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Abstract

The proteasome is a ubiquitous and highly plastic multi-subunit protease with multi-catalytic
activity that is conserved in all eukaryotes. The most widely known function of the proteasome is
protein degradation through the 26S ubiquitin-proteasome system, responsible for the vast
majority of protein degradation during homeostasis. However, the proteasome also plays an
important role in adaptive immune responses and adaptation to oxidative stress. The unbound 20S
proteasome, the core common to all proteasome conformations, is the main protease responsible
for degrading oxidized proteins. During periods of acute stress, the 19S regulatory cap of the 26S
proteasome disassociates from the proteolytic core, allowing for immediate ATP/ubiquitin-
independent protein degradation by the 20S proteasome. Despite the abundance of unbound 20S
proteasome compared to other proteasomal conformations, many publications fail to distinguish
between the two proteolytic systems and often regard the 26S proteasome as the dominant
protease. Further confounding the issue are the differential roles these two proteolytic systems
have in adaptation and aging. In this review, we will summarize the increasing evidence that the
20S core proteasome constitutes the major conformation of the proteasome system and that it is far
from a latent protease requiring activation by binding regulators.
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1. Introduction

For any organism, cell function is fundamentally dependent on protein molecules, which
provide structure, allow movement, carry out enzymatic reactions, and conduct cell
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signaling to manage biological pathways. The concentration of proteins within a cell at any
given time is determined by the rate of protein synthesis (translation) minus the rate of
protein degradation (proteolysis); a process usually described as protein turnover. The half-
lives of proteins vary widely from minutes to days. These differential rates of protein
degradation represent a critical aspect of cellular regulation. For instance, many transcription
factors have fast proteolysis rates, which are necessary for the rapid modulation of gene
expression (Kallio et al., 1999; Maniatis et al., 1987). In addition to regulating cell signaling,
protein degradation is crucial to remove incorrectly synthesized nascent proteins and
oxidatively, or otherwise, damaged proteins.

A major pathway for protein degradation in the cell is the proteasome system. Most
enzymatic protein break-down was initially assumed to take place in the relatively harsh
acidic environment of the lysosome (Lillmann-Rauch, 2005). However, in the 1970s
Goldberg et al. (Etlinger and Goldberg, 1977; Goldberg et al., 1980) demonstrated that cells
lacking lysosomes were still capable of protein turn-over via an autonomous ATP-stimulated
proteolytic pathway. Both a 20S and a 26S proteasome was discovered, named according to
their Svedberg sedimentation coefficients (a reflection of their relative molecular mass), and
were thought to represent two separate entities within the cell until it was demonstrated that
the 26S proteasome consisted of two 19S regulators bound to a 20S core (Coux et al., 1996;
Davies, 2001; Driscoll and Goldberg, 1990; Eytan et al., 1989; Hershko and Ciechanover,
1992).

Since its initial discovery, the proteasome has been under intense investigation in order to
understand its mechanism of action, regulation, substrate preferences, and its potential
contributions to, or roles in, disease. Degradation by the proteasome falls into two major
categories: ubiquitin-dependent degradation by the 26S proteasome, and ubiquitin-
independent proteolysis by the 20S core proteasome; although there is also evidence that the
26S proteasome can conduct limited ATP-independent proteolysis (Coux et al., 1996;
Davies, 2001; Driscoll and Goldberg, 1990; Eytan et al., 1989; Hershko and Ciechanover,
1992). Despite the fact that the 20S core is the primary form and dominant configuration of
the proteasomal proteolytic complex, the overwhelming interest in the ubiquitin-proteasomal
system has led to an underlying suggestion in the literature that the 20S core is latent unless
bound to two 19S regulators, so as to form an active 26S proteasome. In this review, we have
highlighted research demonstrating that the 20S core is the stoichiometrically dominant form
of the proteasome and the conformation responsible for degrading oxidized proteins. We
have also evaluated roles for the 20S proteasome during stress-adaptation and aging, and
outlined common methodological deficiencies in distinguishing between 20S and 26S
proteasomal proteolytic activities.

2. The 20S core proteasome

The 20S proteasome is the core unit of all proteasomal systems and (in mammals)
constitutes approximately 1% of total cellular protein. The 20S proteasome is most abundant
throughout the cytoplasm and the nucleus (Baumeister et al., 1998). In addition, it has been
found to be directly attached to various organelle membranes, particularly the endoplasmic
reticulum, where it degrades membrane-bound substrates (Hirsch and Ploegh, 2000). The
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20S proteasome is essentially a hollow, cylindrical, 700 kDa structure made up of four,
stacked, heptameric rings (Fig. 1A). The two identical outermost rings (one on each end) are
composed of seven unique a-subunits. The two identical innermost rings are composed of
seven unique B-subunits. The two inner B-rings form a catalytic chamber that comprises the
entire proteolytic activity of the proteasome (Groll et al., 1999). Specifically, the 1, B2, and
Bs subunits, in the two juxtaposed p-rings, combine to form six proteolytic sites comprised
of trypsin-like, chymotrypsin-like, and peptidyl-glutamyl peptide hydrolyzing sites that can
be differentially inhibited by distinct pharmacological agents (Borissenko and Groll, 2007).

The two flanking outer a-rings allow for the association of the 20S proteasome with several
regulatory complexes (Sharon et al., 2006). The a-rings also bind substrates and act as
antechambers that control the translocation of substrates into the catalytic cavity (Sharon et
al., 2006). When a substrate binds to either a-ring, it induces a conformational change,
which remains even after the substrate is translocated. A potential outcome of the substrate
binding and its subsequent progression into the proteolytic core may have the
complimentary effect of releasing the previously degraded product (Sharon et al., 2006). X-
ray crystallographic analysis of the three-dimensional structure of the 20S proteasome from
the archaebacterium, Thermoplasma acidophilum, indicates that the orifice of the a-rings is
bordered by disordered residues and has an opening with a ~13 A diameter (Lowe et al.,
1995). However, in the 20S proteasome found in Saccharomyces cerevisiae, the N-termini of
the a-subunits project and fill the opening of the orifice with interdigitating side chains, thus
limiting accessibility (Groll et al., 1997). Substrate entry into mammalian 20S proteasomes
is also thought to be similarly limited by stearic hindrance. In order for protein degradation
to occur, the orifice to the a-rings must be opened to allow entry into the proteolytic B-ring
core. In addition to immediate protein degradation, /n vitro studies using tandem mass
spectrometry have demonstrated that the a-ring antechambers are capable of substrate
storage prior to degradation in circumstances where translocation rates are slower than
proteolytic capacity (Sharon et al., 2006). The orifice of the a-ring opens when the
extensions lift out of the cylinder upon interacting with hydrophobic residues. For instance,
association with regulatory complexes allows the a-ring extensions to rise, resulting in the
opening of the orifice. Similarly, binding to hydrophaobic substrates (such as oxidatively
damaged proteins) appears to also open the a-ring channel, and increase the rate of
degradation of subsequent substrates (Coux et al., 1996; Davies, 2001; Driscoll and
Goldberg, 1990; Eytan et al., 1989; Hershko and Ciechanover, 1992). For this reason,
proteasomes are highly plastic and can adopt several different molecular forms that coexist
within a cell. However, the most prevalent conformation of the proteasome is the free 20S
core unit. While the 20S proteasome has largely been considered a dormant protease that is
only activated upon binding to regulatory complexes, significant and increasing evidence has
clearly demonstrated that the 20S core has a major a role in overall protein degradation,
independent of ubiquitin and ATP.

