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process gowvern the brain pathology and functions in various neurclogical diseases. As oxidative
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t can signifi v rep e to ROS and conseguentiy,
neurcodegenarative disorders (NDDs). NMicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is the critical player of oxidative stress that can also be used as a therapeutic target to
combat NDDs.

Key findings Seweral antioxidants signalling pathways are found to be associated with oxida-
tive stress and show a protective effect against stressors by increasing the release of wvarious
cytoprotective enzymes and also exert anti-inflammatory response against this oxidative damage.
These pathwways along wwith antioxidants and reactive spe s can be the defined targets to elirm-
inate or reduce the harmful effects of neurclogical
awry Herein, we the underiying mechan al role of antioxidants in
therapeutics together with natural compounds as a pharmacological ool to combat the cellular
deformities cascades caused due to oxidative stress.
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Abstract

Evidence suggests that cell cycle activation plays a role in the pathophysiology of
neurodegenerative diseases. Alzheimer's disease is a progressive, terminal neurodegenerative
disease that affects memory and other important mental functions. Intracellular deposition of
Tau protein, a hyperphosphorylated form of a microtubule-associated protein, and extracellular
aggregation of Amyloid Beta protein, which manifest as neurofibrillary tangles (NFT) and
senile plaques, respectively, characterise this condition. In recent years, however, several
studies have concluded that cell cycle re-entry is one of the key causes of neuronal death in the
pathogenesis of Alzheimer's disease. The eukaryotic cell cycle is well-coordinated machinery
that performs critical functions in cell replenishment, such as DNA replication, cell creation,
repair, and the birth of new daughter cells from the mother cell. The complex interplay between
the levels of various cyclins and cyclin-dependent kinases (CDKSs) at different checkpoints is
needed for cell cycle synchronisation. CDKIs (cyclin-dependent kinase inhibitors) prevent
cyclin degradation and CDK inactivation. Different external and internal factors regulate them
differently, and they have different tissue expression and developmental functions. The
checkpoints ensure that the previous step is completed correctly before the start of the new cell
cycle phase, and they protect against the transfer of defects to the daughter cells. Initially 22
molecules were screened at 75% similarity with CAPE from ChEMBL database. The
assessment of drug likeness feature using Lipinski Rule of 5 of these molecules was done using
SwissADME. 16 molecules exhibited drug-like characteristics. These 16 molecules were
filtered on the basis of their ADME properties and BBB permeability using tools such as
pkCSM and cbligand, herein 8 molecules were shortlisted. These 8 compounds were subjected
to molecular docking with human CDK?7 protein, and lead compounds were screened on the
basis of docking scores and interacting residues. A series of in silico experiments were used
for virtual screening and ligand-based drug discovery, and then it was calculated that
Compound 9(ChEMBL3976811), compound 6 (ChEMBL3597111) and Compound8
(ChEMBL3958339) can act as lead compound against CDK7 protein and can be developed as
a therapeutic solution for AD.

Due to the development of more selective and potent ATP-competitive CDK inhibitors, CDK
inhibitors appear to be on the verge of having a clinical impact. This avenue is likely to yield

new and effective medicines for the treatment of cancer and other neurodegenerative diseases.



These new methods for recognising CDK inhibitors may be used to create non-ATP-
competitive agents that target CDK4, CDKS5, and other CDKs that have been recognised as
important therapeutic targets in Alzheimer's disease treatment.
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CHAPTER 1

INTRODUCTION

The regulation of eukaryotic cell cycle is a cardinal process that governs the homeostasis of
mitotic cells [1]. Numerous studies have addressed the role of cell deregulation in the death of
adult borne neuronal cells [1]-[3]. Despite being a controversial school of thought, increasing
evidence supports the role of aberrant cell cycle activation (CCA) in the etiology of various
neurodegenerative disorders [4] [5]-[7], [8], [9], [10], [11], [1], [12], [13]. These landmark
discoveries have demonstrated aberrant cell cycle re-entry as a characteristic feature in a
multitude of neurodegenerative disorders[14]. Although cell cycle re-entry is more prevalent
in tumour cells, the consequences of this event vastly differ between the post-mitotic neurons
and tumour cells [15]. CAPE is a phenolic molecule found in nature [16], [17]. It is a
compound obtained from honeybee propolis from New Zealand [16], [17]. CAPE's anti-
oxidant and anti-inflammatory characteristics have also been used to facilitate neuroprotection
in ischemic brain lesions. Several proteins responsible for inducing proliferation such as CDC-
20, CDK-7, and BubR1 were shown to be reduced in control and CAPE-induced
neurodifferentiated cells; however, the underlying mechanisms at the molecular and cellular
levels remain unknown [16]. Some of the existing AD targets are found in the "expanded cell
cycle”, a term used to describe potential therapeutic targets [14]. It offers a comprehensive
view that includes a wide range of molecules that represent potential targets and, as a result,
approaches that can be used to treat ADs by inhibiting cell cycle [14].



CHAPTER 2

LITERATURE REVIEW

2.1. Involvement of cell cycle proteins in regulating cell homeostasis

The eukaryotic cell cycle is a well-coordinated system that performs essential functions in cell
replenishment. CDKs are a consortium of serine/threonine kinases that yield active
heterodimeric complexes upon binding to their regulatory subunits, known as Cyclins [18].
Cyclins comprise of two main families, namely the mitotic cyclins and G cyclins [14], [19].
Numerous CDKs (CDK4, CDK6, CDK2, CDK1, and possibly CDK3) co-operate at various
stages to ensure a seamless passage of the cells through the cell cycle [18]. For instance, CDK4
and CDKG®6 are known to form active complexes with Cyclins D1, D2 and D3 in the early G1
phase of the cell cycle [20]- [23]. Similarly, CDK2 complexes with cyclins E1 and E2 to
complete the G1 phase and trigger the S phase [23], [24]. CDK2 also aggregates with cyclin A
to oversee the S/G transition [19]. (Figure 1).

Moreover, the degradation of cyclins and consequential CDK inactivation ensures the
maintenance of the integrity of the eukaryotic cell cycle [25]. This activity is brought about by
a class of proteins known as CDK inhibitors (CDKIs) [25]. The Ink family of CDKIs adhere to
CDKA4/6 to abrogate its binding with cyclin D, which consequently results in quiescence [25],
[26]. The Cip/Kip inhibitors are known to inhibit a wider range of CDKs [27]. As opposed to
the INK4a family, the Cip/Kip proteins bind to both the cyclin and the cyclin-dependant kinase
thereby reinforcing their function as both a positive and negative regulator of Gl-phase
progression [19], [27]-[29]. Various extrinsic and intrinsic factors control the activity of
Cip/Kip proteins, which have different tissue expression and developmental functions [30].
The activity of cell division cycle 25 (Cdc25) can reverse these phosphorylation events, thereby
regulating the activity of CDK1. [25], [31].



Figure 1 Regulators of Cell Cycle
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Figure 1. Schematic of cell cycle regulation by means of CDKSs and their regulators. The
transient association and activation of CDKs controls various stages of the cell division
cycle. Small molecular weight proteins (p9CKS and p15CDK-BP) associate with CDKSs.
They are activated by activating elements (grey) that carry out
phosphorylation/dephosphorylation reactions: CDK7/cyclin H/MAT1, Plkl, CDC25
phosphatases (A-C). Several kinases, including weel, mikl, mytl, chkl, GSK-3, and
phosphatases (PP2A, KAP), as well as stoichiometrically interacting inhibitory proteins

(Cip/kip and INK4 families), cause the inactivation of CDKs.



2.2. Cell cycle re-entry and its relation to oxidative stress

Multiple demonstrations of oxidative stress biomarkers in several neurodegenerative
diseases, along with the presence of cell cycle aberrations in these patients' neurons suggest
that both pathways might be linked at the molecular level [32]. Cell cycle arrest has been linked
to an increase in DNA damage brought about by the reactive Oxygen Species (ROS). [33].
Conversely, the fate of ROS-exposed cells to transition into growth arrest or apoptosis could
be influenced by their position in the cell cycle upon being subjected to insults. Human
fibroblasts, for instance, experienced cell cycle arrest or apoptosis after being exposed to H20a.
Endogenous free radicals are thought to cause cumulative DNA damage, which has been linked
to cancer and neurodegeneration [34], [35]. Furthermore, studies have linked an increased level
of this modified base to an increased risk of cancer (and thus cell cycle abnormalities) [36].

