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Abstract—Structure-based pharmacophore mapping, drug-likeness and ADMET profiles were used as tools
in our virtual screening process, in addition to molecular docking studies that were used to find novel
CDK4/6 inhibitors with different heterocyclic scaffolds, having appropriate physicochemical parameters and
non toxic. Aim of this work is to search for new promising CDK4/6 inhibitors, that have a great potential to
be approved as clinically useful drugs in cancer therapy. Six promising hits were retrieved after applying virtual
screening filters, these hits were subjected to molecular docking studies and were compared with the approved
CDK4/6 inhibitor drug (palbociclib). Finally, we can conclude that they have a great potential to target
CDK4/6 in a closely similar manner as palbociclib, in addition to their predicted good ADMET properties,
they can be considered as novel hopeful leads for CDK4/6 inhibition and deserve further clinical investiga-
tions.
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INTRODUCTION

Cyclin-dependent kinases (CDKs), are ser-
ine/threonine protein type kinases, they play a critical
role in cell cycle regulation and transcription, there are
20 known cyclin-dependent kinases (CDKs) till the
moment [1, 2]. They are involved in many biological
processes such as neurogenesis, translation and apop-
tosis. Deregulation of CDKs will al mostly lead to
oncogenesis, they are overexpressed in numerous
types of cancers [3].

Cyclin-dependent kinases control the transition
process of the cell from one stage to the next stage,
therefore, they have been considered as promising tar-
gets for cancer treatment as uncontrolled cell growth
and proliferation is usually mediated by cell-cycle dys-
regulation and over activation of cyclin-dependent
kinases (CDKs) [4]. However, nonselective inhibition
of CDKs was found to cause toxic effects for noncan-
cer cells [5]. Selective targeting to CDKs 4 and 6 is a
step to overcome toxicity issues, these two kinases are
similar in function and structure, they mediate the
transition process from G0/G1-phase to S-phase in
cell cycle and control Rb/E2F transcription. CDK4/6
inhibitors are of great value in treatment of different

lCorresponding author: e-mail: a.belal@tu.edu.sa; amanybi-
1al2010@gmail.com.

types of cancers as melanoma, breast cancer, osteosar-
coma, skin cancer, bladder cancer, lung cancer and
stomach cancer, CDK4/6 perform phosphorylation to
RBI1 and RB1-like protein 1 (p130) and RB1-like pro-
tein 2 (p107), so they are considered as valuable and
selective targets in cancer therapy [6].

The three FDA approved drugs abemaciclib, pal-
bociclib and ribociclib (Fig. 1), [4], that acts as
CDKA4/6 inhibitors and have shown remarkable anti-
cancer activity with manageable toxic effects. They
proved to be able in targeting tumors, in which
CDK4/6 has a pivotal role in the G,-to-S-phase cell-
cycle transition, with improved efficacy and fewer side
effects. Only these three drugs are approved as selec-
tive CDK4/6 inhibitors till now, so we are still in the
need for discovery of new selective molecules that can
act against CDK4/6 with minimal or no side effects.

CADD and virtual screening of databases are
widely used to help in drug design, drug development
and drug discovery. They are considered as an import-
ant and useful tools in finding new lead structures for
treatment of diseases. Using these in silico techniques
can reduce time and costs by millions of dollars to dis-
cover new active molecules. Pharmacophore model-
ling is a succefully applied method in drug discovery,
it can reduce the complexity of several structural fea-
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Fig. 1. FDA approved CDK4/6 inhibitors.

tures to a set of few features [7—9]. In this research
work we used molecular modeling methodologies to
help us search for new selective CDK4/6 inhibitors
with better pharmacokinetic properties. Pharmacoph-
ore model was built using the FDA actually approved
drugs (Fig. 1). CDK4/6 inhibitors collected from data
bases [10—15] were used as test set to assure the ability
of the generated model in identifying CDK4/6 inhibi-
tors, further filtration steps were performed as drug-
likeness and ADMET profile filters. Finally, six hits
were selected, with promising activity and good
ADMET properties. Molecular docking was used as a
tool in this work to explore the binding modes of these
hits, their affinity and other possible interactions with
CDK4 and CDKG6. All these investigations revealed that
these six hits can be considered as novel hopeful leads for
CDK4/6 inhibition and can be subjected for further
investigation as they proved to have good promiscuity to
be approved as selective CDK4/6 inhibitor drugs.

