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Abstract

Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized
by hyperphosphorylation of the microtubule-associated protein tau, leading to
neurofibrillary tangle formation and neurodegeneration. Multiple kinases
contribute to tau phosphorylation, making them potential targets for therapeutic
strategies aimed at altering disease progression. Identifying selective kinase
inhibitors with favourable pharmacokinetic properties and sufficient brain
penetration remains challenging. Thirteen kinases were prioritized based on
predicted tau protein serine phosphorylation sites, using a percentile-based filtering
strategy. For each kinase, a set of known inhibitors was selected and subjected to
docking analysis using Boltz-2, a computational framework for predicting protein
ligand interactions. Predicted binding affinity likelihood scores and ICso-like
affinity values were integrated into composite scores to enable relative comparison
of inhibitors within each kinase-specific set. Top-ranked inhibitors were further
evaluated for predicted pharmacokinetic properties using SwissADME, with
emphasis on blood-brain barrier permeability, gastrointestinal absorption, P-
glycoprotein substrate behaviour, and compliance with Lipinski's rule of five. Off-
target activity was evaluated using experimentally determined ICso values retrieved
from the ChEMBL database, allowing assessment of inhibitor selectivity toward the
intended kinase targets. Protein expression data from the Human Protein Atlas were
used to examine tissue distribution and brain expression of the selected targets. In
addition, protein-protein interaction networks were analysed using STRING to
explore functional connections between the target kinases and pathways relevant to
AD. All inhibitors resulted readily commercially available. This study presents a
systematic approach that combines docking analysis, pharmacokinetic predictions,
selectivity assessment, expression data and interaction networks to characterize
kinase inhibitors in Alzheimer’s disease. The results highlight the importance of
considering off-target effects, blood—brain barrier permeability, biological context
in the selection of CNS-relevant compounds and provide a basis for further

experimental validation.
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1 BIOLOGICAL BACKGROUND

1.1  Alzheimer Disease

Alzheimer’s disease (AD) is a chronic and progressive neurodegenerative
disorder and represents the most common cause of dementia in adults. It constitutes
one of the most significant global health challenges associated with population
aging. Estimates indicate that tens of millions of individuals worldwide are affected
[1]. AD is characterized clinically by a gradual decline in cognitive function leading
to dementia. The earliest manifestations typically involve memory impairment,
followed by deficits in language, visuospatial abilities and executive functions. As
neuronal damage spreads to additional brain regions, patients progressively lose the
ability to perform daily activities independently. In advanced stages,
neurodegeneration affects areas controlling basic bodily functions such as walking
and swallowing, ultimately resulting in complete dependency and death. On
average, individuals survive several years after diagnosis, although disease duration
varies considerably among patients [2]. At the biological level, AD is caused by
progressive degeneration and loss of neurons in the brain. Neurons are essential for
cognition, communication and motor function, therefore, their degeneration
directly translates into the clinical symptoms observed [2]. Age represents the
primary risk factor for AD. However, additional factors have been identified,
including genetic predisposition, smoking, traumatic brain injuries, depression and
metabolic factors such as diabetes mellitus, obesity and low HDL cholesterol [3].
Despite extensive research, the precise molecular mechanisms driving disease onset
and progression remain incompletely understood, which has significantly limited

the development of effective therapies capable of altering disease progression [1].
1.2 Neuropathological Hallmarks

AD is neuropathologically characterized by the presence of two types of
neuropathological hallmarks: neurofibrillary tangles (NFTs) and senile plaques
(SP) (Figure 1.1Error! Reference source not found.). NFTs are intraneuronal
aggregates primarily composed of abnormally phosphorylated tau protein, whereas
senile plaques are extracellular deposits whose major constituent is the amyloid-f3

(AP) peptide [4]. These two pathological lesions are associated with progressive
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neuronal loss and brain atrophy. The human brain contains billions of neurons
interconnected through synapses, specialized junctions that enable communication
via neurotransmitter release. Synaptic transmission forms the cellular basis of
memory, learning and cognitive function [2]. In AD, amyloid-f3 and tau pathology
disrupt this system through distinct mechanisms. AP aggregates impair neuron-to-
neuron communication at synapses, while intracellular tau aggregates interfere with
axonal transport, compromising the delivery of molecules essential for neuronal
function and survival [2]. This progressive synaptic and neuronal dysfunction

ultimately contributes to cognitive decline.

These observations gave rise to the two principal hypotheses proposed to
explain AD pathogenesis: the amyloid cascade hypothesis [5] and the tau
hypothesis [6]. According to the amyloid cascade hypothesis, AP toxicity plays a
primary role in disease initiation and progression. AP peptides are generated
through sequential cleavage of the transmembrane amyloid precursor protein (APP)
by - and y-secretase [5]. Accumulation and aggregation of Af} are thought to cause
synaptic dysfunction, neuroinflammation and neuronal death. For many years, anti-
amyloid strategies have therefore represented the main focus of AD drug
development. However, increasing evidence has highlighted limitations of this
model and, at the same time, the amyloid cascade hypothesis has been critically
reevaluated, particularly following reports of data irregularities in some of the

foundational studies supporting this model [7].

In contrast, the tau hypothesis proposes that neurodegeneration in AD is
primarily driven by abnormal hyperphosphorylation of the microtubule-associated
protein tau (MAP-tau). Under pathological conditions, excessive phosphorylation
reduces the tau affinity for microtubules, leading to its detachment and consequent
cytoskeletal destabilization. Detached tau subsequently aggregates into paired
helical filaments (PHFs), which assemble into NFTs. Notably, NFT distribution
correlates strongly with cognitive decline [6]. Tau undergoes multiple post-
translational modifications, among which phosphorylation represents the major
modification. Tau phosphorylation is tightly regulated by a balance between kinase-
mediated phosphorylation and phosphatase-mediated dephosphorylation.
Disruption of this equilibrium has been proposed as a key mechanism underlying

abnormal tau phosphorylation and subsequent aggregation [4]. Thus, inhibition of



specific tau kinases is one of the strategies reversing tau phosphorylation and

limiting tau-mediated neurodegeneration.

Brain changes in Alzheimer disease
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Figure 1.1: Schematic representation of structural brain changes associated with Alzheimer’s disease. At the
cellular level, the disease is characterized by the presence of the two main neuropathological hallmarks:
extracellular senile plaques (SP) and intracellular neurofibrillary tangles (NFTs). These pathological features
are associated with neuronal damage and progressive neurodegeneration. Source: [8].

1.3 Microtubule Associated Protein Tau

Tau is a microtubule-associated protein predominantly expressed in neurons
that plays a key role in maintaining the stability of the neuronal cytoskeleton. It
belongs to the family of microtubule-associated proteins (MAPs), which regulate
microtubule assembly and dynamics. In neurons, tau is primarily localized in axons,
where it contributes to axonal transport and neuronal polarity. Microtubules are

major components of the cellular cytoskeleton that maintain cell shape and enable
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the intracellular transport of molecules and organelles. By interacting with
microtubules, tau supports neuronal morphology and facilitates processes such as
vesicle trafficking, organelle transport, and signal propagation along neuronal

networks [4].
Structurally, tau is made up of four parts:

e N-terminal domain, regulates spacing between adjacent microtubules and
mediates interactions with other cellular components.

e Proline-rich domain, involved in signalling processes and interactions
with protein kinases and contains multiple phosphorylation sites.

e Microtubule-binding domain (MBD), contains three or four repeat
motifs (R1—R4) responsible for binding and stabilizing microtubules.

e C-terminal domain, contributes to microtubule interaction and plays a

role in microtubule assembly and stabilization [9].

Each repeat domain contains conserved motifs such as KXGS (Lys—X-Gly—Ser,
where X represents any amino acid), in which the serine residue can undergo
phosphorylation [4]. This modification reduces tau affinity for microtubules and can

contribute to destabilization of the neuronal cytoskeleton.

The tau protein is encoded by the microtubule-associated protein tau
(MAPT) gene, located on chromosome 17921 [10]. The MAPT gene undergoes
alternative splicing in the adult human brain, giving rise to six tau isoforms. These
isoforms differ in the number of N-terminal inserts and in the number of
microtubule-binding repeat domains. Alternative splicing of exons 2 and 3 results
in isoforms with zero (oN), one (1N), or two (2N) N-terminal inserts, whereas the
inclusion or exclusion of exon 10 produces proteins containing either three (3R) or
four (4R) microtubule-binding repeats. Consequently, six tau isoforms are
expressed in the adult brain: 3RON, 3R1N, 3R2N, 4R0N, 4R1N, and 4R2N (Error!
Reference source not found.). Under physiological conditions, the ratio
between 3R and 4R tau isoforms is approximately 1:1 and alterations in this balance

have been associated with several neurodegenerative disorders [10].
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Figure 1.2: MAPT gene and 6-isoforms structure. Six isoforms of tau are generated by alternate splicing of
the exons 2, 3, and 10 of the MAPT gene. Exons 2 and 3 determine the presence of zero (oN), one (1N), or two
(2N) N-terminal inserts, while exon 10 regulates the presence of three (3R) or _four (4R) microtubule-binding
repeats. As a result, the isoforms differ in their structural organization and overall length. Source: [9].

Tau undergoes several post-translational modifications under both physiological
and pathological conditions, including phosphorylation, glycosylation,
ubiquitination, truncation and aggregation, among others. Among these
modifications, phosphorylation represents the most extensively studied [1]. In the
healthy brain, tau contains approximately 2-3 moles of phosphate per mole of tau,
whereas tau isolated from AD brains shows a phosphorylation level three to four
times higher. More than 40 phosphorylation sites have been identified in tau protein
from AD brain tissue [1]. Hyperphosphorylation reduces tau’s affinity for
microtubules and promotes its aggregation into paired helical filaments (PHFs),
which subsequently assemble into NFTs. In addition to losing its physiological
function, abnormally phosphorylated tau can acquire toxic properties. Experimental
evidence suggests that hyperphosphorylated tau can sequester normal tau and other
MAPs, leading to microtubule disassembly and disruption of neuronal transport
systems [1]. Abnormal tau accumulation is observed not only in Alzheimer’s disease
but also in several other neurodegenerative disorders that are known as
tauopathies, highlighting the central role of tau dysfunction in neurodegenerative

pathology [10].
1.4 Tau Kinases as Therapeutic Targets

Tau phosphorylation plays a central role in the pathological transformation of

the protein in AD. Under physiological conditions, tau undergoes dynamic
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phosphorylation and dephosphorylation processes that regulate its interaction with
microtubules and other cellular components. These reversible modifications are
essential for maintaining proper neuronal function. However, disruption of this
balance leads to abnormal tau phosphorylation, which represents a key molecular
event in the development of tau pathology. Tau is a phosphoprotein that containing
numerous potential phosphorylation sites located on serine, threonine, and tyrosine
residues. In normal physiological conditions, tau phosphorylation is severely
regulated and occurs at low levels. In contrast, in AD the phosphorylation level of

tau increases substantially, reducing its affinity for microtubules [9].

Phosphorylation alters the electrostatic properties of proteins by introducing
negatively charged phosphate groups. This modification increases the hydrophilicity
of the protein and can induce conformational changes that affect protein-protein
interactions and functional activity. In the case of tau, excessive phosphorylation
disrupts its ability to stabilize microtubules and contributes to neuronal dysfunction
[9]. The phosphorylation state of tau is determined by the balance between the
activities of protein kinases, which catalyse the transfer of phosphate groups to
specific amino acid residues, and protein phosphatases, which remove these
phosphate groups. An imbalance between kinase and phosphatase activities is
believed to be one of the main causes of tau hyperphosphorylation in AD [9]. Protein
kinases belong to the enzyme class known as transferases, as they catalyse the
transfer of phosphate groups from high-energy donor molecules such as ATP or GTP
to specific substrates. The catalytic domain of kinases contains an ATP-binding
pocket and a substrate-binding site that allows proper positioning of the target

protein for phosphorylation [4].

More than twenty different protein kinases have been found to phosphorylate
tau. These kinases can be divided into three major groups according to their

substrate specificity [4]:

o Proline-directed protein kinases (PDPKs), which phosphorylate
serine or threonine residues followed by a proline residue. This group
includes cyclin-dependent kinase 5 (CDK5), mitogen-activated protein
kinases (MAPKSs) such as p38, extracellular signal-regulated kinases 1 and 2

(Erki/2) and c-Jun N-terminal kinases (JNK). Glycogen synthase kinase-3[3
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(GSK3p) is also frequently included in this group, although phosphorylation
by GSK3[3 does not always require a proline residue [9].

o Non-proline-directed protein kinases (non- PDPKs), which include
enzymes such as tau-tubulin kinases (TTBK1 and TTBK2), casein kinases
(CK1 and CK2), dual-specificity tyrosine phosphorylation-regulated kinase
1A (DYRK1A), phosphorylase kinase, protein kinase A (PKA), protein kinase
B (PKB/Akt), protein kinase C (PKC), protein kinase N (PKN) and
Ca2+/calmodulin dependent protein Kinase IT (CaMKII) [9].

o Tyrosine kinases, including members of the Src family such as Fyn, which
can phosphorylate tau at tyrosine residues such as Tyri8 and influence tau

trafficking and synaptic function [9].