Furthermore, an increase in the activity of the enzyme histone deacetylase has been linked
to transcriptional repression in standard conditions [37]. The activity of histone deacetylases
1-10 has been shown to be reduced by oxidative stress [38]. This shift in deacetylase activity
could result in the global inactivation of transcriptional repressors, resulting in the activation
of a large number of genes and cellular death. Furthermore, mitochondrial damage will reduce
the amount of NAD* available. This could lead to a decrease in SIR2 activity and an increase
in transcriptional activation, resulting in abnormal cell cycle re-entry. As a result, decreased
SIR2 activity could lead to an increase in p53 activity, which could then signal downstream
cell cycle effectors.

In addition, multiple studies have advocated that that hypoxia causes DNA replication in
post-mitotic neurons. In response to UPS dysfunction, oxidative stress, in addition to DNA
damage, is thought to cause cell cycle re-entry [39]. As a result, oxidative stress, which
corresponded to cell cycle re-entry markers, played a major role in the aetiology of

neuromuscular degeneration (Figure 2).



Figure 2 Role of Oxidative Stress in Aberrant Cell-Cycle Re-Entry in
Neurodegeneration

B g i @

Libid Peroxidation Protein Carbohydrate Mitochondrial
P Damage Damage Damage Dysfunction

N oL

Increased Levels of Reactive Oxygen Species

Environmental Factors
U Salinity
U Drought

Genetic Factors
0 GPx
Q TPx

O DUSP1
O FoxM1
O HMOX1

U Metal Toxicity
U UV-B Radiation
U Pathogen Infection

\/

g Oxidative stress §

Metabolic Deregulation
» Obesity
» Cardiovascular

Disorders > Mlcrogllal Actlvatlon
» Type Il Diabetes

Adult Born Neurons

Glele e Bl oSy — > | Neuroplasticity

=
poptosis | + -

Failure of DNA
Repair Mechanisms CDK5

GSK3p Formation of
Protein
Aggregates

P16/Rb l

NEURODEGENERATION Tauopathies




Figure 2. Role of oxidative stress in aberrant cell cycle re-entry in neurodegeneration.
Damages in DNA, Proteins and Carbohydrates, and other factors such as mitochondrial
dysfunction and lipid peroxidation lead to increased cellular levels of Reactive Oxygen
Species. Several processes such as Inflammation and metabolic dysregulation, along with
environmental and genetic factors also contribute towards oxidative stress, which leads
to aberrant neuronal cell cycle re-entry, resulting in neuroplasticity and failure in DNA
repair mechanisms. The latter leads to apoptosis, cellular senescence and formation of
protein aggregates, subsequently resulting in the development of age-related

neurodegenerative diseases.

2.3.  Aberrant cell cycle re-entry in AD

AD is an irrevocable, progressive neurodegenerative disorder that slowly hampers memory and
other important mental functions. It is characterised by the intracellular deposition of Tau
protein, along with aggregates of Amyloid Beta (AB) protein, that usually manifests as
neurofibrillary tangles (NFT) and senile plaques respectively. Of late, multiple studies have
adjudicated upon the role of aberrant cell cycle re-entry as one of the key phenomena inducing
neuronal death in AD patients [40]. Cell cycle insults have been directly correlated with an
increase in pathological accumulation of A and tau hyperphosphorylation [25].

The pathogenesis of AD notably involves the fallacious embarkment of GO quiescent neurons
into the G1 phase and beyond [41]-[43]. Despite the lack of the exact reasons for the aberrant
re-entry, this theory has been backed up by substantial pathological evidence. Moreover,
MCM2, a marker of DNA replication that exemplifies the transition through the S phase is also
known to be elevated in AD neurons [44]-[48]. Furthermore, in AD neurons, the mitotic
signalling G protein Ras, as well as its downstream mediators MAPK, Raf, and MEK1/2, is
activated. [49], [50].

Interestingly, genetic predisposition is also known to be associated with AD and its
corresponding mitotic malfunctions. Particularly, genes such as APP and presenilin-1 and
presenilin-2 [51]-[53] act as pivotal contributors of cell cycle control, since both of its proteins
are mitogenic in vitro [54], [55]. APP-BP1 (NAEL) is an adaptor protein involved in the
cleavage of APP, and is also responsible for regulating the mitotic transition from S- to M-
phase. Overexpression of this protein could result in DNA replication, followed by the

expression of the corresponding cell cycle markers CDC2 and cyclin B1 (CCNB1). [56]-[58].



Similarly, PS1 and PS2 ensure cell cycle control through the proteolytic cleavage of APP [57].
The deficiency of these genes in transfected HelL a cells results in a hastened transgression from
G1 through the S- phase [59], while the overexpression of the same elicits arrest at the G1
phase of the cell cycle [60]-[62].

Such corroborations for mitotic alterations point towards the role of cell-cycle re-entry in the
pathogenesis of AD. Henceforth, it is established that cell cycle deregulation is a precursor for
AD progression, rather than being an epiphenomenon, implying that it is responsible for
triggering neurodegeneration rather than being a result of the same [63].

2.4. Structural basis of CDK Inhibition

The cyclin dependant kinases are a part of the superfamily containing a eukaryotic protein
kinase (ePK) catalytic domain that is responsible for regulating the activation of kinases [64]-
[68]. A vast majority of protein kinases contain a bi-lobed structure, with the N and C terminal
residues roughly containing 85 and 170 amino acids respectively. An ATP binding cleft resides
between the two lobes that bind to the y phosphate of ATP via serine/ threonine/ tyrosine/
hydroxyl groups [68]-[70]. The activation loop consists of roughly 20 amino acid residues
located amid the N and C lobe. It acts as a site for facilitating cyclin binding and
phosphorylation. The activation and deactivation of kinases are caused by a conformational
change in the active loop (T loop) that facilitates the interaction of kinase with the substrate.
The reconstruction of the N lobe generates a conformational state that fits the ATP in the active
site of the kinase [71]. Moreover, the CDKs are usually activated by binding to the regulatory
subunit of cyclins [72]-[75]. Such is also the case with CDK1, CDK2, CDK4 and CDKG6 [68].
P25, like cyclins, pushes the C helix to orient Lys33 and Glu51 for proper ATP binding. The
mechanism of action of CDK 4/6 inhibitors is based on binding to the ATP pocket of CDK 4
and 6, which results in significant inactivation of CCND-CDK4/6 complexes subsequently
increasing the activity of pRb proteins [76]. However, activation of CDKS5 differs from the
above-mentioned activation mechanisms since the binding of cyclin D and E to CDK5 does
not lead to its activation. The activity of CDKS5 is brought about by proteins such as p35 and
p39, which are usually manifested in neurons as well as in some other cell types [68], [77]-
[80].

2.5.  Binding mechanisms of CDK Inhibitors



2.6.

A vast proportion of kinase inhibitors developed so far have been known to target the ATP
binding site, wherein the kinase adopts a conformation similar to the one employed in ATP
binding [81]. These molecules abrogate the activity of kinase by binding to their active DFG-
in conformational state, wherein the Asp-Phe-Gly (DFG) motif assumes a conformation with
the Phe residue enfolded within the hydrophobic pocket in the groove that is situated between
the two lobes of the kinase protein [68], [82], [83]. To facilitate inhibitor binding, a significant
conformational change in the residues of the conserved DFG motif in the kinase's active site is
required [68]. The binding of inhibitor proteins leads to the relocation of Phe residues, resulting
in DFG-out conformational state [81], [82], [84]. The Type 1 inhibitors bind to the enzyme's
"Active Conformation,” which is aligned with the loop's DFG-in conformation. Type 2
inhibitors, on the other hand, bind to the protein's "Inactive Conformation,"” which is associated
with a DFG-out conformation [85].

