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Abstract: Drugs comprising n heterocyclic system show widespread therapeutic impact such as antimicrobial, antidepres- 
sant, antihypertmsive, and anticancer achvlty. We describe herem computational studies that support the promlslng bio- 
logical acuvity of four new compounds (5, 6, 10 and 13). The wild-type a@ mutant phosphatidylhositol-4,s-blsphosphate 
3-kinasur (PUKa) proteins were used as models to explore the portnrtnt~$"mxion of the designed molecules with this 
uaponanr kinase involved in the growth regularion of cancer cells Thg ~ l t s  of our studies showed that the verified 
compounds ought to fit mto the Yinase domain of wild-type and mutam PUKas It is predicted that they interact wlth 
S774, K802, Y836, V851, S854, T856, Q859, and DY33 that are known to be key bindmg residues for achve inhibitors 
both in wild-type and mutant PI3Kas. Docking score infer the selectiv~ty of compounds 5, 6 and 10 toward Ihe mutant 
P13Ka (H1047R), whereas compound 13 d~splayed a shghtly h~gher affinity to the wild-typ8 protein. The phannacophore 
modeling of PI3Ka inhibitors showed that the explored compounds shared four out offive phannacophoric points with 
such inhibitors. Thus, tDe recently developed four compounds might be recmlred as lead structures for the design of new 
anutumor drugs targetmg P13Ka 
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Docking is a computational appro* in which ligends 
are placed in h e  binding site qf4'qcsptor [I]. The aim of 
ligand docklng is to predict the igtermolecular interactions 
between the receptors an&thek ligends. It is one of the major 
tools of  computational drug design used in chug discovery. 
Docking includes the prediction of possible ligand binding 
domains on a protein or enzyme and the prediction of 
fgand/protein complex interactiors 121. 

The w o  major problems of using cnmputational docking 
methods m: 1) the Inaccurate pred~etion of-ligand recepsor 
fiee binding energies (binding affinity) and. 2) the flexibil- 
ities of ligand and receptor [3]. Many docklng program ac- 
count for pmial or full ligand flexibility, despite the fact that 
a prorein exists ir? equilibrium of an ensemble of conforma- 
tional states rather than as one dormnvlt more stable con- 
formation. Thus, protein flexibility is still often disregarded 
in ligand docking studies [4]. The term flexible docking is 
referring to the conformational search on the ligands before 
their docking 151. 

The docking protocols are a combination of a search al- 
gorithm and a scoring hnction. The search algorithm covers 
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the relevant conformational space of the ligands, whi!c thc 
saririg function characterizzs the binding atf-mity between 
the tigand and the protein in term of free binding energy 15, 
61 A large number of search algorithms and sconng func- 
tions are available [6].  However, ~e key elements in any 
docking protocol success are stiil the ligands and the binding 
sire where they shol~ld be docked. 

Recently, we described the synthesis and cytotoxicity 
evaluation of new benzohranlbenzothiophene carboxamlde 
deribatives (Fig. 1) ;7j. We observed cytotox~c effects of 
selected compounds on a human cervical carcinoma cell line 
(Hela) and 3T3 mouse fibroblasts. One denvauve, 13, 
showed an approximately &ree times higher cytotoxicity in 
HeLz cells than io. 3T3 cells. We now applied computational 
methods to evaluate further the potential anticancer actlvity 
of the recently synthesized compounds. For this purpose, we 
have chosen r3e phosphatidylinositol-1,5-bisphosphate 3- 
kinase a (PI3Ka), a heterodimeric lipid k'inase, as a target 
enzyme for our studies. 

PI3 klnases phosphorylate the 3-hydroxy moiety of phos- 
phatidylinositol 4,5-biphosph- (PIPZ), generating phos- 
phat idylmos~l  3.4.5-triphosphates (PIP3). an essenhal sec- 
ond wessenger regulating the activity of PI3K downstream 
effe~tors AKT and mTOR The activation of P13WAKT 
signahg cascade stimulates cell proliferation, growth, sur- 
vival, tumor progression, invasion, angiogenesis, and metas- 
ras~s Atypical PI3KfAKT pathway has been characterized in 
a number of hum= cancers. [8] 
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4 x = q  4ps  
a: 2-aminoacetophcnone d:  2- amiaoacetop henonc 
b .  3-sminaacerop heoone e: 3-ammo aceo  pben one LS 
c: Caminaacetophmooe f 44mino aceophenone 

Fig. (1). Synthesized benzofuran/benzothiophene carboxmide derivatives used for the cornputarional docking studies. 