3. Alternative subunits and binding regulators of the 20S proteasome

The simplest evidence of proteasome plasticity is the formation of the immunoproteasome
(Fig. 1B). Proteasome assembly is an irreversible process in which two ~300 kDa 15S
preproteasome complexes, composed of a complete a-ring in association with certain
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unprocessed B-subunits, will come together at the pB-ring interface (Groll et al., 1997). One
pathway of 15S preproteasome assembly includes the incorporation of presequence By, o, or
Bg subunits (Frentzel et al., 1994). An adaptive immune response stimulated by y-interferon
induces an alternative pathway for preproteasome assembly, favoring the IFN-gamma-
inducible proteasome form, which requires the upregulation of three alternative catalytic
subunits (B1j, P2i, and Psj) and their incorporation into preproteasome complexes (Griffin et
al., 1998). Interestingly, assembly of immunoproteasomes is cooperative and preproteasomes
with incorporated 1 or B,j will not mature until Bsi has been integrated (Frentzel et al.,
1994; Griffin et al., 1998; Yang et al., 1995). The immunoproteasome has altered proteolytic
affinity that enables the production of peptides for antigen presentation. Specifically,
immunoproteasomes are able to generate peptides with a hydrophobic C terminus that fit
into the groove of MHC class | molecules (Kloetzel and Ossendorp, 2004; Teoh and Davies,
2004). When antigenic peptides are displayed on the cell surface, the adaptive immune
response is triggered, allowing CD8 T cells to reject pathogen-infected cells (Chen et al.,
2001). New studies have also indicated that the immunoproteasome is involved in the
pathogenesis of inflammatory diseases (Kimura et al., 2015), in addition to having non-
immune functions such as regulating skeletal muscle differentiation (Cui et al., 2014). Our
laboratory has demonstrated that the immunoproteasome (£PA28/115S) is also responsible
for degrading oxidatively damaged proteins, and that synthesis of the immunoproteasome is
strongly induced during adaptation to oxidative stress (Pickering and Davies, 2012b). The
highly inducible nature of the immunoproteasome, and the fact that it is clearly involved in
functions other than MHC class | antigen processing, may suggest that it would be better
termed the ‘Inducible-Proteasome’, but we leave it to others (and the test of time) to
determine if such a nomenclature change would be appropriate.

The proteolytic activity of the 20S proteasome can also be modulated by the reversible
binding of various regulatory complexes. Three regulators have so far been identified to bind
to the 20S proteasome: PA200, 11S/PA28, and 19S (Fig. 2). It is interesting to note that
regulators may bind to the 20S core asymmetrically (/.e., different regulators at each end),
resulting in hybrid proteasomes. Alternatively, only one regulator may bind to the 20S core,
leaving the other end unbound. Frequently, when reference is made to the proteasome in
publications, authors do not differentiate between the 20S or the 20S bound to regulatory
proteins.

The PA200 regulator is a 200 kDa nuclear polypeptide and is the least investigated of the
three 20S activators. PA200 enhances 20S hydrolysis of peptide substrates, but actually
decreases the activity of the 20S proteasome against the intact proteins so far studied
(Pickering and Davies, 2012b). PA200 activates the peptidase activity of the 20S proteasome
by binding to one or both of the outer a-rings and increasing the opening into the proteolytic
chamber (Ortega et al., 2005). In addition, PA200 was shown to interact with the 26S
proteasome, presumably to form a 19S-20S-PA200 hybrid proteasome (Ortega et al., 2005).
PA200 is a nuclear phosphoprotein and forms intranuclear foci following y-irradiation,
indicating that it may be involved in DNA repair (Ustrell et al., 2002). This is particularly
interesting because poly-ADP ribose polymerase has been shown to polyadenylate and
activate nuclear proteasomes to degrade oxidatively damaged histones as an early step in the
DNA repair process (Ullrich et al., 1999).
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Another regulator is alternately known as 11S or PA28; both names are widely used but we
will use the PA28 terminology in this review. PA28 regulators exist in two major forms,
PA28a.,3 and PA28y. PA28a,B is composed of two 28 kDa a- and B-subunits and is
expressed in the cytoplasm. PA28a,p is induced by y-interferon and enhances the ability of
the 20S to degrade short peptide substrates (Dubiel et al., 1992; Ma et al., 1992) as well as
oxidized substrates (Pickering and Davies, 2012b). Binding of the PA28a,$ regulator,
however, significantly increases both the selectivity for, and the proteolytic activity against,
oxidatively modified protein substrates (Pickering and Davies, 2012b). As well as being able
to bind to both ends of the 20S proteasome, PA28 can bind to just one end while allowing
the 19S regulator to bind to the other end, to form the asymmetric PA28a.,3-20S-19S hybrid
proteasome (Cascio et al., 2002; Hendil et al., 1998; Kopp et al., 2001; Tanahashi et al.,
2000). This PA28a,B3-20S-19S hybrid proteasome is able to hydrolyze tri- and tetra-peptides
more efficiently than the 26S proteasome (Cascio et al., 2002; Kopp et al., 2001). Several
lines of evidence indicate that PA28a,f3 plays a role in MHC class | antigen presentation, but
the exact molecular mechanism by which this occurs is not yet understood (Rechsteiner et
al., 2000). PA28y is expressed in the nucleus and has been shown to promote MDM2-
mediated p53 ubiquitinylation, thus facilitating protein turnover of the tumor suppressor p53
(zZhang and Zhang, 2008). Not surprisingly, PA28y has been shown to be dysregulated in
multiple cancers (Okamura et al., 2003; Roessler et al., 2006).

