
Taibah University

Journal of Taibah University Medical Sciences (2023) 18(6), 1244e1253
Journal of Taibah University Medical Sciences

www.sciencedirect.com
Original Article
New drug-like small molecule antagonizes phosphatidylinositol

(3,4,5)-trisphosphate (PIP3) in patients with conotruncal heart defects

Alaaeldin G. Fayez, PhD a,*, Nora N. Esmaiel, PhD a, Engy A. Ashaat, MDb,
Miral M. Refeat, PhD c, Randa S. Lotfy, PhD a, Haiam Abdel Raouf, PhD d and
Mona O. El Ruby, MDb

aMolecular Genetics and EnzymologyDepartment, HumanGenetics andGenomeResearch Institute, National Research Centre, Giza,

Egypt
bClinical Genetics Department, Human Genetics and Genome Research Institute, National Research Centre, Giza, Egypt
cMedical Molecular Genetics Department, Human Genetics and Genome Research Institute, National Research Centre, Giza, Egypt
d Immunogenetics Department, Human Genetics and Genome Research Institute, National Research Centre, Giza, Egypt
Received 18 September 2022; revised 2 February 2023; accepted 20 April 2023; Available online 4 May 2023
*

De

Pee

165

Pro

(ht
صخلملا

بويعثلثيلاوحوريبكلكشبةيثاروةيئاعولابلقلابويع:ثحبلافادهأ
بويعلقحلالاليلحتلامادختساب.ةيئاعولابلقلابويعنعةجتانةيقلخلابلقلا
مت،ةلصلاتاذلماكلايمونيجلاطبارتلاةساردتانايب-ةيطورخملابلقلا
،"تكأ-اك3كب-2سراف"ىمسي،تاراشلإالقنلضرتفمديدجراسمضارتفا
راسمنمققحتلاىلإيساسألكشبفدهنانك.ةيئاعولابلقلابويعبطبترملا
و”2سراف"نيسايقملامادختسابيبيرجتلكشب”تكأ-اك3كب-2سراف"
طبثمءاشنإو،ةطباضلاةنيعلاوبلقلابويعىضرمنملكيف”3بيب"
مادختساب،ةلصلاتاذةراضلابلقلابويعتاببسمنمدحاوك،"3بيب"
."تكأ"ىلعةمئاقلاةيودلأاميمصتةيجيتارتسا

ـليبسنلاريبعتلاو”2517582سارا"ينيجلاطيمنتلاءارجإمت:ثحبلاقرط
بناجىلإ،يمكلالسلستملاةرملبلالعافتمادختسابدارفأ207يف”2سراف"
ةينقتمادختسابادرف190ىدلامزلابلاىفةررحملا”3بيب"سايقاضيأمتكلذ
كأ"تازيمجذومنانمدختسا.طبترملاميزنلإلةيعانملاةيصاصتملااةسياقملا
ةيباسحتاودأمادختساب”3بيب"مصخفاشتكلاةيئاودلاةصاخلالماح-"ت
.ريقاقعلابةهيبشريدقتتاودأوةددعتم

ـلطرفملازيفحتلاطرفببسبةيئاعولابلقلابويعضارمإديكأتمت:جئاتنلا
ىضرميف”3بيب"وعفترملا”2سراف"قيرطنع”تكأ-اك3كب-2سراف"
ارداق،"322بسيب"ىمسي،اديدجاريغصائيزجانددح.ةيئاعولابلقلابويع
يضارتفلااصحفلاللاخنمةيولولأاهحنممتو،"3بيب"طابترامواقينأىلع
ريغتلانمىندلأادحلا”322بسيب"رهظأ.ايضارتفااريغصائيزج21ـل
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نملقأككفتتباثو،لاعطبربراقتو،"دسمر"هتائيزجعقومفلاتخلاىبسنلا
لوحتىلإيدؤيامملوم/يرولاكوليك1.99رادقمب”تكأ-3بيبعمجم
”322بسيب"تضرع."تكأ-322بسيب"دقعمنيوكتوحنىليضفتلانزاوتلا