Abnormal tau phosphorylation can induce conformational changes, promote
aggregation, and reduce tau affinity for microtubules, ultimately contributing to
neuronal and synaptic dysfunction. Importantly, increased kinase activity not only
promotes tau phosphorylation but can also interfere with normal

dephosphorylation processes, further enhancing pathological tau accumulation [9].

Because of the central role of tau hyperphosphorylation in AD, protein
kinases involved in this process have emerged as potential therapeutic
targets. Inhibiting specific tau kinases could help restore normal phosphorylation
levels and reduce tau aggregation (Figure 1.3). However, many of these kinases are
involved in multiple cellular signalling pathways and play essential roles in normal
cellular physiology. Consequently, their inhibition may lead to unintended off-target
effects or disruption of other critical biological processes. For this reason,
identifying selective kinase inhibitors and understanding their potential off-target
interactions represent important challenges in the development of therapeutic
strategies targeting tau phosphorylation. The present study focuses on the
computational investigation of kinase inhibitors involved in tau phosphorylation,
aiming to evaluate their potential selectivity and relevance for Alzheimer’s disease-

related targets.
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Figure 1.3: Schematic representation of tau phosphorylation by protein kinases, leading to tau detachment
from microtubules and aggregation into neurofibrillary tangles (NFTs). Inhibition of tau kinases is shown as
a potential therapeutic strategy to reduce tau hyperphosphorylation. Source: [11].
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2 COMPUTATIONAL METHODS

In this study, the in silico method was used for the analysis of kinases that are
involved in the phosphorylation of tau. In addition, the study examined selected
kinase inhibitors based on their structural interactions, specificity, and
pharmacokinetic properties. The in silico method used in this study included
enzyme selection, structural analysis, molecular docking, off-target analysis, and
ADME analysis..

2.1 Identification of tau kinase crystal structures

Kinases were selected based on previously published studies reporting their
ability to phosphorylate the microtubule-associated protein tau [4]. A list of kinases
capable of phosphorylating tau was compiled from the literature. This list formed
the input to the computational evaluation. When a kinase had more than one
isoform of the same name, a representative isoform from humans was selected to

avoid redundant information.

Structural data for the selected kinases were retrieved from the Protein Data
Bank (PDB) [12], a publicly available database that collects experimentally
determined three-dimensional structures of biological macromolecules, including
proteins and nucleic acids. The PDB was searched for each selected kinase to
determine the availability of crystal structures, since proteins must be structurally
characterized for further computational modelling. Only structures from X-ray
diffraction methods were used for this study, since this method has high resolution
capabilities for structural analysis and is commonly used for molecular docking
studies. In addition, only structures from Homo sapiens were used for this study
since the focus is on human Alzheimer's disease. This was done to avoid any species-

specific sequence variability that might affect the results.

When multiple structures were available for the same kinase, the reported
resolution values were considered as an indicator of structural quality. Resolution,
expressed in Angstrom (A), reflects the level of detail of the experimentally
determined structure, with lower values corresponding to more precise atomic

coordinates. For all selected kinases, at least one experimentally determined three-
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dimensional structure was available in the PDB as summarized in Table 2.1. The

selected structures were subsequently used for molecular docking studies.

Table 2.1: List of selected tau-phosphorylating kinases and their experimentally determined X-ray crystal
structures obtained from the Protein Data Bank.

ENZYME GENE PDB ID METHOD AND ORGANISM RESOLUTION (A)
CaMKII-a | CAMK2A 6VZK X-Ray diffraction, Homo sapiens 2,55
CDK5 | CDKs 300G X-Ray diffraction, Homo sapiens 1,95
CK16 | CSNKiD 6RCG X-Ray diffraction, Homo sapiens 1,40
CK2a | CSNK2A1 5001 X-Ray diffraction, Homo sapiens 1,99
DYRK1A | DYRK1A 707K X-Ray diffraction, Homo sapiens 1,82
ERK2 | MAPK1 6SLG X-Ray diffraction, Homo sapiens 1,33
GSK3pB | GSK3B 7B6F X-Ray diffraction, Homo sapiens 2,05
JNK3 | MAPK10 200U X-Ray diffraction, Homo sapiens 2,10
p38a | MAPK14 4EWQ X-Ray diffraction, Homo sapiens 2,10
PKAa | PRKACA 51ZJ X-Ray diffraction, Homo sapiens 1,85

PKBf | AKT2 3DOE X-Ray diffraction, Homo sapiens 2

PKCa | PRKCA 8U37 X-Ray diffraction, Homo sapiens 2,48
TTBK1 | TTBK1 7ZHQ X-Ray diffraction, Homo sapiens 1,80

2.2 Sequence analysis of tau kinases

The ranking of tau kinases was based on the number of serine residues on the
tau protein that each of the selected kinases was predicted to phosphorylate. The
data on the predictions of kinases to their substrates was obtained from
PhosphoSitePlus, a public database dedicated to the study of post-translational
modifications (PTMs) of mammalian proteins. PhosphoSitePlus combines
experimentally observed PTM sites with computational predictions of kinases
potentially capable of phosphorylating each site [13]. Protein kinases are known to
recognize specific patterns of surrounding amino acids. Therefore, once the site of
phosphorylation is identified experimentally, sequence-based approaches are used
to predict the kinase specificity by ranking the kinases according to the local
sequence context surrounding the site of phosphorylation. This does not reflect the
experimentally verified kinase-substrate relationship but rather a relative ranking

of the kinase specificity. [13].
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Tau protein was queried in the PhosphoSitePlus kinase prediction tool and only
serine phosphorylation sites were considered, as most reported tau phosphorylation
sites occur on serine residues [4]. For each phosphorylated serine residue, a list of
kinases predicted to phosphorylate that site was obtained, together with the
corresponding site percentile values. The site percentile reflects how strongly a
given kinase is predicted to phosphorylate a specific site relative to all other known
phosphorylation sites in the human phosphoproteome for that kinase, with higher
percentile values indicating stronger and more selective substrate recognition. To
identify high-confidence kinase-substrate associations, a percentile-based cutoff
was applied. Only kinases with site percentile values above the 75th percentile were
retained, corresponding to the top 25% of predicted interactions. This threshold was
chosen as a conservative and robust criterion, as percentile-based cutoffs better
reflect the score distribution and are less sensitive to outliers than mean-based
approaches. The site percentile cutoff value was determined by collecting all site
percentile values corresponding to the selected kinases in a spreadsheet and
calculating the 75th percentile using the Excel function PERCENTILE.INC, which
resulted in a threshold of 70.810. For each serine residue, only site percentile values
associated with the kinases selected for this study were considered and only
percentile values above the defined cutoff were retained. The final kinase ranking
was obtained by counting, for each kinase, the number of tau serine residues for
which the site percentile value exceeded the threshold. This approach was used to
prioritize higher-confidence kinase-site associations and to reduce the contribution

of low-scoring predictions.

To assess the sensitivity of the kinase ranking to the selected percentile
threshold, an additional analysis was carried out using a less conservative site
percentile cutoff of the 7oth percentile, which translates to a threshold value of
65.998. The same ranking procedure was followed to allow the inclusion of a larger
set of kinase-site associations while maintaining the percentile-based filtering
approach. However, the kinase ranking used in this study is based on the 75th

percentile cutoff.
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2.3 Molecular docking of selected kinase inhibitors with
Boltz-2

The first step was to choose a set of inhibitors for each of the kinases included in
the study[4, 14]. The selection was done based on literature data. For those kinases
for which only a few reference inhibitors were reported in the literature, some
additional commercially available compounds labeled as kinase inhibitors were also
included to increase the ligand set for docking and explore possible binding modes.
These additional inhibitors were identified through commercial supplier databases,
including MedChemExpress, Selleck Chemicals, and Tocris Bioscience, from which
information on compound availability and chemical structures was obtained. This
selection step was necessary for the subsequent docking analysis. The selected

kinases and their corresponding inhibitors are reported in Table A 1in the Appendix.

To study the interaction of the chosen kinases with their inhibitors, docking
analysis was carried out using Boltz-2, a computational program for predicting
protein-ligand binding modes [15]. Boltz-2 is based on a protein sequence input and
a molecular description of the ligand. Protein sequences for each of the chosen
kinases were obtained from the UniProt database, a protein database that contains
comprehensive protein sequences with associated functional and biological
annotations [16]. The SMILES strings of the selected inhibitors were obtained from
PubChem, an open-access chemical database that provides structural, biological,
and commercial information on small molecules [17]. SMILES (Simplified
Molecular Input Line Entry System) is a textual representation of chemical
structures that encodes molecular information in a linear string format. The UniProt
accession numbers of the selected kinases and the SMILES strings of the inhibitors

are reported in Table A 2 and Table A 1, respectively.

Docking simulations were carried out for each of these kinase-inhibitor pairs by
inputting the sequence of each kinase enzyme and a SMILES code for each inhibitor
into Boltz-2. In each case, two predicted output values are generated by Boltz-2 that
relate to the interaction between the protein and ligand. The first is a binding affinity
likelihood (BAL) score, which is a predicted probability (ranging between 0 and 1)
that the ligand binds to its target protein, intended primarily for distinguishing

between binder and non-binder ligands. The second is an affinity predicted value,
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reported as an ICso-like value, given as log10(ICs0), where ICso is the inhibitor
concentration required for a 50% inhibition of enzyme activity, The ICso is given in
units of uM. The affinity value gives a relative idea of the strength of the interaction,
with lower affinity indicating a stronger interaction. The affinity value is not to be

used to interpret the results as inhibitory potency [15].

For each kinase-inhibitor simulation, the ICso0-like and the BAL score were
recorded and combined into a composite score. This approach, adapted from a
previously published method [15], was used to enable comparison among the
selected inhibitors. In the present study, a composite score was calculated for each
inhibitor within each kinase-specific set. For the set of inhibitors corresponding to
a given kinase, the predicted ICso0-like values were normalized to a 0-1 range using
the minimum and maximum values observed within that set. Importantly,
normalized scores were not compared across different kinase targets, as they reflect
relative performance within each individual inhibitor set rather than absolute
binding affinity. To avoid negative contributions, the normalized affinity term was
lower bounded at zero using a max function. The resulting value was then multiplied
by the BAL score, thus scaling the predicted affinity according to the binding

likelihood. The scoring function used in this study is reported in Equation (1).

IC50 max — IC50
IC50max—IC50min

S = max( ,0) « BAL (1)

For each kinase, inhibitors were compared based on the resulting composite
score (S). The inhibitor with the highest S score was considered to display the most

favourable predicted binding behaviour within that kinase-specific set.

2.4 Pharmacokinetic property prediction using
SwissADME

Pharmacokinetic properties, which are generally defined in the context of
Absorption, Distribution, Metabolism, and Excretion (ADME), play a significant
part in drug development in terms of bioavailability and in vitro characteristics of

small molecules. The pharmacokinetic properties of the selected inhibitors were
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predicted by using SwissADME as a post-docking study [18], a web-based tool for
in silico ADME and drug-likeness prediction. SwissADME integrates multiple
physicochemical descriptors and pharmacokinetic models to enable early evaluation

of parameters relevant to absorption, distribution and overall drug-likeness [19].

For the top-ranked inhibitor identified for each kinase, the following

pharmacokinetic properties were evaluated:

> Gastrointestinal (GI) absorption, to estimate the likelihood of oral
bioavailability, as it represents a major determinant of systemic drug

exposure and a significant source of pharmacokinetic variability [20].

» Blood—brain barrier (BBB) permeability, to assess whether the
selected compounds could potentially reach the central nervous system
(CNS). The BBB, formed by the brain capillary endothelium, represents a
major barrier to CNS drug delivery and excludes approximately 100% of
large-molecule therapeutics and more than 98% of small-molecule drugs
[21]. As a result, BBB penetration by small molecules is the exception rather
than the rule. Compounds that cross the BBB in pharmacologically relevant
amounts typically display favourable physicochemical features, such as
relatively low molecular weight (approximately below 400—-500 Da) and high
lipid solubility [21]. Since the kinases analysed in this study are involved in
neuronal processes, the ability of an inhibitor to reach the CNS is a relevant
consideration. For this reason, alternative high-scoring inhibitors were
considered when the top-ranked compound was predicted not to cross the
BBB. Alternative candidates were selected only if their composite score was
comparable to that of the top-ranked inhibitor, ensuring retained predicted

binding affinity while offering improved CNS accessibility.

