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Abstract

There are around 20 Cyclin-dependent kinases (Cxdsyvn till date, and various research
groups have reported their role in different typésancer. The X-ray structures of some CDKs
especially CDK2 was exploited in the past few yearsl several inhibitors have been found,
e.g., flavopiridol, indirubicin, roscovitine, ettut due to the specificity issues of these inbiisit
(binding to all CDKs), these were called as panibimrs. The revolutionary outcome of
palbociclib in 2015 as CDK4/6 inhibitor added a newarm to the specific inhibitor design for
CDKs. Computer-aided drug design (CADD) tools addedbenefit to the design and
development of new CDK inhibitors by studying theding pattern of the inhibitors to the ATP
binding domain of CDKs. Herein, we have attemptedoanparative analysis of structural
differences between several CDKs ATP binding sied their inhibitor specificity by depicting
the important ligand- receptor interactions foraatigular CDK to be targeted. This perspective
provides futuristic implications in the design ohibitors considering the spatial features and

structural insights of the specific CDK.
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Highlights

* CDKs are involved in cell cycle progression, andngnaf them are overexpressed in
various cancers

» Development of a specific CDK inhibitor is a chalje and requires exploitation of X-
ray structures

* Nature and position of active site residues, lig@@K binding and structural features of

ligand play a major role in the design of selectB2K inhibitors



1. Introduction

Cell cycle dysregulation resulting in mitogenic ragng and leading to uncontrolled
proliferation is one of the hallmarks of cancer]1-Cyclin-dependent kinases (CDKs), a family
of serine/threonine protein kinases are known &y @ vital role in cell cycle regulation and
modulate transcription activity [5, 6]. Unlike othkinases, CDKs require cyclin (a protein
subunit) that provides additional sequences foymatic activity [7]. Till date, 20 subfamilies
of CDKs are known; three (CDK1, 4 and 5) are ineolyn cell cycle, and five (CDK 7, 8, 9 and
11) are associated with transcription [8-10]. lrehrall the CDKs have a two-lobed structure-N-
terminal having beta sheets and C-terminal compo$echelices. N-terminal lobe contains G-
loop (rich in glycine) inhibitory component, andt€minal contains activation segment that also
includes phosphorylation residues; serine or threfknown as T-loop in the case of CDKSs)
(Figure 1).
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Figure 1. Representation of CDK2 as a prototype CDK protenna with cyclin A and ATP

and T loop helps in activation of the ATP bindiriig svhen cyclin gets bound to the CDK

Table 1.Cyclin dependent kinases: classification, theieraind association in cancer

. Location on Crystal
CDK . . Cyclin .
Biological role Role in type of cancer |chromosome | structure
subtypes partner .
available
Control of M S eETEEn, LUE 10921.2 Yes
CDK1 |phase of cell cyc| Cyclin B ’
P e cancer, Bladder cance 13.80 kbp
[11]
Control of G1-S 12913.2 Yes
CDK2 |phase of cell cyc| Cyclin E Breast Cancer,
P ye -y Melanoma 4.6 kbp
[12]
Control of G1-S . . 12q13.2 Yes
. Thymic Carcinoma,
CDK2 |phase of cell cyc| Cyclin A
Lymphoma 4.6 kbp
[12]
SRS DNA damage Cyclln c Renal Car\cer’ Lung 17q251 No
Repair [13] cancer, Liver cancer 4.0 kbp
Control of G1 Melanoma, Breast 12g14.1 Yes
phase of cell cyc . Cancer, Osteosarcomsd
CDK4 Cyclin D _ 3.2kbp
and Rb/E2F yelin Skin cancer, Bladder
transcription [14] cancer, Lung cancer
o Neuronal functiol p35 and Lung cancer, 70936.1 Yes
[15] p39 Neuroblastoma 3.8 kbp
trol of G1 7921.2 Y
hc;:(: (r)c; coell(?: c Breast cancer, Skin g es
CDK6 | y Cyclin D | cancer, Bladder cance| 218 kbp
and Rb/E2F
. Stomach cancer
transcription [14]
oK Activates CDKs ovelin 1 Breast cancer, Lung 5013.2 Yes
kinase, Involved “Y SR 42.1 kbp

in transcription




[16]

Role in WntB- 13912.13 Yes
catenin pathway 149.5 Kbp
CDK8 and RNAPIl | CyclinC| -
transcription [17
18]
RNAPII 9g34.11 Yes
t ipti . B t , L
CDK9 ranscr.lp ion ang Cyclin T reas can(?er ung 3.4 kbp
repair DNA cancer, Cervical canceg
damage [19]
ETS2 _ 16924.3 No
CDK10 L CyclinM| -
transcription [20] 24.3 kbp
Urothelial cancer, 1p36.33 No
CDK11A [RNA splicing [21] Cyclin L | Colorectal cancer, Hea 24.61 Kbp
and Neck Cancer
Urothelial cancer, 1p36.33 No
CDK11B |RNA splicing [21] Cyclin L | Colorectal cancer, Hea 24.61 kbp
and Neck Cancer
Skin cancer, Pancreati 17912 Yes
RNAPII cancer, Melanoma, 69.2 kbp
CDK12 | transcription and Cyclin K | Lymphoma, Head and
DNA damage [272 Neck Cancer, Cervica
Cancer, Carcinoid
RNAPII o 7pl4.1 Y
CDK13 |transcription [22| Cyclin K Carcinoid, Colorectal i >
P 4 cancer 144.1 kbp
23]
Role in Wntp- 70921.13 No
CDK14 | catenin pathway Cyclin Y Prostate cancer 391.6 kbp
[24]
Antiapoptotic _ Renal cancer, 2033.1 No
CDK15 p. > Cyclin Y .
protein[25] Pancreatic cancer 81.8 kbp




STETTEEETES Endometrial cancer, Xpll.3 Yes
CDK16 [26] Cyclin Y | Lymphoma, Ovarian 5.2 kbp
cancer
. Carcinoid, Colorectal 120g23.1 No
Phosphorylation cancer, Melanoma
CDK17 |of Histone protei| -------- ’ ' [ 122.3 kbp
Renal cancer, Thyroid
[27]
cancer
Signal Melanoma, Thyroid 1g32.1 No
CDK18 transduction | -------- cancer, Cervical cance| 8.1 kbp
cascade [28] Glioma
Transcriptional Head and Neck cance clgfd Mg
CDK19 - puonal) - Melanoma, Glioma, 131.1 kbp
activity [18]
Prostrate cancer
i 9922.1 No
CDK20 Activates | |
CDK2[29]. 6.9 kbp

The role of various CDKs in the cell cycle progressis represented in Figure 2. Briefly, p53
which is an important regulator of both G1/S, arRING checkpoint interacts with cyclin B and
CDK1 [30]. After that cell enters early G1 phaséijaeh is mitogen dependent and acted upon by
cyclin D in conjugation with CDK 4 and 6 [31]. Tigeowth factors are required to play their role
at this point. Once the cell progress pasts theicgen point, mitogens are no longer needed for
cell cycle progression. Cyclin D in conjugation viEDK4 and 6 promotes and ensures the cell
progression beyond the limit point by phosphoigiziand thus inhibiting retinoblastoma (RB),
which allows E2F-mediated S-phase gene transcnif@®) 33]. The cell then enters S-phase
where DNA replication occurs. The G1/S checkpolluves checking of DNA integrity before
cell DNA is replicated. Cyclin A and CDK1, 2 playwal role in S phase. CDK inhibitors
thereby halt the progression of the cell cyclerdyibiting the cyclins and the CDKs. They act at
multiple phases of cell cycle primarily at G1/S &2/M checkpoints.
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Figure 2. lllustrative view of cell cycle along with CDKsvolved in cell cycle progression. The
figure briefly explains the interaction of variooscogenes (cyclins, CDKs, E2F, MYC, Mdm2)
and tumor suppressor (RB, p53, p21, p27, p57, p&F, BRCA 1, BRCA 2, ATM) involved

in cell cycle progression with CDKs.

Activation of CDK involves binding of CDKs with tirerespective cyclins at the C-terminal via
noncovalent interactions and leads to the accdisgilmf ATP to the catalytic site for
phosphorylation of threonine. A list depicting tassociation of cyclins with CDKs and their
overexpression in various cancers has been preséent€able 1. Some of the CDKs do not
require cyclin for activation; for instances, sueh viral cyclins (cyclins from a virus), CDK5
activators (p35 and p39 have no homology with ogliRINGO/ Speedy family (small proteins
with no homology to cyclins) [34, 35].

The endogenous ligands that activate the CDKs arelyncyclins. These are classified as cyclin
A, cyclin B, cyclin C, cyclin D, cyclin E, cyclin ,Fcyclin H, cyclin K, cyclin L and Cyclin T.

These cyclins play a significant role in cell cypi®gression by activation of ATP binding site.



