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The ubiquitin-proteasome system (UPS) is a highly regulated mechanism for protein degradation that regulates
many biological processes to maintain cellular homeostasis. A protein is targeted for degradation upon
ubiquitylation, where the small 8.6 kDa protein, ubiquitin, is covalently attached to the target protein through an
isopeptide bond. Ubiquitylation involves the sequential transfer of ubiquitin through a three-enzyme cascade—an
ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3).

neurodegenerative disease ubiquitin-proteasome system redox chemistry
post-translational modifications neuroprotection CNS mitochondrial metabolism

oxidative stress response

| 1. Introduction

Neurodegenerative disease (NDD) research initiated approximately four decades ago, but recently, the focus has
shifted to understanding both the neurochemistry aspect in disease development and neuroprotection. Proper
central nervous system (CNS) development plays an essential role in neuroprotection, as any malformation during
this intricate process allows for an increased susceptibility to neurodegeneration. The foundation of the CNS
occurs during embryogenesis, where approximately 40% of the developing genes primarily regulate CNS
development [, This starts with the development of the neural plate, which continues to grow and fold onto itself
until this groove forms into the neural tube . This developmental precursor relies on specific signals to induce
rudimentary CNS formation [2. At the final stages of development, the CNS can be divided into two sections—the
brain and the spinal cord—with both involved in receiving and processing sensory information to induce a biological
response 2. While both the brain and spinal cord are encapsulated within bone, the meninges and cerebrospinal
fluid (CSF) act as physical barriers with biochemical protective factors to prevent degeneration . In addition to the
meninges and CSF, signaling proteins are essential to the regulation of neuroprotective pathways, simultaneously
providing a system of checks and balances to protect the CNS from neurodegeneration. For example, autophagic
regulating proteins and ubiquitin were found to have altered expression levels in the CSF of Alzheimer’s disease
(AD) and Parkinson’s disease (PD) patients &S],

Consequential neuronal death due to varying biological irregularities lead to the onset of various NDDs such as
amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), AD, PD, and Huntington’s disease (HD) [,
Both AD and PD pathology are caused by the accumulation of protein aggregates resulting from the dysfunction in

varying cellular pathways. In AD pathology, it is suggested that an accumulation of autophagic vacuoles are

https://encyclopedia.pub/entry/13659 1/11



Redox Chemistry and Ubiquitylation | Encyclopedia.pub

present in the cortex due to an inability to perform or an inhibition of cholinergic neuron mitophagy 429 |n
contrast, PD involves the hallmark histopathological Lewy body detection in mitochondrial-based proteins
associated with degraded dopaminergic neurons [4ILLIE2] whijle it is unclear if misfolded proteins contribute to
disease development upon aggregation or are merely signs of proper biological processes that gather and
eliminate harmful proteins, the etiology is still elusive ( Figure 1 ). It is clear, however, that disrupting neuronal

autophagy or progressing presynaptic neuron death results in NDD pathogenesis [EI210I[11][12][13]
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Figure 1. Neurodegenerative disease localization in relation to areas of the brain and the central nervous system.
On the left, key parts of the brain are labeled. On the right, regions of the brain that have been identified to be
affected by specific neurodegenerative diseases are highlighted. AD has been identified to affect the hippocampus,
cingulate gyrus, and many cortical regions 4. HD affects the caudate, cerebral cortex, putamen, and global
pallidus 13, ALS affects the medulla oblongata, pons, corpus collosum, and thalamus 18, MS affects the putamen,
global pallidus, caudate, thalamus, and medulla 18 pPD affects the substantia nigra in the mid-brain most

significantly 29l Figure created with BioRender.com.

While correlations exist for both AD and PD on a genetic and hereditary level, it is still inconclusive whether these
diseases are inherited or idiopathic. On the other hand, HD is an autosomal dominant NDD that impacts motor
skills and cognition through neuronal loss in the striatum, with an average 15-year life expectancy post-diagnosis
(201 striatum neuronal degeneration is believed to be triggered by CAG trinucleotide tandem repeats that result in
extended polyglutamine sequences in the translated huntingtin protein (Htt). While 6 to 10 polyglutamine
sequences in eukaryotic proteins have been identified to facilitate protein-protein interactions (PPIs) through the
coiled-coil conjunction within two proteins (21, the CAG trinucleotide repeats within Htt are typically 10-35 units in

length; the abnormal gain of function HD-derived mutations allow for upwards of 40-100 repeats that alter Htt
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localization and accumulation (221238, The function of Htt remains experimentally unclear, but its cerebral and basal

ganglia localization in the brain suggests its involvement in the regulation of movement coordination.