RESULTS AND DISCUSSION

Structure-Based Pharmacophore Generation
and Validation

The three approved CDK4/6 inhibitors palboci-
clib, abemaciclib and ribociclib (training set), were
subjected to flexible alignment before creating the
structure based pharmacophore query using MOE
software (Chemical Computing Group, Montreal,
Canada) package [16]. Which has proved to be an
effective tool for generating pharmacophore quiries
[17]. Figure 3 is showing that the backbones of these
three compounds have structure similarity and they
are aligned well with each other, then the PPCH_All
scheme in MOE software was used to construct the
pharmacophore model. Eight features were generated,
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they were checked to match all drugs through switch-
ing essential and ignore functions on/off, till obtaining
that there are five features proved to be essential for the
three molecules, these features (Fig. 4) were then
saved as the ph4 file. The five necessary features as
represented in Fig. 5 and (VA) (with distances) are F1:
hydrogen bond donor, F2: hydrogen bond acceptor/
metal ligator, F3: hydrophobic area, F4: hydrophobic
planar area (sp?)/ hydrophobic non planar area (sp*)
and F5: metal ligator/hydrophobic area/ hydrogen
bond acceptor. This query was further validated
through detecting its ability to identify the active hits,
a series of reported potent and selective inhibitors for
CDK4/6 were obtained (Fig. 2) from the literature
[10—15], the pharmacophore query showed the ability
to identify all of them as being active. Matching
between aligned molecules of the test set compounds in
addition to the three approved drugs (Fig. 5b) with the
generated pharmacophore query is shown in Fig. 6.

Virtual Screening: Pharmacophore-Based Database
Screening

ChEMBL data base [18] was used for this purpose
through structure similarity search using smiles to get
compounds with more than 80% similarity with pal-
bociclib. The obtained data base composed of
510 compounds of diverse chemical structures with a
close similarity to palbociclib was downloaded as sdf
then treated with MOE for further analysis against the
pharmacophore generated query. 141 hits out of
510 revealed to have all the necessary features in the
generated query.

Drug-likeness analysis. Compounds that obey Lip-
inski rule of five (ROS5) are likely to be orally active
molecules with a great potential of being drug like
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Fig. 2. 2D structures of the test set compounds.

Fig. 3. Aligned FDA approved CDK4/6 inhibitors (Palbociclib, ribociclib and abemaciclib).

compounds [19]. The retrieved 141 diverse molecules further screening. 37 hits were chosen after performing
obtained from ChEMBL data base and obey the vali- the filtration step.

dated query was then filtered using ROS5, only mole- ADMET analysis. Compounds that have promis-
cules that are compatible with this rule are selected for  cuity of being active inhibitors according to their satis-
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F2 AccP&ML
F5 ML|HydP|AccP

Fig. 4. The generated pharmacophore query, with the 5 essential features in FDA approved drugs.

F2 AccP&ML

F5 ML|HydP|AccP

- F2 AccP&MY
o

F5 ML|HydP|AccP

Fig. 5. (a) PPCH-AII query with distances. (b) Mapping of the PPCH-AII query with the three drugs: abemaciclib (blue), ribo-
ciclib (red), palbociclib (green).
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F2 AccP&ML

F5 ML|HydP|AccP

Fig. 6. FDA approved drugs and test set compounds aligned and mapped with the paharmacophore model.

faction to all features of the pharmacophore query, but
they have bad ADMET properties will have problems
if they subjected for further in vivo experiments. This
proves the importance of studying the ADMET
(absorption, distribution, metabolism, elimination,
toxicity) analysis as a crucial step in drug design. Mol-
ecules that are predicted to penetrate BBB, to be
absorbed from human intestine, low CYP inhibitory
promiscuity, non AMES toxic and non carcinogenic
will be selected as promising hits for further investiga-
tions. After applying these restrictions using ADMET-
SAR tool [20], only 6 hits (Table 1) are satisfactory
with these conditions.

