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ABSTRACT

Aim: Post-translational modifications like acetylation and ubiquitination share a common
feature that they both act on lysine residue. Acetylation is responsible for transcriptional
deregulation which further leads to mitochondrial dysfunction, autophagic pathway problems
and DNA damage which ultimately leads to cell death. On the other hand, ubiquitination aids
in degrading the accumulated toxic proteins. Thus, we aim to investigate the potential
acetylation and ubiquitination sites in YWHAZ which is responsible for the pathogenesis of
AD. Moreover, we aim to identify the impact of these PTMs on the structural features of
YWHAZ and also the influence of putative lysine mutation on disease susceptibility. Lastly,
we also aim to identify possible drugs and their impact on YWHAZ protein.

Result: Herein, we found 13 downregulated genes and 35 upregulated genes between AD and
healthy conditions. Further, protein-protein interaction (PPI) network and PTMs integration
helped us identify HUB genes namely, YWHAZ, ATP5B, MRPS16, MRPL15, NEDDS,
KLHL22, COPS8, ITGB1, PTFAR, and LAMTOR2 with 20 potential lysine modified sites.
Moreover, 43% of PTM sites in NEDD8, YWHAZ, ITGB1 and ATP5F1B fall in coiled and
none of the four regulatory proteins had any ordered region. Added, 7 common putative lysine
sites, K3, K9, K27, K68, K85, K115 and K138 of YWHAZ are crosstalk hotspots for
acetylation and ubiquitination.

Conclusion: The loss of acetylated hotspots results in more loss of ubiquitination function than
gain of function.




1.

2.

Introduction

Neurodegenerative diseases (NDDs) like Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), Multiple sclerosis (MS) and Amyotrophic lateral
sclerosis (ALS) are caused due to progressive loss of neuronal cells which further causes
synaptic disfunction and memory impairment (1). Out of all the NDDs, AD is the most
prevalent disease amongst older people to which there is no cure so far. Many studies have
demonstrated post-translational modifications (PTMs) to play a crucial role in the
pathogenesis of NDDs. There are more than fifty types of PTMs and phosphorylation,
ubiquitination, acetylation, SUMQylation and methylation are some of the common PTMs.
These PTMs are responsible for transcriptional alterations that further leads to
mitochondrial dysfunctions, DNA damage, autophagy and apoptosis of the cell which are
pathological characteristics off AD. Acetylation is one of the major PTM which promotes
euchromatin structure which leads to transcriptional activation that further reverses the
impairment of cellular processes that reinstates synaptic functions. On the other hand,
histone deacetylases (HDACs) reverse the process of acetylation and result in
transcriptional repression that further leads to neurodegeneration. Besides acetylation,
ubiquitination also plays a crucial role in removing toxic protein accumulated in brain via
ubiquitin proteosome system (UPS). In this study, we found AD related HUB genes via
protein-protein interaction (PPI) network. Moreover, we investigated biological pathways
in which these shared genes were involved. The most important feature of ubiquitination
and acetylation is the involvement of lysine (K) residues. Added, we identified critical
acetylation and ubiquitination sites. Furthermore, we investigated the impact of lysine
mutation on acetylation and ubiquitination, where lysine residues were replaced by arginine
and aspartic acid. Lastly, we also identified a drug molecule named Phenethyl
isothiocyanate in the drug bank database which shows putative binding sites on YWHAZ
which is one of the HUB gene involved in the pathogenesis of AD.

Review of Literature

2.1.Neurodegenerative Disease

Neurodegenerative disease (NDD) is an umbrella term for a variety of conditions that
primarily affects the neurons in the human brain. Neurons are the building blocks of the
nervous system which includes the brain and spinal cord. Body cannot reproduce or replace
the damaged neurons. This further causes problem with movement called “ataxia”, or
problem with functioning called “dementia”. The disease can be anywhere in brain, spinal
cord, cranial nerves, neuromuscular junction, nerve roots and muscles. The development
of human brain begins during the stage of pregnancy and continues through infancy,
childhood and adolescence. The disorder can be acquired not only at these stages but can
be by birth or can be acquired at adult stage also. There are basically three types of
neurological disorders, firstly, Congenital, disorders present at the time of birth; Acquired,
disorders developed after birth and Idiopathic, disorders due to some unknown reasons. If
a person is suffering from neurological disorder and shows symptoms that are physical,
related to thoughts, behavior or emotions, then the person must seek professional
assistance. Treatment given to such patient include Acupuncture and Oriental medicines
which have been found to be effective as conjunctive therapy for neurological disorders;
Yoga and Physical exercises also helps to cure disorders to some extent. Some
technologically related treatments are also there such as Brain mapping which is an attempt




to picture out the brain structure particularly its centers and functional lobes. The mapping
done is converted into data which is further analyzed by experts; Cyber knife, a robotic
radiosurgery system which is usually used to treat tumors and is an alternative method to
surgeries; Deep brain stimulation, it is used to treat tremors and movement problems.
Another treatment option is Gamma knife, it is a type of radiation therapy used to treat
tumors. Moreover, neurons and glial cells have been generated successfully from stem cells
in vitro to treat neurological disorders. Common NDDs are Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, Spinocerebellar ataxia, Multiple sclerosis and
Amyotrophic lateral sclerosis. The death of neuronal cells causes improper functioning of
the brain cellular machinery which further results in loss of memory, synaptic dysfunction,
and cognitive problems (2).

