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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC) is the most common malignant condition of the liver that occurs as a result of
Hepatocellular carcinoma uncontrolled cellular proliferation after a series of disruptions at cell cycle regulatory checkpoints in the normal
Milciclib

cell. Due to the lack of appropriate therapeutics or remedial treatment methods, new treatment strategies against
HCC need to be developed. Cyclin dependent kinases (CDKs) are required to control the cell cycle and apoptosis,
but their overexpressionis critical in the progression of cancer and is often expressed in HCC. Thus, CDKs are
considered a promising class of target-defined therapy for HCC. Milciclib is a potential candidate for HCC which
exhibits inhibitory activity against CDK2 leading to cell cycle arrest and apoptosis of tumor cells. Herein, we have
halogenated the parent drug milciclib to improve its efficacy against CDK2. The primary structure of milciclib (D)
was modified with F, Cl and,CF3 groups. The frontier molecular orbital features, binding affinity, non-bonded
interaction and the pharmacokinetic parameters were analyzed for milciclib and its derivatives. We also per-
formed molecular docking and extended molecular dynamics simulation studies to study the binding interactions
and binding affinity more closely. Our computational investigation showed the derivatives D-F and D-CF3 have
significant chemical reactivity, the best binding affinity, nonbonding interactions, and improved pharmacoki-
netic properties compared to the parent drug milciclib. Molecular dynamics analysis and MM-PBSA calculations
indicated that D-Cl had a slightly more stable conformation and higher binding affinity compared to D-CFs.
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chronic liver inflammation [1]. Chronic liver disease caused by hepatitis
B virus infection is the most common cause of HCC worldwide, followed

1. Introduction

Hepatocellular carcinoma (HCC), the most prevalent form of liver
cancer, accounts for 90% of primary liver cancer and has grown to
become the fourth leading cause of cancer-related mortality worldwide.
The progression of HCC in patients is driven by underlying cirrhosis and
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by hepatitis C infection and other risk factors such as high alcohol
consumption, tobacco smoking, nonalcoholic fatty liver disease and
insulin resistance [1,2]. Current therapy for HCC comprises of surgical
resection, Orthotropic liver transplantation (OLT), percutaneous
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ethanol injection, radiofrequency ablation, trans-arterial chemo-
embolization and radio embolization, among which OLT is considered
the best therapeutic option for both HCC and underlying cirrhosis [3].
However, HCC is asymptomatic in early stages and the majority of pa-
tients are diagnosed only at advanced stages of HCC [1,4]. Unfortu-
nately, patients with late-stage HCC are not eligible for curative
surgeries such as OLT and have limited therapeutic options [3]. The lack
of accessible and efficient therapeutical or remedial treatment methods
has prompted the development of novel treatment strategies. Mean-
while, it is necessary to modify currently approved drugs such as mil-
ciclib in order to improve their efficacy, as well as to develop new and
more effective HCC therapies [5].

The mammalian cell cycle consists of five distinct stages- Gap 0 phase
(Go), in which the cells are in a resting state, Mitosis phase (M) during
which the cell divides into two daughter cells, Synthesis phase (S) during
which the cell replicates its genetic material and the Gap phases 1 and 2
(G1 and G2) separating M and S phase during which cell growth and
RNA and protein synthesis occur [6]. Each of the five distinct phases of
the cell cycle are controlled by specific Cyclin dependent kinases com-
plexes (CDK/Cyclin complexes) composed of CDKs and their binding
partners, cyclin regulatory subunit [6,7].CDKs are members of the ser-
ine/threonine kinase family that when complexed with cyclins, regulate
cell cycle progression, RNA transcription, and apoptosis, making them
promising targets for anticancer drug development [7,8]. Oncogenic
alterations of CDKs have been found to be associated with human can-
cers. Upregulation of CDKs leads to loss of cell cycle checkpoint integ-
rity, resulting in unregulated cell regeneration and rogue hepatocyte
proliferation, all of which contribute to the development of HCC [4].
Moreover, the inhibition of CDKs has been demonstrated to promote
apoptosis in cancer cells, making CDK inhibition particularly appealing
from the perspective of cancer therapy [7,9]. Cyclin-dependent kinase 2
(CDK?2) is active during the G1/S and M phases of the cell cycle and is
essential for cell centrosome replication [10]. It ensures that the
centrosome replicates only once. The kinase activity of CDK2 is highly
elevated in many cancers including HCC [4]. CDK2 is the major enzy-
matic modifier of the p53, the tumor suppressor whose functional loss is
a critical factor in HCC development [4]. Dysregulated CDK2 complex
induces aberrant cell proliferation in HCC and downregulation of CDK2
in HCC cell lines results in cancer cell arrest [4]. Therefore, CDK2 is an
attractive therapeutic target for HCC. In this study, we have used Pub-
Chem compound database to collect the protein crystal structure of
CDK2- 6Q4, 6Q4E, 6Q4G, 6Q4H, 6Q4J, 6Q48, and 6Q49 to use as the
target protein.

