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Abstract: PA28af is a y-interferon-induced 11S complex that associates with the ends of
the 20S proteasome and stimulates in vitro breakdown of small peptide substrates, but not
proteins or ubiquitin-conjugated proteins. In cells, PA28 also exists in larger complexes
along with the 19S particle, which allows ATP-dependent degradation of proteins; although
in vivo a large fraction of PA28 is present as PA28af3-20S particles whose exact biological
functions are largely unknown. Although several lines of evidence strongly indicate that
PA28af plays a role in MHC class I antigen presentation, the exact molecular mechanisms
of this activity are still poorly understood. Herein, we review current knowledge about the
biochemical and biological properties of PA28af3 and discuss recent findings concerning its
role in modifying the spectrum of proteasome’s peptide products, which are important to
better understand the molecular mechanisms and biological consequences of PA28af activity.
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1. MHC Class I Antigen Presentation

The continual presentation of intracellular proteins fragments on major histocompatibility complex
(MHC) class I molecules is a process that allows cytotoxic CD8" T lymphocytes (CTLs) to identify
and selectively eliminate cells that synthesize foreign (e.g., viral) or abnormal (e.g., oncogene products)
proteins [1,2]. The vast majority of MHC class I-presented peptides (known as antigenic peptides or
epitopes) are generated during the degradation of mature proteins or defective ribosomal products
(DRiPs) by the ubiquitin-proteasome system (UPS) [3,4]. These peptides are then translocated through
TAP transporters [5] to the endoplasmic reticulum (ER) where they bind to MHC class I heterodimers
and are delivered to the cell surface [6]. The active form of the proteasome, which appears to degrade
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most cellular proteins, is the 26S proteasome [7,8]. This large (2.4 MDa) and abundant multi-subunit
proteolytic complex consists of the 20S proteasome, in which proteins are degraded, capped at
one or both ends by the 19S regulatory particle, which is responsible for recognizing, unfolding, and
translocating polyubiquitinated (and some non-ubiquitinated, e.g., denatured) substrates into the 20S
internal proteolytic cavity [9]. The 20S proteasome is a barrel-shaped structure composed of four
stacked heptameric rings. The two outer rings consist of a-subunits, while the two central rings are
made up of B-subunits [10]. In most cells, the proteolytic activity of the 20S proteasome is located at
subunits B5 (X), B2 (Z), and B1 (Y) of the core particle. However, lymphoid cells and cells exposed to
cytokines such as IFN-y alternatively express three homologous subunits (B51/LMP7, B2i/MECL-1,
B11/LMP2), which replace the constitutive ones in newly assembled so-called immunoproteasome
particles [11]. A variety of studies have demonstrated that incorporation of these INF-y-induced subunits
quantitatively modifies proteasomal cleavage preferences and enhances the production of a significant
number of antigenic peptides, although there are examples of epitopes that are generated with lower
efficiency, or which are not released, by immunoproteasomes [12]. In any case, the recent generation
of transgenic mice lacking all three proteasomal catalytic f-immune subunits clearly demonstrated the
pivotal role that immunoproteasomes play in the generation of MHC class I ligands [13]. Additionally,
immunoproteasomes have been shown to be important for efficient cytokine production [14] and have
been implicated in a number of pathological disorders such as cancer and neurodegenerative and
autoimmune diseases [15—17]. Finally, it has been recently demonstrated that 26S immunoproteasomes
possess the capacity to hydrolyze basic proteins (such as Histones and Myelin Basic Protein) at greatly
increased rates compared to constitutive proteasomes [18].