During embryogenesis, Htt levels are evenly dispersed throughout progenitor cells that eventually differentiate into
striatum-based cortical neurons, whereas in HD fetuses, the Htt protein congregates in the apical end-feet of
progenitor cells 241, This suggests that Htt may play a role in proper CNS development by ensuring proper motor
skill development and coordination through the facilitation of progenitor cell polarity and differentiation during
neurogenesis. The striatum, being the input model for the basal ganglia, emits signals to dictate learning through
action selection and behavior reinforcement 131231261 C|assified as a basal ganglia disease, HD phenotypes are
typically subtle, with a slow progression, until the patient is unable to move and speak 29, |t can be speculated
excess CAG tandem repeats inhibit mutant Htt (mHtt) aggregate clearance and impair essential
neurodevelopment-based PPIs due to conformational changes; this is similar to other neurological diseases that
lead to aggregate buildup and mitochondrial defects 24, As observed in HD mice models, developmental pathways
that regulate synaptic homeostasis are impaired (28, Htt has been identified to interact with numerous
developmental proteins that regulate 14-3-3 signaling, microtubule-based transport, and proteostasis 22, A
structural analysis of mHtt in any of these essential developmental proteins can determine if the excess CAG

repeats truly alter these PPIs, or even whether downstream activation of other pathways is also impaired.

| 2. Neuroprotection through Redox Chemistry

From development to the senescent stages of the CNS, metabolically driven processes lead towards excess
electrophilic byproducts; thus, alleviating this accumulation is essential for biological homeostasis. Metabolically
driven processes in the brain required for proper function account for approximately 20% of the overall energy
consumption in the body B9 and these reactions require a properly regulated mitochondrial electron transfer to
produce sufficient amounts of ATP. As electrons are passed through the different complexes in the electron
transport chain (ETC), both H* and H,O are produced from O, reduction by cytochrome ¢ oxidase 211, The inability

to properly reduce O, can cause the production of damaging reactive oxygen species (ROS).

Redox homeostasis helps to the maintain the balance between the production of antioxidants, ROS, and some
reactive nitrogen species (RNS) B2, Many ROS, which includes hydrogen peroxide (H,0,), hydroxyl radical (+OH),
hydroperoxyl radical (HO,e¢), peroxyl radical (ROOQOe), superoxide (O,e— ), and singlet oxygen (10,), are naturally

occurring byproducts of mitochondrial metabolism ( Figure 2 ) 2],
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Figure 2. Production of reactive species and corresponding PTMs induced by oxidative stress. (A) RNS (blue) and
ROS (red) are produced by various enzymes and reactions. Nitric oxide is produced from nitrate and nitrite
(catalyzed by xanthine oxidoreductase) and L-arginine (catalyzed by the nitric oxide synthases) [B4I33l36] | the
mitochondria, oxygen is reduced to H" and H,O by cytochrome ¢ oxidase to promote the production of ATP in the
electron transport chain 4. Superoxide is generated as a byproduct in the mitochondria via complex I, complex II,
Q oxidoreductase, glycerol 3-phosphate dehydrogenase, pyruvate dehydrogenase, and 2-oxoglutarate
dehydrogenase 433, Superoxide is then either catalyzed by superoxide dismutase to form H,O, or reacts with
nitric oxide to produce peroxynitrite B4B37. H,0, will undergo an iron-dependent Fenton reaction (also referred to
as a Haber-Weiss reaction) to produce a hydroxyl radical 832149 and peroxynitrite will be reduced to generate
peroxynitrous acid and can decompose to produce nitrogen dioxide and a hydroxyl radical “9. (B) Reversible
(black) and irreversible (magenta) post-translational modifications that are caused by reactive nitrogen species
(within the blue circle) and reactive oxygen species (within the red oval). Reversible modifications of cysteine
residues caused by reactive nitrogen species include S-nitrosylation and disulfide bond formation, while an
irreversible modification caused by reactive nitrogen species includes tyrosine nitration [BZ. Reversible
modifications caused by reactive oxygen species include disulfide bond formation (cysteine), sulfinylation
(cysteine), sulfoxidation (methionine), and sulfenylation (cysteine). Irreversible modifications caused by ROS
include sulfonation of cysteine and methionine residues B4, (C) The PTMs generated by ROS and RNS can
activate proteins, alter the 3D fold of a protein, increase protein insolubility, and/or cause protein aggregation 23