CDKIs acts as promising therapeutic agents in AD

Substantial evidence indicates that the evidence of AD pathophysiology points towards the
re-entry of GO quiescent neurons into the G1 phase or beyond [68], [86]. Since several
molecules are known to be involved in cell apoptosis and neurodegeneration[87], therefore a

large number of chemical inhibitors of neuronal apoptosis have been investigated [68].

The methodology of targeting cell cycle inhibition via inhibiting CDK molecules was primarily
employed in cancer therapy and recently has been extrapolated against neurodegenerative
disorders, therefore, not many drug discovery programs are working on targeting aberrant cell
cycle re-entry in AD. Structurally variegated compounds such as indole [88], imidazole,
pyrazolopyridine [89], pyridopyrimidines [81], [90]-[94] piperidine [95], and purine [96]
derivatives have been tested as CDK inhibitors [97] (Table 1) . Despite multiple CDK inhibitors
being reported under clinical trials for tumour inhibition, to date, no CDK inhibitors have been
reported under clinical trials for targeting CNS disorders. The CDK inhibitors that have been
reported for targeting various neurodegenerative disorders include flavopiridol, a nonselective
CDK inhibitor, along with several inhibitors that offer selectivity with CDK1, 2, and 5 such as
olocomucine, roscovitine, and butyrolactone 1; GW8510, the inhibitor molecule displaying
selectivity towards CDK5 [98], along with inhibition of CDK5 and CDKZ2, such as
Quinazolines [99], 4-aminoimidazole [100], indurubins [100] and 6-oxo-1,6- dihydropyridines
[101]. Several CDK inhibitors have been established over the past decade. Flavopiridol,

olomoucine, and Roscovitine are the most widely studied CDK inhibitors [102]. Flavopiridol,



a broad spectrum CDK inhibitor, is the first CDK inhibitor that has entered clinical trials in
humans. The neuroprotective effect of flavopiridol was proposed particularly due to its
inhibitory properties against CDK5 along with CDK2 to some extent [103]. Additionally,
studies have shown that at higher concentrations flavopiridol can inhibit other protein kinases
as well. Furthermore, flavopiridol is known to disrupt the RNA polymerase Il-mediated
transcription [96], [104] and may also contribute towards the inhibition of gene expression
[105]. Recent shreds of evidence have shown that flavopiridol and Olomoucine attenuate the
I-methyl-4-phenylpyridinium (MPP) induced neuronal cell cycle re-entry into the S phase of
the cell cycle [106].

Besides Flavopiridol, Roscovitine has also been testified as a neuroprotectant that triggers
CDKS5 inhibition in colchicines-induced cellular apoptosis [107], as well as in the in-vitro
models of HIV neurotoxicity [108]. Furthermore, studies have shown that roscovitine can
navigate across the blood-brain barrier and counteract the upsurge of CDK5/p25 in cerebral
regions of the focal ischemia models, thereby displaying its neuroprotectant activity in vivo
[68], [96]. Butyrolactone-I is another selective CDK inhibitor that predominantly inhibits the
activity of CDKS5, and has an in vitro IC50 value of 0.491 uM [81]. It is responsible for reducing
the baseline activity of CDKS5 in the septa-hippocampal regions [109] [75]. Co-incubation with
Butyrolactone-I is also known to reduce the neurotoxic effects of AP in primary cultures of
hippocampal cells.

Several other 3-substituted indolones have also been found to prevent neuronal death [110].
GW8510 causes in-vitro inhibition of CDKSs but has a feeble effect on CDKSs present in cultured
cells and was found to be a potent inhibitor of CDK2 under in-vitro conditions, with an IC50
value of 60 nM [68], [99]. Moreover, Davis and co-workers have further reported that besides
CDK2, GW8510 also has the potency to act as a neuroprotectant agent by causing the inhibition
of CDKs 4 and 6, as well as causing CDKS5 inhibition both in vitro and in vivo [97] by
mechanisms other than the inhibition of cell cycle CDKs [100].

Table 1: 1Cso values (uM) of selected kinase inhibitors against different member of CDKSs.

Target 1Cso values
S.No. CDKIs CDKAZICéycIm CDK4[/)CycI|n CDKS5/p25 References
2. R-Roscovitine 0.7 uM 142 uM 0.16 uM [111]
3. Olomoucine 7 uM >1000 uM 3 uM [112]
N-
4. isopentenyladenine 50 (A) uM >100 uM 80 uM [113], [114]




0.033 M (A)

5. Aminopurvalanol 0.028 uM (E) - 0.02 uM [115]
0.006 uM (A),
6. Purvalanol B 0.009 uM (E) >10 uM 0.006 uM [116], [117]
8. AT-7519 0.047 uM 0.1 uM 0.13 uM [115]
9. TG02 5nM - 4nM [115]
10. RGB-286638 3nM 4 nM - [115]
CHAPTER 3

3.1. Compound preparation from biological database

MATERIALS AND METHODS

» A cumulative of 22 molecules which bore 75% structural similarity to CAPE were

collected from the ChEMBL database as initial dataset compounds.

» The two-dimensional (2D) structures of used to generate various molecular

conformations.




3.2. Ligand preparation

» Various features such as number of hydrogen bond acceptor (HBA), hydrogen bond
donor (HBD), hydrophobic (HY), hydrophobic aromatic (HY-AR), and positive
ionization (PI) were selected as characterising features of the pharmacophore [118].

» 16 molecules were shown to exhibit drug-like characteristics.

» These compounds were primarily screened on the basis of Lipinski's rule of five [118].
3.3. Predicting pharmacokinetic profile of the ligands

» Subsequently, the compounds selected on the basis of Lipinski's rule of five were
subjected to ADMET prediction using pkCSM Tool
[http://biosig.unimelb.edu.au/pkcsm/] [118]. The predictive ADMET properties are the
filtration criteria that are imperative to the drug design process. The various
mathematical predictive ADMET pharmacokinetic parameters, such as Gl absorption,
aqueous solubility, LD50 values and blood-brain-barrier penetration score of the

selected ligands were analysed quantitatively by using pkCSM Tool.
3.4. Docking with human CDKY7 protein

» The crystal structure of the human CDK?7 protein in complex with CAPE (ChEMBL
ID: 3983391) was applied for the docking study using AutoDock Tools
[http://autodock.scripps.edu/]. The preparation of free protein structures was done by
removing all co-crystallized water molecules.

» The prepared protein structure was subsequently provided to define the binding site by
using Define and Edit Binding site module. PYMOL [https://pymol.org/2/] and
Discovery Studio [https://www.discngine.com/discovery-studio] programs were
sequentially utilized in the docking study [118].

» 3 molecules were found to have better docking scores than CAPE, along with presence

of similar interacting residues.