Cyclin A forms a complex with CDK1 and CDK2 and peein the regulation of S phase [11, 36].
Cyclin B is also called as maturation or mitosigrpoting factor as it forms complex with CDK1
and controls the M phase of the cell cycle [11, 88jclin C and H activate CDK8 which in turn
plays a significant role in RNAPII transcriptiondaalso inhibits the lipogenesis [17, 37]. Cyclin
D in complex with CDK4 and CDKG6 controls the G1 paaf cell cycle [38]. Cyclin E helps in
the Rb/E2F transcription via formation of a compleith the CDK2 and controls G1-S phase
[39]. Cyclin K helps in the RNAPII transcription bigrming a complex with CDK12 and
CDK13 [22, 23, 40]. Cyclin L and CDK11 associateprform RNA splicing. Cyclin T with
CDK9 plays a major role in RNAPII transcription [4Lyclin Y/CDK14 drives the Wnft
catenin pathway [42].

The cyclin-dependent kinase deactivation is carpad by a particular group of proteins
cyclin-dependent kinase inhibitors (CDKIs). Theseup of proteins blocks kinase activity by
interfering with the interaction of cyclin-CDK conex [43]. The inhibition of CDK naturally
occurs during a G1 phase in response to signats tamaged DNA. In the eukaryotic cells,
there are two types of naturally occurring (CDKfa)nilies namely the INK4 (inhibitor of
CDK4/6) family and the CIP/KIP (inhibit other CDK$44]. The INK4 family comprises of
p1eNkea p1gVkic p18NKP and p18™“ which are specific inhibitors of CDK4 and CDKBat
binds to the CDK monomers [45]. These proteinsatgse reported to play a major role in tumor
suppression, aging, apoptosis and DNA repair [@8P/KIP proteins are nonspecific and bind to
cyclin and CDK or cyclin/CDK complex. This familyf proteins enhances complex cyclin D-
CDK4/6 formation by activation of cyclin D [43].

The dysregulated activation of CDKs has been astatiwith various cancers, viral
infections [47, 48], Alzheimer [49], Parkinson [S®1], renal diseases [52] and ischemia[47,
48]. The role of CDKs in the pathogenesis of vasialiseases has encouraged an intensive

search for potent and selective pharmacologicibitors of CDKs [53].

The inhibition of the CDKs occurs naturally by IN&K4nd CIPs. Small molecules are being
discovered and developed as CDK inhibitors whiclmigdarget ATP binding domain of CDK-
cyclin complexes in a reversible and competitivenng or by allosteric inhibition (Figure 3)
[54, 55]. Betzi et al. elucidated the structure@DK2 with the inhibitor ANS that acts on
allosteric site [56, 57]. In 2015, palbocicilib svapproved by FDA as CDKA4/6 inhibitor.



Recently, ribocicilib (Kisqali) and abemacicilibeaapproved by FDA in March and July 2017,
respectively. Although several CDK inhibitors sues, selicicilib, micicilib, dinacicilib,
AT7519, atuvecicilib, SNS-032, etc. are in varialisical phases and some (covalent inhibitors:
THZ1, THZ531, and BS-181, LDC000067) are under lpr@al development stage (Figure S3)
but developing a potent and selective inhibitastils a challenge (Figure 4)[58-61].

/l

ATP binding site

Allosteric
site

Figure 3. Structure depicting the Cyclin Dependent Kinaswith JWS648 inhibitor in ATP
binding site and ANS in allosteric binding site (RID: 3PXZ)
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Figure 4. Chemical structures of CDK inhibitors along witkeithclinical status, selectivity and
inhibitory concentrations.

A review by Roskoski covered CDK inhibitors in ¢tial and preclinical studies [54]. Recently
Li et al. published a review article which mainlgadt with CDK inhibitors and their structure-
activity relationship studies [55]. The present osoript is first of its kind, its first part
highlights on overview of each class of CDKs, thehibitors, and their available X-ray crystal
structures till date. The next section deals wétttdrs contributing to the selective inhibitionaof
particular CDK based on either active site residofe€DK, ligand-CDK binding or chemical
architecture of ligand, etc. The facts were furtlberroborated by taking case studies and

performing computational studies.

2. CDKs: Location, X-ray structures, and sequence aligment
2.1.CDK1

CDK1 encoding for CDK1 protein is located on chramme 10g21.2 13.80 kbp in length. The
gene is ranging from 62,539,923 positions to 62,653 on the chromosome. Four crystal
structures of CDK1 are known. All the PDB IDs haveimilar number of residues except in
5HQO0 which represents the CDK1 protein as a dimh@vas observed that LEU83, GLU81 form
hydrogen bond and METS85, ILE10, ASP146 possessopyabic interactions with CDK1
inhibitor LZ9 (Table 2; Figure 5)

Table 2. X-ray crystal structures of CDK1

PDB | Resolution | Total Co-crystallized | Ligand interactions with | Reference
ID (A residues | ligand amino acids (if
available)
4Y72 | 2.3 659 LZ9 LEU83, GLU81, MET85[62]
ILE10, ASP146
4YC3 | 2.7 659 MPD ASP146
(Pentanediol)
4YC6 | 2.6 654 No Ligand --
5HQO | 2.3 1528 LZ9 LEU83, GLU81, MET85,
ILE10, ASP146

CDK1 protein active site residues were aligned K protein active site using Smith-
Waterman Sequence Alignment as CDK2 is the morensitely studied CDK. It was observed
that both the proteins had89.19 % similar resicues 74.32 % identical residues (Chart 1 and
Figure 5d).
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Query: 4Y72 Chain: A, Length: 302
Subj ect: 4FKL Chain: A, Length: 74
ldentities: 55/82, i.e., 18.21 % (query) and 74.32 % (subject)
Simlars: 66/82, i.e., 21.85 % (query) and 89.19 % (subject)

4Y72. A 6 MEDYTKI EKI GEGTYGVVYKGRHKTTGOVWWANKKI RLESEEEGVPSTAI REI SLLKELRH 65
N N RN RN R R R R R AR R RN FEECEEEEETErrT |
PDP: 4FKLAa 1 NMENFQKVEKI GEGTYGVVYKARNKLTGEWALKKI - - - - - - - - VPSTAI REI SLLKELNH 52
4Y72. A 66 PNl VSLQDVLMPSRLYL! FEF 87
R N e AR N
PDP: 4FKLAa 53 PNI VKLLDVI HTENKLYLVFEF 74
Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |

Chart 1. Smith Waterman sequence alignment depicting theesexg similarity and difference
between the aligned protein CDK1 and CDK2

(d)
Figure 5. (a) 3D X-ray crystal structure of CDK1 with cyclid (PDB ID: 4Y72) (b) 3D

interaction diagram of bound inhibitor LZ9 in CDKdctive site (c) 2D interaction diagram
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depicting critical amino acid residues for the bition of CDK1 (d) Aligned proteins showing
the identical structures between the chains of CIPRihk color) (PDB ID: 4Y72) and CDK2
(Cyan color) (PDB ID: 4FKL)

2.2. CDK2

CDK2 gene is located on the longer arm12913.2 4.6 kbp in length and occupies 56,360,792
positions to 56,365,409 on the chromosome. Thexé8@0-900 crystal structures of CDK2 with
ligands or inhibitors. Extensive work has beeniedrout to achieve inhibition of CDK2. All the
PDB IDs have near about same residues, and sorse axidimers, trimers or tetramers. The
monomeric CDK2 contains around 280-306 residuesgdneral, a CDK2 inhibitor binds to
CDK?2 via hydrogen bonding interactions (LEU 83, GBU), hydrophobic interactions (VAL18,
ILE10, ASP146) and Pi-cation interactions (LYS33hme of the selected PDB IDs of CDK2
with inhibitors/ligands and residues involved iteiractions are summarized in Table 3; Table S1

see supplementary content and Figure 6 (b).