Owing to the absence of proper preventive or curative treatment
methods against HCC, there is an urgent need for new therapeutic
strategies. A potent CKD2 inhibitory drug called milciclib (PHA-848125)
has been developed by Tiziana Life Sciences [10]. Belonging to the
pyrazolo (4,3-h) quinazoline chemical class, this drug blocks the G1
phase of the cell cycle and inhibits CDK2, leading to cell cycle arrest
[10]. Moreover, milciclib has exhibited the reduction of miR-221 and
miR-222 expression in vivo resulting in an elevated amount of tumor
suppressors CDKN1B/p27kip and CDKN1C/p57kip [5,11]. Tumor sup-
pressor genes, p27 and p57, inhibit the overexpression of CDK2, causing
the tumor cell to undergo cell cycle arrest and apoptosis. Inhibitory
activity of Milciclib (PHA-848125AC) is not exclusive to only CDK2 but
is also effective against closely related CDKs such as CDK1, CDK4, CDK5
and CDK7 [5,12]. Inhibition of these kinases may cause cell cycle arrest
and apoptosis in tumor cells. Milciclib has been shown to be effective in
preclinical investigations against brain tumors such as medulloblastoma
and glioma, as well as non-small cell lung cancer in a transgenic mice
model [13]. Milciclib has also proven efficacy in xenograft models
against melanoma, ovarian, colon, pancreatic, prostate, and non-small
cell lung cancer, inhibiting tumor development by 64-91% [13]. Mil-
ciclib in phase I clinical trials has proven to bring improvement in pa-
tients with advanced solid tumors of the colon, thymus, and pancreas
[10,13]. It is being tested in in phase II clinical trials as an oral
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anticancer therapy for patients with advanced HCC [10,13]. Hence,
milciclib is a promising candidate for the treatment of patients with
HCC.

Halogen bonding creates highly directed stabilizing contact between
the halogenated ligands and their protein substrate, increasing binding
affinity between the ligand and the protein [14-16]. Since halogen
bonding enhances strong interactions between halogenated ligands and
their target proteins, halogenation of existing inhibitors, in this case
milciclib, is a promising way to improve the efficacy of the drug [17,18].
Moreover, halogen bonding extends the drug’s lifetime and fills the
hydrophobic spaces in the protein binding site, allowing the drug
molecule to pass through biological barriers more easily, enhancing oral
absorption and permitting blood-brain barrier crossing [19]. The ease of
absorption and longer lifetime are particularly useful because inhibitors
should be well absorbed and retained by cancer cells for a sufficient
period so that the drugs can wield a desired pharmacological effect. In
fact, the use of fluorinated derivatives of existing drugs to improve their
efficacy has made significant contributions in medicinal chemistry and
drug design, and it is now becoming increasingly popular [20-23].

In the present work, the structure of the parent drug milciclib (D) was
modified with F, Cl, CFs, groups. The modified derivatives were then
optimized to examine their biochemical behavior based on the quantum
mechanical approach. Thereafter, we calculated the HOMO-LUMO gap,
hardness and softness of milciclib, and its halogenated derivatives. To
better understand the binding affinity, mode, and interaction between
the drugs and the amino acid residues of CDK2, we implemented mo-
lecular docking and nonbonding analysis. The derivatives D-F and D-CF3
of milciclib (D) were found to have significant chemical reactivity,
binding affinity, nonbonding interactions, and improved pharmacoki-
netic properties compared to the parent drug. Thus, new experimental
milciclib derivatives, D-F and D-CF3, may play a central role in the
treatment of HCC.

2. Materials and computational methods
2.1. Preparation and optimization of ligands

Initial three-dimensional structure of milciclib was retrieved from
PubChem (https://pubchem.ncbi.nlm.nih.gov/), an open access chem-
istry database maintained by the National Center for Biotechnology
Information (NCBI). This rapidly growing public repository allows re-
searchers to explore the properties of a specific bioactive molecule, or a
drug candidate, or even a known drug on a wider scale in order to find
potentially novel functions or off-target effects [24].The structure of the
parent drug, milciclib (D), was modified by substituting the -CH3 group
at its 9 N position with F, Cl, -CF3 functional groups to obtain new
milciclib derivatives: D-F, D-Cl, D-CFgrespectively. For achieving the
optimum conformational structure, molecular geometry optimization of
milciclib and the newly generated milciclib derivatives was performed
in Chem3D Pro 12.0 software (software CS Chem3D Pro® version 12.0).
'H NMR prediction of the ligands is required to determine their stability
and stoichiometry [25,26]. Therefore, ChemDraw Ultra software (soft-
ware CS ChemBioDraw® Ultra, version 11.0.1) was utilized to generate
the 'H NMR estimation. 'H NMR prediction of milciclib and the de-
rivatives showed that all ligands are stable (Fig. 1).

2.2. Preparation of target protein for molecular docking

The milciclib ligands were subjected to a molecular docking study
against the target protein, cyclin-dependent kinase 2 (CDK2). Crystal
structures of CDK2, namely 6Q4D, 6Q4E, 6Q4G, 6Q4H, 6Q4J, 6Q48,
and 6Q49, were obtained from RCSB Protein Data Bank (PDB) database
(https://www.resb.org/). The RCSB PDB database allows users to view
and visualize 3D shapes of proteins, nucleic acids, and complex assem-
blies by using curated 3D macromolecular data from the PDB archive
[27].Energy minimization of all the crystal structures was conducted
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Fig. 1. Chem3D Pro 12.0 H NMR spectrum estimation of the ligands: D, D-F, D-Cl, D-CF3_ The shift calculation for protons of the ligands are shown in the figure. The

numbers represent the predicted shift of the signals in ppm.

with Swiss-PDBViewer v4.1.0 (https://spdbv.vital-it.ch/) to find the
optimum structural arrangement of amino acid residues. Prior to
docking, all the heteroatoms, water molecules, and multiple chains were
removed from the crystal structures using PyMOL (The PyMOL Molec-
ular Graphics System, Version 1.7.4.5 Schrodinger,LLC) Software
packages. PyMOL is a free cross-platform molecular graphics system that
enables conformational editing, rudimentary chemical editing and mo-
lecular editing at various levels, allowing users to design new objects by
removing atoms from existing object or by merging them [28].

