis [26].

2.4. Re-docking protocol

Prior to docking re-docking of co-crystallized ligand protocol
was established. For this purpose, the protein 4HCT was retrieved
from Protein Data Bank and the cognate ligand was removed. The
water molecules found in the active site in interaction with the
amino acids of the receptor protein were not removed while the
rest were removed. This was followed by addition of polar hydro-
gens, software validation by re-docking and RMSD calculations. The
GOLD software [27] resulted into better RMSD which was 1.5 A. The
efficacy of algorithm of docking and scoring function was assessed
by evaluating the selected re-docked pose by visualizing and com-
paring its interactions with the receptor protein as shown in Fig. 1.
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Table 1
Structure of the Pyrazolopyrimidine compounds dataset with their reported biological activity.
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Table 1 (Continued)
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Table 1 (Continued)
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o

Compound Number Substituents 1C50? WM pICso M
Ri
41 < 2 : 0.002 8.70
42 _< >_‘* 0.01 8.00
43 /—Q*C% 0.20 6.70
44 /—Q*CN 4.08 539
——N

45 \ / CF3 1.52 5.82
46 /—©7F 2.46 5.61
47 /_OOMS 6.47 5.19
48 J—OF 1.75 5.76
49 @ 10.88 4.96
51 —CH,CF; 36.22 4.44
52 /©>< 0.073 7.15
53 4©—< 0.78 6.107
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Table 1 (Continued)
NH, g
N Xcn
\ | Lok
N—N )
T
<——N
\
R4

Compound Number 1C50* M pICso M
65 4.19
7.57 5.12
0.1 7.00
0.01 8.00

Compound Number 1C50* WM pICso M

R, Ry

65 Ph —CH=CH, 8.80 5.06

67 4-MePh —CH=CH, 1.68 5.77

68 4-MePh Me 0.04 7.40

2.5. Molecular docking simulations

In this study, we used GOLD Dock suit for docking study which
has a patented search engine and a Gold fitness scoring-function.
For the docking simulation study the crystal structure of com-
plex pdb of IL-2 Itk (4HCT complexed with 18R) was used. The
scoring-function (GoldScore-fitness) incorporated comprises of
four constituent energies relating to protein-ligand which includes
the hydrogen-bond, Van der Waals (VDW) and relating to ligand
are ligand-Internal VDW and ligand-torsional strain. An active site
of 10A was selected around reference compound with centroid
of X=3.6049, Y=8.0158, and Z=19.6723. Other parameters were
established in default. Each molecule of the dataset was docked and
terminated till achieving ten poses lying within 1.5 A (RMSD). The
scores of ten docked poses of each pyrazolopyrimidine derivatives

were rated in a molecular database sheet, and the topmost of the
total score sheet was taken for the analysis of their protein-ligand
interactions. The binding of the residues to the ligand (Fig. 2) was
visualized by MOE 2015.1001 [28].

2.6. CoMFA and CoMSIA setup

The 3-D lattice spacing in the X, y, and z directions was set at
a distance of 2A. The energies were calculated for electrostatic
and steric field by Coulomb and Lennard-Jones potentials [29]. For
CoMFA technique, a sp3 hybridized carbon (probe atom) with a+1
charge was recognized to compute the magnitude of electrostatic
and steric fields, which was truncated at 30 kcal/mol [30-32].

The CoMFA and CoMSIA methods were similar with reference to
fields generated around the compound and relied on the postula-
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Fig. 3. a) 3D Representations of most active compound 41 showing three hydrogen bond interactions with ASP500,GLU436 and LYS391,m-stacking with the gatekeeper

PHE435, pi cation interaction with LYS391 and hydrophobic interactions with residues (MET398, MET 503,ALA389,VAL419, PHE374,PHE506; b) 3D Representationsof least
active compound 12 interacted with hydrophobic interactions with (MET438, LEU489, ALA398)and pi cation interaction with LYS391.
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alignment using most active compound 41 as template.