ويكسينبيلةدعاقلاقفوةيودلأاهباشتصئاصخوةلوبقملاةيئاودلاصئاصخلا
اذه.تافنصمةسمخنمةنوكملاهزارفإوءاذغلاليثمتوعيزوتوصاصتماةدعاق
نيذلاةيئاعولابلقلابويعىضرملءاودلاىجلاعهيبشكلمتحمءيزجلوأوه
."3بيب"عافترانمنوناعي

بويعىضرملةديفمةيصيخشتةيويحتارشؤميه”3بيب":تاجاتنتسلاا
فاشتكلاانكمماجهنةيئاودلاةصاخلالماح-"تكأ"تازيمجذومندعي.بلقلا
ريوطتلاتارابتخانمديزملاءارجإبىصوي."3بيب"ريثأتتاداضمنمديزملا
."322بسيب"ئزجل

؛ةيودلأاميمصت؛ةيئاعولابلقلابويع؛تكأنيتورب:ةيحاتفملاتاملكلا
ةراشلإالقنراسم؛نرتسكيلبهباشمعطقم؛"3بيب"داضم

Abstract

Objectives: Conotruncal heart defects (CTDs) are highly

heritable, and approximately one-third of all congenital heart

defects are due to CTDs. Through post-analysis of GWAS

data relevant to CTDs, a new putative signal transduction

pathway, called Vars2-Pic3ca-Akt, associated with CTD has

been hypothesized. Here, we aimed to validate the Vars2-

Pic3ca-Akt pathway experimentally by measuring Vars2

and PIP3 in patients with CTDs and controls, and to

construct a PIP3 inhibitor, as one of harmful-relevant CTD

pathogenesis, through an Akt-based drug design strategy.

Methods: rs2517582 genotype and relative Vars2 expres-

sion in 207 individuals were determined by DNA

sequencing and qPCR respectively, and free plasma PIP3
y. This is an open access article under the CC BY-NC-ND license
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in 190 individuals was quantified through ELISA. An

Akt-pharmacophore feature model was used to discover

PIP3 antagonists with multiple computational and drug-

like estimation tools.

Results: CTD pathogenesis due to Vars2-Pic3ca-Akt

overstimulation was confirmed by elevated Vars2 and

PIP3 in patients with CTDs. We identified a new small

molecule, 322PESB, that antagonizes PIP3 binding. This

molecule was prioritized via virtual screening of 21 hy-

pothetical small molecules and it showed minimal RMSD

change, high binding affinity andlower dissociation con-

stant than PIP3-Akt complex by 1.99 Kcal/Mol, thus

resulting in an equilibrium shift toward 322PESB-Akt

complex formation. Moreover, 322PESB exhibited

acceptable pharmacokinetics and drug likeness features

according to ADME and Lipinski’s rule of five classifiers.

This compound is the first potential drug-like molecule

reported for patients with CTDs with elevated PIP3.

Conclusion: PIP3 is a useful diagnostic biomarker for

patients with CTDs. The Akt-pharmacophore feature

model is a feasible approach for discovery of PIP3 sig-

nalling antagonists. Further 322PESB development and

testing are recommended.

Keywords: Akt; Conotruncal heart defects; Drug design;

PIP3 antagonist; Pleckstrin homology domain; Signal

transduction pathway

� 2023 The Authors.

Production and hosting by Elsevier Ltd on behalf of Taibah

University. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
Introduction

Evolutionarily conserved genetic variants have been
proposed as markers for quantitative trait locus analysis, and

assessment of medically important differences in disease
susceptibility and drug response.1,2

Genome-wide association study (GWAS) is a powerful
and promising method for investigating the effects of genetic

variations. Post-GWAS analysis is an index approach for
understanding the mechanisms of action of variants, and
consequently drug targets and effects. Sanseau et al. (2012)

have reported that 21% of genes in the GWAS catalogue are
amenable to drug modelling,3 such as monoclonal antibodies
against interleukin-12 designed for treatment of inflamma-

tory bowel disease.4

Fayez (2018) has performed post-GWAS analysis and
postulated the existence of a new hypothetical signal trans-
duction pathway, consisting of Vars2, Pic3ca and Akt pro-

teins, associated with CTD pathogenesis; however, further
confirmation of this hypothesis is required.5 Therefore, two
biomarkers derived from the Vars2-Pic3ca-AKT pathway

were assessed in the current study. Moreover, a bioactive
small drug-like molecule was constructed.
Wang et al. (2008) have found a positive relationship be-
tween Vars2 and PI3k proteins in multicellular organisms.6

