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Abstract: PIM1-an oncogenic kinase—is overexpressed in a number of haematopoietic malignancies as well as solid tumors
such as prostate cancer where it correlates with poor prognosis. Several studies have elucidated the roles of PIM1 in cell-cycle
progression, cell survival, and tumourigenesis. Also, the distinctive characteristics of the ATP binding pocket of this kinase
have been vividly reported. Thus, PIM1 is an attractive target for the design of selective pharmacological inhibitors. In silico
methods were executed to investigate the non-ATP mimetic properties of liriodenine in comparison with the co-crystallized
9GS5 and CX-4945, which are potent ATP-competitive PIM inhibitors. Consequently, the outcome of our study depicted the
interactions of liriodenine with catalytic important aminoacyl residues in the ATP binding site of PIM1. Considering the
ADME and cytotoxic parameters of the screened drug-like candidates together with CX-4945, we also showed that liriodenine
displayed an improved probable ATP-competitive PIM1 inhibition when compared to CX-4945, a drug currently in Phase I/I
clinical trials against cholangiocarcinoma. In the light of these findings, we put forward a valid argument, indicating that
liriodenine can be preclinically/clinically researched as a potential targeted cancer therapy for haematopoietic malignancies as
well as other solid tumours, most especially in prostate cancer.
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. as it is regulated by different pathways such as ERG,
1. Introduction JAK/STAT, hypoxia and NF-kBs [6-7]. PIMI is also
overexpressed in many human tumours, the elevated level of

The PIM (Proviral Integration site of mouse Moloney it ; ;
this kinase was first reported in leukemia and lymphoma

leukemia virus) family of serine/threonine kinase comprises

three distinct kinases (PIM1, PIM2 and PIM3) and are highly tumours [1, _8]' Lgter, PIMI was shqwn to be signiﬁcantl.y
conserved in multicellular organisms [1-2]. Each member is upregulated in solid tumours, including prostate, pancreatic

extremely homologous at the amino acid level but with [9] and pladder cancers [1], advocating its participat'ion in
different level of tissue distributions [3]. Yet, the functional =~ ONCOSCNIC Processes In numerous cancer types. Obylously,
redundancy among the three Pim kinases has been shown in PIMI appears to Contflbu'te to cancer developrpent in three
vitro and in vivo [4-5]. Under physiological conditions, a ~ M&0r Wways when lt_ is overexpressed. Firstly, . PIM1
number of tissues express PIM1 constitutively at low level ~ inactivates Bad protein through the phosphorylation of
[6]. However, PIM1 expression increases significantly in Ser112, impeding the process of apoptosis [10]. AIS%’IPIIEWC&I}
response to diverse growth factors, mitogens and cytokines, ~Phosphorylate Cdc25A (G1/S), Cde25C (G2/M), p21
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and p27, which are all involved in the regulation of the cell
cycle and the kinase promotes genomic instability [6]. In
addition, Tursynbay et al [11] noted that PIM1 regulates drug
resistance, senescence bypass, metastasis and epigenetic
dynamics in various tumours. Therefore, PIM1 expression in
hematopoietic malignancies and other tumour types
corresponds with poor prognosis [12].

Other noteworthy oncogenic mechanisms of PIM kinases
activities include: modulation of MYC transcriptional
activity [13], regulation of cap-dependent translation [14],
and pro-survival signaling, which thwarts the increased
sensitivity of tumour cells to apoptosis [10]. PIMI1 has
therefore been proposed as an attractive target for anti-cancer
drug development [15]. The following facts make PIM
kinases typically attractive for pharmacological inhibition: (i)
The phenotype of PIM1 deficient mice is mild and non-lethal
which might point to a favorable toxicity profile for PIM1
inhibitors [16]. (ii)) The evidence of PIM inhibitor-based
therapies has been noted where such inhibitions reduced the
in vivo growths of xenograft leukemia and adenocarcinoma
[17]. (iii)) The ATP binding mode at the PIM binding site is
significantly different compared to the majority of protein
kinases [18]. The latter characteristics is principally
interesting for drug design, encouraging the possibility for
development of specific inhibitors [18].