2. Proteasome Activator PA28af
2.1. Structure

Another INF-y-inducible UPS component that affects MHC class I antigen presentation is PA28
(also termed REG or 115), a ring-shaped 180 kDa multimeric complex that binds, in an ATP-independent
manner, to the two ends of the 20S proteasome and substantially enhances its ability to degrade short
peptide substrates, but not proteins or ubiquitin-conjugated proteins [19,20]. In addition, PA28 can also
associate with the free end of asymmetric 26S proteasomes (19S-20S) to form so-called “hybrid
proteasomes” (19S-20S-PA28) [21-24] that hydrolyze tri- and tetra-peptides at higher rates than canonical
26S particles [21,23]. In mammals, PA28 is composed of two homologous subunits, namely PA28a
(REGa or PSME1) and PA28B (REGP or PSME2), both of which are induced by y-interferon [25-31].
A third member of PA28 family is PA28y (also known as REGy, 11Sy or Ki antigen), which is
a nuclear antigen that is not induced by INF-y and not involved in MHC class I antigen presentation.
The biochemical and biological properties of PA28y has been reviewed elsewhere [32], and consequently
will not be considered in detail.

PA28a and PA28f have an apparent molecular weight of 28 kDa on SDS-PAGE electrophoresis
and share a nearly 50% amino acid sequence identity [25,29,33]. Based on the crystal structure of
PA28a [34], the overall secondary structure of PA28 proteins is composed of four long a-helices
of 33-45 residues in length that are involved in intra- and intermolecular interactions. The linker
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sequence between helices 2 and 3, which is highly conserved in PA28 a and 3 subunits, is designated
the “activation loop” since it is responsible for stimulation of proteasome peptidase activities [35].
A second region of the molecule involved in the activation of 20S proteasome is the 10 residue
C-terminal tail, which provides binding energy for PA28-proteasome association [36—38]. Finally,
the linker between helices 1 and 2 is composed of sequences that are highly divergent between PA28 o
and B subunits and for this reason are known as “homolog specific inserts” [39]. Although these inserts
are not resolved in the X-ray structure of PA28a, presumably since they are flexible, it is almost
certain that they protrude from the upper surface of the PA28a ring [30].

PA28 has been reported to be phosphorylated in vivo on serine residues [40,41] and phosphorylation
was believed to be indispensable to activate proteasome peptidase activities [41]. Considering,
however, that nearly all in vitro studies concerning the biochemical properties of PA28 have been
performed using the recombinant protein expressed in E. coli (which in the vast majority of cases
are not competent for phosphorylation of recombinant proteins), it is clear that phosphorylation is not
essential for the stimulatory activity of PA28, while in vivo it may exert more subtle and yet
unidentified regulatory functions. Moreover, binding of PA28 to calcium has also been described
although the physiological significance of this observation remains an open question [42].

While it is clear that at least in vitro recombinant PA28a can form a heptameric ring [34,43] and
recombinant PA28f is a monomer [35,39], the subunit stoichiometry of native PA28af3 has been
initially reported [26,38] to be a hexamer (3a3f). However, subsequent studies indicated that heteromeric
PA28 is a heptamer formed by the association of three a subunits and four 8 subunits [44,45]. Electron
microscopy images show that PA28af forms a cap on the end of 20S particle by interacting with
proteasome a-subunits [46]. This cap is about 10—-11 nm wide at the base, where it attaches to
proteasome o subunits, and 7-8 nm long from the base to the tip. EM data also indicate that PA28
contains a central channel that apparently traverses it entirely to the central pore of proteasome a-ring.
Accordingly, the crystal structure of recombinant PA28a at 2.8 A resolution reveals a heptameric ring
traversed by a central aqueous channel with a diameter of 30 A on the face contacting the proteasome
and 20 A on the other [34].

2.2. Role in MHC Class I Antigen Presentation

The effects of PA28afp on antigen processing and CD8" T-cell responses are still unclear and
controversial [2,30]. Professional antigen presenting cells generally express PA28af at high levels,
which is in agreement with a possible function of this complex in MHC class I antigen processing [47,48].
Accordingly, expression of PA28a alone [49,50] or PA28ap [50-54] has been reported to enhance
MHC class I-presentation of some, but not all, antigens. Furthermore, cells lacking this complex have
a reduced ability to generate certain antigens [55], and recent studies identified the second most
important UPS component in PA28 (surpassed only by B51/LMP7) for production of MHC class I
ligands [56], although its effects seem to be restricted to specific MHC class I alleles [57].