2.3. Molecular docking and non-bonded interaction analysis

Molecular docking is a powerful tool in computational drug design
that can predict the binding modes of a ligand with a target protein
having a known three-dimensional structure [29]. For examining the
optimal orientations of the ligands and the target proteins which yielded
the maximum binding affinity, molecular docking was performed using
AutoDock Vina in the PyRx platform (https://pyrx.sourceforge.io/).
AutoDock Vina is a relatively molecular docking program that uses a
sophisticated gradient optimization method to achieve faster execution
and more accurate binding mode prediction compared AutoDock 4 [30].
Afterwards, BIOVIA Discovery studio visualizer v16.1.0.15350 (version
16.1.0.15350, Biovia, USA)was employed to visualize the interaction
and binding of the ligands and the target proteins. For the generated
protein-ligand complexes, various non-bonded interactions such as
hydrogen bond interaction and hydrophobic bond interaction with
specific distance were also visualized using the Discovery Studio visu-
alizer in order to select complexes with the best binding affinity.

2.4. Study of pharmacokinetic parameters

The pharmacokinetic parameters of milciclib and its modified de-
rivatives, such as drug absorption, metabolism, toxicity, and carcino-
genicity were analyzed using the admetSAR online database and
Medchem Designer software (http://simplus-downloads.com/).
AdmetSAR is an open source, comprehensive computer readable data-
base that collects available ADMET-associated properties (absorption,
distribution, metabolism, excretion, and toxicity) data from the pub-
lished literature and predicts ADMET-associated properties of a variety
of molecules [31]. The toxicity of the drugs were also evaluated using

the PreADMET server (https://preadmet.bmdrc.kr/). PreADMET is also
a web-based application that can perform molecular descriptors calcu-
lation, drug likeness prediction, ADME prediction as well as toxicity
prediction [32]. Throughout the entire generation process, structure
data file (SDF) and simplified molecular-input line-energy system
(SMILES) strings of the modified derivatives were used.

2.5. Molecular dynamics simulation studies and MM-PBSA calculations

To gain deeper insights of binding interactions and binding affinity
in a simulated biological environment, molecular dynamics simulations
(MDS) and MM-PBSA calculations were performed on the docked
complexes comprised of the most promising ligands, D-CFs and D-F, and
the target protein 6Q4H. Gromacs 2020.4 MDS program was employed
to perform 200 ns production phase MDS of respective equilibrated
systems [33].To complete the computationally intensive MDS tasks, the
HPC cluster at Bioinformatics Resources and Applications Facility
(BRAF), C-DAC, Pune was utilized. The crystal structure of CDK2 with
co-crystallized halogenated compound as a ligand (PDB ID: 6Q4H) is
available with reasonably good resolution (1.0 A) in the RCSB protein
databank. However, in this crystal structure the terminal residues 1-7,
and the residues 39-44 and 154-155 are reported as missing residues.
Though these residues does not belong to the binding site, as a prereq-
uisite of MDS studies, these non-terminal residues were modeled by fill
missing residues utility of Modeller 9.12 program [34] in Chimera
interface. The topology of the protein was prepared using CHARMM-36
force field parameters [35,36], while the topologies of the ligand were
generated from CGenFF server with CHARMM General Force Field [36,
371. The system was solvated with the default simple point charge water
model (SPC216) in a dodecahedron unit cell [38]. The resulting solvated
systems were neutralized with the addition of four chloride ions
respectively. In order to remove the steric clashes, the unrestrained
energy minimization was performed with the steepest descent criteria.
The resulting system was equilibrated at constant volume and temper-
ature setting of 300 K using modified Berendsen thermostat [39], and
then at a constant volume and pressure Berendsen barostat [40] for 1 ns
each. The equilibrated systems were the subjected to the production
phase MDS of 100 ns where all the covalent bonds were restrained with
the LINCS algorithm [41]. The long-range electrostatic interaction en-
ergies (Coulomb and Lennard Jones interaction energies) were
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measured with the cut-off of 12 A with the Particle Mesh Ewald method
(PME) [42]. During the production phase MDS, the modified Berendsen
thermostat and Parrinello-Rahman barostat [43] were used for tem-
perature and pressure coupling respectively. The MDS trajectories were
analyzed to measure root mean square deviations (RMSD) in backbone
atoms and ligand atoms, root mean square fluctuations (RMSF) in the
side chain atoms of each residue, radius of gyration (Rg) from the center
of mass of protein, and number of hydrogen bonds formed between
ligand atoms and residues at bindings site. The MD trajectories starting
from 150 ns to 200 ns isolated at each 100 ps were used to calculate the
binding free energies of ligands with the Poisson Boltzmann surface area
continuum solvation (MM-PBSA) calculations [44,45]. Further, per
residue domain decomposition analysis was performed to identify the
key residues contributing in binding free energy.