Table 3. X-ray crystal structures available for CDK2

PDB | Resolution | Total Co- Ligand interactions with | Reference
ID (A) residues crystallized | amino acids (if available)
ligand
4FKL | 1.26 299 CK2 LYS33, GLU81, LEU134
4115 2.15 1112 ADP LYS33, ASP86, LEUS8B[63]
GLU81, GLN131, Mg,
LEU134
5IEV | 2.03 298 RON LEU83, ASP86, LEU134 [64]
5K4J | 1.60 299 6QB LEU83, ASN132, LEU134  [65]
5L2wW | 2.8 606 1QK LEU83, ILE10, PHES82] [55]
(Dinacicilib) | GLY11, VAL18. GLN131,
ALA31, LEU134

13



(a) (b)

GLN131 ASN132 )
ALAl44

(<)

Figure 6. Structural features of Cyclin Dependent KinaseCDK2) (a) 3D X-ray crystal
structure of protein PDB ID: 4FKL was taken as dtad protein for comparison with other
CDKs (b) 2D interaction diagram depicting the iatgion of PDB ID: 4FKLwith inhibitor (c)
3D interaction diagram of bound inhibitor CK2in CBlactive site

2.3.CDK4

Cyclin dependent kinase 4 is located on chromost?gd4.1. It is a thin band of around 3.2 kbp
ranges from 58,142,307 positions to 58,145,500 len ¢hromosome. Around five crystal
structures of CDK4 have been reported without angrgstallized ligand. All the PDB IDs have
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similar 577 residues, except for dimer PDB ID: 3@88tains 1228 residues (Table 4). The 3D
crystal structure of CDK4 (PDB ID:2W9Z) has beepresented in Figure 7(a)

Table 4. X-ray crystal structures for CDK4

PDB R;‘esolution Total residues | Co-crystallized ligand Reference
ID (A)

2W96 | 2.93 577 No ligand [66]
2W99 | 2.8 577 No ligand

2W9F | 2.85 577 No ligand

2W9Z | 2.45 563 No ligand

3G33 | 3.0 1228 No ligand [67]

CDK4 protein active site residues were aligned RKE protein active site. Both the proteins
were having 70.27 % similar and 48.65 % identiealdues (Chart 2 and Figure7b)

Query: 2\WZ Chain: B, Length: 306
Subj ect : 4FKL Chain: A, Length: 74
ldentities: 36/86, i.e., 11.76 % (query) and 48.65 % (subject)
Simlars: 52/ 86, i.e., 16.99 % (query) and 70.27 % (subject)
2WZ. B 6 YEPVAEI GVGAYGTVYKARDPHSGHFVALKSVRVPNGEEGLPI STVREVALLRRLEAFEH 65
e R R e B N S I A |
PDP: 4FKLAa 4 FCOKVEKI GEGTYGWYKARNKLTGEWWALKKI - - - - - - - - VPSTAI REI SLLKELN- - - H 52

2W0Z. B 66 PNVVRLNVDVCATSRTDREI KVTLVFE 91
[ I I O B [ 1 T
PDP: 4FKLAa 53 PN VKLLDVI HT- - - - - ENKLYLVFE 73
Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |

Chart 2. Smith Waterman sequence alignment depicting theesexg similarity and difference
between the aligned protein CDK4 and CDK2
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b4

Figure 7. (a) 3D X-ray crystal structure of protein CDK4 (BID: 2W9Z) (b) Aligned proteins
showing the identical structures between the chafngrotein CDK4 (yellow color) (PDB ID:
2W9Z) and CDK2 (cyan color) (PDB ID: 4FKL)

2.4. CDK5

CDK5 has appeared as an essential kinase in sepswinyays and is required for proper
development of the brain. It is located on the lang of chromosome 7. It positions 7936 with
3.8 kbp size ranges from 150,751,095 position @ 254,935 on the chromosome. There are six
crystal structures of CDK5 known with good resalati out of which 5 PDB IDs contain co-
crystallized ligand and inhibitors while one PDB:IDH4L does not include any ligand. In
general, the CDK 5 inhibitors interact with CDK&viydrogen bonding (CYS83, GLU 81), and
hydrophobic interactions (ILE10, GLN85, and LEUL13Bhe structure of some selected PDB
IDs of CDKS5 with inhibitors, ligands, and residuasolved are depicted in Table 5, and the 3D
and 2D interaction diagrams representing interastiof (PDB ID: 1UNH) with indirubicin are

shown in Figure 8 (b) and (c).

Table 5. X-ray crystal structures available of CDK4

PDB | Resolution | Total Co-crystallized | Ligand interactions | Reference
ID (A) residues | ligand with amino acids (if
available)
1H4L | 2.65 877 No Ligand -- [68]
1UNG | 2.3 1000 ALH (ALOSINE)| CYS83, LEU133,[69]
ALA31
1UNH | 2.35 1000 IXM GLU81, CYS83,

16



(INDIRUBICIN) |ILE10, GLN85
1UNL | 2.2 1000 RRC CYS83, GLN130,
(ROSCOVITINE) | ILE10, VAL1S,
LEU133
300G | 1.95 882 300 GLUS81, CYS83 [70]
4AU8 | 1.9 592 Z3R ILE1O, ASP86[71]
VAL18, ALA143,
LEU133

The sequence alignment of CDK2 protein active ra@ggdues and CDK5 protein active site was
carried out using Smith-Waterman Sequence Alignmath the proteins have shown 86.49%

similar residues and 64.86 % identical residuesa(Chand Figure 8d).

Query: 1UNH chain: B, Length: 292

Subj ect : 4FKL Chain: A, Length: 74

ldentities: 48/82, i.e., 16.44 % (query) and 64.86 % (subject)
Simlars: 64/82, i.e., 21.92 % (query) and 86.49 % (subject)

1UNH B 1 MXKYEKLEKI GEGTYGTVFKAKNRETHEI VALKRVRLDDDDEGVPSSALREI CLLKELKH 60

R N N R RN N e B e B R R N FEE T T |
PDP: 4FKLAa 1 MENFQKVEKI GEGTYGWWYKARNKLTGEWALKKI - - - - - - - - VPSTAI REl SLLKELNH 52

1UNH. B 61 KNI VRLHDVLHSDKKLTLVFEF 82
R N RN
PDP: 4FKLAa 53 PNI VKLLDVI HTENKLYLVFEF 74
Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |

Chart 3. Smith Waterman sequence alignment depicting theesexg similarity and difference
between the aligned protein CDK5 and CDK2

17



(c) (d)

Figure 8. (a) 3D X-ray crystal structure of protein CDK5 (BDD: 1UNH) (b) 3D interaction
diagram of bound inhibitor indirubicin in CDK5 aa#i site (c) 2D interaction diagram depicting

critical amino acid residues for the inhibition G@DK5 (d) Aligned proteins showing the
identical structures between the chains of CDK%a¢Recolor) (PDB ID: 1UNH) and CDK2
(cyan color) (PDB ID: 4FKL)

2.5. CDKG6

CDKG6 is regulated by cyclin D proteins. This geadadcated on a longer arm of chromosome
70921-22. There are 16 crystal structures of CDK@&wkm only 11 contain co-crystallized
ligands/inhibitors. Five of the sixteen PDB IDs krodo not include any co-crystallized ligand.
Generally, CDKG6 protein (PDB ID: 2EUF) (Figure 9aderacts with the inhibitors via hydrogen
bonding (VAL101, ASP163) and hydrophobic interactio(LEU152, ILE19). The other

18



significant interactions for various PDB IDs of CBKire summarized in Table 6 and Table S2

(see supplementary content). The 3D and 2D interactiagram representing interactions of
CDK®6 (2EUF) with palbocicilib are shown in Figurdl® and (c).

Table 6. X-ray crystal structures of CDK6

PDB | Resolution| Total Co- Ligand interactions | Reference
ID A residues| crystallized with amino acids (if
ligand available)
1X02 | 2.9 562 FSE LYS43, GLU61,| [72]
(FIESTEIN) PHE9S, GLU99,
ASP163, VAL101,
ILE19, ILE19, LEU152,
ALA162
2EUF | 3.0 562 LQQ VAL101, ASP163, [73]
(Palbocicilib) | LEU152, ILE19
5L2T | 2.37 307 627 VAL101, ASP163, [55]
(Ribocicilib) LEU152, ILE19,
ALA41
5L2S | 2.27 307 62V VAL101, LYSA43,
(Abemicicilib) | LEU152, ILE19
5L21 | 2.75 307 LQQ VAL101, ASP163,
(Palbocicilib) | LEU152, ILE19

The sequence alignment studies are done using Siaterman Sequence alignment in which

the CDK®6 protein was aligned to CDK2 protein. Itsa@bserved that both the proteins contain

71.62% similar residues and 50.00% identical ressdiChart 4 and Figure 9d).