2.2.Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurological disorder. In this disease brain cells are
destroyed which further leads to memory loss and dysfunction of brain functions. By the
time brain cells decline, they wither and die, thus, the brain function becomes worse. That’s
why AD is considered fatal and till date we have no cure to it. AD is a global health
challenge now a day. It has affected many areas of the world including Europe, Bulgaria,
Spain, Poland, Netherland, Scotland and England etc. In United States, AD is the 6™ leading
cause of the death. The recent survey tells that people are dying more by AD than by breast
cancer and prostate cancer. AD affects people belonging to an age group of 60 or above.
But, some of the symptoms may appear during middle age also. One cannot detect AD by
just looking at some of the symptoms. On an average, a person suffering from AD can
survive only 4 to 8 years after diagnosis. Health tools have also been designed for early
detection of AD like giving education and spreading awareness materials. Family
questionnaire can be done to prevent AD in a family. AD is the most common form of
Dementia. Dementia is a general term for decline in mental ability. Under dementia, AD
accounts for 60 to 80% of cases. There are different types of dementia which are associated
with particular type of brain cells and that too in a particular part of the brain. It
characterized by progressive cognitive decline and the pathological markers are
extracellular senile plaques made up of beta-amyloid protein and intracellular
neurofibrillary tangles. When a person suffers from AD, the hippocampus (center of
thoughts and memory) is likely to be affected first that’s why it is said that memory loss is
the one of the earliest symptoms. Damage to hippocampus leads to oxygen starvation
(hypoxia) which further leads to Anterograde Amnesia, it is a condition in which one cannot
retain or form new memories. As the disorder becomes severe, there are some observable
symptoms like, serious memory loss, disorientation in space, mood swings, body balancing
problems, speech problems and difficulty in remembering about time, place and events.
The precise number of stages of AD are somewhere arbitrary. Some expert uses the simple
three phase model (early, moderate and severe), while others have found a granular
breakdown to be more useful aid to understand the progression of the illness. The most
common system developed by Dr Barry Reisberg of New York University breaks the
progression of AD into 7 stages namely, Stage 1. Normal outward behavior; Stage 2: Very
mild changes; Stage 3: Mild decline; Stage 4: Moderate decline; Stage 5: Moderately severe
decline; Stage 6: Severe decline; Stage 7: Very severe decline (3).
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2.3.Post-Translational Modifications
Post-Translational Modification (PTM) is a phenomenon in which the ribosome uses the
genetic code to translate the mMRNA molecule into polypeptides. Once the polypeptide is
synthesized, it is usually modified before it actually becomes a mature and active protein.
Such modifications are known as PTMs. Different types of PTMs are Methylation,
Acetylation, Glycosylation, Lipidation, Ubiquitination, SUMOylation, Phosphorylation
and Proteolysis.
Methylation: Methyl group (-CH3) can be added onto the amino acid by an enzyme called
methyltransferase. Methylation usually increases the hydrophobic character of the amino
acid. Methylation is usually utilized in epigenetic regulation, which is the regulation of
gene expression.
Acetylation: N-Acetylation is the transfer of an acetyl group onto the nitrogen of an amino
acid. This process can take place when ribosome is still translating the polypeptide chain.
N-Acetylation plays a crucial role in gene expression. Histone, the protein that assists in
condensing DNA into chromatids can be acylated, which reduces their ability to fold and
open up the DNA for transcription.
Glycosylation: This is one of the major ways in which polypeptides are modified. This
process involves adding sugar components to the proteins. Thin affects the protein
conformation and folding. One example of proteins is glycosylated is membrane proteins
that act as receptor for important biological molecules. Example: Neurotransmitter.
Lipidation: it is a process by which lipid components are added into polypeptides. Usually,
those proteins that are destined to be in membranes, such as the ER membrane,
mitochondrial membrane undergoes this process. It increases the proteins hydrophobic
character, which in turn increases the protein affinity to membranes.
Ubiquitination: Misfolded/ defective proteins undergo PTM by ubiquitination. Ubiquitin
is a cytosolic globular non-enzymatic protein. Glycine residue of ubiquitin covalently
attaches to the ammonia group of lysine of target protein. Ubiquitin proteins are degraded
by cytosolic proteases/proteasomes. It is an irreversible process.
Phosphorylation: Amino acids such as serine, threonine and tyrosine found on the
polypeptide chain can be modified via phosphorylation by enzymes called protein kinases.
This type of modification plays a crucial role in cell cycle, signal transduction and
apoptosis. It is a reversible process.
Proteolysis: Certain proteins are synthesized in their inactive form (zymogen). In order to
activate them, enzymes called proteases must break certain peptide bonds. Many of the
digestive enzymes in the small intestine uses this type of PTM.

2.4.Role of Post-Translational Modification in AD and other NDDs Pathogenesis
PTMs such as acetylation, phosphorylation, glycosylation, amidation, methylation,
ubiquitination, and hydroxylation are prominently involved in the progression of NDDs
(Table 1). In AD, the first neuropathological hallmark is the formation of senile plaques
and AP peptide deposits (4). APP, a type 1 membrane glycoprotein, undergoes an
amyloidogenic pathway where it is cleaved by B- and y- secretase and forms soluble
fragment of sAPPP and short AP peptide. Alternatively, a non-amyloidogenic pathway
occurs where a-secretase cleaves the AP sequence to prevent the formation of toxic
peptides, generating sSAPPa and p3 peptides (5). APP is a multi-domain membrane protein
that consists of signal peptide, cysteine-rich region, acidic domain, Kunitz proteases
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inhibitor (KPI)/OX2 and A peptide. Multiple PTMs have been observed, like oxidation of
M35 to methionine sulfoxide, which leads to the formation of AP protofibrils (6), whereas,
cell division cycle protein 2 (cdc2) kinase generates phosphorylation at S26. In the same
manner, nitration of Y10 because of nitric oxide (NO) can lead to aggregation of AP,
whereas, glycosylation of Y10 changes the y-secretase cleavage due to the proximity of
this PTM to the transmembrane domain (7). Polyglutamylation of E11 can give rise to
increased aggregation and formation of B-sheet in-vitro. Furthermore, racemization of D1
is higher in plaques, whereas, S26 shows an increased tendency to form fibrils (8).
Similarly, the O-GIcNAcylation of APP at T576 regulates APP trafficking and processing,
which increases its toxic aggregates (9). Furthermore, in AD, NFTs, which are
intraneuronal aggregates of abnormally phosphorylated tau protein, is a major cause of
neuronal cell death. Tau protein is subdivided into four domains, i.e., N-terminal, a proline-
rich domain, microtubule-binding domain, and C-terminal. Phosphorylation is the most
common PTM as it decreases the affinity for microtubule binding, which leads to neuronal
cytoskeleton destabilization. Phosphorylation by casein kinase 1 (CK1) can be taken as the
most significant kinase of tau. Tau phosphorylation at S262, S293 and S356 decrease tau
binding to microtubules, whereas, phosphorylation at S235 and S262 has been shown to
dissociate Tau microtubule (4,10). Glycosylation in the presence of kinases like protein
kinase A (PKA), cyclin-dependent kinase 5 (CDKS5), and glycogen synthase kinase 33
(GSK3pB) reduces phosphorylation, which is expected to prevent NFT formation.
Truncation at D13, E391, and D421 results in tau aggregation, whereas, only a single site
of O-GlyNAcylation at S400 showed an inverse relationship with hyper-phosphorylation
(11). However, oxidation at C322 gives no certainty, whether it takes part in tau lesion or
not (12). Moreover, aberrant palmitoylation at C186 or C187 results in decreased neuronal
plasticity and increased misfolded protein aggregates (13).
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PROTEIN DOMAIN STRUTURE AND THEIR RESPECTIVE PTMs
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Table 1: A consolidated list of different PTMs and their target genes along with their respective
modified amino acid residue that are involved in the different neurodegenerative disorders (shaded in