The third, but most well-known, binding activator of the 20S core proteasome is the 19S
regulator. Binding of 19S regulators to both ends of the 20S core forms the symmetrical 26S
proteasome which is responsible for ATP-ubiquitin-dependent degradation of proteins. The
19S regulator is composed of 19 different subunits, six of which contain AAA ATPase
activity (Rpt 1-6) and thirteen which do not contribute to ATPase activity (Rpn 1-3 and Rpn
5-13) (Lasker et al., 2012). The cytosolic facing portion of the 19S regulatory region forms
a symmetric ring comprised of three dimmers, known as the N-ring. The six-fold ring
formed from the AAA ATPase domain is adjacent to the a-ring of the 20S core. The Rpn6
and Rpn13 subunits recognize and bind to ubiquitin-tagged proteins, while Rpn11 removes
ubiquitin from the tagged protein substrate in the presence of ATP (Lasker et al., 2012).
Thus the N-ring binds, unfolds, and detags ubiquitinylated substrates and feeds them into the
ATPase domain. Subsequently, ATP hydrolysis is used to actively transport the substrate into
the proteolytic 20S core. In addition to recognizing ubiquitinylated substrates and shuttling
them into the 20S, the ATPase ring also displays chaperone-like activity and uses ATP
hydrolysis for the final unfolding of substrates during their translocation into the 20S
proteolytic chamber (Braun et al., 1999; Glickman and Raveh, 2005; Rechsteiner and Hill,
2005).

4. The kinetics of 20S proteasome catalytic activity

The rate of substrate degradation by the 20S proteasome is dependent on the orifice of the
outer ring of the proteasome and the length of the peptide substrate. The a-rings act as gates
that determine the rate at which substrates can enter or exit the proteolytic core, as well as
the mean length of the peptide products (Groll et al., 2000; Kohler et al., 2001). Opening of
the a-rings allows substrates to enter, whereas the duration of gate constriction promotes
substrate degradation into peptides ranging in length from 3 to 24 amino acids (Kisselev et
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al., 1999). Size exclusion chromatography has uncovered three main subpopulations of
peptides that are generated after proteolysis: 2-3 amino acid peptides, 8-10 amino acid
peptides, and 20-30 amino acid peptides (Kdhler et al., 2001). In certain instances, short
periods of a-ring closure can result in an average increase in length of the peptides generated
(Kisselev et al., 1999; Kohler et al., 2001). This was demonstrated by studying proteasome
mutants incapable of constricting the a-rings (Groll et al., 2000). These mutants were able to
degrade substrates faster, but the average length of the peptide products generated increased
by approximately 20% (Groll et al., 2000; K&hler et al., 2001). Rapid opening of the a-ring
has been implicated during the immune response. By reducing the degradation rate of
foreign material, such as viruses or bacteria, the proteasome may expedite the ability to
signal a microbial attack, as well as ensure that large fragments of foreign material are
incorporated for antigen presentation (Kisselev et al., 1999).

To better understand the rate of proteolysis by the 20S core, a novel mathematical approach
was generated that determines degradation rates based entirely upon the amino acid length
of the protein (Luciani et al., 2005). Previously, mathematical modeling of the rate of 20S
proteasome proteolysis was based on specific proteins with known cleavage sites (Holzhiitter
and Kloetzel, 2000; Peters et al., 2002). To create a generalized mathematical model for the
rate of degradation by the proteolytic core, two key assumptions were incorporated: 1)
preferential cleavage occurs after nine amino acids from the terminal end of the substrate
(Groll and Huber, 2003), and 2) the rate at which degraded fragments exit the proteasome is
inversely proportional to the substrate length (Luciani et al., 2005). This model follows
Michaelis—Menten kinetics in that, at least initially, there is a rapid spike in proteolytic
activity as the proteasome fills and begins to break down substrates, regardless of substrate
length and the influx of substrate. The rate of degradation continually increases as substrate
concentration increases, until it reaches a plateau of maximum capacity at high substrate
concentrations. When both the cleavage and export rates are similar, the three
subpopulations of amino acid fragments are generated, with the 8-10 amino acid peptides
being the most favored due to preferred cleavage occurring every 9 amino acids (Kéhler et
al., 2001). However, increased length of the substrate coupled with high substrate
concentration results in a reduction of the overall maximum degradation velocity that can be
achieved by the proteolytic core (Luciani et al., 2005). The small peptides that exit the
proteasome are subsequently degraded by the plethora of other peptidases and proteases
found in the cytosol, and it is generally held that intracellular peptidase activity is never rate
limiting to overall rates of protein turnover (Reits et al., 2004). However, when substrates are
more than 80% degraded, some re-entry of small peptides (/.e., 2—4 amino acids long) may
occur, leading to an overall reduction in the rate of proteolytic activity (Kéhler et al., 2001;
Luciani et al., 2005). Ultimately, the rate-limiting component for proteolytic capacity may
be the ratio of substrate to peptide products. As more substrate is degraded and the peptide
product pool increases, the likelihood of peptide re-entry into the proteasome also increases,
resulting in a decline in the rate of proteolysis.
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5. Types of proteolysis by the proteasomal system

5.1. ATP/ubiquitin-dependent proteolysis

Degradation of proteins by the proteasomal system is either ubiquitin-dependent or
ubiquitin-independent. Ubiquitin is an 8.5 kDa protein that has seven lysine residues (e.g.,
K6, K11, K27, K29, K33, K48, and K63) and an N-terminus that serves as points of
ubiquitinylation. The best characterized chains are K48, which is involved in ubiquitin-
dependent proteolysis, and K63, which is involved in other processes like translation and
DNA repair, while other chains, including mixed and branched chains, are less understood
(Komander, 2009). The majority of substrates destined for degradation by the 26S
proteasome pathway are shortlived regulatory proteins with an imbedded intrinsic signal for
degradation called a degron (Shang and Taylor, 2011). Recently, it has been shown that
HSP90 and HSP70 play a decisive role in whether a protein can be salvaged, or is
subsequently shuttled for ubiquitinylation and degradation, by distinguishing between
properly folded proteins and those requiring either repair or destruction.

Ubiquitin-dependent proteolysis begins with the initiation of an enzymatic cascade in which
ubiquitin (Ub) is activated by the ubiquitin-activating enzyme (E1) through the formation of
a thioester in an ATP-dependent process. Activated Ub is then transferred to a ubiquitin-
conjugating enzyme (E2), also through the formation of a thioester bond. While some E2s
are capable of transferring Ub directly to the respective protein substrate, most require a
ubiquitin ligase enzyme (E3) (Ciechanover, 1994; Glickman and Ciechanover, 2002). Thus,
through processive addition of ubiquitin monomers, a polyubiquitin chain is formed. This
polyubiquitin chain is then bound to the substrate protein at epsilon amino groups of lysine
residues (Finley et al., 1994). Many polyubiquitin-tagged proteins are targeted to the 19S
regulator of 26S proteasomes, where they are deubiquitinylated and unfolded in ATP-
requiring steps, and then degraded within the 20S core of the 26S complex.

