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Abstract
Cellular proteins are exposed to oxidative modification and other forms of damage through
oxidative stress, disease and as a consequence of aging. This oxidative damage results in loss and
or modification of protein function, which in turn compromises cell function and may even cause
cell death. Therefore, the removal of damaged proteins is extremely important for the maintenance
of normal cell function. The 20S Proteasome functions primarily as a system for removal of such
damaged proteins. Unlike the 26S Proteasome, the 20S Proteasome exhibits a high degree of
selectivity in degrading the oxidized, or otherwise damaged, forms of cell proteins. The 20S
Proteasome is broadly distributed throughout the cell and has a range of specific functions in
different organelles which are controlled through a number of Proteasome regulators. It is also
activated, and its synthesis is induced, under conditions of enhanced oxidative stress, thus
permitting permit greater removal of damaged proteins.
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I. Introduction
Protein damage is a natural and common aspect of life from multi-cellular endothermic
mammals to single celled prokaryotes. It can be caused in many different ways through a
wide range of mechanisms. Such protein damage can occur as a result of external stimuli,
including exposure to oxidants present in air pollution [1, 2], and pesticides [3], by ozone [4,
5] and by various other chemical agents. Protein damage can also be caused through
exposure to radiation such as UV [6] or various forms of ionizing radiation [7]. In addition
to external factors, protein damage can also be caused through internally generated oxidants
and reactive species which are produced during metabolism [8] or immune responses [9].
Finally, damaged proteins can be formed through transcriptional or translational errors. Such
synthesis errors can occur naturally but become significantly more prevalent with age due to
a positive feedback loop from accumulating damage to transcriptional and translational
machinery [10].

Regardless of the mechanism through which it occurs, protein damage has many severe
effects on cell function [11-15] and organismal viability [16]. Due to these severe outcomes,
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the rapid and efficient removal of damaged proteins is extremely important. In this chapter
we discuss the role of various forms of the Proteasome in the removal of damaged proteins.
This chapter will have a particular focus on the 20S Proteasome, whose main function is
thought to be the removal of damaged proteins. This chapter will also briefly discuss the
roles of 26S Proteasome and Immunoproteasome in the removal of damaged proteins.

II. Formation of Oxygen Radicals and Toxic Oxidants
Oxygen is one of the greatest blessings and perhaps curses to complex life, this is what is
often referred to as the ‘Oxygen Paradox’[13,17]. Oxygen possesses a vital role as the final
acceptor in the electron transport chain. In the electron transport chain, a series of alternating
hydrogen and electron carriers ensure that electrons are vectorially transported across the
inner mitochondrial membrane, such that protons are transported outwads. The resulting
electrochemical gradient is then used for the formation of ATP from ADP + P. In order to
maintain electron flow in the inner mitochondrial membrane, electrons must also be
removed from the electron transport chain by a terminal electron acceptor. This role is
played by the cytochrome c oxidase complex (mitochondrial complex IV) which oxidizes
electrons with oxygen to generate water, thereby ‘bleeding’ electrons from the chain, and
allowing continual ATP production. The presence of oxygen is, thus, vital for mitochondrial
function and overall energy balance in eucaryotes. While there are alternative processes to
generate ATP that are independent of oxygen (such as fermentation), these processes are
considerably less efficient than oxidative phosphorylation. As a result of the sizable
difference in ATP production rates between oxygen-dependent and oxygen-independent,
pathways, it has been suggested by some groups that the increased efficiency of oxygen-
dependent respiration over fermentation was one of the key factors that permitted the
formation of complex multi-cellular life forms [18].

While the role of oxygen as a final electron acceptor permits a greatly enhanced energy
production rate, the reaction has the potential to generate a number of highly toxic
byproducts. In the electron transport chain electrons pass through a series of electron
acceptors, eventually terminating with cytochrome c oxidase, which catalyzes the formation
of water. The termination of the electron transport chain seems to occur, safely, with little or
no detectable leakage of electrons, however some electrons do leak out at earlier points in
the chain [19]. Such leaked electrons can directly react with oxygen to form the superoxide
anion radical (O2

•-), commonly referred to simply as superoxide. Free radicals such as O2
•-

possess an unpaired electron in their outer orbital (represented by the dot). These radicals
have a stronger tendency to react with other molecules to either donate the exra electron or
gain another, in either case restoring their electron pairing. In such oxidation/reduction (or
redox) reactions, the electron donor is termed the reductant, while the electron acceptor is
the oxidant. Naturally, both the oxidant and the reductant are modified, sometimes
reversibly but often irreversibly, and both may go on to react further with surrounding
molecules. In many cases such free radical driven, redox chain reactions produce species
that cause serious damage to cellular constituents [13].