grey)
PTM Protein Residue AD PD ALS HD MDD  SCA References
GFAP K153 and K189 (14)
PPPIR3B  G57 (15)
Tau K280, K281, (16)
K163, K174, K190,
K224, K234, K240,
. Tau K254, K280, K281, 17
B e K290, K311, K375, 0
K385, K395
TDP-43 K145 (18)
a-synuclein K6, K10 (29)
Ataxin-7 K257 (20)
htt K6, K9, K15 (21)
APP T576 )
APOE R212 (22)
MUC5B V144 (23)
A MAPT N.A (24)
Glycosylation 0GT NA (25)
K6, K10, K12, K21,
a-synuclein K23, K32, K34, K43, (26)
K45
Adenylation a-synuclein ~ T33, T54, T75 27)
Carbonylation Tau ﬁ%ﬁ K280, K281, (28)(29)
;::js'Ti‘Q’l% RG/RGG motif (30)
. L GFAP R270, R416 (31)
Citrullination \iEP R41, R47, R63, R96, 2
R129
NRGN R68 (32)
Crotonylation NEAT1 H3K27 (33)
MAPT K44 (34)
K163, K174, K180,
MAPT K254, K267, K290 S
Methylation MAPT K24, K67, K190 (36)
PPP2CA 1309 (36)
PINK1 K27 (37)
UBTF K231/K254 (38)
amyloid B Y10 (39)
amyloid
B(1.40) Y10 (40)
Nitration Tau Y18, Y394 (41)
a-synuclein ~ H50 (42)
. Y39, Y125,
a-synuclein Y133/Y136 (43)
ABI3 S210, S213, and S216 (22)
APOE C147 (44)
APOE R212 (22)
LRRK2 G2023 (45)
Phosphorylation MORN2 E38 (46)
Ataxin-1 S776, S239 (47,48)
. S12, S29, S256, S236
Ataxin-3 340, 5352 (49-52)
MUC5B V144 (23)
C178, C789, C819,
IDE Co66 (53)
S-Nitrosylation GOSPEL Cca7 (54)
CDK5 C83, C157 (55)
Drpl C644 (56)
PDHA1 K77, K244, K344 (57)
Succinylation APP K687 (57)
a-secretase K16 (57)
Tau K280, K311 (57)
ATP5F1C 112 (22)
L FASN R1927 (23)
Ubiquitination | o T2709, T2710, T2712 (58)
TRAF6 K63 (59)
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Ataxin-1 K589 (60)

Ataxin-3 K117 (61)
SOD1 N.A (62)
BAG2 N.A (63)
PINK1 C431 (64)
PARKIN K27, K48, K76 (65)
a-synuclein K102 (66)
DJ1 K130 (67)
PARKIN N.A (65)
Amyloid-B K11 (68)
Tau K340 (69)
BACE1 Dileucine motif (69)
SUMOylation Rhes-htt K14, K49, K153 (70)
. K16, K194, K610,
Ataxin-1 K697, K746 (71)
Ataxin-3 K166, K356 (72,73)
Ataxin-7 K257 (74)
SOD1 K75 (69)
EAAT2 K570 (69)
Palmitoylation APP C186 and C187 (75)
PSD-95 C3,C5 (76)

2.5.Acetylation and Ubiquitination as Significant Pathway in Pathogenesis of AD

Memory loss is one of the main features of AD. Epigenetic mechanisms, particularly
histone acetylation controls plasticity and memory processes which gets hampered in case
of the dysfunction of the process (77). Improper functioning of histone acetylation is
involved in different types of signal transduction pathways like differentiation, cell
apoptosis, vascular remodeling, inflammation reaction, immune responses, neuronal
plasticity and metabolic reprogramming (78). Moreover, change in acetylation of both
nuclear and cytoplasmic non-histone protein has also been associated with AD, with NF-
kB, p53, a-tubulin and tau, affecting more regulatory pathways involved in AD (78). There
are evidences that relates protein acetylation to AD and this further suggests that it plays
an important role in cognitive problem in AD patients. Acetylase p300 acetylate K122,
K123, K218, K221 and K310 residues of NF-kB. Moreover, PFAC acetylates at K122
which results in AP induced activation of NF-xB. Other deacetylase like sirtuin SIRT1 also
regulates NF-«B in in vitro models of AD (78-80). It is also known that tau acetylation
suppresses degradation of phosphorylated tau. Acetylase p300 also regulates acetylation of
tau, whereas, deacetylase SIRT1 mediates deacetylation of tau (78,81). Moreover,
acetylated tau may contribute to tau mediated neurodegeneration by decreasing the
solubility and microtubule assembly and , thereby, increasing tau fibrillation (78,82). There
are numerous studies which states that both ubiquitination and proteosome plays an
important role in producing and handling APP, Ap and Tau proteins. APP maturation is
halted by ubiquitination at K63 which is stimulated by ubiquitin 1 (83). CHIP facilitates
alternative ubiquitination during the involvement of Hsp90 due to which phosphorylated
tau gets accumulated. It has also been observed that FBXW?7 facilitates ubiquitination of y-
secretase which unexpectedly increases AP production (83). Conjugation of lysine residues
of APP (K724, K725, K726, K751 and K763) with ubiquitin in mouse brain and its damage
leads to accumulation of both intracellular and secreted AB40 (84).

2.6.Implication of Post-Translational Modification on Signaling Transduction
2.6.1. AMPK Pathway

Adenosine monophosphate-activated protein kinase (AMPK) is a serine/threonine
kinase regulating cellular energy metabolism (85). AMPK, a heterotrimer protein
kinase, comprises of three subunits, namely a,  and y (86). Here, o acts as a catalytic
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subunit, whereas, § and y are regulatory subunits. All these three subunits have several
isoforms such as al-a2, B1-B2, y1-y2-y3, respectively (87). Further, the y subunit is
comprised of four nucleotide-binding cystathionine-beta-synthase (CBS) domains,
which act as binding sites for adenosine monophosphate (AMP), adenosine diphosphate
(ADP), and adenosine triphosphate (ATP) (87). During the conditions of energy
scarcity, when the AMP:ATP ratio is increased, AMP is allosterically attached to the y
domain of AMPK, resulting in conformational changes in AMPK through
phosphorylation of its a subunit at T172 by various kinases like liver kinase B1 (LKB1),
transforming growth factor-beta activated kinase 1 (Takl), Calmodulin dependent
protein kinase kinase-p (CaMKKf) (88). Phosphorylation of AMPK at T172 amplifies
its activity, resulting in fully activated AMPK, which then regulates downstream
substrates like acetyl CoA carboxylase (ACC), unc-51 like autophagy activating kinase
1 (ULK1), tuberous sclerosis complex 1/2 (TSC1/2), and sterol regulatory element-
binding protein (SREBP) via phosphorylation (88). By regulating these downstream
substrates, AMPK switches off all energy-consuming anabolic pathways and amplifies
all energy releasing catabolic pathways (89). It has been observed that the
myristoylation of the AMPK [ subunit promotes allosteric binding between
AMP/AMPK and phosphorylation of the T172 site of a subunit during ATP depletion
conditions (90). Likewise, another study has shown that SUMOylation of the AMPKf32
subunit through SUMO2 amplifies the total activity of AMPK (91). Besides, H202
mediated oxidation of o and 3 subunit’s cysteine residues of AMPK increases the kinase
activity of AMPK (92). Interestingly it has also been reported that H202 mediated S-
glutathionylation at C299 and C304 of AMPK a subunit facilitates AMPK activation
(93,94). Conversely, it has been observed that o and y subunits undergo O-
GlcNAcylation, and inhibition of O-GIcNAcylation suppresses AMPK activation (95).
Likewise, one study reported that ubiquitin ligase cidea suppresses AMPK activity by
ubiquitin-dependent proteasomal degradation of the AMPK f subunit (96). Moreover,
the AMPK pathway has been implicated in many NDDs. Tau acetylation promotes
neurofibrillary tangle formation in AD. One study reported that AMPK reduces tau
acetylation by activating SIRTL. In this study, AMPK activated SIRT1 by enhancing
nicotinamide adenine dinucleotide (NAD+) concentration, followed by deacetylation
of tau by SIRT1 (97,98).

