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Abstract: Drugs comprising a heterocyclic System show widespread therapeuticimpact such as antimicrobia,, antidepres-
sant, antihypertensive, and anticancer activity. We describe herein computational studiesthat support the promising bio-
logical activity of four new compounds (5, 6, 10 and 13). The wild- typen-d mutant phosphatidylinosital-4,5-bisphosphate
3-kinasea (PI3Ke) proteinswere Used as modelsto explore the pireesi racriza Of the designed moleculeswith this
iportant kinase involved in the growth regularion of cancer ceils. The results of our studies showed that the verified
compounds ought to fit wnto the kinase domain of wild-type and mutant PDKas Itis predicted that they interact with
$774, K802, Y836, V851, S854, T856, Q859, and D¥33 that are known to be key binding resduesfor acaive inhibitors
both in wild-type and mutant P13Kas. Docking scores mfer the selectivity of compounds5, 6 and 10 toward the mutant
PI3Ke (H1047R), whereascompound 13 displayed a slightly higher affinity © the wild-typé protein. The pharmacophore
modeling of PI3Ka inhibitorsshowed that the explored compounds shared four out of five pharmacophoric points with

o, such inhibitors. Thus, the recently developed four compounds might be recruited as lead structures for the design of new
E—" anutumor drugs targeting P13Ka.
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INTRODUCTION : 2
Docking is a computational approg;&l in which ligands
are placed in the binding site of & Tgeepar {1]. The aim of
ligand docking iz to predict the igtermolecular interactions
between the receptors and their ligands. It iSone of the major
tools of computational drug design used in dnug discovery.
Docking includes the prediction of possible ligand binding
domains on a protein or enzyme and the prediction of
ligand/protein complex interactions [2).

The two major problems of using computational docking
methods are: 1) the Inaccurate predietion of.ligand recepror
free binding energies (binding affinity) ax 2) the flexibil-
ities of ligand and receptor [3]. Many docking programs ac-
count for partial or full ligand flexibility, despitethe fact that
a prowin exists in equilibrium of an ensemble of conforma-
tional states rather than as one dommant 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 [ %].

The docking protocols are a combination of a search al-
gorithm and a scoring function. The search algorithm covers

the relevant conformational space of the ligands, while the
zanrieg function characterizes the binding affinity between
the tigand and the protein in term of free binding energy [4,
6] A large number of search algorithms and scoring func-
tions are available [6]. However, the key elements in any
docking protocol success are stiil the ligands and the binding
sirewhere they should be docked.

Recently, we described the synthesis and cytotoxicity
evaluation of new benzofuran/benzothiophene carboxamide
derivatives (Fig. 1) ;73. We observed cytotoxic effects of
selected compounds on a human cervical carcinomacell line
{Hel a) and 3T3 mouse fibroblasts. One dernvative, 13,
showed an approximately three times higher cytotoxicity in
HeLz cells than in 3T3 cells. We now applied computational
methods to evaluate further the potential anticancer acuvity
of the recently synthesized compounds. For this purpose, we
have chosen the phosphatidylinositol-4,5-bisphosphate 3-
kinase a (PI3Kea), a heterodimeric lipid Kiinase, as a target
enzymefor our studies.

A 3 kinases phosphorylate the 3-hydroxy moiety of phos-
phatidylinosito! 4,5-biphosphate (PIP2), generating phos-
phatidylinositol 3.4,5-triphosphates (PIP3), an essential sec-
ond messenger regulating the activity of PI3K downstream

-1 effectors AKT and mTOR. The activation of PI3K/AKT

g signaling cascade stimulates ceil proliferation, growth, sur-
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anumber of ke=nén cancers. [8]
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The PI3Ka subunit p110a coding gene (PIK3CA) is mu-
tated, amplified and overexpressed in numerous human can-
cers. Somatic mutations in PIK3CA cluster in the helical
(E542K, B545K) and kinase (H1047R) domains of PI3Ka
increase the lipid kinsse activity and snmulate the AKT sig-
naling pathway. These mutations were observed in = 30% of
prostate, cervix, and endometrium tumors (Catalog of So-
matic Mutations in Cancer, www sangerasc.ukgenetics!
CGP/cosmic) [9]. In addition, PI3Ka activity has been
shown to be amplified in tumor samples of cervica carcino-
mas and cervical carcinomacell lines (HeLa) [10], whereas

its acrivity = comparably low in 3T3 cells[11]. The actva-
tion of PI36 pathway is negatively regulated by the lipid
phosphatase and tensin homolog (PTEN), and mutations in
PTEN or irregularity of PTEN function or expression exists
in haman cancers {12). The oncogenic potentiai of PI3Ka
and its regulator (PTEN) makes PI3Ka apromisingtarget for
anftcancer drug design.

