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Summary

Proteasomes are multisubunit complexes that catalyze the majority of protein degradation in
mammalian cells to maintain protein homeostasis and influence the regulation of most cellular
processes. The proteasome, a multicatalytic protease complex, is a ring-like structure with a
narrow pore that exhibits regulated gating, enabling the selective degradation of target proteins
into peptide fragments. This process of removing proteins is essential for eliminating proteins that
are no longer wanted, such as unfolded or aggregated proteins. This is important for preserving
cellular function relevant to brain health and disease. Recently, in the nervous system, specialized
proteasomes have been shown to generate peptides with important cellular functions. These
discoveries challenge the prevailing notion that proteasomes primarily operate to eliminate
proteins and identify signaling-competent proteasomes. This review focuses on the structure,
function and regulation of proteasomes and sheds light on emerging areas of investigation
regarding the role of proteasomes in the nervous system.
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Proteasome-dependent proteolysis is a tightly regulated process that is essential in all eukaryotic
cells, largely due to its central role in regulating protein levels. In this review, Turker et al cover
details related to proteasome structure and regulation, particularly focusing on the role of the
proteasome in the nervous system.

Introduction

In 1977, Etlinger and Goldberg proposed the presence of a non-lysosomal, soluble, and
energy-dependent protein degradation machinery in reticulocytes (Etlinger and Goldberg,
1977). Following this groundbreaking discovery, other groups started to purify and analyze
this novel proteolytic complex in other cell types. In 1980, Wilk et al. purified the
proteasome, then called the “cation-sensitive neutral endopeptidase,” from bovine pituitary
glands. They demonstrated that the complex is composed of distinct subunits with mainly
chymotrypsin-like proteolytic activity, which depends on the intact complex, since the
dissociated complex, i.e., individual subunits, exhibits no proteolytic function (Wilk and
Orlowski, 1980, 1983a, b).

In the last four decades, there has been a tremendous improvement in our understanding of
the mechanism and function of the proteasome. The catalytic chamber of the proteasome
complex is the 20S core particle (Coux et al., 1996). When this chamber is associated with a
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regulatory cap, 19S, the final structure is called the 26S proteasome, the major component of
the Ubiquitin-Proteasome System (UPS) (Beck et al., 2012; Coux et al., 1996; Huang et al.,
2016; Kohler et al., 2001; Matyskiela et al., 2013; Snoberger et al., 2017). While the natural
behavior of 26S proteasomes is to mediate ATP-dependent degradation of ubiquitylated
proteins, the 20S does not require ubiquitin or ATP and primarily degrades unfolded,
intrinsically disordered, and oxidized proteins (Ben-Nissan and Sharon, 2014; Ciechanover,
1998; Ciechanover and Schwartz, 1998). All 20S subunits are essential in mammalian cells
and cannot be knocked out. Thus, potent and specific inhibitors of 20S catalytic activity have
proven to be very valuable research tools and have helped to establish proteasomes as
critical for many cellular functions, including neuronal signaling, immune regulation, and
cell death, to name a few. Proteasome inhibitors have also been used as therapeutic agents
that have prolonged the lives of many cancer patients (Goldberg, 2012; Goldberg and Rock,
2002; Kisselev and Goldberg, 2001). Despite these tremendous advances, proteasome
inhibitors do not easily distinguish between distinct proteasome complexes, therefore,
making it challenging to study specific proteasomes and their role in various biological
processes.

In the nervous system, the addition of proteasome inhibitors alters synapse biology (Ehlers,
2003; Willeumier et al., 2006) and physiology (Bingol and Schuman, 2006; Cai et al., 2010;
Djakovic et al., 2009; Dong et al., 2008; Fonseca et al., 2006; Hegde et al., 1997; Karpova et
al., 2006; Rinetti and Schweizer, 2010; Speese et al., 2003). Interestingly, acute addition of a
pan-proteasome inhibitor to neurons rapidly attenuates neuronal transmission (Bingol and
Schuman, 2006; Cai et al., 2010; Djakovic et al., 2009; Dong et al., 2008; Ehlers, 2003;
Karpova et al., 2006; Rinetti and Schweizer, 2010). More recently, a specialized neuronal
proteasome was discovered that degrades intracellular proteins into extracellular peptides
that mediate rapid changes in neuronal signaling (Ramachandran and Margolis, 2017). This
discovery shed new light on the role for proteasomes in the nervous system and will be
discussed throughout the review.

In human studies an association between defects in the protein degradation machinery and
cognitive dysfunction have been documented (Schmidt and Finley, 2014; Tai and Schuman,
2008). Moreover, many studies have confirmed that dysregulation of protein degradation
machinery is likely one of the major contributors to the initiation or progression of
neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), or
Huntington’s disease (HD) (Ciechanover and Kwon, 2015). Whether the disruption of
proper protein degradation is the cause or consequence of these neurological diseases is still
an active area of investigation.

In this review, we discuss these emerging areas of study related to proteasomes. We focus on
providing background for proteasome structure and regulation along with a current
understanding of targeted degradation in the nervous system and relevance to
neurodegenerative disease.
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Structure of the Proteasome

20S Core Particle

The catalytic core particle (CP or 20S) of the proteasome is composed of four heptameric
rings (a7p7p7a7) from seven structurally similar a and B subunits, forming a cylindrical
structure with dimensions of approximately 150 A by 115 A and a narrow (13 A) entrance
pore (Groll et al., 1997; Harshbarger et al., 2015; Huang et al., 2016) (Figure 1). The
multicatalytic protease activity of the CP is achieved by three distinct  subunits: p1
(caspase-like), p2 (trypsin-like), and B5 (chymotrypsin-like), which cleave peptide bonds at
the C-terminal side of acidic, basic, and hydrophobic amino acid residues, respectively
(Figure 1). The catalytic activity of these B subunits is dependent on threonine residues at
their N-termini, which classifies the proteasome as a threonine protease, separating it from
other well-studied proteases (serine, cysteine, or carboxyl protease families). Due to the
sequestration of the catalytic subunits inside the 20S core particle, the proteasome is
selective for those molecules that can enter the chamber . Entry into the core proteasome is
in part regulated by the hydrophobic N-terminal tails of the 20S a subunits that extend
through the chamber to form a gate and prevent nonselective degradation (Bajorek et al.,
2003; Groll et al., 2000).