Superoxide radicals are capable of reacting with iron or copper ions in the cell so converting
them from Fe3+ to Fe2+ or Cu2+ to Cu+. This is harmful in itself as it results in the
modification of metal ions which form an important catalytic centers of a wide range of
cellular enzymes. In addition, the Fe2+ or Cu+ generated by this reaction is then capable of
reacting (by the Fenton reaction [20]) with the mild oxidant hydrogen peroxide (H2O2) to
form highly toxic hydroxyl radicals (•OH) This is termed the Haber-Weis reaction [21].

Superoxide can instead react with two protons and another electron to form hydrogen
peroxide. Hydrogen peroxide is a relatively mild oxidant, but it can cause modification of
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DNA, lipids, and proteins through reactions catalyzed by transition metals. Hydrogen
peroxide also appears to be capable of modifications to some amino acids chains in proteins
(e.g. amino acids containing thiol groups [22] or keto-acids such as pyruvate [23]) . More
importantly hydrogen peroxide is capable of reacting with additional electrons to form
hydroxyl radicals which are highly toxic and capable of a reacting with a wide range of
proteins as well as lipids and DNA [24, 25]. Superoxide can also react with nitric oxide
radicals (NO•), which are produced constantly as vasodilating agents and signaling
molecules [26] to form peroxynitrite (ONOO-). This is detrimental both through the
reduction in nitric oxide signaling [27] and through the formation of peroxynitrite which is a
powerful oxidant. (common free radical reactions are summarized in Figure 1).

In addition to oxidative stress occurring through the formation of free radicals and oxidizing
agents in metabolism, oxidative stress can occur through contact with a range of
environmental factors. One of these environmental factors is air pollution. Air pollution
contains a range of metals which can catalyze the formation of reactive oxidizing agents,
such as iron, copper, chromium and vanadium, through the Haber-Weis reaction [28-30].
Many particles in air pollution can also produce an inflammatory response, which in part
involves the formation of oxygen radicals [31]. UV radiation is another source of oxidative
stress, the main source of which is solar irradiation, but there are also a range of lifestyle
related sources of exposure. The degree of solar exposure to UV radiation is dependent on a
range of environmental factors such as cloud coverage and ozone level. UV radiation can
cause the formation of both superoxide (O2

•-) and hydroxyl radicals (•OH). In addition it can
cause direct modification of proteins within the cell. Similar effects are also seen with infra-
red and ionizing radiation [32].

III. Removal of Oxygen Radicals and Toxic Oxidants by the Cell
Various oxygen and nitrogen radicals, as well as other reactive oxygen or nitrogen species,
can (directly or indirectly) modify amino acids within proteins, damage vital prosthetic
groups, or oxidize key transition metal centers. Although direct modification of amino acids
or protein prosthetic groups typically increases local hydrophilicity (often changing or
introducing charges), the net effect of protein oxidative modification is typically partial
unfolding, which exposes the side chains of many hydrophobic amino acids that are
normally buried in the interior of a properly folded protein. Thus, when free radicals, or
related reactive species, modify a protein they usually cause an increase in surface
hydrophobicity and an increase in accessibility of protein hydrophobic groups.

While some mild modifications might be relatively harmless, other changes will reduce,
inhibit or even modify the function of the protein [13, 33, 34]. If severely oxidatively
modified proteins are allowed to accumulate, cell function will be progressively
compromised [13]. Thus, it is extremely important for any aerobic cell to have a system for
removing oxidatively damaged proteins. It is worth noting that both DNA and lipid
oxidation also present a serious challenge to maintenance of cell function and aerobic cells
have well developed systems for combating these types of damage as well. For the purpose
of this chapter however we will focus solely on protein oxidation.

The cells’ first line of defense is the removal of oxygen radicals and the detoxification of
reactive oxidants, to stop proteins becoming modified in the first place. Hydrogen peroxide
is a relatively mild oxidant, although it can be reduced to generate hydroxyl radicals which
are considerably more reactive (figure 1). Because of this it is important for hydrogen
peroxide to be removed. This is done primarily through glutathione peroxidase [35], which
couples the reduction of hydrogen peroxide into water with the oxidation of glutathione
(GSH). The oxidized glutathione will then react with another oxidized glutathione to form
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glutathione disulfide (GSSG). The glutathione disulfide is later reduced back to two
glutathione molecules in a reaction catalyzed by glutathione reductase [36]. Catalase is
another powerful enzyme that can remove hydrogen peroxide, but its actions seem limited to
peroxisomes in eucaruotic cells.