5.2. Ubiquitin-targeting to lysosomes and ubiquitin-mediated signaling

It should be noted that ubiquitin tagging can also be involved in autophagy, where it can
signal entrance into the lysosomal degradation pathway (Chen and Mallampalli, 2009).
Furthermore, ubiquitinylated proteins are not always degraded, and the ubiquitin ‘tag’ can
also have nonproteolytic functions, such as determining subcellular localization. For
instance, while monoubiquitinylation is a precursor to polyubiquitinylation, it is also an
important post-translational modification that has been shown to regulate transcription,
histone modification, and DNA repair (Friedberg, 2006; Pemberton and Paschal, 2005). In
addition, the process of ubiquitinylation can be reversed by deubiquitinase enzymes (DUB).
In mammals, there are approximately 79 deubiquitinylases, which are capable of opposing
E3 ligase activity (Nijman et al., 2005). Traditionally, an increase in the ubiquitin levels
measured in total cell lysates has been used as an indicator of declining proteasome function.
Given that ubiquitinylation plays roles in cell signaling independent of proteasomal
degradation, assessing changes in ubiquitin levels may be a deceptive indicator of
proteasome activity.
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5.3. ATP/ubiquitin-independent proteolysis by the proteasome

The primary substrates for ATP/ubiquitin-independent protein degradation are unfolded
proteins. Several types of denaturing stressors are known to lead to protein unfolding
including heat, cold, heavy metals, multiple toxins, hydrophobic agents, and various forms
of oxidative stress. Specifically, oxidation leads to numerous chemical modifications to
proteins that result in conformational changes and the subsequent exposure of hydrophaobic
residues (Carrard et al., 2002). These hydrophobic patches on the surface of a substrate
protein are recognized by the unbound 20S proteasome and can promote the opening of the
a-ring (Kisselev et al., 2002). /n vitro studies have indicated that increased hydrophobicity
facilitates recognition by the proteasome resulting in accelerated protein degradation
(Giulivi et al., 1994; Pacifici et al., 1993). This method for 20S proteasome substrate
recognition, and subsequent channeling into the 20S core, may take the place of the
unfolding chaperone-like activity conducted by the 19S regulator during ATP/ubiquitin-
dependent proteolysis by the 26S proteasome (Braun et al., 1999).

6. Distinguishing between 20S and 26S proteolysis

Assessment of proteolysis has traditionally relied on /n vitro assays that measure the
degradation of a fluorogenic or radioactively labeled peptide or protein substrate (Grune et
al., 1996; Pacifici et al., 1988; Reinheckel et al., 2000a; Shringarpure et al., 2003). A
common semi-quantitative technique that can distinguish between the 20S and 26S is to
perform a proteasome activity gel by running cell lysate on a native SDS-PAGE gel and
probing with Suc-LLVY-AMC, a small peptide substrate covalently linked to a 7-amino-4-
methylcoumarin fluorophore that reflects the chymotrypsin-like activity of proteasomes.
Liberated AMC molecules fluoresce upon exposure to UV light, and the 20S and 26S
proteasomes are identified by the different molecular weight bands on the gel. Other
fluorogenic peptide substrates are also available to test the trypsin-like and peptidyl-
glutamyl-peptide hydrolyzing activities of the proteasome.

Furthermore, protein degradation can be measured by incubating intact cells with a mixture
of 35S-cysteine/methionine to allow incorporation of the radiolabel into newly synthesized
proteins, in a pulse-chase technique (Davies, 2001). By varying the length of incubation,
different protein pools can be preferentially labeled (Grune et al., 1995). Incorporation and
reutilization of the 3°S-cysteine/methionine is then prevented by addition of excess cold
cysteine/methionine. Various biochemical, HPLC, GC-MS, or gel-based techniques can then
be used to follow the fate of the labeled proteins.

A quantitative approach to measuring proteolysis in cell extracts (or further purified cell
fractions) involves incubating cell lysates with fluorogenic substrates, like the Suc-LLVY-
AMC peptide, and assessing release of AMC by measuring fluorescence at 360 nm
excitation/485 nm emission. Alternatively, the degradation of intact radiolabeled or
fluorescent-labeled whole proteins can be measured by release of the label. In the widely-
used radioactive method, epsilon amino groups of lysine residues of a purified protein
substrate are first radiolabeled (typically with 3H or 14C) at trace levels. As the protein is
degraded, during subsequent incubation with cell extracts or further purified cellular
components, radiolabeled amino acids are progressively released into small peptides (<5
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kDa) that are soluble in strong acids (such as trichloroacetic acid), whereas remaining intact
proteins are precipitated by acid-treatment. Therefore, increasing acid-soluble radioactivity
can be quantified by liquid scintillation as a simple measure of proteolysis (Stadtman, 1993).
Recently, a simpler non-radioactive method for labeling intact whole protein substrates and
measuring their degradation has been developed that offers several advantages, including:
shorter assay times, real-time monitoring of proteolysis, and the elimination of radioactivity
exposure and waste (Pickering and Davies, 2012a).

The above methods can also be combined with addition of various proteasome inhibitors, in
an attempt to distinguish between the 20S and 26S proteasomes. Since most proteasome
inhibitors are selective rather than specific, and because most target the protease activities of
the 20S core (which is common to both the 20S and 26S proteasome forms), this approach is
often unsuccessful. Some of the most widely used inhibitors primarily target the
chymotrypsin-like sites of the catalytic f-subunits. However, at higher concentrations these
inhibitors have also been shown to block the trypsin and caspase-like activity of the
proteolytic core, rendering all proteolytic components non-functional (Kisselev et al., 2012).
This is important as it was shown that merely blocking only the chymotrypsin activity of the
proteolytic core is not sufficient to block proteolysis (Kisselev et al., 2006). The most
common, relatively site-specific inhibitors used in the field are epoxomicin, MG132, and
lactacystin, all of which inhibit 3-subunits of the 20S core. Lactacystin was shown to
permanently inhibit all three catalytic B-subunits (Craiu et al., 1997; Fenteany et al., 1995),
while epoxomicin has been shown to have varying rates of inhibition for all three 3-subunits
(Meng et al., 1999). In addition, bortezomib is one of the first proteasome-specific inhibitors
to receive FDA approval in the treatment of multiple myeloma due to its ability to selectively
cause apoptosis in cancer-derived cell lines (Adams and Kauffman, 2004; Kisselev et al.,
2012). Allosteric proteasome inhibitors include PR-39, which has been shown to both
physically block the a7 subunits of the 20S proteasome and inhibit the interaction between
the 20S and the 19S regulator (Gaczynska et al., 2003). It is important to note that these
inhibitors act against the 20S proteasome and do not distinguish between the 20S and the
26S during /n vitro assays. However, both the radiolabeling and fluorescence labeling
methods described above, whether used in intact cells, cell extracts, or purified cell
components, can be performed under conditions that inhibit ATP/ubiquitin-stimulated
proteolysis. Studies with a conditional ubiquitin E1 mutant have demonstrated the utility of
this technique for distinguishing between ubiquitin-dependent (26S) and ubiquitinin-
dependent (20S) proteolysis by the proteasome (Shringarpure et al., 2003). Similarly,
depleting cell extracts of ubiquitin and/or ATP, or inhibiting ubiquitinylation, is a relatively
simple way with which to differentiate ubiquitin-dependent and ubiquitin-independent
proteolytic capacity in vitro (Shringarpure et al., 2003).

