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Abstract

Palbociclib and Ribociclib are FDA approved drugs that target cyclin dependent kinases CDK4
and CDKG® to treat breast cancer. Herein, we conducted a cheminformatics analysis of a large set
of their analogs. The study highlights (i) several clusters of similar compounds with excellent
inhibitory profiles, (ii) their shared CDK-ligand intermolecular interactions as predicted by 3D

docking, and (iii) key dynamic interactions shared by highly active CDK4/6 inhibitors.
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1. Introduction

Under normal circumstances, the cell cycle is well controlled resulting in the perfect
balance between cell turnover and cell death. However, in cells where normal growth mechanisms
are disrupted, uncontrolled cell growth can give rise to clones that can divide and grow in a
disorderly way, which can lead to cancer. Several proteins are involved in the regulation of the
cell cycle, especially the Cyclin Dependent Kinases (CDKs) family, which consists of
serine/threonine kinases. CDK4 and CDKG6 are amongst the key regulators; they bind to the cyclin
D to be active. For the negative regulation, the retinoblastoma protein (Rb) acts as a tumor
suppressor, and its dysfunction causes cancer. The transition from G1 to S phase (DNA synthesis)
is regulated by the cyclin D-CDK4/6-Rb protein pathway where cyclin D1-CDK4/6 complex
phosphorylates Rb proteins and dissociates them from E2F transcription factor (Pandey et al.,
2019). However, diverse mechanisms such as the overexpression of cyclin D, mutation or
amplification of CDK4/6 and loss of Rb, can induce the activation of cyclin D-CDK4/6 and
subsequent hyperphosphorylation of Rb, leading to uncontrolled cell proliferation (Hamilton &
Infante, 2016; Pandey et al., 2019).

Breast cancer is a malignant tumor that can develop in mammary gland, particularly in
women. The use of CDK4 and CDKG® inhibitors has been proposed as an efficient strategy to treat
breast cancer (Chen et al., 2019). These inhibitors separate the CDK4/6-cyclin D1 complex and
block Rb protein phosphorylation, which results in the arrest of the cell cycle from progressing to
S phase and preventing subsequent cancer proliferation (Liu et al., 2018; Vanarsdale et al., 2015).
Three drugs, which target the ATP binding site of CDK4, have currently been approved by the
FDA (Food and Drug Administration): Palbociclib, Ribociclib and Abemaciclib (Hamilton &

Infante, 2016; Pernas et al., 2018; Sherr et al., 2016). Studies have shown that they are well
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tolerated, although several side effects were reported such as neutropenia (few neutrophils, a type
of white blood cells), along with diarrhea and nausea (Chen et al., 2019; Iwata, 2018). Palbociclib
was developed by Pfizer and approved in 2015; Ribociclib was developed by Novartis and Astex
Pharmaceuticals and approved later in 2017; and Abemaciclib was developed by Eli Lilly and
approved in 2017 (Sobhani et al., 2019). These three drugs have similar efficiency, however, the
two analogs Palbociclib and Ribociclib drugs were associated with a significantly reduced risk of
diarrhea and anemia, relative to Abemaciclib (Petrelli et al., 2019). Moreover, Palbociclib and
Ribociclib have higher affinity for CDK4 (pICso = 7.95 and pICso = 8 respectively) and CDK6
(pICs0 = 7.89 and plCso = 7.41 respectively) comparing to other cell cycle CDKs. On the contrary,
Abemaciclib is less selective (Portman et al., 2013), although it has very good activity (pICso =
8.70 for CDK4 and 8.30 for CDKG6) (Poratti & Marzaro, 2019). For these reasons, this study
focuses on analogs of Palbociclib and Ribociclib that inhibit both CDK4 and CDKS6, and we
studied their properties comparing to the two approved drugs.