Query: 2EUF Chain: A, Length: 307

Subj ect : 4FKL Chain: A, Length: 74

ldentities: 37/89, i.e., 12.05 % (query) and 50.00 % (subject)
Simlars: 53/89, i.e., 17.26 % (query) and 71.62 % (subject)

2EUF. A 11 CQYECVAEI GEGAYGKVFKARDL KNGGRFVALKRVRVQTGEEGVPLSTI REVAVLRHLET 70

S L e e A R B B I S I R
PDP: 4FKLAa 2 ENFQKVEKI GEGTYGVVYKARN- KLTGEWALKKI - - - - - - - - VPSTAI REl SLLKELN- 51

2EUF. A 71 FEHPNVVRLFDVCTVSRTDRETKLTLVFE 99

[EE 11 T [T T
PDP: 4FKLAa 51 -- HPNI VKLLDVI HT- - - - - ENKLYLVFE 73
Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -

insertion/deletion |

Chart 4. Smith Waterman sequence alignment depicting theesexg similarity and difference
between the aligned protein CDK6 and CDK2
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VALL0L

ATP Binding site

) d)

Figure 9. (a) 3D X-ray crystal structure of protein CDK6 (BDD: 2EUF) (b) 3D interaction
diagram of bound inhibitor LQQ in CDK6 active sife) 2D interaction diagram depicting
critical amino acid residues for the inhibition GDK6 (d) Aligned proteins showing the
identical structures between the chains of CDK&ajeucolor) (PDB ID: 2EUF) and CDK2
(cyan color) (PDB ID: 4FKL)

2.6. CDK7

CDK?7 gene is located on chromosome 5q12.1. lttiéck band of around 42.1 kbp ranges from
68,530,802 positions to 68,572,962 on the chromesddmly one crystal structure of CDK7
(PDB ID: 1UA2) has been reported (Figure 10a). #swbserved that the ASP92, MET94,
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LYS41, SER161 form hydrogen bonding and VAL26 andlAB9 possess hydrophobic
interactions with the ATP (Table 7). The represeoaof interactions between CDK7 and ATP

has been shown in Figure 10 (b) and (c)

Table 7. X-ray crystal structure of CDK7

PDB | Resolution| Total Co- Ligand interactions with | Reference
ID (A) residues | crystallized amino acids (if available)
ligand
1UA2 | 3.02 1384 ATP ASP92, MET94, LYS41[74]
SER161, VAL26, ALA39

Structural differences and similarity between CD&d CDK2 were calculated using the Smith-
Waterman Sequence Alignment. It was observed thdt the proteins were having 62.50 %
similar residues and 45.83% identical residuesraptesented in Chart 5 and Figure 10(d).

Query: 1UA2 chain: , Length: 287
Subject: 4FKL chain: , Length: 216
Identities: 99/219, i.e., 34.49 % (query) and 45.83 % (subject)
Similars: 135/219, i.e., 47.04 % (query) and 62.50 % (subject)

dlua2a_ 70 METDLEVIIKDNSLVLTP-SHIKAYMLMTLQGLEYLHQHWILHRDLKPNNLLLDENGVLK 128

PDP:4FKLAb 1 LHQDLKKFMDASALTGIPLPLIKSYLFQLLQGLAFCHSHRVLHRDLKPQNLLINTEGAIK 60

dlua2a_ 129 LADFGLAKSFGSPNRAYTHQVVTRWYRAPELLFGARMYGVGVDMWAVGCILAELLLRVPF 188

IR R R e
PDP:4FKLAb 61 LADFGLARAFGVPVRTYTHEVVTLWYRAPEILLGCKYYSTAVDIWSLGCIFAEMVTRRAL 120

dlua2a_ 189 LPGDSDLDQLTRIFETLGTPTEEQWPDMCSLPDYVTFKSFPGIPLHHIFSAA----GDDL 244

FEVE TP P Pt 11 1] . |
PDP:4FKLAb 121 FPGDSEIDQLFRIFRTLGTPDEVVWPGVTSMPDYKP--SFPKWARQD-FSKVVPPLDEDG 177

dlua2a_ 245 LDLIQGLFLFNPCARITATQALKMKYFSNRPGPTPGCQL 283
e A 1 % A I ey e B
PDP:4FKLAb 178 RSLLSQMLHYDPNKRISAKAALAHPFFQDVTKPVPHLRL 216
Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |

Chart 5. Smith Waterman Sequence Alignment depicting theasece similarity and difference
between the aligned protein CDK7 and CDK2
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Figure 10.(a) 3D X-ray crystal structure of protein PDB IDJA2) (b) 3D interaction diagram
of ATP in CDKZ7 active site (c) 2D interaction diagn depicting critical amino acid residues in
CDK7 (d) Aligned proteins showing the identical ustiures between the chains of CDK7
(Chocolate color) (PDB ID: 1UA2) and CDK2 (Cyana@9l(PDB ID: 4FKL)

2.7. CDK8

CDK8 gene is located on chromosome 13q12.13. Twenystal structures of CDK8 are known
containing the co-crystallized ligands. All the #afle crystal structures contain 690-692
residues. In general, all the CDK8 inhibitors iatrwith the CDK8 by the hydrogen bonding
interactions (TYR32, GLU66, and ASP173) and hydaipb interactions (GLU66 and
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LEU132). The other significant interactions thate agssential for CDKS8 inhibition are
summarized in Table 8 , Table S3 (see supplementartent) and Figure 11 (b) and (c)
Table 8. X-ray crystal structures of CDK8

PDB | Resolution | Total Co-crystallized | Ligand interactions | Reference

ID A residues | ligand with amino acids (if
available)

3RGF| 2.2 690 BAX ALA100, PHE97
GLU166, PHE176
ASP173, ALAS50,
LEU158, MET174,
ILE79, PHE97, ASP173

4CRL| 2.4 691 C1il ALA100, VAL35, [75]
ALAS0, LEU158

4F6S | 2.6 692 0SQ TYR32, GLUGB|76]
ASP173, LEU132
GLUG6

4F6U | 2.1 692 OSR TYR32, GLUG66,
ASP173, LEU142
GLUG6, TYR32,
ALASO, LEU158,
ILE79, PHE97

4F6W | 2.39 692 0SS ARG356, TYR32,
GLUG6, ASP173
VAL35, LEU142,
GLUG6, ALA172,
ALA155

CDKS8 protein was aligned to CDK2 protein using Brith-Waterman Sequence Alignment. It
was observed that both the proteins were having18%.similar residues and 38.43% identical
residues. This has been represented in Chart Eignde 11 (d).

Query:  4FeU chain:, Length: 233
Subject: 4FkL chain:, Length: 216
Identities: 83/225, i.e., 35.62 % (query) and 38.43 % (subject)
Similars: 124/225,i.e.,53.22 % (query) and 57.41 % (subject)

PDP:4F6UAa 10 KFHRASKVQ-LPRGMVKSLLYQILDGIHYLHANWVLHRDLKPANILVMGEGPERGRVKIA 68
e e I O I e e LR AR N A ey P e

PDP:4FKLAb 7 KFMDASALTGIPLPLIKSYLFQLLQGLAFCHSHRVLHRDLKPQNLLINTEGA----IKLA 62

PDP:4F6UAa 69 DMGF-------------- VVTFWYRAPELLLGARHYTKAIDIWAIGCIFAELLTSEPIFH 114

| | N N A O T R A R R R R A
PDP:4FKLAb 63 DFGLARAFGVPVRTYTHEVVTLWYRAPEILLGCKYYSTAVDIWSLGCIFAEMVTRRALFP 122

PDP:4F6UAa 115 CRQENPYHHDQLDRIFNVMGFPADKDWEDIKKMPEHSTLMKDFRRNTYTNCSLIKYMEKH 174
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PDP:4FKLAb 123 GDSEI----DQLFRIFRTLGTPDEVVWPGVTSMPDYKPSFPKWARQDFS----------- 167

PDP:4F6UAa 175 KVKP--DSKAFHLLQKLLTMDPIKRITSEQAMQDPYF--LEDPLP 215
N [ I I 1 (P P I P
PDP:4FKLAb 168 KVVPPLDEDGRSLLSQMLHYDPNKRISAKAALAHPFFQDVTKPVP 212
Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |

Chart 6. Smith Waterman Sequence Alignment depicting theiesece similarity and difference
between the aligned protein CDK8 and CDK2

Cyclin C

Figure 11.(a) 3D X-ray crystal structure of protein CDK8 (PDB: 4F6U) (b) 3D interaction

diagram of bound inhibitor in CDK8 active site @D interaction diagram depicting critical
amino acid residues for the inhibition of CDK8 (A)igned proteins showing the identical
structures between the chains of CDKS8 (dark peatbr)c( (PDB ID: 4F6U) and CDK2 (cyan
color) (PDB ID: 4FKL)
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2.8. CDK9

The CDK9 gene is positioned on chromosome 9g34.raniges from 130,548,427 positions to
130,551,822 on the chromosome with a thin band4kBp. 15 crystal structures of CDK9 are
reported with ligands/inhibitors, except three. &aitly, the CDK9 inhibitors bind to the CDK9
protein via hydrogen bonding interactions with C98LPHE30 and hydrophobic interactions
with ILE25, LEU156. The other fundamental interan8 of CDK9 inhibitors have been
summarized in Table 9, Table S4 (see supplementarient) and Figure 12 (b) and (c).

Table 9. X-ray crystal structures of CDK9

PDB | Resolution Total Co-crystallized | Ligand Reference

ID A residues | ligand interactions with
amino acids (if
available)

3TNH | 3.2 590 F18 ILE25, GLUG6S,[77]
PHE103, CYS106

3TN8 | 2.95 591 F18 ILE25, GLUG66,
PHE103, CYS106

3MY1 | 2.80 591 RFZz | - [78]

3BLR | 2.80 591 CPB CYS106, PHE3(,79]
ILE25, LEU156

3BLQ | 2.90 591 ATP LYS48, ASP104,
CYS106,
ASP167, ALA46

3LQ5 | 3.0 5901 SLQ CYS106, [80]
PHE105, ILE25,
LEU156, ALA46

A comparison of structural features between CDK® @DK2 was made by sequence alignment
of CDK9 protein to CDK2 protein using Smith-Watemnm8equence Alignment. This similarity
and the identical basis of the proteins were catedl, and the results have been depicted in
Chart 7 and figure 12(d).