Although concerted expression of PA28 o and B and proteasomal Bli, 21 and 51 subunits
following INF-y induction leads to the formation of PA28aB-20S immunoproteasomes in vitro and
in vivo [22,24,26,31,55,58-64], however PA28af} can also be detected in cells, tissues and organs
that lack immunoproteasomes like erythrocytes, muscle and brain [19,20,58—61,65,66]. It is, therefore,
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conceivable that PA28af} can exert its biological function(s) also in association with constitutive
proteasomes, probably related to its capacity to substantially modify the pattern of proteasomal
peptides products. Further studies will be required to assess whether the changes in the patterns of
peptides generated from proteins following binding of PA28af with 20S and 26S constitutive are
similar to those already identified for its association with 20S and 26S immunoproteasomes [18].

2.3. Biochemical Properties
2.3.1. Hydrolysis of Fluorogenic Peptide Substrates

As pointed out above, PA28af was originally identified due to its capability to markedly stimulate
peptidase activities of the 20S proteasome, as measured using short fluorogenic model substrates.
In particular, kinetic studies revealed that PA28 increases V. and reduces K, for peptide hydrolysis
by proteasomes [19,20]. Subsequent detailed biochemical analysis demonstrated that the native and
recombinant PA28a subunit is able to activate all three main proteasomal peptidase activities [35,39,65,67].
Nonetheless, the precise biochemical functions of PA28f are still unclear and a matter of debate.
While it is well established that, by association with the a subunit, PA28f strongly enhances the
affinity for the proteasome of the PA28 heterocomplex [38,65,67], whether the B subunit by itself
activates the 20S particle is controversial, as acknowledged in several studies [35,36,39,52], but
excluded in others [31,65,67]. Paradoxically, in one investigation PA28B was reported to activate
proteasomes at high concentrations, but behaves as an allosteric proteasome inhibitor at low
concentrations [68]. To investigate this issue, we checked the effect of our standard preparation of
recombinant PA28B on proteasomal chymotryptic activity. From our experiments, it is clear that
PA28p is able to associate with the o subunit and to greatly increase its affinity for the 20S proteasome,
but by itself it does not exert any stimulatory effect on proteasome chymotrypsin-like activity (Figure 1).

Figure 1. Effect of PA28a, PA28af} and PA28B on the chymotrypsin-like activity of
20S immunoproteasome. Assays were carried out in continuo at 37 °C in 500 pL of buffer
reaction 20 mM Tris-HCI pH 7.5, 0.2% (w/v) BSA, containing 100 pM of Suc-LLVY-AMC.
For each assay, 4 ng of 20S were used.
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Concerning the exact molecular mechanisms of proteasome activation by PA28, a variety of
biochemical actions have been proposed, including allosteric modification of the 20S proteasome active
sites [20,69] or non-catalytic modifier sites [69], stimulation of peptide entry into the particle [20,52,70],
stimulation of peptide exit [52,71], and facilitating the binding of proteasomes to chaperones or to
components of the endoplasmic reticulum [30]. In particular, PA28 has been often proposed to
enhance hydrolysis of short peptides by inducing long-range conformational changes in proteasomal
active sites. In fact, biochemical data indicates that proteasome proteolytic sites are allosterically
regulated [36,72-75] and that their modification leads to gate opening [76—78]. Furthermore,
an allosteric pathway linking the PA26 (the PA28 homologue in trypanosomes) binding sites with the
active sites in the 7. acidophilum 20S proteasome has been recently described [79]. On the other hand,
crystallographic studies unambiguously showed that association of yeast 20S with PA26 does not
induce any structural modification of proteasomal catalytic B subunits [71], thus disproving an
allosteric mechanism for its stimulatory effect. It remains, however, possible that subtle changes in
the B-rings of 20S proteasomes induced by PA28 are lost in the rigid crystal structure of PA26-20S
but might be detectable with other techniques (e.g., NMR or EM) [80,81]. PA28 has also been reported
to enhance the ability of 20S proteasomes to make correct C- and N-terminal cleavages in longer
oligopeptides in vitro in order to generate class I presented epitopes [82,83]. However, other studies
indicate that proteasomes generate N-extended precursors of antigenic peptides [84] that are trimmed
to their presented epitopes by cellular aminopeptidases [85-90]; this N-terminal trimming is also
stimulated by y-interferon [86,90,91], thus strongly questioning the in vivo relevance of the double
cut model. Lastly, PA28 was reported [92] to be essential for assembly of immunoproteasomes, but
subsequent studies failed to confirm this finding [55,93].