PI3K/Akt/GSK3p Pathway

Phosphatidylinositol 3-kinase (PI3K)-AKT signaling pathway is a significant regulator
of a plethora of cellular processes like cell proliferation, apoptosis, cell survival,
autophagy, metabolism and cell growth (99-101). In the PISK-AKT pathway, binding
of ligands (cytokines, growth factors, hormones) to their specific cell-surface receptors
leads to receptor activation, which then recruits and activates the lipid kinase PI3K.
Activated PI3K then phosphorylates membrane lipid phosphatidylinositol 4, 5-
bisphosphate (PIP2), converting it into phosphatidylinositol (3,4, 5)-trisphosphate
(PIP3), which acts as a second messenger, mediating remaining intracellular signaling
(102). Further, PIP3 mobilizes AKT to the plasma membrane and docks with AKT via
the pleckstrin homology (PH) domain of AKT (102). This binding of AKT leads to
conformational changes in AKT, which allows phosphorylation of AKT at T308 by
phosphoinositide-dependent kinase 1 (PDK1) and at S473 by mammalian target of
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rapamycin complex 2 (mTORC?2), resulting in full activation of AKT (103). This fully
activated AKT then further regulates desired cellular processes via phosphorylation of
downstream substrates like GSK3, mammalian target of rapamycin complex 1
(mTORC1), FOXOs. It has been reported that O-GIcNAcylations of AKT at T305 and
T312 can thwart interaction between PDK1 and AKT, thereby inhibiting
phosphorylation of AKT at T308, resulting in the reduced biological activity of AKT
(97). Conversely, AKT SUMOylation at K276, amplifies its kinase activity (104).
Likewise, it has been observed that oxidation of AKT at C60 and C77 of its PH domain
amplifies the affinity of AKT towards PIP3 and facilitates AKT translocation to the
plasma membrane (105). Another study reported that K63 ubiquitination of AKT by E3
ligase TRAF6 promotes AKT membrane translocation and amplifies its
phosphorylation (106). Moreover, PI3K-AKT signaling has been implicated in various
NDDs. We know that GSK3p is the major kinase responsible for tau
hyperphosphorylation, and it is also a downstream substrate for AKT. AKT can
downregulate GSK3p by phosphorylating GSK3p at S9. One study showed that tau
hyperphosphorylation was decreased by activating the PI3K-AKT pathway, which
downregulated the activity of GSK3p (107). Conversely, another study on AD has
shown that sulfhydration of AKT at C77 thwarts phosphorylation of GSK3f by AKT,
thereby promoting tau phosphorylation by GSK3p (108). Additionally, a study on
human neuronal cells showed that acetylation of AKT at K163, K377, under an HDAC6
inhibitor’s presence impairs AKT’s kinase activity (109). Interestingly, it has been
reported that SIRT1 promoted axon development by deacetylation of AKT, which
activated the AKT pathway, leading to GSK3p inhibition (110). Further in AD, AGEs
can also stimulate tau hyperphosphorylation by suppressing the AKT pathway, thus
activating GSK3 through upregulation of receptors for advanced glycation end products
(RAGE) (111). Additionally, it has been observed that the S-nitrosylation of PTEN
leads to its inactivation, resulting in elevation of PI3K-AKT, which can protect against
AP neurotoxicity (112). Furthermore, myristoylated AKT has been reported to promote
neuroprotection by preventing axonal degeneration (113).

Apoptosis and Autophagy

Autophagic/lysosomal degradation is a significant cellular response to stress where
autophagosomes containing cytosolic constituents are transported into the lysosome for
degradation, which is essential for protein homeostasis and cell health. The degradation
of long-lived protein aggregates is majorly carried out by autophagy, but many different
PTMs are implemented to deregulate this process, leading to NDDs. In AD, Autophagy
is the primary pathway for the degradation of APP and APP cleavage products,
including AP (114). In tau protein, autophagy dysfunction leads to tau aggregates’
formation, which significantly affects Tau phosphorylation. In addition, tau
hyperphosphorylation causes uncertainty in microtubule, which further halt
autophagosome-lysosome fusion, leading to aggregation of immature autophagosomes
(115). The primary suppressor of autophagy initiation is the mTOR protein kinase,
which is heavily autophosphorylated at S2481 in AD (116). Furthermore, inhibition of
BCL-2 on beclin 1 is weakened by either phosphorylation of BCL-2 by JNK-1 or by
phosphorylation of beclin 1 by DAPKZ1, thus promoting autophagy (117). Experimental
evidence showed a direct link between proteolytic cleavage of beclin 1 and apoptotic
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cell loss in the AD brain, where they indicated that the cleavage state of beclin 1
determines the functional involvement in both neurodegeneration and neuroprotection
(118). A study found that SIRT2, HDAC6 and p300 stimulate Tau phosphorylation and
autophagic flux in AD, and the results also included that HDAC4 and p300 modulate
Tau acetylation (119). Another finding demonstrated that tau accumulation suppresses
IST1 transcription, where the mechanism involves ANP32A-regulated mask of histone
acetylation, which further represses autophagosome-lysosome fusion (120). A finding
directs that SUMOylation might be involved in the autophagy-lysosome pathway in
tauopathies. In progressive supranuclear palsy (PSP) brain tissues, SUMOL1 colocalizes
within perinuclear tau-positive inclusions in oligodendrocytes and label lysosomes
oligodendrocytes containing tau inclusions, in contrast to those where tau aggregates
are absent (121). Moreover, the Oxidation of Ap at M35 inhibits the autophagy pathway
(98,122).

Mitochondrial Dysfunction

Several decades of studies have realized that mitochondrial dysfunction plays an
essential role in the pathomechanism of several NDDs (123). Mitochondrial
dysfunction under any pathological conditions will increase nitroxidative stress,
stimulating the PTMs of mitochondrial protein and might also cause oxidative damage
to mitochondrial DNA (124). In AD, Ap translocates to the mitochondrial membrane,
where it encourages intracellular calcium ion release and promotes excess accumulation
of these ions to open the mPTP and damage the structure of mitochondria (125). These
opening further leads to a drop in the electrochemical gradient causing activation of
apoptosis-inducing factors and caspases, which finally results in AD progression (126).
Many PTMs are responsive to the stressful and changing environment in which
mitochondria exerts functions like phosphorylation, acetylation, ubiquitination and
succinylation (127). Likewise, SUMOQylation has been implicated in impaired
mitochondrial function and high-stress conditions. Interaction of SUMO1 with A and
phosphorylated Tau causes an increase in oligomers’ formation, whereas interaction
with SUMO2/3 increases their solubility (128). However, studies suggest that N-
acetylcysteine may decrease mitochondrial-related oxidative stress in AD patients.
Oxidative stress at some sites may facilitate tau phosphorylation, which may be
modified in AD patients. Tau protein is involved in the axonal transport of organelles
like mitochondria; the hyperphosphorylated Tau might block the mitochondrial
transport leading to energy deprivation and causing neurodegeneration. Moreover,
abnormal communication of hyperphosphorylated tau and mitochondrial fission protein
dynamin-like protein 1 (Drp-1suggests a relationship with mitochondrial dynamics
alternation (129). Furthermore, a study states that Drpl S616 phosphorylation is likely
to be involved in mitochondrial fragmentation and Drpl over activation in AD (130).
It is important to note that certain proteins aid in mitochondrial transport like motor
protein (kinesin 1 and dynein) and mitochondrial protein adaptors (RhoT1/T2,
syntaphilin, and TRAK2). Interestingly, truncated tau expression significantly
increases the association of TRAK2 with mitochondria, expressing full-length tau, and
caspase-cleaved tau may affect mitochondrial transport due to an increase of TRAK2-
mitochondria binding and therefore reducing the ATP production available for the
transportation of mitochondria (98,131).
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2.7.Post-Translational Modifications as Therapeutic Targets in AD Treatment