PIM1 assumes a typical bi-lobed kinase fold structure with
a deep cleft between the N- and C-terminal lobes connected
via the hinge region (residues 123-125) [6, 18]. The N-
terminal domain (residues 37-122) mainly comprises [-
strands and a single o-helix whereas C-terminal domain
(residues 126-305) is predominantly a-helical [18-19]. The
ATP binding pocket of PIMI kinase, situated between the
two domains, is bordered by two loops: a glycine-rich G-loop
(residues 44-52) and an activation A-loop (residues 185—
204), and a hinge region. The distinctiveness of ATP binding
in PIM1 is demonstrated in interactions inside the hinge
region [6, 18]. Many protein kinases interact with ATP by
forming two hydrogen bonds in hinge region [20]. The hinge
region of PIM1 however lacks one of the canonical hydrogen
bond donors within the backbone, containing a proline
residue (Prol23) at the corresponding position [18].
Consequently, this unique feature also established the PIM1
protein kinase as an attractive target for drug design.

In this study, automatic docking was employed to
determine the optimal positions and orientations of
liriodenine, 10-Hydroxyliriodenine together with other ATP
competitive PIM1 kinase inhibitors such as SMI-4a, TCS
PIM-1 1, quercetagetin, PIM-1 inhibitor 2 and CX-4945
within the ATP binding pocket of PIM1 target. The binding
affinity of each compound was compared to the docking
score of the co-crystallized 9GS5 in order to elucidate the hit
identification and medicinal chemistry optimization.
Consequently, the protein-ligand interactions of the lead
compounds were analyzed wusing macromolecular
visualization software packages such as PyMOL and VMD to
identify the binding mode of each compound at the active site
of PIMI. It has been indicated that early evaluation of

ADME in the discovery phase decreases significantly the
fraction of pharmacokinetics-related failure in the clinical
phases [21-22]. Computer models have been endorsed as a
rational alternative to experimental procedures for predicting
ADME, especially at preliminary steps, when screened
chemical structures are numerous but the availability of
compounds is scarce [22-24]. Here, we used the new in silico
SwissADME web-based tool to determine robust predictive
models for physicochemical properties, drug-likeness and
medicinal chemistry friendliness, among which in-house
proficient methods such as the BOILED-Egg, iLOGP and
Bioavailability radar were calculated. Furthermore, the
experimental in vivo screening of anticancer drug-candidates
through millions of natural and synthetic chemical
compounds is relatively expensive and time-consuming.
Nevertheless, different in vitro and in silico advancements in
cell-based screening technologies have been proposed or
developed to mitigate the cost of such screening and to unveil
feasible mechanisms of the growth inhibition and killing of
tumour cells [25]. Therefore, we evaluated the cytotoxicity of
the drugable compounds against leukemia, lymphoma and
prostate cancer cell-lines, using CLC-Pred, a computer-based
web-service tool for virtual drug screening and an assessment
of the selective cytotoxic effect of chemical compounds on
cancer cell lines [25]. Finally, we demonstrated that
liriodenine may serve as a potent ATP-competitive PIM1
inhibitor, leading to improved clinical outcome assessments
of patients with a range of haematological malignancies and
several solid tumours such as prostate cancer.

This work is aimed at providing in silico evidences,
unveiling liriodenine as a potential selective ATP-competitive
PIM1 inhibitor as compared to other selected PIM1 inhibitors
in this study.
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Figure 1. The 2D chemical structure of A — co-crystallized 9G5 (CX-6258),
B — CX-4945, C — PIM-1 inhibitor 2, D — TCS PIM-1 1, E — SMI-4a, F —
quercetagetin, G — liriodenine, H— 10-hydroxyliriodenine.

Figure 2. 3D structure of human PIM1 (pdb id: 5013).

2. Materials and Methods
2.1. Preparation of Ligands

The 2D chemical conformation of 10-Hydroxyliriodenine,
CX-4945, liriodenine, PIM-1 inhibitor 2, quercetagetin, SMI-
4a and TCS PIM-1 1 were downloaded from PubChem®, a
popular database for the retrieval of ligands. Optimized
ligands were docked into distinguished model using Ligand
Fit theory in the MGL (Molecular Graphics Laboratory)
Tools of AutoDock 4.2 version.

2.2. Preparation of Target

Crystal structure of PIM1 kinase in complex with small-
molecule inhibitor 9G5 was retrieved from RCSB (Research
Collaboratory for Structural Bioinformatics) protein data
bank. The PDB ID of the kinase is 5013. The structures were
visualized using the Python-based PyMol® intended for the
structural visualization of proteins. Water molecules, hetero
atoms and the co-crystalized inhibitors were removed before
executing docking simulations.

