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Abstract

Cyclin-dependent kinase 4 (CDK4) is an important target in designing anti-
cancer drugs. The activation of CDK4 results in phosphorylation of the
retinoblastoma gene product. In this study, a total of one hundred and
seventy-eight phytochemicals characterized from various anti-cancer plants
were retrieved from the literature and screened against the orthosteric sites
of CDKA4. Lipinski's rule of five was used to determine the drug-likeness
and the activities of the lead phytochemicals. Bioassay ICso data for
reported CDK4 inhibitors from the Chembl database were used to generate
the 3D-QSAR model for CDK4 inhibition. The virtual screening showed
catechin, kaempferol and quercetin as the lead phytochemicals. A positive
correlation of 0.829 between the pIC50 and glide scores at p<0.01 revealed
that computers can accurately predict experimental data. The ADME
screening showed that naringenin, aporphine, catechin, coreximine and
stepharine obey the Lipinski rules of five. The generated model was robust
and thoroughly validated with a Pearson correlation R value of 0.934 and
R? value of 0.872. The model with an adjusted R? value of 0.769 possesses
good external validation. Aporphine, catechin, naringenin, stepharine and
coreximine form important hydrogen bond interactions. These interactions
are likely responsible for their inhibition of CDK4. The lead
phytochemicals are drug-like compounds and potential inhibitors of CDK4.
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Introduction

Cancer is a disease of abnormal cell growth in
which dysregulated kinase activities lead to
malfunctioned cell cycle control [1]. Cyclin-

dependent kinase 4 (CDK4) is a serine/threonine-
protein kinase significant for regulating cell cycle
progression, transcription and neuronal function of
the eukaryotic cells [2]. CDK4 complex with D-
type cyclins control transition through the Gi/S
phase of the cell cycle [3]. The overexpression of
CDKA4 has been reported in various cancer types [4].
Treatment of cancer cells with cyclin-dependent
kinase inhibitors prevents over-proliferation of the
cancer cells [5]. Inhibition of CDK4 helps to
regulate the division of cells [6]. CDK4 inhibitors
induce cell cycle arrest in the G phase and prevent
tumor progression. While palbociclib, an inhibitor
of CDK4 and CDKS®, is used for the treatment of
ER-positive and HER2-negative breast cancer, the
toxicity associated with palbociclib, abemaciclib
and flavopiridol is a major drawback in the
therapeutic use of these drugs [7, 8].

Nature is known to be a source of medicinal
products from time immemorial, with the large
number of drugs developed from natural sources
[9]. Among those, plants are known to be a rich
source of diverse chemicals that could serve as the
basis for rational drug design [9, 10]. A large
number of phytochemicals have been reported to
possess anti-cancer properties [11-14]. For
example, Song et al. [15] showed vitex rotundifolia
fruit limit the proliferation of human colorectal
cancer cells via the downregulation of cyclin D1
and CDK4. Similarly, mangiferin extracted from
Mangifera indica is shown to inhibit cell cycle
regulator CDK4 [16]. In this study, a total of one
hundred and seventy-eight (178) characterized
phytochemicals from various anti-cancer plants,
Argerantum conyzoides, Cannabis sativa, Zingiber
offinale, Annona muricata (Graviola), Occimum
gratissimum and Tinospora cordifolia were
retrieved from literature and screened against the
catalytic site of CDK4 to evaluate their potential as
CDK4 inhibitors. The drug-likeness of the leads
was determined and the 3D-QSAR model for CDK4
inhibition was equally derived.

Materials and Methods

Data collection and preparation

A total of one hundred and seventy-eight (178)
characterized phytochemicals from various anti-
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cancer plants, Argerantum conyzoides, Cannabis
sativa, Zingiber offinale, Annona muricata
(Graviola), Occimum gratissimum and Tinospora
cordifolia were retrieved from the literature [17-
22]. The 2D structures of the phytochemicals were
obtained from the NCBI PubChem database. The
ligand preparation tool in Schrédinger Maestro was
used to prepare the 2D structures of the
phytochemicals for docking.