871 When oxidative stress is prolonged, these physiological effects can lead to neuronal dysfunction and death.

Despite this regulatory role, unregulated ROS accumulation can trigger oxidative stress and an increased

nucleophilic attack of exposed residues in proteins that are susceptible to ROS/RNS modifications [B2l41 These
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ROS/RNS-induced PTMs can cause different changes in a protein’s fold and/or function, including increased
insolubility and subsequent aggregation due to the exposure of hydrophobic residues in the modified protein 221,
Cysteine residues are particularly susceptible to ROS/RNS modification due to the inherent hyperreactivity of the
R-group thiol 43l |f oxidative stress is prolonged and aggregated proteins continue to accumulate, neuronal
dysfunction and death can occur, which is a hallmark in numerous NDD. To better understand how to protect
against neurodegeneration, it is critical to understand both the molecular effects that ROS has on cellular
processes and the underlying mechanisms for how redox homeostasis regulators are activated. These unregulated
ROS/RNS PTMs can be mitigated through ubiquitylation by activating the redox homeostasis response, thus
leading to the degradation and eventual clearance of protein aggregates.

Protein modifications that are enhanced by RNS accumulation have detrimental impacts on neuroprotection. For
example, RNS accumulation after a traumatic brain injury (TBI) is speculated to induce the S-nitrosylation of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). With glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), RNS accumulation following traumatic brain injury (TBI) is speculated to influence S-nitrosylation.
Through GADPH S-nitrosylation, Sirtuinl deacetylation is prevented, which then activates p300/CBP
acetyltransferase 44, This leads to TBI-induced tau acetylation at Lys274 and Lys281. The modification of tau at
these lysine residues is also observed in AD 8l further suggesting the essential role of regulating RNS-induced
PTMs to alleviate both aging and non-aging neurodegeneration. It would therefore be imperative to assess the
potential of targeting S-nitrosylated GAPDH for proteolysis as a therapeutic approach for alleviating tauopathy

memory loss, AD, or other tau-related NDDs.

3. Interplay between the Ubiquitin-Proteasome System and
ROS Production

The ubiquitin-proteasome system (UPS) is a highly regulated mechanism for protein degradation that regulates
many biological processes to maintain cellular homeostasis “8. A protein is targeted for degradation upon
ubiquitylation, where the small 8.6 kDa protein, ubiquitin, is covalently attached to the target protein through an
isopeptide bond B4, Ubiquitylation involves the sequential transfer of ubiquitin through a three-enzyme cascade—
an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3). The E2/E3
combination ultimately determines the specific site of attachment of ubiquitin on the target protein and the lysine
linkage between ubiquitin molecules within the polyubiquitin chain that is built [4Z48I4950] The process is initiated
when ubiquitin and E1 undergo an ATP-dependent reaction in which a thioester bond is formed between the C-
terminus of ubiquitin and the catalytic cysteine on the E1 (El~ubiquitin) “8. The activated ubiquitin is then
transferred through a transthiolation reaction to a cysteine residue on an E2 enzyme (E2~ubiquitin) B9, An E3
ligase then facilitates or directly catalyzes the transfer of ubiquitin from the E2~ubiquitin complex to a lysine residue
of the substrate to form a stable isopeptide bond between the C-terminus of ubiquitin and the epsilon-amine of the
lysine residue on the substrate BYBL, The type of mechanism used to attach ubiquitin onto a target protein is
dependent on the type of E3 ligase—Really Interesting New Gene (RING), Homologous to E6-AP Carboxyl
Terminus (HECT), or RING-Between-RING (RBR) €. A RING E3 ubiquitin ligase acts as a scaffold to mediate the
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transfer of ubiquitin from the E2~ubiquitin complex directly to a lysine residue on the substrate 42, In contrast, a
HECT ES3 ubiquitin ligase removes ubiquitin from E2~ubiquitin to form an E3~ubiquitin thioester intermediate, which
then catalyzes the ubiquitin transfer on to the substrate 48, A RBR E3 ubiquitin ligase recruits an E2~ubiquitin
complex through its RING1 domain, like a RING E3 ligase, but instead of coordinating the transfer of ubiquitin from
E2~ubiquitin directly to a substrate, the ubiquitin is transferred to a conserved catalytic cysteine in the RING2
domain (also known as “required for catalysis” (Rcat)) prior to discharge on to a substrate, analogous to the HECT

