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Abstract

The serine/threonine Akt kinase signaling pathway plays an essential role not
only in tumorigenesis but also in the potential response to anticancer thera-
peutic agents. Therefore, aiming to identify potent and selective Akt inhibi-
tors, a novel series of benzimidazole derivatives were designed and docked
within the crystal structure of Aktl kinase. In order to predict their selectivi-
ty, the hit compounds were docked against the protein kinase A (PKA),
which is the closely related AGC family kinase protein. Moreover, in-silico
ADMET-related descriptors were estimated to predict the pharmacokinetic
properties for the selected compounds. Among the designed molecules, four
compounds were found to have the best binding affinity and good selectivity
to Aktl kinase, furthermore, those compounds had acceptable ADMET
properties and were predicted to be non-mutagenic, which could account
them as promising Aktl inhibitory agents for further investigations.
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1. Introduction

Akt (Protein kinase B (PKB)) is a serine/threonine protein kinase that belongs to
the AGC family group of kinases [1]. Akt family presents as three isoforms:
Akt1/PKBa, Akt2/PKBp, and Akt3/PKB}, all of which consist of three conserved
structural features: an N-terminal Pleckstrin homology (PH) domain, an ATP
binding central kinase domain, and a C-terminal hydrophobic motif (HM). The
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three Akt members exhibit more than 80% sequence similarity in the kinase cat-
alytic domain [2] [3].

Akt is a key mediator of the PI3K/Akt pathway that regulates a number of
cellular processes including cell survival, growth, proliferation, and angiogenesis
in response to many different external stimuli such as growth factors and cyto-
kines. This wide range of effects is caused by Akt-mediated phosphorylation of
numerous downstream substrates such as BAD, FOXO transcription factors,
TSC2, P21Wel/Cirl po7Kiel and eNOS [4] [5].

Studies have proved that hyperactivation of the Akt signaling cascade drives
many cancers. The oncogenic alterations in many components of the PI3K/Akt
pathway have been identified in approximately 40% of all human tumors [6].
Overexpression or activating mutations of upstream growth factor receptors
such as EGFR and PDGEFR lead to Akt activation, as do point mutations of
PIK3CA, the gene encodes the catalytic p110a subunit of PI3K, that occur in
breast, colon, and endometrial cancers [5]. Additionally, inactivating mutations
of the tumor suppresser phosphatidylinositol phosphatase (PTEN), a key nega-
tive regulator of this pathway, have been reported in a wide variety of cancers
such as endometrial, skin, colon, ovary, and breast [7]. Finally, Akt gene itself
can be amplified in several lines of cancer [8], and the transforming mutation
Akt1*7%) which results in constitutively active enzyme [9] [10], has been found
in breast, bladder, cervix, and prostate cancers [8].

Furthermore, increasing evidence has indicated that the development of tu-
mor cells with enhanced resistance to a wide spectrum of chemo- and radiothe-
rapeutic agents, such as cisplatin and etoposide, is the consequence of modulated
PI3K/Akt signaling system, and that treatment with targeted therapies, as EGFR
inhibitors, can prompt feed-back loops involving Akt [11] [12] [13].

These findings suggest that dysregulation of Akt-dependent signaling plays a
fundamental role in malignancies and drug resistance, and blocking this kinase
activity could restrain the undesirable effects of this enzyme. Therefore, inhibit-
ing Akt activity is considered a compelling approach in treating cancer and res-
toring sensitivity to anticancer agents.

Numerous small molecules Akt inhibitors with proven clinical benefit have
been described, including the allosteric inhibitor MK-2206 (1) [14], and the
ATP-competitive inhibitors GDC-0068 (Ipatasertib, 2) [15] and AZD5363 (3)
[16] (Figure 1). Recently, research has expanded toward the development of se-
lective ATP-competitive inhibitors. However, generating selective Akt inhibitors
over other AGC kinases, especially the closely homologous protein kinase A
(PKA), has emerged as a serios challenge due to high identity in the ATP-binding
site among these enzymes, resulting in poor selectivity [17] [18]. GDC-0068,
which has a PKA/Akt selectivity ratio of 620x, was able to overcome this ob-
struction [15]. Experimental data indicate that improving selectivity could be
accomplished by exploiting key differences in the binding pockets between Aktl
and PKA. These distinctions include residues Thr211, Met281, and Ala230 in
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Figure 1. (1) Inactive Akt kinase allosteric inhibitor, (2 and 3) Active Akt kinase ATP-competitive
inhibitors.