Molecular docking studies: The retrieved 6 hits
(Table 1) and palbociclib were drawn in their 2D forms
saved as mol, then treated with MOE software and
saved as mdb for docking into the binding site of both
CDK4 (pdb: 2W9Z) [21] and CDKG6 (pdb: 5L.21) [22].
As for binding affinity, all 6 hits revealed better or compa-
rable score with palbociclib in both CDK4/6, the range
of docking score of the 6 hits into CDK4 and palbociclib
was (—21.34 to —16.1) and —18.16 kcal/mol respectively.
(—24.03 to —17.46) was the range of docking score for
the 6 hits inside CDK6 and —21.58 kcal/mol for pal-
bociclib (Table 2).

Inspection of the 2D interactions was performed,
all compounds fitted well in the binding site and their
interactions was described (Table 2), in addition 2D
and 3D binding interactions are shown in Figs. 7—14
and Suppl. Data, it is noticed that palbociclib formed
two hydrogen bonding with Vall01 and one hydrogen
bonding with Asp163 in ATP binding site of CDK6 in
addition to ligand exposure through its piperazine
moiety. Compounds (VII) and (VIII) like palbociclib
showed ligand exposure and two hydrogen bonding

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

with Vall01l, additionally, they showed arene—arene
interaction with Phe98 amino acid, Figs. 7—9 repre-
senting 2D and 3D binding of compounds (VII) and
(VIII) and palbociclib inside CDK6 binding site and
alignment of these two promising molecules (VII) and
(VIII) with palbociclib inside the binding site of
CDKG6 is also shown in Fig. 10. The other four hits also
showed ligand exposure (sup. data) and interactions
with amino acids but these amino acids are different
from that interacted with palbociclib, hit (IX), showed
arene—arene interaction with Phe98, hit (X), revealed
two hydrogen bonding with Asp104, hit (XI) showed
hydrogen bonding with Lys43 and hit (XII) with
Lys29. Additionally both hits (X) and (XI) formed
another hydrogen bonding with Asp163 like palboci-
clib. This results indicates the promiscuity of these hits
in comparison to the approved drug palbociclib.
Alignement of the other hits (IX—XII) with palboci-
clib inside CDK6 ATP binding site are presented in
the supp. Data. Files.

Docking of palbociclib and the retrieved 6 hits into
CDK4 binding site was performed using MOE soft-
ware, 2D and 3D interactions are represented in
Figs. 11—13 and the additional figures can be seen in
the sup. Data files. Palbociclib showed two interac-
tions with Glu94 and Lys35 as hydrogen bonding and
arene-cation respectively, in addition to ligand expo-
sure. All the docked hits showed possible interaction
with Lys35 amino acid as palbociclib. Additional
interactions and ligand exposure are also expressed by
the retrieved hits inside CDK4 binding site, hit (VIII)
showed possible arene-cation interaction with Argl01
and another hydrogen bond with Lys211, hit (IX)
showed two hydrogen bonding with Lys95 and Val96,
hit (X) showed arene—cation interaction with Argl01.
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Table 1. The final promising 6 hits with their CHEMBL and Zinc data base codes

No. CHEMBL code ZINC code Structure
H \
NYN\ N_ _O
\
(VII) | CHEMBL3746117 | ZINC653799671 C/
H |
N_ N_ N_ _O
ISR PP
N NN
(VIIT) | CHEMBL3746959 | ZINC653799671 /Q
HO
9
(IX) |CHEMBLI106772 | ZINC000013812765 = /1‘\1 /©/NJ
07 N \N)\N
‘ H
! T |
NYN\ N
(X) |CHEMBL3609309 | ZINC000003986141 o l\l\/\[ k
N7 o
NH |
T
~o ;
H
N NN
(XI) |CHEMBL3609304 | ZINC000473083535 o \Nr\j[ k
NT o
NH |
T
N/\TNII |
HNT N N/go ()ﬁ)
NH
(XII) | CHEMBL3601726 |ZINC000473085995
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Table 2. Docking scores and types of interactions for the retrieved six hits