Fig. 4. a) Core structure of Pyrazolpyrimidine derivatives used for alignment, 4b) Ligand-based alignment by using most active compound 41 as template; 4c) Receptor based
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Fig. 5. CoMFA contour maps showing sterically favored areas which are represented by green isopleths while the yellow regions are served for sterically unfavorable regions;
a) ligand-based CoMFA descriptors of most active (compound-41) b) demonstrates structure-based COMFA contour maps of most active (compound-41) c) ligand-based
CoMFA descriptors ofleast active (compound-12) d) demonstrates structure-based CoOMFA contour maps of least active (compound-12). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

tion that variation in the compound binding affinity is related with
the modification of the molecular-property. Additional to steric (S)
and electrostatic (E) fields, hydrophobic (H), hydrogen bond accep-
tor (HA) and hydrogen bond donor (HD) fields are also calculated
[33]. Furthermore, Gaussian function was executed to calculate all
grid points on the basis of similarity indices, outside and inside of
different molecular surfaces. The Similarity indices were cumulated
by the given equation:

2

q — X1

AF.K(]') = ZWprobe,kWike a
i

Where, similarity index is represented by A at lattice point ¢, sum of
total atoms “i” of the molecule “j” under examination. A probe atom:
Whrobe, k With a radius of 1 A, carrying charge +1, hydrogen-bond
donating +1 and hydrogen--ond accepting +1 and hydrophobicity
+1. W gives the value of the physicochemical property “k” of atom
“I”. Tiq is the distance between the probe-atom at lattice point “q”
and atom “i” of the test compound. Attenuation factor “o” whose
optimum value is in the range of 0.2 —0.4, with default value of 0.3

[34].

2.7. Partial least squares (PLS) analysis

The cross validation technique leave one out (LOO) was primar-
ily used for partial least square (PLS) analysis to generate cross
validated r2 value and the optimum number of component (N), with
minimum standard error of prediction (SEP) which relates to better
or higher cross validated (q2) squared coefficient. A higher count
of components was included to avoid the over fitting of model. The
value of g2 is a worthy indicator for actual and test set predictions, it
should be >0.5 for an ideal model development [35]. For the estab-
lishment of final 3D QSAR model non-cross validation technique
was executed with optimal number of component. For the estab-
lishment of final 3D QSAR model non-cross validation technique
was executed with optimal number of component. The significant
PLS models provided the substantial correlation coefficient (r2), Fis
the ratio between the variances of predicted and observed activities
and standard errors of estimate (SEE).

SEE = | PRESS
n-c—1

Where, ¢ and n is the number of components and compounds
respectively, and PRESS is the addition of squared deviations
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Table 2

Comparison between the Statistical Parameters of COMFA and CoMSIA Models between Ligand and Structure Based.

PLS Ligand-Based Model Structure-Based Model

Statistical Parameters CoMFA CoMSIA CoMSIA
2q?., (LOO) 0.541 0.613 0.666
bONC 6 5 4

12 nev 0.977 0.979 0.969
dF-value 208.8 221.425 136.582
eS.EEE 0.187 0.181 0.228
S.EP 0.841 0.76 0.724
r2pred 0.944 0.84854 0.86991
Fraction of field contribution

Steric(S) 58.3% 16.4% 16.2
Electrostatic (E) 41.7% 21% 41.8
Hydrophobic (H) - 45.1% 42.1
Hydrogen Bond Donor(HD) - 7.6% -
Hydrogen Bond Acceptor(HA) - 9.9% -

across-validated correlation coefficient, Poptimum number of component, “non-cross-validated correlation, dFischer statistic, ®standard error of estimate.

Fig. 6. CoMSIA ligand-based descriptors; a) depicting steric field in which the green and yellow color represents favored and disfavored regions, respectively; b) electrostatic
field showing theblue color which represents an increase of positive charge that will enhance affinity; red color represents an increase of negative charge that will enhance
affinity; c) hydrophobicrepresented by yellow and disfavored areas represented by white colors; d) hydrogen bonddonorby cyan and disfavored by purple polyhedral and
hydrogen bond acceptor field favor region and disfavored areas are represented by magenta and red color, respectivelywith most active compound 41. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

between actual and predicted activity values for individual
molecule in the test dataset.

