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ABSTRACT

The discovery of glycogen synthase kinase-34 (GSK3p) inhibitors has proven to be challenging task to identify novel
and potent gsk3g inhibitors. The quantitative structure activity relationship (QSAR) and docking approach became
very useful and largely widespread technique for ligand-based drug design. The computational study deals with
development of 3D QSAR models for 85 selected quinazoline derivatives using the stepwise variable selection k-
nearest neighbor molecular field analysis approach; a leave-one-out cross validation method. The devel oped model
showed satisfactory statistical significance r* (Regression) with 0.75 and g (Correlation coefficient) 0.81. Further
we have carried out molecular docking studies with the x-ray crystal structure of glycogen synthase kinase domain.
These studies showed that quinazoline scaffold can be utilized for designing of novel GSK-34 inhibitors.
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INTRODUCTION

The glycogen synthase kinage®as originally identified and studied for its faions in the regulation of glycogen
synthase as the rate limiting enzyme in glycogersyithesis [1]. It is serine /threonine kinase cosimy two
isoforms ¢ andp) in mammals. These isoforms share high homolo@p%s) at the catalytic domain and expressed
ubiquitously in cellular system and have similaodbiemical properties [2]. GSIR3has multiple substrates and
plays a critical role in glucose homeostasis, CNS8cfion [3], circadian rhythm, controlling cell dg¢ neuro
degeneration, chronic inflammatory diseases anderaf-5]. The literature reveals that the maldies of
inhibitors (bisaryl maleimides)4], anilino maleimides [5], bisindolyl maleimide8][ azaindolyl maleimides [7-9]
have been reported to show a degree of selectivitgrd GSK3. Although, a number of diverse classes of GBK3
inhibitor have been reported so far, the selegtipibblem appears to hamper all efforts. This astién part, stems
from the fact that the kinase has the same nasutadtrates, ATP and most of the ligands act thraaghpetition
with ATP. This calls for methodologies that tackle non selectivity to address the design of pakirug
candidates of GSKBinhibitors. In the present study the quinazolireivhtives were (85) selected to develop the
3D-QSAR and molecular docking studies.
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MATERIALSAND METHODS

Synthesis of molecules:
All molecules (85) under study were taken from jpasly published work and IC50 (nM) values converite to —
log10 (pIC50) values used in the present study wbosvn in Tablel.[10]

o
Compound 1-19 Compound 20-85

Tablel Showing the compounds under present study

Compound X Y R R? Activity (pl C50)
1 H H H H 6.02
2 H H H o-Cl 6.29
3 H H H p-Cl 6.43
4 H H H p-Me 6.13
5 H H H 2,3-Me 7.02
6 H H H 2,4-Me 6.19
7 H H H 3,4-Me 5.95
8 H H H 0-OMe 7.09
9 H H H m-OMe 5.58