Docking Score, . .
Comp. keal/mol Types of interactions
ne- CDK4 | CDK6 CDK4 CDK6
(VID) —20.37 | —22.32 | Arene cation with Lys35 2 HB with Vall01 and arene—arene interac-
tion with Phe98
(VIID) —16.1 —19.94 | HB with Lys35, arene cation with Argl01, |2 HB with Vall0l and arene—arene interac-
HB with Lys211 tion with Phe98
(IX) —17.44 | —17.46 |2 HB with Lys95, Val 96 and arene cation | Arene—arene interaction with Phe98
with Lys35
X) —18.95 | —21.55 | HB with Lys35 and arene cation with Arg101| HB with Asp104 and HB with Asp163
(XD —19.78 | —24.03 | HB with Lys35 HB with Lys43 and HB with Asp163
(X1I) —21.34 | —23.75 |2 HB with Lys35 and arene cation with HB with Lys29
Argl01
Palbociclib —18.16 | —21.58 | HB with Glu94 and arene cation with Lys35|2 HB with Vall01 and 1 HB with Asp163

Hit (XII) showed not only one interaction with Lys35,
but it showed ability to form two hydrogen bonding
with this amino acid, in addition to arene-cation inter-
action with Argl01 amino acid. Pharmacophore map-
ping of the final 6 hits are represented in Fig. 15.

Overview, future perspectives and availability of the
hopeful molecules. The common 2D features between
the 6 hits are aromatic pyrimidine fused with a six
membered ketonic heterocyclic moiety (contain one
or two nitrogen atoms), the NH group as spacer
between the fused pyrimidine and a phenyl moiety, the
phenyl moiety is almostly substituted at the para posi-
tion with secondary amine, additional hydrophobic
moiety is attached to the fused pyrimidine system at
different positions as shown in Fig. 16, which repre-
sent a simplified and helpful diagram for designing
new CDK4/6 inhibitors.

As for our retrieved six hits, their CHEMBL and
Zinc data base codes are represented in Table 2, hit
(VII) and (VIII) [23] were synthesized in 2016 by laura
et al for treatment of diabetes. Hit (IX) was screened in
2000 by Alan et al. [24] as tyrosine kinase inhibitor.
Hits (X) and (XI) [25] were screened by Lijia et al. in
2015 for BBD4 and PLKI1 inhibitory activity. Finally
hit (XII) [26] was designed in 2015 by Tan et al. as
JAK3 inhibitor. However, in this research work we can
put a clear evidence for the usefulness of these 6 hits as
CDK4/6 inhibitors with a great promiscuity to be
approved as clinically useful drugs as palbociclib.

CONCLUSION

In this Research work, structure based pharmaco-
phore model was built and used to search for novel and
potent CDK4/6 inhibitors. The generated PPCH-AIl

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

pharmacophore query is composed of five chemical
features produced automatically using MOE software
after performing alignment of the approved CDK4/6
inhibitor drugs. This model was validated for its ability
to identify chemical compounds that were reported as
CDK4/6 inhibitors. The reliable pharmacophore
query was used to screen a library of 510 compounds,
obtained from CHEMBL data base. 141 Hits are
shown to match all the generated five features. Further
filtrations were performed by using Lipinski parame-
ters and ADMET profile. Finally, six hits were
obtained after performing all the previous steps, then
molecular docking studies were performed for these
hits to investigate the possible interactions between
these hopeful hits and CDK4/6. After performing
these studies we can conclude that, these six hits can
be considered as leads against CDK4/6 and have a
great potential to be subjected to further clinical inves-
tigations hopefully to be approved as drugs in the
future.