In addition to hydrogen peroxide, superoxide is also capable of reacting with copper, iron or
nitric oxide radicals. As a result of this, even with efficient removal of hydrogen peroxide
through glutathione peroxidase, there are other pathways by which protein damage can
occur. In response to this cells have a evolved superoxide dismutase (SOD) [37]. SOD
catalyzes the formation of hydrogen peroxide from oxygen radicals so decreasing the chance
of the superoxide reacting with copper, iron, or nitric oxide. Although it may seem counter-
intuitive for cells to produce SOD that generates hydrogen peroxide, it seems that the
combination of SOD and glutathione peroxidase ensures that most of the superoxide
produced is converted harmlessly to water without going through the hydroxyl radical step
in the univalent pathway for oxygen reduction. Minimizing the production of hydroxyl
radical, the most powerful oxygen radical of biological significance, seems to be the strategy
that our cells employ.

In addition, there is a range of other anti-oxidant mechanisms, largely based on antioxidant
compounds derived from fruits and vegetables in the diet, that is utilized by the cell.
Ascorbic acid (vitamin C), is one of these, it is involved in a similar reaction to glutathione
in which it function as an electron acceptor for oxygen radicals resulting in its conversion to
dehydroascorbic acid (DHA). Dehydroascorbic acid may subsequently be reduced back to
ascorbic acid by a reaction with glutathione in the endoplasmic reticulum [38]. Another
example is vitamin E [19] which functions as a scavenger of peroxyl radicals. Many other
phenolic or polyphenolic dietary components have also been suggested as important
biological antioxidants.

IV. The Role of 20S Proteasome vs 26S Proteasome in Degrading Oxidized
Proteins

Although the first-line defenses of anti-oxidant enzymes and compounds described above
are quite effective, they are not perfect, and some oxygen radicals and other reactive oxygen
species do get through and cause protein damage. To combat this problem, the cell has
mechanisms in place to remove damaged proteins and enable normal cell function to
continue. The Proteasome plays an important role in the removal of these damaged proteins.
It has been shown that when a cellular protein is damaged (up to a point) it will be
preferentially degraded, compared to a non-damaged protein [39, 40]. When Proteasome is
removed from the cell, using immunoprecipitation, or depleted using anti-sense RNA or
siRNA, most of the cells’ ability to remove damaged proteins is lost, suggesting that
Proteasome is important in the removal of damaged cellular proteins [39, 41].

Proteasome comes in different forms, with many different potential activators or regulators.
A strong candidate for the removal of damaged proteins is the 20S Proteasome. The four-
ringed 20S Proteasome is the basic or core form of the Proteasome, to which two 19S
regulators can be added (one at either end of the four-ringed 20S ‘barrel or cylinder’) to
form the 26S Proteasome (Figure 2). The 20S Proteasome is a seven hundred kilodalton
barrel shaped protein composed of four rings, each made up of seven subunits ranging from
twenty to thirty five kilodaltons. The first ring contains alpha subunits1,2,3,4,5,6, and 7
while the second ring contains beta subunits 1,2,3,4,5,6, and 7. The third ring again contains
the beta 1-7 subunits, and the fourth ring again has the alpha 1-7 subunits. Thus, the 20S
Proteasome barrel or cylinder is symmetrical along its long axis, with the structure, α ring, β
ring, β ring, α ring. All the proteolytic activities of the Proteasome are found in the two β
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rings, where the β1, β2 and β5 subunits each possess’ specific proteolytic activities. In the
26S Proteasome, 19S regulators are bound at either end of the 20S Proteasome barrel
(Figure 2). The 19S regulator serves to feed proteins into the Proteasome core and to restrict
the proteins fed through to the core, to only those which posses a poly-Ubiquitin tag.
Degradation polyubiquinated proteins by the 26S Proteasome occurs in an ATP/Mg2+

dependent manner. In the 20S Proteasome, which is free of 19S regulatory caps, proteins are
still capable of binding to the Proteasome and being fed into the core however degradation
occurs in a manner that is ATP/Ubiquitin independent [42, 43].

Not only is the degradation of proteins by the 20S Proteasome ATP/Ubiquitin independent,
but studies using purified Proteasome have shown that 20S Proteasome will selectively
degrade damaged or oxidized proteins over native proteins. The 20S Proteasome shows a
selective preference for degradation of oxidized over non-oxidized proteins for a wide range
of proteins [39, 41, 44]. The 26S Proteasome by comparison does not appear in mammalian
cells, at least, to have any selective preference for degradation of oxidized proteins [39]. In
addition to this, while depletion of 20S Proteasome results in an approximately eighty
percent loss of capacity to degrade oxidized proteins, there is only a twenty percent
reduction in capacity to degrade oxidized proteins, with depletion of 26S Proteasome from a
cell [41].