Some previous works have been done to study analogs of Palbociclib. Wang et al. have
conducted an in vitro study to synthesize compounds by adding carbamates or amides to the tail
piperazine ring of Palbociclib, with measuring their inhibitory activity (Wang et al., 2016). They
selected one analog that has a higher activity than Palbociclib and showed that it has a similar
binding mode to Palbociclib based on molecular docking. An in vivo study suggests that this
compound is a promising tumor inhibitor, which provided additional information for the design of
new drugs. In another study, Rondla et al applied in silico analysis of six compounds using
molecular docking and 3D-QSAR pharmacophore mapping to identify new leads that target only
CDKA4. They selected six compounds that are considered as leads from a set of 287 hits (Rondla et

al., 2017).
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Surprisingly, there is no integrative analysis of all published analogs in the current
literature. Herein, we aimed at characterizing the physical-chemical properties of a series of
Palbociclib and Ribociclib analogs extracted from the ChEMBL database in regard of their
CDKA4/6 inhibitory activity. To do so, we performed a 2D analysis by clustering 234 selected
analogs (Davies et al., 2015; Gaulton et al., 2017) according to their structural properties. Then,
we pursued 3D molecular docking calculations towards CDK4 and 6 binding sites for these
analogs. For the compounds that achieved the top docking scores (some achieving even better
scores than both Palbociclib and Ribociclib), molecular dynamic simulations were performed.

Some of the findings could help in designing new CDK inhibitors.
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2. Material and methods

2.1. Dataset collection and curation

All chemical and biological data was extracted from the ChEMBL database (Davies et al.,
2015; Gaulton et al., 2017). We searched for analogs of the two FDA-approved drugs Palbociclib
and Ribociclib that had a similarity greater than 70% and obtained 5,803 Palbociclib analogs and
6,198 Ribociclib analogs. Then, we merged the results from the two queries and removed structural
duplicates. We selected all compounds that both inhibit CDK4 and CDK6 and have an
experimental biological activity expressed as ICso (concentration at which a drug inhibits a
biological process by 50% expressed in nM). In this study, we converted 1Csg to pICso in order to
scale all values (pICso = - logio (ICso X 10°%)). All analogs were curated following the protocol
developed earlier (Fourches et al., 2010, 2016). Briefly:

- We kept compounds for which we had both an experimental plCso value for CDK4 and
one for for CDK6. These values were extracted from the same source (e.g., CHEMBL14762)
where authors did the same assay for both CDK4 and CDKG®;

- For compounds with more than one pIC50 value corresponding for CDK4 and/or CDKS6,
we calculated the average. This is the case for 20 compounds where authors did assays for multiple
stereoisomers (e.g., CHEMBL3641995). It is also the case for one compound where plCsg values

where extracted from different reference sources (e.g., CHEMBL189963).

After curation, we obtained a set of 701 analogs that target CDK4 and 235 analogs that
target CDK®6. Thus, 467 analogs that target CDK4 don’t have a corresponding assay value for
CDKa®, and one compound has an assay for CDK6 but not for CDK4. These 468 compounds were

removed. Overall, we obtained a final dataset of 234 unique analogs with both experimental CDK4
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and CDKG® activities. Amongst these compounds, 20 correspond to a particular stereocisomer. Both
configurations were considered for the 3D analysis. Thus, we accounted for 254 structures in the
molecular docking simulation.

SDF files of 2D structures of the selected analogs were generated from SMILES codes
using OpenBabel (O’Boyle et al., 2011) in KNIME software (Berthold et al., 2008). The
stereochemistry of the 20 structures was checked with Maestro from Schrddinger Suite
(Schrodinger, LLC, New York, 2019) according to the document reference structure. Analogs
compounds were prepared using Ligprep from Schrédinger, where protonation states were
generated at pH 7 = 2 and an energy minimization using the OPLS3 force field was performed
(Harder et al., 2016). The curated compound structures are available in the Supplementary

Material.