CHAPTER 4

RESULTS

The docking of 1UA2 (Human CDKY7) against compounds was graded on the basis of highest
score, RMSD value and occupancy of sites as depicted in Table 3.1. The selected compounds
displayed binding energy that ranges between -7.6 kcal/mol to -8.2 kcal/mol. The diagrams
from LigX option of MOE tool revealed 133492 and 133714 bound with ACE2 receptor with

a score of -7.6 kcal/mol and -7.9 kcal/mol forming hydrogen bonds with the side chains of Asn



141 (133492), GIn22 and Leu 144 formed arene-cation interaction (133714), Figure 3.2 (A and
B) respectively. The diagram for 319244 complex displayed strong binding with Ser 161, Asp
155 via hydrogen bonds exhibiting a score of -6.8 kcal/mol as shown in Figure 3.2 (C). The
compound 442022 was revealed to form hydrogen bonds with residues including Asp 92and
Met94 with binding score of -7.7 kcal/mol, Figure 3.2 (D). 2441913 displayed hydrogen
bonding with Met 94 with a binding score of -7.6 kcal/mol, Figure 3.2(E). the compound
3597111 formed, hydrogen bonding with residue Ser 161 and score of -7.8 kcal/mol was
observed, Figure 3.2 (F). the compound 3915081 revealed displayed hydrogen bonding with
Asn 41 with a score of -7.1 kcal/mol as evident in Figure 3.2 (G). The 3958339 revealed to
have docking score of -8.3 kcal/mol and bound to the residue Ser 161 and Phe 91 through single
hydrogen bond and arene-cation interaction respectively, Figure 3.2 (H). The diagram for
3976811 complex displayed strong binding with Ser 161, Asp 155 via hydrogen bonds

exhibiting a score of -8.2 kcal/mol as shown in Figure 3.2 (1)

S. | CHEMBL | Docking score | Interaction detail

no |ID (kcal/mol) Residues Interaction

1 133492 -7.6 Asn 141 H-acceptor

2 133714 -7.9 GIn22 H-acceptor
Leu 144 Pi-H

3 319244 -6.8 Ser 161 H- acceptor
Asp 155 H- acceptor

4 442022 -1.7 Asp 92 H-acceptor
Met 94 H-acceptor

5 2441913 -7.6 Met 94 H-acceptor

6 3597111 -7.8 Ser 161 H-acceptor

7 3915081 -7.1 Asn 141 H-acceptor

8 3958339 -8.3 Ser 161 H-acceptor
Phe 91 Pi-H

9 3976811 -8.2 Ser 161 H-acceptor
Asp 155 H-acceptor




Table 2: Interaction detail of selected compounds phosphate in the active site

of Human CDK2 protein:
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Docked structures of Human CDK7 protein with 133492 (A), 133714 (B), 319244 (C),
442022 (D), 2441913 (E), 3597111 (F), 3915081 (G) 3958339 (H) and 3976811 (1)
respectively.









Figure 3.2: 2D and 3D interaction diagram of 1UA2 complex with 133492 (A), 133714 (B),
319244 (C), 442022 (D), 2441913 (E), 3597111 (F), 3915081 (G) 3958339 (H) and 3976811

(1) respectively.



CHAPTER S

CONCLUSION AND FUTURE PERSPECTIVES

Although several CDK inhibitors have been reported in the literature for the treatment of

other diseases such as tumours, few have been thoroughly investigated for their neuroprotective
effects. It is still up for debate whether their dual specificity for GSK-3 and CDK5/P25 is
harmful or beneficial. There has yet to be discovered a single molecule that inhibits a single
kinase. This may be because the CDKs have structural similarities. Various side effects may
arise due to the non-specificity of such CDK inhibitors that can act on other cell cycle
regulating molecules as well. As a result, achieving high selectivity will be one of the most
important goals for new drug development.
From the results, predicted compounds are non-toxic and good in the blood-brain barrier
(BBB) permeability. Compound 9 (ChEMBL3976811) can act as a promising lead compound
against CDK7 due to better docking score and same interacting residues as that of CAPE (Ser
161 and Asp 155). Compound 6 (ChEMBL3597111) and Compound 8 (ChEMBL3958339)
can also be proposed to be best interacting compounds due to interaction with similar residues
(Ser161) and can be developed as a therapeutic solution for the AD. The proposed three lead
compounds would serve as excellent targets to develop new drugs for targeting aberrant cell
cycle re-entry, and will enhance the drug discovery process for AD and other neurological
disorders.

In conclusion, CDK inhibitors appear to be on the verge of making a clinical effect due to
the advent of more selective and potent ATP-competitive CDK inhibitors. New and useful
drugs for the treatment of cancer and other proliferative diseases are likely to emerge from this
avenue. Additional CDK-selective inhibitors may complement these ATP-competitive
inhibitors by disrupting substrate binding to cyclins, blocking CDKs from binding to their
cyclin partners, or allosterically abrogating ATP or protein substrate binding to the CDK
subunit. These new methods for identifying CDK inhibitors could be used to develop non-
ATP-competitive agents that target CDK4, CDK5, CDK6, CDK7, CDK8, CDK9, and other
CDKSs that have been identified as important therapeutic targets in the treatment of AD.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES:

J. Wu, B. A. Stoica, and A. I. Faden, “Cell Cycle Activation and Spinal Cord Injury,”
Neurotherapeutics, vol. 8, no. 2. Neurotherapeutics, pp. 221-228, Apr. 2011, doi:
10.1007/s13311-011-0028-2.

W. Wang, B. Bu, M. Xie, M. Zhang, Z. Yu, and D. Tao, “Neural cell cycle dysregulation and
central nervous system diseases,” Progress in Neurobiology, vol. 89, no. 1. Prog Neurobiol,
pp. 1-17, Sep. 2009, doi: 10.1016/j.pneurobio.2009.01.007.

D. Z. Liu, B. P. Ander, and F. R. Sharp, “Cell cycle inhibition without disruption of
neurogenesis is a strategy for treatment of central nervous system diseases,” Neurobiology of
Disease, vol. 37, no. 3. Neurobiol Dis, pp. 549-557, Mar. 2010, doi:
10.1016/j.nbd.2009.11.013.

H. Osuga et al., “Cyclin-dependent kinases as a therapeutic target for stroke,” Proceedings of
the National Academy of Sciences of the United States of America, vol. 97, no. 18, pp. 10254—
10259, Aug. 2000, doi: 10.1073/pnas.170144197.

S. di Giovanni, S. M. Knoblach, C. Brandoli, S. A. Aden, E. P. Hoffman, and A. I. Faden,
“Gene profiling in spinal cord injury shows role of cell cycle neuronal death,” Annals of
Neurology, vol. 53, no. 4, pp. 454-468, Apr. 2003, doi: 10.1002/ana.10472.

S. di Giovanni et al., “Cell cycle inhibition provides neuroprotection and reduces glial
proliferation and scar formation after traumatic brain injury,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102, no. 23, pp. 8333-8338, Jun.
2005, doi: 10.1073/pnas.0500989102.

A. 1. Faden, V. A. Movsesyan, S. M. Knoblach, F. Ahmed, and I. Cernak, “Neuroprotective
effects of novel small peptides in vitro and after brain injury,” Neuropharmacology, vol. 49,
no. 3, pp. 410-424, Sep. 2005, doi: 10.1016/j.neuropharm.2005.04.001.

J. Busser, D. S. Geldmacher, and K. Herrup, “Ectopic cell cycle proteins predict the sites of
neuronal cell death in Alzheimer’s disease brain,” Journal of Neuroscience, vol. 18, no. 8, pp.
2801-2807, Apr. 1998, doi: 10.1523/jneurosci.18-08-02801.1998.

I. Vincent, G. Jicha, M. Rosado, and D. W. Dickson, “Aberrant expression of mitotic
cdc2/cyclin Bl kinase in degenerating neurons of Alzheimer’s disease brain,” Journal of
Neuroscience, vol. 17, no. 10, pp. 3588-3598, 1997, doi: 10.1523/jneurosci.17-10-03588.1997.

G. U. Hoglinger et al., “The pRb/E2F cell-cycle pathway mediates cell death in Parkinson’s
disease,” Proceedings of the National Academy of Sciences of the United States of America,
vol. 104, no. 9, pp. 3585-3590, Feb. 2007, doi: 10.1073/pnas.0611671104.

K. L. Jordan-Sciutto, R. Dorsey, E. M. Chalovich, R. R. Hammond, and C. L. Achim,
“Expression patterns of retinoblastoma protein in Parkinson disease,” Journal of
Neuropathology and Experimental Neurology, vol. 62, no. 1, pp. 68-74, Jan. 2003, doi:
10.1093/jnen/62.1.68.

S. Ranganathan and R. Bowser, “Alterations in G1 to S phase cell-cycle regulators during
amyotrophic lateral sclerosis,” American Journal of Pathology, vol. 162, no. 3, pp. 823-835,
Mar. 2003, doi: 10.1016/S0002-9440(10)63879-5.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

M. D. Nguyen, R. C. Lariviere, and J. P. Julien, “Deregulation of Cdk5 in a mouse model of
ALS: Toxicity alleviated by perikaryal neurofilament inclusions,” Neuron, vol. 30, no. 1, pp.
135-148, 2001, doi: 10.1016/S0896-6273(01)00268-9.