Mendoza et al. (2011) have indicated that PIP3 generates as a
result of PI3K recruitment for the kinase Akt protein into the
plasma membrane.7 Várnai et al. (2005) have reported that

PIP3 target proteins are recruited to the plasma membrane
through pleckstrin-homology (PH) domain-mediated binding
to newly formed PIP3.8

Multiple PIP3-PH domain protein interactions have
indicated that PIP3 is a key signalling messenger in multiple
signal transduction-based biological processes. Both tricir-
ibine phosphate and nonphosphoinositide are small mole-

cules described as potential tumor growth inhibitor drugs
preventing binding of PIP3 to PH domain proteins.9,10

Drug design through computational methods is cost

effective and producible hit generation. These computational
methods can be classified into ligand-based and receptor-
based methods. Pharmacophore identification models

involve description of the necessary molecular features for
recognition of a ligand by a corresponding receptor. The
receptor-pharmacophore feature model uses complex crystal
structures and extracts the necessary feasible interactions

and selectivity constraints.11

Herein, we used a receptor (Akt)-pharmacophore feature
model to identify the lead compounds which inhibit PIP3-PH

domain Akt complex formation and thereby acting as PIP3
antagonists. In the current study, one drug-like small mole-
cule passed the computational evaluation stage and ab-

sorption, distribution, metabolism, excretion and toxicity
(ADME) evaluation, and it may be serve as a potential in-
hibitor of PIP3 binding to Akt. To our knowledge, no

treatment for CTD has been approved to date.

Material and Methods

All participants’ guardians provided written informed
consent.

Study design

Our case-control study included 207 participants (105 pa-

tientswithCTDsand102 controls). Fourpatientswere excluded
because clinicians found that they had other associated non-
cardiac anomalies. Relative Vars2 expression level was
normalized toGAPDHexpression in duplicate qRT-PCR runs,

and plasma PIP3 was measured with ELISA. Subsequently, we
used an Akt-pharmacophore feature model to design effective
lead small molecule inhibitors for PIP3 binding to the PH

domain of Akt. After sorting, the final inhibitor was evaluated
with ADME and Lipinski’s rule of five classifiers.

Clinical investigations

Full clinical examination was performed for each partici-

pant in the case and control groups, with an emphasis on the
heart and cardiovascular system. Family history of any simi-
larly affected person in each family and consanguinity were
reported. Only patients with isolated CTDwere included, and

patients with known syndromic features combined with a
CTD phenotype were excluded. The controls were individuals
without cardiac anomalies and syndromic features.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Genotyping

PCR sequencing primers for amplifying the rs2517582 locus

weredesignedwith theNCBIPrimer-BLASTtool (http://www.
ncbi.nlm.nih.gov/tools/primer-blast).12 Genotyping patterns
of this locus were detected with Sanger sequencing with a
QV� 30 for a reference nucleotide at the heterogeneity state.

Relative quantitative real-time assay of Vars2 expression

Whole RNA from peripheral blood samples was extracted

with QIAamp RNA Blood Mini kits (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions.
RNA concentration and purity were measured with a spec-

trophotometer (NanoDrop, Thermo Fisher, Waltham, USA).
Extracted RNAwas reverse transcribed, and its concentration
was measured. The relative expression of Vars2 with respect

to GAPDH was calculated with the 2-DDCt method and
transformed with the log2FC formula. Primer design for
Vars2 was performed with the NCBI Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast).12

Phosphatidylinositol 3,4,5 tri-phosphate assays

Phosphatidylinositol 3,4,5 tri-phosphate (PIP3), a major
metabolite product of the Vars2-Pic3ca-Akt pathway, was
assayed. Plasma PIP3 levels were measured with a PIP3

ELISA Kit (cat. No. ABIN4947941, antibodies-online
GmbH, Germany) based on the competitive inhibition
enzyme immunoassay technique.