2.8. External validation

A g2 is mostly useful but not satisfactory criteria for the valida-
tion of model. In number of cases model with good values of r,2
and r2 were found to be unsatisfactory. Although a model shows
good prediction ability on the basis of test set statistics, but still it
is not certain that every time model will predict well new data set of
compounds. Thus, an external test dataset (rzpred) [36,37] was sug-

gested for the assessment of predictive ability. Following equation

is used to calculate predictive ability:

r?pred = 1—(PRESS/SD)

There, SD is the summed of squared variances between the cal-
culated activities of test dataset and the average calculated activity

of the training dataset.
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Table 3
Statistical results of all possible Ligand Based CoMSIA Modelsalong with percentage contribution of their descriptors.
S.No. Field Contribution QP ey ONC S.E.EE S.E.P F-ratio r2pred Field Contribution in Percentage (%)
S E H HD HA
1. aS+bE 0.512 0.939 2 0.306 0.813 74.66 0.9148 49.4 50.6 - - -
2. E+HD 0.456 0.832 2 0.508 0.858 24.015 0.9488 - 74.4 - 25.6 -
3 S+°H 0.614 0.958 3 0.255 0.734 110.014 0.8472 29.6 - 70.3 - -
4 S+E+HA 0.512 0.961 3 0.245 0.825 119.36 0.8657 40.7 43.2 - - 16.1
5 E+HD+HA 0.469 0.873 3 0.442 0.861 33.239 0.8901 - 66.2 - 14.2 19.6
6 E+HA 0.447 0.879 3 0.412 0.879 39.042 0.8217 - 72.7 - - 273
7 HD +HA 0.435 0.628 3 0.757 0.888 8.176 0.895 - - - 53.5 46.5
8 S+E+H 0.6 0.976 4 0.193 0.759 195.688 0.8427 19.7 273 53 - -
9 S+¢HA 0.571 0.938 4 0.31 0.786 72.9 0.8523 71.8 - - - 28
10 E+H 0.569 0.977 4 0.188 0.788 205.502 0.8061 - 33.6 66.4 - -
11 S+E+HD+HA 0.546 0.941 4 0.301 0.809 77.593 0.8879 35.8 393 - 10.7 14.1
12 S+E+HD 0.528 0.93 4 0.328 0.825 64.238 0.9434 41.8 45.2 - 13 -
13 S+H+HD 0.658 0.971 5 0.213 0.714 159.186 0.8502 243 - 63.2 12.5 -
14 S+HD+HA 0.618 0.929 5 0.33 0.754 63.714 0.8787 59.8 - - 171 23.1
15 S+E+H+HD+HA 0.613 0.979 5 0.181 0.76 221425 0.8485 16.4 21 45.1 7.6 9.9
16 S+E+H+HD 0.606 0.978 5 0.184 0.766 215.231 0.8578 17.7 24.2 50 8 -
17 E+H+HD 0.597 0.977 5 0.188 0.775 205.158 0.8418 - 29.7 60.4 10 -
18 H+HD+HA 0.703 0.974 6 0.199 0.677 182.8 0.8046 - - 69.8 16.6 13.6
19 H+HD 0.692 0.974 6 0.202 0.689 177.714 0.8389 - - 80.2 19.2 -
20 S+9HD 0.69 0.92 6 0.352 0.691 55.282 0.9398 74.8 - - 25.2 -
21 H+HA 0.663 0.974 6 0.201 0.721 179.711 0.746 - - 84 - 16
22 S+H+HD+HA 0.655 0.973 6 0.204 0.729 174.674 0.8249 21.6 - 53.3 115 13.6
23 E+H+HD+HA 0.628 0.977 6 0.187 0.757 207.446 0.8356 - 25.8 54.2 9.4 10.6
24 S+H+HA 0.623 0.976 6 0.193 0.762 195.56 0.7974 259 - 59 - 15.1
25 E+H+HA 0.605 0.98 6 0.174 0.78 240.808 0.8077 - 289 58.9 - 12.2
26 S+E+H+HA 0.599 0.979 6 0.18 0.786 225.89 18.2 231 47.7 - 11
aSteric field (S), ® Electrostatic field (E), © Hydrophobic field (H), ¢ Hydrogen bond donor (HD), ¢ Hydrogen bond acceptor (HA), the best selected COMSIA model is highlighted

in bold character.