D. Z. Liu, B. P. Ander, and F. R. Sharp, “Cell cycle inhibition without disruption of
neurogenesis is a strategy for treatment of central nervous system diseases,” Neurobiology of
Disease, vol. 37, no. 3. Neurobiol Dis, pp. 549-557, Mar. 2010, doi:
10.1016/j.nbd.2009.11.013.

D. Z. Liu, B. P. Ander, and F. R. Sharp, “Cell cycle inhibition without disruption of
neurogenesis is a strategy for treatment of central nervous system diseases,” Neurobiology of
Disease, vol. 37, no. 3. NIH Public Access, pp. 549-557, Mar. 2010, doi:
10.1016/j.nbd.2009.11.013.

A. Konar et al., “Identification of Caffeic Acid Phenethyl Ester (CAPE) as a Potent
Neurodifferentiating Natural Compound That Improves Cognitive and Physiological Functions
in Animal Models of Neurodegenerative Diseases,” Frontiers in Aging Neuroscience, vol. 12,
Nov. 2020, doi: 10.3389/fnagi.2020.561925.

A. Konar et al.,, “Identification of Caffeic Acid Phenethyl Ester (CAPE) as a Potent
Neurodifferentiating Natural Compound That Improves Cognitive and Physiological Functions
in Animal Models of Neurodegenerative Diseases,” Frontiers in Aging Neuroscience, vol. 12,
p. 328, Nov. 2020, doi: 10.3389/fnagi.2020.561925.

M. Malumbres and M. Barbacid, “To cycle or not to cycle: A critical decision in cancer,”
Nature Reviews Cancer, vol. 1, no. 3, pp. 222-231, 2001, doi: 10.1038/35106065.

P. B. Dirks and J. T. Rutka, “Current concepts in neuro-oncology: The cell cycle-A review,”
Neurosurgery, vol. 40, no. 5, pp. 1000-1015, 1997, doi: 10.1097/00006123-199705000-00025.

V. Baldin, J. Lukas, M. J. Marcote, M. Pagano, and G. Draetta, “Cyclin D1 is a nuclear protein
required for cell cycle progression in G1,” Genes and Development, vol. 7, no. 5, pp. 812-821,
1993, doi: 10.1101/gad.7.5.812.

M. Ohtsubo and J. M. Roberts, “Cyclin-dependent regulation of G1 in mammalian fibroblasts,”
Science, vol. 259, no. 5103, pp. 1908-1912, 1993, doi: 10.1126/science.8384376.

D. E. Quelle et al., “Overexpression of mouse D-type cyclins accelerates G1 phase in rodent
fibroblasts,” Genes and Development, vol. 7, no. 8, pp. 1559-1571, 1993, doi:
10.1101/gad.7.8.1559.

D. Resnitzky, M. Gossen, H. Bujard, and S. I. Reed, “Acceleration of the G1/S phase transition
by expression of cyclins D1 and E with an inducible system.,” Molecular and Cellular Biology,
vol. 14, no. 3, pp. 1669-1679, Mar. 1994, doi: 10.1128/mcb.14.3.1669.

M. Ohtsubo, A. M. Theodoras, J. Schumacher, J. M. Roberts, and M. Pagano, “Human cyclin
E, a nuclear protein essential for the G1-to-S phase transition.,” Molecular and Cellular
Biology, vol. 15, no. 5, pp. 2612-2624, May 1995, doi: 10.1128/mcb.15.5.2612.

R. Sharma, D. Kumar, N. K. Jha, S. K. Jha, R. K. Ambasta, and P. Kumar, “Re-expression of
cell cycle markers in aged neurons and muscles: Whether cells should divide or die?,”



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Biochimica et Biophysica Acta - Molecular Basis of Disease, vol. 1863, no. 1. Elsevier B.V.,
pp. 324-336, Jan. 01, 2017, doi: 10.1016/j.bbadis.2016.09.010.

J. Lin, S. Jinno, H. O.- Oncogene, and undefined 2001, “Cdk6-cyclin D3 complex evades
inhibition by inhibitor proteins and uniquely controls cell’s proliferation competence,”
nature.com.

V. Ramachandran, “Defining the residues governing the mitotic destruction of Drosophila
cyclin A,” 2007. Accessed: Jun. 01, 2021. [Online].

C. J. Sherr and J. M. Roberts, “Inhibitors of mammalian G1 cyclin-dependent kinases,” Genes
and Development, vol. 9, no. 10. Cold Spring Harbor Laboratory Press, pp. 1149-1163, 1995,
doi: 10.1101/gad.9.10.1149.

C. J. Sherr and J. M. Roberts, “CDK inhibitors: Positive and negative regulators of G1-phase
progression,” Genes and Development, vol. 13, no. 12. Cold Spring Harbor Laboratory Press,
pp. 1501-1512, Jun. 15, 1999, doi: 10.1101/gad.13.12.1501.

T. G. Mainprize, M. D. Taylor, J. T. Rutka, and P. B. Dirks, “Cip/Kip cell-cycle inhibitors: A
neuro-oncological perspective,” Journal of Neuro-Oncology, vol. 51, no. 3. pp. 205-218, 2001,
doi: 10.1023/A:1010671908204.

T. A. Potapova, J. R. Daum, K. S. Byrd, and G. J. Gorbsky, “Fine tuning the cell cycle:
Activation of the cdkl inhibitory phosphorylation pathway During mitotic exit,” Molecular
Biology of the Cell, vol. 20, no. 6, pp. 1737-1748, Mar. 2009, doi: 10.1091/mbc.E08-07-0771.

J. A. Klein and S. L. Ackerman, “Oxidative stress, cell cycle, and neurodegeneration,” Journal
of Clinical Investigation, vol. 111, no. 6, pp. 785-793, Mar. 2003, doi: 10.1172/jci18182.

J. A.Klein and S. L. Ackerman, “Oxidative stress, cell cycle, and neurodegeneration,” Journal
of Clinical Investigation, vol. 111, no. 6, pp. 785-793, Mar. 2003, doi: 10.1172/jci18182.

L. Migliore and F. Coppedé, “Genetic and environmental factors in cancer and
neurodegenerative diseases,” Mutation Research - Reviews in Mutation Research, vol. 512, no.
2-3. Elsevier, pp. 135-153, 2002, doi: 10.1016/S1383-5742(02)00046-7.

M. S. Turker, “Somatic cell mutations: Can they provide a link between aging and cancer?,”
Mechanisms of Ageing and Development, vol. 117, no. 1-3, pp. 1-19, Aug. 2000, doi:
10.1016/S0047-6374(00)00133-0.

B. Halliwell, “Can oxidative DNA damage be used as a biomarker of cancer risk in humans?
Problems, resolutions and preliminary results from nutritional supplementation studies,” Free
Radical Research, vol. 29, no. 6. Harwood Academic Publishers GmbH, pp. 469-486, 1998,
doi: 10.1080/10715769800300531.

M. J. Pazin and J. T. Kadonaga, “What’s up and down with histone deacetylation and
transcription?,” Cell, vol. 89, no. 3. Elsevier B.V., pp. 325-328, May 02, 1997, doi:
10.1016/S0092-8674(00)80211-1.

I. Rahman, “Oxidative stress, transcription factors and chromatin remodelling in lung
inflammation,” Biochemical Pharmacology, vol. 64, no. 5-6, pp. 935-942, Sep. 2002, doi:
10.1016/S0006-2952(02)01153-X.



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

S. Fulda, A. M. Gorman, O. Hori, and A. Samali, “Cellular stress responses: Cell survival and
cell death,” International Journal of Cell Biology. 2010, doi: 10.1155/2010/214074.