3. Results and discussion

H NMR prediction of milciclib and the derivatives D-CFs, D-Cl, and
D-F, are shown in Fig. 1. The frontier molecular orbitals of milciclib (D),
and its modified derivatives are presented in Supplementary Fig. S1. The
binding and interaction of D, D-F, D-Cl, D-CF3 with protein 6Q4H are
shown in Fig. 2. The non-bond interaction of D and its derivatives with
protein 6Q4H as are presented in Supplementary Fig. S2. The hydro-
phobic binding sites of the potential drugs when docked against protein
6Q4H are exhibited in Supplementary Fig. S3. Hydrogen bond surface of
6Q4H with D, D-F, D-Cl, D-CF3 is shown in Fig. 3. The superimposed
structures of pre- and post-MD states of D-CF3-6Q4H, D-Cl-6Q4H, D-F-
6Q4H, and D-6Q4H complexes are shown in Fig. 4. The MD trajectory
snapshots for both complexes at various time intervals are shown in
Fig. 5. The RMSD in protein backbone atoms and the RMSD in ligand
atoms for D-CF3, D-Cl, D-F, and milciclib complexes are displayed in
Fig. 6. The protein-ligand interactions captured from the initial and post-
MD poses of all four ligands at the binding pocket of 6Q4H are shown in
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Fig. 7. The results of RMSF measurement of the protein-ligand complex
are shown in Fig. 8A. The Radius of gyration of Ca atoms of 6Q4H bound
with each ligand are shown in Fig. 8B. The number of hydrogen bonds
formed between the ligands and binding site residues are shown in
Fig. 8C. The results of hydrogen bond % occupancy evaluation of both
ligands, D-CF3, D-Cl, D-F and milciclib are displayed in Supplementary
Fig. S4. The results of MM-PBSA calculation are shown in Fig. 9A, while
the results of per residue energy decomposition analysis are shown in
Fig. 9B.

The HOMO-LUMO energies gap, hardness, and softness of milciclib
(D) and its derivatives D-F, D-Cl, D-CF3 are presented in Supplementary
Table S1. The binding energy of Milciclib and the modified derivatives
against the target proteins (6Q4D, 6Q4E, 6Q4G, 6Q4H, 6Q4J, 6Q48, and
6Q49) are shown in Supplementary Table S2. The binding affinity and
non-bond interactions of milciclib (D) and its derivatives D-F, D-CF3 and
D-Cl with 6Q4H are shown in Table 1. AdmetSAR values for milciclib (D)
and its derivatives are given in Table 2. The ADMET values calculated by
MedChem Designer Software of milciclib and its derivatives are shown
in Supplementary Table S3. The result of toxicity analysis of milciclib
and its derivatives (D-F, D-CF3, D-Cl) conducted by preADMET are
presented in Supplementary Table S4. The average, minimum and
maximum values of the MDS analysis for D-CF3-6Q4H, D-Cl-6Q4H, D-F-
6Q4H, and D-6Q4H complexes are shown in Table 3. The results of MM-
PBSA calculations for both ligands are listed in Table 4.

3.1. Hardness and softness analysis of potential drugs by calculating
HOMO and LUMO energy level

The frontier molecular orbital features, the highest occupied mo-
lecular orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs), play critical roles in chemical reactions [46]. The
HOMO-LUMO energy gap is associated with the chemical hardness,
softness, the kinetic stability, and the chemical reactivity of a drug

Fig. 2. Molecular docking analyses showing (A) the binding of milciclib- D, (B) derivative D-F, (C) derivative D-Cl, and (D) derivative D-CF3 with protein 6Q4H.
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Fig. 3. Hydrogen bond surface of (A) milciclib- D, (B) derivative D-F, (C) derivative D-Cl, and (D) derivative D-CF3 with protein 6Q4H. The hydrogen donor is
represented by the pink regions, while the hydrogen acceptor is represented by the lime areas. The amino acid THR14 (2.25 and 2.21) formed two strong hydrogen
bonds with the derivative D-CF3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

molecule. A smaller energy gap and increased softness indicate that the
drug molecule has higher polarity and chemical reactivity whereas a
large energy gap indicates high kinetic stability and low chemical
reactivity [47,48]. The parent drug milciclib (D) was found to have the
lowest energy gap values, the lowest hardness value, and the highest
softness value. Among its modified derivatives, D-CF3 exhibited the
lowest energy gap values, the lowest hardness value and the highest
softness value. Supplementary Table S1 lists the HOMO and LUMO en-
ergy values, the energy gap, hardness, and softness of all drug candi-
dates. The following equations were utilized to calculate HOMO-LUMO,
gap, hardness (1)), and softness (S) values of the drugs [49].

n = [eLUMO - eHOMO]/2
S =1/n

3.2. Interaction and binding affinity of the potential drugs with the target
proteins

The docking score determines the extent of molecular interaction
between the ligands and the active site of the target receptor [50]. The
more negative the binding energy, the more favored the orientation and
the more stable the conformation of the ligand-receptor complex will be.
The docking scores of milciclib and its derivatives against proteins
6Q4D, 6Q4E, 6Q4G, 6Q4H, 6Q4J, 6Q48, 6Q49 are shown in Supple-
mentary Table S2. When compared to the parent drug milciclib (D),
which had a binding energy of —9.5 kcal/mol with protein 6Q4H, the
derivatives D-F and D-C F3 had a better binding affinity of —10.3
kcal/mol with the same protein. Since milciclib and its derivatives had
the maximum binding energy with protein 6Q4H, we selected 6Q4H
protein as our potential target for our further studies. The binding
interaction of milciclib (D) and derivatives D-F, D-Cl, D-CF3 with protein
6Q4H are shown in Fig. 2.

Trifluoromethyl (-CF3) group has been broadly used in drug design
due to its strong electronegativity, lipophilic nature as well as its
physiochemical, biological, and pharmacokinetic properties [51].Fluo-
rination, in particular,is popular in medicinal chemistry and drug
designbecause of its significant impact on drug potency, permeability,
metabolism, and pharmacokinetic properties [52].When the potential
drugs were docked against 6Q4H, the D-CF3-6Q4H complex showed
improved hydrogen bonding compared to the parent drug (D). Despite
the fact that hydrogen bonding has a less impact on the free binding
energy, it results in higher binding affinity and greater binding speci-
ficity [53,54].The derivative D-CF3 also possessed other non-bond in-
teractions such as hydrophobic bond, halogen bond and electrostatic
bond during their binding (Table 1). The hydrophobic surface and
hydrogen bond surface of milciclib (D) and derivatives with 6Q4H
protein are shown in Supplementary Fig. S3 and Fig. 3, respectively.