EXPERIMENTAL

Pharmacophore generation and validation. 3D
structures of the following drugs: palbociclib, abemac-
iclib and ribociclib were built by MOE [16] after get-
ting their smiles from pubchem [27], protonated and
energy minimized using MMFF94x force field. Data
base for these drugs was established and saved as mdb
file. The pharmacophore query was built after per-
forming alignment of the minimized structures of the
saved previous drugs. After alignment, the lowest s
value was used for generating the pharmacophore
mapping. PPCH-AII option was used for building up
the mapping process, the generated features were

No.1 2021
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P_102

TYR_24

Fig. 7. 2D and 3D interactions of palbociclib in CDK6 binding site.

screened one by one using ignore and essential options  five shared features between them, these obtained
to help fix only the features that are present in the final essential and common features were saved as ph4
three mentioned drugs (training set), finally we get a  file and it was validated by test set molecules and
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Fig. 8. 2D and 3D interactions of compound (VII) in CDK6 binding site.
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Fig. 9. 2D and 3D interactions of compound (VIII) in CDK6 binding site.

revealed to be able to identify all of them. It is now Virtual screening. Virtual screening is used in this
ready to be used against libraries of different molecules  study to find different scaffolds promising to act as
by keeping all the default options of MOE software. potential leads with CDK4/6 inhibitory properties.
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Fig. 10. (a) Alignment bet. palbociclib (red) and compound (VII). (b) Alignment bet palbociclib (red) and compound (VIII) in

CDKa&6 binding site.

The first step is downloading a data base of 510 com-
pounds from CHEMBL by searching for compounds
with more than 80% similarity with palbociclib. The
downloaded data base was saved as mdb using MOE
software, then screened against the generated and val-
idated pharmacophore query. 141 Hits were found to
satisfy all query features.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

Drug-likeness and ADMET analysis. The filtered
molecules then subjected to lipiniski filter, to exclude
any molecules that disobey lipiniski parameters.
Thirty seven hits were retrieved, then checked using
ADMET-SAR [20] for their ADMET profile. Finally
6 hits were retrieved. The compounds that fitted to all
the features of the structure-based pharmacophore

No.1 2021
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Fig. 11. 2D and 3D interactions of palbociclib in CDK4 binding site.
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Fig. 12. 2D and 3D interactions of compound (VII) in CDK4 binding site.
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B158
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Fig. 13. 2D and 3D interactions of compound (VIII) in CDK4 binding site.

model were picked up, further filtration by Lipinski’s  isfy Lipinski’s rule and all pharmacophoric features in
rule, then, ADMET (absorption, distribution, metab- the generated model, having good ADMET properties
olism, elimination, toxicity) profile. The hits that sat- and predicted to have good profile will be only considered.
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(b) (

Fig. 14. (a) Alignment bet. palbociclib (red) and compound (VII). (b) Alignment bet palbociclib (red) and comp. (VIII) in CDK4
binding site.

Molecular docking studies. Pdb files for CDK4 mentioned pdb ID, hydrogen atoms were added, water
(pdb: 2W9Z) [21] and CDK6 (pdb: 5L2I) [22] were chains were removed, then subjected to energy mini-
downloaded from protein data bank according to the  mization using MMFF94x force field. Binding site

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol.47 No.1 2021
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(IX)

(XD)

BELAL

Fig. 15. Mapping of our 6 hits with PPCH-AIl pharmacophore query.

was detected using site finder option fixed in MOE
software and then saved as Moe file. Palbociclib and
the six hits 2D structures were converted to 3D by
MOE, protonated and energy minimized using 0.05
gradient, MMFF94X Force Field, with RMS gradient
of 0.05 and the the LowModMD method was applied
to choose the conformers with the lowest energy, then

H

/drophofic
secondar; i

Fig. 16. 2D structural features for the six hits: The com-
mon skeleton colored in red and different positions for
other substituents as labeled.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 47

saved as mdb file for docking. Docking simulation was
performed using MOE and conformers with the low-
est S value were choosed, ligand interaction option
was used to visualize and inspect 2D interactions
between the docked poses and the perspective binding
site. All the obtained data are tabulated (Table 2) and
pictured in Figs. 7—14 and Suppl. Data files.
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