2.3. Molecular Docking

The pdqt file for each protein was generated using
MGLTools of AutoDock 4.2 version. The protein target was
treated as rigid body, while the rotatable bonds of the ligand
were set to be free. The pre-calculated grid maps size was set
at 60, 60, and 60 A (x, y, and z) to include all the catalytic
important amino acid residues and the spacing between grid
points was 0.375 angstroms. The grid centre coordinates
were exactly as that of the co-crystallized compounds in
order to ensure that the ligands occupy the same binding
pocket as obtained for PIM1 (5013, 2.44 A, x= -71.2, y=
47.01, z= -5.74). The time to dock each compound into the
ATP binding site of the PIMI was approximately 1-2
minutes. Docking simulations were executed on a HP
workstation (Z800) with an intel Pentium D processor
(3.06GHz).



20 Michael Aderibigbe Arowosegbe et al.: In silico Analysis of Liriodenine as a Novel ATP-Competitive PIM 1
Inhibitor in some Cancer Cell-Lines of Haematopoietic and Prostate Origins

2.4. ADME Scores and Bioavailability Radar
Plot

The ADME (absorption, distribution, metabolism and
excretion) properties for each lead compound was calculated
using smile notation in Swiss ADME web-based tool [22].
Also, the bioavailability radar plot for liriodenine together
with the co-crystallized 9G5 and the standard CX-4945 were
depicted using the ADME web-based tool.

2.5. Protein-Ligand Complex Conformational
Analysis

We complexed each lead compound (CX-4945 and
liriodenine) and the co-crystallized 9G5 with PIM1 kinase
separately in the pdb format using PyMol® and then
submitted it on ProteinsPlus, an online server [26].
ProteinsPlus automatically generated the PoseView (2D)
diagrams of the macromolecular complexes. In addition,
another online server PLIP was applied to depict the 3-
Dimensional conformation of each complex. The results were
analyzed using macromolecular visualization software
packages such as PyMol® and VMD"®.

2.6. Cell-Line Cytotoxicity Prediction for
Tumour Cells

The cytotoxic effects of the lead compounds on leukemia,
lymphoma and prostate cancer cell-lines were predicted using
a freely available web-service for cell-line cytotoxicity profile
prediction (CLC-Pred: Cell-Line Cytotoxicity Predictor) in
line with best practices in the early stages of drug development,
drug repositioning and cancer research [25].

3. Results

3.1. The Binding Affinity as Calculated Using
Molecular Docking Softwares

Molecular docking studies are essential to predict the most
stable orientation of our chemical compounds when
complexed with the target PIM1. Binding mode of a number
of competitive inhibitors of PIMI1 has been previously
characterized, however, selectivity is still an issue not fully
resolved at structural level [18, 27]. In this study, we
explored the therapeutic inhibitory potentials of liriodenine in
the ATP binding site of PIM1, a member of constitutively
active calcium/calmodulin-regulated serine/threonine kinase
family. We assessed the structural interactions of the lead
compounds and the catalytic important amino acid residues
in the binding sites of PIM1. In the results obtained for the
molecular docking, the binding energy for liriodenine was
better than other PIM1 inhibitors but the co-crystallized 9G5
showed the best docking score as depicted in table 1.

Table 1. Docking Results for the Compounds.

Compounds Binding Energy (kcal/mol)
CX-4945 -10.6

Liriodenine -10.9

PIM-1 inhibitor 2 -9.6

Quercetagetin -8

SMI-4a -8.6

TCS PIM-1 1 -10.2

Compounds Binding Energy (kcal/mol)
Co-crystallized 9G5 -11.3
10-Hydroxyliriodenine -9.9

3.2. Post Docking Analysis

A number of PIM1 kinase small molecule inhibitors are
now at the pre-clinical research stage, development and
testing [6]. Substantial efforts towards the design, discovery
and development of clinically efficacious PIM1 inhibitors
persist due to the significance of the target to cancer
progression and its potential for novel selective inhibitors as
drug candidates [28-29]. PIM1 take up a unique bi-lobed
kinase fold structure with a deep cleft between the N- and C-
terminal lobes connected by the hinge region (residues 123—
125). The N-terminal domain (residues 37-122) mainly
comprises [-strands and a single a-helix whereas C-terminal
domain (residues 126-305) is predominantly a-helical [6,
18]. The ATP binding pocket of PIMI1 kinase, situated
between the two domains, is bordered by two loops: G-loop
(residues 44-52) and an A-loop (residues 185-204), and a
hinge region (residues 123—125). In this study, we compared
the binding orientation of liriodenine with the co-crystallized
9GS5 (CX-6258, an oxindole-based potent and selective PIM1
inhibitor) [18]. Liriodenine however was also benchmarked
with standard CX-4945 (silmitasertib), an orally available
casein kinase II (CK2a) inhibitor [30], which is also
effectively inhibits PIM1 [31]. Obviously, it has been
reported that CK2a and PIM1 are both constitutively active
serine/threonine protein kinases involved in cell proliferation,
differentiation and survival [18, 32]. The procedures were not
only validation strategy, but also to provide insights into the
efficacy of binding mode of our lead chemical structure at the
ATP pocket of PIM1.