Query: 3BLR chain: A Length: 331

Subj ect : 4FKL Chain: A, Length: 74

ldentities: 37/90, i.e., 11.18 % (query) and 50.00 % (subject)
Simlars: 60/90, i.e., 18.13 % (query) and 81.08 % (subject)

3BLR A 17 VSKYEKLAKI GOGTFGEVFKARHRKTGOKVALKKVL VENEKEGFPI TALREI KI LOLLKH 76

N N e R A A RN (I I N O I
PDP: 4FKLAa 1 MENFQKVEKI GEGTYGVVYKARNKLTGEWALKKI V- - - - - - - - PSTAI REI SLLKELNH 52
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3BLR A 77 ENVVNLI EI CRTKASPYNRCKGS! YLVFDF106
I | A
PDP: 4FKLAa 53 PNI VKLLDVI HTE- - - - NK- - - - LYLVFEF 74
Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -

insertion/deletion |

Chart 7. Smith-Waterman sequence alignment illustratingséguence similarity and difference
between the aligned protein CDK9 and CDK2

Figure 12.(a) 3D X-ray crystal structure of CDK9 (PDB ID: BR) (b) 3D interaction diagram
of bound inhibitor CPB in CDK9 active site (c) 2bBteraction diagram depicting critical amino
acid residues for the inhibition of CDK9 (d) Alighgoroteins showing the identical structures
between the chains of CDK9 (wheat color) (PDB IBLR) and CDK2(cyan color) (PDB ID:

4FKL)
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2.9.CDK12

CDK12 gene is located on chromosome 17q12 withck thand of around 69.2 kbp ranges from
37,618,324 to 37,687,569 on the chromosome. Fgstatrstructures of CDK12 are known out
of which 3 PDBs contains ligands/inhibitors. Theiéable crystal structures include 1170-1238
residues. Generally, CDK12 ligands interact with"Mgia hydrogen bonds (THR737, LYS756,
ASP819, HIS1040, and GLU814) and exhibit hydropbabieractions (LEU866, and ALA754).
The other critical interactions with CDK12 have beagven in Table 10 and Figure 13 (b) and
(c).

Table 10. X-ray crystal structures available for CDK12

PDB | Resolution Total Co-crystallized | Ligand Reference
ID (A residues | ligand interactions
with amino
acids (if
available)
4CXA | 3.15 1198 ANP THR737, [81]
LYS756,
ASN864,
HIS1040,
GLU814,
SER863,
LEUB66
ANST | 2.2 1238 ADP Mg, THR737,|[82]
LYS756,
ASP819,
HIS1040,
GLU814,
LEU866,
ALA754
4UNO | 3.15 1170 No ligand [81]
5ACB | 2.7 1198 511 MET816, [81]
LEU866,
HIS818,
GLN1037,
CYS1039,
ILE733, VAL741

CDK12 and CDK2 showed sequence similarity of 77.083d were having 51.35% identical
residues (Chart 8 and Figure 13(d)).

| Query: 4NST Chain: D, Length: 340 |
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Subj ect : 4FKL Chain: A, Length: 74
ldentities: 38/93, i.e., 11.18 % (query) and 51.35 % (subject)
Simlars: 57/93, i.e., 16.76 % (query) and 77.03 % (subject)

ANST. D 12 VDKFDI | G | GEGTYGQVYKAKDKDTCGELVALKKVRLDNEKEGFPI TAI REI KI LROLIH 71

R AR R I AR AR R (I N I
PDP: 4FKLAa 1 NMENFQKVEKI GEGTYGVWYKARNKLTGEWALKKI - - - - - - - - VPSTAI REI SLLKELNH 52

ANST. D 72 RSVWNWKEI V- TDKQDAL DFKKDKGAFYLVFEY103

N (11
PDP: 4FKLAa 53 PNI VKLLDVI HTENK- - - = - - = - - - - LYLVFEF 74

Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -

insertion/deletion |

Chart 8. Smith Waterman sequence alignment depicting theesexg similarity and difference

between the aligned protein CDK12 and CDK2

Figure 13 Structural features of Cyclin Dependent Kinase(@PK12) (a) 3D X-ray crystal
structure of protein PDB ID: 4NST) (b) 3D interacti diagram of bound inhibitor ADP in

28



CDK12 active site (c) 2D interaction diagram depigtcritical amino acid residues for the
inhibition of CDK12 (d) Aligned proteins showingehdentical structures between the chains of
protein CDK12 (orange color) (PDB ID: 4NST) and CDgyan color) (PDB ID: 4FKL).

2.10. CDK13

CDK13 is located on chromosome 7pl4.1. Only onestatystructure of CDK13 (PDB ID:
5EFQ) (Figure 14a) has been reported so far wgha resolution containing ADP. It contains
about 347 residues. Hydrogen bonding interactioitis iwyS734, THR715, SER841, ASP797,
MET794, GLU792, and hydrophobic interactions witEW844, VAL719 of CDK13 with ADP
were found to be important (Table 11, Figure 14aftd (c)).

Table 11. X-ray crystal structure of CDK13

PDB | Resolution (in| Total Co-crystallized | Ligand Reference
ID A) residues | ligand interactions  with
amino acids (if
available)
5EFQ| 2.0 347 ADP LYS734, THR715,[83]

SER841, ASP797,
MET794, GLU792,
LEU844, VAL719

For the comparison of the structural features, upmgquence alignment of CDK13 with CDK2,
16.43% similar residues and 11.53% identical resdwere observed (Chart 9 and Figure
14(d)).

Query: 5EFQ chain: C, Length: 347
Subj ect : 4FKL Chain: A, Length: 74

ldentities: 40/92, i.e., 11.53 % (query) and 54.05 % (subject)
Simlars: 57/92, i.e., 16.43 % (query) and 77.03 % (subject)

5EFQ C 10 FDI | G | GEGTYGQVYKARDKDTGEWALKKVRLDNEKEGFPI TAI REI KI LRCLTH 69

| FEEEEEE P Trr- e (O B R I
PDP: 4FKLAa 1 MENFQKVEKI GEGTYGVWYKARNKLTGEWALKKI - - - - - - - - VPSTAI REl SLLKELNH 52

5EFQ C 70 QSI | NWK TDKEDAL DFKKDKGAFYLVFEY101
| [ [T
PDP: 4FKLAa 53 PNI VKLL - HTENKL- - - - - - - - - YLVFEF 74
Legend: Green - identical residues | - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |
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Chart 9. Smith Waterman sequence alignment is depicting#aggence similarity and
difference between the aligned protein CDK13 anKeD

TLE765

MET794

)
Figure 14.(a) 3D X-ray crystal structure of CDK13 (PDB IDEBQ) (b) 3D interaction diagram
of bound inhibitor ADP in CDK13 active site (c) 2iDteraction diagram depicting critical

amino acid residues for the inhibition of CDK13 (@ligned proteins showing the identical
structures between the chains of protein CDK13y(grdor) (PDB ID: 5EFQ) and CDK2 (cyan
color) (PDB ID: 4FKL)

2.11. CDK16

CDK16 gene is located on chromosome X at the shptéx (p) arm. It positions 11 with a thin
band of around 5.2 kbp ranges from 47,082,956 t6088/167 on the chromosome. Only one
crystal structure of CDK16 (PDB ID: 3MTL) is avéile with the indirubicin (Figure 15a) which
occupies the CDK16 active site by forming hydrodmnding interactions with ALA303,
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VAL179, LEU 171 and hydrophobic interactions with l®&41, LEU243 (Table 12 and Figure
15 (b) and (c)).

Table 12 X-ray crystal structure of CDK16

PDB | Resolution (in| Total Co-crystallized | Ligand Reference
ID A) residues | ligand interactions  with
amino acids (if
available)
3MTL | 2.4 324 Indirubicin GLU241, LEU243,[84]
ALA303, VAL179,
LEU 171

There was huge similarity (78.38%) between CDKf@8 €DK2 active site residues (Chart 10
and figure 15(d)).