19S Regulatory Particle

The 19S regulatory particle (RP) associates with one or both ends of the 20S CP and is a
major component of ubiquitin-dependent protein degradation, which will be discussed later
in this review. The 19S RP can be separated biochemically into the base and lid
subcomplexes. The lid subcomplex is composed of nine subunits (Rpns 3, 5, 6, 7, 8, 9, 11,
12, 15). The lid subunits are important for structural aspects of the proteasome and
deubiqutylation. Rpn11, the intrinsic deubiqutinase (DUB), is a zinc-dependent
metalloprotease that cleaves the ubiquitin chain from the substrate (Huang et al., 2016).
Additional deubiquitnases associated with the 19S cap include Usp14 and Uch37 (Hu et al.,
2002; Hu et al., 2005). The base subcomplex is composed of ten subunits, six AAA+
(ATPases associated with various cellular activities) ATPases (Rpt1-6) and four non-ATPase
regulatory subunits (Rpns 1, 2, 10, 13). The non-ATPase regulatory subunits are located at
the interface of the base and the lid and are important for ubiquitin recognition and binding
in part through their ubiquitin-interacting motif (UIM) (Deveraux et al., 1994; Elsasser et al.,
2004; Fu et al., 2001). The AAA+ ATPase subunits are important for substrate unfolding and
act as motors to induce translocation of the unfolded polypeptide into the catalytic chamber
(Bard et al., 2018; Collins and Goldberg, 2017; Dong et al., 2019; Huang et al., 2016).
Simultaneously, the AAA+ ATPases, which bind the 20S CP a subunits through a C-
terminal HbY X (Hydrophobic-Tyrosine-X) motif, mediate conformational change in the a
subunits” N-termini and enable gate opening to allow for translocation of the unfolded
protein (Rabl et al., 2008; Smith et al., 2007; Yu et al., 2010) (Figure 1).

Alternative Regulatory Particles

In addition to the 19S cap, the 20S CP can be associated with alternative caps such as the
11S regulator (REG; PA28a.f3, PA28y) (Chu-Ping et al., 1992) or BIm10/PA200 (Ortega et
al., 2005). PA28 complexes can be composed of distinct but structurally similar subunits: a,
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B, or y (Huber and Groll, 2017)(Figure 1). While PA28a and PA28p assemble into
heteroheptameric complexes and are located mainly in the cytoplasm (Huber and Groll,
2017), PA28y is exclusively homoheptameric and located in the nucleus. PA28a.p activates
the proteasome in an ATP- and ubiquitin-independent manner and plays a major role in the
immunoproteasome function (Dubiel et al., 1992). In the nervous system, it has been shown
that the expression level of PA28ap is upregulated upon stress, such as mitochondrial
dysfunction, oxidative stress, or cytokine treatment, suggesting a protective role of PA28
against protein aggregation in neurons (McNaught et al., 2010; Shanley et al., 2020).
However, the exact mechanism or function of the PA28 in the nervous system remains an
active area of research. PA200, similar to PA28, does not require ATP or ubiquitin to activate
proteasome-dependent protein degradation (Guan et al., 2020) (Figure 1). PA200 induces
degradation of small peptides or highly unstructured proteins like tau in the absence of ATP
in vitro (Dange et al., 2011; Schmidt et al., 2005). The role of the PA200-associated
proteasome in the nervous system is still unclear, and /n vivo experiments are needed to
confirm the results from /n vitro studies.

Another endogenous regulator of the proteasome, Proteasome Inhibitor of 31 kDa (P131),
was first identified as a proteasome-interacting protein and inhibitor of the 20S proteasome
in vitro. However, in vivo studies indicated that P131 depletion leads to defects in
proteasome-dependent protein degradation as opposed to elevated proteasome activity (Liu
etal., 2019, Minis et al., 2019). A recent study from Liu et al. suggests that P131 acts as an
adaptor between the proteasome and dynein light chain, a cellular motor responsible for
axonal transport, resulting in proteasome trafficking in neurons in Drosophila and mice.
Loss of PI31 leads to disruption in axonal proteasome movement and accumulation of poly-
ubiquitylated proteins in the axons and nerve terminals, suggesting insufficient proteasome
activity in those sites due to low abundance of the proteasome. The dysregulation of
proteasome trafficking results in structural defects in synapses (Liu et al., 2019). A follow-
up study from the same group demonstrated that a PI31 conditional knock-out in spinal
motor neurons and cerebellar Purkinje cells in mice leads to axonal degeneration, cell death,
and motor dysfunction, suggesting essential roles for PI131 and regulated proteasome
localization in neuronal survival and function (Minis et al., 2019).

Post-translational Modification and Localization of the Proteasome

Post-translational modifications (PTMs) affect the function, structure, and half-life of many
proteins, and the proteasome is no exception. One of the best-studied PTMs is
phosphorylation, and there are around 300 phosphorylation sites across the proteasome
subunits (Feng et al., 2001; lwafune et al., 2002; Mason et al., 1996; VerPlank and Goldberg,
2018; VerPlank et al., 2020). Several reports have suggested an increase in proteasome
activity upon phosphorylation of the 19S subunit Rpn6 at serine 14 by Protein Kinase A
(PKA). PKA is activated upon an increase in cyclic AMP (CAMP) levels, leading to the
release of active PKA catalytic subunits from cAMP-bound regulatory subunits. PKA can be
activated by pharmacological agents such as forskolin which activates adenylate cyclase, the
enzyme responsible for converting ATP into cAMP, or rolipram which blocks hydrolysis of
cAMP through inhibition of the phosphodiesterase PDE4. By tracing half-lives of short-
lived/misfolded proteins involved in neurodegenerative disease progression, several groups
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provided evidence that PKA activation through addition of forskolin or rolipram promotes
an increase in degradation of toxic protein load (Lokireddy et al., 2015; VerPlank and
Goldberg, 2018). Moreover, in vivo, it has been shown that enhancing cAMP-PKA signaling
by rolipram or by pure PKA treatment increased proteasome activity, significantly decreased
the accumulation of phospho-tau, and improved cognitive performance in a mouse model of
tauopathy (rTg4510 mouse, expressing a pathogenic tau mutation (P301L)) (Myeku et al.,
2016).