In continuation of our former work, we report herein the
computational studies to evaluate the potential of the new
benzo furan/benzothiophene carboxamide denvatives as spe-
cific PI3Ka inhibitors.
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Fig. (2). The kinase domains of 2RW (grey colored) and 3HMM
(yellow colored) harboring the explored compoundsembedded with
ome of key binding resdues(for clarity purposs). The compounds
and resdues are depicted in sdck modd. H-atoms are hidden for
darity purposa

RESULTSAND 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) PI3Ka, we carried out docking studies
of our experimentally tested compounds. A Glide docking
approach {13] was applied to wt PI3Ka (PDB ID 2RDO0) [14]
and mutant PI3Kea (H1047R) (PDB 1D 3HHM) [15], as well
as the generated mutants ES428, E545K, and the doubly
mutated E542K/E545K PI3Ka (mutations irr the hehcal re-
gion of PI3Ka outside of the catalytic in_||. The binding
affinaty of the PI3Kas/ligand comple expressed in
terms of binding free energy ,#4G) docking scores
(kcal/mol). The more negative theidocking score, the better
the binding and the more £z qﬂmd‘u cansplex. A docking
score of -2 kealmol as @iiljasn'difference of 2 keal/mol
were considered slgl:.'i!"h:u.nl?h':

Our Glide docking results of the synthesized molecules
against the wt (2RD0) and mutant PI3Ka proteins (H1047R,
ES542K, ES45K, E542K/ES545K) showed that all compounds
bind to ihe PI3Ka kinase catalytic domain (Fig. 2). Mogt of
the tested compounds formed hydrogen bonds (H-bonds)
with D933, N920, S919, Q859, $854, 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 PI3Ka (H1047R) seemed to be slightly less effec-
tive. In contrast, compounds 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 3¢ 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 ef aL

Recent experimental [14] and computational data [16-17]
confirmed the importance of binding of the tested com-
pounds to these residues, in particular of &he binding to
Asp933 [18]. Sabbah et al. [19] identified the structural dif-
ferences between wt and mutant H1047R PI3Ka; particularly
residues Q859, S854, Y836, and S774 could be exploited to
design active PI3Ka inhibitors. Moreover, H-bond interac-
tions with the scaffolds of $774, $854, and Q859 might be
targets for selective inhibiion of mutant H1047R PI3Ka
[2u].

It is worth noting that H-bmding of compounds §, 6 and
10 o S774, S854, and Q859 could explain their preferential
affinity against mutant H1047R (Figs. 3 and 4). Fig. (3)
shows that compound 10 adopts different binding conforma:
tionsin wt and mutant H1047R PI3Ka and forms H-bonds
with Q859 (NH arnide side chain) and T856 (OH) of wt
PI3Ka. Contrarily, its U-shaped conformation in mutant
HIMTE favors H-bond with S774 (OH), V851 (NH back-
bone), and Q859 (NH amideside chain).

The binding mode of compounds5 and 6 in PI3Kas bind-
g clefts showed that these compounds miss H-bond inter-
actions With the scaffolds of key binding residues and thus
explains their lower affinity to the wt PI3Ke. Interestingly,
their H-bonds with S854-(OH) of H1047R Increased iheir
binding affinity Moreover, the binding domain of PI3Kas
was enclosed with hydrophobic residues (W780, 1800, 1848,
V850, Wi, 1933, mrd M922) which explained the binding
patternsof compounds5 and 6 in PI3Kas. The adopted bind-
ing mode of.compound 13 in PI3Kas showed that it formed
H-bond with K#i (NH,) of wt PI3Ke and 5774 (OH) of the
mutant HIQ47R protein (Fig. 4).