Table 4

Statisticalresults of all possible Structure Based CoMSIAModels along with percentage contribution of their descriptors.
Model No. Field Contribution Poy ey ONC S.EEE S.E.P F-ratio r2pred Field Contribution in Percentage (%)

S E H HD HA

1 aS+bE 0.662 0.965 4 0.242 0.722 118.825 0.943 27.8 72.2 - - -
2 S+°H 0.697 0.956 5 0.272 0.696 93.223 0.8691 30.5 - 69.5 - -
3 S+9HD 0.603 0.923 6 0.358 0.812 51.67 0.8852 37.6 - - 62.4 -
4 S+¢HA 0.55 0.939 4 0.319 0.833 66.419 0.9336 36.5 - - - 63.5
5 E+H 0.681 0.969 5 0.227 0.721 137.589 0.8448 - 50.4 - -
6 E+HD 0.599 0.936 5 0.328 0.808 63.696 0.8667 - 61.9 - 38.1 -
7 E+HA 0.500 0.955 4 0.277 0.886 91.171 0.8322 - 60.9 - - 39.1
8 H+HD 0.623 0.944 6 0.308 0.798 73.041 0.7784 - - 60.3 39.7 -
9 H+HA 0.636 0.960 5 0.260 0.784 104.138 0.8015 - - 57.7 - 423
10 HD+HA 0.482 0.886 6 0.439 0.936 33.686 0.7718 - - - 48.8 51.2
11 S+E+H 0.666 0.969 4 0.228 0.724 136.582 0.8699 16.2 41.8 421 - -
12 S+E+HD 0.601 0.942 6 0.314 0.821 69.835 0.8947 18.5 50.1 - 314 -
13 S+E+HA 0.552 0.955 4 0.274 0.839 93.002 0.9070 19.7 48.6 - - 31.7
14 S+H+HD 0.635 0.942 5 0.313 0.771 70.390 0.8344 20.3 - 48.7 31.0 -
15 S+H+HA 0.618 0.956 6 0.271 0.803 95.143 0.8730 19.1 - 46.9 - 34
16 S+HD+HA 0.546 0.914 6 0.382 0.876 45.883 0.8710 23.1 - - 37.3 39.6
17 E+H+HD 0.317 0.499 1 0.843 0.984 30.859 0.8429 - 34 31.1 34.9 -
18 E+H+HA 0.275 0.488 1 0.852 1.014 29.509 0.8513 - 37.5 343 - 28.2
19 E+HD+HA 0.286 0.482 1 0.857 1.006 28.863 0.8322 - 36 - 36.9 27.1
20 H+HD+HA 0.269 0.453 1 0.881 1.018 25.671 0.8299 - - 34 38.1 279
21 S+E+H+HD 0.316 0.512 1 0.832 0.984 32.55 0.8481 114 30.1 27.6 30.9 -
22 S+E+HD+HA 0.288 0.498 1 0.844 1.005 30.699 0.8471 11.9 31.7 - 325 239
23 S+E+H+HA 0.280 0.505 1 0.837 1.011 31.672 0.8570 124 32.8 30.1 - 24.7
24 S+H+HD+HA 0.273 0.471 1 0.866 1.015 27.645 0.8341 123 - 29.8 334 24.5
25 E+H+HD+HA 0.289 0.482 1 0.857 1.004 28.889 0.8392 - 27.1 24.8 27.8 204
26 S+E+H+HD+HA 0.291 0.495 1 0.846 1.003 30.337 0.8439 9 24.6 22.5 252 18.5

aSteric field (S), ® Electrostatic field (E), ¢ Hydrophobic field (H), ¢ Hydrogen bond donor (HD), ¢ Hydrogen bond acceptor (HA), the best selected COMSIA model is highlighted

in bold character.