Query: 3MIL chain: A, Length: 324

Subj ect : 4FKL chain: , Length: 74

ldentities: 46/81, i.e., 14.20 % (query) and 62.16 % (subject)
Simlars: 58/ 81, i.e., 17.90 % (query) and 78.38 % (subject)

3MIL. A 1 METYI KLDKLGEGTYATVYKGKSKLTDNLVALKEI RLEHEEGAPCTAI REVSLLKDLKHA 60

L I e R e N R R R AN AR R R
PDP: 4FKLAa 1 MENFQKVEKI GEGTYGVWYKARNKLTGEWALKKI - - - - - - - VPSTAI REl SLLKELNHP 53

3MIL. A 61 NI VTLHDI | HTEKSLTLVFEY 81

AR R AR A
PDP: 4FKLAa 54 NI VKLLDVI HTENKLYLVFEF 74

Legend: Green - identical residues | Pink - similar residues | Blue - sequence mismatch | Brown -
insertion/deletion |

Chart 10. Smith Waterman sequence alignment depicting theesege similarity and difference
between the aligned protein CDK16 and CDK2
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Figure 15 (a) 3D X-ray crystal structure of CDK16 (PDB IBMTL) (b) 3D interaction
diagram of bound inhibitor indirubicin in CDK16 aet site (c) 2D interaction diagram depicting
important amino acid residues for the inhibition @DK16 (d) Aligned proteins showing the
identical structures between the chains of pro@dK16 (lemon color) (PDB ID: 3MTL) and
CDK2 (cyan color) (PDB ID: 4FKL)

3. Specificity of the CDKs: The structural insights leding to design of specific
inhibitors
The criteria affecting the ligand-receptor intei@ctand specificity are:-
3.1.Active site residues of the CDKs

3.2.Ligand — CDK binding
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3.3.Structural features of ligand

3.1. Active site residues of the CDKs

For the sake of discussion on the uniqueness of ¥ considered three broad factors
involving differences in active site residues ahegositions, the presence of additional residues

and conformational changes in the active site vesidamong ATP sites of various CDKs
contributing to the specificity.

3.1.1. Differences between the critical active site resigks of the CDKs

The substitution of the smaller active site ressl®&&R84 and METS85 in the CDK1 with the
more polar and bulkier HIS84 and GLN85 in CDK2geedd the specificity towards particular
inhibitor in such a way that LZ9 could bind withettCDK1 participating in hydrophobic

interaction with non-polar MET85; whereas dinadicitould bind with CDK2 (Figure 16).

Dinaciclib is inhibitor of both CDK1 (165=3nM) and CDK2 (IGo= 1nM).

A
® ¥ . CDK1
(N5
W T — t's‘:‘\
CDK2 _ I @ ®
GLNEs - ® -7 t)

_
( ':: ) Hydrophobicinteraction with the ligands

P S O ®
/\ﬁ) } p«q’ ®
® 7 e

0
® ©® @& ©| CDK2

HIS84

Polar residues shows no hydrophobic interactions

Figure 16. lllustrative representation of CDK1 and CDK2 aetsite residues differences that
may alter the specificity of ligand binding

3.1.2. Additional residues and their nature present in CDKs active site
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The presence of the other residues and their amwieat in the active site of the CDKs may alter
the specificity of ligand binding to the activeesidof the protein. It can be explained in context
with CDK1 and CDK2. In CDK1, TYR15 is present irethctive site and is absent in the CDK2.
In CDK2, GLY13 is present as an additional residuthe active site. TYR15 is polar in nature
while GLY13 is nonpolar. The nature of amino acidgent in active site changes the polarity of
a region, restricting the binding of a ligand tattpart and hence alters the specificity. Figute 1
represents the additional residues that affecbthding affinity and specificity of the ligand to
that part of CDKs.

Polar resndie in CDK1 ’ ‘

CDK1

Non Polar residues in CDK2

®

GLY13 CDK2 ® @ X0 0
B o SRR

® 16'5@.

® ©

Figure 17. lllustrative representation of CDK1 and CDK2 aetigite residues where the

presence and nature of the additional residuesthitespecificity of ligand binding

Thus factors that affect the specificity of dindldicare results of amino acid interactions and

their nature (Figure 17).
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3.1.3. Different conformational modes of the similar residies in the active site of
the CDKs

The various conformational modes of residues affieetligand-CDK interactions to a greater
extent and also involve all types of interactioremely hydrogen bonding, van der Waal,
hydrophobic and stacking interactions. The confdional change in the residues may also
affect the atomic distance between the ligand fanat groups and hence decrease or increase

the specificity.

The conformational differences are explained intexinto the CDK1 and CDK2 active sites. It
was observed that for the same residues in theeasitie, there was a different conformation of
the residues which may be on account to the foldintpe proteins. The folding patterns of both
CDK1 and CDK2 are different. The main impact ofstifolding is seen on LYS residues. The
LYS33 and LYSB89 residues show a different pattérihe arrangement in the active site of both
the CDKs. The significant illustration is depictedrigure 18.

LYS33

CDK2 PHESD
HYRE GLUE1

CDK1 CDK2

PHESD

LYSES GLUEL

CDK1

CDK1

Figure 18. 3D representation of the conformational differendetween CDK1 (Pink) and

CDK?2 active site residues (Blue)

The comparison between the active site residuesbeasm made for most of the CDKs
highlighting the distinct differences (Table 13}. dan be perceived that LYS residue is
conserved in all the CDKs (Table 13); LYS33 (CDKIDK2, and CDK5), LYS43 (CDK®6),
LYS41 (CDK7 and CDK8), LYS48 (CDK9), LYS756 (CDK12LYS194 (CDK13) and
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LYS734 (CDK16). CDKs have one or more importanivecsite amino acid residues that are
mainly responsible for the Ligand-CDK interactioaffecting the specificity. For example
LEU83 (CDK1 and CDK2), CYS83 (CDK5), CYS106 (CDK9QYAL101 (CDK6), MET94,
MET 816, MET794 (CDK7, CDK12, and CDK16, respectiyeALA100 (CDK8) and LEU243
(CDK13) were found to be critical for the activias well as specificity as they differ in the
nature and hence affect the specific nature in ligpend-CDKs interactions. The spatial

arrangement of the all the residues have beentaepitgure S1 (in supplementary data).
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Table 13: Active site residues of some CDKs (with the avdddPDB IDs) which contribute towards the specifiof inhibitors

CDK1 CDK2 CDK4 CDK5 CDK6 CDK7 CDK8 CDK9 CDK12 CDK13 CDK16
ILE10 ILE10 ILE12 ILE10 ILE19 LEU18 VAL27 ILE25 ILE733 ILE711 LEU171
GLY11 GLY11 GLY13 GLY11 GLY20 GLY19 GLY28 GLY26 GLY 734 GLY712 GLY172
GLU12 GLU12 VAL14 GLU12 GLU21 GLU20 GLU735 GLU713 GLU173
GLY13 GLY13 GLY15 GLY13 GLY22 GLY21 GLY30 GLY28 GLY 736 GLY714 GLY174
THR14 THR14 | e THR14 | - GLN22 THR31 THR29 THR737 THR715 | -
TYR15 TYR15 ALA16 TYR15 ALA23 PHE23 TYR32 | - TYR738 | - | e
GLY16 GLY16 GLY18 GLY16 GLY25 ALA24 | e e | e e ALAL177
VAL18 VAL18 VAL20 VAL18 VAL27 VAL26 VAL35 VAL741 VAL719 VAL179
ALA31 ALA31 ALA33 ALA31 ALA4L ALA39 ALAS50 IALA46 ALA 754 | --—eee- ALA192
LYS33 LYS33 LYS34 LYS33 LYS42 LYS41 LYS41 LYS48 LY®56 LYS734 LYS194
GLU51 | ILE52 | e GLU51 | e | e GLU6O | - - GLU774 | - GLU211
------------------------------------ VAL212
LEU5S5 LEUSS | - LEUSS | - LEU70 LEU778 | | -
L I B M Mt S M B M R M e M LEU781 | --------- LEU218
VALG64 VALG64 VAL71 VAL64 VAL76 V AL79 VAL787 | --------- VAL224
PHES80 PHEBO | --------- PHE8BO | --------- PHE91 PHE97 IRE103 PHE813 PHE791 PHE240
GLU81 GLU81 GLU94 GLU8L | e | - ASP98 ASP104 GLU814 GLU792 GLU241
PHES82 PHES82 HIS95 PHEB82 HIS100 PHE93 TYR99 PHE105 TYR815 TYR793 TYR242
LEU83 LEU83 LEU243
SER84 HIS84 ASP97 ASP84 ASP102 GLU95 GLU101 GLU107 | ASP817 | --------- ASP244
MET85 GLN85 GLN98 GLN85 GLN103 THRI6 W | - | e HIS818 | --------- LYS245
ASP86 ASP86 ASP99 ASP86 ASP104 ASP97 ASP103 ASP109 | ASP819 ASP797 ASP246
LYS89 LYS89 THR102 LYS89 THR107 | --------- HIS106 | --------- GLY822 HIS1018 GLN249
HIS126 | - | e | e e | e | e e HIS857 GLU1019 | -
------------------ VAL282
LYS130 LYS129 LYS141 LYS128 LYS146 LYS139 LYS153 L3151 LYS861 | --------- LYS288
GLN132 GLN131 GLU144 GLN130 GLN149 GLN141 GLN290
ASN133 ASN132 ASN145 ASN131 ASN150 ASN142 ASN156 NAS4 ASN864 ASN842 ASN291
LEU135 LEU134 LEU147 LEU133 LEU152 LEU144 LEU158 LEB)156 LEU875 LEU844 LEU302
ALA145 ALA144 ALA157 ALA143 ALA162 ALA154 ALAL72 AL A166 ALA876 ALA854 ALA303
ASP146 ASP145 ASP158 ASP144 ASP163 ASP155 ASP173 P¥E ASP877 ASP855 ASP304
PHE147 PHE146 PHE159 PHE145 PHE164 PHE156 MET174 PHE168 PHE878 | --------- PHE305
GLY148 GLY147 GLY160 GLY146 GLY165 GLY157 GLY175 GLY169 GLY879 | - GLY306
--------- LEU148 momemmee LEU158 PHE176 GLU752 LEU307
GLY153 (1R - I e e M M M M s M M
VAL154 Y/ I T B T B T B T e TR e B I T B
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3.2. Ligand-CDK binding