Data suggests that enzymes of PTMs shows advantageous therapeutic activity in neuronal
dysfunction. Recent studies also suggests that insinuations of drugs and natural
biomolecules targets different enzymes of various PTMs in AD therapeutics (132). In AD,
hyperphosphorylation of Tau at S396 residue by GSK-3 results in the formation of neural
fibrils accumulate, leading to tau aggregation. SAR502250 (133), curcumin (134), 6-
hydroxydopamine (135) have been reported to downregulate GSK3 activity, thus reducing
tau aggregation. Similarly, BACE1 is an exciting target for AD therapeutics, which
phosphorylates AP with the help of enzymes such as y-secretase and [-secretase that
cleaves APP, and thus, results in the aggregation and formation of AP plaques. Likewise,
palmitoylation of APP leads to enhanced APP cleavage by BACEL, leading to
amyloidogenesis. However, inhibition of Sterol O-acyltransferase (ACAT) with CP-
113818 reduces the APP palmitoylation level and can be used in AD therapeutics (75,136).
A recent experiment demonstrated the involvement of conformation-sensitive anti-Af
oligomers (ABOs) intrabodies in the process of AP oligomerization, which serves as a
therapeutic target (137). The succinylation of APP at K687 residue hampers its degradation
and escalates AP aggregation. It was observed that the succinylated APP, along with A}
agglomerates, was present in the hippocampus of a transgenic mouse for AD due to
diminished brain glucose regulation (138). Further, AP nitration at Y10 is a bit
contradictory. An early study reported that Y10 nitration by peroxynitrite enhances
aggregate formation, which was found in amyloid plaque core in the AD mice model (39).
However, a recent experiment showed that Y10 nitration notably curbed amyloid
aggregation. The aggregates formed in the former study, when treated with L-NIL,
accounted for reduced 3NTyr10-Ap in APP/PS1 mice (139).

2.8.Role of Artificial Intelligence in Drug Discovery
Today Al has come out as a very successful and demanding technology because it saves
time and is cost-efficient (140). In general, cell classification, cell sorting, calculating
properties of small molecules, synthesizing organic compounds with the help of computer
programs, designing new compounds, developing assays, and predicting the 3D structure
of target molecules are some time-consuming and tiresome tasks which with the help of Al
can be reduced and can speed up the process of drug discovery (141,142). The primary
drug screening includes the classification and sorting of cells by image analysis through Al
technology. Many ML models using different algorithms recognize images with great
accuracy but become incompetent when analysing big data. To classify the target cell,
firstly, the ML model needs to be trained so that it can identify the cell and its features,
which is basically done by contrasting the image of the targeted cells, which separates it
from the background (143). Images with varying textured features like wavelet-based
texture features and Tamura texture features are extracted, which is further reduced in
dimensions through principal component analysis (PCA). A study suggests that least-
square SVM (LS-SVM) showed the highest classification accuracy of 95.34% (144,145).
Regarding cell sorting, the machine needs to be fast to separate out the targeted cell type
from the given sample. Evidence suggests that image-activated cell sorting (IACS) is the
most advanced device that could measure the optical, electrical, and mechanical properties
of the cell (146). The secondary drug screening includes analysing the physical properties,
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bioactivity, and toxicity of the compound. Melting point and partition coefficient are some
of the physical properties that govern the compound’s bioavailability and are also essential
to design new compounds (147), while designing a drug, molecular representation can be
done using different methods like molecular fingerprinting, simplified molecular-input
line-entry system (SMILES), and Coulomb matrices (148). These data can be used in DNN,
which comprises two different stages, namely generative and predictive stage. Though both
the stages are trained separately through supervised learning, when they are trained jointly,
bias can be applied to the output, where it is either rewarded or penalized for a specific
property. This whole procedure can be used for reinforcement learning (149). Matched
molecular pair (MMP) has been extensively used for QSAR studies. MMP is associated
with a single change in a drug candidate, which further influences the bioactivity of the
compound (150). Along with MMP, other ML methods are used like DNN, RF, and
gradient boosting machines (GBM) to get modifications. It has been observed that DNN
can predict better than RF and GBM (151). With the increase in databases, which are
publicly available like ChEMBL, PubChem, and ZINC, we have access to millions of
compounds annotating information like their structure, known targets and purchasability;
MMP plus ML can predict bioactivity like oral exposure, intrinsic clearance, ADMET, and
method of action (145,152,153). Optimizing the toxicity of a compound is the most time-
consuming and expensive task in drug discovery and is a crucial parameter as it adds
significant value to the drug development process (132).

3. Methodology
3.1.Extraction and Pre-processing of Data

Herein, we took AD related gene expression database GSE1297, from National Center for
Biotechnology Information (NCBI) Gene expression omnibus (GEO). This dataset is
deposited by Blalock et al., and contains 22 AD disease samples along with 9 healthy
control samples. For this dataset, the microarray analysis was performed using Affymetrix
Human Genome U133A Array.

For differential gene expression analysis, we downloaded .CEL files from this dataset. We
used Limma package in R studio for differential gene expression analysis. Firstly,
read.celfiles function was used to input AD and control’s .CEL files in r studio. Afterwards,
normalizeQuantiles was used to normalize AD and control samples. Further, we used
ebayes and toptable functions in order to obtain differentially expressed genes (DEGS)
between AD samples and healthy control samples. The DEGs were shortlisted based on
adjusted p-value being less than and equal to .05 in order to remove the false positives.
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3.2.Protein-Protein Interaction Network of Extracted Proteins
After identification of DEG’s, the different genes were mapped to their corresponding
proteins and protein-protein interaction network were identified through STRING database
and the Cytoscape. PPl network were constructed to analyze the interaction between
regulatory protein in AD. After PPl network, HUB genes of the network were identified
through CytoHubba and MCODE.

3.3.1dentification of Critical Acetylation and Ubiquitination Sites
Ubiquitination and acetylation are considered as important post-translational modifications
involved in the pathogenesis of the AD. The most important feature of ubiquitination and
acetylation is the involvement of lysine (K) residues. Protein lysine modification database
(PLMD) was used to analyze the critical lysine residue involved in the pathogenesis of AD
on HUB genes.