2.2. Distribution and clustering

We studied the distribution of plICso in CDK4 and CDKG®6, and molecular properties of the
234 analogs using barplots in R software (R Development Core Team). We then generated 2D
descriptors of 234 analogs with RDKit tool from KNIME software (Berthold et al., 2008).
Descriptors were cleaned by removing null variance and redundant descriptors with a correlation
coefficient greater than 0.9. Then we performed a hierarchical clustering of the 234 analogs based
on 2D generated descriptors and we presented them in a circular dendrogram. We used Euclidean
distance and ward linkage and we colored the compounds according to plCsg values of CDK4, the

more is green, the more is active.
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2.3. Protein structure preparation

The crystal structure of human CDKG6/Vcyclin complexed with Palbociclib inhibitor was
selected from the Protein Data Bank (PDB code: 2EUF) (Berman et al., 2000). Only the chain B
corresponding to CDK6 was kept for the 3D study.

For CDK4, no wild type structure complexed to Palbociclib or Ribociclib exists in the
PDB. In fact, Day et al. crystallized four structures of CDK4 in complex with cyclin D1, and all
CDK4 are mutants (PDB codes: 2W96, 2W99, 2W9F, and 2W9Z) (Day et al., 2009). Moreover,
Takaki et al. crystallized wild-type CDK4 complexed to cyclin D3 (PDB code: 3G33), but it is in
the apo form (Takaki et al., 2009). CDK4 and CDK®6 have a sequence identity of 67%. Therefore,
we built an homology model based on the wild type CDK4 sequence, the 3G33 chain A structure,
as well as taking the structure of CDK6 as a additional template (PDB code: 2EUF chain B).
Prime’s energy-based method from Schrodinger suite was used (Jacobson et al., 2002, 2004) to
build and refine the homology model.

The receptors were prepared using Protein Preparation Wizard from Schrodinger Suite,
where missing side chains were generated with Prime (Jacobson et al., 2002, 2004), hydrogen
atoms were added, H-bonds assignment were performed at pH=7 with PROPKA, and an energy

minimization was performed with the OPLS3 force field (Harder et al., 2016).

2.4. Molecular Docking

Molecular docking simulation of 254 compounds was done with the CDK4 homology
model and the CDKG6 structures using Glide from Schrddinger Suite 2019-1 in standard precision

(SP) and extra precision (XP) modes, with a flexible ligand sampling (Friesner et al., 2004, 2006;
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Halgren et al., 2004). For the 20 compounds that have two stereoisomers, average docking scores
were calculated when they were represented in the circular dendrogram.

A grid box of 35 x 35 x 35 A was generated for CDK6 based on the centroid of the
Palbociclib ligand using Receptor Grid Generation from Schrédinger. The outer box defines the
volume in which the grid potentials are computed. The grid center has as coordinates x=30.3,
y=21.97 and z=60.27. All ligand atoms of a valid pose must be located within this outer box. The
inner box defines the volume that the ligand center explores during the exhaustive site-point search
and has as dimensions 12 x 12 x 12 A. For the CDK4 model, the grid with the same dimension
was generated based on the selected residues of the binding pocket defined in the literature (Rondla

etal., 2017).

2.5.  Molecular Dynamics Simulations

The top-scored docking poses and the FDA-approved drugs were taken as a template for
solvent-explicit and all-atom molecular dynamics simulations that were conducted using the GPU-
accelerated Desmond from the Schrodinger Suite (Desmond Molecular Dynamics System, 2018;
Bowers et al., 2006). Complexes were neutralized by adding counter-ions. The system was
immersed in a 10 x 10 x 10 A buffered orthorhombic box with a TIP3P water model. We have
worked in the isothermal-isobar NPT ensemble class, in which N (number of atoms), P (pressure
= 1.01325 bar) and T (temperature = 300K) remain constant. OPLS3e force field (Harder et al.,
2016; Jacobson et al., 2004; Jorgensen et al., 1996; Tirado-rives & Jorgensen, 1988) is used. The
simulation time for each run is 50 ns, with a recording interval of 50.0 ps for trajectory calculation.
Prior to each simulation, Desmond’s default relaxation protocol was performed to equilibrate the

system of interest. Protein-Ligand interactions plots were then generated and analyzed.
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3. Results and discussion