The 20S Proteasome appears to be quite resistant to oxidative stress, in comparison with
other proteins. In fact, in studies of its capacity to degrade oxidized proteins. under
conditions of oxidative stress, its I50 appears to be four times higher than the level of
oxidation to a target protein that would result in optimum selective degradation [44]. This
shows that 20S Proteasome can easily function under the non-toxic degrees of oxidative
stress to which cells are normally exposed. In comparison, the I50 of purified 26S
Proteasome under oxidative stress appears to be four to sixteen times lower than that of the
20S Proteasome [44]. Similarly, in cell culture a level of oxidation that completely blocks
ATP-stimulated 26S Proteasome activity does not appear to significantly affect 20S
Proteasome activity [45]. As a result, the 26S Proteasome is actually inactivated under very
mild degree's of oxidation compared to the 20S Proteasome [44, 45].

In conclusion both 20S and the 26S Proteasome are capable of degrading damaged proteins,
however 26S Proteasome does not appear to have any selectivity for damaged over native
proteins. Under conditions where protein damage occurs, the 26S Proteasome is easily
inactivated compared to the much hardier 20S Proteasome which is able to function at most
relevant levels of cellular stress. Finally, if 20S Proteasome is depleted from the cell, the
majority of the capacity to remove oxidized proteins is lost, compared to a very minor loss
following the removal of the 26S Proteasome. From these results it appears that the 20S
Proteasome is the major system for removal of oxidized proteins, compared to a relatively
minor role played by the 26S Proteasome.

V. Mechanism of Selective Degradation of Damaged Proteins by the 20S
Proteasome

The 20S Proteasome core is composed of an inner pair of rings of β subunits containing the
proteoltytic subunits which are positioned within the lumen of the Proteasome core (Fig. 3).
Above and below the β rings are rings of α subunits which are not proteolytically active
[46]. The α rings provide a scaffold for the proteolytic β rings, and are the binding sites for
a variety of activators and regulators (including the 19S regulators). The α rings also
function as gates to the Proteasome, these gates prevent correctly folded proteins from
entering and becoming degraded [47]. In the case of the 26S Proteasome there are caps on
each of the alpha rings known as 19S regulators. The 19S regulators act like magnets for
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ubiquitin-tagged proteins, whose polyubiquitin tails bind and initiate degradation of the
tagged protein substrates. The 19S regulators remove the polyubiquitin tails, force the alpha
rings open, and feed the substrate proteins into the Proteasome core β rings where they are
degraded [48]. The 26S Proteasome is responsible for most of the turnover of normal
proteins within cells. The key factor is the structure of each protein, which determines its
susceptibility to polyubiquitinylation by so called ‘E3’ enzymes. Basically, proteins which
are highly susceptible to ubiquitinylation are rapidly degraded by the 26S Proteasome and,
thus, have short half-lives. In contrast, proteins which are more resistant to ubiquitinylation
will have longer cellular half-lives. As the 19S regulator is absent in the 20S Proteasome,
substrate proteins must be fed through in a different way.

As discussed above, a most proteolysis of damaged or oxidized proteins is dependent on the
20S Proteasome but independent of the 26S Proteasome. While 20S Proteasome is not
capable of degrading undamaged ubiquitin-tagged proteins as does the 26S Proteasome, if
the proteins are already unfolded then the 20S Proteasome appears to be just is as capable as
the 26S Proteasome of degrading such substrates [47]. This indicates proteins are fed into
20S Proteasome in the same way that they are into 26S Proteasome however 20S
Proteasome does not have the structures possessed by the 26S Proteasome to recognize and
unfold poly-ubiquitinated proteins. The 20S Proteasome does appear to have its own system
for recognition and unfolding of target proteins; specifically it will recognize and unfold
damaged or oxidized proteins. As discussed earlier, protein damage results in the exposure
of hydrophobic domains which would not normally interact with the aqueous environment.
These exposed residues are thought to act as sites of recognition for the 20S Proteasome in
the same way as polyubiqutin tags act as sites of recognition for the 26S Proteasome (Figure
3). These domains permit binding of the damaged protein to the 20S Proteasome. The
protein is then unfolded and fed into the core where it may be degraded [47]. However, in
the 26S Proteasome this selectivity for damaged proteins is lost because the outer
Proteasome α rings are covered by the 19S regulators which bind polyubiquitin.

VI. The 20S Proteasome in Aging and the Removal of Age-related Protein
Damage

Over the course of aging there is a progressive decline in protein synthesis [49]. Despite this
decline in synthesis there is actually an increase in protein content with age. This
discrepancy is the product of a buildup of damaged non-functioning proteins within cells
[49]. This buildup of damaged proteins appears to derive from protein oxidation as well as a
range of other modifications including; glycation, methylation, ADP-ribosylation,
deamidation. etc. [49]. The increase in damaged proteins in cells is extremely detrimental
and decreases the functionality of all pathways in the cell. This forms part of the widely
popular “Free Radical Theory of Aging.” This theory suggests that many of the effects of
aging are at least in part the product of accumulating oxidative damage within a cell which
results in deterioration of cell function and eventually death [50].