Receptor-based pharmacophore feature model: structure-

based approach

A receptor-based pharmacophore feature model was used
to compute five pharmacophore features relevant to in-
teractions between the PH domain of Akt and PIP3: (i)

hydrogen bond acceptor, (ii) hydrogen bond donor, (iii)
hydrophobicity, (iv) ionizability and (v) charge and solvent
accessibility area. The PDB is a repository of 3-D structural
data. Here, the high-resolution X-ray crystal structure for the

PH domain of Akt-PIP3 was used (PDB ID 1H10; 1.4 Å).
The five pharmacophore features were considered in the
inhibitory small molecules identification. The pharmaco-

phore features were computed and visualized with discovery
studio visualizer.

Drug-like small molecule sorting and pharmacophore-based
virtual screening

In-house, a database of 21 small molecules was generated.

SwissADME13 properties and Lipinski’s rule of five14 (under
pH ¼ 7.2 equivalent to cystolic cardiomyocyte pH value)
were applied to exclude non-drug-like small molecules.
SMILES descriptions of the small molecules were input into

the SwissADME server. Most of the output ADME features
were generated in one-panel bioavailability radar including
lipophilicity, size, polarity, solubility, flexibility and satura-

tion. Exclusion of non-drug-like molecules was performed
before pharmacophore-based virtual screening. The virtual
screening was performed with AutoDock Vina implemented
in the SeamDock server.15 Docking setting parameters
included 1.0 Å spacing, five mode numbers and local

docking coordinates (Centre: x: 1 Å; y: 10 Å; z: 7 Å. Size:
x: 39 Å; y: 15 Å; z: 26 Å). We performed further sorting
for docked molecules with docked binding affinity (dG),

dissociation constant (Kd) and inhibition constant (Ki)
values. The binding affinity was scored by kcal/mol. The
differential binding affinity scores of docked PIP3 and the

final sorted hit compound were computed with the neural
network-based predictor KDEEP (in the PlayMolecule
workspace).16 Differential predicted scores of mean Kd,
ligand efficiency, binding probability and mean Ki were

also computed with KDEEP. The final sorted drug-like
small molecule was named according to the IUPAC system
with BIOVIA draw 2018,17 and its topological features were

computed with the SwissParam server.18

Binding characterization of BH domain/Akt with a final

sorted drug-like small molecule

The physiochemical properties and bonding ability of the
final sorted hit molecule were explored with the discovery
studio visualizer tool.17 The same tool was used to identify

the active binding site and interacting pocket residues. The
type and location of interacting residues and atoms were
also detected. Radii and XYZ coordinates of the active

binding site were calculated.

Similarity and off-target identification

The final sorted hit compound was subjected to similarity

identification with SwissSimilarity (https://www.expasy.org/
resources/swisssimilarity).19 SwissSimilarity is part of the
SwissDrugDesign workspace, and performs virtual ligand

screening across very large-scale libraries of drugs, bioac-
tive small molecules and commercially available compounds.
To avoid any potential adverse effects, possible adverse ef-

fects and predicted off-target probabilities were computed
with SwissTaegetPrediction.20 A full flowchart of the
stepwise method is shown in Figure 1.

Statistical analysis

The normality of Vars2 and PIP3 values was assessed with
KolmogoroveSmirnov, ShapiroeWilk and robust M-esti-

mator tests. The relative Vars2 expression was assessed on
the basis of fold change (FC; 2-DDCt) and transformed log2FC
at significant |log2FC| � 1 interval. The median was calcu-

lated as a tendency score. Means and standard deviations of
the binding affinity and dissociation constant were
computed. The ManneWhitney test was used to evaluate
median differences. Receiver operating characteristic curves

were analyzed to compute a discriminator PIP3 cut-off point
with index of union. p< 0.05 was considered significant. The
statistical analysis was performed in PASW statistics (SPSS

Inc. Released 2009. PASW Statistics for Windows, Version
18.0. Chicago).