The PI3Ka subunit pl10a coding gene (T'IWCA) is mu- 
tated, amplified and overexpressed in numerous human can- 
cers. Somatic mutations in PIK3CA cluster in the helical 
(E542K, E545K) and kinase (H1047R) domains of PI3Ka 
increase the lipid b a s e  activity and snmulate the AKT sig- 
naling pathway. These mutations were observed in - 30% of 
prostate, cervix, and endomeium tumors (Catalog of So- 
matic Mutations in Cancer, www.sanga.ac.uk/genetic5/ 
CGPIcosmic) [9]. In addition, P13Ka acrjvity has been 
shown to be amplified in tumor samples of cervical carcino- 
mas and cervical carcinoma cell lines (I-IeLa) [lo], whereas 

its acrivity is comparably low ir 3T3 cells [I 11. The actlva- 
tior. of PI36 pathway is negatively reguIated by the lipid 
phosphatase aqd tensin homolog (PTEN), and mutations in 
PTEN or irregularity of PTEN hnction or expression exists 
~II hman cancers f121. The oncogenic potential of PUKa 
and its regulator (PTEiN) makes PI3Ka a promising target for 
an5cancer drug design. 

In continuation of our former work, we report herein the 
computational studies to evaluate the potential of the new 
benzofuranibenzothiophene carboxarmde denvatives as spe- 
ci?ic P13Ka inhibitors. 
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Fig. (2). The kmase domains of 2RW (grey colored) and 3HMM 
(yellow colored) harboring the explored compounds embedded with 
some of key binding residues (for clarity purpose). The compounds 
and residues are depicted in stick model. H-atoms are hidden for 
clarity purpose. 

RESULTS AND DISCUSSION 

In order to identify the structural basis of binding for the 
synthesized molecules with the binding clefts of wild-type 
(wt) and mutant (mut) PIjKa, we carried out docking studies 
of our experimentally tested compounds. A Glide docking 
approach [13] was applied to wt PI3Ka (PDB ID 2RDO) [14] 
and mutant PI3Ka (H1047R) (PDB 1D 3HHM) [IS], as well 
as the generated mutants H42K, E545K, and fie doubly 
mutated E542KE545K PT3Ka (mutations i r  Qe hehcal re- 
gion of PUKa outside of the catalytic d qiD,). The binding 
m t y  of h e  P U K M g a n d  comp!&wp expressed in 
terms of binding free energy r@G); docking scores 
(kcallnol). The more negative theqoeking score, the better 
the binding and the more f vorgb"iethe complex. A docking 
score of -2 iroaVmo1 as &wa"di f fe rena  of 2 kcdmol 
were considered s~~nificanbi? 

= 

Our Glide docking resulrs of the synthesized molecules 
against the wt (2RDO) and mutant PI3Ka proteins (H1047R, 
E542K, "c545K, E542WE545K) showed that all compounds 
bind to ihe PI3Ka kinase catalytic domain (Rg. 2). Most of 
the tested compounds formed hydrogen bonds (H-bonds) 
with D933, N920, S919, 0859, S854, V851 (via backbone 
NH), E849, Y836, D810, K802, A775, and 5774 (Tables 1 
and 2). 

Compound 13 showed a relative high docking score for 
wt PI3Ka (-6.40 kcal/mol) indicating a good affinity to the 
binding cleft of the kinase (Table 1). However, its binding to 
the mut P13Ka (H1047R) seemed to be slightly less effec- 
tive. In contrast, conlpounds 6 and 10 displayed a relative 
low docking score for the wt PI3Ka, bur a significantly bet, 
ter docking score for the mut PI3Ka (H1047R) (Table 1). 
These computational data deduced that these compounds 
might have a preferential selectivity against the H1047R 
PI3Ka. Notably compounds 3b and 3c showed considerable 
affinity towards mutant H1047R P13Ka whereas 11 favored 
native PI3Ka. Therefore, the docking scores suggest that 
their backbone could be optimized to get better cytotoxic 
activity. 