Fortunately much of the accumulated damage can be removed and the damaged proteins can
be degraded and replaced by non-damaged ones. In fact, a mild degree of modification or
damage to a protein makes it a better candidate for degradation by the 20S Proteasome or
other proteases [33, 39, 41, 51]. However, if a protein becomes too heavily modified it
becomes a very poor candidate for degradation [33, 39, 40]. Thus, while many mildly
oxidized proteins are readily degradable, at least some of the age-associated (or time-
associated) accumulation of damaged proteins is due to proteins which are so highly
modified that they are difficult or impossible to degrade. It has been argued that it is the
buildup of these non-degradable damaged proteins that causes age-related effects, however,
the accumulation of oxidized proteins in cells is exponential rather than linear over time,
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indicating that the rise in protein oxidation is not just a product of a buildup of indigestible
proteins, but a potentially reversible change in cell function [52].

The accumulation of oxidized or otherwise damaged proteins in cells during aging could be
a product either of a rise in damaging conditions or a fall in the rate of removal of damaged
proteins. it has been observed that over age there is a rise in mitochondrial generation of
oxidants [53]. In addition, it has been shown that there is a decline in protein turnover. This
decline in protein turnover is, at least in part, the product of a sharp decrease in 20S
Proteasome function over age (which has been shown in a range of different tissues)
[54-59]. In addition to a decline in 20S Proteasome function there is also a drop in 20S
Proteasome levels over in aging which also reduces protein turnover [60-62]. The decline in
20S Proteasome function is partly the product of an increase in modification or damage to
the 20S Proteasome over the course of age [54, 59-61]. For instance, it has been seen that
20S Proteasome isolated from old rats is 50% less proteolytically active than 20S
Proteasome isolated from young rats [63]. As a result, not only is there a decrease in the
amount of 20S Proteasome present during the aging process but there is also a decrease in
the ability of the remaining 20S Proteasome to degrade the accumulating damaged proteins,
thus resulting in an overall accumulation of damaged cellular proteins with age. As a result,
older rats are less able to remove damaged proteins from their cells and tissues than are
younger rats, which goes some way to explain the difference in the levels of protein damage
found in the two animals.

In studies of long lived animals, such as two long live bat species [64], it has been argued
that a large factor of their longer lifespan, compared to similar shorter lived animals, is a
product of higher 20S Proteasome levels [64, 65]. The higher levels of expression of 20S
Proteasome results in lower levels of accumulation of oxidized proteins and greater
resistance to oxidative stress which has been argued as sufficient to account for the
differences in lifespan [64, 65]. Similarly in studies with naked mole rats (which are the
longest living rodent species) there was also a very high expression of 20S Proteasome,
resulting in greater oxidative stress resistance compared to similar rodents; this was
suggested to potentially account for at least part of their extremely long lifespan [66].
Similarly, while mice show a progressive rise in accumulation of protein damage over age,
there is almost no change in levels of protein damage over the course of age in the naked
mole rat, which is thought to be a product of their enhanced 20S Proteasome levels and
activity [66]. These results provide at least correlative and speculative evidence for an
important role of the 20S Proteasome as a determinant of lifespan through its ability to
minimize the accumulation of damaged proteins in an organism as it ages.

VII. The 20S Proteasome in Adaptation to Protein Damage
Cells or organisms are frequently exposed to a low level of oxidative stress or protein
damage though, occasionally, they will experience much greater stress. Even for a short
time, a large stress will result in greater accumulation of damaged proteins, which is highly
damaging to the cell. To combat this accumulation, cells appear to have a transient response
in which capacity for degrading oxidized proteins is increased initially in a protein synthesis
independent manner (0.5 h -5 h after oxidative stress exposure). This is followed by protein
synthesis dependent increase in proteolytic capacity (5h - 48h after oxidative stress
exposure) [41, 67]. These responses make the cell much more resistant to normally toxic
conditions of protein damage. The initial protein synthesis independent (unaffected by
cycloheximide) response is mostly blocked when Proteasome inhibitors are used, indicating
that Proteasome plays an important role [67]. This increase in capacity to degrade oxidized
proteins appears to coincide with a marked reduction in ATP-stimulated proteolytic capacity
which is subsequently restored three to five hours later. It appears that this response is the
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product of a disassociation or disassembly of the 26S Proteasome into free 19S regulators
and 20S Proteasomes. After the stress has abated and/or the protein synthesis dependent
response has begun, it is important for 26S Proteasome to be reformed so that normal cell
function can return. Indeed. three to five hours after the initial stress, the 26S Proteasome
appear to re-form from the free 19S regulator and 20S Proteasome (Figure 4). A number of
chaperones appear to be involved in this process, and in the mammalian system hsp70 has
been shown to be important in stabilizing the 19S regulator after dissociation from 20S
Proteasomes, and has been shown to be important for the re-assembly of functional 26S
Proteasomes [67]. In yeast, the Ecm29 protein has been shown to bind to the 19S regulator
following dissociation (it may actually cause dissociation) and is required for the increases
in survival and ability to degrade damaged proteins [68]. We suggest that Ecm29 may cause
26S disassembly, and hsp70 may protect 19S regulators and allow 26S reassembly in both
yeast and mammals (Figure 4), and we are currently testing this hypothesis.