> Interaction with P-glycoprotein (P-gp), as this efflux transporter is
highly expressed in the intestinal epithelium and at the BBB, where it
actively transports substrate compounds out of cells. Consequently,
compounds predicted to be P-gp substrates may show reduced intestinal

absorption, limited brain penetration, and decreased intracellular
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availability, even if the molecule has favourable physicochemical properties

[22].

» Adherence to Lipinski’s rule of five (Roj), as a general indicator of

drug-likeness and oral bioavailability. According to this empirical guideline,

compounds with drug-like properties typically display a molecular weight

(MW) < 500 g/mol, alogP value < 5 reflecting hydrophobicity, no more than

5 hydrogen bond donors (HBDs), and no more than 10 hydrogen bond

acceptors (HBAs) (Figure 2.1) [23]. In SwissADME compliance with the

Lipinski rule of five is evaluated using the Lipinski (Pfizer) filter, which

applies these criteria by considering:

o

(@]

o

o

MW < 500 g/mol;

MLOGP < 4.15;

NH or OH < 5 (hydrogen bond donors);
N or O < 10 (hydrogen bond acceptors);

Compounds that comply with these criteria are more likely to exhibit

favourable pharmacokinetic behaviour and oral bioavailability [23].

The combination of these factors was used to make an initial in silico prediction

of the pharmacokinetic suitability of the selected inhibitors.

To make a pharmacokinetic assessment, a set of predetermined criteria was

followed. A high predicted GI absorption was desirable. The predicted permeability

across the BBB was desirable for CNS applications. The compounds that were

predicted to be poor substrates for P-gp were desirable. P-gp substrates can have

reduced brain penetration. The compounds that complied with Lipinski’s Rule of

Five were desirable if no more than one criterion was violated.
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Figure 2.1: Lipinski's rule of 5. Adapted from [23].

2.5 Off-target analysis

Off-target interactions are the capacity of a compound to bind with biological
targets not related to the intended target. The detection of interactions is essential
for the evaluation of the selectivity of the inhibitors as well as the prediction of the

potential biological effects.

Each selected inhibitor was searched in the ChEMBL database, using its SMILES
representation. ChEMBL is a curated database of bioactive, drug-like small
molecules providing two-dimensional chemical structures, calculated molecular
properties and experimentally determined bioactivity data extracted from the
primary scientific literature [24]. For each inhibitor, experimentally derived values
of the ICs0 were gathered to investigate the possibility of off-target effects. The
activity information was obtained from the ChEMBL database. The activity
information was filtered to prioritize information on the activity of a single protein
target and the use of Homo sapiens whenever possible. If the activity information of
a single protein target in Homo sapiens was not sufficient, activity information on
protein families or protein complexes was included. This is to maintain activity
information whenever possible. If the activity information on protein families or

protein complexes in Homo sapiens was not sufficient, activity information on
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protein families or protein complexes in Rattus norvegicus or Gallus gallus was
included. Only those activities reported as ICso values were taken into account, as
these reflect experimentally determined inhibitory potencies. For off-target
relevance, relative potency was used as a criterion. Proteins for which ICso values
were reported that were approximately within threefold of the on-target ICs0 value
were considered for being potentially relevant off-targets. Proteins for which ICso
values were reported that indicated a much higher ICso0 value were poorly inhibited
and thus not taken into account for being primary off-targets. When ICso value
ranges were reported, these were used for comparison. This was done with caution,
however, because ICs0 values from different assays cannot always be compared

directly.

2.6 Commerecial availability of selected inhibitors

In addition to these analyses, the commercial availability of the selected
inhibitors was also evaluated to check their practical viability for further

experiments.

The commercial availability of the selected kinase inhibitors was evaluated by
using the PubChem chemical vendors data base [17]. Each compound was
individually searched on PubChem, and the number of independent chemical
vendors listed under the 'Chemical Vendors' section was recorded. Compounds were
considered to have ready availability if they were available from 20 or more
independent vendors, whereas compounds with limited availability were those that
were available from fewer than 20 vendors. This cut-off was used to distinguish
between compounds with wide availability and those with more restricted

availability.
2.7 Expression analysis using the Human Protein Atlas

Information on protein expression levels for the targeted kinases and their most
relevant off-target proteins was retrieved from the Human Protein Atlas (HPA)
database [15, 16]. For each protein, tissue specificity and brain expression profiles

were examined.

The classification of tissue expression was noted according to the annotation

terms provided by the Human Protein Atlas. The terms included “tissue enriched,”
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“tissue enhanced,” and “low tissue specificity.” According to the classification by the
Human Protein Atlas, “tissue enriched” refers to a set of genes that show a high
expression level in one or a few tissues in comparison to all other tissues. “Tissue
enhanced” refers to a set of genes that show high expression in one or a few tissues
in comparison to the average expression in all tissues. “Low tissue specificity” refers

to a set of genes that show a uniform expression pattern.

The expression in the brain was further examined by analyzing the patterns of
protein detection in the brain. Emphasis was on the cerebral cortex and
hippocampus. The levels of expression for each protein in different brain regions

were extracted from the HPA brain expression dataset.

2.8 Protein-protein interaction network analysis using
STRING

Protein-protein interaction (PPI) networks for each of the selected kinase targets
were analysed based on the STRING database (Search Tool for the Retrieval of
Interacting Genes/Proteins), which is a tool that compiles known and predicted
functional associations between proteins based on experimental data and
computational predictions [27]. The individual kinases were each queried by gene
name, and the interaction network was constructed using the full STRING network
option, which allows for the retrieval of all possible interaction partners. A minimum
required interaction score was set based on high confidence (0.700) to ensure that
only interactions that are strongly supported are included in the analysis. In cases
where no interaction network was obtained based on this criterion of high
confidence, a lower confidence score of medium confidence (0.400) was used to
identify other possible relevant interactions that may not have reached the high
confidence threshold. To highlight the relevant interaction partners of each kinase,
a maximum of five first-shell interaction partners was specified in each interaction
network. In cases where kinases are not present in the STRING database, interaction
networks were constructed using the GeneMANIA tool, which integrates physical
interactions, co-expression data, and pathway data for the prediction of functional

associations between genes and proteins [28].
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3 RESULTS AND DISCUSSION

All selected kinases had at least one experimentally determined human X-ray crystal
structure available in the Protein Data Bank and were therefore included in the

subsequent computational analyses.

3.1 Ranking of tau-related kinases based on predicted

serine phosphorylation of tau

The ranking of the tau-related kinases was based on the number of tau serine
residues that were predicted to be phosphorylated by each kinase. The analysis was
performed with a cutoff corresponding to the 75th percentile, as specified in the
Computational Methods section. When the analysis was performed with a cutoff
corresponding to the 75th percentile, the number of tau serine phosphorylation sites
for each kinase varied from 5 to 15 (Figure 3.1: Number of predicted tau serine
phosphorylation sites per kinase at the 75th percentile cutoff. Bars indicate the
number of tau serine residues predicted to be phosphorylated by each kinase after
applying percentile-based filtering.Figure 3.1). This limited range is a direct
consequence of applying a stringent percentile-based cutoff to retain higher-
confidence kinase-site associations. PRKCA showed the highest number of
predicted phosphorylation sites (15), followed by PRKACA, TTBK1, and CAMK2A
(13 each). In contrast CSNK2A1 (5), DYRK1A (7), and MAPK10 (7) were associated
with fewer predicted phosphorylation sites. The complete list of predicted tau serine
phosphorylation sites retained at the 75th percentile cutoff for each kinase is
reported in Table A 3.

To evaluate the sensitivity of the kinase ranking to the selected percentile
threshold, an additional analysis was performed using a less stringent site percentile
cutoff (Figure 3.2). This analysis allowed for the incorporation of further kinase-site
pair predictions while maintaining the ranking of the kinases comparable to that
found with the 75th percentile cutoff. As expected, the results with the reduced
cutoff range show an increase in the total number of serine sites predicted for all
kinases. The range of total sites is from 7 to 19. PRKCA, TTBK1, and PRKACA
kinases again ranked high under these conditions, whereas GSK3B kinases again

had lower numbers of predicted sites. This analysis suggests that a slight relaxation
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of the cutoff range increases the sensitivity without affecting the overall ranking of

the kinases.

Number of predicted MAPT serine phosphorylation sites per kinase
75th percentile cutoff
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Figure 3.1: Number of predicted tau serine phosphorylation sites per kinase at the 75th percentile cutoff. Bars
indicate the number of tau serine residues predicted to be phosphorylated by each kinase after applying
percentile-based filtering.
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Figure 3.2: Number of predicted tau serine phosphorylation sites per kinase at the 7oth percentile cutoff.
Bars indicate the number of tau serine residues predicted to be phosphorylated by each kinase after applying
percentile-based filtering.

GSK3B, which is widely described in literature as a major kinase involved in tau

phosphorylation, was linked with a relatively low number of predicted serine
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phosphorylation sites in tau in our analysis. This may seem inconsistent with
previous results, which have shown that GSK3B-mediated phosphorylation of tau
requires a pre-existing phosphorylation event on the target by other kinases, such
as PKA, PKC, Akt, and members of the MAPK family. In our analysis, GSK3B mainly
phosphorylates sites that follow an already phosphorylated residue, rather than
directly targeting unmodified serine sites. This is a result of our sequence-based
prediction approach, which does not account for complex phosphorylation events
involving cooperation between different kinases, and our results may not fully

capture the role of GSK3B in tau phosphorylation [4].

It is important to note that this ranking is based on sequence-derived predictions
and does not represent experimentally validated interactions between kinases and
tau. Rather, it provides a comparative overview of the predicted ability of different
kinases to target tau serine residues based on sequence compatibility. This ranking
was used to prioritize tau-related kinases according to their predicted sequence-
based compatibility with tau serine residues, providing a structured framework for
subsequent analyses. This prioritization was therefore based on the 75th percentile
cutoff, with the 7oth percentile analysis included only to evaluate the sensitivity of

the ranking to the selected threshold.

3.2 Boltz-2 docking results

Docking simulations were performed for each kinase-inhibitor pair using the
Boltz-2 framework, as described in section 2.3. Predicted BAL scores and ICso-like
values were integrated into a composite score (S) to allow relative comparison
among inhibitors. Based on these scores, inhibitors were ranked within each kinase
group and the highest scoring compound was identified as the top-ranked inhibitor.
One prioritized inhibitor was therefore selected for each kinase (Table 3.1).

Complete docking outputs and composite scores are provided in Table A 4.

The ICso-like values generated by Boltz-2 do not represent experimentally
measured inhibitory potencies and should not be interpreted as absolute affinity
estimates. Instead, both the ICso-like values and the BAL scores were used
exclusively for relative comparison among inhibitors evaluated under identical
conditions. Consequently, the identification of top-ranked inhibitors reflects a

comparative prioritization within each kinase rather than a direct prediction of in
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vivo efficacy. The prioritized inhibitors were therefore subjected to pharmacokinetic
analysis, with particular emphasis on blood—brain barrier permeability, followed by

off-target profiling.

Table 3.1: Top-ranked inhibitors identified for each kinase based on docking analysis. Kinases are reported
according to the sequence-based prioritization order defined in the previous section.

KINASE GENE TOP-RANKED INHIBITOR
PKCa PRKCA Go 6976
CaMKII-a CAMK2A KNo3
PKAa PRKACA H-89
TTBK1 TTBK1 TTBK1-IN-2
CK16 CSNK1D 1C261
p38a MAPK14 TAK 715
CDK5 CDKs5 Olomoucine
ERK2 MAPK1 FR-180204
GSK3p GSK3B AR-A014418
PKBf AKT2 Capivasertib
DYRK1A DYRKi1A DYRKi1-IN-1
JNK3 MAPK10 AS601245
CK2a CSNK2A1 TBCA

3.3 Pharmacokinetic profile of selected inhibitors

For CNS-relevant targets, pharmacokinetic properties were evaluated according
to the predefined criteria described in section 2.4. Predicted BBB permeability was
used as a key parameter to guide compound selection. When the top-ranked
inhibitor showed unfavourable predicted BBB permeability, alternative compounds
predicted to cross the BBB were considered. If the alternative displayed a docking
score comparable to that of the top-ranked inhibitor, it was selected. When the
difference in the docking scores was significant, the top-ranked compound was

selected while the limitation in BBB permeability was recognized.