Sweldan er oL 

Recent experimental [14] and computational data [16-171 
confirmed the importance of binding of the tested com- 
pounds to these residues, in particular of the binding to 
Asp933 [18]. Sabbah et al. [19] identified the structural dif- 
ferences between wt and mutant H1047R PUKa; particularly 
residues Q859, S854, Y836, and S774 could be exploited to 
design active PI3Ka inhibitors. Moreover, H-bond interac- 
tions with the scaffolds of S774, S854, and 4859 might be 
targets for selective inhib~tion of mutant H1047R PI3Ka 
[201. 

It is worth noting that H-bmding of compounds 5 .6  and 
10 ro S774, S854, and 4859 could explain their preferential 
affiniry againsr mutant H1047R (Figs. 3 and 4). Fig. (3) 
shows that compound 10 adopts different binding conforma- 
tions in wt and mutant H 1047R PDKa and forms H-bonds 
with 0859 (NH arnide side chain) and T856 (OH) of wt 
Pl3Ka Conbarily, its U-shaped conformation in mutant 
H:047R favors H-bond with S774 (OH), V851 (NH back- 
bone), and Q859 (NH amide side chain). 

The binding mode of compounds 5 and 6 in PI3Kas bind- 
mg clefts showed that these compounds miss H-bond inter- 
act~ons with the scaffolds of key binding residues and thus 
explam their lower affinity to the wt PI3Ka. Interestingly, 
their H-bonds with S854-(OH) of H1047R Increased then 
binding affmity Moreover, the binding domain of PI3Ka.s 
was enclosed with hydrophobic resldues (W780.1800, 1848, 
V850, V851,1932,'Gd M922) whlch expla~ned the b~nding 
patterns of compounds 5 and 6 in PI3Kas. The adopted b~nd-  
ing mode o f s o v o u n d  13 in PUKas showed that it formed 
H-bond with_K802 (NH2) of wr PI3Ka and 5774 (OH) of the 
mutant H1Q47R protein (Fig. 4). 

Howver, comparing the docking scores of the synthe- 
sized molecules against the generated mutant proteins 
(E542K. E54SK, and double E542KE545K P13Ka) showed 
that these compounds have comparable affinihes to these 
hellcal mutants as to that of the wt PI3Ka (Table 2). T h ~ s  
was due to the position of these residues relative to the 
kmse  domain. The PI3Ka catalytic kinase domain resides in 
residues regloo (699- 1094). The mutant H 1047R was em- 
bedded In this reDon and therefore 11 displays better d~ffer- 
ences m affmity compared to the wt PI3Ka. On the other 
hand, the considerable distance of the helical mutant fmm 
the kinase domain weakens the influence of these mutants on 
the binding at3~~ity and mnsequently shows comparable 
a f h t y  to that of the wt PI3Ka 

In order to get further details about the functionalities 
which are responsible for activity of the synthesized com- 
pounds 5,6,10 and 13, we screened them against an adopted 
pharmacophore model of PI3Ka inhibitors [19]. We found 
that these compounds match four out of five pharmacophoric 
points (Fig. 5). As shown in Fig. (SD), the structurally dif- 
ferent compound 13 harbors one aromatic ring (Fl), one 
aromatic or H-bond acceptor (F2), one aromatic or hydro- 
phobic or H-bond acceptor (F3), and one H-bond acceptor 
(F?). In contrast, compounds 5, 6 and 10 contained the H- 
bond acceptor function F5 instead of F4. This describes the 
aifinity of all four compounds toward PI3Kas kinase do- 
main. F.wthermore, the accommodation of 5, 6 and 13 in the 
kinase b~nding site could explain their cytoroxic effect 
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Table 1. Docking scores (kmVmol) and H-bond interactions between eompounds and PUKau (WT and MUT H1047R). 

NA: not available; no B-bond inunction. 

,UUT PI3Ka (R 1047R) 
. . .  

WT PI3Ka (2RDO) 
7 -- 7 - -- 4 

Binding Residues Doeking Score Binding Residues Docking Score Compound 
2 

D933 -6.84 V85 l -6.60 la 
+ + 

..... - 
Q859 -7.27 V85l 

I i 6.78 - -~ 
1 b 

+ .- -- 
NA i -6.71 NA 1 -7.04 2a 

. .- -- 
I 

MXl l I -6.94 V85 1 -7.6; 
..... .- . * - - .. .  

2b 
;---~ 

N A -6.:8 N A \ -6.98 38 
..............--- - _  __&- - . . . . . .  