In addition to the transient response of 26S Proteasome dissociation/reassembly there is also
a slower adaptive response to a stress. Over the 5 to 48 hours following oxidative stress,
cellular capacity to remove damaged proteins and cellular tolerance to damaging conditions,
increases significantly [41, 67, 69]. This response, like the initial 0.5 to 5 hour response,
described above, is largely blocked using Proteasome inhibitors [41, 67]. However, unlike
the earlier response, this transient adaptive increase in stress-resistance is accompanied by
de novo synthesis of 20S Proteasome, and is blocked by siRNA against Proteasome subunit
genes, and by general protein synthesis inhibitors such as cycloheximide. Thus, it appears
that the adaptive response is at least in part the product of an increase in de novo synthesis
of 20S Proteasome. Such transient, and reversible, adaptive responses have also been called
hormesis. Importantly, if new 20S Proteasome synthesis is blocked using siRNA then the
increase in capacity to degrade oxidized proteins, as well as the enhanced resistance to
oxidative stress, are both blocked, indicating that the increase in 20S Proteasome is
important for the adaptive response. In addition to 20S Proteasome these is also an increase
in synthesis both of the Immunoproteasome and the Pa28αβ Proteasome regulator which
have also both been shown to be important for adaptation.

VIII. Removal of Damaged Proteins by the 20S Proteasome in the Nucleus
In addition to its presence in the cytoplasm, there is also a large amount of 20S Proteasome
in the nucleus which plays a very important role in stress resistance. As in the cytoplasm,
20S Proteasome in the nucleus is very important in the removal of oxidized or otherwise
damaged proteins such that normal cell function can continue. In addition to these roles,
because of the specialist nature of many proteins in the nucleus, nuclear 20S Proteasome has
additional specific functions. These nuclear-specific functions are regulated through
Proteasome regulators that are only found in the nucleus.

The Nuclear 20S Proteasome Regulator: PARP
As in the cytoplasm, the nucleus appears to have a rapid response system to oxidative stress.
In fact, in just fifteen minutes following an oxidative stress there is an eighteen fold increase
in Proteasome dependent proteolytic activity in the nucleus [70]. It has been shown that this
is not due to de novo protein synthesis but due to modifications to the 20S Proteasome to
make it not only more proteolytically active but also more capable of specifically degrading
oxidized histones [70]. The selective and very specific degradation of oxidized histones is
very important for DNA repair during oxidative stress and, therefore, very important for cell
survival and minimizing mutations. The histones around which DNA is wrapped play an
important role in control of DNA expression [71], and so it is very important that any
damage to the histone complexes in the chromatin be repaired as well as the DNA itself. In
fact, damaged histones must actually be removed from the DNA before DNA repair can
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effectively begin, and Proteasome is the enzyme which catalyzes this selective proteolytic
removal of damaged histone proteins.

As noted above, following an oxidative stress there is a very large and rapid increase in
Proteasome dependent proteolytic activity in the nucleus [70], and this change in
Proteasome activity is regulated by another protein called poly-ADP ribose polymerase
(PARP). Following stress, PARP functions by transferring ADP moieties off NAD+ onto
other proteins [72]. PARP is believed to use this mechanism heavily as a means of signaling
DNA damage and inducing its repair [73]. It appears that the 20S Proteasome can also act as
a substrate for modification by PARP. It was shown in studies using purified 20S
Proteasome that ADP ribosylation of 20S Proteasome by PARP resulted in an increase in
selectivity for degradation of oxidized histones, which accounted for the changes in
proteolytic selectivity and increased activity observed under oxidative stress of the nucleus.
Furthermore, the increase in proteolytic activity in the nucleus under oxidative stress is lost
with inhibition of PARP activity indicating that PARP is a key regulator of Proteasome in
the nucleus [70].