Alternative techniques to distinguish the proteolytic activity of the 26S proteasome from the
20S proteasome include a novel approach that measures the degradation rate of ubiquitin-
luciferase proteins /in vivo (Luker et al., 2003). The concept behind this approach is that the
26S proteasome should only degrade proteins that have been ubiquitin-tagged, whereas the
20S proteasome should degrade oxidized proteins lacking a ubiquitin tag (Voges et al.,
1999). The luciferase reporter was used for bioluminescence measurements with real-time
imaging in both cell culture and mice. Under normal conditions, proteins that incorporated
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the ubiquitin-luciferase tag were rapidly degraded, but in the presence of an inhibitor,
fluorescence increased, indicating inhibition of 26S activity (Luker et al., 2003). This
approach may provide a more accurate method to measure 26S proteolysis specifically as it
relies on the substrate preference differences between the 20S and the 26S proteasome. In
addition, this method allows for real-time /n vivo measurements, whereas the standard
approach for measuring proteolytic activity relies on /n vitro methods that may result in
partial loss or disassociation of the 19S regulator from the 20S complex (Voges et al., 1999).

7. The degradation of oxidized proteins

Multiple studies from a number of laboratories have independently confirmed that the main
pathway for the degradation of oxidatively damaged proteins in cells is via the 20S
proteasome (Davies, 1993; Grune et al., 1996; Pacifici et al., 1989; Reinheckel et al., 1998;
Salo et al., 1990). Recently, we have shown that the Pa28 (11S) regulator can actually
improve the ability of the 20S proteasome to selectively degrade oxidized proteins and that
the immunoproteasome (£PA28/11S) is at least as effective, or perhaps more effective
(Pickering and Davies, 2012b). In contrast, direct side-by-side comparisons have found the
26S proteasome to be unable to selectively degrade oxidized proteins, whether in the
presence or absence of ATP (Shringarpure et al., 2003). As discussed earlier, oxidation
causes chemical modifications to proteins that result in conformational changes and
subsequent exposure of hydrophobic residues (Carrard et al., 2002). These hydrophobic
patches on the surface of oxidized proteins are then recognized by 20S proteasomes and can
promote the opening of the a-rings (Kisselev et al., 2002) and enhance selective degradation
within the B-rings (Giulivi et al., 1994; Pacifici et al., 1993). Essentially, the hydrophobic
patches of oxidized proteins allow for substrate recognition by the 20S proteasome, and
subsequent channeling into the 20S core, obviating the need for ubiquitin targeting and
unfolding chaperone-like activity conducted by the 19S regulator as observed in ATP/
ubiquitin-dependent proteolysis of non-oxidized proteins by the 26S proteasome (Braun et
al., 1999).

While it is now abundantly clear that the 20S proteasome is able to degrade oxidized
proteins, it is important to test for the possible role of other potential factors, such as
ubiquitin. Interestingly, a few studies have found an increase in protein ubiquitinylation, or
in the accumulation of poly-ubiquitinylated proteins, following oxidative stress. Pigs fed a
hypercholesterolemic diet for 12 weeks exhibited increased ubiquitin conjugates in their
coronary arteries, as assessed by immunoblotting, when compared with pigs fed normal
chow (Hermann et al., 2003). Moreover, exposure of lens epithelial cells to H,O, induced a
transient increase in ubiquitin conjugation and ubiquitin-activating enzyme (E1) activity
(Shang et al., 1997). It is, nevertheless, important to recognize that an increase in the steady-
state cellular concentration of polyubiquitin-protein conjugates does not, in and of itself,
provide evidence for increased proteolysis by the ATP/ubiquitin-dependent 26S proteasome
pathway. In fact, significant increases in the cellular content of polyubiquitinylated proteins
may actually be taken as de facto evidence for decreased 26S proteasome degradation, such
that its normal ubiquitinylated substrates back-up or accumulate.
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In order to determine if oxidized proteins are actually being ubiquitinylated, a study by
Kastle et al. used MALDI tandem mass spectrometry to identify ubiquitinylated proteins
isolated from WM-451-Lu melanoma cells that had been treated with 5 mM H,0, (Kastle et
al., 2012). A total of 24 different proteins were obtained upon UbiQapture-Q fractionation;
however, oxidized proteins, as measured by carbonyl formation, were mainly isolated in the
unbound fraction and not the ubiquitinylated pool of proteins. The proteins identified to
undergo ubiquitinylation upon oxidative stress were categorized into functional groups
including chaperones, energy metabolism, cytoskeleton/intermediate filaments, and protein
translation/ribosome biogenesis (Kastle et al., 2012). Interestingly, the robust increase of
chaperones in response to oxidative stress is tightly regulated by molecular mechanisms that
include ubiquitinylation. Notably, the proportion of chaperones increased by one-third upon
exposure to oxidative stress and, of the identified proteins, heat shock proteins were
preferentially ubiquitinylated while oxidized proteins were not (Kastle et al., 2012).

Shringarpure et al. (2003) used cells with a conditionally mutated ubiquitinylating system to
test for the possible importance of ubiquitinylation in the overall selective degradation of
oxidized proteins. They found no evidence for preferential ubiquitinylation of oxidized
proteins versus non-oxidized proteins, and inactivation of ubiquitinylation had no
measurable effect on the selective degradation of oxidized proteins within intact cells.
Additionally, purified oxidized proteins were degraded at the same rate by cell extracts,
whether the extracts had a functioning polyubiquitinylating system or not (Shringarpure et
al., 2003). The findings that oxidatively modified proteins are not preferentially
ubiquitinylated, and that ubiquitinylation is not required for their selective degradation,
supports the idea that the degradation of oxidized proteins is ubiquitin-independent (Fig. 3).

Further supporting the ATP/ubiquitin-independence of oxidized protein degradation are /n
vitro and cell culture studies which indicate that the 20S proteasome is relatively stable upon
H,0, exposure, while the 26S proteasome becomes inactivated (Reinheckel et al., 1998,
2000b). Additionally, key sulfhydryl groups in the proteins responsible for the
polyubiquitinylation cascade (E1,E2, and E3) are highly sensitive to transient inactivation
during oxidative stress (Grune et al., 2011). Furthermore, in cultured bovine lens epithelial
cells (BLECs), the formation of endogenous high molecular weight ubiquitin conjugates
decreased by 73% upon exposure to H,O, (Shang and Taylor, 1995). These studies indicate
the ability of oxidative stress to block the ubiquitin linkage system through inhibition of
E1/E2/E3 complexes. As a result, the ATP/ubiquitin-dependent pathway of protein
degradation is also transiently blocked during stress; this is likely the reason that
polyubiquitinylated proteins may accumulate in cells during certain stress conditions.