In addition to phosphorylation by PKA, VerPlank et al. demonstrated that cGMP-dependent
protein kinase (PKG) activation upon cGMP elevation induced 26S phosphorylation, leading
to increased 26S proteolytic activity, reduced toxic protein load, and dimished cell death in a
zebrafish model of neurodegenerative disease (VerPlank et al., 2020). Unfortunately, the
precise sites of phosphorylation on proteasomes by PKG remain unknown, making it hard to
perform proof of concept experiments and understand the exact mechanism of PKG-induced
activation of the proteasome. Interestingly, in hippocampal neurons, it has been shown that
calcium influx following synaptic depolarization leads to activation of calcium/calmodulin-
dependent protein kinase Il (CaMKII) and phosphorylation of serine 120 on Rpt6, which in
turn increased 26S proteasome activity (Djakovic et al., 2009). This study is especially
important since it suggests a potential feedback mechanism between neuronal activation,
protein degradation, and synaptic remodeling. In a review by VerPlank and Goldberg, they
summarize the effects and mechanisms of 26S proteasome phosphorylation (VerPlank and
Goldberg, 2017). While we have some insight into the function of proteasome
phosphorylation, there are other PTMs of the proteasome with diverse functions such as O-
linked N-acetylglucosamine (O-GIcNAC) (Zhang et al., 2003), ADP-ribosylation (Cho-Park
and Steller, 2013), acetylation (Gomes et al., 2006), and even ubiquitylation (Besche et al.,
2014; Marshall et al., 2016).

Across different mammalian tissues proteasomes have been observed to be localized to
various subcellular sites (Baumeister et al., 1998) such as the nucleus (Adori et al., 2006;
Franic et al., 2021; Rivett et al., 1992; Scharf et al., 2007), cytosol (Palmer et al., 1996;
Schipper-Krom et al., 2019), plasma membrane (Ramachandran et al., 2018; Ramachandran
and Margolis, 2017), and more recently have been demonstrated to be extracellular (Dekel et
al., 2021; Dwivedi et al., 2021; Kulichkova et al., 2017; Lavabre-Bertrand et al., 2001;
Zoeger et al., 2006). In neurons, due to their highly complex morphology, it is not hard to
imagine that the spatial distribution of the proteasome has profound effects on cellular
function. The localization of the proteasome is dynamic and regulated by neuronal activity.
Bingol and Schuman demonstrated that neuronal activity-induced calcium-dependent
signaling results in movement and sequestration of the 26S proteasome into dendritic spines
within minutes (Bingol and Schuman, 2006). Moreover, this rapid translocation of the 26S
proteasome to the dendritic spine was critical for activity-dependent synapse formation
(Hamilton et al., 2012). More recently, the Margolis group reported on their discovery of a
20S proteasome in neurons that localizes to the plasma membrane (Ramachandran et al.,
2018; Ramachandran and Margolis, 2017).
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Targeted Protein Degradation

Ubiquitin-dependent Degradation

One of the most prominent and well-studied functions of ubiquitin is targeting substrates to
the 26S proteasome for degradation, a process that occurs in a highly regulated manner. All
proteins have a half-life, generally ranging from minutes to days, and most cellular proteins
are ultimately degraded through ubiquitin-dependent degradation (Craiu et al., 1997). This
process is also responsible for degrading misfolded/damaged proteins (including defective
ribosome products, DRiPs), and orphaned subunits of multimeric complexes (Schubert et al.,
2000).

Ubiquitin is a highly conserved 76 amino acid protein that can be conjugated to other
proteins as a post-translational modification. The process of adding ubiquitin moieties
(ubiquitylation) involves a cascade of E1-E2-E3 enzymes (Figure 2). Ubiquitylation begins
with a ubiquitin-activating enzyme (E1), which creates a thiol-ester linkage between the
enzyme and the ubiquitin polypeptide in an ATP-dependent manner. Next, the ubiquitin
moiety is transferred from the E1 to a ubiquitin-conjugating enzyme (E2), generating
another thio-ester linkage. Lastly, the ubiquitin is transferred to a lysine residue of a target
protein via an isopeptide bond with the help of a ubiquitin ligase enzyme (E3) (Scheffner et
al., 1995).

In humans, there are 2 known E1 enzymes, ~30-50 E2 enzymes, and ~600 E3 enzymes
(George et al., 2018). E3 enzymes account for much of the specificity of ubiquitylation, as
they recognize target substrate proteins. There are multiple types of E3 ubiquitin ligases,
classified by the organization of their catalytic domains and their mechanism of ubiquitin
transfer. Various aspects of E3 ligase structure, function, and regulation have been reviewed
extensively elsewhere (Buetow and Huang, 2016; Dove and Klevit, 2017; Metzger et al.,
2014; Sluimer and Distel, 2018; Wang et al., 2020; Zheng and Shabek, 2017).

Specific ubiquitin-linkages can alter the fate of a protein. The most abundant of these
linkages are K48-linked ubiquitin chains, which primarily signal for proteasomal
degradation and increase rapidly in response to proteasome inhibition (Jacobson et al., 2009;
Xu et al., 2009). Even the structure of ubiquitin chains can influence degradation, such as
K48/K11 branched chains that target substrates for degradation with high efficiency. K11,
K29, and K63-linked ubiquitin chains promote proteasomal degradation to a lesser extent
and may serve alternative functions besides degradation (French et al., 2021; Komander and
Rape, 2012).

The polyubiquitinated substrate can then be recognized by proteins containing ubiquitin-
binding domains (UBDs). These proteins may be proteasome shuttling factors such as
Rad23A/B, UBQLNSs, and DDI1/2, which have ubiquitin-associated (UBA) domains to bind
ubiquitin chains and ubiquitin-like (UBL) domains to interact with the proteasome
(Zientara-Rytter and Subramani, 2019). Ubiquitinated substrates may interact directly with
the proteasome, as the 19S cap of the 26S proteasome has three ubiquitin receptors, Rpn1,
Rpnl10 and Rpn13 (Dikic, 2017; Husnjak et al., 2008; Schreiner et al., 2008; Shi et al.,
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2016). Together these receptors allow the proteasome to recognize substrates with a variety
of ubiquitin chain topologies (Martinez-Fonts et al., 2020).