E3 ubiquitin ligase mechanism 2,

Ubiquitylation plays an important role in maintaining cellular homeostasis by regulating the activities of critical ROS
eliminating proteins through transcription activation. What makes this mechanism of Nrf2 regulation interesting is
the requirement of the Cullin-3/Keapl/Rbx1 complex, further supporting the multifunctional roles these proteins
play in neuroprotection beyond direct protein— protein interactions for Nrf2 signaling pathway activation or
inhibition. Disrupting or even enhancing necessary large protein complexes can serve as a therapeutic approach
towards NDD treatment; this, however, requires a full understanding, on a biophysical and biochemical level, of
how these complexes form exactly and which residues of each protein are essential to solidify various bonds and

interactions.

Nitric oxide (NO) accumulation also activates a cascading signal to induce apoptosis in the event that NO
accumulation cannot be properly regulated. Brain-derived neurotrophic factor (BDNF) induces NO production and
increases cAMP response element-binding protein (CREB) binding activity, a critical regulator of gene expression
in dopaminergic neurons 23, With CREB activation, GAPDH undergoes S-nitrosylation at Cys150, which abolishes
GAPDH activity 4. This irregular PTM leaves GAPDH susceptible to unstable absentia homolog 1 (SIAH1)
binding, which in turn leads to SIAH1-dependent ubiquitylation of GAPDH to induce apoptosis B2IB8, SIAH1 can
also activate dopamine release through the inhibition of synphilin-1, the primary neurotransmitter depleted in PD
patients 55, However, synphilin-1 is arguably also neuroprotective since it inhibits cytochrome c translocation,
MPP+ based ROS production, and apoptosis in PD-impacted dopaminergic neurons 7. Regardless of potential
neuroprotective capabilities, elevated protein levels can disrupt cellular homeostasis and must be tightly regulated

through ubiquitylation to control cell death.

Neuroprotection can also be fulfilled with fibrous or aggregate clearance through proteolysis, autophagic, or
lysosomal pathways, with all variations of aggregate clearance heavily dependent on the proper and timely
covalent attachment of ubiquitin to a target protein. A myriad of signaling pathways are activated through
ubiquitylation, including the classic proteolysis of a specific substrate through the 26S proteasome €. Various
mechanisms that drive this protective function are primarily facilitated through ubiquitylation to cause their
colocalization to areas of protein aggregation within the cell, which is not their typical function. It can be speculated
that various proteins involved in ubiquitylation may have adapted multifunctional capabilities in order to further
provide neuroprotective properties. A prime example is TRAF6, which was found to colocalize in Lewy bodies to
facilitate the cytoplasmic aggregation of both Parkinson disease protein 7 (DJ-1/PARK7) and a-synuclein caused
by atypical ubiquitylation via K6-, K27-, and K29-ubiquitin linkages [B&l. While ubiquitylation for aggregate

accumulation are typically caused K63-ubiquitin linkages, both K6- and K29-linkages retain a relatively linear chain
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formation but a more compact fold, possibly to encourage aggregate clearance and potentially prevent their

untimely deubiquitylation.

| 4. NDD Regulation by ROS and the UPS: Moving Forward

Ubiquitylation plays a critical role in neuroprotection, far beyond its proteolytic degradation targeting activity. This
modification is essential in neurodevelopment, neuronal homeostasis mediation, and the prevention of aging-
related neurodegeneration. As discussed, this form of a PTM not only targets proteins for degradation, but also
utilizes ubiquitin attachment to trigger conformational changes, activates aggregate clearance pathways such as
autophagy, maintains CNS glial cell function through its support of complex formations, and enhances protein
nuclear trafficking for transcription activation. Various pathways also rely on the properly timed modifications of
substrates to regulate the intracellular accumulation of reactive species in preventing neurodegeneration. However,
reactive species are also imperative for cell differentiation, cell—cell signaling, the proper timing for the activation of
such pathways, and maintaining proper neurotransmitter production. ROS and RNS levels need to be properly
regulated since total removal of ROS and RNS would inhibit some of the essential cellular mechanisms that we
have discussed in this review. Maintaining ROS levels is essential for homeostasis. Although the current research
focus on NDD pathology remains centered on improper protein folding, these recent findings that show the intricate
cross-communication between redox chemistry and ubiquitylation may reveal novel neuroprotective functions that

could serve as new future NDD drug targets.
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