10 H H H p-OMe 6.14
11 H H H 0-OEt 7.34
12 H H H p-NQ 5
13 H H H p-Ac 6.02
14 H H p-F H 6.16
15 H H p-F 2,4-Mg 6.3
16 H H p-F 2,6-Mg 6.3
17 H H p-F p-OMe 5.6
18 H H p-F 0-OEt 5.88
19 H H p-F p-NG 5.13
20 H H H H 6.18
21 H H H o-F 6.39
22 H H H p-F 5.61
23 H H H o-Cl 6.88
24 H H H m-Cl 6.95
25 H H H p-Cl 6.34
26 H H H 3,4-Ch 6.79
27 H H H 2,3-Me, 6.33
28 H H H 2,4-Me, 6.16
29 H H H 2,5-Me 6.37
30 H H H 3,4-Me, 6.69
31 H H H 0-OMe 7.67
32 H H H m-OMe 5
33 H H H p-OMe 5.69
34 H H H 0-OEt 7.58
35 H H H m-CK 6.45
36 H H H p-Ac 5
37 H F H H 6.03
38 H F H o-F 6.11
39 H F H p-F 6.11
40 H F H o-Cl 7.28
41 H F H m-Cl 6.72
42 H F H p-Cl 5.65
43 H F H 3,4-Cb 6.34
44 H F H 2,3-Me, 7.12
45 H F H 2,4-Me, 6.02
46 H F H 2,5-Me 5.82
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47 H F H 3,4-Me, 6.22
48 H F H 0-OMe 7.07
49 H F H m-OMe 5
50 H F H p-OMe 5.95
51 H F H 0-OEt 7.72
52 H F H m-CFK; 7.03
53 H F H p-Ac 6.16
54 F H H H 6.32
55 F H H o-F 6
56 F H H p-F 6.37
57 F H H o-Cl 6.69
58 F H H m-Cl 6.88
59 F H H p-Cl 5.92
60 F H H 3,4-Ch 6.56
61 F H H 2,3-Me 7.25
62 F H H 2,4-Me 6.2
63 F H H 2,5-Me 6.69
64 F H H 3,4-Me, 6.58
65 F H H 0-OMe 6.92
66 F H H m-OMe 6.03
67 F H H p-OMe 6.45
68 F H H 0-OEt 7.92
69 F H H m-CR 7.13
70 F H H p-Ac 6.22
71 H H 0-OMe 0-OMe 6.67
72 H H o0-OMe 0-OEt 7.53
73 H F 0-OMe 0-OEt 6.95
74 F H 0-OMe 0-OMe 7.1
75 F H 0-OMe 0-OEt 7.31
76 H H m-OMe 0-OMe 7
77 H H m-OMe 0-OEt 7.25
78 H F m-OMe 0-OEt 7.04
79 F H m-OMe 0-OMe 6.63
80 F H m-OMe 0-OEt 7.79
81 H H p-OMe 0-OMe 7.01
82 H H p-OMe 0-OEt 7.53
83 H F p-OMe 0-OEt 73
84 F H p-OMe 0-OMe 6.72
85 F H p-OMe 0-OEt 7.79

3D-QSAR studies:

The molecular modeling and docking studies (3D &cking) were performed using the molecular Desigites

(VLife MDS software package, version 4.3; from \i§ciences, pune, India). The structures of allpmmds

were sketched in chem sketch version 12.0 (ACD. |&lll) structures are cleaned and 3D optimized. Byer
minimization and geometric optimization were contédcusing the Merck molecular force field (MMFF)dan
Gasteiger marsili charges for the atoms with the mean square gradient set to 0.01kal/mdbAd the iteration

limit to 10,000. The conformers for all structusge generated and the low energy conformer wastsdléor each

compound for further study.

Data set and M olecular modeling for 3D-QSAR:

The total set of compounds was divided in to tragrset (58 molecules) for generating 3D-QSARmoddl t@st set
(27 molecules) for validating the quality of the dets. Optimal training and test set were generasétg the sphere
exclusion (SE) algorithm. The SE method was adofuedlivision of training and test data set comipgsof (58
molecules) and (27 molecules) molecules respegtivath dissimilarity value of 5.0 where the disdimity value
gives the SE radius.

Alignment procedure;

Molecular alignment is a crucial step in 3D-QSARdst to obtain meaningful results. Energy minimizat
geometry optimized structure of each molecule vatigned by the template based method. In generanggic
similarity should exist between the modeled strieetand the bioactive conformation for 3D-QSAR. Teecial
alignment of compounds under study is thus ond@ost sensitive and determining factor in obtejra reliable
model. Alignment of all 85 compounds was done ughng template based alignment by using the mosteact
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molecule as reference and (4-oxo-3, 4 dehydro-phkeByl-quinazoline derivative) as template in MDiBe
alignment of all compounds in present study shawhkig 1. The aligned structures were used for thdys In the
template alignment, a template structure was deéfarel used as a basic for alignment of a set oécntds. These
aligned conformations were used to generate thdigiinee QSAR model.

Figl. Figure showing alignment of molecules used in the study.

Descriptor calculation:

In this study by using Tripos force field (11) a@dsteiger —marsili charges (12) electrostatic @aadcsdescriptors
were calculated. The dielectric constant was sétQ@aconsidering the distance-dependent dielefiriction probe
setting was carbon atom with charge +1.0. Thisltedun calculation of 5,000 field descriptors @06for each
electrostatic and steric) for all the compoundsAQSanalysis was performed after removal of all tineariable
descriptors, as they do not contribute to the QSAR.