3.2.1. Binding Orientation of Co-crystallized
9G5 at the Catalytic Site of PIM1

In the PIM1-9G5 complex structure, we observed that the
oxygen atom within the inhibitor oxindole donated a H-bond
to amide H-atoms of side chain Lys67 residue as depicted by
Figure 3 and 4, which has been previously reported by
Bogusz and colleagues [18]. In addition, the hydroxy O-atom
of the inhibitor was in H-bonding with the mainchain amine
of Asp186 in the A-loop (Figure 4). However, it was noted
from Figure 4 that the carbonyl oxygen formed a hydrogen
interaction with amide H-atoms of Aspl128, shredding the
hydrophobic cleft as indicated in Figure 3. Also, we noted a
n-stacking (parallel) interaction between the Phe49—which is
situated in the backbone of the G-loop—and a furan moiety of
9GS5, the interaction has been reported to stabilize the
inhibitor in the ATP pocket. 9GS5 is additionally stabilized in
a hydrophobic pocket containing the sidechains in the N-
terminal lobe of residues Val52 at the G-loop, Ala65 and
Ile104, the C-terminal lobe Vall26, Aspl128 and Leul74,
together with Ile185, which is situated in the A-loop of the
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target. Moreover, it has been indicated that the binding
orientation of the 9GS5 roughly mimics the binding of adenine
in the ATP pocket of PIM1 [18].

Lys67A

Ala65A
Leu174A
Asp128A ~N*
NS P Y H ,_1 “H

Val52A

i lle185A
«Phed9A

LeudqA
Phe49A

Figure 3. The 2D representation of the interactions between co-crystallized
9GS5 and the catalytic domains of PIMI1, the black dashed lines indicate
hydrogen bonds. The green solid lines show hydrophobic interactions and
the green dashed line is the n-stacking interaction as created by PoseView.

Figure 4. The 3D protein-ligand profile for PIM1 and 9GS5 interaction where
the blue lines are the H-bonds, grey dashed lines show the hydrophobic
interactions and green dashed line depicts the n-stacking (parallel)
interaction.

3.2.2. Binding Mode of CX-4945 at the ATP
Pocket of PIM1

In the PIM1-CX-4945 complex structure, the carboxylate
group of CX-4945 formed a salt bridge interaction with
Lys67 (Figure 5 and 6), unlike the H-bond interaction which
was depicted by Bogusz et al. Moreover, the inhibitor's
carboxylate formed a H-bond with the amine of Asp186, as
hitherto established [18], and Phel87 within the A-loop. A 7t-
stacking (parallel) interaction between the Phe49 at the G-
loop and the chlorophenyl moiety of CX-4945 was observed,

which was similar to what we obtained for PIM1-9G5
complex. In addition, the significant hydrophobic components
of the PIM1-CX-4945 interaction were contributed by the N-
terminal lobe sidechains of Val52 at the G-loop, Ile104,
Leul20 and the C-terminal lobe with sidechains Leul74 and
Ile185 at the A-loop, as formerly illustrated by Bogusz and
colleagues. In figure 5, the shredded hydrophobic patches
might have been due to hydrogen bonding of the amide H-
atom and the N-atoms of the heterocyclic ring of CX-4945
with either water molecules—which are not indicated in Figure
5 and 6—or other aminoacyl residues compared to what we saw
with the co-crystallized 9GS5.

Phed49A

Phe49A

Val52A
Leu174A

lle185A
Leu120A \
\

Lys67A

Figure 5. The 2D representations of the interactions between CX-4945 and
the catalytic domains of PIMI, the black dashed lines indicate hydrogen
bonds or salt bridge interaction. The green solid lines show hydrophobic
interactions and the green dashed line is the m-stacking interaction as
created by PoseView.