Ubiquitin-dependent degradation is crucial for proper function of the nervous system and
involved in the regulation of various aspects of neuronal development, including
neurogenesis, differentiation, and synapse formation (Upadhyay et al., 2017). To this end,
many E3 ubiquitin ligases have been discovered to be mutated or dysregulated in
neurological diseases. In fact, ~13% of known E3 ligases are mutated in neurological disease
(George et al., 2018). Some prominent examples include UBE3A, which is mutated in
Angelman Syndrome, and Parkin, which is mutated in inherited instances of Parkinson’s
disease (Kishino et al., 1997; Kitada et al., 1998). Further, nearly a dozen E3 ligases have
been found mutated in individuals with autism or autism spectrum disorders (ASDs)
(George et al., 2018). Understanding the role of E3 ligases in contributing to neurological
diseases lies in identifying the substrates of a particular ligase and elucidating the functional
consequence of the ubiquitin moieties placed on the substrate. This is a highly active area of
research to identify new therapeutic targets for treating neurological conditions related to
disruptions in the UPS.

Ubiquitin-independent Degradation

While we have a broad understanding of protein degradation by UPS, proteolysis by the free
20S proteasome has been mostly accepted as the latent form of degradation. Most of the
proteasome inhibitors target the catalytic sites found on the 20S core particle, making it
difficult to distinguish between the free 20S versus 26S proteasome. However, recent
advances in the 20S proteasome field demonstrated that the 20S proteasome largely
contributes to overall protein degradation and removal of damaged/oxidized proteins in an
ATP-/ubiquitin-independent manner (Baugh et al., 2009; Fabre et al., 2014; Inai and
Nishikimi, 2002; Kumar Deshmukh et al., 2019; Pickering et al., 2010; Silva et al., 2012;
Wang et al., 2010a)(Figure 2). Additional targets for 20S proteasomes are proteins with
intrinsically disordered domains (such as p53 (Asher et al., 2005), c-Fos (Bossis et al.,
2003), p21 (Li et al., 2007), tau (David et al., 2002), alpha-synuclein (Tofaris et al., 2001))
with partially unfolded structures. A thorough review of the comparison between the 20S
proteolytic pathways was published recently (Raynes et al., 2016).

As mentioned above, among the main targets for the free 20S proteasome are oxidatively
damaged proteins produced by oxidative stress. The proteasome is responsible for the
degradation of ~90% of oxidized proteins (Jung et al., 2006). Due to conformational changes
upon chemical modifications, oxidized proteins expose their hydrophobic patches, enabling
recognition/binding by the 20S proteasome (Carrard et al., 2002; Giulivi et al., 1994; Grune
etal., 1997; Kisselev et al., 2002; Korovila et al., 2017; Pajares et al., 2015; Rabl et al.,
2008). Several groups showed that the 26S proteasome and E1-E2-E3 enzymatic cascade are
transiently inactivated upon oxidative insult (Grune et al., 2011; Reinheckel et al., 1998).
Interestingly, the affinity of 19S for the 20S proteasome decreases upon oxidative stress,
resulting in dissociation of 26S proteasome and accumulation of free 20S proteasome.
ECM29, a proteasome adaptor and scaffold protein, is the key modulator in this dissociation
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event, enabling the disassembly of the 26S proteasome by binding to and removing the 19S
cap from the 26S complex (Haratake et al., 2016; Wang et al., 2010b) (Figure 2).

Proteins containing partial or complete disordered regions under physiological conditions
are called intrinsically disordered proteins (IDPs), and they lack a well-defined 3D structure.
Strikingly, 44% of the entire human protein pool contains disordered regions of more than
30 amino acids in length (Oates et al., 2013). IDPs have a signature amino acid composition,
enriched in polar groups, and short in hydrophobic or aromatic residues (Dyson, 2016).
Many proteins containing an intrinsically disordered region (IDR) are prone to ubiquitin-
independent 20S proteasome degradation. The major question in the field is the targeting
mechanism of IDPs to the 20S proteasome. Since it has been shown that IDPs can be
degraded by the 20S proteasome that lacks the ubiquitin-recognition particles (19S
subunits), there is a massive effort in identifying the targeting mechanism of IDP to the 20S
proteasome. Biran et al. recently demonstrated that the 20S proteasome subunit, a3, has a
high affinity for and interacts with some IDPs (p21, c-Fos, p53) /n vitro (Biran et al., 2017).
Interestingly, some proteins with known IDR, such as tau, are involved in neurodegenerative
diseases by inducing aggregate formation through interactions between their IDRs. Further
investigation revealed that tau is degraded by the 20S proteasome and that degradation
kinetics are affected by the phosphorylation state of tau /n7 vitro, indicating a post-
translational mechanism that could control targeting of substrates to the 20S proteasome for
degradation (Ahmadi et al., 2019; Ukmar-Godec et al., 2020). Due to the strong link
between the degradation of IDPs and neurodegenerative diseases, it is critical to study this
unique mechanism of ubiquitin-independent degradation /in vivo.

Recently, research in our laboratory discovered a novel proteasome complex that is
specifically expressed in the nervous system, makes up 40% of all neuronal proteasomes,
and is critical for neuronal activity-dependent signaling (Ramachandran and Margolis,
2017). This proteasome complex is made up of a 20S proteasome core and is localized at the
neuronal plasma membrane in a manner that allows ubiquitin-independent degradation of
intracellular proteins into peptides that are released directly into the extracellular space. The
mechanism for this ubiquitin-independent targeting to the neuronal membrane proteasome
remains to be determined and is an active area of investigation. One clue lies in the previous
findings that ribosomes and proteasomes appear to interact in neurons and may lead to direct
co-translational degradation (Ramachandran et al., 2018).