Aktl to Vall04, Leul73,and Val123 in PKA respectively. These differences lead
to a narrower and less polar cavity in PKA, and therefore, Aktl binding site
should be more accommodating of larger substituted ligands. Thus, it could be
possible to develop selective ATP-competitive Akt inhibitors [17] [18].

The drug discovery process is laborious, long-lasting, and expensive. There-
fore, computer-aided drug design (CADD) strategies have become attractive ap-
proaches that can reduce the time needed to find best possible leads. The struc-
ture-based drug design (SBDD) methods, such as molecular docking, could rea-
dily improve the ability to identify, optimize, and evaluate hits in order to pro-
duce new therapeutics [19] [20]. A special attention has been dedicated to subs-
tituted benzimidazole derivatives due to their broad spectrum of biological ac-
tivities such as antimicrobial [21], anthelmintic [22], antibacterial [23], anti-in-
flammatory [24], and anticancer [25].

Based on the abovementioned facts, herein we describe the application of
SBDD techniques for the rapid discovery of new potent and selective series of
benzimidazole-derived ATP-competitive inhibitors of Akt kinase. The designed
compounds were evaluated for their binding ability to the active site of Aktl ki-
nase using molecular docking. Once identified, hits were subjected to investigate
their selectivity by docking into the closely related PKA kinase. Moreover, in-silico
ADMET-related descriptors were calculated to predict the pharmacokinetic prop-

erties of the selected compounds.

2. Materials and Methods

2.1. Database Generation

Available 3D crystal structures of Aktl kinase were retrieved from the Protein Da-

ta Bank (PDB, http://www.rcsb.org/). These structures were classified on the basis

of several parameters such as resolution (A), and type of structure (Apo-enzyme
or ligand-protein complex), and therefore, all collected complexes were divided

based on the type of the inhibitor into two groups: the ATP-binding site inhibi-
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tors (active conformer), and the allosteric site inhibitors (inactive conformer).

2.2. Receptor Preparation

The selected crystal structure was prepared through several steps that included
the verifying of tautomer’s, removing of resolved crystal water molecules, and
correcting the chemistry of the protein by applying CHARMm forcefield. The
latest procedure led to the addition of hydrogen atoms, which in turn caused
steric overlap. Thus, energy minimization was carried out to solve this steric ob-
struction and to find the most stable and least energy conformation [26]. Once
minimized, the active site was defined, and a sphere was created around the cen-

troid of extracted ligand.

2.3. Design and Compound Library Preparation

ChemBioOffice 2008 was used to design a set of benzimidazole derivatives for
the docking study. The designed ligands were then retrieved and prepared using

“prepare ligands” protocol of Discovery studio 3.5.

2.4. Docking Studies

All docking procedures were performed by Discovery studio (D.S) 3.5 (Accelrys
Co., Ltd., US) using the CDocker modules. CDocker is a Molecular Dynamics
(MD) simulated-annealing-based algorithm which uses the CHARMm force
field [27] [28]. This docking technique requires the use of both optimized and
prepared protein, and all prepared compounds. Docking operations were carried
out using CDocker protocol. For each compound, 10 binding poses were ob-
tained and ranked according to their -CDocker energies (kcal/mol). The pro-
tein-ligand complexes produced after docking study were analyzed on the bases
of docking scores and predicted binding mode of each docked compound [27].
For the validation of the docking procedure, native ligand was extracted and
redocked using the aforementioned protocol. Docking results with RMSD (root
mean standard division) less than 2.0 A between the reference ligand in crystalized

form and its 10 best reproduced conformations were considered acceptable [29].

2.5. Hits Filtration

2.5.1. Drug-Likeness Properties

The molecular properties for the candidate compounds were calculated using
Discovery studio 3.5. Hits were then filtered based on the Lipinski’s rule of five
(RO5), which verifies whether the physiochemical properties of molecules per-
mit them to be orally bioavailable. These drug-likeness properties include: mo-
lecular weight (MW) less than 500 Daltons, calculated LogP value less than 5, no
more than 5 hydrogen bond donors (HBDs), no more than 10 hydrogen bond
acceptors (HBAs), and no more than 10 rotatable bonds [30].