Figure 6. The 3D protein-ligand profile for PIM1 and CX-4945 interaction
where the blue lines are the H-bonds, grey dashed lines show the
hydrophobic interactions, green dashed line depicts the n-stacking (parallel)
and the yellow dashed line is the salt bridge interaction.
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3.2.3. Binding Interaction of Liriodenine in
the ATP Site of PIM1

Liriodenine (8H-[1,3]benzodioxolo[6,5,4-de]benzo[g]
quinolin-8-one), is an isoquinoline alkaloid widely
distributed and acts as a chemotaxonomic marker in the
Annonaceae family [33]. Also, it isolated from a plethora of
other genera of plant species, such as Fissistigma
glaucescens and Liriodendron tulipifera [34]. Studies have
shown that liriodenine has prominent cytotoxic effects in
several cancer cell lines, inducing DNA damage [34-35],
reduced the expression of cyclin D1 and cyclin-dependent
kinases [36] and decreased the phosphorylation of
retinoblastoma protein in tumour cells [34], which led to
G1/S phase arrest. Furthermore, the inhibitory effect upon
DNA topoisomerase II together with the anti-proliferative
and apoptosis-inducing actions of liriodenine have been
presented as underlying therapeutic mechanisms [34, 37-38].
Hence, we were interested in investigating liriodenine as a
potent and selective ATP competitive PIM1 inhibitor. In the
PIM1-liriodenine complex structure, we noticed that the N-
atom within the inhibitor liriodenine donated a H-bond to
amide H-atoms of side chain Lys67 and Aspl186 residues in
Figure 7 and 8. However, a m-stacking (parallel) interaction
between the Phe49 at the G-loop and any of the phenyl
constituents of liriodenine as established for the co-
crystallized 9GS5 and the CX-4945 inhibitors was not
depicted. The hydrophobic patches around the liriodenine
were majorly contributed by the N-terminal lobe sidechains
of Leud44, Phe49 and Val52 at the G-loop, Ile104, Leul20
and the C-terminal lobe with sidechain Ile185 at the A-loop,
as formerly illustrated [18]. The shredded hydrophobic
patches delineated in Figure 7 and 8 may be due to H-
bonding of the carbonyl oxygen atoms and other O-atoms of
the heterocyclic ring of liriodenine with either water
molecules—which are not outlined in Figure 7 and 8 or other
aminoacyl residues compared to what we saw with the co-
crystallized 9GS.

Consequently, our study has shown that liriodenine
mimics the same H-bond interaction with the catalytic-
important Lys67 as compared to the co-crystallized 9GS.
Although there was not salt bridge interaction in the PIM1-
liriodenine complex, it was clearly observed that the amide
of Aspl86 was involved in H-bonding both in the
liriodenine and CX-4945 complexed with PIM1. We also
wish to hypothesize that the hydrophobic patches—
surrounding the our lead chemical structure—are important
in stabilizing liriodenine in the ATP binding pocket of
PIM1 as previously reported (ref). Bogusz et al [18] noted
that the binding of the furan moiety of 9G5 is mediated by
hydrophobic interaction involving the sidechain of Phe49
and the backbone of the G-loop. Furthermore, they noted
that the G-loop—which is partially distorted in some PIM1
structures—is stabilized by the hydrophobic interaction,
mediated by Phe49 [18].

lle104A
lle185A
Leu120A

Lys67A

Val52A

Figure 7. The 2D representations of the interactions between liriodenine and
the catalytic domains of PIMI, the black dashed lines indicate hydrogen
bonds. The green solid lines show hydrophobic interactions as created by
PoseView.

Figure 8. The 3D protein-ligand profile for PIM1 and liriodenine interaction
where the blue lines are the H-bonds and the grey dashed lines show the
hydrophobic interactions.

3.3. The Pharmacochemical Properties,
Drug-Likeness and Medicinal Chemistry
of Lead Structures

Computer models have been developed as a wvalid
alternative to experimental procedures for prediction of
ADME  (Absorption, Distribution, Metabolism and
Excretion). Indeed, this is noteworthily at initial steps, when
they are plethora of investigated chemical structures but the
compounds are not readily available [21-22]. The pioneer
work of Lipinski [39] examined orally active compounds to
explain physicochemical ranges for high probability to be an
oral drug (i.e. the drug-likeness). This "Rule-of-five" shows



International Journal of Bioinformatics and Computational Biology 2018; 3(1): 17-27 23

the relationship between  pharmacokinetic and
physicochemical parameters [21-22, 39]. In this study, we
compared the physicochemical properties, drug-likeness and
medicinal chemistry for the co-crystallized 9GS5, CX-4945
and liriodenine as shown in Table 2 to 4. We have noted that

the drug-like properties of liriodenine is satisfactorily
comparable to the standard drug CX-4945, but significantly,
the liriodenine was seen to be a more probable lead-like drug
candidates as compared to the co-crystallized 9GS5 and CX-
4945 as shown by Table 2 to 4.