R. Sharma, D. Kumar, N. K. Jha, S. K. Jha, R. K. Ambasta, and P. Kumar, “Re-expression of
cell cycle markers in aged neurons and muscles: Whether cells should divide or die?,”
Biochimica et Biophysica Acta - Molecular Basis of Disease, vol. 1863, no. 1. Elsevier B.V.,
pp. 324-336, Jan. 01, 2017, doi: 10.1016/j.bbadis.2016.09.010.

A. McShea, P. L. R. Harris, K. R. Webster, A. F. Wahl, and M. A. Smith, “Abnormal
expression of the cell cycle regulators P16 and CDK4 in Alzheimer’s disecase,” American
Journal of Pathology, vol. 150, no. 6, pp. 1933-1939, 1997, Accessed: Mar. 23, 2021. [Online].
Available: /pmc/articlessPMC1858317/?report=abstract.

Z. Nagy, M. M. Esiri, and A. D. Smith, “Expression of cell division markers in the

hippocampus in Alzheimer’s disease and other neurodegenerative conditions,” Acta
Neuropathologica, vol. 93, no. 3, pp. 294-300, Mar. 1997, doi: 10.1007/s004010050617.

T. W. Smith and C. F. Lippa, “Ki-67 immunoreactivity in alzheimer’s disease and other
neurodegenerative disorders,” Journal of Neuropathology and Experimental Neurology, vol.
54, no. 3, pp. 297-303, 1995, doi: 10.1097/00005072-199505000-00002.

B. Spremo-Potparevic, L. Zivkovié, N. Djeli¢, B. Ple¢as-Solarovi¢, M. A. Smith, and V. Baji¢,
“Premature centromere division of the X chromosome in neurons in Alzheimer’s disease,”
Journal of Neurochemistry, vol. 106, no. 5, pp. 2218-2223, Sep. 2008, doi: 10.1111/;.1471-
4159.2008.05555.x.

D. J. Bonda et al., “Evidence for the progression through S-phase in the ectopic cell cycle re-
entry of neurons in Alzheimer disease.,” Aging, vol. 1, no. 4, pp. 382-388, 2009, doi:
10.18632/aging.100044.

B. Mosch, M. Morawski, A. Mittag, D. Lenz, A. Tarnok, and T. Arendt, “Aneuploidy and DNA
replication in the normal human brain and Alzheimer’s disease,” Journal of Neuroscience, vol.
27, no. 26, pp. 6859-6867, Jun. 2007, doi: 10.1523/JNEUROSCI.0379-07.2007.

X. Zhu et al., “Neuronal binucleation in Alzheimer disease hippocampus,” Neuropathology
and Applied Neurobiology, vol. 34, no. 4, pp. 457-465, Aug. 2008, doi: 10.1111/j.1365-
2990.2007.00908..x.

Y. Yang, D. S. Geldmacher, and K. Herrup, “DNA replication precedes neuronal cell death in
Alzheimer’s disease,” Journal of Neuroscience, vol. 21, no. 8, pp. 2661-2668, Apr. 2001, doi:
10.1523/jneurosci.21-08-02661.2001.

X. Zhu et al., “Differential activation of neuronal ERK, JNK/SAPK and p38 in Alzheimer
disease: The ‘two hit” hypothesis,” Mechanisms of Ageing and Development, vol. 123, no. 1,
pp. 39-46, 2001, doi: 10.1016/S0047-6374(01)00342-6.

X. Zhu, Z. Sun, H. gon Lee, S. L. Siedlak, G. Perry, and M. A. Smith, “Distribution, levels,
and activation of MEK1 in Alzheimer’s disease,” Journal of Neurochemistry, vol. 86, no. 1,
pp. 136-142, Jul. 2003, doi: 10.1046/j.1471-4159.2003.01820.x.



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

S. Manzano, J. L. Gonzalez, A. Marcos, M. Payno, C. Villanueva, and J. Matias-Guiu,
“Modelos experimentales de la enfermedad de Alzheimer,” Neurologia, vol. 24, no. 4. pp. 255—
262, May 01, 2009, doi: 10.33588/rn.4205.2005229.

N. H. Varvel, K. Bhaskar, A. R. Patil, S. W. Pimplikar, K. Herrup, and B. T. Lamb, “AB
oligomers induce neuronal cell cycle events in Alzheimer’s disease,” Journal of Neuroscience,
vol. 28, no. 43, pp. 10786-10793, Oct. 2008, doi: 10.1523/JNEUROSCI.2441-08.2008.

M. I. Prat et al., “Presenilin 1 overexpressions in Chinese hamster ovary (CHO) cells decreases
the phosphorylation of retinoblastoma protein: Relevance for neurodegeneration,”
Neuroscience Letters, vol. 326, no. 1, pp. 9-12, Jun. 2002, doi: 10.1016/S0304-
3940(02)00298-7.

E. A. Milward et al., “The amyloid protein precursor of Alzheimer’s disease is a mediator of
the effects of nerve growth factor on neurite outgrowth,” Neuron, vol. 9, no. 1, pp. 129-137,
1992, doi: 10.1016/0896-6273(92)90228-6.

D. Schubert, G. Cole, T. Saitoh, and T. Oltersdorf, “Amyloid beta protein precursor is a
mitogen,” Biochemical and Biophysical Research Communications, vol. 162, no. 1, pp. 83-88,
Jul. 1989, doi: 10.1016/0006-291X(89)91965-7.

X. Zhu, A. K. Raina, and M. A. Smith, “Cell cycle events in neurons: Proliferation or death?,”
American Journal of Pathology, vol. 155, no. 2. American Society for Investigative Pathology
Inc., pp. 327-329, 1999, doi: 10.1016/S0002-9440(10)65127-9.

“Zhu:  Frontiers in Neurodegenerative Disorders and... - Google Scholar.”
https://scholar.google.com/scholar_lookup?title=Frontiers+in+Neurodegenerative+Disorders
+and+Aging:+Fundamental+Aspects,+Clinical+Perspectives+and+New+Insights&author=X
+Zhu&publication_year=2004& (accessed Mar. 24, 2021).

Y. Yang, D. S. Geldmacher, and K. Herrup, “DNA replication precedes neuronal cell death in
Alzheimer’s disease,” Journal of Neuroscience, vol. 21, no. 8, pp. 2661-2668, Apr. 2001, doi:
10.1523/jneurosci.21-08-02661.2001.

S. Soriano et al., “Presenilin 1 negatively regulates B-catenin/T cell factor/lymphoid enhancer

factor-1 signaling independently of B-amyloid precursor protein and notch processing,”
Journal of Cell Biology, vol. 152, no. 4, pp. 785-794, Feb. 2001, doi: 10.1083/jcbh.152.4.785.

S. M. Janicki, S. M. Stabler, and M. J. Monteiro, “Familial Alzheimer’s disease presenilin-1
mutants potentiate cell cycle arrest,” Neurobiology of Aging, vol. 21, no. 6, pp. 829-836, 2000,
doi: 10.1016/S0197-4580(00)00222-0.

S. M. Janicki and M. J. Monteiro, “Presenilin overexpression arrests cells in the G1 phase of
the cell cycle: Arrest potentiated by the Alzheimer’s disease PS2(N1411) mutant,” American
Journal of Pathology, vol. 155, no. 1, pp. 135-144, 1999, doi: 10.1016/S0002-9440(10)65108-
5.

X. Zhu, T. Ozben, and M. Chevion, “Frontiers in Neurodegenerative Disorders and Aging:
Fundamental Aspects, Clinical Perspectives and New Insights,” 2004.



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

A. McShea, A. F. Wahl, and M. A. Smith, “Re-entry into the cell cycle: A mechanism for
neurodegeneration in Alzheimer disease,” Medical Hypotheses, vol. 52, no. 6, pp. 525-527,
1999, doi: 10.1054/mehy.1997.0680.

O. Buzko and K. M. Shokat, “A kinase sequence database: Sequence alignments and family
assignment,”  Bioinformatics, vol. 18, no. 9, pp. 1274-1275, 2002, doi:
10.1093/bioinformatics/18.9.1274.

G. M. Rubin et al., “Comparative genomics of the eukaryotes,” Science, vol. 287, no. 5461.
Science, pp. 22042215, Mar. 24, 2000, doi: 10.1126/science.287.5461.2204.