Results

A total of 207 participants were investigated in the current
study, comprising 105 patients with CTDs and 102 controls.

http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
http://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.expasy.org/resources/swisssimilarity
https://www.expasy.org/resources/swisssimilarity


Figure 1: A full flowchart showing the stepwise procedures of the current study.
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Table 1: Clinical characterization of patients with CTDs and

controls.

Groups N Age (yrs)a

Mean � SD

Sex (%) Consanguinity (%)

CTD 105 7 � 2.5 Male: 49%

Female: 51%

Positive (68%)

Negative (32%)

Control 102 9 � 3 Male: 55%

Female: 45%

NA

a No statistically significant difference was found between the

CTD and control groups in ages, p-value ¼ 0.094.

Table 3: Difference in PIP3 amounts (ng/ml) among different

rs2517582 genotypes.

Group Patients

GG GA GAþAA

Controls

GG Z ¼ �1.374

P ¼ 0.169a

GA Z ¼ �2.585

P ¼ 0.010a

GAþAA Z ¼ �2.568

P ¼ 0.010a

a This Asymp. Sig. (2-tailed) with ManneWhitney test.

PIP3 antagonist in CTD patients1248
The clinical characteristics including the age and sex of the
patients are shown in Table 1.

To determine proper statistical test sets according to the

output Vars2 and PIP3 values, we tested normality with
KolmogoroveSmirnov and ShapiroeWilk tests, which
indicated that both Vars2 and PIP3 values did not follow a
normal distribution. Robust alternatives of mean and me-

dian values locations were generated with the M-estimator
test, which yielded scores closer to the median than the mean.
Therefore, median-based tests were deemed most appro-

priate in the subsequent statistical analysis.

Vars2 expression is threefold higher in patients with CTDs

than controls

We performed qPCR with duplicate reactions to deter-
mine the Vars2 mRNA expression in peripheral blood sam-

ples of patients with CTDs and controls. By applying an
Fold change (FC) criterion to assess differential Vars2
expression between the CTD and control groups, normalized
to GAPDH, the relative fold expression change of vars2 was

threefold higher in patients with CTDs than controls
(FC ¼ 3.16).

PIP3 is significantly higher in patients with CTDs than
controls

Plasma PIP3 levels were measured through competitive

inhibition enzyme immunoassays with a PIP3 ELISA Kit in
95 patients with CTDs and 85 controls. The median PIP3
was significantly lower in controls than patients with CTDs

(p ¼ 0.004), as shown in Table 2. According to rs2517582
genotypes, no significant PIP3 difference was found
between patients with CTDs and controls with the GG
genotype. In contrast, a significant PIP3 difference was

found between patients with CTDs and controls with GA
or AA genotypes, as shown in Table 3. The differential
PIP3 amount was not calculated for the AA genotype

separately in patients with CTDs and controls, because of
Table 2: Difference in PIP3 amounts (ng/ml) between patients with

Group PIP3 (ng/ml) Minimum

Patients with CTDs (n ¼ 95) 293.03 � 42.5 194.1

Controls (n ¼ 85) 234.30 � 50.6 133.3

a This Asymp. Sig. (two-tailed) with ManneWhitney test.
the low numbers of individuals carrying AA genotype in
both groups. However the G allele frequency was

significantly higher in controls than patients with CTDs
(p ¼ 0.01). Receiver operating characteristic curve analysis
indicated a significant AUC ¼ 0.608, with p ¼ 0.029 and
cut-off point ¼ 314.28 ng/ml of plasma PIP3.

On the basis of the elevated level of Vars2 expression and
the PIP3 quantity in patients with CTDs, prioritization of
potential druggable protein in the Vars2-Pic3ca-Akt

pathway was required. Through data mining from the Uni-
Prot knowledge and KEGG databases, and Vars2, Pic3ca
and Akt protein screening, Akt was chosen as a possible

potential druggable protein.