The Nuclear 20S/26S Proteasome Regulator: Pa200
Another regulator of nuclear 20S Proteasome is the Pa200 (also known as PSME4)
Proteasome regulator. This is a 200 kilodalton activator of Proteasome activity (hence
Pa200) that is highly conserved throughout the eukaryotic domain [74, 75]. Pa200 is a
nuclear-localized regulator of Proteasome. Like PARP, Pa200 appears to be involved in
repair of DNA damage. Unlike PARP, however, which appears to assist DNA damage repair
through activating the 20S Proteasome to increase preferential degradation of damaged
histones, the role which Pa200 plays is not entirely clear [70, 74]. It has been seen in studies
using the yeast homologue of Pa200 (Blm10), that mutation of Blm10 results in cells
becoming much less resistant to DNA damage [76]. Similarly in mammalian culture, the
depletion of Pa200 results in greater DNA damage susceptibility to ionizing radiation [77].
Interestingly, although Pa200 is referred to as a Proteasome activator, because of its ability
to enhance the 20S Proteasome's ability to degrade short peptides, it does not appear to
enhance the ability of 20S Proteasome to degrade whole proteins [74]. In at least a partial
elucidation of its role, it appears that under cell damage through ionizing radiation or
hydrogen peroxide treatment, there is a rapid formation of foci of Pa200 on the DNA
chromatin. The formation of these DNA foci correlates with an increase in Pa200 binding to
either 20S Proteasome or so called hybrid Proteasome. This hybrid Proteasome is
Proteasome on which at one end there is a 19S regulator and at the other end the Pa200
regulator [74, 77]. It is unclear whether Pa200 functions mainly as a regulator of 20S
Proteasome or as a regulator of 26S Proteasome through the formation of hybrid
Proteasomes. It is also unclear whether Pa200 functions primarily though degradation of
damaged proteins in the chromatin or through triggering some form of DNA repair
mechanism. It is clear, however, that whatever its actual role, it is a highly conserved,
regulator of Proteasome in response to oxidation or other damage in the nucleus.

The Nuclear 20S Proteasome Regulator: Pa28γ
The final regulator of 20S Proteasome in the nucleus is the Proteasome regulator Pa28γ
(also known as REGγ, 11sγ, or PSME3). There is no evidence at present of a role for
Pa28γ in removal of damaged proteins. The Pa28γ regulator forms a homoheptameric ring
on either end of the 20S Proteasome. It is nuclear-localized and is a genetic ortholog of the
better studied Pa28αβ regulator [78]. It weakly enhances the 20S Proteasomes ability to
degrade short peptides, Its main function however is largely unknown. Pa28γ has been
shown to be important in cell cycle progression as well as apoptosis [79]. It has also been
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shown to be a critical regulator of p53 expression during a stress response [80] however its
full role is largely unknown.

IX. Alternative Forms of the 20S Proteasome in the Cytoplasm and Other
Non-nuclear Compartments and their Role(s) in Removal of Damaged
Proteins
Immunoproteasome and Oxidative Stress

Another form of the Proteasome which has been suggested to be involved in proteolytic
removal of oxidized proteins is the Immunoproteasome (Figure 5), described in more detail
in other chapters. This form of Proteasome differs from 20S Proteasome by the presence of
three alternative subunits (β1i, β2i and β5i) sometimes known as (lmp2, mecl-1 and lmp7).
These alternative subunits result in differences in the sites of cleavage of proteins degraded
by the Immunoproteasome compared to the 20S Proteasome, which will give a different
range of peptides [81, 82]. The peptides generated by the Immunoproteasome, because of
their composition and structure, are favored as peptides for MHC class 1 antigen
presentation [83, 84]. Expression of the Immunoproteasome is strongly induced by the
regulator interferon-γ. Interferon-γ is a cell signaling molecule that is important in both
innate and adaptive immune response [85]. This along with the localization of the
Immunoproteasome to the endoplasmic reticulum has led to the belief that it functions
primarily as a means of generating MHC class 1 peptides for cell surface presentation [83,
84]. This theory of the Immunoproteasome's role being primarily that of immune response
has however come into question recently with the observation that interferon-γ itself
produces an oxidative stress response. It is entirely possible than that interferon-γ induced
synthesis of Immunoproteasome might actually be an oxidative stress response rather than
an immune response [86].

In addition to a hypothesized role for the Immunoproteasome in immune response it appears
that it possesses a role in degradation of oxidized proteins. The Immunoproteasome has been
shown to be as capable as the 20S Proteasome of selectively degrading oxidized proteins
[41] and its expression does increase under conditions of protein damage [41, 55, 87, 88]. It
has been hypothesized that protein oxidation might function as a universal marker for
selection of proteins for MHC antigen presentation This ‘PrOxI hypothesis’ [83] suggests a
potential explanation of, and reason for Immunoproteasome's capacity to selectively degrade
oxidized proteins. It also seems that Immunoproteasome can, like the 20S Proteasome, play
a role in the removal of damaged proteins as part of cellular damage repair. In support of
this it has been shown that the Immunoproteasome, like the 20S Proteasome, is inducible
during oxidative stress and in aging. Furthermore, if Immunoproteasome is removed or
depleted in certain cells then those cells are more susceptible and less adaptable to oxidative
stress [41, 89, 90]. As a result, while the role of the Immunoproteasome remains somewhat
controversial, several studies have provided highly suggestive evidence that the
Immunoproteasome plays a role in the selective removal of oxidized proteins from the cell.