2.5.2. ADMET Prediction
Absorption, distribution, metabolism, excretion, and toxicity (ADMET) proper-
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ties of the hit compounds were estimated using ADMET descriptors implemented
in Discovery studio 3.5. The module uses six mathematical models to quantita-
tively predict those features by a set of rules (Table 1). These models predict:
human intestinal absorption (HIA) after oral administration, aqueous solubility
of each compound at 25°C, blood brain barrier (BBB) penetration after oral ad-
ministration, cytochrome P450 2D6 (CYP2D6) enzyme inhibition, hepatotoxic-
ity, and plasma protein binding. The intestinal absorption model, as well as the
blood brain penetration model, includes 95% and 99% confidence ellipses in
ADMET_AlogP98 vs. ADMET_PSA 2D plane. Selected compounds were also
analyzed according to AMES mutagenicity using Discovery studio 3.5 (Table 1).

Table 1. Rules of ADMET-related descriptors and mutagenicity prediction used in DS
3.5.

ADMET Descriptor Level Description
0 Good absorption
ADMET Absorption Level (Human 1 Moderate absorption
Intestinal Absorption (HIA)) 2 Low absorption
3 Very low absorption
0 Extremely low
1 No, very low, but possible
2 Yes, low
ADMET Solubility Level (Aqueous 3 Yes, good
Solubility Levels) .
4 Yes, optimal
5 No, too soluble
6 Warning: molecules with one or
more unknown AlogP98 types
0 Very High
1 High
2 Medium
ADMET Blood Brain Barrier (BBB
Penetration Levels) 3 Low
4 Undefined
5 Warning: molecules with one or
more unknown AlogP98 types
ADMET Cytochrome P450 2D6 0 Non-inhibitor
0 Non-hepatotoxic
ADMET Hepatotoxicity
1 Toxic
0 Binding is <90%
ADMET PPB (Plasma Protein Binding)
1 Binding is 290%
0 Non-mutagen
AMES Mutagenicity
1 Mutagen
DOI: 10.4236/ijoc.2021.113009 110 International Journal of Organic Chemistry
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3. Results and Discussion

3.1. Akt kinase Data Analysis

The crystal structure of Aktl in its complex with GDC-0068 (PDB code: 4EKL
(DOLI: https://doi.org/10.2210/pdb4EKL/pdb)) was found to be the most valid
structure for this docking study. 4EKL has a resolution of 2.0 A, and it is an ac-
tive conformer of Aktl. The crystalized inhibitor has an IC,, value of 5 nM [15].

3.2. Docking Studies

CDocker docking protocol using 4EKL was validated by redocking the native li-
gand which reproduced the crystalized conformer with RMSD less than 1.0 A.
The same protocol was employed to study the benzimidazole derivatives within
the binding site of 4EKL. The structures and -CDocker energies (kcal/mol) of
newly designed benzimidazole derivatives are represented in Table 2.

Most of the designed compounds showed good affinity towards the active site
of Aktl represented by good -CDocker energy values ranging from 22.0603 to
50.7951 kcal/mol for compounds BENZ 1 and BENZ 14 respectively (Table 2).
Analysis of the docking results revealed that R, substituent occupies the ade-
nine-binding pocket and forms a number of hydrogen bonds within the hinge
region-forming residues (Glu228 and Ala230), while the protonated amine inte-
racts with the carboxylate side chains of Glu234 and Glu278 in the acidic hole
via hydrogen bonds (Figure 2).

In intention to investigate the effect of the alkyl linker length between the amine
group and the benzimidazole ring, compounds BENZ 16 - 30 (R= (CH,),NH,)
were docked into the active site of Aktl (Table 2). It was found that increasing the
alkylamine length didn’t affect the binding affinity, as most of the designed mo-
lecules maintained the same binding patterns seen in compounds BENZ 1 - 15
(R, = CH,NH,).

Our previous designed compounds were characterized by their ability to bind
to Aktl active site. However, they weren’t able to reach the small hydrophobic
pocket under the glycine-rich loop (G-loop), which is formed when Phel61 re-
sidue is displaced toward the aC helix. Therefore, benzimidazole ring was mod-
ified according to Table 3, where R, is equal to a benzyl group or a trifluoro-
propyl group (BENZ 31 - 54).