8. Modulation of the 26S proteasome in response to oxidative stress

In addition to transient inactivation of the E1, E2, and E3 ubiquitinylating enzymes during
oxidative stress, it has recently been found that the 26S proteasome itself is tightly regulated,
and is actually disassembled, and therefore transiently inactivated, immediately following an
oxidative insult. Thus, ATP/ubiquitin-dependent protein degradation temporarily ceases for a
period of about 3-5 hours following oxidative stress. In a study by Wang et al., it was found
in yeast that the oxidative stress of H,O, treatment triggered the disassociation of the 19S
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regulator from the 20S core proteasome, resulting in a loss of chymotrypsin-like proteolytic
activity and increased intracellular accumulation of non-degraded, ubiquitinylated proteins
(Wang et al., 2010). Furthermore, H,O5 induced the association of the proteasome
scaffolding protein, Ecm29 with the 19S regulator, and (in separate experiments) deletion of
ECM29 prevented the disassembly of the 26S proteasome (Wang et al., 2010). In addition,
ecm29A mutants were more susceptible to oxidative stress than were wild-type yeast,
indicating that disassociation of the 26S proteasome by Ecm29 is important for the
successful degradation of oxidized proteins (Wang et al., 2010).

Simultaneously, an independent work by Grune et al. (2011), using human erythroid K562
cells, found that ATP-stimulated proteasome activity was mitigated immediately after
treatment with H,O,, but recovered several hours later. Conversely, exposure of cells to mild
oxidative stress correlated with an almost immediate (03 hours) increase in the capacity to
degrade oxidized protein substrates, along with a subsequent (5-24 hours) increase in the
synthesis of 20S proteasome, Pa28ap (11S) regulator, and immunoproteasome (Grune et al.,
2011). The immediate increases in ability to degrade oxidized proteins did not require
transcription or translation, whereas the subsequent increases could be completely inhibited
by transcriptional and translational inhibitors. In the same experiments, immunoprecipitation
indicated that the 19S regulator lost affinity for the 20S proteasome initially following an
oxidative insult in favor of increased affinity for HSP70, and that HSP70 synthesis increased
significantly during the same period (Grune et al., 2011). Importantly, It is well established
that HSP70 and other chaperones frequently act as holdases to coordinate transcriptional
activity (Ali et al., 1998; Katschinski et al., 2004). Likewise, HSP70 siRNA did not impact
disassembly of the 19S regulator, but did abrogate the reassembly of the 26S proteasome
after recovery from oxidative stress (Grune et al., 2011). We conclude that Ecm29 and
HSP70 act together as pivotal regulators of 26S/20S proteasome modulation during
oxidative stress; by disassembling the 26S proteasome, Ecm29 immediately provides more
20S proteasome to degrade oxidized proteins while HSP70 binds and preserves the
dissociated 19S regulators for 3-5 hours, allowing subsequent reassembly of 26S
proteasomes which are vital to the protein processing machinery to allow successful stress
adaptation (Fig. 4).

9. The stoichiometry of the 20S proteasome and binding regulators

While it is clear that the 20S proteasome core plays a critical role in ubiquitin-independent
proteolysis, many publications refer to the 26S proteasome as the major protease in the cell.
Through a series of labor-intensive glycerol gradient fractionations, immunoprecipitations,
and immunoblotting experiments performed using HelL a cell extracts, Tanahashi et al. found
that the sum total of 26S proteasomes and hybrid proteasomes were only equal to the content
of free 20S proteasomes alone (Tanahashi et al., 2000). In support of this initial work, a
recent study by Fabre et al. has used a quantitative proteomics approach to meticulously
analyze the stoichiometry of the various proteins that make up the pool of proteasomes in
the cell (Fabre et al., 2014). Proteasomes were precipitated from several different types of
human cell culture lines, analyzed by nano-LC—MS/MS, and quantified in order to
calculate the Protein Abundance Index (PAI), which is defined as the average for the ion
chromatogram (XIC) area values for three of the most intense reference tryptic peptides
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identified for a given protein (Fabre et al., 2014). On average, across the many different cell
types, just 36% of proteasomes were bound to a regulator (including the 19S, Pa28/11S, and
Pa200 regulators) while 64% were unbound 20S core proteasomes (Fabre et al., 2014). This
means that nearly two-thirds of the proteasomes available in the cell are in the free 20S
form, and able to preferentially degrade oxidized proteins.

It has also been demonstrated that the 20S proteasome is responsible for the degradation of
disordered proteins (Baugh et al., 2009) which, like oxidized proteins, have regions of
increased hydrophobicity, and include substrates such as p53 (Asher et al., 2005), tau (David
et al., 2002), a-synuclein (Tofaris et al., 2001), p21 (Li et al., 2007), and p27 (Tambyrajah et
al., 2007). Therefore, in addition to managing protein homeostasis during oxidative stress,
the 20S proteasome also degrades many proteins involved in signaling and regulation of
cellular processes (Dyson and Wright, 2005). Due to the importance of ubiquitin-dependent
proteolysis, it is not surprising that the 19S regulator was found to be the most abundant
activator bound to the 20S proteasome, constituting 21-35% of the remaining cellular
fraction of proteasomes, dependent on the cell type (Fabre et al., 2014). The abundance of
11S/PA28 and PA200 regulators was more variable across the cell lines analyzed, composing
1-14% of the proteasome pool (Fabre et al., 2014), but both have been shown to
significantly increase under stressful conditions such as adaptation to oxidative stress (Grune
et al., 2011), irradiation (Blickwedehl et al., 2008), and cancer progression (Ali et al., 2013).
This work elegantly confirms that the major conformation of the proteasome is the 20S core
responsible for ubiquitin-independent proteolysis and not the 26S proteasome responsible
for ATP/ubiquitin-dependent degradation (Fabre et al., 2014).

10. The role of the 20S proteasome in adaptation to oxidative stress

Various terms, such as adaptive response, adaptive homeostasis, dose-response, and
hormesis are used to describe the ability of cells and whole organisms to increase their
tolerance to stress on a transient basis. Hormesis specifically refers to the adaptive response
to low-dose toxin exposure, while dose-response is considered a pharmacological term. We
favor the terms adaptive response and adaptive homeostasis because they are more
physiological, and allow for inclusion of agents or conditions which may not be stressors in
themselves, but which control signal transduction pathways that regulate stress resistance.