Hydrogen bonds determine the preciseness of ligand binding and
therefore, have play an important role in drug binding [55,56]. The
structures and reactivity of numerous molecular processes are also
regulated by intermolecular hydrogen bonding [57,58]. According to a
study conducted by Wade et al., hydrogen bonds of <2.3 A can enhance
binding affinity by several orders of magnitudes. When docked against
6Q4H, hydrogen bonding with THR14 residue is observed in milciclib
(D) and its derivatives D-F, D-Cl and D-CF3. The derivative D-CF3
exhibited two strong hydrogen bonds with amino acid THR14 (2.25 A
and 2.21 A), whereas the primary drug milciclib did not exhibit any
strong hydrogen bonding with 6Q4H. The D-F-6Q4H complex showed
no strong hydrogen bonding but the D-Cl-6Q4H complex exhibited a
strong hydrogen bonding with amino acid THR14 (2.15 A).

In our study, the D-CF3-6Q4H complex exhibited three halogen
bonds with HIS84 (3.31 A), GLNS5 (3.46 A), and ASP86 (3.18 A) amino
acid residues (Table 1). Lu et al. study suggested that halogen bonding
increased the stability of a protein-ligand receptor and also contributed
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Fig. 4. The superimposed structures of pre-MD state (protein in magenta and ligands in cyan color) and post-MD state (protein in blue and ligands in green color) of
complexes. A) Complex of 6Q4H with bound D-CF3, B) Complex of 6Q4H with bound D-Cl, C) Complex of 6Q4H with bound D-F, and D) Complex of 6Q4H with
bound milciclib. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

to binding affinity selectivity [59]. Among the modified drugs,
D-CFswas found to have the highest softness, which may enhance the
drug’s polarizability and simulate more nonbonding interactions with
the receptor.

Pi-alkyl interactions in biological systems represent a strong and
stable perpendicular (edge-to-face) orientation, which may contribute to
higher ligand-protein binding affinity [60]. In our study, D-CF3 showed
five hydrophobic bonds with 6Q4H, one of which was a pi-alkyl bond
formed by the amino acid ILE10 (5.35 f\) (Table 1). Two pi-alkyl bonds
are observed in D-F with amino acid residues VAL18 (5.48 10\) and ILE10
(5.20 f\), and one pi-alkyl bond is observed in D-Cl with amino acid
ILE10 (5.45 A). However, the parent drug milciclib (D) only formed
alkyl bonds with amino acids ILE10 (5.18 A and 4.20 A), VAL18(3.64 A)
and VAL163(4.74 A).Electrostatic bond interaction with ASP86 residue
was also observed in D-CF3-6Q4H, D-F-6Q4H and D-Cl-6Q4H
complexes.

3.3. Pharmacokinetic activity analysis of the compounds

The AdmetSAR values for milciclib and its derivatives are given in
Table 2. Milciclib and its derivatives were predicted to be non-
carcinogenic and have a class Illacute oral toxicity according to
AdmetSAR online database calculations. All the drugs exhibited a pos-
itive response towards the blood brain barrier, suggesting that milciclib

and its derivatives are capable of passing through the blood-brain bar-
rier. Moreover, all the drugs were also predicted to be P-glycoprotein (P-
gp) inhibitors. P-gp is overexpressed on the surface of cancer cells,
preventing medicines from being internalized and rendering chemo-
therapy ineffective [61]. Therefore, P-gp inhibition is required to in-
crease the bioavailability of the drugs [62]. All drugs also exhibited a
positive value for human intestinal absorption, suggesting that their
bioavailability to be sufficiently high [63]. Moreover, Milciclib and its
derivatives were found to be weak human Ether-a-go-go Related Gene
(hERG) inhibitors. hERG inhibition can give rise to long QT syndrome, a
lethal disorder linked with the risk of sudden cardiac death [64]. This
aspect demands more research since all drugs seeking approval must be
tested for their potential cardiac safety. Lipinski and coworkers’ (1997)
"Rule of five’ substantially aids in recognizing the drug likeliness and
oral bioavailability of potentials drug candidates [65]. According to the
Lipinski’s rule, in order to avoid poor oral bioavailability, the molecular
weight of a drug should be less than 500 Da, H-bond donors should be
less than 5, H-bond acceptors should be less than 10 and octanol-water
partition coefficient (log p) should not exceed 5 [66].Except for the
D-CFj3 derivative, which had a molecular weight (Mwt) of 514, all of the
medicines in our investigation had a Mwt of less than 500 Da. MedChem
Designer software was utilized to obtain the Mwt, MlogP value, S + logP
value, and S + logD value (Supplementary Table S3). Lipophilicity,
which is the logarithm value of the partition coefficient P(logP) between
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200 ns

Fig. 5. The surface view snapshots taken at 0, 25, 50, 75 and 100 ns for A) D-CF3-6Q4H complex, B) D-Cl-6Q4H complex, C) D-F-6Q4H complex, and B) D-milciclib-
6Q4H complex (Surface representation according to hydrophobicity where blue represents hydrophilic, while orange represents hydrophobic surface. Ligand is
shown in yellow stick representation). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

octanol and water(buffer), performs as a crucial part in drug interaction
with the receptor [67].All drugs in this study had a S + logP value of less
than 5. This suggests that milciclib and its derivatives have a high
permeability, as larger than 5 logP values indicate poor absorption or
permeability of the drug [68]. MlogP (Moriguchi octanol-water partition
coefficient), applied in QSAR model structure analysis, should be lower
than 4.15 to penetrate biological membranes [69]. The MlogP value of
all drugs in this study is significantly less than 4.15, advocating their
ability to efficiently permeate biological membranes (Supplementary
Table S3). To avoid poor oral bioavailability, the additional features
outlined by Lipinski’s, such as H-bond donors and bond acceptors,
should be investigated for all medications.