Docking analysis of the benzyl derivatives demonstrated higher affinity to-
wards Aktl active site compared to the previous compounds. Among these
compounds, BENZ 34 (-CDocker energy = 55.6572 kcal/mol) had high affinity
towards the active site of Aktl enzyme. Figure 3 demonstrates its binding mode:
R, motif interacts via two hydrogen bonds with the backbone carbonyl of Glu228
and the main chain NH of Ala230, the primary amine group forms two hydro-
gen bonds within the acidic hole through residues Glu234 and Glu278, and the
benzyl ring occupies the small hydrophobic pocket under the G-loop. Same in-
teractions could be seen with BENZ 35, which showed better affinity towards the
active site of Akt1(-CDocker energy = 62.0716 kcal/mol) compared to BENZ 34.
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Table 2. The structures and -CDocker energy values (kcal/mol) of the designed benzimi-
dazole derivatives BENZ 1 - 30.

Rs

v {

-CDocker
R, energy
/ (kcal/mol)
R, N
Co. R, R, R, R,
BENZ 1 N7 i CH,NH, H H 22.0603
HN

BENZ 2 (j% CH,NH, H H 41.1051
o)
BENZ 3 Hzmﬁ(j)‘V CH,NH, H H 447462
o

BENZ 4 o/?/a“ CH,NH, H H 38.4673
N/
BENZ 5 HN/\(E‘ CH,NH, H H 38.0292

W
BENZ6 C?’NH CH,NH, H H 31.5126

BENZ 7 '@A CH,NH, H H 36.1303
F

BENZ 8 | CH,NH, H H 35.6945
7
N
BENZ9 ,\I( S CH,NH, H H 39.1104
p
H,N
BENZ 10 1 N CH,NH, H H 41.8719
7
0
BENZ 11 A CH,NH, H H 40.6417
HN_
H,N__N
BENZ 12 m/ S CH,NH, H H 47.7765
7

o_ N
BENZ 13 7/ N CH,NH, H H 45.0696
HN
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Continued
H
o__N
BENZ 14 HT[,/ | CH,NH, H H 50.7951
HO Y
BENZ 15 N | CH,NH, H H 49.5837
BENZ 16 N7 (CH,),NH, H H 22.3809
HN

BENZ 17 /jl)" (CH,),NH, H H 41.1981
o)
BENZ 18 HZN\/E,}‘ (CH,),NH, H H 45.3790
O

BENZ 19 oﬁ (CH,),NH, H H 39.5087

BENZ 20 HN/\,)‘“ (CH,),NH, H H 39.1732
\=N

BENZ 21 HN/\’}i (CH,),NH H H 32.7537
),NH 2)2 2 .
[e]

BENZ 22 | > (CH,),NH, H H 38.0449
Z

BENZ 23 “(j/\' (CH,),NH, H H 35.6866
>

N
BENZ 24 '\l( N (CH,),NH, H H 40.5791
F
HN_
BENZ 25 1 (CH,),NH, H H 43.0985
F
RSN
BENZ 26 (CH,),NH, H H 41.6491
HN_
HN N
BENZ 27 \’|\|/ (CH,),NH, H H 48.4948
7
o_ N
BENZ 28 YN (CH,),NH, H H 457522
HN__~
o N
BENZ 29 Hj\l/ | (CH,),NH, H H 52.0527

N
HO ™
BENZ 30 HN}J/\ (CH,),NH, H H 51.5375
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Figure 2. Superposition and binding modes of compounds BENZ 1 - 30 within the active
site of Aktl kinase.

Table 3. The structures and -CDocker energy values (kcal/mol) of the designed benzimi-
dazole derivatives BENZ 31 - 54.

Co.

BENZ 31

BENZ 32

BENZ 33

BENZ 34

BENZ 35

R;
Ve
R, N
R, R, R,
N
'\I( S CH,NH,
7
H,N
’ 1 N CH,NH,
Y
H,N__N
? m/ S CH,NH,
Y
0 N
A CH,NH,
HN_
H
o_ N
HTL/ | CH,NH, q

-CDocker
energy
(kcal/mol)