Predicted GI absorption, P-glycoprotein (P-gp) interaction and compliance with
Lipinski’s rule of five were also considered to support overall pharmacokinetic
suitability. Compounds showing favourable profiles across these parameters were

prioritized. The comparative evaluation of these properties is summarized in Table

3.2.
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SwissADME analysis indicated that several prioritized inhibitors, including
KN93, H-89, TAK 715, Olomoucine, FR-180204, AR-A014418, Capivasertib, and
AS601245, were predicted to lack blood brain barrier permeability. In these cases,

alternative inhibitors from the docking analysis were further evaluated.

Table 3.2: List of top-ranked inhibitors and their predicted pharmacokinetic properties: gastrointestinal
absorption, blood—brain barrier permeability, P-glycoprotein substrate prediction and Lipinski’s rule of five
compliance, as obtained from SwissADME.

KINASE INHIBITOR GI - absorption BBB P-gp LIPINSKI
permeant substrate
PKCa | Go 6976 High Yes Yes Yes; o violation
CaMKII-a | KNg3 High No Yes Yes; 1 violation:
MW>500
PKAa | H-89 High No No Yes; o violation
TTBK1 | TTBK1-IN-2 High Yes No Yes; o violation
CK16 | IC261 High Yes No Yes; 0 violation
p38a | TAK 715 High No Yes Yes; 0 violation
CDKj5 | Olomoucine High No Yes Yes; o violation
ERK2 | FR-180204 High No Yes Yes; o violation
GSK3fB | AR-A014418 High No No Yes; o0 violation
PKBf | Capivasertib High No Yes Yes; o violation
DYRKi1A | DYRK1-IN-1 High Yes No Yes; o violation
JNK3 | AS601245 High No Yes Yes; o violation
CK2a | TBCA High Yes No Yes; 1 violation:
MLOGP>4.15

For CaMKII-a and ERKZ2, no alternative inhibitors with good predicted BBB
permeability were identified. Thus, the top-ranked compounds were selected for the

next step, even though they were not good BBB permeability predictions.

For PKAa and p38a kinases, the top-ranked inhibitors based on their docking
scores were H-89 and TAK-715, where the docking scores were 0.750 and 0.370,
respectively, and these are not predicted to cross the BBB. AT13148 and SB-239063
were the only two inhibitors that were predicted to cross the BBB for these kinases,
but their docking scores were significantly lower, i.e., 0.000 and 0.022, respectively.
These two compounds were considered for their potential as CNS-related
alternatives but were not considered for further analysis due to the marked

differences in their binding performance.

In the case of CDK35, none of the prioritized inhibitors were predicted to be

permeable across the BBB by SwissADME. However, experimental data reported in
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the literature indicate that (R)-roscovitine is able to cross the blood-brain barrier
in vivo. Pharmacokinetic studies in rats have shown measurable brain exposure
following systemic administration of (R)-roscovitine, with age-dependent
differences [29]. The above experimental data differ from the less favourable
prediction by BBB from the SwissADME tool. Taking into account that in silico
methods are based on physicochemical characteristics and cannot always
adequately reflect the in vivo results for brain penetration, the existing data was
prioritized. According to the above data, (R)-roscovitine was selected for further
analysis as a reference compound for CDKj5 inhibitors, despite the predicted poor
permeability by BBB. The docking score was lower for (R)-roscovitine compared to

Olomoucine, however, the difference was not significant.

The best inhibitor for GSK3B was AR-A014418; however, it was predicted that
it would not cross the BBB. Therefore, another compound, which was predicted to
have favourable BBB permeability, was selected. This was SB-216763, which was
predicted to have a docking score close to that of AR-A014418. An important point
in relation to the selection criteria for the inhibitors was that ZDWX-25 has been
described as a potent dual inhibitor for both GSK33 and DYRK1A kinases. Dual
inhibitors that target both these kinases are of interest since these kinases have
overlapping signalling pathways that are involved in neuronal signalling. ZDWX-25
was found to have favourable blood brain barrier permeability in vitro by a PAMPA-
BBB assay. However, this has not been shown for ZDWX-25 in vivo. In addition, the
compound was predicted by SwissADME to have unfavourable blood brain barrier
permeability. Therefore, this compound was not selected for further analysis;

however, it has been included here because it is a biologically relevant compound.

For PKBp, CC-2128930 was selected over the initially ranked compound
Capivasertib on the basis of its good predicted permeability through the blood-brain
barrier and the small difference in docking score. For JNK3, SP600125 was selected
over the initially ranked compound AS601245 on the basis of good predicted
permeability through the blood-brain barrier. Although AS601245 had a slightly
higher docking score than SP600125, the difference in the predicted binding

performance of the two compounds was not large.

The final selection of inhibitors and their corresponding pharmacokinetic

properties are summarized in the following Table 3.3.
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Table 3.3: Final list of selected inhibitors and their predicted pharmacokinetic properties: gastrointestinal
absorption, blood—brain barrier permeability, P-glycoprotein substrate prediction and Lipinski’s rule of five
compliance, as obtained from SwissADME. An asterisk (*) indicates the BBB prediction for (R)-roscovitine,
for which in vivo brain exposure has been reported in rat models despite an unfavourable predicted BBB
permeability.

KINASE INHIBITOR GI - BBB P-gp LIPINSKI
absorption permeant substrate
PKCa | Go 6976 High Yes Yes Yes; o violation
CaMKII-a | KNo3 High No Yes Yes; 1 violation:
MW>500
PKAa | H-89 High No No Yes; o violation
TTBK1 | TTBK1-IN-2 High Yes No Yes; o violation
CK16 | IC261 High Yes No Yes; 0 violation
p38a | TAK 715 High No Yes Yes; 0 violation
CDK5 | (R)-roscovitine High No* Yes Yes; o violation
ERK2 | FR-180204 High No Yes Yes; o violation
GSK3f | SB-216763 High Yes No Yes; o violation
PKBf | CCT128930 High Yes Yes Yes; o violation
DYRKi1A | DYRK1-IN-1 High Yes No Yes; o violation
JNK3 | SP600125 High Yes No Yes; 0 violation
CK2a | TBCA High Yes No Yes; 1 violation:
MLOGP>4.15

As shown in Table 3.3 the final set of selected inhibitors generally displayed
favourable predicted pharmacokinetic properties. All of these compounds were
found to have good gastrointestinal absorption, which is a good indication that they
could be effective when given orally. In terms of drug-likeness, these chosen
inhibitors were found to comply with Lipinski’s rule of five, or had no more than one
rule violation, indicating good physicochemical properties. Furthermore, these
compounds were also found not to be P-glycoprotein substrates, indicating that
these compounds are likely to gain good access to the brain. Overall, these data
suggest that, aside from docking potency, these chosen inhibitors have good
predicted pharmacokinetic properties, indicating that they are relevant in a central

nervous system related context.
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3.4 Off-target interaction profiles of selected inhibitors

In this section, the off-target profiles of the selected kinase inhibitors were
analysed to understand the level of selectivity of the compounds as well as the
potential additional targets, which may impact the biological activity of the
compound. The experimental results were obtained from the ChEMBL database,
which was used for the analysis of the activity of the compounds with respect to the
primary target kinases, thereby enabling a comparison of the on-target and off-
target inhibition profiles. The relevant off-target interactions were identified
according to the potency criteria established in section 2.5, with special
consideration given to the kinases that were inhibited within a similar range of ICso
values as the primary target. The results from the prediction module, i.e., the Boltz-
2 compound prediction module, were used as supporting information, which was
helpful for the interpretation of the activity trend with respect to the kinases. The
following sections present a detailed analysis of the selected kinase inhibitors,
focusing on the major off-target interactions with respect to the primary target

kinases for the treatment of Alzheimer's disease.
3.4.1 Go0-6976 targeting PKCa

In the case of Go-6976, the compound had a wide range of inhibitory activity,
consistent with its known activity as a pan-inhibitor of classical PKC isoforms. PKCa
has been confirmed as the primary target of Go-6976 in the current study with ICso
values in the low nanomolar range (2-3.7 nM) (Table 3.4). The similar ICso0 values
found for PKCf and PKCy suggest a non-selective interaction among the classical
PKC isoforms. Besides the PKC isoforms, the most interesting off-target hit
identified was FLT3, which reached a similar low nanomolar ICso value (0.7 nM).
This interaction may have important off-target effects. The inhibition of the kinase
PDK1 was found to occur at higher nanomolar concentrations (20-62 nM) more
than threefold higher than those found for PKCa. This kinase was not considered a

relevant off-target.

Boltz-2 prediction results were consistent with the experimental results, as
the ICso-like scores and the binding affinity for PKCa, PKCB, and PKCy were
similar. However, FLT3 had a higher ICso-like score compared to PKCa, while the
experimental results showed the lowest ICso for FLT3. Although the results
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indicated a partial inconsistency between the prediction results and the
experimental results for FLT3, the difference between the ICso0-like scores was not
large. Overall, the results suggest a lack of selectivity within the PKC family, as well
as the presence of additional off-target activity, with FLT3 being the most relevant

non-PKC off-target.

Table 3.4: Inhibition profile of Go-6976 toward PKCa (target) and off-target kinases. Experimentally
determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)

Go 6976 | FLT3 Off-target Homo sapiens 0.7 9.44 0.79

PKCa On-target Homo sapiens 2-3.7 8.26 0.74

PKCp Off-target Homo sapiens 2-6.2 8.19 0.75

PKCy Off-target Homo sapiens 2 7.87 0.69

PRKD1 Off-target Homo sapiens 20-62 8.75 0.82

3.4.2 KNo93 targeting CaMKII-a

From the analysis of off-targets, KN93 was found to have low selectivity
towards CaMKII, as its experimentally determined ICso0 value against MLCK (9.8
uM) was comparable to that determined against its intended target CaMKII (8.4
uM), as presented in Table 3.5. Based on the selectivity criteria used in this study,
MLCK was therefore classified as a relevant off-target enzyme of KN93. However,
owing to limited KNo3 activity data, not only Homo sapiens but also Rattus
norvegicus and Gallus gallus species were considered in this analysis, where MLCK

was found to be the only relevant off-target enzyme.

The Boltz-2 predictions did not show a clear preference for CaMKII over
MLCK. Instead, the ICs0-like scores and binding affinity values predicted by Boltz-
2 indicated a slightly more favourable interaction with MLCK, but this was not a
strong difference between these two kinases. Overall, these predictions are
consistent with the experimentally observed low selectivity of KN93, showing that
this inhibitor does not clearly distinguish between CaMKII and MLCK.
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Table 3.5: Inhibition profile of KN93 toward CaMKII (target) and the off-target kinase MLCK.
Experimentally determined ICs0 values were retrieved from ChEMBL for Rattus norvegicus and Gallus gallus
kinases and are reported together with ICso-like scores and predicted binding affinity likelihood (BAL) values
obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL

TYPE (nM) (Boltz2) (Boltz2)
KNg93 | CaMKII On-target Rattus 8400 9.54 0.09
norvegicus

‘ MLCK Off-target Gallus gallus 9800 7.68 0.14

3.4.3 H-89 targeting PKAa

From the off-target analysis results, it is evident that H89 has poor selectivity
towards its target kinase PKAa. The ICso values for several kinases were comparable
to or even less than that obtained for PKAa (100 nM), indicating a broad spectrum
of inhibition. Among these kinases, the off-target kinase identified was S6 K1, which
has a relatively lower ICs0 value (80 nM) compared to the primary target kinase.
This indicates that this kinase is preferably being inhibited by the compound. The
other off-target kinases identified were MSK1, AKT2, AKT3, and ROCK2. The ICs0
values obtained for these kinases were comparable to that obtained for the primary

target kinase PKAa and were still within the three-fold criterion.

The results predicted by Boltz-2 matched the experimentally observed data
in that they had similar ICso-like scores and binding affinities for these kinases.
Overall, these data indicate that H89 does not have selectivity for a target kinase and
that it functions as a general kinase inhibitor, which could affect the interpretation

of the biological effects of H89 in the context of Alzheimer's disease.