Protein generation and preparation

The 3-dimensional crystalized conformational
structure of CDK4 was obtained from the Protein
Data Bank (PDB) repository. The protein code is
2w96 with 2.3A° The downloaded protein was
viewed with Pymol (version 2.5.0, Schrddinger,
LLC, New York, NY). It has two subunits of the
same amino acid sequence labeled as chain A and
chain B. Schrodinger-Maestro (Schrédinger, LLC,
New York, NY) was used as the graphical user
interface. Protein preparation tools in Schrodinger-
Maestro were used for 2w96 preparation. Missing
residues were filled using the Prime tool (Prime,
Schrodinger, LLC, New York, NY). Water
molecules within the active site were deleted.
Hydrogen atoms were added and 2w96 was
optimized at pH 7.0 and minimized using the
OPLS3 force field.

Glide scores, standard precision and extra-
precision mode

The molecular docking of the phytochemicals into
the catalytic site of CDK4 was carried using glide
and the grid coordinates of the co-crystallized
ligand, X= 5.57, Y= -2.67, Z=-84.04. The protein
was treated as rigid, and the rotatable bonds of the
phytochemicals were set free. The standard
precision (SP) was used to rank the phytochemicals
with respect to their glide scores. Results obtained
from standard precision were subject to extra
precision (XP) all in the Schrédinger-Maestro.

Validation of glide scores

The glide scores were validated by correlation
coefficient analysis of the plCsp values of known
inhibitors of CDK4 obtained through wet
experiments against their corresponding glide
scores. Using the ChemBL Database, the CDK4
sequences were blasted on the Chembl
(www.ebiac.uk/chembl). A total of 471 known
inhibitors of CDK4 with their corresponding 1Cso
were downloaded in text format and converted to
sdf format by DataWarrior version 2 [23]. The 471
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compounds obtained were docked into the CDK4
catalytic site. The correlation was significant when
P was less than 0.01.

Determination of molecular properties

According to Lipinski et al. [24], the rule of five
predicts an orally active drug. Lipinski's rule of five
was used to evaluate the drug-likeness and the
probable biological activities of the lead
phytochemicals. The Mavin Viewer software
(www.chemaxon.com) was used to assess the
conformity of the hit phytochemicals to the rule of
five. The number of rotatable bonds and polar
surface area were also determined using Mavin
Viewer software [25]. Compounds with 10 or fewer
rotatable bonds as well as polar surface area equal
to or less than 140A2 are reported to have good oral
bioavailability [25].

Quantitative structure-activity relationship
Data collection and descriptor calculation

The bioassay I1Cso data for CDK4 was downloaded
from the Chembl database in excel format and
converted to sdf format (2-dimensional structures)
using DataWarrior software [23]. The catenated
output structures in sdf format were converted to
pdb format (3-dimensional structures) with
OpenBabel 2.3.1 software [26]. The chemistry
development kit (CDK) was used to generate
molecular descriptors for the compounds.

Data pre-treatment

The pretreatment of the bioassay 1Cso data from the
chEMBL database was carried out with V-WSP
algorithm [27]. This helps to remove co-linearity
among the descriptors.

Data set division: training and test sets

The data set (100 CDK4 inhibitors) was divided into
the training set and test set with the aid of the
Kennard Stone algorithm [28]. The data set was
divided into training (70%) and test (30%) datasets.

Genetic algorithm and multiple linear regression

Genetic algorithm (GA) is a search heuristic system
that behaves like the natural selection process to
perform the selection of significant variables
(descriptors) during QSAR model development.
The training set was used for the model generation.
The unbiased model equation was carried through
multiple linear regression (MLR) and genetic
algorithm.
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Results and Discussion

Virtual screening

The screening of phytochemicals from the reported
anti-cancer plants against the orthosteric site of
CDK4 (Table S1) revealed fifteen phytochemicals
with higher binding energies than the standard
inhibitor of CDKA4, palbociclib (Table S2).
Catechin, kaemferol, and quercetin, the first three
leads in this study (Table S3) have all been reported
to possess anti-cancer properties [29-31].