50.1933

53.0033

57.0789

55.6572

62.0716
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Continued
N
HO ™7
BENZ 36 e CH,NH, 57.0868
N
BENZ 37 ,\I( A CH,NH,  (CH,),CF, 44.9734
7
H,N
BENZ 38 1 N CH,NH,  (CH,),CF, 46.3741
7
H,N__N
BENZ 39 m/ S CH,NH,  (CH,),CF, 53.3190
7
o_ N
BENZ 40 Y S CH,NH, (CH,),CF, 49.4578
HN
7
H
o. N
BENZ 41 HTL/ I CH,NH,  (CH,),CF, 56.3839
N
HO N7
BENZ 42 v CH,NH,  (CH,),CF, 54.6270
N
BENZ 43 '\|( S (CH,),NH, 50.1895
7
HN A
BENZ 44 1 (CH,),NH, 47.9918
7
H,N__N
BENZ 45 m/ S (CH,),NH, Q 52.9105
Y
o. N
BENZ 46 Y S (CH,),NH, 54.4505
HN_
H
o_ N
BENZ 47 HTL/ | (CH,),NH, Q 61.8319
N
HO
BENZ 48 N (CH,),NH, 63.0024
N
BENZ 49 ,\l( A (CH,),NH,  (CH,),CF, 43.8223
G
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Continued
H,N N
BENZ 50 r\I (CH,),NH,  (CH,),CF, H 46.8861
G
HN__N
2 N
BENZ 51 m/ (CH,),NH,  (CH,),CF, H 50.5165
G
0 N
X
BENZ 52 Y (CH,),NH,  (CH,),CF, H 47.5281
HN P
H
o. N
BENZ 53 HTL/ | (CH,),NH,  (CH,),CF, H 56.0871

N
HO N7
BENZ 54 oy (CH,),NH,  (CH,),CF, H 55,0972

Hinge ‘ o Hinge

Figure 3. Superposition and binding mode of (A) compounds BENZ 34 - 35 and 36 (shown in cyan, magenta, and
brown respectively), (B) their fluorinated counterparts BENZ 40 - 41 and 42 (shown in cyan, magenta, and brown re-
spectively) within the active site of Aktl kinase.

The pyrimidinedione ring interacts with the kinase hinge through its 1-NH and
carbonyl group, and residues Glu228 and Ala230 respectively. On the other
hand, 3-NH group forms a hydrogen bond with Thr291, while the other car-
bonyl group is positioned near the hydrophilic side chain of the gatekeeper re-
sidue Thr211. Replacing the carbonyl group in compound BENZ 35 with a hy-
droxymethyl group led to compound BENZ 36, which exhibited a decrease in its
affinity (Table 3). This result seems to be because of this structural alteration
that caused the benzyl group to be located away from the pocket under G-loop,
while this group is optimally positioned to occupy this pocket in compound
BENZ 35 as shown in Figure 3.

Trifluoropropyl derivatives (BENZ 37 - 42) showed a slight decrease in their
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affinity compared to their benzyl analogs (BENZ 31 - 36). According to the
in-silico docking results, it was observed that the fluorinated substituent is lo-
cated within the G-loop hydrophobic pocket, but it can’t reach this pocket deep
enough, as shown with compounds BENZ 40, 41 and 42 (Figure 3).

Similar to the previous study, we replaced R, substituent with an ethylamine
group to afford compounds BENZ 43 - 54 in order to detect the effect of R, subs-
tituent length. In both the benzyl and trifluoropropyl derivatives, this increase in
alkyl length was not associated with an increase in binding affinity as most of the
designed molecules maintained the same interactions as indicated by the super-
position of compound BENZ 35 and its ethylamine derivative BENZ 47, and
compound BENZ 41 and its derivative BENZ 53 shown in Figure 4.

Finally, we fixed R, as a benzyl group, then turned our attention to study the
effect of amine substitution in conjunction with the introduction of a methyl
group at benzimidazole C6 in order to find more effective compounds that are
able to exploit the binding site of Aktl (Table 4).

Most of the designed molecules showed a similar binding mode whereby the
methyl group is placed within a small hydrophobic pocket formed by the side
chains of Vall64 and Lys179. The substituted amine maintained its ability to
form hydrogen bonds with the carboxylate side chain of acidic hole residues
Glu234 and Glu278, while the aliphatic and cyclic substitutions of the amine lo-
cated in the solvent-exposed region without significantly affecting the binding
affinity of these compounds as exemplified by compounds BENZ 56 and BENZ
57 shown in Figure 5. These compounds fit well inside the binding site creating
two hydrogen bonds with Glu228 and Ala230 amino acids, whilst the benzyl
group occupies the small hydrophobic pocket under G-loop.

Compounds BENZ 62 and BENZ 63, which bears a hydroxymethyl group
substituted on R, motif, showed higher-CDocker energy of 60.0004 and 61.1954

: o Acidic
Acidic hole
hole
gLy Hinge

Figure 4. Superposition and binding mode of (A) compounds BENZ 35 and BENZ 47 (shown in cyan and magenta
respectively), (B) compounds BENZ 41 and BENZ 53 (shown in cyan and magenta respectively) within the active site
of Aktl kinase.
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Table 4. The structures and -CDocker energy values (kcal/mol) of the designed benzimi-
dazole derivatives BENZ 55 - 66.