Transient adaptive stress-responses result in the transcription of protective genes that
promote cell survival. A number of cellular stress-response pathways have evolved to
manage dysfunction in protein homeostasis including the heat shock response, oxidative
stress response, and proteasome-dependent protein degradation. The first studies to
demonstrate adaption to oxidative stress in the 1980s used Escherichia coli, Salmonella
typhimurium, and Saccharomyces cerevisiae to show that after recovery from a mild dose of
H»0,, the organisms transiently became more tolerant of a subsequent, normally toxic or
lethal exposure (Christman et al., 1985; Davies et al., 1995; Davies, 1995; Demple and
Halbrook, 1983). Since then, this phenomenon has also been demonstrated in
Caenorhabditis elegans (Pickering et al., 2013), Drosophila melanogaster (Pickering et al.,
2013), and mammalian cell culture (Wiese et al., 1995). Recently, it has become apparent
that a great degree of crosstalk exists between these mechanisms. For instance, adaptation to
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oxidative-stress provides some heat-stress tolerance, and results in an upregulation of heat
shock proteins including HSP70, which is crucial for the reassembly of the 26S proteasome
following an oxidative insult (Grune et al., 2011; Kastle et al., 2012).

The responses to oxidative stress also include the transactivation of Nrf2 and the subsequent
induction of cytoprotective genes, such as glutathione peroxidases and glutathione
transferases. Under normal homeostatic conditions, Nrf2 is bound to the Kelch-like ECH-
associated protein 1 (KEAP21)-Cullin 3 (CUL3) E3 ligase complex and undergoes
constitutive polyubiquitinylation and subsequent degradation by the 26S proteasome
(Taguchi et al., 2011). KEAPL1 acts as a sensor of oxidative stress and upon oxidation by an
electrophile, or alkylation, is modified and can no longer bind to Nrf2. Nrf2 is then
stabilized, phosphorylated by Akt, and translocated to the nucleus where it binds to
Electrophile Response Elements or EPRE’s (also called Antioxidant Response Elements or
ARES) (Taguchi et al., 2011). Interestingly, Nrf2 also targets several 20S proteasomal
subunits for transcriptional activation, as well as the PA28a (11S) proteasome regulator
(Pickering and Davies, 2012b). The promoter regions of many 20S a- and p-subunits, and
PA28af subunits, possess EPRE/ARE domains consisting of the core motif RTGACnnnGC
or the extended motif TMANNRTGAYnnnGCAwwww (Nerland, 2007; Pickering et al.,
2012). In cell culture, it was shown that adaptive doses of H,O5 lead to increased cellular
levels of Nrf2, translocation of Nrf2 to the nucleus, and an increase in recruitment to the $5
subunit promoter (Pickering et al., 2012). Inhibition of Nrf2 with siRNA and retinoic acid
abrogated the adaptive increase in 20S proteasomes, PA28a3, proteolytic capacity, and stress
resistance (Pickering et al., 2012). Interestingly, this pathway is conserved in the C. elegans
homolog, SKN-1, and the D. melanogasterhomologs, CnC and dKeapl (Pickering et al.,
2013; Sykiotis and Bohmann, 2008; Tsakiri et al., 2013). Both knockdown using RNA., and
a deletion mutant for skn-1, negatively impact oxidative stress-induced 20S proteasome
expression and cytoprotection (Pickering et al., 2013). While adaptation applies to a number
of cytoprotective pathways in response to a variety of stressors, the response to oxidative
damage is of particular interest because of the association for oxidative damage
accumulation during aging.

11. The role of the 20S proteasome in aging and in aging-related disease

A hallmark of aging is the decline in the quality control mechanisms of the cellular
proteome (Taylor and Dillin, 2011). Loss of protein homeostasis results in an increase in
protein oxidation, protein misfolding, and protein aggregation that can lead to aging-related
diseases, including cardiovascular disease (CVD) (Wang and Robbins, 2006), ischemic
stroke (Chen et al., 2011), and neurodegenerative disorders (Morimoto, 2008). Proteasome
activity has long been described to decline with age, thus contributing to the overall loss in
protein homeostasis during aging. However, this assertion appears to be in opposition to the
aging-related increase in muscle wasting that is observed in C. efegans (Herndon et al.,
2002), rats (Medina et al., 1995), and humans (Suetta et al., 2012). The confusion regarding
proteasome activity during aging is probably largely due to the failure to distinguish between
20S and 26S proteasome activity. For instance, in the spinal cord of rats ranging from 3
weeks to 28 months, chymotrypsin-like activity measured by the liberation of AMC from a
Suc-LLVY-AMC substrate steadily decreases with age (Keller et al., 2000). However, when
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this same assay is used to assess proteasome activity in the triceps of aging rats, it was found
that proteolytic activity actually increased, in addition to elevated levels of the ubiquitin
ligases and proteasome B-subunits (Altun et al., 2010). In support of these data, a recent
human trial found that the ubiquitin-proteasome pathway was activated in both young and
old individuals upon immobilization, thereby triggering muscular atrophy (Suetta et al.,
2012). Thus, it seems that increased ubiquitin-dependent proteolysis is a major determinant
of sarcopenia and muscle wasting during aging.

Interestingly, proteasome inhibitors have been used in dy(3K)/dy(3K) mice to partially
alleviate detrimental phenotypes for muscle wasting diseases such as congenital muscular
dystrophy, thus improving body weight, locomotion, and survival (Korner et al., 2014).
Specifically, bortezomib reduced proteasome activity in congenital muscular dystrophy type
1A muscle tissue (Korner et al., 2014). Furthermore, patients diagnosed with Duchenne
muscular dystrophy (DMD) exhibit dystrophin deficiency and a severe decrease in the
expression and membrane localization of the DGC glycoprotein complex (Deconinck and
Dan, 2007), in addition to increased activation of ubiquitin-dependent proteolysis
(Kumamoto et al., 2000). For DMD patients, treatment with Velcade® (bortezomib) resulted
in upregulation of dystrophin, a-sarcoglycan, and B-dystroglycan, as well as increased
expression of the DGC glycoprotein complex (Gazzerro et al., 2010).

While activity of the 26S proteasome and ubiquitin-dependent proteolysis does appear to
increase in a tissue-specific manner during aging, the ability to degrade oxidized proteins by
the 20S proteasome does indeed decrease with age, thereby contributing to the overall
decline in protein homeostasis. Oxidation is capable of damaging all cellular components,
including DNA, lipids, and proteins, and several lines of evidence have indicated that
oxidative stress is central to aging and the development of many aging-related diseases
(Halliwell and Gutteridge, 1999; Jacob et al., 2013). Heart failure is the number one cause of
hospitalization for people aged 65 and older, and nearly all patients with, or at risk of, heart
disease have enhanced levels of oxidative stress (Hall et al., 2012; Madamanchi et al., 2005).
Oxidative stress has also been demonstrated to have a major role in the initiation and
progression of atherosclerosis, which is an underlying cause for a number of cardiovascular
complications (Bonomini et al., 2008). Moreover, in hypertensive rats, oxidative stress was
found to mediate progressive cardiac fibrosis by enhancing TGF-B1 expression (Zhao et al.,
2008).