3. Results and discussion
3.1. Molecular docking analysis
After evaluating the docking software by judging the resem-

blance of the docked pose with the co-crystallized ligand and
the obtained RMSD. GOLD’s default protocol and parameters was

used to search possible binding conformations of 4HCT IL-2 Itk
inhibitors. Crystal structure of 4HCT with the reported active com-
pound 52 (plCsg: 7.15) revealed the binding interaction which
comprised the phenyl ring bound to the heterocyclic core and
thus interacted through - stacking with the gatekeeper PHE435.
CYS442 was engaged through covalent bonding among the [3-
carbon (acrylamide) with cysteine-thio (C—S distance2.0A). A
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Table 5

These are the compounds with their reported pICsy and predicted pICso by Ligand and Structure-based CoMFA Model along with their residuals.

Training Set of the Best Model

CompoundNo. pICso Ligand BasedPredictive Ligand BasedResidual Structure Based Predictive Structure Based Residual
10 535 5327 -0.023 5.102 -0.248
12 4.28 4.28 1] 4,551 0.271
13 4.75 4.75 0 4.903 0.153
14 4.67 4.67 0 4.703 0.033
15 5.18 5.186 0.006 5.012 -0.168
16 4.67 4.67 0 4.703 0.033
18 5.98 6.066 0.086 5.974 —-0.006
20 4.99 5.235 0.245 5.008 0.018
21 5.00 5.09 0.09 4,962 —-0.038
22 5.01 5.164 0.154 5.085 0.075
23 513 5.156 0.026 4.98 -0.15
25 4.66 4.633 -0.027 4.789 0.129
30 6.89 6.815 -0.075 6.995 0.105
31 6.72 6.654 —-0.066 6.694 —-0.026
32 6.74 6.696 —0.044 6.656 —-0.084
33 6.70 6.945 0.245 6.528 -0.172
34 6.14 6.05 -0.09 6.215 0.075
35 5.85 6.093 0.243 5.682 -0.168
36 6.68 6.508 -0.172 6.547 -0.133
37 6.28 6.012 —-0.268 6.177 -0.103
39 6.14 6.6 0.46 6.215 0.075
40 8.00 7.952 —-0.048 8.23 0.23

41 8.70 8.652 —0.048 8.531 -0.169
44 539 5.355 -0.035 5.406 0.016
45 5.82 6.102 0.282 6.104 0.284
46 5.61 5.386 -0.224 5.517 —-0.093
47 5.19 5.42 0.23 - -

48 5.76 5.863 0.103 —-— —-—

49 4.96 4.747 -0.213 - -—

51 4.44 4.276 -0.164 4.489 0.049
52 7.15 7.231 0.081 7.225 0.075
61 7.00 7.03 0.03 6.977 -0.023
62 8.00 7.872 -0.128 8.091 0.091
65 5.06 5.129 0.069 4.983 -0.077
Test Set of the Best Model

11 5.60 5.346 —-0.254 6.042 0.442
17 5.08 5316 0.236 5.109 0.029
19 4.64 5.132 0.492 5.115 0.475
24 4.69 5.245 0.555 5.515 0.825
33 6.70 6.945 0.245 6.541 -0.159
38 5.99 5.725 -0.265 6.608 0.618
68 7.40 7.952 0.552 8.113 0.713