All the drugs in this study exhibited toxicity less than 1.0 predicted
by PreADMET are shown in Supplementary Table S4.

3.4. Molecular dynamics studies and MM-PBSA calculations

MDS offers a distinct advantage over rigid docking as it provides
detailed insights into the binding of ligands at the binding site of the
target protein [70]. It is particularly very useful in generating the tra-
jectories of solvated and neutralized protein-ligand complex under
simulated biological environment. In present study, we performed 200
ns MDS studies on four complexes of 6Q4H with ligands D-CF3, D-CI,
D-F, and milciclib (D), respectively. The superimposed structures of pre-
and post-MD states of both the complexes are shown in Fig. 4. There are
no major secondary structural changes in the 6Q4H conformations.

The analysis of MD trajectories at various time intervals suggests that
the ligand D-CF3 and D-Cl remains bound at the binding pocket (Fig. 5)

throughout the simulation period. The binding pocket, however, ap-
pears to adapt to the stable conformations of bound ligands. In the case
of D-CF3, the phenyl-piperidyl core moves out of the binding pocket.
This may be due to the sterically bulky trifluoromethyl group which
remains bound to the hydrophobic pocket throughout the simulation.
The ligand D-Cl appears to be stable during initial 15 ns simulation, and
at around 25 ns it moves out of the binding pocket. However, it occupies
a slightly different binding pocket post 50 ns simulation period and re-
mains stable until 200 ns. In the case of ligand D-F, the ligand remains
stably bound till 50 ns simulation period. However, it occupies adjacent
binding site after 75 ns till the end of simulation. On the other hand,
milciclib remains bound in the binding pocket till 75 ns simulation
period and during the last 25 ns simulation it moves out of this binding
pocket and occupies slightly different surface binding pocket until the
end of simulation period.

The conformational changes in the overall protein structure and
ligand structure are estimated through protein backbone RMSD and
RMSD in ligand atoms [71]. The lower the RMSD better is the confor-
mational stability and the fewer the deviations from the initial positions
of atoms. During the course of MDS, D-CF3, D-Cl, D-F and milciclib
complexes had average RMSD values of 0.267, 0.236, 0.240 and 0.245
nm for protein backbone atoms, respectively, indicating minor de-
viations in backbone atoms from initial positions (Table 3). These de-
viations are mostly originating from flexible loops. Moreover, these
average RMSD values suggest that the complexes are reasonably stable,
with the D-Cl complex being the most stable compared to other com-
plexes (Fig. 6). All the complexes were found to be adequately stabilized
after roughly 150 ns simulation. The D-Cl complex had substantial
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Table 1

Binding affinity and non-bonding interaction of milciclib and derivatives D-F, D-Cl, and D-CF3 with protein 6Q4H.