Validation of glide score

Experimentally determined plCso of known 108
inhibitors of CDK4 obtained from cheMbl
(https://www.ebi.ac.uk/chembl/) and their
corresponding glide scores showed a positive
correlation between plCsq and glide scores at
p<0.01 (Fig. 3; Table S3). It suffices to say that
computational data can correctly predict the
experimental data.
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pChemblValue

Fig. 1 Glide score versus plCsp.

Lipinski “Rule of Five” pruning

Lipinski's “rule of five” provides a platform for the
selection of drug-like compounds in terms of
ADME. According to Lipinski et al. [24], an orally
active drug has no more than one violation of 5 H-
bond donors, 10 H-bond acceptors, molecular
weight (MWT) greater than 500 and the calculated
Log-P (CLogP) greater than 5 (or MlogP>4.15).
Also, Veber et al. [25] stated that compounds with
good oral bioavailability have less than 10 rotatable
bonds (NRB) and less than 140 A polar surface area
(PSA). Only naringenin, aporphine, catechin,
coreximine and stepharine obeyed Lipinski’s Rule
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of Five (Table S4) and violated not more than the
rules. The compounds, like isoboldine, isolaurine,
kaempferol,  quercetin,  secoisolariciresinol,
epicatechin, nicotinic acid and coclaurine were
pruned out because those violated more than the
Rule of Five.

The QSAR analysis

Quantitative structure activity (QSAR) relationship
is a statistical correlation of structural and
pharmacological activity quantitatively for a series
of compounds. A total of 70 inhibitors of CDk4
were used as the training set. SPSS version 21
(Chicago, SPSS Inc., USA) was used in the
regression analysis and model generation.

Table 1 Model summary showing the values of R, R?,
adjusted R2and Durbin-Watson values.

Adjusted  Durbin-

2

Model R R R? Watson
1 0.934 0.872 0.769 1.738

a. Predictors (constant), XLogP
b. Predictors
c. Dependent variable: pIC50

The adjusted R? was calculated using Stein’s
formula:

AdjustedR =l [ n-l I”"Z I”ﬂj -R 2)
n-k-1 \n-k-2 A n

Where:

R? = measurement of the variability in the plICso
accounted for by the descriptors in the model

n = number of compounds in the training set

k = number of descriptors in the model

Table 1 shows the model summary with 0.934 R?
value of Pearson correlation. This value
demonstrates an outstanding correlation between
the dependent variable (pICso) and independent
variables (descriptors). The R? value of 0.872
revealed the 3D-QSAR models could predict over
87% of the variations in the predicted plCso. The
adjusted R? is concerned with how the model
generalizes, that is, external validation of the
model. The adjusted R? s close to the R? value (the
difference between the R? value and the adjusted R?
value is 0.103), this signifies that our model
experiences just a paltry 10.3% shrinkage in
predicting external plCso. The closeness of the
adjusted R? value to the R? value shows that the
cross validity of the model is very good. The
Durbin-Watson statistics of 1.738 demonstrates that
the assumption of independent error is credible, and
the model is valid [32].
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Model generation

The model generated from the genetic algorithm is
the same as those generated in multiple linear
regression (MLR), which further validated the
model. Fig. 2 shows the scattered plot of the
observed pIC50 values against the predicted pIC50
values of the training set using the model. The R?
value of 0.872 depicts a strong correlation between
the observed pIC50 and the predicted pIC50 and
further gives credence to the robustness of the 3D-
QSAR model (Table S5).

The equation of a straight line is given as:

Y =mX+C eq. 1
The equation for regression is given as:

Y = bot+bixi+boxo+.......... baXp eq. 2
Where:

bo = constant
b1 = regression coefficient
X1 = independent variable

Therefore, the model equation is given as:

pICs0=(15.024)+(5.225%xXLogP)+(0.027xMW)+(0.
374xTopoPSA)+(0.965xnRotB)+(5.171xnHBDon)
+(1.839xnHBAcc)+(1.553xWK.unity)+(5.824xSC
3)+(0.332xBCUTp11)+(2.441xMDEC3+(0.582%
MDEC23)+(5.335xPetitieanNumber)+(7.978xVP-
5) eg. 3
Where:

XlogP = partition coefficient

MW = molecular weight

TopoPSA = topological Polar Surface Area

nRotB = number of rotatable bonds

&0 1 y=0.8454x+0.8294 ®

R?=0.872
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Fig. 2 Scattered plot of the observed plCso values versus the
predicted plCso values of the training set.
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W Charged (negative) ~ Polar === Distance — Salt bridge

& Charged (positive) W Unspecified residue -» H-bond Solvent exposure
Glycine Water — Metal coordination
Hydrophobic Hydration site e Pi-Pistacking

W Metal Hydration site (displaced) —e Pi-cation

Fig. 3 Interactions of the standard drug with key residues within the catalytic sites of cyclin-dependent kinase 4 (CDK4). (a)
Interactions of the standard drug, palbociclib with key residues within the catalytic site of CDK4; (b) interactions of aporphine
with key residues within the catalytic site of CDK4; (c) interactions of catechin with key residue within the catalytic site of CDK4;
(d) interactions of coreximine with key residue within the catalytic site of CDK4; (e) Interactions of naringenin with key residue
within the catalytic site of CDK4; and (f) interactions of stepharine with key residue within the catalytic site of CDK4.
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nHBDon: number of Hydrogen bond donor
nHBAcc: number of Hydrogen bond Acceptor
WK.unity: non-directional WHIM, weighted by
unit weights

SC3: simple cluster, order 3

BCUTp: nhigh lowest polarizability weighted
BCUTS

MDEC-34: molecular distance edge between all
tertiary and quaternary carbons

MDEC-23: molecular Distance edge between all
secondary and tertiary carbons Petitjean Number is
the Petitjean number

Vp-5: valence path, order 5

Molecular docking interactions

It is well documented that the non-conserved
residues in the ATP binding pocket of CDK4 are
His95, Val96, Asp97, Arg101, Thr102 and Glul44,
which are significantly different from CDK2. In
CKD2, ATP binding pockets are Phe82, Leu83,
His84, Lys88, Lys89 and GInl131 and in CDKG®,
those are Thr102 and GIn149. Arg101 alters Arg101
and Glul44 of CDK4. Argl0l1 and Glul44 are
germane for the selective inhibition of CDK4 [33].
Molecular docking interactions shown in Fig. 3a-f,
revealed all the compounds, including the standard
drug are rightly situated within the ATP binding site
of CDK4 and hence contribute to competitive
binding inhibition of the CDK4 [34]. According to
Bissantz et al. [35], Glul44, Asp158, Lys35, and
Gly18 are important residues involved in hydrogen
bond and Pi-cation interactions. Glul44, Val96,
and/or Argl101, which are altered residues in the
orthosteric site of CDK4 have been reported to be
significant in the selective inhibition of CDK4 [35,
36]. The standard drug, palbociclib forms hydrogen
bond interaction with Arg101 residue, known to be
essential for the selective inhibition of CDKA4,
hence it is reported inhibitor of CDK4 [37].
Aporphine forms two hydrogen bond interactions
with Glul44 and Aspl58, Glul44 is an essential
residue known to be significant for the selective
inhibition of CDK4 [34]. Catechin form hydrogen
bond interaction with significant residues, Val96
and Asp158. Val96 is known to be involved in the
selective inhibition of CDK4 [33]. Coreximine form
three important hydrogen bond interactions with
Aspl58, Arg-101 and val96. These residues are
known to be responsible for selective inhibition of
CDK4 [33]. Coreximine and Naringenin form
hydrogen bond interactions with Arg101, Lys 35
and Val-96 (Fig. 3a-f).
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Conclusions

Phytochemicals are known for their anti-cancer
properties. The present study revealed novel phyto-
inhibitors of CDK4. The lead compounds, catechin,
aporphine, coreximine, naringenin and stepharine
were perfectly situated within the ATP binding
pocket of CDK4 and forms germane interactions
with Glul44, Asp158, Lys35, Val96, and Argl01,
which contribute to the competitive binding
inhibition of CDK4. The 3DSAR mode herein is
robust and thoroughly wvalidated. The lead
phytochemicals are potential inhibitors of CDK4
and are drug-like compounds.
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