3D-QSAR studies were carried out by kNN method gisorward step wise variable selection as variakelection
method. The kNN methodology relies on a simpleagis¢ learning approach where by an unknown mensber i
classified according to the majority of its kNN filne training set. The nearness is measured by propiate
distance metrics (a molecular similarity measurewated using field interactions of molecular stures). The
step-by-step search procedure beings by develapin@l model with a single dependent variable Bwugpendent
variable, one step at a time, examining the fitnoddel at each step (using weighted kNN cross-vidida
procedure). The method continues until there isneoe significant variable remaining outside the elo®nce the
training and test sets are generated, kNN methggldle applied to the descriptors generated overgtict The
steric, electrostatic, and hydrophobic energiescareputed at the lattice points of the gride usingethyl probe of
charge £1. These interaction energy values areisdenmesl for relationship generation and utilizeddascriptors to
decide the nearness between molecules. k-near@gdtboe molecular field analysis (KNN-MFA) model weer
developed using the Forward stepwise variable Seteenethod with cross-correlation limit set of @@d term
selection criteria as’r F-test was set to 4.0. As some additional pararsgvariance cutoff was set at 0.000
kal/mole A and scaling to none; additionally, kNrameter setting was done within the range of & the
prediction was selected as the distance based tedigiverage. To systematically assess a QSAR madeliable
validation is required usually; a QSAR model isleated by the predictive results for the given dataThe models
having f (0.75) were checked for their external predicivit

Docking studies:

The docking studies helped to sort-out the desigoempounds with good binding affinity against glgea
synthase kinase enzyme. We conducted docking studieg Biopredicta module of VLife MDS 4.3 usimystal
structure of the glycogen synthase kinase retriésad protein data bank (PDB 1d.4ACC).

RESULTSAND DISCUSSION

The computational study deals with development Bf@SAR for 85 selected quinazoline derivatives gdine

stepwise variable selection k-nearest neighbouecubér field analysis approach; a leave-one-ouscr@lidation

method. The developed model showed satisfactoristitally significant f (Regression) with 0.75 and? q
(Correlation coefficient) 0.81 were shown in TaBld-urther molecular docking studies were carrievath the x-

ray crystal structure of glycogen synthase kinasmain and the dock scores (kcal/moles) of all camnps were
shown in Table 3.
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Table2. Showing the selected QSAR model along with statistical parameter semployed for the model selection

Descriptor Range  k Nearest Neighbour N q g’ se predT pred_fse
E_1444 (4.0362 4.1324)

E_1579 (0.9146 0.9899) 2 58 0.8172 0.7236 0.7575 0.5150
S_472( 4.8157 5.0486)

Table3. Showing the Actual, predicted activities along with residuals and Docking scor es of quinazoline derivatives using SW-kNN M FA

method
SI.No. Actual activity Pred;%t{ecdgaoc;tlwty Residuals Docking score

1 6.02 6.044 -0.34 -3.190149

2 6.29 6.093 -0.34 -4.01869

3 6.43 5.852 -0.34 -4.611467

4 6.13 5.95 -0.34 -3.048052

5 7.02 6.175 -0.34 -4.395815

6 6.19 6.09 -0.34 -4.285131

7 5.95 6.09 -0.34 -4.204618

8 7.0¢ 7.32¢ -0.3¢ -4.12480.