Characterization of the active binding site of AKT protein

with its activator (PIP3): Arg23, Arg25 and Arg86 are
essential stabilizing fingers beside Lys14 residue

PIP3 target proteins contain PH domains, which mediate
binding to newly formed PIP3. The best known PIP3 target

protein is the serineethreonine kinase Akt. On the basis of
the high-resolution X-ray diffraction image (1.4 Å) of
bounded BH domain Akt (PDB ID 1H10), we identified the

active binding site and its binding PIP3 coordinates. PIP3
binds the PH domain of Akt through salt bridges with
Arg23, Arg86 and Lys14, Van der Waals interactions with

Arg23, Arg25, Arg86 and Lys14, and multiple conventional
H bonds with Arg23, Arg25, Arg86, Lys14, Glu17, Tyr18,
Ile19 and Asn53. Means and standard deviations of the dG

and Kd of the bound PIP3 were computed with KDEEP, as
shown in interactive 2D in Figure 2.

Identification of 322PESB as a new PIP3 antagonist:
receptor-based pharmacophore feature model

Herein, pharmacophore features were used to annotate
the structural physiochemical features necessary for
CTDs and controls.

Maximum KolmogoroveSmirnov Z P value

356.8 1.75 0.004a

306.3



Figure 2: Bonding capacity of the binding site of AKT protein PIP3.
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molecular recognition of PIP3 as an inducer by the PH

domain of Akt as a receptor. On the basis of five pharma-
cophore features, a model of the PIP3 binding site was
constructed, and an in-house database of 21 small molecules

was generated, considering hydrogen bond acceptors,
hydrogen bond donors, hydrophobicity, ionizability, charge
and solvent accessible area.

Subsequently, the 21 small molecules were assessed ac-

cording to the SwissADME drug-likeness parameters and
Lipinski’s rule of five at pH¼ 7.2. According to SwissADME
and Lipinski’s rule analysis, 4 of 21 small molecules were

considered to be drug-like.
Further sorting based on virtual screening matrices led to

prioritize only one drug-like molecule, which was named

according to IUPAC with BIOVIA draw as 3-[2-(2-
phosphonocyclohexyl) ethylsulfanyl] benzoic acid
(322PESB). The docking prioritization was performed on the

basis of dG, Kd and Ki. ADME and Lipinski’s rule assess-
ment for 322PESB is shown in Figure 3.

322PESB analogues: ADME fit value approach as further
sorting to 322PESB drug-likeness

Using an archetype topological molecular fingerprint
considering all fragments of the molecular structure, we

applied the SwissSimilarity server and data mining of
known drugs in the DrugBank database that directly target

Akt, to determine known similar drugs and bioactive mol-
ecules to 322PESB. We extracted three known small mole-
cules, one bioactive molecule and two drugs similar to

322PESB: (i) 4-(2-hydroxyphenylsulfinyl)-butylphosphonic
acid (DB07925), with a chemical structure similarity score
of 0.48, which is known to target the tryptophan synthase
alpha chain of Salmonella typhimurium; (ii) Enzastaurin,

with Akt targeting similarity; and (iii) Resveratrol, with
weaker chemical structure similarity than DB07925. The
ADME values of the three similar small molecules sup-

ported that 322PESB was potentially drug-like. The fit
values are provided in Table 4.

Superimposition of the novel docked 322PESB binding site
against known docked PIP3 binding sites

It well known that the bound ligand substantially affected

the binding site conformation. Therefore, superimposition
difference between the known docked PIP3 and novel
docked 322PESB reflectes the intensive impact of bounded
ligand on Akt binding site conformation. On the basis of

PDB ID 1H10, we compared docked PIP3 and 322PESB to
validate the ability of 322PESB to compete with PIP3.
RMSD, solvent accessibility, binding site radius and binding

coordinates were considered in the comparison of induced



Figure 3: ADME and Lipinski’s rules assessment for 322PESB.

Table 4: Overview of fitted ADME values between 322PESB and similar drugs.