As oxidative stress increases with age, the capacity to degrade misfolded and oxidized
proteins within the cell declines. A study using human lung fibroblast WI-38 cells as a
model for replicative senescence found that both 20S expression and activity were mitigated
in senescent cells, correlating with an increase in carbonylated and ubiquitinylated proteins
(Chondrogianni et al., 2003). In addition, blocking the proteolytic activity of the 20S core in
low passage WI-38 cells induced an aged-phenotype (Chondrogianni et al., 2003). In an /n
vivo study using rat liver tissue, 20S proteasome expression did not change for old animals
compared to young animals, but peptidylglutamyl peptide hydrolyzing activity showed a
60% reduction in aged rats (Hayashi and Goto, 1998).
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A number of studies, of both divisionally competent cells and post-mitotic cells (Grune et
al., 2001, 2004, 2005; Sitte et al., 2000a, 2000b, 2000c), as well as model organisms (David
et al., 2010; Demontis and Perrimon, 2010), have found an accumulation of oxidized,
aggregated, and cross-linked proteins with senescence and aging. Inherently, protein
oxidation leads to structural rearrangement, resulting in exposure of hydrophobic patches
that can cause binding to 20S proteasomes and ensure degradation (as discussed earlier).
Alternatively, progressive oxidative damage to proteins may lead to aggregation. Such
oxidized protein aggregates often have volatile amino acid residues, such as tyrosyl or
tryptophanyl radicals, which can react to form permanent covalent cross-links between
proteins, thus further stabilizing the damaged aggregates (Leeuwenburgh et al., 1997).
Importantly, protein aggregates of too large a size cannot enter the limited aperture of the
20S proteasome and, therefore, are not readily degraded. These cross-linked protein
aggregates do, however, attract 20S proteasomes whose a-subunits can bind to their
hydrophobic regions, thus trapping the proteasomes and removing them from the active pool
of proteases able to degrade damaged proteins (Shringarpure and Davies, 2002; Stenoien et
al., 1999; Verhoef et al., 2002). Essentially, this is a special case of reversible non-
competitive proteasome inhibition. While some studies have indicated an increase in 20S
proteasome synthesis and activity in cell lysates during aging, this may not produce an
accurate reflection of functional proteasomes /n vivo. Proteasomes that are sequestered at
aggregation sites within the cell cannot degrade oxidized proteins, but lysates from these
cells will reflect the increased number of proteasomes and demonstrate their activity /n vitro
once liberated from protein aggregates, thus giving a false indication of overall proteolytic
capacity during aging. These studies clearly show that oxidatively-damaged protein
aggregates, such as observed in aging and senescent cells, can decrease the functional pool
of 20S proteasomes, and therefore the overall capacity of aged cells to degrade oxidatively
damaged proteins.

12. Final remarks

The proteasome plays a central role in protein homeostasis, whether through ATP/ubiquitin-
dependent or ubiquitin-independent proteolysis. Due to the plasticity and dynamic regulation
of the proteasome in response to stress and aging, it is critical that every effort is made to
distinguish between the two systems. Just as important is future research aimed to identify
the mechanism for the loss of adaptive capacity of the 20S proteasome during aging.

Protein oxidation is a factor in multiple diseases of aging, including Alzheimer’s and
Parkinson’s disease (Cutler et al., 2004; Lin and Beal, 2006; Yan et al., 2013),
atherosclerosis and arteriosclerosis (Li et al., 2014), stroke (Zhang et al., 2011), cancer
(Reuter et al., 2010), arthritis (Wruck et al., 2011), cataract (Sawada et al., 2009; Spector,
1995), macular degeneration (Beatty et al., 2000; Blasiak et al., 2014), and frailty (Ingles et
al., 2014; Serviddio et al., 2009). Loss of protein homeostasis and the adaptive capacity to
respond to oxidative stress during aging may have a staggering impact on the world
economy (Yang et al., 2013). An epidemiological study of the progression of cognitive
impairment in subjects over the age of 85, and initially in optimal cognitive health, revealed
that 23% developed Alzheimer’s disease within 10 years (Gonzales Mc Neal et al., 2001).
Furthermore, inpatient census data for the USA indicate that the incidence of stroke
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increases logarithmically with age, and escalates rapidly for individuals over the age of 60
(Williams, 2001). These studies highlight the need to elucidate age-dependent factors and
mechanisms, such as a decline in 20S proteasome adaptation, that contribute to disease in
order to promote health span, alleviate the economic problems of the growing aging
population, and the potential burden on society. Because the ability to mount homeostatic
adaptive responses declines with age, resulting in the decline of overall protein homeostasis
(Calderwood et al., 2009; Rattan, 2008; Texel and Mattson, 2011), measuring the adaptive
response to oxidative stress and the elimination of damaged proteins by the 20S proteasome
may potentially provide useful biomarkers and prognostic data to streamline therapeutics for
aging patients.
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Fig. 1.

Tr?e 20S proteasome and immunoproteasome. (A) The 20S proteasome consists of four
stacked rings: two rings composed of a-subunits and two rings composed of B-subunits. (B)
The plasticity of the 20S proteasome allows for the synthesis of a subtly different form of
the core 20S proteasome, called the immunoproteasome.
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Fig. 2.

The binding regulators of the 20S proteasome. The 20S core proteasome and the
immunoproteasome are able to bind to regulator proteins which alter their proteolytic
capacities and/or peptide product profiles. Quantitatively, however, the major configuration
of proteasomes found within mammalian cells is the unbound 20S core proteasome.
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Fig. 3.
Mechanism of action for the degradation of oxidized proteins. Oxidative stress results in

damage to proteins that cause them to unfold, thus revealing hydrophobic residues that are
prone to aggregation. The 20S proteasome recognizes these hydrophobic patches on the
surface of a substrate protein, which can promote the opening of the outer a-ring. In
addition, both the immunoproteasome and the 20S proteasome bound to Pa28 regulators
have a preference for degrading oxidatively damaged proteins.
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Fig. 4.

Disassembly of the 26S proteasome during oxidative stress. The components of the
ubiquitin-26S proteasome system are highly sensitive to oxidative stress-induced
inactivation. In response to oxidative stress, ECM29 facilitates the disassembly of the 26S
proteasome, allowing for the unbound 20S proteasome to preferentially degrade oxidized
proteins. 20S proteasomes may also bind to PA28 (11S) regulators to increase the efficiency
of oxidized protein degradation. HSP70 acts as a holdase by binding the 19S regulatory unit
until recovery from stress and is necessary for the reassembly of the 26S proteasome some
3-5 hours after an oxidative insult.
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