9 5.58 6.073 -0.34 -4.080334
10 6.14 5.798 -0.34 -4.522176
11 7.3¢ 7.08¢ -0.3¢ -3.89262!
12 5 5.242 -0.34 -4.028881
13 6.02 5.888 -0.34 -4.304687
14 6.1€ 6.091 -0.34 -1.40375:
15 6.3 6.244 -0.34 -3.557473
16 6.3 6.178 -0.34 -4.229233
17 5.6 6.088 -0.34 -4.086438
18 5.88 6.085 -0.34 -3.092155
19 5.13 5.151 -0.34 -4.39268
20 6.18 6.238 -0.34 -3.747464
21 6.39 6.056 -0.34 -4.409298
22 5.61 5.57 -0.34 -4.260995
23 6.88 6.86 -0.34 -3.236679
24 6.95 6.739 -0.34 -3.201721
25 6.34 5.669 -0.34 -1.450164
26 6.79 6.253 -0.34 -3.115317
27 6.33 6.305 -0.34 -4.205425
28 6.16 6.232 -0.34 -3.982151
29 6.37 6.30¢ -0.34 -3.9470:
30 6.69 6.17 -0.34 -3.957804
31 7.67 7.301 -0.34 -2.427283
32 5 5.30¢ -0.34 -1.93569!
33 5.69 5.805 -0.34 -2.764349
34 7.58 7.722 -0.34 -4.298745
35 6.4 6.9¢ -0.34 -2.23351!
36 5 5.512 -0.34 -3.448983
37 6.03 6.524 -0.351 -3.763191
38 6.11 6.172 -0.35] -2.15597!
39 6.11 6.25 -0.351 -4.054487
40 7.28 6.632 -0.351 -4.242139
41 6.72 6.341 -0.351 -2.925613
42 5.65 6.028 -0.351 -1.953481
43 6.34 6.482 -0.351 -3.956572
44 7.12 6.524 -0.351 -2.21275
45 6.02 6.552 -0.351 -4.00793
46 5.82 6.524 -0.351 -3.587913
47 6.22 6.524 -0.351 -3.902675
48 7.07 7.148 -0.351 -2.493879
49 5 5.299 -0.351 -3.416451
50 5.95 6.004 -0.351 -3.66064
51 7.72 7.275 -0.351 -2.218624
52 7.02 6.70z -0.351 -3.64380:
53 6.16 5.976 -0.351 -2.501931
54 6.32 6.17 -0.387 -3.912165
55 6 6.232 -0.381 -2.42355!
56 6.37 6.125 -0.387 -3.989039
57 6.69 6.16 -0.387 -4.202147
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58 6.88 7.19 -0.387 -4.066853
59 5.92 6.081 -0.387 -4.186153
60 6.56 6.335 -0.387 -4.417856
61 7.25 6.785 -0.387 -2.815035
62 6.2 6.97 -0.387 -3.170191
63 6.69 7.067 -0.387 -3.871213
64 6.58 6.505 -0.387 -3.948909
65 6.92 7 -0.387 -3.662417
66 6.03 5.627 -0.387 -3.85669
67 6.45 5.808 -0.387 -2.772099
68 7.9z 7.68¢ -0.381 -3.44065!
69 7.13 6.786 -0.387 -4.188419
70 6.22 5.826 -0.387 -3.982536
71 6.67 7.24: -0.371 -1.89757.
72 7.53 7.247 -0.371 -3.975201
73 6.95 7.553 -0.379 -1.844738
74 7.1 7.415 -0.41¢ -2.22364.

75 7.31 7.241 -0.418 -3.610979
76 7 7.159 -0.35 -3.67952
77 7.25 7.268 -0.35 -3.752281
78 7.04 7.273 -0.359 -3.896853
79 6.63 7.851 -0.399 -2.412773
80 7.79 7.854 -0.399 -3.754813
81 7.01 7.3 -0.342 -1.888118
82 7.53 7.277 -0.342 -1.762175
83 7.3 7.303 -0.351 -2.987971
84 6.72 7.79 -0.392 -1.121769
85 7.79 7.849 -0.392 -2.161401

I nterpretation of QSAR model:

In the present study several 3D-QSAR models wereeated using stepwise variable selection met@bdhe
several statistically significant models best madekported here in Table 2. 3D-QSAR model wasdcet based
on the values of statistical parameters and thekidN-MFA 3D-QSAR models with (58) training set cpounds
having a §0.81 and pre ?10.75. The kNN-MFA QSAR method explores formallg #ctive analog approach which
implies that compounds display similar profilespbfarmacological activities. In this method, thei\digt of each
compound is predicted as average activity of mbasinically similar compound from the data set. Thedjztive
ability of this forward step wise variable seleatikNN-MFA model was evaluated by predicting theldical
activities of the test set molecules. Residual eslabtained by substracting of predicted activiiesn biological
activities were found near to zero. Therefore iswancluded that the resultant QSAR model have goedictive
ability. The actual, predicted activities and resil$ of both training and test set molecules avergiTable 3. The
contribution plot and fitness plot of observed esrpredicted activity of both training and testreetecules helped
in cross validation of KNN-MFA QSAR model are depitin Fig 2 & Fig 3. The model selection criterig based
on the value of g the internal predictive ability of the model athét of pred % the ability of the model to predict
the activity of external test set. The selected ehadhs found to be statistically most significaggpecially with
respect to the internal predictive ability(@.81) of the model. The correlation coefficienggests that our model is
reliable and accurate. A data set of (27) compounee selected as the test set from the origintd d& 85
compounds for the cross validation. The predictexbws the experimental values for the training st sets are
depicted in Fig 4. The values of pretifar the test set with value of (0.75), which mebgger predictive power for
the external test set. Thus our model displays gwedictivity in regular cross validation.