2.3.2. Gate Opening Mechanism

In the crystal structure of PA26 solved by Hill and coworkers [71], the binding of PA26 was found
to open the gate on the channel in the proteasome a-ring through which substrates enter [94]
and products exit [70]. Specifically, PA26 C-terminal residues dock into pockets between adjacent
proteasome o subunits and, by forming hydrogen bonds and a salt bridge between the C-terminal
carboxylate of the activator and a highly conserved proteasome lysine side chain (Lys 66), provide
binding energy for PA26-20S complexes [71,95]. Binding to the C-termini of PA26, however, is not
sufficient to activate the 20S proteasome, which requires the activation loop that forms a seven-fold
symmetric circular array that interacts with the base of the N-terminal gating residues of the seven
proteasomal a subunits. In particular, a glutamate side chain (Glu 102) in each PA26 subunit activation
loop contacts and repositions a proline residue (Pro 17) of 20S a subunits located above the surface of
the proteasome. This interaction triggers gate opening by disrupting packing and hydrogen bonding
interactions of the asymmetrical closed conformation and by widening the pore opening to a more
symmetrical arrangement that allows a belt of intersubunit contacts to form around the circumference
of the opening [96,97].

On the basis of these structural observations, PA28 was predicted to lead to attenuation of
proteasomal processivity and consequent release of peptide products of greater mean length [71],
as occurs on deletion of the a-gate [70]. Since most peptides released by proteasomes are too short to
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bind to MHC class I molecules [84,98—101], the generation of larger products would be expected to
enhance the fraction of products capable of serving in antigen presentation, either directly or after
trimming by aminopeptidases in the cytosol [89,102] or endoplasmic reticulum [86-88,90,103].
However, since not only PA28 but also the 19S regulator can induce the opening of the 20S core
particle central gate [104], it remains unclear whether the above-mentioned structural observations can
explain the specific effects of PA28 on substrate cleavage and, consequently, on antigen presentation.

2.3.3. Effects of PA28af on Protein Degradation

In this respect, it is clear that a full understanding of the specific biochemical functions of PA28af3
requires quantitative information on the rates of protein substrate hydrolysis and generation of peptide
products by PA28af-containing immunoproteasomal species. To address this important issue, we recently
performed a systematic analysis of the entire spectrum of peptides released during degradation of
full-length proteins by PA28af-20S immunoproteasomes [101]. PA28aB-20S particles were found to
hydrolyze proteins at identical, slow rates compared to 20S proteasomes, and to generate higher amounts
of very short products together with several longer peptides characterized by higher overall hydrophilicity.