Table 2. Physicochemical Properties of the Co-crystallized 9GS5, CX-4945 and Liriodenine.

Physicochemical Properties Co-crystallized 9G5S CX-4945 Liriodenine

Formula C26H24C1N303 C19H12C1N302 C17H9NO3

Molecular weight 461.94 g/mol 349.77 g/mol 275.26 g/mol

Num. rotatable bonds 4 3 0

Num. H-bond acceptors 4 4 4

Num. H-bond donors 1 2 0

Molar Refractivity 140.59 98.56 76.67

TPSA 65.79 A> 75.11 A2 48.42 A2
Table 3. Drug-likeness of the Co-crystallized 9GS5, CX-4945 and Liriodenine.

Druglikeness Co-crystallized 9G5S CX-4945 Liriodenine

Lipinski Yes; 0 violation Yes; 0 violation Yes; 0 violation

Ghose No; 1 violation: MR>130 Yes Yes

Veber Yes Yes Yes

Egan Yes Yes Yes

Muegge Yes Yes Yes

Bioavailability Score 0.55 0.56 0.55

Table 4. Medicinal Chemistry of the Co-crystallized 9GS5, CX-4945 and Liriodenine.

Druglikeness Co-crystallised 9G5

CX-4945

Liriodenine

0 alert
1 alert: michael acceptor 1

PAINS
Brenk
Leadlikeness

Synthetic accessibility 3.83

No; 2 violations: MW>350, XLOGP3>3.5

0 alert

1 alert: Polycyclic aromatic hydrocarbon 3
No; 1 violation: XLOGP3>3.5

2.43

0 alert
0 alert
Yes
2.77

3.3.1. Bioavailability Radar of the Lead
Compounds

Bioavailability radar is plotted for a swift evaluation of
drug-likeness [22]. Six physicochemical properties are taken
into account for the co-crystallized 9GS5, CX-4945 and
liriodenine: lipophilicity, size, polarity, solubility, flexibility
and saturation. The optimal range was depicted as a pink area
within the radar plot. In our study, we discovered that the
saturation parameter for liriodenine was lower than CX-4945,
but the co-crystallized 9G5 showed optimal saturation among
the compounds. However, other bioavailability parameters
for liriodenine were better than the co-crystallized 9G5 and
the drug standard CX-4945.

LIPO

FLEX

INSATU

INSOLU

B

LIPO

FLEX

INSATU

INSOLU

C

SIZE

POLAR

SIZE

POLAR

LIPO
FLEX SIZE
INSATU POLAR
INSOLU
A

Figure 9. The bioavailability radar for co-crystallized 9GS5 (A), CX-4945 (B)
and liriodenine (C), showing the lipophilicity (LIPO), size (SIZE), polarity
(POLAR), solubility (INSOLU), flexibility (FLEX) and saturation (INSATU).
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3.4. In silico Cell-Line Cytotoxicity Prediction
for Selected Tumour Cells

The combination of the computational assessment of the
cytotoxic effect of chemicals in different cell-lines with the
evaluation of the ligand-target interactions provides a more
effective method for the design of new antineoplastic drugs
[25]. In our study, we evaluated the cytotoxic effect of our
compounds on cancer cell-lines from tissues such as the
haematopoietic and lymphoid, together with blood tissues.
Furthermore, we screened these compounds on DU-145 and
PC-3, which are prostate cancer cell-lines [40-41].
Obviously, this was important since PIM1 is not only
overexpressed in cancer of the leukemia and lymphoma
tumours but also implicated in solid tumours such as prostate

cancer [1, 8, 18]. Consequently, we compared the Pa
(probability "to be active") values to Pi (probability "to be
inactive") for the co-crystallized 9GS5, CX-4945 and
liriodenine. The Pa estimates the chances that the studied
compound belongs to the sub-class of active compounds.
However, the Pi calculates the chances that the studied
compound belongs to the sub-class of inactive compounds.
Although usually, there is no direct correlation between the
Pa values and quantitative characteristics of activities of the
compounds, this can help estimate the cytotoxic potentials of
each chemical compounds. Clearly, the Pa > Pi for
liriodenine is higher for most cancer cell-lines compared to
the standard CX-4945 and the co-crystallized 9GS.

Table 5. Cell-Line Cytotoxicity Predictor results for tumour cells by Co-crystallized 9GS5.