Table 3.6: Inhibition profile of H89 toward PKAa (target) and off-target kinases. Experimentally determined
ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together with ICso-like
scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)

H-89 | S6K1 Off-target Homo sapiens 80 8.06 0.61

PKA«a On-target Homo sapiens 100 8.62 0.75

MSK1 Off-target Homo sapiens 120 8.10 0.60

AKT3 Off-target Homo sapiens 200 8.68 0.68

ROCK2 Off-target Homo sapiens 270 9.31 0.60

AKT2 Off-target Homo sapiens 300 8.62 0.65
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3.4.4 TTBK1-IN-2 targeting TTBK1

Off-target analysis showed that the inhibitor was highly selective for TTBKi.
The ICs0 value for the closely related kinase TTBK2, which was experimentally
determined (4.22 uM), was more than one order of magnitude higher than the ICso
value for the intended target TTBK1 (240 nM), as shown in Table 3.7, and according
to the selectivity criteria adopted in this study, TTBK2 was therefore not classified

as a relevant off-target.

The predictions from Boltz-2 indicated that there were small differences
between TTBK1 and TTBK2. The ICso-like and BAL values were slightly more
favourable for TTBK1. The predicted differences are not large but fit the observed
profile.

Table 3.7: Inhibition profile of TTBK1-IN-2 toward TTBK1 (target) and off-target kinases. Experimentally
determined ICso0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)
TTBK1-IN-2 ‘ TTBK1 On-target Homo sapiens 240 7.05 0.37

‘ TTBK2 Off-target Homo sapiens 4220 7.70 0.29

3.4.5 IC261 targeting CK18

IC261 displayed strong inhibitory activity against CK16, which was identified
as the primary target. The experimentally determined ICso for CK18 was 1 uM
(Table 3.8). The same ICs0 value was obtained for CKza. CKia was identified as a
relevant off-target by the defined selectivity criteria for this study. The isoform
selectivity between CK16 and CKia can be described as low for IC261 in the CK1
family.

The Boltz-2 model predicted a specific interaction between IC261 and CK18
by showing a reduced ICso0-like score and a better predicted binding affinity for CK18
compared to CK1a. CK1a was identified as an off-target for IC261 in relation to CK18.
The isoform selectivity between CK18 and CKia can be characterized as low for
IC261 in the CK1 family.

36



Table 3.8: Inhibition profile of IC261 toward CKi8 (target) and off-target kinases. Experimentally
determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ics0-like BAL
TYPE (nM) (Boltz2) (Boltz2)
IC261 ‘ CK16 On-target Homo sapiens 1000 7.45 0.45

‘ CKia Off-target Homo sapiens 1000 8.73 0.75

3.4.6 TAK 715 targeting P38a

The off-target analysis revealed a high level of selectivity of TAK-715 towards
the p38a isoform. This was further verified as the primary target of TAK-715 with
an experimentally derived ICso value in the low nanomolar range (7.1 nM). By
contrast, the inhibition of the closely related p38p isoform occurs only at
significantly higher concentrations (200 nM), Table 3.9. Based on the adopted
criteria of selectivity, the closely related p38f isoform would not be considered an

off-target of TAK-715.

The Boltz-2 model predictions revealed similar ICso-like values and binding
affinities for the target p38a and the off-target p38f3. There is a slight preference for
the target over the off-target. This suggests that the Boltz-2 model does not
distinguish significantly between the two isoforms. This further suggests that the
high isoform selectivity observed for TAK-715 is supported by the experimental
potency data.

Table 3.9: Inhibition profile of TAK 715 toward p38a (target) and off-target kinases. Experimentally

determined ICso0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)
TAK 715 ‘ P38a On-target Homo sapiens 7.1 7.50 0.37

‘ P38p Off-target Homo sapiens 200 7.10 0.19
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3.4.7 (R)-Roscovitine targeting CDK5

Multiple ICs0 values were available for each kinase in the ChEMBL database.
The differences are probably due to variations in experimental conditions. The ICs0
values presented in Table 3.10 are based on the most consistent range of data

obtained under standardized assay conditios..

Off-target analysis indicated that (R)-roscovitine was not highly selective for
CDKs5. The ICs0 for CDK2 (90-141 nM) was similar to that for the target CDK5
(160-200 nM). However, CDK2 was the most relevant off-target, with a slightly
higher affinity than the on-target CDK5. This indicates that (R)-roscovitine is a dual
inhibitor of CDK2 and CDKs5, rather than a selective modulator of CDK5. Apart from
CDK2, other CDK family members were also highly sensitive to (R)-roscovitine.
CDKo9 was inhibited with a similar ICso of 230 nM, whereas CDK1 and CDK?7 were
inhibited with ICso0 values within the range of 450-500 nM. Although the ICso
values for CDK1, CDK7, and CDK9 were moderately higher than the ICs0 for CDK35,
they were within the range of the threefold selectivity used for the analysis, making

CDK1, CDK7, and CDKg relevant off-targets for (R)-roscovitine.

The Boltz2 predictions agreed with the experimental data. Similar profiles
were observed for all CDK family members, and CDK2 was correctly identified as
the CDK with the highest affinity for the compound, consistent with the
experimental data. Overall, these results suggest that (R)-roscovitine behaves as a
pan-CDK inhibitor rather than a specific CDK5 inhibitor.

Table 3.10: Inhibition profile of (R)-Roscovitine toward CDK5 (target) and off-target kinases.
Experimentally determined ICso values were retrieved from ChREMBL for Homo sapiens kinases and are

reported together with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using
Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ics0-like BAL
TYPE (nM) (Boliz2) (Boltz2)

(R)-Roscovitine | CDK2 Off-target Homo sapiens 90-141 7.97 0.74

CDK5 On-target Homo sapiens 160-200 8.45 0.86

CDKog Off-target Homo sapiens 230 8.15 0.76

CDK1 Off-target Homo sapiens 450 8.58 0.80

CDK7 Off-target Homo sapiens 480-500 8.21 0.80
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3.4.8 FR-180204 targeting ERK2

From the off-target analysis results, it was found that FR-180204 had
moderate selectivity towards ERK2. The experimentally determined ICso value for
the primary target ERK2 was 330 nM, while inhibition of the closely related isoform
ERK1 was observed at 510 nM, as shown Table 3.11. According to the selectivity

criteria adopted in this study, ERK1 was therefore classified as a relevant off-target.

The predictions made by Boltz2 were found to be consistent with the results
obtained experimentally. The ICso0-like scores for both isoforms were found to be
similar, as were the binding affinity values. The results obtained have illustrated that
FR-180204 had low selectivity between ERK1 and ERK2. This implies that the
compound had a dual activity towards both ERK1 and ERK2, rather than specific
activity towards ERK2.

Table 3.11: Inhibition profile of FR 180204 toward ERK2 (target) and off-target kinases. Experimentally

determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)
FR 180204 ‘ ERK2 On-target Homo sapiens 330 9.33 0.73

‘ ERK1 Off-target Homo sapiens 510 9.85 0.81

3.4.9 SB-216763 targeting GSK3[3

In terms of the results from the off-target analysis, it has been found that the
compound has a low level of selectivity for the GSK3[ isoform. The IC50 value for
the primary target GSK3f has been found to be between 7-34 nM. However, the
compound has been found to inhibit the isoform GSK3a. The 1C50 value for the
isoform has been found to be 34 nM. This indicates that the isoform has a similar
level of potency to the primary target. However, based on the criteria for selectivity
that has been adopted for the purposes of the research, the isoform has been
classified as a relevant off-target (Table 3.12). In addition to the isoform GSK3a, the
compound has also been found to inhibit the RPS6KB1 isoform with an IC50 value
of 100 nM. This is above the value for the primary target. However, it is still within

the threefold range that has been adopted for the purposes of the research.
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The results obtained by Boltz2 were consistent with the experimental data and
indicated similar ICso0-like scores and BAL for both GSK3[3 and GSK3a. The lack of
selectivity between these isoforms was thus further validated. Interestingly,
RPS6KB1 was found to have a low ICso0-like score and BAL compared to both GSK3
isoforms. However, this was not observed in the experimental data. The results
suggest that SB-216763 is a dual GSK3a/GSK3f inhibitor with some cross-reactivity
to RPS6KB1.

Table 3.12: Inhibition profile of SB-216763 toward GSK3p (target) and off-target kinases. Experimentally
determined ICso0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)

SB-216763 ‘ GSK3p On-target Homo sapiens 7-34 8.69 0.81

‘ GSK3a Off-target Homo sapiens 34 9.22 0.81

‘ RPS6KB1 Off-target Homo sapiens 100 7.92 0.55

3.4.10 CCT128930 targeting PKB[3

The results from the off-target analysis indicated that CCT128930 has a low
level of selectivity for PKBf. The ICso value for the primary target PKBf} was
experimentally determined to be 6 nM. Inhibition was also observed for the isoform
PKBa at 0.66-3 nM; thus, PKBa is inhibited slightly more potently than the
primary target PKB[ (Table 3.13). Based on the selectivity criteria used in this study,
PKBa was classified as a highly relevant off-target. In addition to PKBa, CCT128930
was also observed to inhibit RPS6KB1 by 120 nM ICso, which is approximately 20-
fold less potent than the primary target PKBf. This value is greater than threefold;

thus, RPS6KB1 was not classified as a relevant off-target.

The Boltz2 predictions were also consistent with the data, showing similar
ICso-like scores for both PKB isoforms and similar BAL values for both isoforms,
thus confirming the lack of selectivity between the two isoforms. The results suggest
that CCT128930 is primarily a dual inhibitor of PKBa and PKBf3 with some cross-
reactivity to RPS6KB1.
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Table 3.13: Inhibition profile of CCT12890 toward PKBp (target) and off-target kinases. Experimentally
determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)

CCT128930 ‘ PKBa Off-target Homo sapiens 0.66-3 11.08 0.93

PKBp On-target Homo sapiens 6 10.11 0.83

‘ RPS6KB1 Off-target Homo sapiens 120 9.65 0.85

3.4.11 DYRKi1-IN-1 targeting DYRK1A

The off-target analysis revealed that DYRK1A-IN-1 has poor selectivity for
DYRKI1A. The experimentally determined ICso for the primary target DYRK1A was
in the range of 220-590 nM. The inhibition of the closely related isoform DYRK1B
was observed at 236 nM. Thus, equipotent inhibition of both DYRK1A and DYRK1B
was observed (Table 3.14). According to the defined criterion for selectivity in this
study, DYRK1B was identified as a highly relevant off-target. Apart from DYRK1B,
other DYRK and CLK family kinases were found to be highly sensitive to DYRK1A-
IN-1. CLK4 and CLK1 were found to be inhibited by DYRK1A-IN-1 at 219 nM and
319 nM, respectively. The potency of CLK4 and CLK1 was comparable to that of the
primary target. Therefore, CLK4 and CLK1 were identified as relevant off-targets
according to the defined criterion for potency. CLK2 was found to be less sensitive
to DYRK1A-IN-1 at 1328 nM. Though less potent than the primary target DYRK1A,
the ICso value for CLK2 was still less than the threefold value.

Boltz2 predictions showed relatively uniform ICso-like scores and BAL values
across all tested kinases. Overall, these results indicate that DYRK1A-IN-1 acts as a
promiscuous inhibitor of DYRK and CLK family kinases rather than a DYRK1A-

selective compound.
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Table 3.14: Inhibition profile of DYRK1-IN-1 toward DYRKIA (target) and off-target kinases. Experimentally
determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)

DYRK1-IN-1 | CLK4 Off-target Homo sapiens 218.9 8.56 0.81

DYRKiA On-target Homo sapiens 220-590 8.97 0.78

DYRK1B Off-target Homo sapiens 235.7 9.73 0.86

CLK1 Off-target Homo sapiens 319.4 9.06 0.85

CLK2 Off-target Homo sapiens 1328 7.79 0.80

3.4.12 SP600125 targeting JNK3

The results from the off-target analysis revealed that SP600125 has a poor
level of selectivity towards JNK3. The experimentally determined ICso for JNK1
and JNK2 isoforms, which were closely related and both 40 nM, was consistently
lower than that obtained for the target enzyme JNK3 (90 nM), indicating that JNK1
and JNK2 were more likely to be inhibited than the target enzyme JNK3 (Table
3.15). Using the set criteria for selectivity in this study, both JNK1 and JNK2 were
identified as highly relevant off-target enzymes. Apart from JNK1 and JNK2,
SP600125 was also observed to inhibit other kinases. FLT3 was observed to be
inhibited by SP600125 at an ICs0 comparable to that obtained for JNK3 (90 nM),
while both MPS1 and MELK were observed to have an ICs0 of 98 nM and 110
nM, respectively. All these enzymes were observed to be within the three-fold
criterion and were therefore identified as relevant off-target enzymes. The results

revealed that SP600125 has a wide range of kinase inhibition potential.