3.1. Distribution of analogs’ activity and properties

From the ChEMBL database, we collected a series of Palbociclib and Ribociclib analogs
with a similarity greater than 70%. After curation (see Material and Methods), we obtained a set
of 234 compounds with their corresponding experimental plCso values for both CDK4 and CDK6
kinases. The values of plCsp are ranging from 4.87 to 9.89 for CDK4 and from 4.63 to 9.44 for
CDKG6 (Table S1). As expected, plCso values of CDK4 and CDKG6 are correlated (R? = 0.85, see
Figure S1). Moreover, we calculated the difference between pICsg values of CDK4 and CDKG6 for
each compound. We showed that all compounds have values in the same range, with an absolute
difference less or equal to 1.2 log units (except for two compounds CHEMBL3702048 and
CHEMBL3972254, see Figure S2). For CHEMBL3702048, plCsxo is equal to 7.03 for CDK4 and
as low as 5.0 for CDKG6. This compound is reported in Patent No. WO 2009/085185 Al (2009,
example 140). For CHEMBL3972254, pICsp is equal to 5.0 for CDK4 and 6.96 for CDKG6. This
compound is reported in the same Patent No. WO 2009/085185 Al (2009, example 162).

Interestingly, 75% of the total number of compounds that inhibit CDK4 and 71% of the
total number of compounds that inhibit CDKG6 in our dataset have a plCsg value comprised between
7.5 and 9. Thus, the vast majority of those compounds are very active. Again, Palbociclib has a
pICso of 7.95 for CDK4 and 7.89 for CDKG6, whereas Ribociclib has a pICso of 8.0 for CDK4 and

7.41 for CDKG6 (Figure 1).
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Figure 1. A. Distribution of pIC50 values of Palbociclib and Ribociclib analogs for CDK4 and CDKG6. B.
Chemical structures and pIC50 values of Palbociclib and Ribociclib drugs towards CDK4 and CDKG®.

Three key physical chemical properties (e.g., Molecular Weight (MW), lipophilicity
(AlogP) and Polar Surface Area (PSA)) were computed for these compounds (Figure 2). First, the
mean of MW is 445 + 33.6 g.mol™ and 91% of analogs have a MW less than 500 g.mol?. As
references, Palbociclib has a MW of 447.54 g.mol™ and Ribociclib has a MW of 434.55 g.mol*
(Table S2). Second, the mean of AlogP is 3.8 + 0.8 and 95% have an AlogP less than 5. AlogP of
Palbociclib and Ribociclib are equal to 2.97 and 2.80 respectively (Table S2). Thus, the vast
majority of analogs respect those two Lipinski’s Rule of Five for druglikeness (Lipinski et al.,
2001). Concerning PSA, the dataset average is 94.4 A? + 15.1. For Palbociclib, it is equal to 105.04
AZ and to 91.21 A2 for Ribociclib. When PSA is greater than 140 A?, a compound tends to have a
poor permeability (Veber et al., 2002). All analogs have a PSA between 58 and 151, thus, likely

have a good oral bioavailability, with only two analogs not respecting the threshold of 140 A2,
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Figure 2: Distribution of molecular properties of Palbociclib and Ribociclib analogs: A. Molecular
Weight, B. Hydrophobicity — AlogP, and C. Polar Surface Area — PSA.

3.2. CDK4 homology model and CDK®6 Structures

Sequences of CDK4 (PDB code: 3G33 chain A) and CDK6 (PDB code: 2EUF chain B)
were aligned using Prime and we found 67% sequence identity. Then we built a CDK4 homology
model based on the CDKG6 crystal structure (See Material and methods). The RMSD (Root Mean
Square Deviation) between CDK4 model and the template CDK6 was equal to 0.14 A. RMSD of
CDK4 model on CDK4 crystal structure (PDB code: 3G33 chain A) is equal to 1.94 A.