hydrogen bonding lied among the carbonyl group of acrylamide
and NH of the CYS442 backbone (2.8 A). Aminopyridine core inter-
acted with residues MET438 and Glu436 residues with the hinge
region forming two hydrogen bonds with distances 3.1A and 2.8 A
respectively. An interaction of m-stacking was between the phenyl
ring of pyrazolopyrimidine with PHE435 (gatekeeper). This was
presumed to determine the position of two hydrogen bonds includ-
ing the carbonyl group of diarylamide forming hydrogen bond
with LYS391 (3.2A) and nitrogen of diarylamide forming hydro-
gen bond with ASP500 (2.8 A). The aminopyrazine heterocycle in
pyridone interacted with residues LYS391, GLU406 by hydrogen
bonding and overlapped with central phenyl ring. Most active com-
pound 41 with pICsg of 8.70 served three hydrogen bonds with
residues ASP500 (1.47 A), GLU436 (1.77 A), LYS391 (3.19A). There
was - stacking with the gatekeeper PHE435, pi-cation interac-
tion with LYS391and hydrophobic interactions were seen with
the residues (MET398, MET503, ALA389, VAL419, ILE393, PHE374,
PHES506) Fig. 3a. Least active compound 12 with pICs9 4.28 pm
showed no hydrogen bonding and only hydrophobic interactions
were seen with the residues (MET438, LEU489, ALA398) and the pi-
cationinteraction with LYS391 Fig. 3b. Other least active compound
19 with plCsg 4.64 pm had hydrophobic interactions with (VAL377,
ALA389, LYS391, LEU433, PHE435), one hydrogen bonding with
LYS391 (3.19A) and mr- stacking with the gatekeeper PHE435.

3.2. Statistics of ligand-based approach 3D QSAR models

In 3D QSAR study, CoOMFA/CoMSIA techniques were used to
generate models which greatly rely on the best alignment of
the molecules in 3D space. The pyrazolopyrimidines dataset was
aligned using compound 41 (Fig. 4a) as the template by Sybyl 7.3.
The ligand-based active site alignment is shown in Fig. 4b. The
final CoMFA and CoMSIA model selected was in accordance to
the statistical parameters including the q2¢, > 0.5, r?n¢, ~ 1which
are as q2¢:0.541, r2cv: 0.977, F-value: 208.8 SEE: 0.187 as shown
in Table 2. Both the CoMFA/CoMSIA models were validated by
external test set containing 07 compounds. The predictive values
with their residual values of the internal training and external test
datasets are shown in Table 5.

3.3. Statistics of the structure based 3D QSAR models

The structure based CoMFA and CoMSIA models were devel-
oped on receptor based alignment. The model statistical results
are shown in Table 2. It is evident from the results of CoMFA
model, structure-based has given a satisfactory correlation coef-
ficient g2 (cross-validation) of 0.637 than ligand-based 0.541 with
6 as an optimum number (of principal components) and also a sat-
isfactory correlation coefficient r2 (non-cross validation) of 0.987
and 0.977 respectively. The resultant contributions of steric (Van
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der Waals interactions) and electrostatic interactions in structure
based 3D QSAR model was 34% and 66% and for ligand based was
58.3% and 41.7% respectively. The structure based CoMSIA model
resulted with a correlation coefficient q2 of 0.631 and ligand based
model was 0.601 and a non cross validation correlation coeffi-
cient r2 of 0.979 for structure based and 0.942 was for ligand
based model. The structure based 3D QSAR model has proved to
give better results than the reported ligand based model Table 2.
The CoMFA/CoMSIA model predictions of the dataset were com-
pared with the experimental pICsg values and were demonstrated
in graphical presentation in Fig. 8.

3.4. 3D QSAR models validation

The prediction of the models was validated by the test dataset.
The resultant prediction of pICsg values seem to correspond with
the experimental pICsg in satisfactory error range Table 5. The sat-
isfactory predictive correlation coefficients value of CoMFA and
CoMSIA models were 0.9414 and 0.86991 respectively. These best
models can be used for the prediction of activities of novel pyra-
zolopyrimidines derivatives as Itk inhibitors (Table 3 and 4).

3.5. Contour maps analysis

Three dimensional coefficient contour maps were produced to
visualize the COMFA and CoMSIA models results. The results were
graphically inferred by the field participation maps utilizing a field
type of STDEV*COEFFICIENTS which gives the enhanced view of
model. The COMFA contour maps were generated including steric
and electrostatic fields are shown in Fig. 5. The COMFA maps in
Fig. 5a, b are showing the ligand based model of compound 41 and
12 and Fig. 5¢,d are showing receptor based model of the compound
41 and 12 respectively. The molecular fields of CoMSIA including
steric, electrostatic, hydrophobic, hydrogen bond donor and accep-
tor are presented in Figs. 6 and 7 ligand-based and receptor- based
respectively. The most active compound 41 was overlaid on the
contour maps for visualization. Level contributions were shown by
default 80% for favorable and 20% unfavorable regions.