Boltz2 predictions indicated a fairly consistent ICso-like scores and BAL
values for all kinases tested. Although the ICs0-like scores and BAL values indicated
a similar binding profile, the results were not consistent with the experimental
selectivity profile, which indicated preferential inhibition of JNK1/JNK2 over JNK3.
The results suggest that SP600125 is a pan-JNK inhibitor with additional off-target
activity against FLT3, MPS1, and MELK, rather than a JNK3-selective inhibitor.

42



Table 3.15: Inhibition profile of SP600125 toward JNK3 (target) and off-target kinases. Experimentally
determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE (nM) (Boltz2) (Boltz2)

SP600125 | JNK1 Off-target Homo sapiens 40 8.49 0.80
JNK2 Off-target Homo sapiens 40 8.89 0.85

JNK3 On-target Homo sapiens 90 8.47 0.82

FLT3 Off-target Homo sapiens 90 8.83 0.70

MPS1 Off-target Homo sapiens 98 7.27 0.61

MELK Off-target Homo sapiens 110 7.95 0.70

3.4.13 TBCA targeting CK2a

The results of off-target analysis showed that TBCA is highly selective
towards CK2a. The ICso value for the primary target CK2a was found to be 110 nM,
as presented in Table 3.16. This proved that TBCA is a potent inhibitor of CK2a. The
ICs0 value for the second target, PKR, was found to be 7000 nM at much higher
concentrations. This is beyond the threefold selectivity criterion adopted for the

study against CK2a; hence, PKR is not considered an off-target.

The Boltz2 predictions also showed similar ICso0-like scores for both kinases,
which did not reflect the significant selectivity observed experimentally. Overall, the
experimental data suggest that TBCA has a selective inhibitory profile for CK2a with
little cross-reactivity to PKR.

Note: The experimental data for CK2a was derived from Rattus norvegicus
data due to the unavailability of Homo sapiens data, while the PKR activity was
derived from Homo sapiens data.

Table 3.16:Inhibition profile of TBCA toward CKz2a (target) and off-target kinases. Experimentally

determined ICs0 values were retrieved from ChEMBL for Homo sapiens kinases and are reported together
with ICso0-like scores and predicted binding affinity likelihood (BAL) values obtained using Boltz-2.

INHIBITOR KINASE TARGET ORGANISM IC50exp Ic50-like BAL
TYPE mM) (Boltz2) (Boliz2)
TBCA | CK2a On-target Rattus 110 7.70 0.64
norvegicus
‘ PKR Off-target Homo sapiens 7000 7.50 0.44
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3.5 Awvailability profile of selected inhibitors

To check the practicality of experimental validation, the commercial accessibility
of all these kinase inhibitors was checked by using the PubChem Chemical Vendors
resource. It was found that all these inhibitors were readily available from
different chemical suppliers. The number of suppliers for these inhibitors varied
from 21 to 82 (Table 3.17). The results are shown in Table 3.17. The highest number
of suppliers for a compound was observed for SP600125, an inhibitor for JNK3. The
compound was available from 82 different suppliers. The second highest number of
suppliers was observed for SB-216763, an inhibitor for GSK3[. The compound was
available from 68 different suppliers. The third highest number of suppliers was
observed for (R)-roscovitine, an inhibitor for CDK5. The compound was available
from 59 different suppliers. The least number of suppliers was observed for

DYRK1A-IN-1. The compound was available from 21 different suppliers.

The widespread commercial availability of these compounds supports their
suitability for in vitro and in vivo experimental studies in Alzheimer's disease
research.

Table 3.17: Commercial availability of selected kinase inhibitors. Data retrieved from PubChem Chemical

Vendors database (accessed February 2026). Compounds were classified as "readily available" based on
availability from >20 independent chemical suppliers.

INHIBITOR TARGET PubChem CID NUMBER OF AVAILABILITY
VENDORS
Go 6976 | PKCa 3501 56 Readily available
KNg3 | CaMKII-a 5312122 49 Readily available
H-89 | PKAa 449241 42 Readily available
TTBKi1-IN-2 | TTBK1 162679313 26 Readily available
IC261 | CK16 5288600 46 Readily available
TAK 715 | p38a 9952773 57 Readily available
(R)-roscovitine | CDK5 160355 59 Readily available
FR-180204 | ERK2 11493598 41 Readily available
SB-216763 | GSK3[3 176158 68 Readily available
CCT128930 | PKBf 17751819 53 Readily available
DYRKi-IN-1 | DYRK1A 138454302 21 Readily available
SP600125 | JNK3 8515 82 Readily available
TBCA | CK2a 16760346 39 Readily available
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3.6 Expression profiles of selected targets

Tissue distribution and brain-specific expression patterns were analysed for all
selected kinase targets and their most relevant off-targets using data from the
Human Protein Atlas (HPA) database (Table 3.18). This analysis will help to create
a biological context for the interpretation of the potential CNS effects of the selected
inhibitors. The evaluation of tissue specificity, association with neurons, and
regional distribution in areas relevant to Alzheimer’s disease will help to compare
the primary targets with the most relevant off-targets. “Enriched” is defined as
having a high level of expression in a particular tissue or region compared to the
others. This implies a strong relative overrepresentation. “Enhanced” implies a high
level of expression in a particular tissue compared to the average across all tissues.
However, it lacks the level of specificity required for the term “enriched.” “Low
region specificity” implies a relatively uniform distribution across the regions. This
does not imply low levels of expression. In the current research, kinases with low
regional specificity were considered to be expressed in the relevant regions for

Alzheimer’s disease. However, they were not found to be enriched in these regions.

Table 3.18: Tissue specificity and brain expression profiles of selected kinase targets and corresponding off-
target proteins retrieved from the Human Protein Atlas (HPA). Tissue specificity categories (“tissue enriched”,
“tissue enhanced” and “low tissue specificity”) are reported according to HPA annotations. Brain expression
and detection in cerebral cortex and hippocampus are shown as reported in the HPA dataset.

INHIBITOR KINASE ROLE TISSUE SPECIFICITY BRAIN CEREBRAL
EXPRESSION CORTEX/
HIPPOCAMPUS
Go 6976 | PKCa Target Brain -enhanced Forebrain Detected
FLT3 Off- Bone marrow/Brain/ Lymphoid Non-specific Detected
target tissue - enhanced
PKCp Off- Brain/Lymphoid tissue- Neurons Detected
target enhanced
PKCy Off- Brain-enriched Neurons Detected
target
KN93 | CaMKII- Target Brain/Skeletal/ Neurons Enriched

Muscle- enriched

MLCK Off- Seminal vesicle/Smooth muscle- White matter Detected

target enhanced
H-89 | PKAa Target Skeletal muscle- enhanced Neurons Detected

S6K1 Off- Low Non specific Detected
target

MSK1 Off- Low Non specific Detected
target

AKT3 Off- Low Non specific Detected
target
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ERK2, GSK3pB, PKBp, DYRK1A, and CK2a) were classified as having low tissue

specificity, indicating relatively broad expression across multiple tissues.

Overall, only a subset of the analysed kinases displayed preferential expression
in the brain, whereas most showed a more widespread tissue distribution. This
suggests that tau phosphorylation in the CNS may involve both brain-enriched

kinases and broadly expressed signalling proteins.

3.6.2 Regional brain expression

Given that tau pathology in Alzheimer’s disease prominently involves the
hippocampus and cortical regions [31], expression in the hippocampus and cerebral
cortex was specifically examined. All analysed kinase targets were detected in both
regions, supporting their potential involvement in tau-related neuronal processes.
However, CaMKII-a was the only kinase showing enriched expression in these
areas (Figure 3.3), whereas the remaining targets were detected without evidence of
region-specific overexpression (Figure 3.4), indicating regional presence but not

preferential enrichment.

In addition, brain expression analysis indicated that distinct localization
patterns exist for the analyzed targets of kinase proteins, with most kinases, such as
CaMKII-a, CDKs5, JNK3, TTBK1, CK18, p38a, ERK2, and GSK3[, being annotated
as predominantly expressed in neurons, implying their predominant expression in
neuronal cell types within the brain. PKCa was annotated as expressed in forebrain
regions, implying regional predominant expression in anterior brain regions, while
PKBB, DYRK1A, and CK2a were annotated as non-specific, implying their
expression in a variety of brain cell types without predominant expression in

neurons.
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Figure 3.3: Regional brain expression profile of CaMKII-a according to Human Protein Atlas data. CaMKII-
a shows enriched expression in cerebral cortex and hippocampal regions compared to other brain areas.
Expression levels shown as normalized Transcripts Per Million (N'TPM).
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Figure 3.4: Regional brain expression profile of CDK5 according to Human Protein Atlas data. CDK5 is
detected in cerebral cortex and hippocampus, consistent with its neuronal role in tau-related pathways.
Expression levels shown as normalized Transcripts Per Million (n"'TPM).
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3.6.3 Target and Off-Target expression comparison

All primary targets were identified in both regions. The majority of off-target
kinases were also identified in these regions. This suggests a high level of regional
overlap in CNS regions relevant to Alzheimer’s disease. Only MPS1 and MELK
were not identified in brain tissues, including the cerebral cortex and hippocampus.
This represents the greatest level of minimal expression at a regional level (Figure
3.5). Notably, “not detected” does not mean that there is no expression at all; rather,
it means that the expression levels are below the detection limit of the HPA data
sets. Therefore, both kinases do not have measurable expression in these brain
regions. This study has highlighted MPS1 and MELK as the only off-target kinases
without any regional overlap with their primary target in brain regions relevant for
Alzheimer's disease and thus concluded that these kinases are not expected to
contribute to a direct effect in the CNS.
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Figure 3.5: Regional brain RNA expression profiles illustrating contrasting CNS patterns, according to
Human Protein Atlas data. (a) JNK3 (target) shows brain-enhanced expression. (b) MPS1 (off-target) exhibits
minimal transcript levels across brain regions and is classified as not detected. Expression levels are shown
as normalized Transcripts Per Million (nNTPM).

Other differences are identified when the tissue specificity classification is
taken into consideration. Several primary targets are -classified as brain
enhanced/enriched, which supports the association with the CNS. Among the off-
targets, PKCP, PKCy, and FLT3 have a similar tissue specificity classification as
brain enhanced/enriched, which indicates a high level of association with the
corresponding target, PKCa. PKCy is classified as brain enriched, which indicates a
higher level of specificity for the brain compared to PKCa, which is classified as brain

enhanced. In contrast, many of the off-target kinases are classified as having low
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tissue specificity, which implies a fairly consistent expression profile across a range
of tissues without any specific over-expression within the brain. Although not
enriched, these kinases are expressed within the cerebral cortex and hippocampus.
MLCK, MPS1, and MELK are classified as having tissue enhancement, primarily
within peripheral tissues. This is different from the profile seen for the primary
targets, which are enriched within the brain. This profile implies a lower association
with the CNS, which may infer a lower probability of CNS involvement, although not
definitively ruling out the possibility. In addition, some primary targets are enriched
within the neurons, whereas CaMKII-a is enriched within specific regions of the
cortex and hippocampus. Some of the off-target kinases have similar expression
profiles to the primary targets, which may infer a potential for cellular overlap.
Others are expressed non-specifically within the brain, with MLCK having a white

matter-associated localization.

In total, although broad regional co-detection is a feature of all target/off-
target pairs, distinctions are evident at the levels of tissue specificity and cell type-
associated brain expression. MPS1 and MELK are the only off-targets that possess
no detectable CNS expression, whereas most off-targets cannot be excluded from

contributing to CNS-related effects based on expression data.

3.7 Protein-Protein Interaction Network Results

To gain further insights into the biological background of the selected targets for
the kinase group in Alzheimer’s disease, protein-protein interaction (PPI) networks
were analysed. The results from these networks can help to identify how each kinase
target is functionally associated with other proteins and whether these targets are
associated with pathways that regulate tau. The interaction profiles for each target
were analyzed in an attempt to identify whether these kinase targets are associated
with tau or whether they are part of a broader signaling cascade that could affect tau

phosphorylation.

Kinases displayed varying degrees of network connectivity. CaMKII-a
(CAMK2A) showed a highly interconnected network with multiple calmodulin
(CALM) isoforms and regulatory proteins. Similarly, PKAa (PKACA) and CK16
(CSNK1D) displayed dense interaction networks, each forming compact and tightly

connected modules with their respective interacting partners (Figure 3.6).
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Figure 3.6: Protein-protein interaction networks of CAMK2A (a), PKACA (b) and CSNK1D (c) obtained from
STRING (Homo sapiens). Networks were generated using a high-confidence interaction threshold (score =

0.7).