Binding site residues were identified according to the literature and represented in Figure
3. In total, 16 residues are the same for both CDK4 and CDKG®, and three residues are different,
i.e. Val19, Arg106 and Glul149 of CDK4 substituted respectively by Gly21, Thr109 and GIn152

in CDKG.
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Figure 3: Alignment of CDK4 (PDB code: 3G33 chain A) and CDK6 (PDB code: 2EUF chain B) colored
according to Residue Homology. The residue pairs are white when there is no homology, red when there is
an exact match and yellow for similar residues (BLOSUM62 (Henikoff & Henikoff, 1992)). Binding sites
residues are framed in black and numbered according to CDK4 numbering in PDB code: 3G33 chain A.
Residues that are mutated between CDK4 and CDKG6 are framed in red.

3.3.  Molecular Docking

Molecular docking of all analogs was performed towards CDK4 and CDKG6 structures
(Figure 4). Importantly, we also performed molecular docking taking as receptor mutant and apo
crystal structure of CDK4 (PDB codes: 2W96 and 3G33 respectively), and it led to fairly higher
docking scores. This confirms the results previously reported by (Rondla et al., 2017), i.e., -5.8
kcal/mol for Palbociclib and -6.0 kcal/mol for Ribociclib. This could be due to the fact that apo
binding pocket residues are not favorably oriented (Figure S3) to allow for ligand docking (data

not shown).
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Figure 4: 3D structures of CDK4 homology model and CDK6. A. The homology model of CDK4 is based
on PDB code: 3G33 chain A sequence, taking CDK6 (PDB code: 2EUF) as template structure. It is
represented in dark blue cartoon. B. CDKG6 structure is represented in grey cartoon. Binding site residues
are represented in red surface. Residues were defined from Rondla et al. 2017. The docking grid box was
generated based on these binding resdues.

in a scatter plot colored according to plCso values (Figure 6). Docking results showed that there
is an acceptable separation between very active and less active analogs. Indeed, Figure 6 illustrates
the most active analogs in light green which have the lowest DS and the lowest Emodel. In contrast,
less active compounds (in orange and red) have high DS and high Emodel. According to Figure
6, SP DS match better with pICso values than XP DS. CHEMBL3702087 (Figure S4) is the topl
analog for CDK4 and CDK®6 with a XP DS equal to -11.86 kcal/mol for CDK4 and -12.22 kcal/mol
for CDKG®, but its pICsp values are respectively 7.80 and 6.95 (Table S2).

We particularly focused on complexes that afforded the best docking scores (DS) with SP
method (Figure 5) to be selected for MD simulations. These compounds also achieved better
experimental pICso than that of both Palbociclib and Ribociclib. The top-ranked compound for
CDK4 (topl-CDK4) is CHEMBL3698681 (Figure 9) (DS=-11.13 kcal/mol, pICso for
CDK4=8.70, plCso for CDK6=9.12) and the top ranked compound for CDKG6 (top1-CDK®6) is
CHEMBL3702089 (Figure 9) (DS=-11.16 kcal/mol, plICso for CDK4=8.07, plCso for

CDK6=7.51). We have also been interested in the fifth top-ranked compound with SP docking in
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CDKG6 (top5-CDK®6), which is CHEMBL3698657 (Figure 9), because it affords a very high pICsg

of 9 for CDK4 and 9.39 for CDKG6.
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Figure 5. Docking poses of three interesting compounds. Top1-CDK4: the protein is represented in dark
blue cartoon, ligand in magenta stick, and pocket residues are represented in magenta surface. Top1-CDKG6:
the protein is represented in grey cartoon, ligand in green stick, and pocket residues are represented in green

surface. Top5-CDKG6: the protein is represented in grey cartoon, ligand in cyan stick, and pocket residues
are represented in green surface. Residues involved in interactions are represented in red stick.
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3.4. RDK:it descriptors and hierarchical clustering analysis
Physicochemical 2D descriptors were calculated with RDK:it for the 234 analogs. Then, a
hierarchical clustering was performed based on these descriptors, a Euclidean-based distance, and
a Ward-linkage. Results were represented in a circular dendrogram and colored according to pICso
values for CDK4 and CDKG6 (Figure 7). In Figure 9, we added layers for most relevant properties.
In Figure 8, we added layers that represent DS with SP and XP models to visualize DS with pICso