Proteasomes in the Nervous System

Neuronal Activity Regulates Proteasome Function

Neuronal activation leads to dramatic changes in various essential cellular processes,
including gene expression, protein translation, and protein degradation. Alteration of
neuronal activity affects the level of proteasome-dependent degradation. In rat hippocampal
cultures, blockade of action potential firing by a voltage-gated sodium channel antagonist,
tetrodotoxin, or elevation of neuronal activity by a GABA receptor antagonist, bicuculling,
leads to 26S proteasome-dependent degradation of different pools of postsynaptic density
(PSD) proteins (Ehlers, 2003). In addition, this study showed that bicuculline-induced
neuronal signaling is blocked by the addition of the proteasome inhibitor MG132,
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suggesting that the proteasome has a significant role in synaptic signaling. Moreover, the
proteasome localizes to the dendritic spines upon neuronal activation, supporting the idea of
proteasomes’ rapid role in modulating synaptic composition (Bingol and Schuman, 2006)
(Figure 3). Furthermore, as mentioned above, calcium influx following neuronal excitation
activates CaMKII, which enhanced proteasome activity through phosphorylation of the Rpt6
subunit, suggesting that neuronal activation has profound effects on proteolysis (Djakovic et
al., 2009). Consistent with this, in 2009, Banerjee et al. showed that neuronal activation
through addition of N-methyl-D-Aspartate (NMDA) or potassium chloride to neuronal
cultures induced degradation of a synaptic translational repressor, Mov10, by the
proteasome, leading to increased levels of some synaptic proteins such as a-CamKII and
LimKI. This study indicated the importance of proteasome-dependent protein degradation in
regulating activity-dependent protein synthesis (Banerjee et al., 2009).

Another example of neuronal activity-regulated proteasomes is the aforementioned neuronal
membrane proteasome (NMP). A cell impermeable, potent proteasome inhibitor, biotin-
epoxomicin, has been synthesized to study the function of the NMP (Ramachandran et al.,
2018; Ramachandran and Margolis, 2017). Acute and specific inhibition of the NMP
prevents extracellular peptide production and potently reduces activity-induced calcium
signaling in cortical neurons. It has been shown that the NMP released more peptides into
the extracellular space upon neuronal stimulation by depolarization buffer compared to
unstimulated, control buffer-treated mouse cortical neurons. It is still unclear whether this
increase in peptide release is due to an increase in proteasome catalytic activity, proteasome
localization to the plasma membrane, or availability of the proteasome substrates upon
neuronal activation. Release of these peptides might be physiologically important for
activity-dependent neuronal function, as the addition of purified peptides derived from the
NMP to naive cortical neurons can rapidly and robustly induce calcium signaling through N-
methyl-D-Aspartate receptor (NMDAR) activation (Ramachandran and Margolis, 2017).
The rise in NMP peptide production upon neuronal activation and the ability of NMP
peptides to induce neuronal stimulation suggest a potential feedback mechanism to control
the intensity of activity-dependent neuronal signaling (Figure 3).

Proteasome Inhibition in the Nervous System

Since its discovery in 1966, the term long-term potentiation (LTP) has been used to describe
the strengthening of synapses based on persistent synaptic activity between two neurons,
while long-term depression (LTD) is the weakening of synapses due to repetitive low
frequency (0.5-3 Hz) stimulation (LFS) (Dudek and Bear, 1992). LTP is considered the
underlying mechanism in learning and memory, making the concept an invaluable tool in the
neuroscience field. LTP is induced by short duration, high frequency (over 100 Hz)
stimulation of glutamatergic synapses that are made up of NMDA and AMPA receptors.
There are several potential mechanisms for LTP expression, including changes in synaptic
vesicle release properties and changes in AMPAR conductance or membrane insertion (Bliss
and Collingridge, 2013). There are different phases of LTP: early phase-LTP (Ep-LTP) and
late phase-LTP (L-LTP). Calcium influx, leading to activation of specific kinases (CaMKII,
PKA, PKC), is required to insert more AMPAR at the postsynaptic site and is sufficient to
induce Ep-LTP. In contrast, L-LTP maintenance requires gene expression and translation,
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leading to major morphological changes, such as growth of new dendritic spines or pre-
existing spines (Abraham, 2003; Yuste and Bonhoeffer, 2001). On the other hand, LTD is
induced by NMDAR-dependent calcium influx upon LFS, leading to activation of protein
phosphatase pathways, especially PP1, resulting in AMPAR dephosphorylation (S845).
Dephosphorylation of AMPAR decreases its open channel probability and increases its
internalization, weakening synapses.

It is generally accepted that proteasome degradation plays a critical role in this synaptic
plasticity (Dong et al., 2008; Hegde, 2017; Speese et al., 2003; Widagdo et al., 2015).
However, very little is known about the mechanism responsible for this effect. Hegde and
colleagues showed that inhibition of the proteasome has opposite effects on induction of
LTP versus maintenance of LTP (Dong et al., 2014). Proteasome inhibition enhances the
induction of L-LTP by preventing the turnover of dendritic proteins. Consistent with this,
they revealed that proteasome inhibition in the presence of protein synthesis inhibitors
blocked enhanced induction of L-LTP. Considering the major excitatory receptors, NMDAR
and AMPAR, are targets of the UPS, the group proposes that proteasome inhibition
stabilizes the receptors. Higher receptor levels leads to an increase in calcium influx and
activation of the downstream signaling pathways, enhancing the induction of L-LTP even
with a weak, subthreshold stimulation (2x100 Hz) (Dong et al., 2014; Dong et al., 2008;
Vashisht et al., 2018). On the other hand, proteasome inhibition following stimulation
(subthreshold L-LTP induction via the theta-burst protocol) blocks the maintenance of L-
LTP. This is achieved by reducing the transcription of CREB-inducible genes due to
stabilization of ATF4 (activating transcription factor 4), a CREB repressor, and by
stabilization of translational repressors (e.g., Paip2, 4E-BP2) in dendrites (Dong et al., 2014;
Dong et al., 2008) (Figure 3).