Informatics in Medicine Unlocked 33 (2022) 101069

Compound  Binding energy (kcal/mol) Hydrophobic bond (Distance A) Hydrogen Bond (Distance A) Halogen bond (Distance A) Electrostatic bond (Distance A)
Pi-alkyl Alkyl
D -9.5 - ILE10 (5.18) LYS33 (2.86) - LYS88 (4.63)
ILE10 (4.20) LYS33 (2.67)
VAL18 (3.64) THR14 (2.79)
VAL163 (4.74) LYS33 (2.54)
D-F -10.3 VAL18 (5.48) VAL18 (4.66) THR14 (2.44) - ASP86 (4.51)
ILE10 (5.20)  ALA31 (4.18) LEUS3 (2.71)
LEU134 (3.796) VAL163 (2.45)
ALA144 (4.24)
D-Cl -10.2 ILE10 (5.45) VAL18 (4.69) THR14 (2.51) - ASP86 (4.51)
ALA31 (4.496) THR14 (2.15)
LEU134 (4.05) ASP145 (2.66)
ALA144 (4.07)
VAL18 (4.99)
D-CFs -10.3 ILE10 (5.35)  VALI1S8 (4.59) THR14 (2.25) HIS84 (3.31) ASP86 (4.76)
LEU134 (4.19) THR14 (2.21) GLNS85 (3.46)
ALA144 (4.05) ASP145 (2.51) ASP86 (3.18)
VAL18 (4.97) GLNSS5 (2.42)
Table 2 Table 4
AdmetSAR values of milciclib (D) and its derivatives (D-F, D-CF3, D-CI). Results of MM-PBSA calculations.
Parameters D D-F D-CF3 D-Cl MM-PBSA energy D-CF3 D-Cl D-F Milciclib
-1
Blood brain barrier (BBB) + + + + component (kJ.mol )
0.7921 0.7754 0.7857 0.7383 van der Waal energy —121.683 —110.059 —68.859 —124.141
Human intestinal absorption 1.0000 1.0000 1.0000 1.0000 (1.008) (0.695) (1.837) (0.962)
Caco-2 permeability 0.5915 0.6123 0.6453 0.5948 Electrostatic energy —10.205 —15.923 —4.301 -3.649
P-glycoprotein inhibitor Inhibitor Inhibitor Inhibitor Inhibitor (0.215) (0.237) (0.254) (0.332)
0.8165 0.7645 0.8262 0.6764 Polar solvation energy 88.466 71.314 50.010 80.925
Human ether a-go-go-related 0.8494 0.7645 0.9291 0.7667 (1.115) (1.483) (2.344) (1.053)
(hERG) gene inhibition Solvent accessible surface —15.603 —13.181 —8.849 —16.306
Acute oral toxicity 111 111 111 111 area energy (0.120) (0.081) (0.223) (0.109)
0.6950 0.6325 0.6748 0.6281 Binding energy (AGpinding) —59.046 —67.918 —32.092 —63.361
Rat acute toxicity, LDso (mol/kg)  2.7519 2.7794 2.7520 2.7691 (0.606) (1.375) (2.244) (0.844)
Aqueous solubility —3.2616 —3.4292 —3.6427 —3.5110 . . . ,
Carcinogen NC NC NC NC Standard deviations are given in parentheses.
(0.8010)  (0.7369)  (0.7540)  (0.7077)
deviations compared to the other ligands. The RMSD in D-CF3 atoms is
slightly higher than other ligands. However, D-CF3 and D-Cl remains
Table 3 bound in the original binding pocket as evident from the visual in-
Average, minimum and maximum values of the MDS analysis. spection of the trajectories extracted at different time intervals. The
Parameter  D-CFs-CDK2 D-Cl-CDK2 D-F-CDK2 Milciclib-CDK2 average RMSD in ligand atoms for D—CF3,. D-Cl, D-F and milciclib are
complex complex complex complex 0.191, 0.172, 0.154 and 0.143 nm respectively.
Protein backbone atoms RMSD (nm) .The stability (.)f Proteln—hganq complex and overall elasticity of the
Average 0.267 (0.034)  0.236 (0.024)  0.240 0.245 (0.057) residues of protein is evaluated in terms of RMSF measurement [72].
(0.030) The larger fluctuations usually represent the diverse orientations and
Maximum  0.365 0.329 0.392 0.432 conformations of the side chain residues. The key residues involved in
Z[t‘"‘mu';‘r %?Z;SD( ) 0.076 0.071 0.065 the hydrogen bond interactions include Ile10, Glul12, Thr14, Leu83,
oms of ligan nm, .
Average 0191 (0.029)  0.172 (0.041)  0.154 0.143 (0.022) Lys.33, Glu81, Phe82, His84, GIn85, Asp86, Lys129, and GIn131. Th.ese
(0.045) residues are likely to be the ones that show the most fluctuations during
Maximum  0.308 0.302 0.287 0.244 MDS. Fig. 7 shows the protein-ligand interactions captured from the
M‘“S‘m‘(im) 0.046 0.034 0.037 0.040 initial poses and post-MD poses of the ligands, D-CF3 D-Cl, D-F and
RMSF (nm s s T
Average 0.148 (0.078) 0.157 (0.084)  0.154 0.173 (0.098) milciclib, at the bmd}ng Pocket of 6Q4H. The results of RMSF. mea-
(0.081) surement are shown in Fig. 8A. According to the RMSF analysis, the
Maximum  0.741 0.613 0.472 0.642 residues ranging from 20 to 60, 75-110, and 150-175 show major
Minimum  0.045 0.050 0.046 0.061 fluctuations indicate that the binding site residues adapt to the ligand
Radius of Gyration (nm) :
A 2.053(0.012)  2.051 (0.013)  2.043 2.042 (0.029) conformations as MDS progresses. The average RMSF of 0.148 and the
verage . . . 5 . . . . . . . .
8 0.022) maximum RMSF of 0.741 indicate that D-CF3 binding favorably,
Maximum  2.093 2.098 2.124 2.121 generating fluctuations in the nearest region where it is undergoing
Minimum 1979 1.981 1.981 1.979 conformational changes. The fluctuations in D-Cl complex reach a

*Standard deviations in average values are given in parentheses.

deviations between 10 ns and 40 ns simulation before becoming

stabilized.

The RMSD in ligand atoms clearly indicates that the conformation of
D-Cl in the binding pocket is reasonably stable with considerably less
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maximum RMSF of 0.613 with average RMSF of 0.157 which is slightly
higher than D-CF3 and D-F. The RMSF in D-F are minimal with an
average RMSF of 0.154 with maximum RMSF of 0.472. Milciclib has
highest RMSF with average RMSF of 0.173 nm indicating major fluc-
tuations in the side chain atoms.

The analysis of Rg is another criterion to assess the root mean square
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distance of a collection of atoms from their common center of mass and
to provide an insight of the overall compactness of the system [73]. The
Rg of milciclib complex is lowest with average of 2.042 nm. The D-F
complex has the average Rg of 2.043 nm suggesting almost similar
compactness of the system compared to milciclib complex. Other two
complexes, D-CF3 and C-Cl have slightly higher average Rg (Fig. 8B).
The overall results of Rg suggest there are no major changes in the
secondary structure of 6Q4H.