for each compound. We identified four main clusters that we analyzed cluster by cluster.
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Figure 7: Hierarchical clustering of Palbociclib and Ribociclib analogs based on 2D descriptors generated
with RDKit. Euclidean distance and ward linkage were used. Ligands are colored by pICs, of CDK4 (high:
green, low: red). Cells around the circular dendrogram corresponding to each ligand are colored by plCso
of CDK4 and plCso of CDK6. The number of the studied clusters are represented in purple circles.
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Figure 9: Hierarchical clustering of Palbociclib and Ribociclib analogs based on 2D descriptors generated
with RDKit. Ligands are colored by plCsy of CDK4. Cells around the circular dendrogram corresponding
to each ligand are colored by plCso of CDK4 and plCsy of CDKB. Cells around the plCso values correspond
to Docking scores (SP and XP) in CDK4 and CDKG6 (high: black, low: cyan).

Clusters 1 and 2 contain the most active compounds with highest plCso.

Cluster 1 is characterized by including CHEMBL3698644 with the best pICso for CDK6
(9.44), which is also the second best for CDK4 (9.49). Moreover, all compounds of this cluster are
characterized by having the lowest fraction of sp3 carbons but also the highest number of aromatic
rings (5), which are inversely related (Ritchie & Macdonald, 2014).

Cluster 2 contains the most favorable analogs regarding their physicochemical properties,
i.e. HBA (Hydrogen Bond Acceptors) less than 10, HBD (Hydrogen Bond Donors) less than 5,
MW less than 500 g.mol™* (Lipinski et al., 2001) and TPSA less than 100 A?. All compounds of
this cluster have 4 aromatic rings. It contains the most active compound in CDK4

(CHEMBL3698653) with a plCso of 9.88. It also contains the promising compound top5-CDK6
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which has a better docking score than Palbociclib and Ribociclib drugs (Table S2). This cluster
contains also topl-CDK4 (CHEMBL3698681).

Cluster 3 is characterized by having compounds with the highest MW, and high
LabuteASA and also high PSA. LabuteASA is the approximative van Der Waals Surface Area of
an atom in a compound defined by Labute as the amount of surface area of that atom not contained
in any other atom of the molecule (Labute, 2004). Analogs of this cluster are also characterized by
a high number of rotatable bonds.

Cluster 4 contains both Palbociclib (CHEMBL189963) and Ribociclib
(CHEMBL3545110). This cluster also contains the topl-CDK6 (CHEMBL3702089). This
compound affords better pICso than the FDA approved drugs, and it has similar values of
physicochemical properties (Table S1).

Two compounds present a little effect on CDK4/6 with a plCso less than 5, i.e.
CHEMBL14762 and CHEMBL3972254. Amongst them there is Seliciclib (CHEMBL14762), a
drug candidate in phase 2. This shows that even if Seliciclib is a structural analog of Palbociclib
and Ribociclib, it is not targeting CDK4/6. Indeed, Seliciclib inhibits CDK2/E, CDK2/A, CDK7
and CDK9 with much higher plCso than for CDK4/6, e.qg. the pICso is equal to 7 for CDK2/E and
equal to 4.87 for CDK4 (Heathcote et al., 2010).

Cluster 4 contains top5-CDKG6. It has better plICso for both CDK4 and CDK6 than
Palbociclib and Ribociclib. It also has better physicochemical properties for TPSA, MW and
number of HBA. Top1-CDK4 is in this cluster and it has better pICso in both CDK4 and CDK6
than Palbociclib and Ribociclib, it has better physicochemical properties for TPSA, MW and

number of HBA (Table S1).
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We were interested in the CHEMBL3115681 compound, described by Reddy et al. as a
potent inhibitor of CDK4/6 (Reddy et al., 2014). This compound belongs to cluster 4 (Figure 9)
and achieves a better plCso than the FDA approved drugs with favorable physicochemical
properties (Table S1). However, this analog is not well ranked compared to Palbociclib and

Ribociclib despite the good docking scores (Table S2).