Out of these kinases, three were found to have direct interactions with tau
(MAPT) in the PPI networks. CDK5 and GSK3f (GSK3B) had high-confidence
interactions with tau. This is an indication that these kinases are relevant to tau-
related pathways. TTBK1 had a direct interaction with tau. The interaction had a
medium confidence level as shown in Figure 3.7. This is an indication that the
kinases could be involved in tau-related mechanisms. The direct interactions of
these kinases with tau add to the molecular evidence for the selection of these
kinases as important for the modulation of tau phosphorylation in Alzheimer’s

disease.
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Figure 3.7: Protein-protein interaction networks of CDK5 (a), GSK3B (b) and TTBK1 (c) obtained from
STRING (Homo sapiens). Networks for CDK5 and GSK3B were generated using a high-confidence interaction
threshold (score > 0.7), while the TTBK1 network was generated using a medium-confidence threshold (score
> 0.4) to increase network connectivity.
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Some of these networks included off-target kinases that were identified in the
selectivity analysis. The ERK2 (MAPK1) network, for example, included ERK1
(MAPKS3), reflecting the lack of selectivity between these two isoforms that was
observed in the experimental results. Another example is the PKB} (AKT2) network,
which included PKBa (AKT1), reflecting the dual PKBB/PKBa inhibitory profile of
CCT128930. Finally, the GSK3[3 (GSK3B) network included interactions with CK1a
(CSNK1A1), which is another tau-phosphorylating kinase, implying that several of
these kinases involved in tau regulation are part of interconnected signaling

pathways (Figure 3.8).

Complete PPI networks for all analysed kinases are provided in Table A 5.
Overall, the network analysis demonstrated the functional relevance of the target
kinases for tau regulation, as well as their interconnected pathways, which may play

a role in modulating the effect of these kinases..

MAP2K2

MAPK3

RPS6KAT

PEALS
Ay

(a) b) ©

Figure 3.8: Protein-protein interaction networks of MAPK1 (a), AKT2 (b), and GSK3B (c) obtained from
STRING (Homo sapiens). Networks were generated using a high-confidence interaction threshold (score =

0.7).
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4 CONCLUSION

Alzheimer’s disease is closely linked to the process of hyperphosphorylation of the
microtubule-associated protein tau. The hyperphosphorylation of tau is one of the
main neuropathological characteristics of Alzheimer’s. The process is carried out by
a number of protein kinases. The process of hyperphosphorylation is a major
contributor to the aggregation of the protein. The complexity of the signalling
pathways makes the identification of kinase inhibitors that possess good
pharmacological properties and a high level of selectivity a difficult task. In this
direction, the present thesis aimed at the characterization of kinase inhibitors that
play a part in the hyperphosphorylation of the protein tau by a computational
approach. This computational approach enabled the assessment not only of the
predicted binding affinity of the inhibitors but also their selectivity and

pharmacokinetic profile.

The study began with the prioritization of the thirteen kinase targets according to
the number of serine phosphorylation sites on the tau protein. The kinases PKCa,
PKAq, TTBK1, and CAMKIIa have the highest number of target sites. This suggests
a potentially central role of these kinases in the pathogenesis of the disease. The
docking simulations using the Boltz-2 framework enabled the identification of the
most promising inhibitors according to the most favourable predicted binding
performance. However, the evaluation of the pharmacokinetic properties of the
identified candidates using SwissADME highlighted the importance of blood-brain
barrier permeability as a major obstacle. Significant examples are the kinases JNK3
and GSK3p. Alternative inhibitors, such as SP600125 and SB-216763, were selected
to ensure the potential to cross the blood-brain barrier. However, an exception to
the prioritization of the kinase targets according to the blood-brain barrier
permeability is the kinase CDKj5 target (R)-roscovitine. This compound was retained
despite the unfavourable blood-brain barrier permeability due to experimental

evidence of its brain penetration.

The results obtained from the off-target analysis carried out using the ChEMBL
database revealed heterogeneity in the compounds tested. The high selectivity
inhibitors, such as TTBK1-IN-2 (TTBK1), TAK-715 (p38a), and TBCA (CK2a), make

these compounds good candidates for the reduction of potential off-target effects.
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On the other hand, inhibitors such as H-89 (PKAa), Go-6976 (PKCa), and (R)-
roscovitine (CDK5) were shown to possess low selectivity. The compounds were
either shown to be pan-isoform inhibitors or bind to distant protein families. The
results obtained from this study emphasize the need to consider off-target effects
when considering the use of kinase inhibitors as potential therapeutic tools. The low
selectivity shown by some of these compounds makes their use difficult and can

result in biological side effects.

Expression analysis based on Human Protein Atlas data proved that a majority of
the selected targets for kinase inhibitors were expressed in brain regions relevant to
Alzheimer’s disease. Of these, CaMKIIa was found to have a regional expression
profile, while most of the other targets were found to have a tissue distribution
profile. The results obtained from the expression analysis of target and off-target
kinases indicated that a large regional overlap exists between them, as a majority of
the off-target kinases were found in these regions. The potential off-target effects
cannot be ruled out at the CNS level. Of all the off-target kinases identified in this
study, only MPS1 and MELK were not found in brain tissue. The protein—protein
interaction network for some of the targets, such as CDK5, GSK3f, and TTBKi,
revealed that these targets have interactions with other proteins such as tau. The
protein—protein interaction network for these targets revealed that these targets

were part of a network that plays a part in cellular signalling pathways.

In conclusion, it is worth mentioning that this study provides a framework for a
rational selection of compounds that are potentially relevant for targeting tau
pathology in Alzheimer’s disease, following a structured and multi-dimensional
approach. Indeed, through this multi-step approach, which considers molecular
docking, pharmacokinetic, and selectivity properties, a few candidate inhibitors
were highlighted for their predicted properties. Among these, TTBK1-IN-2 and
TBCA were highlighted for their good selectivity properties, whereas SB-216763 was
highlighted for its ability to cross the blood-brain barrier, as well as its implication
in a central pathological pathway, GSK3[3, in Alzheimer’s pathology. Last but not
least, (R)-roscovitine is a compound of interest, particularly considering its
implication in CDKs5, as highlighted by PPI network analysis, where CDK5 directly
interacts with MAPT, a central component in Alzheimer’s pathology. These

compounds are of interest for future experimental validation through in vitro and in
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vivo approaches. Future studies should be focused on improving isoform selectivity
and brain bioavailability of these kinase-targeting agents for modulating tau

pathology in Alzheimer’s disease.

55



56



APPENDIX

Table A 1: List of selected kinase inhibitors and their corresponding SMILES representations.

KINASE INHIBITOR SMILES
CaMKII-a | KN93 CN(C/C=C/C1=CC=C(C=C1)CD)CC2=CC=CC=C2N(CCO)S(=0)(=0)C3=CC=C(C=C3)O0
C
ATP [HIN[C@@H](CCCCN)C(=O)N[C@@H](CCCCN)C(=0)N[C@@H](C)C(=O0)N[C@@H
1(CC(C)C)C(=0)N[C@@H](CCCNC(N)=N)C(=0O)N[C@@H](CCCNC(N)=N)C(=O)N[C
@@H](CCC(N)=0)C(=0)N[C@@H](CCC(0)=0)C(=0)N[C@@H](C)C(=O)N[C@@H]
gCE)C)C)C(=O)N[C@@H](CC(O)=O)C(=O)N[C@@H](C)C(=O)N[C@@H](CC(C)C)C(O
CDK35 | (R)-roscovitine OC[C@H](NC1=NC(NCC2=CC=CC=C2)=C3C(N(C=N3)C(C)C)=N1)CC

CK16

CK2a

DYRK1A

ERK2

GSK3B

(R)-CR8

Olomoucine

Butyrolactone I

Purvalanols A
Hymenialdisine
1C261

MU1742-amide-
Cé6-acid

SR-3029

PF-5006739
TBCA

Silmitasertib
(CX-4945)

APL-5125
(Compound 61f)

BioE-1115
Harmine
DYRKi1-IN-1
ZDWX-25
T3 CLK

INDY

TC-S 7004

TG 003
FR-180204
AZDo0364

VX-11e

Ravoxertinib
Ulixertinib

A 1070722

CC[C@@H](NC1=NC(NCC2=CC=C(C3=NC=CC=C3)C=C2)=C4N=CN(C(C)C)C4=N1)
CcO

CN1C=NC2=C(N=C(N=C21)NCCO)NCC3=CC=CC=C3
CC(=CCC1=C(C=CC(=C1)C[C@]2(C(=C(C(=0)02)0)C3=CC=C(C=C3)0)C(=0)OC)0)
C

CC([C@@H](NC1=NC(NC2=CC=CC(Cl)=C2)=C3N=CN(C(C)C)C3=N1)CO)C
C\1CNC(=0)C2=C(/C1=C\3/C(=0)NC(=N3)N)C=C(N2)Br
COC1=CC(=C(C(=C1)0C)/C=C/2\C3=CC=CC=C3NC2=0)0C

0OC(CCCCCCC(N1CCC(F)(CC1)CN2C(C3=C4C(NC=C4)=NC=C3)=C(N=C2)C5=NC=C(
C=C5)F)=0)=0

FC1=CC(N2C=NC3=C(NCC4=NC5=CC=C(F)C(F)=C5N4)N=C(N6CCOCC6)N=C23)=C
C=C1

NC1=NC=CC(C2=C(C3=CC=C(F)C=C3)N=CN2C4CCN(CC5=NOC=C5)CC4)=N1
C1=C(C(=C(C(=C1Br)Br)Br)Br)/C=C/C(=0)O
0=C(C1=CC=C2C3=C(C(NC4=CC=CC(Cl)=C4)=NC2=C1)C=CN=C3)O0
0=C(0)C1=CC2=NC(OCCOCCCCNCC3=CC(F)=C(OC(F)(F)F)C(F)=C3)=C4C=CN=CC
4=C2C=C1

0=C(C1=CC=C2N=C(C3=CC=C(F)C=C3)C(N(C)C(C)C)=NC2=C1)0
CC1=NC=CC2=C1NC3=C2C=CC(0C)=C3
CN(C)C1=NC(C2=C3C=CC=NN3N=C2)=CC=N1
COC(=0)C1=CC2=C(C=C1)C3=C(N2)C(=NC=C3)NC(=0)C4CC4

0=C(NC=1N=C2C=CC(=CN2C1)C=3C=CN=CC3)C4=CC=C(C=C4)C(C(=0)N5CCN(C)
CCs)(C)C

0=C(C)/C=C1SC2=CC=C(0)C=C2N\1CC
0=C(NC3=CC(C(NCC4=CC(C])=CC=C4)=0)=CC=C3Cl)C2=CC1=CN=C(OC)N=C1NC2
=0

0=C(C)/C=C1SC2=CC=C(OC)C=C2N\1CC
C1=CC=C(C=C1)C2=NN3C=CC=CC3=C2C4=CC5=C(NN=C5N=N4)N

CC1=CN=C(N=C1C2=CN3CC(N(C(=0)C3=N2)CC4=CC(=C(C=C4)F)F)COC)NC5=CC=
NN5C

CC1=CN=C(N=C1C2=CNC(=C2)C(=0)NC(CO)C3=CC(=CC=C3)CI)NC4=C(C=C(C=C4)
F)Cl

CN1C(=CC=N1)NC2=NC=CC(=N2)C3=CC(=0)N(C=C3)C(CO)C4=CC(=C(C=C4)CDHF
CC(C)NC1=NC=C(C(=C1)C2=CNC(=C2)C(=0)NC(CO)C3=CC(=CC=C3)CNCI
0=C(NC3=NC(C(F)(F)F)=CC=C3)NC2=CC=NC1=CC(0C)=CC=C12
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JNK3

P38a

PKAa

PKBf

PKCa

AZD 2858
6BIO
CHIR 98014

Kenpaullone
AR-A014418
SB-216763
SB-415286
ARN25068
ZDWX-25
TC-G 24
SP600125
AS601245
JNK-IN-8

Tanzisertib HCI
JNK inhibitor IX
Bentamapimod
SB-239063
SB-203580
BIRB-796

SB 202190

SB 706504

TAK 715
H-89
AT13148

KT 5720

CCT128930

Afuresertib
(GSK2110183)

Capivasertib
(AZD5363)

GSK690693

Miransertib
(ARQ-092)

Ipatasertib
(GDC-0068,
RG7440)