The binding energy of the ligand-CDK complex arghfid-CDK interactions are other factors

that could affect the specificity.
3.2.1. Binding energy of ligand-CDK complex

The binding energy of the ligand-CDK complex reffethe structure specificity of ligand that
binds to the CDK [85]. We performed the bindingraff studies including 10 CDKs and their
co-crystal ligands [86]. The binding energy wascgkited (equation 1) by calculating the
potential energy of CDK, the potential energy ofalhd, and potential energy of ligand-CDK

complex.

AG(Binding free energy) =
G (Potential energy of complex) — G (Potential energy of CDK) —
G(Potential energy of ligand)...... ....... Equation 1

The potential energy of ligands bound to the CDKd €DK protein was calculated using the
prime [87]. The binding energies are shown in Tdllavith their respective CDKs and potential
energies of the ligand, CDK and ligand-CDK complex.

The binding energy of the CDK7 with ATP was obsehvto be -62.626 Kcal/mol, which
elucidates strong binding of the ATP with CDK7 giat Thus for the development of CDK7
competitive inhibitor at the ATP binding site, thimding affinity of the ligand/inhibitor has to be
equal to or more than ATP. In the same way, thdibmnenergy of CDK8 with OSR is predicted
to be -58.07 Kcal/mol. It shows that OSR is a goodhpetitive inhibitor of ATP and binds
strongly to CDKS8.

Table 14:Binding energies of the ligands bound to specildksS

CDK | PDBID Ligand P.E.(LR) P.E.(R) P.E.(L) AG( Binding
energy)
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CDK1 4Y72 F | 7097.051| 7066.381 72.966 -42.296
F o)
@("/NH NH
F O /\,N
N
H
LZ9
CDK2 | 4FKL 3182.810| 3224.416 -9.537 -32.069
CDK5 | 1UNH 5850.033| 5740.317 142.480 -32.764
IXM(Indirubicin)
CDK6 | 2EUF 8403.919| 8220.193 186.014 -2.288
o) |\N
O0” "N N/)\NH
ol G
\I
()
N
LQQ (Palbocicilib)
CDK7 1UA2 NH2 8389.317 | 8314.937 137.006 -62.626

4
<N | J
0
0, \O\)\/&'”OH
HO R F
HOZR © OH OH
0" o-pP=0

39




CDK8 4F6U 5210.750| 5145.919 122.901 -58.07
5.
(\N/\/\N NN
S Q
OSR
CDK9 | 3BLR ’L 6372.908 | 6265.315 147.570 -39.977
HO“‘LEj cl
CPB
CDK12 | 4NST NH: 1 9414.212 | 9323.699 117.697 -27.184
4 =N
<N IN/)
(6]
HO O ‘\OJ\J_>MOH
O’ZLO‘P\OH OH
ADP
CDK13 | 5EFQ NH: | 6505.114 | 6405.97Q 107.774 -8.63
CDK16 | 3MTL 3544.068 | 3450.116 141.922 -47.97
IXM(Indirubicin)
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In order to understand the impact of binding enengyigand-CDK interactions, dinacicilib was
docked into CDK1, CDK2, CDK5 and CDK9 and theirdiimy energies were calculated (Table
15). Overall, the reported égvalues and the binding energies were found tanbeoirelation.
Though 1G, values of dinacicilib against CDK2 and 5 are sam&r binding energies are
different that could be due to the difference ifinéfy of dinaciclib towards CDK2 and 5.

Table 15: Representation of the binding energies of dinabigiith the CDK1, 2,5 and 9

CDK |PDBID [P.E.(LR) |P.E.(R) P.E.(L) AG(Binding IC 50
energy) (nM)[88]
CDK1 | 4Y72 7548.48 7272.21 241.67 -34.6 3
CDK2 | 4KD1 3949.49 3848.72 153.53 -52.76 1
CDK5 | 1lUNH | 6185.08 5878.45 223.34 -83.29 1
CDK9 | 3BLR 6655.52 6367.36 239.38 -48.78 4

3.2.2. Ligand-CDK interactions

Ligand-protein interactions are the important sktparameters responsible for the specific

characteristics of the drugs. The comprehensivedfgbarameters are collectively termed as the
score. There are different types of score existitaj are hamed according to the software in
which those are incorporated. Some of the enliséeshs are a gold score, glide score, chem
score, flex score, etc. In the case of CDKs, therattions were observed through the glide score
in MAESTRO 11.1. The specific interactions such fgrogen bonding, hydrophobic

interactions, van der Waal’s, etc. comprise a ghiclere.

To see the effect of ligand-CDK interaction on 8pecificity the CDKL1 inhibitor, LZ9 was

docked into all the available CDKs. The pattermotk score of CDK1 inhibitor (LZ9) in other
CDKs is enlisted in Table 16. From the pattern, ca@ draw the conclusion that the CDK1
inhibitor is specific to CDK1 and not to the otf@DKs. The 2D interaction diagrams of LZ9
with CDK2, CDK5, CDK6, and CDK9 have been depidtedéigure 19.

Table 16: Representation of the docking scores of CDK1 inbihiLZ9) bound to the different
CDKs
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F O _NH
H
N A\
Y
F O NH

Docking score

Docking score

S.no.| CDK PDB ID
(bound ligand) | (CDKZ1 inhibitor)
1. | CDK1 4Y72 -11.47 -11.47
2. | CDK2 4FKL -10.67 -6.48
3. | CDK5 1UNH -7.46 -7.58
4. | CDK6 2EUF -8.08 -7.06
5. | CDKY7 1UA2 -0.78 -6.73
6. | CDKS8 4F6U -12.46 -6.56
7. | CDK9 3BLR -9.21 -6.02
8. | CDK12 ANST -12.04 -6.23
9. | CDK13 5EFQ -11.76 -6.38
10| CDK16 3MTL -10.37 -6.87
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Figure 19. The representation of 2D interaction diagram ofkK@Dnhibitor (LZ9) in the active
site of CDK2, CDK5, CDK6, and CDK®9.

The structure-activity relationship studies expdgirin a review by Li et al., 2016 highlighted
some key structural features that must be takendansideration for the development of CDKs
inhibitors specifically for CDK1, 2, 4, 6 and 9. Fa CDK2 inhibitor, hydrogen bonding
interactions with GLU81 and LEU83 are the requit@dthe inhibitory potency; the presence of
hydrophobic pocket consisting of PHE80, VAL64, HAS8SLN85 favors the hydrophobic
interactions anet-n stacking interactions; ASP145 of the DFG motif &&#P86 of the solvent-
exposed region support the ionic interactions. $&ective inhibition of CDK1/2, there is a
requirement of electrostatics interaction with L8S8vhile for selective inhibition of CDK4/6
there is a need of polar interaction with THR99/10f7e rare conserved hinge residue hydrogen

bonding interaction of HIS92 and VAL101 was alsmsidered necessary for selective CDK4
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and CDKG®6 inhibitors, respectively. Strong hydrogpemding interactions with ASP167, CYS106
are a necessity for the development of CDK9 inbisitIn order to understand and correlate the
impact of positive and negative interactions witle bbserved activity, we performed docking
studies of alvocidib which is a pan-inhibitor of €® (ICso= 20 nM), CDK1 (IGo= 30 nM) and
CDK2 (ICso= 170 nM). It was found to occupy CDK9 active srta electrostatic interactions
with ASP167, hydrogen bonding with CYS106 and ASR10 a similar manner, alvocidib was
found to bind with CDK1 (Ig = 30 nM) by interacting with LEU83, GLU81, and GL8&
(hydrogen bonding interactions). It was interestimgnote that alvocidib only showed hydrogen
bonding interaction with LEU83 but not with GLU8h. addition, it did not exhibit electrostatic
interactions with LYS89 and ASP145. This overalpported for the less inhibitory activity of
alvocidib against CDK2 (Figure 20).
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Figure 20: 2-D interaction diagram of alvocidib which is pahibitor of CDK9 (20 nM), CDK1
(30 nM) and CDK2 (170 nM).