3.4.Structural Analysis of Protein

As we know that PTMs have an influence on secondary structure which in turn effects its
biological properties. Hence, we decided to analyse the effects of PTMs on secondary
structure of regulatory proteins. We used publicly available PSIPRED and Disopred tools
(http://bioinf.cs.ucl.ac.uk/psipred/) to obtain structure information of regulatory proteins on
both PTM and non PTM sites. We used PLMD database (http://plmd.biocuckoo.org/) in
order to obtain PTM sites on lysine residues of regulatory proteins. Our structural analysis
was divided into helix, coiled and strand categories.

3.5.Pathway Analysis
Biological pathway is the most important feature of a protein, which identifies the pathway
in which a protein is involved. The HUB genes, namely NEDD8, YWHAZ, and ITGB1
were imported in the FUNRICH R to analyze the enriched biological pathways followed
by the said proteins.

3.6.Impact of Lysine Mutations on Acetylation and Ubiquitination
The disease susceptibility of putative lysine (K) mutation, either with arginine (R) and
aspartic acid (D) was studied with the help of mutational analysis by using tools like PMut,
SNAP2 and PANTHER.

3.7.1dentification of Drug Molecules
FASTA sequence of YWHAZ is extracted from PDB in .pdb file format. The sequence is
uploaded as target in drug bank database to identify the possible drugs. Further, we did
protein-ligand docking using CB Dock to identify its binding site on YWHAZ.

4. Results and Discussion

4.1.Data collection and differential gene expression analysis
The obtained DEGs between AD and healthy control samples is shown in the
supplementary file 1. The negative value of logFC denotes downregulated genes where
positive value of logFC indicates upregulated genes in AD conditions. Further, DAVID
tool (https://david.ncifcrf.gov/) was used to annotate the DEGs with their official gene
names. All of the DEGs were shortlisted based on their adjusted p values being less than

22



http://bioinf.cs.ucl.ac.uk/psipred/
http://plmd.biocuckoo.org/
https://david.ncifcrf.gov/

and equal to .05. Herein, we obtained 13 downregulated genes and 35 upregulated genes

between AD and healthy conditions.

Table 2: Shortlisted DEGs indicating 13 downregulated genes and 35 upregulated genes between AD

and healthy conditions

ID adj.P.val P.Value logFC Gene.symbol Gene.title

208224 _at 0.0404 0.00000504 -2.013 HOXB1 homeobox B1

206278_at 0.0404 0.00000696 -2.243 PTAFR platelet activating factor receptor

215008_at 0.0404 0.00000754 1.832 TLL2 tolloid like 2

219718_at 0.0404 0.00001133 1.277 FGGY FGGY carbohydrate kinase domain containing

213400_s_at 0.0404 0.0000116 -1.069 TBL1X transducin (beta)-like 1X-linked

212428 _at 0.0404 0.00001252 1.301 KIAA0368 KIAA0368

209070_s_at 0.0404 0.00001271 2.51 RGS5 regulator of G-protein signaling 5

205344 _at 0.0407 0.00001572 2.624 CSPG5 chondroitin sulfate proteoglycan 5

218291 _at 0.0407 0.00001741 0.748 LAMTOR2 late endosomal/lysosomal adaptor, MAPK and MTOR activator 2

201840_at 0.0407 0.00001828 1.204 NEDD8 neural precursor cell expressed, developmentally down-regulated 8

218046_s_at 0.0422 0.00002272 1.198 MRPS16 mitochondrial ribosomal protein S16
microRNA 1304///small nucleolar RNA, C/D box 5///small nucleolar RNA,
H/ACA box 32///small nucleolar RNA, H/ACA box 40///small nucleolar RNA,

221580_s_at 0.049 0.00002856 1.119 MIR1304 H/ACA box 18///small nucleolar RNA, H/ACA box 1///small nucleolar RNA,
H/ACA box 8///TATA-box binding protein associated factor, RNA polymerase
| subunit D

212797_at 0.049 0.00003198 2.646 SORT1 sortilin 1

200729_s_at 0.049 0.00003452 1.381 ACTR2 ARP2 actin related protein 2 homolog

216190_x_at 0.049 0.00003517 1.859 ITGB1 integrin subunit beta 1

215161 _at 0.0505 0.00003852 2.73 CAMK1G calcium/calmodulin dependent protein kinase 1G

218027_at 0.0508 0.00004265 0.944 MRPL15 mitochondrial ribosomal protein L15

201125_s_at 0.0508 0.00004333 -0.947 ITGB5 integrin subunit beta 5

205501_at 0.0508 0.00004856 1.217 PDE10A phosphodiesterase 10A

221781 _s_at 0.0508 0.00005161 2.251 DNAJC10 DnalJ heat shock protein family (Hsp40) member C10

205956_x_at 0.0508 0.00005546 -0.807 PSMC3IP PSMC3 interacting protein

218066_at 0.0508 0.00005909 -1.069 SLC12A7 solute carrier family 12 member 7

221837_at 0.0508 0.00005942 1.437 KLHL22 kelch like family member 22

203841_x_at 0.0508 0.00006159 2.538 MAPRE3 microtubule associated protein RP/EB family member 3

201322_at 0.0508 0.0000648 1.156 ATP5B /ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide

218888_s_at 0.0508 0.00006862 1.464 NETO2 neuropilin and tolloid like 2

214950_at 0.0508 0.00006979 -1.719 IL9R interleukin 9 receptor

209025_s_at 0.0508 0.00007369 0.829 SYNCRIP synaptotagmin binding cytoplasmic RNA interacting protein

222196_at 0.0508 0.00007746 -2.431 LOC389906 zinc finger protein 839 pseudogene

217786_at 0.0508 0.00007769 2.579 PRMT5 protein arginine methyltransferase 5

202143_s_at 0.0508 0.00007849 1.737 COPS8 COP9 signalosome subunit 8

205030_at 0.0508 0.0000791 1.126 FABP7 fatty acid binding protein 7

206624_at 0.0508 0.0000806 2.566 USP9Y ubiquitin specific peptidase 9, Y-linked

213197_at 0.0508 0.00008161 1.077 ASTN1 astrotactin 1

209651 _at 0.0508 0.0000821 -1.104 TGFB1I1 transforming growth factor beta 1 induced transcript 1

210159_s_at 0.0524 0.00008708 -1.638 TRIM31 tripartite motif containing 31

218801 _at 0.0561 0.00009684 0.887 UGGT2 UDP-glucose glycoprotein glucosyltransferase 2

200638_s_at 0.0561 0.0000983 1.733 YWHAZ tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta

203224 _at 0.0561 0.00010965 1.541 RFK riboflavin kinase

213929 _at 0.0561 0.00010991 -0.863 EXPH5 exophilin 5

217188_s_at 0.0561 0.000111 2.595 Cl4orfl chromosome 14 open reading frame 1

204712_at 0.0561 0.0001124 1.958 WIF1 'WNT inhibitory factor 1

37796_at 0.0561 0.00011467 .0.983 SAP25 Sin3Al associgt?d protein 25///leucine rich repeats and calponin homology
domain containing 4