GF-109203X
Calphostin C

Go 6976
Go 6983

0=C(NC=1C=NC=CC1)C=2N=C(C=NC2N)C3=CC=C(C=C3)S(=0)(=0)N4CCN(C)CC4
0/N=C(C1=CC=CC=C1N2)/C2=C3/C(NC4=C3C=CC(Br)=C4)=0

NC1=NC(NCCNC2=NC=C(C(C3=C(C=C(C=C3)C)Cl)=N2)N4C=CN=C4)=CC=C1[N+](
[0-)=0

BrC1=CC=C2NC3=C(CC(=0)NC4=CC=CC=C34)C2=C1
COC1=CC=C(C=C1)CNC(=0)NC2=NC=C(S2)[N+](=0)[O-]
CN1C=C(C2=CC=CC=C21)C3=C(C(=0)NC3=0)C4=C(C=C(C=C4)CDCl
C1=CC=C(C(=C1)C2=C(C(=0)NC2=0)NC3=CC(=C(C=C3)O0)CD[N+](=0)[O-]
C1CC1C2=CC(=NN2)NC3=NC(=NC4=C3SC=C4)NCC5=CC=CC=Cs5
COC(=0)C1=CC2=C(C=C1)C3=C(N2)C(=NC=C3)NC(=0)C4CC4
CC(C=C3)=C(C1)C=C3NC1=NN=C(C2=CC=C([N+]([O-])=0)C=C2)O1
C1=CC=C2C(=C1)C3=NNC4=CC=CC(=C43)C2=0
C1=CC=C2C(=C1)N=C(S2)C(C#N)C3=NC(=NC=C3)NCCC4=CN=CC=C4

CC1=C(C=CC(=C1)NC(=0)C2=CC(=CC=C2)NC(=0)C=CCN(C)C)NC3=NC=CC(=N3)C
4=CN=CC=C

C1CC(CCCINC2=NC=C3C(=N2)N(C(=N3)NC4=C(C=C(C=C4F)F)F)C5CCOC5)0
C1CCC2=C(C1)C(=C(S2)NC(=0)C3=CC=CC4=CC=CC=C43)C#N
C1COCCN1CC2=CC=C(C=C2)COC3=NC=CC(=N3)C(C#N)C4=NC5=CC=CC=C554
COC1=NC=CC(=N1)C2=C(N=CN2C3CCC(CC3)0)C4=CC=C(C=C4)F
CS(=0)C1=CC=C(C=C1)C2=NC(=C(N2)C3=CC=NC=C3)C4=CC=C(C=C4)F

CC1=CC=C(C=C1)N2C(=CC(=N2)C(C)(C)C)NC(=0)NC3=CC=C(C4=CC=CC=C43)0CC
N5CCOCCs

0C1=CC=C(C=C1)C1=NC(=C(N1)C1=CC=NC=C1)C1=CC=C(F)C=C1

N=C(NC#N)NCCNC1=NC(C4=C(C)C=C(F)C=C4)=C(C=CC(N2C3=C(F)C=CC=C3F)=0
)C2=N1

CCC1=NC(C3=CC(C)=CC=C3)=C(C2=C(NC(C4=CC=CC=C4)=0)N=CC=C2)S1
C1=CC2=C(C=CN=C2)C(=C1)S(=0)(=0)NCCNC/C=C/C3=CC=C(C=C3)Br
C1=CC(=CC=C1C2=CNN=C2)C(CN)(C3=CC=C(C=C3)C])O

O[C@@]1(C(OCCCCCC)=0)C[C@@H]20[C@]1(N3C4=CC=CC=C4C5=C3C6=C(C7=C
5CNC7=0)C8=CC=CC=C8N26)C

C1CN(CCC1(CC2=CC=C(C=C2)CI)N)C3=NC=NC4=C3C=CN4
CN1C(=C(C=N1)Cl)C2=C(SC(=C2)C(=0)NC(CC3=CC(=CC=C3)F)CN)Cl

C1CN(CCC1(C(=0)NC(CCO)C2=CC=C(C=C2)CI)N)C3=NC=NC4=C3C=CN4

CCN1C2=C(C(=NC=C20CC3CCCNC3)C#CC(C)(C)O)N=C1C4=NON=C4N

C1CC(C1)(C2=CC=C(C=C2)N3C4=C(C=CC(=N4)C5=CC=CC=C5)N=C3C6=C(N=CC=C
6)N)N

CC1CC(C2=C1C(=NC=N2)N3CCN(CC3)C(=0)C(CNC(C)C)C4=CC=C(C=C4)CHO

CN(C)CCCN1C=C(C2=CC=CC=C21)C3=C(C(=0)NC3=0)C4=CNC5=CC=CC=C54

0=C1C(0C)=C(C[C@@H](C)OC(C2=CC=CC=C2)=0)C3=C4C5=C(C(OC)=CC(0)=C5C
(C(00)=C4C[C@@H](C)OC(0OCH6=CC=C(0)C=C6)=0)=0)C7=C(0OC)C=C(0)C1=C73

0=C(NC3)C1=C3C(C4=CC=CC=C4N5CCC#N)=C5C2=C1C6=C(C=CC=C6)N2C
0=C(N1)C(C2=CNC3=C2C=CC=C3)=C(C4=CN(CCCN(C)C)C5=C4C=C(0OC)C=C5)C1=
O
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TTBK1

TTBK1-IN-2

‘ TTBK1-IN-1

C1=CC(=CC=C1NC2=NC=NC3=C2C=CN3)0C4=CC=C(C=C4)Cl
0[C@@](C)(CC)C#CC1=CC2=C(C=CN2C3=CC(OC)=NC(N)=N3)C=N1

Table A 2: List of kinases analysed in this study, with the corresponding gene names and UniProt accession

numbers.
KINASE GENE UniPROT ID
CaMKII-a CAMK2A QoUQM7
CDK5 CDK5 Q00535
CK16 CSNK1D P48730
CK2a CSNK2A1 P68400
DYRK1A DYRK1A Q13627
ERK2 MAPK1 P28482
GSK3p GSK3B P49841
JNK3 MAPK10 P53779
p38a MAPK14 Q16539
PKAa PRKACA P17612
PKBp AKT2 P31751
PKCa PRKCA P17252
TTBK1 TTBK1 Q5TCY1

Table A 3: Predicted MAPT serine phosphorylation sites for each tau-related kinase obtained using a
sequence-based prediction approach with a 75th percentile site cutoff. For each kinase, the table reports the
MAPT serine residues predicted to be phosphorylated.

KINASE GENE PREDICTED MAPT SERINE PHOSPHORYLATION SITES
PKCa | PRKCA S184-P; S191-P; S195-P; S208-P; S210-P; S214-P; S235-P; S237-P; S238-P; S241-P; S258-P;
S305-P; S324-P; S352-P; S409-P
CaMKII-a | CAMK2A S56-P; S113-P; S131-P; S184-P; S185-P; S191-P; S214-P; S237-P; S293-P; S320-P; S356-P;
S409-P; S416-P
PKAa | PRKACA S184-P; S185-P; S191-P; S210-P; S214-P; S237-P; S262-P; S293-P; S320-P; S324-P; S352-P;
S356-P; S409-P
TTBK1 | TTBK1 S195-P; S214-P; S238-P; S241-P; S258-P; S285-P; S316-P; S320-P; S341-P; S352-P; Sq12-P;
S433-P; S435-P
CK16 | CSNK1D S56-P; S68-P; S113-P; S305-P; S324-P; S341-P; S352-P; S356-P; S412-P; S416-P; S433-P;
S435-P
p38a | MAPK14 S46-P; S185-P; S191-P; S199-P; S202-P; S208-P; S235-P; S238-P; S396-P; S404-P; S422-P
CDK5 | CDKs S46-P; S191-P; S199-P; S202-P; S208-P; S235-P; S238-P; S396-P; S404-P; S422-P
ERK2 | MAPK1 S46-P; S191-P; S199-P; S202-P; S235-P; S238-P; S396-P; S404-P; S422-P
GSK3pB | GSK3B S46-P; S113-P; S184-P; S199-P; S202-P; S208-P; S235-P; S305-P; S404-P
PKBB | AKT2 S199-P; S214-P; S237-P; S262-P; S293-P; S320-P; S324-P; S352-P; S409-P
DYRK1A | DYRK1A S46-P; S199-P; S202-P; S214-P; S235-P; S352-P; S404-P; S409-P
JNK3 | MAPK10 S46-P; S199-P; S202-P; S235-P; S396-P; S404-P; S422-P
CK2a | CSNK2A1 S56-P; S113-P; S184-P; S341-P; S400-P
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Table A 4. Predicted ICso-like affinity values and binding affinity likelthood (BAL) scores for the set of
inhibitors evaluated for each kinase using the Boltz-2 framework. The composite score combines both metrics
to allow relative comparison among inhibitors within each set and is reported rounded to three decimal places.

KINASE GENE INHIBITORS IC50-LIKE BAL SCORE
PKCa | PRKCA GF-109203X 10.75 0.83 0.000
Calphostin C 6.46 0.40 0.400
Go 6976 8.26 0.74 0.430
Go 6983 10.4 0.81 0.066
CaMKII-a | CAMK2A KNo3 9.54 0.09 0.090
AIP 9.97 0.57 0.000
PKAa | PRKACA H-89 8.62 0.75 0.750
AT13148 10.87 0.92 0.000
KT 5720 9.96 0.77 0.311
TTBK1 | TTBK1 TTBK1-IN-2 7.05 0.37 0.370
TTBK1-IN-1 7.24 0.14 0.000
CK16 | CSNK1D 1C261 7.45 0.45 0.450
MU1742-amide- 10.64 0.96 0.000
Cé6-acid
SR-3029 9.64 0.81 0.254
PF-5006739 10.23 0.93 0.120
p38a | MAPKi14 SB-239063 10.32 0.91 0.022
SB-203580 9.64 0.79 0.205
BIRB-796 10.38 0.94 0.003
SB 202190 10.39 0.86 0.000
SB 706504 10.25 0.90 0.044
TAK 715 7.50 0.37 0.370
CDK5 | CDKs5 (R)-roscovitine 8.45 0.86 0.603
(R)-CR8 9.86 0.89 0.000
Olomoucine 7.85 0.91 0.910
Butyrolactone I 8.99 0.14 0.061
Purvalanols A 9.13 0.90 0.327
Hymenialdisine 9.69 0.85 0.072
ERK2 | MAPK1 FR-180204 9.33 0.73 0.730
AZDo0364 12.02 0.97 0.000
VX-11e 11.49 0.89 0.175
Ravoxertinib 10.89 0.82 0.344
Ulixertinib 10.81 0.88 0.396
GSK3fp | GSK3B A 1070722 8.10 0.48 0.414
AZD 2858 10.35 0.95 0.365
6BIO 8.58 0.60 0.457
CHIR 98014 12.15 0.97 0.000
Kenpaullone 7.46 0.58 0.580
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PKBB

DYRK1A

JNK3

CK2a

AKT2

DYRKi1A

MAPK10

CSNK2A1

AR-A014418
SB-216763
SB-415286
ARN25068
ZDWX-25
TC-G 24
CCT128930
Afuresertib
Capivasertib
GSK690693
Miransertib
Ipatasertib

Harmine

DYRK1-IN-1
ZDWX-25

T3 CLK

INDY

TC-S 7004

TG 003
SP600125
AS601245
JNK-IN-8
Tanzisertib HCI
JNK inhibitor IX
Bentamapimod
TBCA

Silmitasertib (CX-
4945)

APL-5125
(Compound 61f)

BioE-1115

8.50
8.69
8.87
8.76
8.64
7.85
10.11
10.09
9.68
10.91
7.52
9.69
10.19
8.97
9.29
10.87
9.42
10.62
9.99
8.47
7-19
8.61
9.4
5.99
8.21
7.7

11.15
11.63

7.83
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0.81
0.81
0.70
0.77
0.66
0.61
0.83
0.86
0.74
0.9
0.23
0.58
0.93
0.78
0.81
0.92
0.86
0.69
0.87
0.82
0.43
0.82
0.66
0.26
0.44
0.64

0.91

0.96

0.61

0.630
0.598
0.490
0.557
0.494
0.559
0.196
0.208
0.268
0.000
0.230
0.209
0.333
0.780
0.674
0.000
0.656
0.091
0.403
0.224
0.279
0.190
0.000
0.260
0.154
0.640

0.111

0.000
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Table A 5: Protein-protein interaction networks correspond to: (1) PRKCA, (2) CAMK2A, (3) PRKACA, (4)
TTBK1, (5) CSNK1D, (6) MAPK14, (7) CDK5, (8) MAPK1, (9) GSK3B, (10) AKT2, (11) DYRK1A, (12) MAPK10
and (13) CSNK2A1. Each kinase target was generated using STRING (Homo sapiens, score > 0.7), except for
network (12) which was obtained from GeneMANIA.
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