However, comparing the docking scores of the synthe-
sized molecules against the generated mutant proteins
(E542K, ES45K, and double ES42K/E545K Pi3Ka) showed
that these compounds have comparable affinities to these
helical mutants as to that of the wt PI3K a (Table 2). This
was due to the position of these residues relative to the
kinase domain. The PI3K.a catalytic kinase domain resides in
residues region (699-1094). The mutant HL047R was em-
bedded m this regron and therefore =2 displays better differ-
ences in affmity compared to the wt PI3Ka. On the other
hand, the considerable distance of the helica mutant fmm
the kinase domain weakens the influence of these mutantson
the binding affinity and consequently shows comparable
asfinsry to that of thewt 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. (5D), the structurally dif-
ferent compound 13 harbors one aromatic ring (F1), one
aromatic or H-bond acceptor [Fi}, one aromatic or hydro-
phobic or H-bond acceptor (F3), and one H-bond acceptor
(F4). In contrast, compounds S, 6 and 10 contained the H-
bond acceptor function F5 instead of F4. This describes the
asfinity of all four compounds toward PI3Kas kinase do-
main. Furshermans, the accommodation of 5, 6 and 13 in the
kinasebinding site could explain their cytotoxic effect
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Tablel Docking scores (keal/mol) and H-bond inter actionsbetween eompoundsand PI3Kas (WT and MUT H1047R),

MUT PI3Ka (H1047TR) ‘WT PI3Ka (2RDO)
- @ - — s —— +
Binding Residues Docking Score Binding Residues Docking Score Compound
D933 684 V85! 660 la
T . R
Q859 ! 727 V851 i 678 1b
_ R ag—
NA i 671 NA I 704 2a
I - |
Ms11 | 694 vgs1 161 2b
———— - — - i . —_
NA 6.18 NA -6.98 3a
Q856 638 , gas 433 "
V851,0859 68: V851, Q859 -5.05
Q ,.PJ.% Qs -A_.f_43;;
NA 663 NA 59 3d
. i + L s -— —— ]
NA ! .3.68 K302 389 3e
NA 4.40 NA 553 3f
Q859 -525 NA -5.30 3g
1 - — _ 4 —-
V851 | -6.37 NA -6.10 1 1k
- L - 1 .
= e
D933 L 4.97 | K802 427 3
V851,859 . 213 ! VES] -691 da
_— = .‘_
v8s1 -5 EZ K NA 4.00 4
V851 4D L K802 . 432 ¢
T e
NA -601 NA -660 ad
- } e = e - o=
5.4 NA 4.14 4e
' Lo chm e e eimmin s — e o . ——
- = 575 NA -6.89 4
A - —a s o — — -
- 854 B ) N 5
oo o 669 NA 591
— VESLERS = 725w *1 NA | 4.82 6
E849 -6.18 D933 ! 755 i 7
et s . [ I
Vsl 750 D933 ! -637 | 8
— . — — — — - + 1 — e +
NA f 4,87 $909 | -3.70 9
V850, (BSIETIL | 0@ 34, ThEls 1 367 10
A 4,53 D933 | -7.19 1
v8sl 626 D933, Y836 544 , 12
l s774 540 K802 | -640 13

NA: not available no H-bond interaction.

Table2, Docking scores (keal/meol) and H-bond interactions between compounds and mutant (ES41E, ES45K, EEIHES45K)

PI3Kas.
| LT S RS TN s MUTEIEFIKa 1 MUTTESA5E] Pl KA
Compeand Becidng Scarw | k-Head : Ducking Searc H:Band Mecking Seare l-Baored
14 38 ' DB YERE D933 S L] [d1e, yE1A Dea1 | 748 DA, YRR, N3
PP LB b e — . + -
I Bl T EE4R, WEEL -TE? Efad, Vil i I8 ] EM49. VES
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Table 2. contd...
‘
MUT( E541E/FE45) PI3Ka MUTIESMIEIPL Ka MUT(E545K) PI3Ka
Compound , Docking Score : H-Bond ; Docking Score H-Bond Docking Score ] H-Bond
2a ' -6.96 | NA .5 87 D933, Y836 595 NA
26 771 vss1 7% V&sl 6 ‘ V85!
3 . 520 NA 527 vesT | 568 T NA
3b _!__ s A | A NA 564 NA
3c 612 NA | 453 NA , 455 NA
3d -553 NA | -547 . 54 NA
3 711 K802 1 567 | DANLETH 549 K802
3f 705 NA 4,937 T Na -476 NA
3g 464 Q859 a9 NA -5.12 NA
3h 583 | nNa 567 NA 6.14 NA ___
e [ w L aw w wmw
® _ 67 NA ar | visl T o 3854
- - B S S SRR - S B = A
a 58 NA 457 N 514 | MA
4c 421 N -338 , D933,Y83(il: -340 Y836 o
W e N ose L e | weism
e 562 _NA ' 57 - sm3 572 7713
4 ' 456 K802 ; __ 4.68 + _“-H:B::Ii -i 471 T ok
I s -489 T 1 567 |t #a A58 B,
- s sm _Ds|933." T s | NA _! AN | " NA
7 | D933 EAT] I poss |
| 1 3 £49 b s vesi
T . T 128 ' i
3 ovas,yes | _am Tids I
v E905, W £ PHEERD, G919
oy «m | WA |