The finding that unstructured polypeptides are hydrolyzed at rates that are nearly 10-fold higher by
26S compared to 20S and PA28aB-20S immunoproteasomes is consistent with the notion that the free
20S particle is a relatively inactive protease since the N-terminal tails of its o subunits obstruct
the two opposite axial pores through which substrates access the internal catalytic lumen [94].
This autoinhibited state is relieved when the 20S core particle binds to activators such as 19S or PA28
that displace, in an ATP-dependent and independent manner, respectively, the N-terminal tails thereby
opening an axial channel in the a annulus [70,71]. However, the latency of unliganded 20S proteasome
is not absolute since, even in the absence of artificial treatments (e.g., heating or presence of low
concentrations of detergents or chaotropic agents) that are known to activate it [10], the 20S core
particle degrades proteins at detectable and reproducible rates, probably involving transient and/or only
partial channel opening [70,76—78]. Surprisingly, despite the fact that the open-channel conformation
of the gating residues induced by ATP-dependent and independent activators appears to be identical [105],
our data show that PA28af-20S immunocomplexes hydrolyze proteins at the same rates as 20S
immunoproteasomes, but much less efficiently than 26S immunoproteasomes. While on one hand
this confirms initial reports on the biochemical properties of PA28 [19,20,65], it is difficult to
reconcile with the known role of the proteasomal gate in controlling accessibility of substrates into the
lumen of the 20S particle. In fact, opening of the axial channel by deletion of the N-terminal tails of
eukaryotic [70,106] or archaeal [107] proteasomal o subunits results in strong enhancement of
the degradation rates of unfolded proteins, therefore suggesting that unstructured substrates can freely
access the internal proteolytic chamber of the 20S particle simply by passive diffusion through a fully
open gate. Furthermore, although it has been proposed that translocation of completely unstructured
proteins might require a driving force produced by ATP hydrolysis [108], subsequent studies
demonstrated that once the polypeptide chain is unfolded its transit through the ATPases ring can
occur by passive diffusion, in which retrograde movement is probably prevented by a Brownian ratchet
mechanism [109]. In light of these data, the inability of PA28af} to enhance hydrolysis rates of loosely
folded proteins is surprising. It can be speculated that the presence of a supplementary multimeric ring,
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sitting at the proteasomal outer a surface, might impose an extra constraint to the completely free
diffusion of large, although linear, polypeptide chains into the internal proteasomal lumen. From this
point of view, transit thorough the pore of open gate mutants might not perfectly reflect passage across
the PA26/28 central channel. In fact, the crystal structure of PA28a shows that the aqueous channel
through the heptamer has a diameter of 20 A at its minimum, which is theoretically wide enough for
passage of unfolded proteins [34]. However, the homolog-specific inserts present between helices 1
and 2, which are not resolved in the crystal structure, most likely form a ring-like collar on the upper,
non-proteasome binding surface of the PA28 heptamer. Although several studies have shown that
these loops do not restrict passage of tri- or tetra-peptide fluorogenic substrates [35,67], recent
investigations have demonstrated that they can hinder the transit of longer peptides, and conceivably of
proteins as well, through the PA28 channel [44]. In fact, we demonstrated that 20S and PA28a-20S
immunoproteasomes hydrolyze proteins at exactly the same slow rates, which implies that denatured
substrates transit through the partially or transiently open gate of unligated 20S and the fully open
channel of PA28aB-20S particles with comparable efficiency. However, it cannot be excluded that
PA28af might selectively enhance degradation of some specific substrates that are yet to be identified,
as has been unambiguously demonstrated for PA28y [110-113].

2.3.4. Effects of PA28af on Peptide Products Generation

Although PA28af is unable to enhance rates of protein degradation by proteasomes, its association
with the 20S particle was found to lead to substantial changes in the patterns of peptides generated,
which greatly differ from those produced by 20S and 26S immunoproteasomes [101]. In fact, only ~10%
of peptides generated by 20S and 26S immunoproteasomes were found to be 8—10 residues long [101],
which is the appropriate length to bind MHC class I heterodimers. Most importantly, association of
PA28af with the ends of 20S immunoproteasomes does not increase the fraction of 8-10 residue
peptides generated, but reduces it to 6% of the total. Moreover, the fraction of peptides longer than
10 amino acids, which might serve in MHC class I antigen presentation only after appropriate
trimming by aminopeptidases in the cytosol or ER, is larger for 20S than for 26S immunoproteasomes;
binding of PA28af to the 20S particle dramatically reduces the overall efficiency of generation of
these longer products. It is thus clear that PA28 does not act simply by expending the fraction of
proteasomal products that can be accommodated in the groove of MHC class I molecules directly or
after trimming. In this regard, it is worth noting that both 20S and 26S immunoproteasomes display a
similar high propensity to release 8—10 residue long products, although 20S has also an increased
capacity to generate longer fragments [101]. However, correct evaluation of the overall efficiency of
different immunoproteasome species in producing peptides with a size potentially suitable for class I
antigen presentation requires normalization of their rates of generation with those of substrate
hydrolysis. Therefore, since in vitro 26S immunoproteasomes were found to degrade unfolded proteins
at 10-fold higher rates than 20S and PA28af3-20S [84,101,114], it is evident that 26S holoenzymes
are potentially the most efficient immunoproteasomal species in terms of generating higher amounts of
peptides with the correct size to serve in MHC class I antigen presentation either directly or after
aminopeptidase trimming.
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2.3.5. PA28 as a Smart Sieve