Q859 
.- 

-6.38 
1 . ..32+23 I 3b 

V85l.Q859 -6 8: V85 1, Q859 -5.05 -.L I -- 3c 
NA -6.63 N A -5.96 

f - 
3d 

... - .... - .-. - . - - ....... -. - -. .. . - - .... + 
I 

N A -3.68 Kg02 -3.89 3c 
.......... - .. - . _i_ -- 

N A 4.40 N A -5.53 3f 
I - - .. 
I 

- .- 

Q859 -525 NA -5.30 3g 

Table 2. Docking scores (kcaUmol) and H-bond interactions between compounds and mutant (E512K, E5454 E542WE545K) 
PUKan. 

- . - . - - - - - c - -  
V851 -6.37 N A 

. - ~p 
1 

f ' D933 I 4.97 K802 - t 
V85l ,Q859 VX51 

- --.; 
V851 N A 

................... - - ... 

-6.10 
t.---r- I 

* "*, - -  8 

- 4.27 1 3, 

-691 I 

4.00 + . -- 

V851 K802 .-r -4.32 
.... - .- - 4  ..+. 

X-4 -6.01 N A -6.60 
-. - . . -. - - 

- .  
4a 

4b 

4c 

4d 

1 ;Nl 7 -,--5. 38 
+-  - -- 

NA 4.14 4e 
I ............. ..+ ..--.--...-... -+ .... . -  

-5.75 N A -6.89 4f 
- - - - - - - - -- . .  - . . -  

S854 - e7 -6.69 N A -5.9 1 . - - - . - -- 5 
I + 

V85l.S854 -7.25 q @ I 4.82 6 
* a 7 5  - N A j . . .  
-<. 

E849 -6.18 D933 ! -795 i 7 
...... .................. . .......................... + .......-..... - . + ..+-- - -  T 

V851 -7.50 D933 -637 I 8 I 
. -  t------ + i -- 1 

NA I '--4.87 S909 9 -3.70 
I I - - - . -. - - - . 

V851, Q859,S774 '-6.01 I Q859.%X56 j -3.67 
- - - .--. - - 

9 

10 - - - - - 
W A ~ ~ . : I  D933 I I -7.19 I1 
-r - 7 .. -- 

V8S 1 -6.26 D433,Y836 -5.44 I 
12 

. ... - -  - .  . . T  

I S774 I -5.40 K802 -6.40 13 I 
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Table 2. contd.. . 

h W  no: availnblq M H-bond mmcmcbm. 

Fig. (3). The binding modes of I 0  in PUKas kinase uralytic domain. (A) The bmdlng conformation of 10 m wr PUKa shows H-bonds with 
T856 and Q859. (B) The U-shaped conformarion in mutant H1047R forms H-bond with Q859. V851, and S774. Compound 10 and the key 
bmdlng residues are represented in stick model. The C atoms ue depicted in grey; 0 in red; N in blue color. Hydrogen atoms are hidden for 
clarity purpose. H-bocd is represented in blue doned line. 

MUT(E545K) PI3Ka - 
Docklng Seore H-Bond 

-5.95 NA 
i 

-7.65 V85 1 -. 

-5.68 1 N A 

-5.64 N A 
- 

I 

MCT( E542K/E545K) P13Ka .MVT(E3ZK)PUKa 
I 

- - - - - - - 
Compound , Docking Score I H-Bond 1 Docklng Score , H-Bond 

I 
2a -6.96 I NA -5 87 D933, Y836 , 
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-- 
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3a I -5.20 NA I -5 27 V85 1 

3b 7 -6.02 N A 

' NA 1 4.53 , N A 4.55 N A 
+ - 

N A 1 -547 -5 4: N A 

1 i .- 

K802 -5.67 I DY33,S774 -5.49 K802 
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N A -4.937 -4.76 N A 
1 
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Q859 4 96 N A -5.12 N A 
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t- 

3e 

3f 
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3i 
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-5 83 
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4 ---- 
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4b -5.89 N A 
- A .  . --- 

4.57 
- + - -- + 

?c 4 21 N A -3 38 , -r- -340 D933. Y836 - -- . - 
Y836 

4d ' -649 N A -5.63 

4e -5.62 N A I -3.7: S773 -5.72 

I 
- A 

s773 
1 - 

4f 1 4 5 6  K802, - 4.68 
+ - 

4 7 1  v- 
-4 89 -5.67 

-5 47 1- i- - -- D933 N A NA 

1 
I 
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2 1 Fig. (4). The proteidigand interachons of 5.6 and If in.@ kinase domain of wl an$ mqmt ~ l 0 4 7 R  P13Ka (A) and (B) binding conforma- 
c tions of 5 in wt and H1047R PUKa; (C) and @)binding conformations of 6 in wt and HlTi47R P13Ka; (E) and (T) bmdmg conformations of 