209092_s_at 0.0561 0.00011539 1.013 GLOD4 glyoxalase domain containing 4

222291 _at 0.0561 0.00011642 -1.111 FAM149A family with sequence similarity 149 member A

212745_s_at 0.0561 0.00011925 1.821 BBS4 Bardet-Biedl syndrome 4

201939 _at 0.0561 0.00012186 1.93 PLK2 polo like kinase 2

219736_at 0.0561 0.00012344 1.709 TRIM36 tripartite motif containing 36

217140_s_at 0.0568 0.00012744 1.33 VDAC1 \oltage dependent anion channel 1

4.2. HUB genes in the pathogenesis of AD

PPI network analysis identified that 19 nodes and 17 edges were involved in the core PPI
network, where NEDD8, KLHL22, and COPS8 have high node degree. The core network
suggests another isolated interaction between TRIM31, PTAFR, and LAMTORZ2. Further,
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the PPI network suggests that YWHAZ, ATP5B, MRPS16, MRPL15, NEDDS8, KLHL22,
COPSS8, ITGB1, PTFAR, and LAMTOR2 were HUB genes in the network.

Protein-Protein Interaction Network of DEGs

(A) Core Network | | (B) HUB Genes Network

Node: 19, Node: 10,
Edges: 17 Edges: 9

TRIM31 PTAFR LAMTOR2

ITGBS TRIM36 MRPS16 NEDD8 YWHAZ VDAC1
PTAFR—HAMTOR2

KLHL22 MRPL1S ITGB1 ATP58 SYNCRIP ACTR2
COPsS8 CAMK1G
COPS8
uGeT2 DNAJC10

(C) Ubiquitination and Acetylation Sites in HUB Genes
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w Ubiquitination Sites Acetylation Sites

Figure 3: Protein-protein interaction network of DEGs
(PPI network of cluster represents 10 proteins extracted from the core PPI network after clustering
analysis. The stack bar representation shows lysine modified sites.)

4.3.Critical lysine residues involved in AD
HUB genes, such as YWHAZ, ATP5F1B, ITGB1, NEDDS8, and MRPS16 were analyzed
for identification of common ubiquitination and acetylation sites. The results indicated that
YWHAZ have 7 common acetylation and ubiquitination sites, whereas, ATP5F1B have 9
common ubiquitination and acetylation sites. Further, ITGB1 and NEDD8 have 4
ubiquitination and acetylation sites. Similarly, MRPs16 have only 1 common ubiquitination
and acetylation site.
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Table 3: Common lysine residues for ubiquitination and acetylation on HUB genes

UniProt ID Ubiquitination Acetylation Common
K3, K9, K11, K27, K68,
YWHAZ P63104 K74, K75, K85, K103, K3KIﬁ35 KKZZ?,; ?(81’;85’ = KgKﬁ?Kligg N,
K115, K138, K139 ’ ’ '
ATP5F1B P06576 K259, K264, K351, K264, K426, K432, K259, K26}21;1:3(5426, K480,
K426, K480, K485 K451, K480, K485, K522
K87, K107, K134, K163,
K190, K202, K228, K238,
K346, K398, K518, K551,
ITGB1 P05556 K575, K619, K672, K678, K619, K678, K774, K794 | K619, K678, K774, K794
K692, K765, K768, K774,
K784, K794, K798
K4, K6, K11, K22, K27,
NEDD8 Q15843 K33, K48, K54, K60 K11, K22, K48, K54 K11, K22, K48, K54
MRPS16 Q9YD3 K40, K64 K64, K85 K64

4.4.Protein secondary structure analysis

From protein secondary structure analysis, we observed that coiled structure had most of
the PTM sites in NEDDS8, ITGB1 and ATP5F1B compared to their helix and strand
structure. In ITGB1 9 PTM sites fall in coiled region, compared to 5 PTMs and 4 PTMs in
coiled region of ATP5F1B and NEDDS respectively. Only YWHAZ had most of the PTMs
in helix structure. YWHAZ has 9 PTM sites in helix region while only 1 PTM site in coiled
region. Many studies have reported that coiled structure is responsible for protein
interactions and aggregation propensity. Frequency of PTMs in helix structure was
maximum in YWHAZ followed by ITGB1. Frequency of PTM in helix region was least in
ATPSFI1B as it had only 1 PTM in helix region. Strikingly, YWHAZ didn’t show any
presence of strand structure, whereas ITGB1 had 5 PTM sites in strand region. Intriguingly,
none of the four regulatory proteins had any ordered region. In NEDD8 no PTM lysine site
fell in the ordered or disordered region. Likewise, even in ITGB1 none of the PTMs lysine
sites fell in ordered or disordered region. Similarly, YWHAZ and ATP5F1B also showed
no PTM sites in ordered or disordered region.

Table 4: List of PTM and Non PTM sites of NEDD8, YWHAZ, ITGB1 and ATP5F1B in coiled, helix and
strand regions

NEDDS8 YWHAZ ITGB1 ATP5F1B
Non Non
PTM Non PTM PTM PTM PTM Non PTM PTM PTM
Helix 3 0 9 11 5 8 1 10
Coiled 4 0 24
Strand 0 0 5 6

4.5.YWHAZ as critical protein involved in the pathogenesis of AD

Pathway analysis of YWHAZ, NEDDS, and ITGB1 demonstrated that YWHAZ is involved in
top 19 enriched pathways (p-value < 0.05). Further, the results demonstrated that NEDDS8 and
ITGB1 are involved in 11 and 13 enriched pathways respectively as shown in table.

25




Table 5: Functional enrichment analysis (Biological pathways)

S. No. Biological Pathway P-value Protein
1. Class | PI3K signaling events 0.0358 NEDDS; ITGB1; YWHAZ,
5 Class | PI3K siggga/li:gtevents mediated 0.0358 NEDDS: ITGBL: YWHAZ:
3. mTOR signaling pathway 0.0358 NEDDS; ITGB1; YWHAZ,
4. Insulin Pathway 0.0358 NEDDS; ITGB1; YWHAZ,
5. IGF1 pathway 0.0363 NEDDS; ITGB1; YWHAZ;
6. CDCA42 signaling events 0.0258 ITGB1;, YWHAZ,
7. GP1b-1X-V activation signaling 0.0282 YWHAZ;
8. Rapl signaling 0.0313 YWHAZ;
9. Syndecan-1-mediated signaling events 0.0377 NEDDS; ITGB1; YWHAZ;
10. GMCSF-mediated signaling events 0.0364 NEDDS; ITGB1; YWHAZ;
11. Nectin adhesion pathway 0.0369 NEDDS; ITGB1; YWHAZ;
12. TRAIL signaling pathway 0.0423 NEDDS; ITGB1; YWHAZ,
13. a4b7 Integrin signaling 0.0282 ITGB1;
14. ATR signaling pathway 0.0429 NEDDS8; YWHAZ;
15. Canonical Wnt signaling pathway 0.0122 YWHAZ;
16. Noncanonical Wnt signaling pathway 0.0189 YWHAZ;
17. Glypican 3 network 0.0035 YWHAZ;
18. P membsrizr:;ﬁztéoge” receptor 0.0379 NEDDS; ITGB1; YWHAZ:;
19. Alpha4 betal integrin signaling events 0.0047 ITGB1; YWHAZ;
20. N-cadherin signaling events 0.0433 YWHAZ;
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Figure 4: Fold enrichment and p-values of biological pathways related to NEDD8, ITGB1 and YWHAZ
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4.6.Impact of lysine mutation on YWHAZ
The observed results indicates that all sites have an effect on disease susceptibility.
However, K3D, K9D, K27, K68D, K85, K115D and K138D have high confidence score.
High intolerant mutations that are susceptible to disease are shown in the table given below.