Pa Pi Cell-line Cell-line name Tissue/Organ
0.391 0.104 Kasumi 1 Childhood acute myeloid leukemia with maturation Haematopoietic and lymphoid tissue
0.272 0.106 SR Adult immunoblastic lymphoma Haematopoietic and lymphoid tissue
0.098 0.009 MV4-11 Myeloid leukemia Haematopoietic and lymphoid tissue
0.315 0.231 NALM-6 Adult B acute lymphoblastic leukemia Haematopoietic and lymphoid tissue
0.073 0.072 TE-1 Bone marrow erythroleukemic Haematopoietic and lymphoid tissue
Table 6. Cell-Line Cytotoxicity Predictor results for tumour cells by CX-4945.

Pa Pi Cell-line Cell-line name Tissue/Organ
0.388 0.033 RPMI-8226 Multiple myeloma Haematopoietic and lymphoid tissue
0.295 0.041 KARPAS-299 Anaplastic large cell lymphoma Haematopoietic and lymphoid tissue
0.350 0.144 NALM-6 Adult B acute lymphoblastic leukemia Haematopoietic and lymphoid tissue
0.225 0.041 Jurkat Acute leukemic T-cells Blood
0.274 0.096 K562 Erythroleukemia Haematopoietic and lymphoid tissue
0.275 0.132 C8166 Leukemic T-cells Blood
0.259 0.120 MOLT-4 Acute T-lymphoblastic leukemia Blood
0.249 0.131 PC-3 Prostate carcinoma Prostate
0.303 0.190 Kasumi 1 Childhood acute myeloid leukemia with maturation Haematopoietic and lymphoid tissue
0.213 0.120 Raji B-lymphoblastic cells Haematopoietic and lymphoid tissue
0.236 0.154 SR Adult immunoblastic lymphoma Haematopoietic and lymphoid tissue
0.162 0.109 Ramos Burkitts lymhoma B-cells Blood
0.225 0.179 H9 T-lymphoid Haematopoietic and lymphoid tissue
0.184 0.139 CCRF-CEM Childhood T acute lymphoblastic leukemia Blood

Table 7. Cell-Line Cytotoxicity Predictor results for tumour cells by Liriodenine.
Pa Pi Cell-line Cell-line name Tissue/Organ
0.491 0.022 DU-145 Prostate carcinoma Prostate
0.337 0.018 C8166 Leukemic T-cells Blood
0.381 0.064 NALM-6 Adult B acute lymphoblastic leukemia Haematopoietic and lymphoid tissue
0.370 0.055 HL-60 Promyeloblast leukemia Haematopoietic and lymphoid tissue
0.301 0.089 RPMI-8226 Multiple myeloma Haematopoietic and lymphoid tissue
0.258 0.048 Raji B-lymphoblastic cells Haematopoietic and lymphoid tissue
0.263 0.113 H9 T-lymphoid Haematopoietic and lymphoid tissue
0.116 0.005 CCREF-SB Childhood T acute lymphoblastic leukemia Blood
0.070 0.007 RPMI 8402 Pre-T-lymphoblastoid cells. acute lymphoblastic leukemia Haematopoietic and lymphoid tissue
0.146 0.095 ADRS5000 Childhood T acute lymphoblastic leukemia Blood
0.093 0.008 U-87 MG Lymphoblastic lymphoma Blood
0.211 0.185 MOLT-4 Acute T-lymphoblastic leukemia Blood
0.056 0.045 MT4 Adult T acute lymphoblastic leukemia Blood

4. Discussion

PIM1 is a member of constitutively active
calcium/calmodulin-regulated serine/threonine kinase family
[42]. This oncogenic kinase is primarily involved in

transcriptional activation and cellular signal transduction
pathways related to cell cycle progression and apoptosis [10,
43]. PIMI is overexpressed in range of haematological
malignancies and several solid tumours such as squamous
cell carcinoma, prostate cancer, gastric carcinoma, and
bladder cancer [1, 8-9]. Previous studies have shown that this
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oncogene phosphorylates a number of cell cycle regulators
such as Cdc25A (G1/S), Cde25C (G2/M), p21<PVWAR! and
p27 [6, 43]. Also, the kinase inactivates Bad protein through
the phosphorylation of Serl112, impeding the process of
apoptosis [10]. A plethora of PIMI1 inhibitors have been
reported in the recent years [44-45]. Although these
inhibitors differ in their chemical structures, they all target
the ATP binding site of PIM, which is between the hinge
region, the A-loop and the G-loop [18].