G. Manning, D. B. Whyte, R. Martinez, T. Hunter, and S. Sudarsanam, “The protein kinase
complement of the human genome,” Science, vol. 298, no. 5600. Science, pp. 19121934, Dec.
06, 2002, doi: 10.1126/science.1075762.

S. K. Hanks and T. Hunter, “The eukaryotic protein kinase superfamily: kinase (catalytic)
domain structure and classification 1,” The FASEB Journal, vol. 9, no. 8, pp. 576-596, May
1995, doi: 10.1096/fasebj.9.8.7768349.

N. G. Nair, “Scholars’ Mine Scholars’ Mine Synthesis and binding studies of peptide mimetics,
anion Synthesis and binding studies of peptide mimetics, anion receptors, and kinase inhibitors
receptors, and kinase inhibitors.” Accessed: Jun. 01, 2021. [Online]. Available:
https://scholarsmine.mst.edu/doctoral_dissertations/2093.

M. Huse and J. Kuriyan, “The conformational plasticity of protein kinases,” Cell, vol. 109, no.
3. Cell Press, pp. 275-282, May 03, 2002, doi: 10.1016/S0092-8674(02)00741-9.

L. N. Johnson, M. E. M. Noble, and D. J. Owen, “Active and inactive protein kinases: Structural
basis for regulation,” Cell, vol. 85, no. 2. Cell Press, pp. 149-158, Apr. 19, 1996, doi:
10.1016/S0092-8674(00)81092-2.

P. D. Jeffrey et al., “Mechanism of CDK activation revealed by the structure of a cyclinA-
CDK2 complex,” Nature, vol. 376, no. 6538, pp. 313-320, Jul. 1995, doi: 10.1038/376313a0.

J. A. Endicott, M. E. Noble, and J. A. Tucker, “Cyclin-dependent kinases: Inhibition and
substrate recognition,” Current Opinion in Structural Biology, vol. 9, no. 6. Current Biology
Ltd, pp. 738-744, Dec. 01, 1999, doi: 10.1016/S0959-440X(99)00038-X.

D. O. Morgan, “Principles of CDK regulation,” Nature, vol. 374, no. 6518, pp. 131-134, Mar.
1995, doi: 10.1038/374131a0.

N. P. Pavletich, “Mechanisms of cyclin-dependent kinase regulation: Structures of Cdks, their
cyclin activators, and Cip and INK4 inhibitors,” Journal of Molecular Biology, vol. 287, no. 5,
pp. 821-828, Apr. 1999, doi: 10.1006/jmbi.1999.2640.

M. Mapelli and A. Musacchio, “The structural perspective on CDKS5,” NeuroSignals, vol. 12,
no. 4-5. Karger Publishers, pp. 164-172, 2003, doi: 10.1159/000074617.

F. Schettini et al., “CDK 4/6 Inhibitors as Single Agent in Advanced Solid Tumors,” Frontiers
in Oncology, vol. 8, p. 608, Dec. 2018, doi: 10.3389/fonc.2018.00608.



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

T. Uchida, K. Ishiguro, J. Ohnuma, M. Takamatsu, S. Yonekura, and K. Imahori, “Precursor
of cdkb activator, the 23 kDa subunit of tau protein kinase II: its sequence and developmental
change in brain,” 1994. Accessed: Mar. 25, 2021. [Online].

L. H. Tsai, I. Delalle, V. S. Caviness, T. Chae, and E. Harlow, “p35 is a neural-specific
regulatory subunit of cyclin-dependent kinase 5,” Nature, vol. 371, no. 6496, pp. 419-423,
1994, doi: 10.1038/371419a0.

J. Lew et al., “A brain-specific activator of cyclin-dependent kinase 5,” Nature, vol. 371, no.
6496, pp. 423-426, 1994, doi: 10.1038/371423a0.

M. Mapelli et al., “Mechanism of CDK5/p25 binding by CDK inhibitors,” Journal of
Medicinal Chemistry, vol. 48, no. 3, pp. 671-679, Feb. 2005, doi: 10.1021/jm049323m.

N. G. Nair, “Scholars’ Mine Scholars’ Mine Synthesis and binding studies of peptide mimetics,
anion Synthesis and binding studies of peptide mimetics, anion receptors, and kinase inhibitors
receptors, and kinase inhibitors.” Accessed: Mar. 24, 2021. [Online]. Available:
https://scholarsmine.mst.edu/doctoral_dissertations/2093.

D. K. Treiber and N. P. Shah, “Ins and outs of kinase DFG motifs,” Chemistry and Biology,
vol. 20, no. 6. Elsevier Ltd, pp. 745-746, Jun. 20, 2013, doi: 10.1016/j.chembiol.2013.06.001.

C. Pargellis et al., “Inhibition of p38 MAP kinase by utilizing a novel allosteric binding site,”
2002, doi: 10.1038/nsh770.

N. S. Gray et al., “Exploiting chemical libraries, struture, and genomics in the search for kinase
inhibitors,” Science, vol. 281, no. 5376, pp. 533-538, Jul. 1998, doi:
10.1126/science.281.5376.533.

“Kinase Inhibitors | Cambridge MedChem Consulting.”
https://www.cambridgemedchemconsulting.com/resources/hit_identification/focus/kinaseinhi
b.html (accessed Mar. 25, 2021).

S. R. D’Mello and P. C. Chin, “Treating neurodegenerative conditions through the
understanding of neuronal apoptosis,” Current Drug Targets: CNS and Neurological
Disorders, vol. 4, no. 1. Curr Drug Targets CNS Neurol Disord, pp. 3-23, Feb. 2005, doi:
10.2174/1568007053005118.

“(2) (PDF) Role of protein kinases in neurodegenerative disease: Cyclin-dependent kinases in
Alzheimer’s disease.”
https://www.researchgate.net/publication/8153986_Role_of protein_kinases_in_neurodegene
rative_disease_Cyclin-dependent kinases_in_Alzheimer’s_disease (accessed Mar. 24, 2021).

P. Pevarello and M. Villa, “Cyclin-dependent kinase inhibitors: A survey of the recent patent
literature,” Expert Opinion on Therapeutic Patents, vol. 15, no. 6. Taylor & Francis, pp. 675—
703, Jun. 2005, doi: 10.1517/13543776.15.6.675.

R. M. Rzasa et al., “Structure—activity relationships of 3,4-dihydro-1H-quinazolin-2-one
derivatives as potential CDKS5 inhibitors,” Bioorganic & Medicinal Chemistry, vol. 15, no. 20,
pp. 6574-6595, Oct. 2007, doi: 10.1016/j.bmc.2007.07.005.



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Veeranna, K. T. Shetty, N. Amin, P. Grant, R. W. Albers, and H. C. Pant, “Inhibition of
neuronal cyclin-dependent kinase-5 by staurosporine and purine analogs is independent of
activation by Munc-18,” Neurochemical Research, vol. 21, no. 5, pp. 629-636, May 1996, doi:
10.1007/BF02527763.

L. Meijer et al., “Biochemical and cellular effects of roscovitine, a potent and selective
inhibitor of the cyclin-dependent kinases cdc2, cdk2 and cdk5,” European Journal of
Biochemistry, vol. 243, no. 1-2, pp. 527-536, 1997, doi: 10.1111/j.1432-1033.1997.t01-2-
00527.x.

N. Giocanti et al., “In vitro evaluation of a novel 2,6,9-trisubstituted purine acting as a cyclin-
dependent kinase inhibitor,” in Annals of the New York Academy of Sciences, 1999, vol. 886,
pp. 180-182, doi: 10.1111/j.1749-6632.1999.tb09411.X.

K. Bettayeb et al., “N-&-N, a new class of cell death-inducing kinase inhibitors derived from
the purine roscovitine,” Molecular Cancer Therapeutics, vol. 7, no. 9, pp. 2713-2724, Sep.
2008, doi: 10.1158/1535-7163.MCT-08-0080.