Table 6: Impact of YWHAZ’s ‘K’ putative mutation to either ‘R’ or ‘D’ on disease susceptibility predicted
with the help of PMut, SNAP2 and PANTHER

Residue | PMut | PANTHER | SNAP2 | Confidence
K3R 0.26 0.57 0 0.83
K3D 0.54 0.57 1 2.11
K9R 0.3 0.57 0 0.87
K9D 0.78 0.57 1 2.35
K27R 0.61 0.89 1 2.5
K27D 0.75 0.89 1 2.64
K68R 0.4 0.89 0 1.29
K68D 0.87 0.89 1 2.76
K85R 0.41 0.85 1 2.26
K85D 0.84 0.85 1 2.69
K115R 0.46 0.85 0 1.31
K115D 0.85 0.85 1 2.7
K138R 0.24 0.57 0 0.81
K138D 0.57 0.57 1 2.14

4.7.Impact of drug on YWHAZ
Phenethyl Isothiocyanate is the only drug for YWHAZ that has been identified in drug bank
database. CB Dock tool shows that 1106, L119, A148, E102, K122, Q144, S145, Y126,
L129, L98 and 1141 are the putative binding sites on YWHAZ where Phenethyl
Isothiocyanate may bind. Vina score of -4.6 shows stable system and thus, a likely binding

interaction.

Table 7: Results of CB Docking of YWHAZ protein with Phenethyl Isothiocyanate drug

Vina Cavity Center Size

Score Size X y 7 X y z
-4.6 278 -29 -14 63 18 18 18
-4.3 234 -26 1 61 18 18 18
-4.2 264 -16 -2 54 18 18 18
-3.9 574 -33 22 35 18 18 29
-3.6 382 -34 29 52 18 18 18

27




1106 . \
s L119A148

b4
P !
(4

4 5;13_4 S145
K122 B
4

7 . ‘\ 1141

Figure 5: Putative binding sites on YWHAZ with Phenethyl Isothiocyanate

5. Conclusion

Alzheimer’s disease is one of the most prevalent neurodegenerative disease. It is the 6™ leading
cause of death. However, recent data suggests that it might rank as high as 3, just behind
cancer and heart diseases for older people. Evidences suggests that involvement of post-
translational modifications are possible in the pathogenesis of AD. In this study, we target
involvement of two PTMs i.e., acetylation and ubiquitination. The common feature shared by
both the PTMs is that both act on the lysine residue and thereby, crosstalk between acetylation
and ubiquitination becomes an enthralling topic of research. Here, we first extracted and pre-
processed the data for which microarray analysis was performed using Affymetrix human
genome U133A array. Further, 13 downregulated and 35 upregulated DEGs were shortlisted
based on adjusted p-value. PPl network was constructed to analyze the interaction between
regulatory protein in AD. Studying this network gave us HUB genes namely, YWHAZ,
ATP5B, MRPS16, MRPL15, NEDDS8, KLHL22, COPSS8, ITGB1, PTFAR, and LAMTOR2.
Critical lysine residues involved were analyzed for YWHAZ, ATP5F1B, ITGB1, NEDDS, and
MRPS16; it was found that YWHAZ had 7 common ubiquitination and acetylation sites.
Thereafter, protein secondary structure analysis showed YWHAZ has 9 PTM sites in helix
region while only 1 PTM site in coiled region. Many studies have reported that coiled structure
is responsible for protein interactions and aggregation propensity. Further, pathway analysis
showed that YWHAZ is involved in top 19 enriched pathways, whereas, NEDD8 and ITGB1
are involved in 11 and 13 enriched pathways respectively. Mutation of lysine residues with
arginine and aspartic acid indicated that all sites have an effect on disease susceptibility,
however, some showed high confidence score. Lastly, it was found that Phenethyl
Isothiocyanate is the only drug for YWHAZ that has been identified in drug bank and the
putative binding site were 1106, L119, A148, E102, K122, Q144, S145, Y126, L129, L98 and
1141 that was observed using CB Dock.
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Abstract

Drug designing and development is an important area of research for pharmaceutical companies and chemical scientists.
However, low efficacy, off-target delivery, time consumption, and high cost impose a hurdle and challenges that impact drug
design and discovery. Further, complex and big data from genomics, proteomics, microarray data, and clinical trials also
impose an obstacle in the drug discovery pipeline. Artificial intelligence and machine learning technology play a crucial role
in drug discovery and development. In other words, artificial neural networks and deep learning algorithms have modernized
the area. Machine learning and deep learning algorithms have been implemented in several drug discovery processes such
as peptide synthesis, structure-based virtual screening, ligand-based virtual screening, toxicity prediction, drug monitoring
and release, pharmacophore modeling, quantitative structure—activity relationship, drug repositioning, polypharmacology,
and physiochemical activity. Evidence from the past strengthens the implementation of artificial intelligence and deep learn-
ing in this field. Moreover, novel data mining, curation, and management techniques provided critical support to recently
developed modeling algorithms. In summary, artificial intelligence and deep learning advancements provide an excellent
opportunity for rational drug design and discovery process, which will eventually impact mankind.

Graphic abstract

The primary concern associated with drug design and development is time consumption and production cost. Further, inef-
ficiency, inaccurate target delivery, and inappropriate dosage are other hurdles that inhibit the process of drug delivery and
development. With advancements in technology. computer-aided drug design integrating artificial intelligence algorithms
can eliminate the challenges and hurdles of traditional drug design and development. Artificial intelligence is referred to as
superset comprising machine learning, whereas machine learning comprises supervised learning, unsupervised learning,
and reinforcement learning. Further, deep learning, a subset of machine learning, has been extensively implemented in drug
design and development. The artificial neural network, deep neural network, support vector machines, classification and
regression, generative adversarial networks, symbolic learning, and meta-learning are examples of the algorithms applied to
the drug design and discovery process. Artificial intelligence has been applied to different areas of drug design and develop-
ment process, such as from peptide synthesis to molecule design, virtual screening to molecular docking, quantitative struc-
ture—activity relationship to drug repositioning, protein misfolding to protein—protein interactions, and molecular pathway
identification to polypharmacology. Artificial intelligence principles have been applied to the classification of active and
inactive, monitoring drug release, pre-clinical and clinical development, primary and secondary drug screening, biomarker
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