Surprisingly, PA28af-20S immunoproteasomes were found to display a reduced ability to generate
longer products that, in principle, might depend upon conformational changes in proteasomal active sites.
This hypothesis has already been suggested to explain the biochemical properties of PA28 [36,72,75],
and specifically its ability to stimulate coordinated dual cleavages of short synthetic peptides (typically
19-25 residues long) by 20S particles [82,83]. This possibility, however, seems unlikely for PA28af3-20S
immunoproteasomes since, as already pointed out, association with PA26 does not induce any structural
modification of proteasomal catalytic B subunits [71]. Alternatively, PA28af might primarily act as
a molecular sieve that retains longer protein fragments inside the 20S proteolytic chamber until they
are cleaved to peptides that are small enough to diffuse to the outside. This later model would be
consistent with detailed kinetic analyses showing that PA28 exerts its activating influence by enhancing
bi-directional passage of short (3—4 residues) peptides [52] and with an important in vitro/in silico
study that identified one of the major factors involved in the enhancement of double cut efficiency
induced by PA28 in a reduced efflux of longer peptides out of the 20S particle [115]. Furthermore,
it was recently shown that a PA28af3 complex lacking the unstructured and highly mobile PA28a loops
surrounding the central pore of the heptameric ring cleaves substrates longer than a nonpeptide more
efficiently than wild type PA28. On these bases, it was hypothesized that the flexible loops of PA28
might act as gatekeepers that block the exit of longer peptides from the proteolytic chamber [44].
Selectivity based exclusively on peptide size, however, cannot account for the overall effects of PA28
on the patterns of proteasome products observed by Raule ef al. [101]. In fact, quantitation of products
demonstrated that several individual peptides with a length of 823 residues are released in much
higher amounts by PA28aB-20S than by 20S or 26S immunoproteasomes [101]. Therefore, PA28
appears to act as a selective filter that promotes preferential passage of only subset of specific long
products through its central channel, presumably based on sequence.

At present, the properties that might allow specific longer peptides to evade the constraint imposed
by PA28 towards their efflux are not completely clear. However, the finding that products longer than
seven residues whose generation is strongly enhanced in the presence of PA28 are, on average, more
hydrophilic than those preferentially released by 20S alone [101], strongly suggests that the passage of
polar/charged long peptides thorough PA28 might be favored. In this model, PA28 would act as
a selective “smart” sieve that strictly controls the exit of products from proteasomes on the basis of
size and sequence (Figure 2). As a result, PA28af3 would promote preferential efflux from the 20S
proteolytic cavity of only a reduced number of individual peptides longer than 6—7 amino acids, while
the majority of the other proteasomal products are retained inside where they are further cleaved to
smaller pieces before they diffuse outside. In accordance with this model, the central channel of
PA28a ring is almost completely lined by charged or polar residues [34], and is thus well suited for
permitting the passage of water soluble peptides. Importantly, this molecular model would be also
consistent with our findings on 19S-20S-PA28 immunoproteasomes. In this case, the absence of
a clear difference in size distribution [21] argues that in hybrid proteasomes (as in 26S canonical
particles) the main route of exit of peptides from the inner proteolytic chamber is regulated by the 19S
cap, while PA28 would exert its major effect by allowing preferential sorting of selected products
through its central channel.
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Figure 2. “Smart” sieve model for biochemical activity of PA28af3. See text for more details.
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2.4. Other Potential Biological Functions

A full understanding of the exact biological functions of PA28 would undoubtedly represent an
important achievement, especially in the light of the observation that mammalian cells contain
significant amounts of PA28af-20S immunocomplexes [22,24,26,58—-61] whose abundance further
increases upon INF-y stimulation [31,55,62]. In this respect, it seems extremely unlikely that PA28
functions in vivo to stimulate degradation of cytosolic oligopeptides by proteasomes, because such
peptides are very rapidly hydrolyzed by other cellular exo- and endo-peptidases [116]. Moreover,
it has been shown in vitro that peptides released by proteasomes are further cleaved by these
proteolytic particles at extremely low rates [117], and they are thus unlikely to efficiently compete for
degradation with proteins, which are much more preferred substrates [118].