N. Oumata et al., “Roscovitine-derived, dual-specificity inhibitors of cyclin-dependent kinases
and casein kinases 1,” Journal of Medicinal Chemistry, vol. 51, no. 17, pp. 5229-5242, Sep.
2008, doi: 10.1021/jm800109e.

P. G. Wyatt et al., “Identification of N-(4-piperidinyl)-4-(2,6-dichlorobenzoylamino)-1H-
pyrazole-3-carboxamide (AT7519), a novel cyclin dependent kinase inhibitor using fragment-
based X-ray crystallography and structure based drug design,” Journal of Medicinal Chemistry,
vol. 51, no. 16, pp. 49864999, Aug. 2008, doi: 10.1021/jm800382h.

K. Johnson et al., “Inhibition of neuronal apoptosis by the cyclin-dependent kinase inhibitor
GW8510: Identification of 3’ substituted indolones as a scaffold for the development of
neuroprotective drugs,” Journal of Neurochemistry, vol. 93, no. 3, pp. 538-548, May 2005,
doi: 10.1111/j.1471-4159.2004.03004.x.

R. M. Rzasa et al., “Structure—activity relationships of 3,4-dihydro-1H-quinazolin-2-one
derivatives as potential CDKS5 inhibitors,” Bioorganic & Medicinal Chemistry, vol. 15, no. 20,
pp. 6574-6595, Oct. 2007, doi: 10.1016/j.bmc.2007.07.005.

C.J. Helal et al., “Potent and cellularly active 4-aminoimidazole inhibitors of cyclin-dependent
kinase 5/p25 for the treatment of Alzheimer’s disease,” Bioorganic and Medicinal Chemistry
Letters, vol. 19, no. 19, pp. 5703-5707, Oct. 2009, doi: 10.1016/j.bmcl.2009.08.019.

S. Leclerc et al., “Indirubins inhibit glycogen synthase kinase-3f3 and CDK5/P25, two protein
kinases involved in abnormal tau phosphorylation in Alzheimer’s disease. A property common
to most cyclin-dependent kinase inhibitors?,” Journal of Biological Chemistry, vol. 276, no. 1,
pp. 251-260, Jan. 2001, doi: 10.1074/jbc.M002466200.

M. R. Kaller et al., “Design and synthesis of 6-0x0-1,6-dihydropyridines as CDKS5 inhibitors,”
Bioorganic and Medicinal Chemistry Letters, vol. 19, no. 23, pp. 6591-6594, Dec. 2009, doi:
10.1016/j.bmcl.2009.10.027.

D. Alvira et al., “Inhibition of cyclin-dependent kinases is neuroprotective in 1-methyl-4-
phenylpyridinium-induced apoptosis in neurons,” Neuroscience, vol. 146, no. 1, pp. 350-365,
Apr. 2007, doi: 10.1016/j.neuroscience.2007.01.042.



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

R. R. Rosato et al., “Mechanism and functional role of XIAP and Mcl-1 down-regulation in
flavopiridol/vorinostat antileukemic interactions,” 2007, doi: 10.1158/1535-7163.MCT-06-
0562.

E. W. Newcomb et al., “Flavopiridol downregulates hypoxia-mediated hypoxia-inducible
factor-la. expression in human glioma cells by a proteasome-independent pathway:
Implications for in vivo therapy,” Neuro-Oncology, vol. 7, no. 3, pp. 225-235, Jul. 2005, doi:
10.1215/S1152851704000997.

Z. Zhang et al., “DNA polymerase-f is required for 1-methyl-4-phenylpyridinium-induced
apoptotic death in neurons,” Apoptosis, vol. 15, no. 1, pp. 105-115, Jan. 2010, doi:
10.1007/s10495-009-0425-8.

E. G. Jorda et al., “Neuroprotective action of flavopiridol, a cyclin-dependent kinase inhibitor,
in colchicine-induced apoptosis,” Neuropharmacology, vol. 45, no. 5, pp. 672-683, Oct. 2003,
doi: 10.1016/S0028-3908(03)00204-1.

Y. Wang et al., “Activation of cyclin-dependent kinase 5 by calpains contributes to human
immunodeficiency virus-induced neurotoxicity,” Journal of Neurochemistry, vol. 103, no. 2,
pp. 439-455, Oct. 2007, doi: 10.1111/j.1471-4159.2007.04746.X.

B. Menn, S. Bach, T. L. Blevins, M. Campbell, L. Meijer, and S. Timsit, “Delayed treatment
with systemic (s)-roscovitine provides neuroprotection and inhibits in vivo CDKS5 activity
increase in animal stroke models,” PLoS ONE, vol. 5,  no. 8, 2010, doi:
10.1371/journal.pone.0012117.

A. Fischer, F. Sananbenesi, C. Schrick, J. Spiess, and J. Radulovic, “Regulation of contextual
fear conditioning by baseline and inducible septo-hippocampal cyclin-dependent kinase 5,”
Neuropharmacology, vol. 44, no. 8, pp. 1089-1099, 2003, doi: 10.1016/S0028-
3908(03)00102-3.

H. N. Bramson et al., “Oxindole-based inhibitors of cyclin-dependent kinase 2 (CDK2):
Design, synthesis, enzymatic activities, and X-ray crystallographic analysis,” Journal of
Medicinal Chemistry, vol. 44, no. 25, pp. 4339-4358, Dec. 2001, doi: 10.1021/jm010117d.

K. Johnson et al., “Inhibition of neuronal apoptosis by the cyclin-dependent kinase inhibitor
GW8510: Identification of 3’ substituted indolones as a scaffold for the development of
neuroprotective drugs,” Journal of Neurochemistry, vol. 93, no. 3, pp. 538-548, May 2005,
doi: 10.1111/j.1471-4159.2004.03004.x.

C. Young-Tae et al., “Synthesis and application of functionally diverse 2,6,9-trisubstituted
purine libraries as CDK inhibitors,” Chemistry and Biology, vol. 6, no. 6, pp. 361-375, 1999,
doi: 10.1016/S1074-5521(99)80048-9.

N. S. Gray et al., “Exploiting chemical libraries, struture, and genomics in the search for kinase
inhibitors,”  Science, vol. 281, no. 5376, pp. 533-538, Jul. 1998, doi:
10.1126/science.281.5376.533.

M. Hallek, “Chronic lymphocytic leukemia: 2013 update on diagnosis, risk stratification and
treatment,” American Journal of Hematology, vol. 88, no. 9, pp. 803-816, Sep. 2013, doi:
10.1002/ajh.23491.



[114]

[115]

[116]

[117]

[118]

D. Parry et al., “Dinaciclib (SCH 727965), a novel and potent cyclin-dependent kinase
inhibitor,” Molecular Cancer Therapeutics, vol. 9, no. 8, pp. 2344-2353, Aug. 2010, doi:
10.1158/1535-7163.MCT-10-0324.

G. Mariaule and P. Belmont, “Cyclin-dependent kinase inhibitors as marketed anticancer
drugs: Where are we now? A short survey,” Molecules, vol. 19, no. 9, pp. 14366-14382, 2014,
doi: 10.3390/molecules190914366.

D. Mahadevan et al., “A phase I pharmacokinetic and pharmacodynamic study of AT7519, a
cyclin-dependent kinase inhibitor in patients with refractory solid tumors,” Annals of
Oncology, vol. 22, no. 9, pp. 2137-2143, Sep. 2011, doi: 10.1093/annonc/mdq734.

M. S. Squires et al., “AT7519, a cyclin-dependent kinase inhibitor, exerts its effects by

transcriptional inhibition in leukemia cell lines and patient samples,” Molecular Cancer
Therapeutics, vol. 9, no. 4, pp. 920-928, Apr. 2010, doi: 10.1158/1535-7163.MCT-09-1071.

M. Wu et al., “Identification of novel CDK 9 inhibitors based on virtual screening, molecular
dynamics simulation, and biological evaluation,” Life Sciences, vol. 258, p. 118228, Oct. 2020,
doi: 10.1016/j.1fs.2020.118228.