3.5.  Molecular Dynamics Simulations

MD simulations were performed for top-ranked complexes with SP docking and for
Palbociclib and Ribociclib complexed with CDK4 and CDK6. We analyzed their protein-ligand
interactions illustrated in Figure 10 and reported in Table 1. For CDK4 complex, residues that
interact directly with Palbociclib are Val101, Asp104, and Thr107. We note that Glu61, Asp163,
and Phel64 interact via a water bridge. With Ribociclib, residues are Vall01l and Aspl63.
Residues that interact with Palbociclib in CDK®6 are Thrl07, Val101, GIn149, and Asp163. For
Ribociclib in CDKS, residues involved in interactions are Thr107, Val101, Asp163, and Aspl104.
Topl-CDKG®6 has key interactions with VVal101, Asp163, Glu61 and Phe98, whereas Top5-CDK6
has interactions with Thr107, Val101, and Phe98. Residues involved in interactions with topl-

CDK4 are Thr107, Val101, Phe98, and Val19.
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Figure 10: Protein-ligand interactions of selected compounds generated with Desmond. A. FDA approved
drugs. B. Interesting compounds resulted from docking. Interactions that occur more than 30.0% of the
simulation time in the selected trajectory (0 through 50 ns), are shown.
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Palbociclib-| Ribociclib- | Palbociclib{Ribociclib-| Topl-CDK4 Top1-CDK6 Top5-CDK6

Residues CDK4 CDK4 CDK6 CDK6 |CHEMBL3698681| CHEMBL 3702089 | CHEMBL 3698657

Vall9
Lys43
Glu6l
Phe98
Val101
Aspl04
Thr107
GIn149
Aspl63
Phel64

Hbond

Hbond via H,O
1 interaction
No interaction

Table 1. Recapitulative summary of the residues involved in interactions for Palbociclib, Ribociclib and
top ranked analogs complexed with CDK4 and CDKG®.

These results show that selected analogs share similar interactions as the two FDA
approved drugs, such as Val101 involved in all complexes, or Thr107 present in all complexes
except Ribociclib-CDK4 and top1-CDKG6. Interestingly, n-interaction involving Phe98 is absent
in Palbociclib and Ribociclib with both CDK4 and CDK®, and this interaction is specific to all
other analogs reported in Table 1. This dynamic interaction seems to lead to a better pICso, as
these selected analogs all achieve higher inhibition activity than Palbociclib and Ribociclib.
Residue Asp163 is involved in dynamic interactions for all complexes with FDA-approved drugs
and with top1-CDK6 (CHEMBL3702089) (Figure 10); however, we note that for Palbociclib this
residue interacts via a water bridge, contrary to Ribociclib and topl-CDK6 with the direct
hydrogen bond. This difference has minor effect on the solubility of Palbociclib and Ribociclib
(Table S1). Our results also showed that there is no specific dynamic interaction that clearly leads
to more specificity toward CDK4 or toward CDKG6. The design of a new CDKG® inhibitor with high
selectivity is thus highly challenging, even though CDKG6 has unique functions that are specific to

certain cell types and have distinct development mode (Tadesse et al., 2015).
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Overall, analogs CHEMBL3702089, CHEMBL3698657 and CHEMBL 3698681 could be
of high interest for additional experimental investigations, considering their high inhibitory
activity, favorable physicochemical properties and their good affinity towards CDK4 and CDKB6.
This study could also be conducted in the same way to analyze analogs of the FDA approved drug
Abemaciclib and to characterize their properties. Its inhibitory activity (pICso) is of 8.70 for CDK4
and 8.30 for CDKG6 (Poratti & Marzaro, 2019). Abemaciclib is not an analog of Palbociclib and
Ribociclib at 70% of similarity but could represent an interesting candidate for an extended

cheminformatics study (Hamilton & Infante, 2016; Pernas et al., 2018).

4. Conclusions

Our cheminformatics study allowed us to characterize and describe a large set of analogs
of Palbociclib and Ribociclib FDA approved drugs. We combined these results with molecular
docking and molecular dynamics simulations to identify the key dynamic CDK-inhibitor

interactions that could help for future molecular design.
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