The ability of ligands to generate non-bonded interactions such as
hydrogen bond interactions is thought to be due to their higher binding
affinity [74]. One of the parameters used to assess the binding affinity
and stability of a protein-ligand complex is the number of hydrogen
bonds formed and the lifetime of these hydrogen bonds. One hydrogen
bond was seen consistently being formed during initial 80 ns and post
150 ns MDS period in the case of milciclib complex (Fig. 8C). The
maximum number of hydrogen bonds formed for this complex in any
one timeframe is 3. On the other hand, around 2 hydrogen bonds were
found consistently formed during initial 50 ns simulation and one
hydrogen bond thereafter until the end of simulation period for D-F
complex with maximum number of hydrogen bonds formed 4. Fig. 8C
shows that two hydrogen bonds were consistently formed with D-Cl
complex after around 30 ns of MDS until the end of simulation period. In
the case of D-CF3 complex only one hydrogen bond was seen formed
intermittently throughout the simulation. The hydrogen bond occu-
pancy analysis suggests that the nitrogen atom of D-CF3 forms a
hydrogen bond with His85 with prominent occupancy of 5.9%. Simi-
larly, the same nitrogen atom from pyrazole ring in D-F was found
forming a hydrogen bond with Glul3 with the occupancy of 7.2%.
(Supplementary Fig. S4). Interestingly, the hydrogen atom from
—CONHCI group in D-Cl forms a hydrogen bond with His72 residue with
occupancy of 12.4% and nitrogen atom from piperazine ring forms
hydrogen bond with residue Trp228 with highest occupancy of 35.9%.
This donor-acceptor hydrogen bond was not formed in the case of mil-
ciclib probably due to the serically bulkier -CH3 group and due to other
hydrogen bonds with acceptor nitrogen atoms in milciclib. In the case of
milciclib the oxygen atom from —CONHCHjs group forms prominent
hydrogen bond with Lys34 residue with occupancy 5.6%. These findings
suggest that D-Cl makes more favorable non-bonded interactions such as
hydrogen bond interactions at the binding pocket and thus may have
better binding affinity than other derivatives, D-CF3 and D-F.

In order to evaluate the binding affinity, the MM-PBSA calculations
were performed on both the systems. In terms of binding free energy, the
MM-PBSA calculations provides more accurate estimates of binding af-
finity [44]. In the MM-PBSA calculations, van der Waal energy, elec-
trostatic energy, polar solvation energy, SASA energy and binding
energy are evaluated by solving equations of continuum electrostatics of
bio-molecular systems under study by APBS (Adaptive
Poisson-Boltzmann Solver) method [75]. During the estimation of the
binding free energy (AGpinding), non-bonded interactions such as van der
Waal energy and electrostatic energy measured in terms of Coulomb and
Lennard-Jones (LJ) potential functions respectively is taken into the
account. The trajectories originating from 150 till 200 ns isolated at each
100 ps were employed in the MM-PBSA calculations. The results showed
that D-Cl has the lower binding energy (—67.918 kJ.mol-1) amongst all
the studied complexes (Table 4). The derivative D-CF3 has comparable
binding energy (—59.046 kJ.mol ™) to milciclib (—63.361 kJ.mol™1).
The derivative D-F has slightly unfavorable binding energy (—32.092 kJ.
mol~!) compared to other ligands. The van der Waal energy and polar
salvation energy influence the binding energy in D-Cl and milciclib
favorably. It is evident that replacing —Cl having slightly lower polar
salvation energy with electronegative —CF3 results in significant increase
in polar salvation energy and consequently the derivative D-CF3 has
slightly higher binding energy compared to D-Cl derivative. Slightly
higher van der Waal energy and least polar solvation energy results in
higher binding energy in the case of D-F derivative. The binding energies
of each isolated trajectories for these complexes are shown in Fig. 9A.
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The per residue domain decomposition studies were also performed to
understand the key contribution of the residues in these binding energies
Fig. 9B. In case of D-CFs, the residue Ilell and Vall9 were found
prominently contributing in binding energy. While, the residue Lys34
and Lys90 have positive energy contribution (above +5 kJ.mol™}) in this
derivative. In the case of derivative D-Cl, the residue Tyr180 and Pro229
has favorable energy contributions in terms of binding energy, while
basic and acidic residues Lys179 and Asp27 respectively have favorable
contributions in terms of electrostatic energy. The residues Ile50 and
Leu55 have favorable energies in the case of D-F derivative, while Arg51
has unfavorable energy contribution in the binding energy of D-F deri-
vate. Per residue decomposition analysis in milciclib showed that the
residues Thr199, Phe249, and Val252 have favorable energies, while the
residue Arg201 contributes unfavorably. In the case of D-CI the favor-
ably contributing residues have energy contributions better than —5 kJ.
mol~! compared to other ligands.

4, Conclusion

Our study demonstrated the binding interactions of halogenated
milciclib ligands with crystal structures of CDK2. We have employed a
series of halogen-directed milciclib drugs and subjected them to mo-
lecular orbital calculations, molecular docking, non-bonded interaction
analysis, pharmacokinetic analysis, MDS and MM-PBSA calculations.
Our analyses suggest that halogenation has improved the binding en-
ergy, binding affinity and pharmacokinetic properties of the parent drug
milciclib. There were some inconsistencies as the HOMO-LUMO energy
gap of the parent drug was found to be reasonably lower than its de-
rivatives, indicating that the parent drug was more chemically reactive.
Our findings, however, confirmed that -CF3 and —Cl directed modifi-
cations resulted in significant chemical reactivity, the best binding af-
finity, excellent nonbonding interactions, and better pharmacokinetic
properties compared to the parent drug. Among the best ligands, D-Cl
and D-CF3 had a slightly more stable conformation and higher binding
affinity compared to D-F as evaluated by MDS and MM-PBSA calcula-
tions. Halogenation of milciclib holds promising therapeutic potential as
HCC therapy. However, further in vitro and in vivo studies are required to
validate the anticancer efficacy of these ligands.
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