R,

" {

-CDocker
/>7 R, energy
N (kcal/mol)

Ry
Co. R, R, R, R,
H
o_ N
BENZ 55 HN]J/\ CH,NH, Q CH, 61.2076
H
o. N
BENZ 56 HN)J)\ é H\N_< CH, 62.0965
H
o. N
BENZ 57 HN}J/\ é AN 7< CH, 60.2102
H
o_ N
BENZ 58 HN\EJ)\ é—@ Q CH, 424818
H
o N NH
BENZ 59 i é—(} CH, 57.0188
HN
H
o_N 0
BENZ 60 an | é—Q CH, 59.3709
HN
HO “
BENZ 61 i CH,NH, CH, 61.1409
N
HO gﬁ
BENZ 62 HN]J/\ HN_< Q CH, 60.0004
N
HO z g—\
BENZ 63 "y AN 7< CH, 61.1954
N
HO ™
BENZ 64 | X CH, 41.4988

N NH
HO
BENZ 65 a | é—( ) CH, 52.3016
HN
N
HO z 0
BENZ 66 oy J CH, 549118
HN
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kcal/mol respectively compared to compound BENZ 36 (R,=CH,NH,, R,=H).
This modifications on the amine, and the benzimidazole methyl group forced
the benzyl ring to settle perfectly in the G-loop hydrophobic pocket as shown in
Figure 5. Both compounds exhibited one binding pattern similar to the previous
ones (BENZ 56 and BENZ 57, Figure 5): the pyrimidinone ring forms two hy-
drogen bonds with the kinase hinge region through its 1-NH and carbonyl group
and residues Glu228 and Ala230 respectively, while the hydroxymethyl group
locates in the hydrophilic pocket formed by Thr211 side chain.

Based upon the aforementioned docking study we found that compounds
BENZ 32-34-35-48-56-57-61-62-63-66 exhibited the best binding affinity towards
the active site of Aktl kinase, and therefore they are believed to be promising
Akt1 inhibitors.

3.3. Selectivity towards PKA

In order to assess kinase selectivity, candidate compounds were docked into the
crystal structure of the closely related PKA (PDB code: 6ESA (DOL:
https://doi.org/10.2210/pdb6ESA/pdb )). 6ESA is a PKA/adenosine complex and
has a resolution of 1.31 A [31]. CDocker docking method using 6ESA was vali-
dated using the standard protocol described above which reproduced the crysta-
lized ligand with RMSD less than 1.0 A. Table 5 represents the obtained
-CDocker energy values (kcal/mol).

Compounds BENZ 32 and BENZ 34 had poor selectivity and exhibited a sim-
ilar binding pattern to the active site of Aktl. This can be explained by the ina-

bility of these compounds to exploit the main differences in Aktl and PKA ac-
tive site-forming residues, which include residues Thr211, Met281, and Ala230
(Aktl) to Vall04, Leul73, and Val123 (PKA) respectively. These differences lead
to a pocket that is approximately twice as large and more polar in Aktl, and thus
a greater capacity to accommodate larger substituted ligands [17] [18] (Figure
6).

G-loop
] Y .

Hinge

hole

Figure 5. Superposition and binding mode of (A) compounds BENZ 35 - 56 and 57 (shown in cyan, magenta, and
brown respectively), (B) compounds BENZ 36 - 62 and 63 (shown in cyan, magenta, and brown respectively) within
the active site of Aktl kinase.
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Table 5. -CDocker energy values (kcal/mole) of designed benzimidazole hits resulted
from docking within the active site of PKA.

Co. -CDocker energy (kcal/mol)
BENZ 32 27.2281
BENZ 34 30.6591
BENZ 35 36.9788
BENZ 48 31.2675
BENZ 56 7.09464
BENZ 57 -39.4743
BENZ 61 34.1176
BENZ 62 -28.8812
BENZ 63 -101.662
BENZ 66 -69.9333

G-loop l— \

AN

 Acidic
hole

e 7 /
K

3

Figure 6. Comparison of the binding mode of compounds BENZ 32 - 34 (shown in cyan and magenta respectively)
within the active site of (A) Aktl kinase, (B) PKA, and compounds BENZ 35 - 48 - 61 (shown in cyan, magenta, and
brown respectively) within the active site of (C) Akt1 kinase, (D) PKA.