ADME values 322PESB analogues 322PESB

DB07925 Enzastaurin Resveratrol

MW 278.26 515.60a 228.24 344.4

Fraction Csp3 0.30 0.22 0 0.54

Rotatable bonds 3 5 2 6

H-bond acceptors 5 4 3 5

H-bond donors 3 1 3 3

TPSA 94.83 72.16 60.69 129.94

XLOGP3 3 3.68 3.13 2.2

Consensus log P 2.89 3.58 2.48 2.30

Silicos-IT solubility (mg/ml) 3.42E-08 3.42E-07 1.18E-01 6.43E-01

Silicos-IT solubility (mol/l) 5.18E-07 6.64E-10 5.16E-04 1.87E-03

GI absorption High High High High

Pgp substrate No Yes No Yes

CYP450 inhibitor No 3 Yes

2 No

3 Yes

2 No

No

Lipinski violation 0 1 0 0

Synthetic accessibility 4.01 3.94 2.02 4.07

a Values are outside the known corresponding reference range. As shown, all ADME values of 322PESB were within the range of the

referenced analogues values; therefore, it was considered a potentially bioactive drug like compound.

PIP3 antagonist in CTD patients1250
conformation change. Almost no induced conformation
change occurred during ligand transition from PIP3 as
reference to a new 322PESB, as shown in Table 5 and Figure

4.

No significant known off-targets identified for 322PESB

To avoid any adverse effects of 322PESB, we performed
screening of this molecule with the SwissTargetPrediction
server. Off-target analysis indicated low off-target effects of

322PESB. The closest off-target proteins showed predicted
proteins with a probability ¼ 0.111501865. Therefore,
322PESB appears to be a safe and unique ligand for Akt
protein.

Discussion

According to Fayez (2018), overstimulation of the Pic3ca-
AKT signalling pathway due to altered CTCF-binding af-
finity and upregulation of the VARS2 gene are associated

with CTD pathogenesis.5 Herein, we tested Fayez’s
hypothesis experimentally through measurement of the



Table 5: Superposition matrix comparison between docked PIP3 and 322PESB.

Parameter 322PESB PIP3

Total solvent accessibility (TSA by probe radius ¼ 1.40) 1,807.44 1,571.21

RMSD of interacting residues in Å

Lys14

Gly16

Glu17

Tyr18

Ile19

Arg23

Arg25

Asn53

Arg86

C-Alpha (CA) Main chain (MC) Side chain (SC) Reference

0.151 0.158 0.151

0.182 0.179 ——

0.180 0.183 0.166

0.202 0.203 0.203

0.212 0.206 0.222

0.179 0.173 0.194

0.152 0.148 0.169

0.154 0.151 0.155

3.886 3.998 7.066

RMSD for all residues 2.640 2.494 3.766

Coordinates of ligand binding site

X

Y

Z

14.86

25.54

16.87

15.25

24.67

15.96

Radius 6.27 6.29

Figure 4: Superimposition of binding sites of docked 322PESB and PIP3. In (A), PIP3 in red and 322PESB in blue are superposed, and

interacting Akt residues indicated with arrows. (B) Differential XYZ coordinates of the PIP3 and 322PESB binding sphere, showing little

considered difference between PIP3 and 322PESB coordinates. Therefore, 322PESB is considered a potential antagonist for PIP3 and has

a dissociation constant (Kd ¼ 4.57) less than that of PIP3 (Kd ¼ 6.56), with a relative dKd ¼ 1.99 M, as shown in (C).
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relative Vars2 expression level and PIP3 quantification. The
FC of Vars2 was found to be threefold higher in patients with

CTDs than controls, and significant PIP3 elevation was
observed in plasma samples of patients with CTDs. The A
allele of rs2517582 was associated with significantly higher

PIP3 in patients with CTDs than controls. Therefore, PIP3
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may serve as a potential prognostic factor for CTDs in
children. Several studies have indicated that PIP3 is a

prognostic factor for patients with cancer.21e23 The above
results were consistent with Fayez’s hypothesis, thus
supporting the rational discovery of drugs targeting the

PIP3 binding site on Akt kinase protein.
Akt is a serine/threonine protein kinase comprising an N-

terminal lipid-bindingPHdomainwith specificity forPIP3and

phosphatidylinositol-3,4-bisphosphate.24 Phosphorylation of
Akt by phosphoinositide-dependent kinase 1 (PDK1) begins
after recruitment of Akt by PIP3 in the plasma membrane.25