13 in wt and H1047R PI3Ka. Hydrogen atoms are hidden for clanty purpose H-bond 1s represented in blue dohed line. 
1 

u 
!j Fig. (5). PI3Ka phamacophore model wrh 5A (ECSO 340 mM [71), 6B (ECSo not determinable [7]), 10C (not determinable TI), and 13D . (ECso 10 mM [7]). Aro stands for ammatlc nngs: Acc for H-bond acceptor, and Hyd for hydrophobic groups. 
g 
B 

s 
1 
P 
5 g 
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We recently developed various heterocyclic carboxamide 
compounds that displayed promising biological aaiviry 171 
Compounds 5, 6 and 13 shown here, inhibited the growth of 
1mmorta1ix.d embryonic mouse fibroblast cells (3T3) and 

3 human cervical cancer cells (HeLa) in vih.0. It is of note that 
compound 13 exerted a seIective cytotoxic activity agamst 
HeLa ceIls. 

Our computational study displayed that PI3Kn, a ki3ase 
ovaexpressed in cervical cancer cells such as HeLa, repre- 
sents a cellular target for these synthesized compunds. The 
Glide docking approaches suggested that these compoun6s 
reside in the kinase catalytic domain of wr and mutant 
PUKas. Compounds 5, 6 and 10 seemed to have a preferen- 
tial affmity to the mutant H1047R P13Ka. Their ability to 
form H-bond particularly wlth Ser774, Ser854, and Gln859 
might explain this behavior. In contrst, the cycIic amidine 
derivative 13 showed a better binding affmiry to wi PI3Ka 
and an only slightly lower affinity to the mutant PUKa. All 
four compounds shared four out of five pharmacophoric 
points with typical PI3Ka inhibitors. However, compound 13 
also differed in this characteristic from the other compounds 
by prov~ding a different H-bond acceptor function. 

- - 
5 Our data lndicate that compound 13 might be a good 
I candidate for further optimization toward a specific antitu- 
g mor drug and inhibitor of wt PI3Ka. Heterocyclic c@ox 

a amides such as 5, 6 and 10. on the orber hand, Gght repre- 
t sent s m g  points to develop potentially selecfiqe inhibitors 
L of the prevalent rnumt H1047R PI3Ka. 
f 
H 
6 EXPERIMENTAL 

%f 
Computational Preparation of%ig%nd Structures 

- -. . ' .  
The tested cornpound~(liganasj were built based or; the 

coordiaates of worman& k3HHM 2141 m ~ n g  MAESTRO 
BUILD module m Schradinger software [I51 and energeti- 
cally minimized by MacroModel wizard using the 
OPLS2N5 force field 

1 
b % 

.c--n-* 
Computational Preparation of PI3Ka Isaforms 

Q 
X-ray crystal structures of Apo PI3Ka WT (PDB ID 

2RDO) [13] and mutant HI 047R PI3Ka (PDB 1D 3HHM) 
[I41 were retrieved from the RSCB Protein Data Bank. The 
homology modeling generated structures of 2RDO and 
3HHM were adopted for this expenment [17]. The coordl- 
nates of wortmannin in 3HHM were adopted to 2RDO and 
used as the ligand to generate the grid files for dock~ng pro- 
tocols. The mutants E542K and E545K as well as the double 
mutants (E542K / E545K) PUKa were prepared usmg the 
MUTATE module m MOE [20]. Then, the protein structures 
were prepared using the Protein F'reparatlon tool In 
SchrBdinger to maximize the H-bond mterachons between 
residues. 

i 
1 

GIide Docking Studies - 
3 Five grid files for 2RD0, 3HHI4 E542K. E545K. and 
8 double E542KIE545K P13Ka were generated using the Glide 

C 
5 

Gnd Generation protocol using the bound ligands as cen- 
troids. The scaling factor for van der Waals receptor for the 
non-polar atoms was calibrated to 0.8 to furnish some flexi- 
b~lity. All other parameters were used as defaults [l5]. 
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