Though compounds BENZ 35 - 48 - 61 showed a good -CDocker energy
(Table 5), docking results analysis revealed that these compounds had a differ-
ent binding mode within the ATP-binding pocket of both Aktl and PKA, as the
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benzyl group occupied the adenine-binding pocket of the later with no bonds
identified with the hinge-forming residues, whereas R, is placed towards outside
ATP-binding pocket. It is possible to construe these results to R, carbonyl group
(compound BENZ 35) and hydroxymethyl group (compounds BENZ 48 and
BENZ 61), which is positioned near the hydrophilic side chain of the gatekeeper
residue Thr211. This binding pattern is expected to be undesirable in the case of
the ATP-binding site of PKA, where the hydrophobic Val104 is the correspond-
ing residue (Figure 6).

This study has demonstrated that compounds BENZ 56-57-62-63-66 has high
selectivity against the active site of PKA (Table 5). These results indicate the
importance of the substitution of the amine with bulkier groups and the intro-
duction of a methyl group on benzimidazole C6, as these modifications didn’t
compromise the binding affinity of the designed compounds towards Aktl ac-
tive site, but they were not tolerated by PKA.

It should be noted that the most selective compound BENZ 63 (-CDocker
energy (Aktl) = 61.1954, (PKA) = —101.662 kcal/mol) have a hydroxymethyl
group substituted on the hinge-binding motif (R,) instead of a carbonyl group in
compound BENZ 57, and differs from compound BENZ 61 by the presence of a
t-Bu group substituted on the amine. This result can be justified by the dual ef-
fect of the hydroxymethyl group that can reach deep and locate in the vicinity of
the hydrophilic side chain of Aktl gatekeeper residue Thr211, and the signific-
ance of the substitution of the amine described above. Figure 7 displays the dif-
ference in the binding mode of compound BENZ 63 within the ATP-binding site
of Aktl and PKA.

3.4. Hits Filtration
3.4.1. Drug-Likeness Properties
Much of the drug oral bioavailability is influenced by its solubility and ability to

pass the intestinal wall, which in turn relates to the physiochemical properties of

Figure 7. Comparison of the binding mode of compound BENZ 63 within the active site of (A) Aktl kinase, (B) PKA.
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the drug molecule such as water solubility, LogP, hydrogen bonding characteris-
tics, flexibility, etc. [32]. Therefore, the molecular properties of the hits were
calculated, then these molecules were filtered based on Lipinski’s rule of five
(RO5).

All of the selected compounds were found to be within the accepted range of
RO5 parameters, and thus these compounds are expected to have good bioavai-

lability after oral administration (Table 6).

3.4.2. In-silico ADMET Study

ADMET properties play a significant role during the drug development process,
as they are found to be responsible for the failure of 60% of drug molecules [32].
These properties mostly affect the drug bioavailability, cell permeation, and me-
tabolism which are important descriptor in drug discovery research. Table 7
summarizes the ADMET properties of the selected compounds.

Polar surface area (PSA) was shown to have an inverse relationship with hu-
man intestinal absorption and thus cellular permeability [33]. Although the rela-
tionship between PSA and cellular permeability has been demonstrated, the
models usually do not take into account the influence of other descriptors. The
lipophilic properties of the molecule can be assessed by calculating the octa-
nol/water partition coefficient (LogP). Though LogP is generally used in esti-
mating the lipophilic properties of the compound, the fact that LogP is a ratio
raises concern about its use for estimating hydrophilic and lipophilic properties
[34]. Therefore, hydrogen bonding characteristics obtained through PSA can be
taken along with LogP values [35]. Thus, AlogP98 and PSA_2D model with a
binary plot comprising 95% and 99% confidence ellipses were used to accurately

predict the cellular permeability of the selected compounds [35].

Table 6. Molecular properties and Lipinski’s role of five parameters of benzimidazole
hits.

Num.