On the other hand, Fonseca et al. showed that inhibition of either protein synthesis or
degradation weakens the L-LTP. Moreover, they showed that inhibition of both protein
synthesis and degradation simultaneously recovers L-LTP, suggesting that the balance
between degradation and synthesis is the crucial step in the formation of L-LTP (Fonseca et
al., 2006). This finding builds on previous observations that disturbing one of these
pathways alone leads to an accumulation or reduction of critical synaptic plasticity proteins
(e.g., Homerla, Dunc-13) (Ageta et al., 2001a; Ageta et al., 2001b; Speese et al., 2003),
which likely disrupts proper L-LTP maintenance, suggesting that interfering with both
pathways does not have any detrimental effect on L-LTP due to balancing of the levels of
synaptic plasticity proteins (Fonseca et al., 2006).

Regardless of which model is more accurate, it is clear that neuronal activity-dependent
protein turnover is critical for postsynaptic remodeling and signaling. The UPS regulates key
synaptic proteins such as PSD-95, Shank, GKAP, AKAP, SPAR, RIM-1, and GRIP1
(Colledge et al., 2003; Ehlers, 2003; Pak and Sheng, 2003; Yao et al., 2007). Synaptic
activity elevated ubiquitin conjugation of PSD proteins in mouse hippocampal cultures (such
as postsynaptic scaffolds: Shank, GKAP, AKAP79/150) (Ehlers, 2003). Upon NMDAR
receptor activation, PSD-95, an essential anchoring factor for AMPAR at the PSD, was
ubiquitinated by Mdm2 and degraded by the proteasome. This NMDAR-induced decrease in
PSD-95 levels led to NMDAR-induced AMPAR endocytosis. Additionally, inhibition of
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proteasome activity blocks AMPAR recycling through the stabilization of PSD-95, leading
to attenuation of LTD (Colledge et al., 2003).

The effects of the proteasome in the synaptic composition are not restricted to postsynaptic
sites. During axonal maturation, axons transition from a high ribosome and local translation
state, required for axonal elongation, to a reduced necessity for ribosomes in axons due to
the formation of stable connections that might be disrupted by excess local translation. Costa
et al. showed that synapse formation induces a reduction in ribosome levels through
clearance of excess ribosomes via proteasome-dependent degradation in mature axons
(Costa et al., 2019) (Figure 3). Additionally, Dmel\unc-13, Dunc13, a critical protein for
presynaptic vesicle exocytosis in Drosgphila neuromuscular junctions, is degraded by the
proteasome. Speese et al. reported that inhibition of the proteasome (lactacystin or
epoxomicin) results in stabilization of Dunc-13 and increased synaptic transmission due to
more efficient priming and release of synaptic vesicles (Speese et al., 2003). At presynaptic
sites, a mammalian ubiquitin ligase, SCRAPPER, ubiquitinates Rab3-interacting molecule 1
(RIM1), a major player in the vesicle priming step, to regulate synaptic vesicle release (Yao
et al., 2007) (Figure 3).

Proteasome inhibition has been shown to have detrimental effects, not only in the central
nervous system (CNS) but also in the peripheral nervous system (PNS). In 2003,
bortezomib, a reversible proteasome inhibitor, was approved as a treatment for multiple
myeloma, accounting for 1% of all cancer cases, due to its efficiency in driving myeloma
cells into apoptosis. The major limitation of this line of therapy is the induction of peripheral
neuropathy, due to major damage to the peripheral nerves, observed in up to 50% of
bortezomib-treated multiple myeloma patients (Argyriou et al., 2008). Bortezomib-induced
peripheral neuropathy (BIPN) could be derived from inflammation, oxidative stress, or
mitochondrial changes. Interestingly, treatment with another proteasome inhibitor,
carfilzomib, yields a lower incidence of peripheral neuropathy due to its high selectivity for
the proteasome B5 subunit, low off-target effects, and irreversible binding to the proteasome
(Mushtaq et al., 2018). Understanding and testing a variety of proteasome inhibitors is a
major focus in the field of cancer therapy. The mechanism of action of proteasome inhibitors
and neuroprotective strategies following treatment have been recently reviewed (Malacrida
etal., 2019; Velasco et al., 2019).

Protein Degradation in Neurodegenerative Diseases

Disruption of protein homeostasis is a common hallmark of aging and neurodegenerative
diseases (ND) (Limanagi et al., 2020). Proteasome activity declines with age, triggering the
onset of some NDs (Keller et al., 2000). Accumulation of aggregated proteins, the
foundation of many NDs, is commonly age-dependent and due to stress-induced defects.
One common idea about why aggregate accumulation is a hallmark of most NDs is the
potential resistance of proteins with repetitive amino acids to degradation by the proteasome
(e.g., polyglutamine in Huntington’s disease, polyalanine in muscular dystrophy, dipeptide
repeats in amyotrophic lateral sclerosis), leading to toxic aggregate formation inside the cell.
Another idea is that the aggregates act as a competitive inhibitor for the proteasome, leading
to the accumulation of proteasome substrates. While both could be occurring
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simultaneously, the timing of these two harmful mechanisms is still unclear. An enormous
amount of work has been done to look at proteolysis deficits in neurodegeneration, for the
purposes of illustration we chose to focus our attention to AD and HD.

Disease

Alzheimer’s disease (AD) is the most common form of dementia, leading to progressive
neuronal death, shrinkage of the temporal and frontal lobes, and subsequent decline in
cognition and memory. Two main aggregate forms have been accepted as the leading risk
factors for developing AD: amyloid-beta (Ap) and tau aggregates. The mechanism of
proteasome disruption in AD is still an active area of investigation. Gregori et al. suggest
that AP enters the catalytic chamber and inhibits the activity of the B5 subunit. However,
previous findings show that aggregated AP acts as a competitive inhibitor without having a
direct impact on the proteolytic activity, restricting entry of the natural proteasome
substrates into the catalytic chamber of the proteasome and leading to impairment of proper
degradation of the cellular protein pool (Almeida et al., 2006; Cecarini et al., 2008; Gregori
etal., 1997; Oh et al., 2005; Thibaudeau et al., 2018; Tseng et al., 2008; Zhao and Yang,
2010). Moreover, hyperphosphorylated insoluble tau is more resistant to proteolysis than its
soluble counterpart, and ubiquitinated and hyperphosphorylated tau have been shown to
impair proteasome activity both /n vivoand in vitro (Myeku et al., 2016).