PIM inhibitors are majorly grouped into three classes, due
to the mechanistic mode of interaction with the kinase [18].
ATP-mimetic inhibitors replicate the interaction of ATP
molecule with Glul21 in the hinge region of PIM1 [44, 46].
In addition, the non-ATP mimetics are described by their
interaction with Lys67, a residue critical for sustaining the
catalytically active state of PIM1, which forms a salt bridge
with Glu89 [18, 47]. The third class of inhibitors satisfy both
the above interactions [18]. Based on findings on
staurosporine, a prototype inhibitor of a wide range of protein
kinases, a greater number of reported PIM1 inhibitors belong
to  ATP-mimetics [12, 18]. Unfortunately for drug
development, this class is characterized by a broad kinase
inhibitory profile [18]. Since non-ATP-mimetics do not
interact with the residues at the conserved hinge region
among kinases—but rather with unique residues at the
opposite side of the binding pocket for particular kinases—
these inhibitors tend to be more selective [48-49].

The search for new anticancer compounds requires
enormous effort in terms of manpower and cost. This effort
emerges from the large number of compounds that need to be
synthesized and subsequently biologically evaluated.
Therefore, pharmaceutical industries have applied theoretical
methods that enable the rational design of therapeutic agents
[50-51]. Over a decade, bioinformatics has greatly evolved
due to the development of specialized software, web-based
tools as well as the increasing computer power [52]. For this
reason, we have employed sophisticated in silico methods to
predict the ATP-competitive, non-ATP-mimetic
characteristics of liriodenine as compared to the co-
crystallized 9G5 and CX-4945.

In the PIMI-liriodenine complex—like 9GS5 and the
standard CX-4945-liriodenine formed hydrogen bonds with
the sidechain amine of Lys67. Furthermore, another H-bond
was observed with the mainchain amine of Aspl86 as
compared to 9G5-like what was reported by Bogusz and
colleagues—and CX-4945. These Lys67 and Asp186-mediated
interactions are important for maintaining the constitutively
active conformation of PIM1 by forming a number of polar
interactions which stabilize the activation loop as reported by
Bogusz et al [18]. We noted that the m-stacking (parallel)
interaction between the Phe49—which is situated in the
backbone of the G-loop—and a furan moiety of 9G5 was not
present in the PIMI-liriodenine complex. We hypothesize
that this might have led to the reduced binding affinity

observed for liriodenine, since the interaction has been
reported to stabilize the inhibitor in the ATP pocket [18].
Also, Ogawa and colleagues [53] has shown that Asp128 is
an essential aminoacyl residue in the binding site, together
with Lys67 and Phe46, which corroborate the findings from
Bogusz et al [18]. The hydrophobic patches around the
liriodenine were majorly contributed by the N-terminal lobe
sidechains of Leu44, Phe49 and Val52 at the G-loop, Ile104,
Leul20 and the C-terminal lobe with sidechain Ile185 at the
A-loop, as formerly illustrated for 9G5 and CX-4945 by
Bogusz et al.

Furthermore, early evaluation of ADME in the discovery
phase reduces extremely the fraction of pharmacokinetics-
related failure in the clinical phases [21-22]. We have noted
that the drug-like properties—using web-based tools—of
liriodenine is satisfactorily comparable to the standard drug
CX-4945, but significantly, the liriodenine was seen to be a
more probable lead-like drug candidates as compared to the
co-crystallized 9GS5 and CX-4945. Thus, our study will
inspire the in vitro and in vivo evaluation of the inhibitory
potency of liriodenine on the post translational PIM1.

Finally, since the screening of anticancer drug-candidates
can be expensive and time-consuming, there is a clear need
for computer-based tools for virtual drug screening and an
evaluation of the selective cytotoxic effect of chemical
compounds on cancer cell lines [25]. Early findings indicate
the strong potential of liriodenine as a therapeutic agent for
various types of cancers [33-38]. Therefore, our choice to
investigate the cytotoxic effects of liriodenine on the selected
cancer cell-lines is not out of place. Although there is no
direct correlation between the Pa values and quantitative
characteristics of activities of the compounds, the Pa > Pi for
liriodenine for most of the cancer cell-lines shows that this
inhibitor can be preclinically evaluated and clinically
characterized as a effective targeted therapy for
haematopoietic malignancies as well as other solid tumours,
most especially in prostate cancer.

5. Conclusion

Our in silico evaluation of liriodenine has provided
evidences for its non-ATP mimetic inhibitory properties.
Hence, this study could inspire more in vitro and in vivo
elucidations of liriodenine as a potential inhibitor against the
oncogenic kinase activities of PIMI1, overexpressed in
numerous types of malignancies.
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