Co. AlLogP MW g;‘l’;‘s g;‘:s Rot. 1;;::5 N;‘:ln'g‘:" MFPSA
Bonds
BENZ 32 1.589 330.406 2 3 4 4 4 0.245
BENZ 34 1.044 332.379 2 3 4 4 3 0.259
BENZ 35 0.336 348.379 3 3 4 4 3 0.303
BENZ 48 0.176 376.432 3 4 6 4 3 0.280
BENZ 56 1.754 404.485 3 3 6 4 3 0.220
BENZ 57 1.959 418.511 3 3 6 4 3 0.205
BENZ61 0414 376432 3 4 5 4 3 0.277
BENZ62 1347 418511 3 4 7 4 3 0.216
BENZ63 1552  432.538 3 4 7 4 3 0.203
BENZ66 0443  432.495 3 5 5 5 3 0.242

MW: Molecular Weight, MFPSA: Molecular Fractional Polar Surface Area.
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According to the model, in order to have optimal cellular permeability the
compound should meet the following criteria: PSA_2D < 140 A” and AlogP98 <
5 [35]. All hits showed PSA_2D < 140 A2 as the upper limit reached 111.113 A?
(BENZ 48 and BENZ 61), while the lower limit was 76.831 A? (BENZ 56 and
BENZ 57), and all compounds had AlogP98 values < 5.

All candidates fell within the 99% confidence ellipse regarding absorption
(Figure 8), and therefore these compounds are expected to have good human

intestinal absorption. All molecules showed poor ability to cross the blood-brain

Table 7. In-silico ADMET and mutagenic properties of benzimidazole hits.

In-silico ADMET and Mutagenic properties

Co. , . CYP26D N AMES
Absorption . Solubility . Hepatotoxicity =~ PPB L. AlogP98 PSA-2D
penetration inhibition mutagenicity
BENZ 32 0 3 3 0 0 1 1 1.589 86.664
BENZ 34 0 3 3 0 0 1 0 1.044 90.297
BENZ 35 0 3 3 0 1 0 0 0.530 109.085
BENZ 56 0 3 3 0 1 0 0 1.949 76.831
BENZ 48 0 4 3 0 0 1 0 0.176 111.113
BENZ 57 0 3 2 0 1 1 0 2.154 76.831
BENZ 61 0 3 3 0 1 1 0 0.414 111.113
BENZ 62 0 3 3 0 0 1 0 1.347 78.859
BENZ 63 0 3 3 0 0 1 0 1.552 78.859
BENZ 66 0 3 3 0 0 0 0 0.443 87.789
8 -
mmADMET AlogP98
6+ I Absorption-95
I Absorption-99
BN BBB-95
BBB-99
{
o0
2 \
<\
E 24+
a \
< |
0t
24 —_—
-50 25 0 25 50 75 100 125 150

ADMET PSA 2D

Figure 8. Calculated ADMET_ALogP98 vs. ADMET_PSA 2D plot for candidate compounds showing 95%
and 99% confidence ellipses corresponding to human intestinal absorption (HIA) and blood brain barrier

(BBB) penetration models.
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barrier (levels 3 and 4 as stated in Table 1). Aqueous solubility plays a critical
role in drug oral bioavailability. According to the model, all of the designed
compounds, except for BENZ 57 (Level 2), have been shown to have good
aqueous solubility (Table 7). CYP2D6 isoenzyme is involved in the metabolism
of a large number of drugs, and its inhibition by a drug can lead to serious
drug-drug interactions [36]. Table 7 indicates that all of our designed com-
pounds don’t possess CYP2D6 inhibitory activity. Drug distribution from plas-
ma to target tissues can be affected by several factors, and binding to plasma
proteins is considered the most important one [37]. Compounds BENZ 35 - 56 -
66 showed binding < 90%, and therefore they are unlikely to be strongly bound
to serum carrier proteins, while the remaining compounds showed binding >
90% (Table 7). Some of our selected compounds showed potential hepatotoxici-
ty (BENZ 35-56-57-61), while compounds BENZ 32 exhibited potential mutage-
nicity (Table 7).

4. Conclusion

This study focused on designing, molecular docking, and in-silico ADMET
evaluation of a new set of benzimidazole derivatives as potential selective Akt
inhibitors. Molecular docking is used to identify potential inhibitor of Akt kinase
by determining their binding energies. The most promising hits were then
docked into the binding site of PKA kinase to predict their selectivity against
other AGC family kinases. Among our designed molecules, eight compounds
showed the best binding affinity and selectivity to Aktl kinase. Moreover,
in-silico ADMET and mutagenic properties prediction were carried out on these
compounds. As a result, four Compounds (BENZ 48, BENZ 62, BENZ 63 and
BENZ 66) had acceptable ADMET properties (with compound BENZ 66 passing
the whole ADMET tests), and were predicted to be non-mutagenic. The afore-
mentioned top hits obtained from this study can be further synthesized and

evaluated by in-vitro and in-vivo biological tests.
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