In 3D-QSAR studies the steric and electro staétdé were calculated using Tripos force field ara@iger-marsili
charges, 3D data points were generated. The rahgeoperty values in the generated data point licloe the
design of new chemical entities. These ranges Wwased on the variation of the field values at theosen points
using the most active molecule and its nearesthheigset. The points generated is SW-KNN-MFA 3D @®SA
model are S_472 (4.8157, 5.0486), E_1444 (4.0362324) and E_1579 (0.9146, 0.9849) that is stend a
electrostatic interaction fields at lattice poidfg2, 1444 and 1579 respectively as shown in Fighgse points
suggested the significance and requirement ofcstamnid electrostatic properties as mentioned inrémge in
parenthesis for structure activity relationship E§Aand maximum biological activities of quinazolinaalogues.
The steric interaction fields are represented gegrlattice point at S472 implies that steric iatéion along these
lattice points are required to be addressed armgtdaction at this point S472 are positively conttifbg are so the
compounds which are having bulky substituent atomatic ring can show the increased activity. Th® tw
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electrostatic fields at blue lattice point at E14ddd E1579 implies that electronegative group asitipely
contributing so the compound which are having etectwvithdrawing group i.e. ortho methoxy and ortétboxy
group at R position can show the increased activity of comisu The m-Chloro group and p-Chloro group can
contribute the more biological activity than ortihmro and para floro groups.

Fig2. Contribution plot for descriptorsin QSAR model Fig 3. Fitness plot of Actual versus
Predicted activity of training (red) and
Test (blue) set compounds.
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Fig4. Figures showing the Actual (red) and predicted activity (blue) of test and training set compounds

Docking results:

To gain insight in to the molecular determinant timodulate the inhibitory activity of these compds, molecular
docking simulations for these compounds to GBK@re performed using the biopredicta program inf/ MDS
software based on the x-ray crystal structure oK&BSwas retrieved from protein data bank (pdb id. 4ACIhe
docking and subsequent scoring were performed utiieg default parameters of the biopredicta program
demonstrated that all the molecules under study lzawice interaction with amino acids of G$Kand all the
compounds with ortho ethoxy, ortho methoxy groupsws to exibit good binding interaction and eluta#e
good docking score, the para Chloro and meta Chdooaps shows the good docking score than ortho #amd
para floro groups. The dock scores (kcal/molesaloEompounds were shown in Table 3. The nitrogemm of
quinazoline ring forms hydrogen bonding witly S183 with a 2.366 A distance. The oxygen atom of ketoug
interacts withSER203 with 2.499 A distance (compound 2). The electrdthdvawing group (fluorine) substituted
on phenyl ring at para position can form a hydrogending withLY S183 (2.526 A distance) an@L N185 with
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1.797 A distance (compound 80). The oxygen atormnaile group forms hydrogen bonding with SER 203 it
2.059 A distance and the oxygen atom of methoxymriateract with ARG96 with a 2.48 A distance (campd
84). The most active molecule (2 and 80) interacimvages depicted in Fig 6.

Fig6. Figure showing the hydrogen bonding of compound 2 and 80 with active sites gsk3 (pdb id. 4acc)

~ @ < N

| C ROy
P

CONCLUSION

In conclusion a computational approach along witt QSAR and docking analysis was employed to iflenti
molecular structural features, electrostatic amdicsteffect dominantly determine binding affinitiadiich can be
useful for development of glycogen synthase kinalibitors.
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