According to the differential PIP3 concentration between

patients with CTDs and controls experimentally determined
herein, PIP3 was significantly elevated in patients with
CTDs. Therefore, decreasing cellular levels of PIP3 with

small molecules targeting Akt is expected to inhibit Akt
plasma membrane recruitment; hence, developing a
therapeutic small molecule for patients with CTDs with

elevated PIP3 should be feasible.
We designed an orally active small molecule PIP3

antagonist, called 322PESB, which was screened through 21
in-house lead small molecules according to the pharmaco-

phore features of the PIP3 binding site on the PH domain of
Akt protein. The 322PESB compound has a binding affinity
lower by 0.6 kcal/mol than that of PIP3, as predicted by

AutoDock Vina. However, 322PESB has a predicted mean
Kd 1.99M less than that of than PIP3; hence, 322PESB shifts
the equilibrium state toward Akt-322PESB complex forma-

tion at a higher rate than Akt-PIP3 complex formation.
Notably, the predicted mean Ki of 322PESB was 4.52 M.

Miao et al. (2010) have discovered a new structural class

of nonphosphoinositide small molecules that antagonize
PIP3, thereby suppressing the PI3K-PDK1-Akt pathway
and triggering metabolic stress and apoptosis; This molecule
has been experimentally validated to inhibit tumour growth

and induction of apoptosis.10 Previous studies have been
aimed at decreasing elevated PIP3 levels in glioblastoma
tumour tissues,26 and triciribine phosphate has been tested

to block recruitment of Akt in the plasma membrane.27 In
the current work, we adopted 322PESB because of its
ability to shift the equilibrium of interaction of PH domain

/Akt to toward non-phosphorylated Akt complex in pa-
tients with CTDs with elevated PIP3.

Herein, we used a receptor-based pharmacophore

feature model because of its ability to identify structurally
diverse hit compounds binding conformations with rela-
tively low RMSD changes, and because it has previously
been used in discover cardiovascular drugs.11

Targeting of proteins with small molecules is difficult
because active binding sites in proteins are usually flat with
multiple interacting pocket residues; therefore, targeting hot

spot residues in the binding site and identification of involved
non-covalent bonds provide an alternative approach to
obtaining active inhibitors.28 We identified the bonding

ability of PIP3 to bound with the PH domain of Akt
protein. Arg23, Arg25, Arg86 and Lys14 were identified as
essential residues in the PIP3-PH domain Akt stabilization.
Therefore, optimization of 322PESB considered those key

stabilizing residues. The 322PESB compound forms salt
bridges, Van der Waals interactions and conventional
hydrogen bonds with Arg23 and Arg86, plus Pi-sulfure and
hydrophobic stacking with Tyr18 were bonded decreasing

Kdof 322PESB molecule. Thus, 322PESB is predicted to be
an efficient PIP3 antagonist drug.

Here, 322PESB was found to reside in the conventionally

favourable Lipinski drug-like chemical space and Swis-
sADME drug-likeness features. 322PESB showed charac-
teristics of oral bioactive molecules, including high GI

absorption, high cell membrane penetration otherwise-
bloodebrain barrier, lack of inhibition of cytochrome P450
(CYP) enzymes, inability to serve as a substrate for perme-
ability p-glycoprotein and an acceptable synthetic accessi-

bility score. Notably, 322PESB does not change the PIP3
binding site conformation except for Arg86, according to
differential superimposed RMSD scores.
Conclusion

The current results support Fayez’s hypothesis regarding a
new Vars2-Pic3ca-AKT pathway associated with CTD
pathogenesis. PIP3 is therefore a potential prognostic factor

for paediatric patients with CTDs. The 322PESB compound
may be considered as a drug to decrease phosphorylated Akt
kinase protein in patients with CTDs with elevated plasma

PIP3. The receptor-based pharmacophore feature model used
in the current work may also be appropriate for designing
drugs for other enzymes. A allele of the rs2517582 variant is

most associated with patients with CTDs. We recommend
continuing 322PESB development in future studies.
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