HA: no: aveilab

Hg. (3). The bi ndi ng modesof 10 in PI3Kas kinase catalytic domain. (A) The binding conformation of 10 m wr PI3Ka 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
binding residues are represented in stick model. The C atoms are depicted in grey; O inred; N in blue color. Hydrogen atoms are hidden for
clarity purpose. H-bord isrepresentedin blue dottzd line.
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2 Hg. (4). The protein/ligand interactions of 5, 6 and 13 in. e kinase domain of wi syl mugant HI047R PI3Ka (A) and (B) binding conforma-
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Fig. (5). PI3Ka pharmacophore model with SA (ECso 340 mM [TT}, 6B (ECsp not determinable{7]), 18C (not determinable [71i, and 13D
{ECso 10 mM [7]). Aro standsfor aromatic rings; Acc for H-bond acceptor, and Hyd for hydrophobicgroups.
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CONMCLUSION

We recently developed variousheterocyclic carboxamide
compounds that displayed promising biological activity ;7]
Compounds 5, 6 and 13 shown here, inhibited the growth of
immortalized embryonic mouse fibroblast cells (3T3) and
human cervical cancer cd|'s (HeLa) in virro. It is of note that
compound 13 exerted a selective cytotoxic activity agatnst
Helacells.

Our computational study displayed that 13K, a kinase
overexpressed &= cervical cancer cellssuch as Hela, repre-
sents a cellular target for these synthesized compounds. The
Glide docking approaches suggested that these compounds
reside in the kinase catalytic domain of wt and mutant
PI3Kas. Compounds 5, 6 and 10 seemed to have a preferen-
tial affinity to the mutant H1047R PI3Ka. Their ability to
form H-bond particularly with Ser774, Ser854, and GIn859
might explain this behavior. In contrast, the cyclic amidine
derivative 13 showed a better binding affinity to wt PI3Ka
and an only dlightly lower affinity to the mutant PI3Ka. 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 providing adifferent H-bond acceptor function.

Q@r data indicate that compound 13 might be a good
candidate for further optimization toward a specific aatitu-
mor drug and inhibitor of wt PI13Ka. Heterocyclic carbox
amides such as 5, 6 and 10, on the other hand, raight repre-
sent starting points to develop potentially selective inhibitors
of the prevalent mutant H1047R PI3Ka. :

EXPERIMENTAL
T
Computational Preparation o!f'l}i'u:d Structures

The tested commpeemds, {ligants) were built based or; the
coordinates of wortmannin in. 3HHM [ 14] using MAESTRO
BUILD module in Schrédinger software [13] and energeti-
cdly minimized by MacroModel wizard using the
OPLS2005 forcefield .

o
Computational Prepar ation of PI3Ka lsﬂf{hs

X-ray crysta structures of Apo PI3Ka WT (PDB ID
2RD0) [13] and mutant H1047R PI3Ka (PDB 1D 3HHM)
[14] were retrieved from the RSCB Protein Data Bank. The
homology modeling generated structures of 2RDO and
3HHEM were adopted for this experiment [17]. The coordi-
nates of wortmannin in 3HHM were adopted to 2RDO0 and
used as the ligand to generatethe grid filesfor docking pro-
tocols. The mutants E542K and E545K aswell as the double
mutants (E542K / E545K) PI3Ka were prepared usmg the
MUTATE modulem MOE [20]. Then, the protein structures
were prepared using the Protein Preparation tool wn
Schradinger to maximize the H-bond mterachons between
residues.

Glide Docking Studies

Five grid files for 2RDO, JHHM, ES42K, E545K, and
double E542K/E545K P13Ka were generated using the Glide

Lwrkisn g ol

Gnd Generation protocol using the bound ligands as cen-
troids. The scaling factor for ven der Waals receptor for the
non-polar atoms was calibrated to 0.8 to furnish some flexi-
bility. All other parameters were used as defaults{15].
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