3.6. Steric and electrostatic profile

The CoMFA and CoMSIA model contour maps with various fields’
contribution are demonstrated with inhibitor 41 as reference com-
pound with the highest inhibitory activity. In the steric field, green
regions correspond to areas where steric tenancy with large poly-
hedral groups will increase in the inhibition activity and the yellow
polyhedral areas have to be sterically avoided. In the electrostatic
field, red contour contribution corresponds to the region where
electronegative functional group is promising while conflicting is
for blue contours. In the present study, we examined the contours
maps regarding their reference individual group. In comparison
the CoMSIA steric field is easier as compared to CoMFA in order to
demonstrate exactly how steric effects affect the inhibitory activ-
ity of inhibitors Figs. 6 and 7. The most potent compound 41 of
this series was placed on CoMFA contour maps inside the active
site of receptor protein as shown in Fig. 5a (ligand-based model),
Fig. 5b (receptor-based model). It is obvious from the figure that
two yellow and one green contours are present in the developed
CoMFA model. The green contour is found in close proximity to
the isopropyl moiety of the Rigroup; specify that bulkier group
replacement at this position can enhance the inhibitory activity. It
is further supported when we compare the most active compound
41 with least active compound 12 as shown in Fig. 5¢ (ligand based
model), Fig. 5d (receptor based model), the decline in inhibitory
activity was observed because the isopropyl group on benzene is
replaced by cyanide group. Compounds 47,49, 51 are true represen-

tative for this prediction in explanation; the occurrence of bulkier
groups at the R1 position is suitable for improving inhibitory activ-
ity. First yellow contour is found near the oxygen of amide group
while second yellow map is found close to the oxygen of vinyl
ketone. This examination supports the sterically less bulky moi-
ety at these positions could be better for good interaction, so as
to accommodate within the binding site of Itk. In the current sce-
nario, electrostatic field contribution is prominent over steric field
and forming a powerful correlation with neighboring interacting
amino acids. A large blue contour surrounds the isopropyl moi-
ety at the R1 position and powerfully suggests the presence of an
electron donating group at this point to improve the activity pro-
file. Additionally, the electron withdrawing parts of the interacting
residues of Itk were found in contact with electron donating part of
inhibitors surrounded in the blue contours. So to enhance the activ-
ity profile powerful interaction with the electronegative side-chain
of amino acids is preferred for established interaction of inhibitors
with protein. This assessment was additional supported by another
blue contour map which lies nearby NH, moiety of amino acid
residues. In COMFA, two red contours positioned in the surround-
ing of N-substitute piperidine and another red contour found on
the carbonyl oxygen which is attached with the NH, group of iso-
propyl benzene exactly correspond with the hydrophobic residue.
These contours determine the presence of an electron withdraw-
ing group which established interactions with electron donating
groups which is found close to these contours in the active binding
site of Itk. The decrease in activity is observed in compounds 18,
43, 46, 36, 51 and 48 as these inhibitors were located away from
red contours.

3.7. CoMSIA analysis

3.7.1. Steric and electrostatic fields

The contour maps of steric and electrostatic fields are presented
in Fig. 6 (ligand-based model) and Fig. 7 (receptor-based model).
We found almost similar steric and electrostatic field contributions
for designed Itk inhibitors so we mainly focus on molecular fields of
hydrophobic, hydrogen bond donor and hydrogen bond acceptor.