Further, the role of cysteines has been found resple for the covalent binding of the
inhibitors that are accommodated in the ATP bindsitg [89, 90]. Recently, remote cysteines
have been exploited for the design of covalenthidiis present in the CDK7 (THZ1), CDK12
(THZ531) and CDK13 (THZ531) at 16.5A, 11.7A, and 74, respectively (Figure 21) [91]. In
order to find out the accessibility of cysteineidess near the active site, we aligned all the
available crystal structures of CDK1, CDK2, CDK4DK5, CDK6, CDK7, CDK8, CDK9,
CDK12, CDK13 and CDK16 (See supplementary contéigiure S1). It was observed there are
CYS83 in CDK5 and CYS106 in CDK9 present in theivactite and are essential for the
interaction with ligands. The availability of CYS3 &t 16.8A in CDK1, CYS119 at 15.4.8A in
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CDK2, CYS15 at 13.6A in CDK6 and CYS84 at 9.9A iBKB hold scope for covalent inhibitor
design (See supplementary content; Figure S3 ahkk Bb).

(CDK7)
CYS312

| \)

1 4

Figure 21.Remote cysteines present in CDK7 (green), CDKEa¢R) and CDK13(yellow) and
are targeted for the covalent binding of the intioits.

Palbocicilib and ribocicilib are both inhibitors @DK4 and 6. As the X-ray structure of CDK4
was not available with either ligand or inhibitare aligned active site residues of CDK4 (PDB
ID: 2W9Z) and CDK®6 (PDB ID: 2EUF) in order to explanon-specificity of the drugs towards
CDK4 and 6. There was only one amino acid diffeee(@GLU144 in CDK6 and GLN149 in
CDK4) in the active site of both the proteins (Fgy22 and Supplementary content table S6)
[92, 93].
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CDKG6 active site CDK4 active site
Figure 22. The cmparison between the active site of CDK6 (RDB2EUF) and CDK4 (PDB

ID: 2W92Z).

3.3. Structural features of ligand
Other than the structural similarity features agdrd-receptor interactions, structural features of
ligands also contribute to the specificity to tretwular CDKs. The structural features include
the Constitutional descriptors, Ring descriptorspdlogical indices, Walk and path counts,
Connectivity Indices, 2D matrix-based descriptdsrden eigen values, 2D autocorrelations,
Geometrical descriptors[94], 3D matrix-based desors, 3D-MoRSE descriptors[95], 3D
autocorrelations, Functional group counts, WHIMalgdors [96], GETAWAY descriptors[97],
Atom-centred fragments, Atom-type E-state indicas] Drug-like indices[97]. The inhibitors
bound to the different CDKs were calculated forirtlieescriptors using the PADEL descriptor
calculator [98, 99]. The table 17 shows the inlifsitboound to different CDKs were correlated to
some relevant descriptors.
The design of the particular CDK inhibitor on thasls of descriptors can be explained well by
taking the example of CDK4/6 inhibitors. Not muggrsficant differences were observed in the
values of the descriptors HOMO, LUMO, Free accdssgurface area, the diameter of a
molecule, Vander Waal’s volume, etc. The differenbetween the values of the descriptors can
be treated as the range that can help design tther bmeolecules with increased specificity
towards the particular CDK. The comparison betwbendescriptors of three CDK4/6 inhibitors
namely palbociclib, abemaciclib and ribociclib wetene. The range values can be set for the
appropriate descriptor, and a new molecule witletéeb specificity and activity can be designed.
The field values of descriptors such as dipole (4HOMO (-8 to -9), LUMO (0 to -1),
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Accessible surface area (ASA) (700-800), balbanl.§), BCUT (0.5-0.6), Polarity (40-50),
density (0.7-0.75), diameter (15-20), Energy (7%-8Bug likeliness (1), molecular refractivity
(12-15), log P (1-4), van der Waal area (450-50@)) der Waal volume (600-700), volume
(400-500) exemplified the importance of descriptorsdesign of inhibitor particularly for

CDK4/6. The important descriptor values were cated and are enlisted for the CDK4/6
inhibitors in Table 17 and 18.
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Table 17: Descriptor values calculated for the available CIEKishibitors-Part 1

CDK4/6 dipole | HOMO |LUMO |ASA balaband  |BCUT |pol density | diameter
inhibitor
Abemacicilib 5.79 -8.79 -0.79 847.47 1.09 0.54 9.2 0.74 20
Palbocicilib 4.98 -8.54 -0.86 723.59 1.20 0.56 832 0.73 16
Ribocicilib 5.50 -8.91 -0.68 741.84 1.17 0.62 4497 0.72 16
Table 18:Descriptor values calculated for the available Ciahibitors-Part 2
CDKA4/6 inhibitor | Energy Druglike logP(o/w) mr vdw_area vdw_vol vol Veight
Abemacicilib 69.34 0 3.56 13.95 507.95 682.68 487 06.60
Palbocicilib 80.81 1 1.16 12.47 435.87 606.20 430.2  448.55
Ribocicilib 71.50 1 1.62 12.21 441.63 598.49 426.13 434.54

49




The difference in sequences of CDKs and theircaitamino acid residues could be exploited
for design of a specific CDK inhibitor. The essah&mino acid interactions include LEUS83,
MET85 (CDK1), LEU83, ASP86 (CDK2), CYS83 (CDK5), G106 (CDK9), VAL101
(CDK®6), MET94, MET 816, MET794 (CDK7, CDK12, and ®D6, respectively), ALA100
(CDK8) and LEU243 (CDK13). There are small differes in CDK1 and CDK2 active site,
METS8S5 in CDK1 is one of the important residues iieggifor hydrogen bond interaction while it
is replaced with GLN85 (polar residue) and is ndteg residue for the interaction in CDK2.
ASP86 is significant amino acid residue in CDK2i&etsite required for hydrogen bond
interaction while it is absent in CDK1. The orididga of LYS residues is different in CDK1 and
2 which are likely to affect the ligand binding #ogreater extent. The ligand-CDK complex
binding energy is another important parameter what be taken into account while designing a
specific CDK inhibitor. For example, the bindingeegy of dinacicilib to both CDK1 and CDK2
differs and is -34.6 kcal/mol and -52.76 kcal/mekpectively which gives the idea that CDK2-
dinacicilib complex is more stable than CDK1-dimddd complex as conferred from ig
values. The accessible surface area and volunteedigand also affect the binding of the ligand
to CDK subtypes and range dissimilar. In orderdsigh a selective covalent inhibitor of CDKs,
the distance between ligand and a remote cystesidue (X-ray structures) of a particular CDK
should be considered. This has been well explamedaking examples (Figure 21) such as
THZ1 (CDK?7 inhibitor) and THZ531 (CDK12, and CDK18hibitor). The remote cysteine
residues in case of other CDKs could be targetedhi® design of specific CDK inhibitor by
taking into account their distances (Table S5, FEdsB) from respective ligands. Thus the above

information and discussion could be useful for aidle CDK inhibition.

Conclusion

Among all the essential proteins involved in celliglon, cyclin-dependent kinases are the most
imperative. CDKs comprise of the multifunctionalzgmes that can transform various protein
substrates associated with the cell cycle progres§iDKs are found to be extensively involved

in cancer both directly and through crosstalk(scades including mitogenic and non-mitogenic
dependent pathways. Till date, few CDK inhibitore aiscovered, but they lack specificity

hence commonly abbreviated as Pan Inhibitors. illédague, the revolutionary introduction of

CDK 4/6 inhibitor palbociclib has led to the ide# specific inhibitors of CDKs. After the
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palbociclib approval, other drugs abemacicilib aibdciclib were introduced, and in the current
year these were approved as CDK4/6 inhibitors. Hewethe design of the specific CDK
inhibitor has remained a challenge till date. la gnesent work, we have put forth the idea of the
selective design of potent and specific CDK inlwhitThe approach involved a comparative
analysis of structural differences between sev€iaKs ATP binding site and their inhibitor
specificity by depicting the principal ligand- CDHKteractions for individual CDKs (Figure 23)
to be targeted. The important find outs for CDK @fe inhibitor design can be created by
taking into consideration the amino acid residugsnges, nature of amino acid(s) in the active
site of CDK, conformational changes of the residnesctive site, interacting residues, binding
energy, and the properties like volume of liganalume of active site, remote cysteine residue
for covalent inhibition, etc. These parameters Hasen briefly explained by taking an example
in each case. Therefore, it is expected that tieecufindings would provide ample scope and
opportunities to the medicinal and computationakezchers to discover and design novel and

selective CDK inhibitors as therapeutic stratetpeseat various types of cancer.
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Figure 23.Conclusive representation of the interacting ressdu the respective CDKs defining
the criteria of an inhibitor to be a specific CDihibitor
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