Another hypothesis for the disruption of proteasome function in AD suggests the
involvement of ubiquitin, which has been used as a marker for brain pathology since the late
1980s. A mutant form of ubiquitin (UbB*1) resulting from the replacement of a C-terminal
residue of Ub (G76) with an additional 20 residues has been detected in the brains of AD
patients (Van Leeuwen et al., 1998a; Van Leeuwen et al., 1998b). Ubiquitin chains bearing
UbB*1 on the terminal ends (UbB*1-capped chains) are resistant to deubiquitylation due to
the absence of the G76 site. The accumulation of UbB*1 induces proteasome dysfunction by
directly binding to the ubiquitin recognition motifs on the 19S proteasome and competing
with the polyubiquitinated substrates for proteasome binding (Lam et al., 2000). The UPS
plays a significant role in the clearance of tau and Ap under normal circumstances, so the
disruption of proteasome function leads to the accumulation of Ap and tau, enabling the
formation of more AP plagues and tau aggregates, eventually causing neuronal loss. In
addition to ubiquitin, E3 ubiquitin ligases, TRIM15 and UBRS5, have been accepted as
potential genetic markers in AD patients through Genome-Wide Association Studies
(GWAS) (Shi et al., 2010; Hu et al., 2011). There are many more E3 ubiquitin ligases and
deubiquitinases that have been shown to be involved in AD, supporting the idea that the UPS
plays a critical role in AD (Harris et al., 2020). . Several reviews are available that discuss
the link between the proteolytic pathways and AD (Cheng et al., 2018; Ciechanover and
Kwon, 2015; Hong et al., 2014).

Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant disease caused by a mutation in the
huntingtin gene leading to an expansion of the polyglutamine repeat at the N-terminus of the
huntingtin protein (HTT), making it prone to misfolding and aggregation. The mutant HTT
(mHTT) forms aggregates and eventually leads to atrophy and cell death. Since the function
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of the HTT protein is still unclear, it is challenging to understand the mechanism of the
disease. However, several reports suggest that increasing the degradation kinetics of the
mutant protein might be an efficient line of therapy as suggested by experiments performed
with HD patient-derived cell lines using PROteolysis TArgeting Chimera (PROTAC)-based
approaches for drug design, even though there is still no clinical success on this avenue
(Harding and Tong, 2018; Ottis and Crews, 2017; Tomoshige et al., 2018). mHTT
aggregates, which cannot be fully degraded by the proteasome, colocalize with UPS
components and reduce proteasome activity. Holmberg et al. investigated the potential
mechanism of UPS disruption by mHTT aggregates (Holmberg et al., 2004). They showed
that mHTT aggregates enter the proteasome, are incompletely degraded, and are kinetically
trapped, thus obstructing the proteasome active site and leading to proteotoxicity.

Interestingly, free filamentous mHTT aggregates extracted from inclusion bodies isolated
from a transgenic mouse model of HD (Tet/HD94) result in impairment of the 26S
proteasome activity in a non-competitive manner (Diaz-Hern&ndez et al., 2006). Several
reports contradict this finding, since aggregates of synthetic poly-Q peptides have been
shown to not change the proteasome activity /n vitro (Bennett et al., 2005). However, these
studies use different protocols for the source of aggregates (isolated from the mouse brain
versus recombinant, synthetic peptides), which might explain the discrepancies in the effects
of these filaments on proteasome function. Aggregates isolated from the mouse brain have
been processed and bear modifications, like ubiquitylation, that could easily change the
interaction of the aggregates with the proteasome (Gandhi et al., 2019; Harding and Tong,
2018; Rai et al., 2019).

Conclusions

Protein degradation is mediated by multiple mechanisms in eukaryotic cells, including
autophagy and the proteasome. The proteasome is responsible for the turnover of most of the
cellular protein pool, making it an essential mechanism for cellular health. The proteasome-
ubiquitin pathway has been studied widely and is accepted as the main degradation
machinery. However, the role of the uncapped, free 20S proteasome in ubiquitin and ATP-
independent degradation has only recently begun to be revealed. While targeting of
substrates to the 26S proteasome is well characterized and ubiquitin-mediated, the exact
mechanism of substrate recognition by the 20S proteasome is an active area of research. It is
critical to distinguish the functions of the UPS and the free 20S proteasome to gain better
insight into the regulation of protein degradation through different mechanisms, potentially
under different conditions.

Proteasome activity is regulated by a variety of PTMs, especially phosphorylation.
Identification of the exact sites of modification on the proteasome and the conditions under
which this occurs will allow us to study the dynamics of proteasome catalytic activity and
potentially the signaling pathways involved in modulating proteasome-dependent protein
degradation. In addition to PTMs, localization of the proteasome is important for various
cellular functions, including regulation of the cell cycle, synaptic signaling, and gene
expression. The proteasome can localize to the nucleus, cytoplasm, and even the plasma
membrane in neurons. However, treatment with pharmacological proteasome inhibitors or
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knocking out individual proteasome subunits are not specific for distinct compartments,
making it challenging to study the proteasomes’ compartment-specific roles. Understanding
the mechanisms related to proteasome compartmentalization will provide new avenues for
understanding target selection and cell type-specific functions. Different cell types have
distinct morphologies, and proteasome localization to unique domains might dictate cell-
specific proteasome function, suggesting that further research in this area could reveal novel
roles for the proteasome across eukaryotic tissues in health and disease.

Recent investigation into the link between the proteasome and healthy neuronal function
suggests that neuronal activity regulates proteasomes. We now know that neuronal activity is
involved in modulation of the proteasome catalytic activity and localization in neuronal
cells. Understanding the consequences of aberrant neuronal activation on proteasome-
dependent degradation will help us to uncover proteasome-dependent pathways responsible
for the initiation/progression of neurological disorders. However, much still remains to be
done to decipher the collective mechanisms of proteasome-dependent protein degradation in
the nervous system to dissect the disease-relevant pathways. Genetic manipulation of the
20S core subunits is limited in mammalian cells since they are essential proteins and are not
suitable for knock-out experiments, making it difficult to test for necessity. Future discovery
of reagents for detecting and manipulating the proteasome will enhance our understanding
of the underlying mechanisms linking disruption of the proteasome system and neurological
disorders.