3.8. Hydrophobic fields

The white and yellow colored contours show respective areas
where hydrophilic and hydrophobic properties were found to be
favorable. When reference compound overlaid on the developed
contours, two yellow contours correspond the favorable perspec-
tive for hydrophobic group as showed in Fig. 7 one of yellow contour
lies near the vinyl ketone while second contour is present near the
isopropyl benzene close to R1 position. This observation showed
that hydrophobicity at this part of the molecule play significant role
in biological activity. This lipophilic pattern followed by compound
41 while the interacting residues present in yellow contour strongly
suggest that more lipophilic character in place of less hydropho-
bic residues. If we observed that the low activity compound series
as compared to reference, the reason behind that may be these
compounds represented close to yellow contours and hydrophilic
residues at this position are absent as compared to template. Addi-
tionally there are two white contour present near the piperidine
and benzene ring specify that presence of hydrophobic moieties
at this area are not suitable for activity. It is additionally supported
after a comparison of the most potent compound 41 with less active
compounds (12, 13, 15, 19, 31, 42, and 45).

The CoMSIA hydrogen bond donor and hydrogen bond acceptor
contour plots are presented in Fig. 7 respectively. The cyan contours
characterize the areas where hydrogen bond donating moieties
enhance the activity, while the purple contours characterize the
areas where hydrogen bond-donating moieties decline the activ-



392 Z. Ul-Haq et al. / Journal of Molecular Graphics and Modelling 74 (2017) 379-395

Fig. 7. Structure Based CoMSIA Contour Maps a) Steric field is showing the favored and disfavored regions; b) In the Electrostatic field contour maps have blue color
representing an increase of positive charge that will enhance affinity; red color represent an increase of negative charge that will enhance affinity; c) Hydrophobic favored
region represented by favoured and disfavored areas; d) H-bond donor field represented by cyan and disfavored by purple polyhedra; e) H-bond acceptor field favor region
and disfavored areas are represented by magenta and red color, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8. Graphical presentation of Structure basedCoMFA and CoMSIA.

ity. In the same way, the magenta contours point out the regions
where hydrogen bond-accepting moieties enhance the inhibitory
activity, while the red contours specify the areas where hydrogen
bond-accepting moieties decline the activity. The cyan contours
near the NH2 group which is present on pyrimidine ring show
that hydrogen bond-donating functionalities are favored. It is well
established with the explanations that NH2 group in this area forms
hydrogen bonds with residues MET438 and Glu436 as donor. The
purple contour close to N-linker favors the existence of this moiety
which can take lone pair of electron from active site amino acids to
make better interaction. A large magenta contour situated on the
vinyl ketone, substituted on piperidine ring while second magenta

contour found close to oxygen of amide group recommends that
hydrogen bond-accepting moieties are favored in these areas. Sim-
ilarly one large red contour, found near the nitrogen of piperidine
moiety suggest that its existence is not promising for H-bond accep-
tors group; this explanation is further proved by noticing lone pair
donating group of compound can receive the electron pair from the
protein for making better interactions.

3.9. Design of new inhibitors

The CoMFA and CoMSIA models provide detailed description
about structural requirements for improved inhibitory activity of
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Table 6
Newly designed compounds with their predictive pICsy values.
Ry
Ry
N NH,
K HN
N \ | Rs
/ [¢]
N—n
Q
\\ﬁ\ °
Compound No. R1 R2 R3 Predicted pICso M
1 NH, —NH(CH3 ), H 8.85
2 CH; —CHCH3C,Hs CH3 8.46
3 CH3 —C(CH3), H 8.45
4 NCH; —N(CH3), H 8.44
5 CHj —CNH3(CH3), H 8.43
6 CoHs —N(CH3), NH; 8.43

pyrazolopyrimidines derivatives. Particularly, the R; moiety plays
an important role in its inhibition. Its substitution with hydrogen
or less bulky group cause total loss of its activity. Replacement of
linker oxygen atom with nitrogen and sulfur may compromise in
the activity of the compounds. Insertion of steric and hydrophobic
moieties at R3-position of benzene ring could enhance the activity.
The practical values of these developed structure-activity relation-
ships reveal by designing a series of new inhibitors (with predicted
pICso values ranging from 8.43 to 8.85 log units) with the best
developed CoMFA and CoMSIA models (Table 6).
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