The cytoplasmic Proteasome Activator Pa28αβ
The Proteasome regulator Pa28αβ, also known as REGαβ, 11Sαβ or PSME1 and PSME2,
is an activator of 20S Proteasome activity. Pa28αβ is localized to the cytoplasm and forms a
heteroheptameric ring composed of three alpha subunits and four beta subunits [91]. This
ring can fit on either end of the core of the 20S Proteasome. When associated with the 20S
Proteasome it induces a large increase in the capacity to degrade short peptides [78]. The
regulator Pa28αβ has been shown to be important in the process of oxidative stress
adaptation. Like 20S Proteasome there is a strong increase in production of Pa28αβ when

Pickering and Davies Page 10

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2013 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells are exposed to an adaptive dose of an oxidant [41]. It has also been shown, using
mutants of Pa28αβ and using siRNA to block Pa28αβ expression, that the adaptive
response to oxidative stress is notably weaker and there is much less of an increase in the
capacity of cells to degrade oxidized proteins without expression of functional Pa28αβ. This
indicates that Pa28αβ plays an important role both in oxidative stress adaptation and in
stimulating the degradation of oxidized proteins [41]. There is also a strong suggestion for a
potential role for Pa28αβ in MHC class I antigen presentation. Like the Immunoproteasome
Pa28αβ is regulated by interferon-γ [92]. This has lead to some suggestion that the two
might act together with Pa28αβ forming a cap on Immunoproteasome to enable or assist
MHC class I antigen presentation of self and non-self antigens [83]. Additionally, it has
been shown that increases in Pa28αβ expression result in enhanced recognition of viral
antigens by cytotoxic T-cells [93].

X. Summary
Cells accumulate protein damage through exposure to environmental toxins, physiological
stresses, protein synthesis errors, and as a product of age. These damaged proteins reduce
cell function and, in some cases, can even threaten cell viability. To allow normal cell
function to return, and prevent toxicity, the 20S Proteasome functions to remove such
damaged proteins and minimize their tendancy to aggregate, cross-link, and accumulate.
Unlike the 26S Proteasome, the 20S Proteasome is capable of selectively degrading the
oxidatively damaged forms of cellular proteins. It is also more resilient to the conditions
where damage would occur (oxidative stress) and with the removal or inhibition of 20S
Proteasome cells appear poorly equipped to remove damaged proteins. As a result, while the
26S Proteasome is highly important in regulation of normal cell function, it appears not to
play a major role in the removal of damaged proteins.

The removal of damaged proteins by the 20S Proteasome, as well as being important for
maintenance of normal cell function, appears to have an important role in aging. It seems
that part of the decline in cell and organismal function as a product of age is through an
increase in protein damage due to diminished 20S Proteasome levels and activity. As well as
aging and normal cell maintanence, the 20S Proteasome appears to be important in transient
and reversible adaptation to stress. Thus, 20S Proteasome activity is not static but is directly
activated by oxidants, and its synthesis is inducible by (oxidant) signaling molecules such as
hydrogen peroxide, resulting in an enhanced resistance to protein damage and enhanced
proteolytic removal of damaged proteins.

There are also several regulators of the 20S Proteasome which are important for specific
functions in different compartments. PARP binds to 20S Proteasome in response to
oxidative stress and enhances removal of damaged histones. Pa200 which also binds to
Proteasome in the nucleus appears to have some role in response to DNA damage but its
function is unclear. Pa28αβ appears to enhance the Proteasome's proteolytic capacity in the
cytoplasm and is important in oxidative stress responses. Similar to the 20S Proteasome, the
Immunoproteasome has also been found to selectively degrade oxidized proteins.
Immunoproteasome is also transiently and reversibly induced by oxidative stress, and we
suggest that it is also important in the overall degradation of damaged proteins.
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Figure 1.
Formation of Oxygen Radicals and Reactive Oxidants
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Figure 2.
Structures of the 20S and 26S Proteasomes, based on diagrams published in McNaught et
al 2001 [94]
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Figure 3.
Degradation of Proteins by the 20S and 26S Proteasomes
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Figure 4.
Disassembly and Reassembly of the 26S Proteasome in Response to Oxidative Stress
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Figure 5.
Subunit Composition of the 20S Proteasome and the Immunoproteasome
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