Lastly, the presence of a neuronal proteasome that mediates the production of signaling
peptides provides insight into a new and potentially interesting area of proteasome studies
that relate to cellular signaling. Such a mechanism is akin to what we observe in the immune
system, which has a specialized immunoproteasome that produces peptides relevant to
immunological response(Goldberg and Rock, 1992; McCarthy and Weinberg, 2015; Rock et
al., 1994; Zerfas et al., 2020). Discovery of these specialized proteasomes has led to new
reagents to control their specific activities independent of other cytosolic constitutive
proteasomes. Taken together, this new knowledge indicates the possibility of other tissue-
specific proteasomes whose composition and regulation could be further explored for the
benefit of fundamental understanding and the possibility of developing tissue-specific
targeted-degradation therapies.
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Highlights:
. Proteasomes are a multisubunit catalytic complex.
. Proteasomes are dynamically regulated.
. Proteasomes in the nervous system are important for many aspects of
neuronal function.
. Proteasomes dependent degradation is disrupted in neurodegenerative disease.
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Significance

Proteasome-dependent proteolysis is a tightly regulated process that is essential in all
eukaryotic cells, largely due to its central role in regulating protein levels. In the nervous
system, proteasome function regulates many neuronal processes essential to brain
function in health and disease. This review covers details related to proteasome structure
and regulation. It also provides insight into the many studies that look at the role of the
proteasome in the nervous system.
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Figure 1. Structure of the 20S proteasome and regulatory caps.
Cryo-EM structure of the human 20S proteasome with a resolution of 3.50 A (PDB:5GJR)

(Huang et al., 2016). The 20S proteasome has a barrel-shaped structure formed by 4
heptameric rings (a7B7p7a7) with a width of 12 nm and height of 15 nm. 1 (pink), p2
(gold), and B5 (purple) subunits have caspase-like, trypsin-like, and chymotrypsin-like
catalytic activity, respectively. The 20S proteasome degrades intrinsically disordered or
modified proteins independent of ATP or ubiquitin. The human 26S proteasome, a major
player in the ubiquitin-proteasome system (UPS), is formed with the association of the 19S
regulatory particle with the 20S. 19S is composed of 1) non-ATPase regulatory subunits
(dark gray), which are critical for ubiquitinated substrate recognition and deubiquitylation of
the substrate, and 2) ATPase subunits (light gray), which are important for unfolding/
translocation of substrates and 20S gate opening. Structure of the mouse PA28a.f cap
obtained via X-ray diffraction with a resolution of 2.90 A (PDB:5MX5)(Huber and Groll,
2017). PA28a.p, an alternative cap for the 20S proteasome, forms a heteroheptameric ring
with two distinct subunits: a (light pink) and B (dark pink). PA28ap activates the
proteasome in an ATP- and ubiquitin-independent manner. Cryo-EM structure of the human
PA200 cap with a resolution of 3.75 A (PDB:6KWX) (Guan et al., 2020). PA200 (gold)
activates the proteasome for the degradation of short peptides or highly unstructured
proteins. Structures adapted from PyMOL (Schrodinger, 2015).
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Figure 2. Ubiquitin-dependent and ubiquitin-independent protein degradation by the
proteasome.

(A) The ubiquitin-proteasome system (UPS). The ubiquitin-activating enzyme (E1, cyan)
hydrolyzes ATP (orange) and binds to ubiquitin (Ub, gray), activating the C-terminus of
ubiquitin for nucleophilic attack. Activated ubiquitin is next transferred to the ubiquitin-
conjugating enzyme (E2, purple), which then transfers the ubiquitin to the ubiquitin ligase
(E3, dark blue). E3 facilitates target selectivity due to its direct binding to the substrate (dark
red). As a result of this E1-E2-E3 enzymatic cascade, ubiquitin attaches to the substrate
lysine residue via an isopeptide bond. Upon the formation of ubiquitin chains (at least four
ubiquitin) on the substrate, it is delivered to the 26S proteasome. The 19S regulatory particle
(19S RP) recognizes the ubiquitin chain, deubiquitylates and unfolds the target protein, and
opens the 20S gate, driving translocation of the substrate into the 20S catalytic particle (20S
CP). (B) The composition of the proteasome is highly dynamic. The 26S proteasome can be
decapped under certain circumstances, such as oxidative stress, leading to the accumulation
of the 20S proteasome. However, some of the decapped proteasomes can be recapped
quickly, leading to an optimal balance of capped and uncapped proteasomes. (C) Ubiquitin-
independent degradation by the 20S proteasome. The 20S proteasome, in the absence of any
caps, degrades substrates in an ATP- and ubiquitin-independent manner. Proteins modified
as a result of oxidative stress (pink) are susceptible to 20S proteasome degradation,
potentially due to their exposed hydrophobic patches. Intrinsically-disordered proteins (IDP,
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teal) comprise the majority of 20S proteasome substrates due to their flexible structure that
enables entry into the narrow pore of the 20S catalytic chamber. In neurons, the 20S
proteasome localizes to the plasma membrane and degrades ribosome-associated nascent
polypeptide chains (purple).
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Figure 3. The function of the proteasome in the nervous system.
(A) Schematic of a hippocampal pyramidal neuron. Dendrites/postsynaptic site (purple),

axon/presynaptic site (blue) and nucleus/soma (yellow) are shown. (B) In the nucleus, upon
induction of long-term potentiation (LTP), the proteasome degrades transcriptional
repressors (orange), leading to the CREB (green)-dependent transcription of genes critical
for LTP maintenance. (C) Proteasome-dependent protein degradation mediates axonal
maturation by reducing ribosome levels and regulates synaptic vesicle release by balancing
the levels of vesicle priming/release proteins (yellow) at the presynaptic site. (D) Upon
neuronal activation through NMDAR (dark blue) activation, the neuronal membrane
proteasome (NMP) produces more signaling peptides (orange), potentially leading to
regulation of the postsynaptic signaling. Moreover, signaling through NMDARs (dark blue)
leads to localization and sequestration of the proteasome into dendritic spines, remodeling
the postsynaptic protein composition.
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