Importantly, the advantage of PA28-containing proteasomes that generate highly divergent patterns
of potential antigenic peptides, characterized by profound qualitative and quantitative differences,
might become relevant under specific pathophysiological conditions especially if favoring a non-canonical,
ubiquitin-independent, protein hydrolysis pathway. In fact, most of the in vitro studies addressing
the production of antigenic peptides have focused on degradation by proteasomes of denatured,
non-ubiquitinated proteins since ubiquitinated proteins are not hydrolyzed by 20S and PA28-20S
complexes [10,19]. This is likely due to the fact that these particles lack the enzymatic activities
necessary to remove and/or to unfold polyubiquitin chains that otherwise would sterically block
translocation of substrates into the proteolytic chamber [119-121]. Although further studies will be
required to clarify whether the patterns of peptides released are different if a protein substrate initially
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binds to the 19S regulatory particle through a polyubiquitin chain or directly through an unstructured
domain, several lines of evidence indicate that in vivo denatured proteins are important, physiological
substrates for intracellular proteolysis. A large fraction of MHC class I epitopes is derived from
rapid degradation of DriPs [122—-124] in a process that has been shown to be at least partially
ubiquitin-independent [124—126]. Furthermore, several recent reports indicate that some loosely-folded,
short-lived regulatory, viral and oxidized proteins are degraded in vivo by the 20S proteasome in
an ATP- and ubiquitin-independent manner [126—133]. In this regard, a contribution of PA28 in this
alternative pathway of protein catabolism pathway seems plausible. Moreover, immunoproteasomes
were recently reported to be strongly induced under conditions of oxidative stress [134], and according
to several lines of evidence, oxidized proteins are preferentially degraded without ubiquitination by
20S proteasomes [131] in a process that was reported to be stimulated by PA28af [135-137].
Importantly, oxidative damage of DNA is recognized as an important cause of malignant
transformation and cancer development [138], which emphasizes the importance of efficient MHC
class I immune surveillance in the presence of oxidative stress. Of note, PA28af was shown to be
highly induced in a naturally occurring tumor [15]. Under conditions of altered redox homeostasis,
therefore, the pool of peptides specifically or preferentially released by PA28aB-20S immunoproteasomes
might be critical in eliciting an effective CTL response. Furthermore, by enhancing fragmentation of
the large majority of proteasomal products, but at the same time, by promoting release from the 20S
particle of specific peptides with a length of eight or more residues, PA28 is likely to exert a profound
influence on the immunodominance hierarchy of CD8" responses. Finally, it is also conceivable that
by promoting release of peptides that apparently cannot serve in class I antigen presentation [101],
PA28 might exert a regulatory function aimed at blunting excessive cytotoxic responses against
antigens of self-origin, thus preventing the risk of potentially harmful autoimmune reactions.

3. Conclusions

Although PA28 has been discovered more than 20 years ago, its precise biological functions have
remained somewhat elusive, and despite that several in vitro and in vivo studies have attempted to
clarify its effects on MHC class I antigen presentation pathway, its role in adaptive immunity is still
quite unclear. Recent data, however, indicate that the main function of PA28 may be related to its
capacity to enhance generation by immunoproteasomes of subset of specific more hydrophilic
peptides. Further studies will be required to unveil the specific role of these hydrophilic products and
to clarify whether they are favoured in some steps of the MHC class I antigen processing pathway.

Acknowledgments
We thank Patrick Moore for assistance in preparation of this manuscript.
Conflicts of Interest

The author declares no conflict of interest.



Biomolecules 2014, 4 576

References

1. Pamer, E.; Cresswell, P. Mechanisms of MHC class [—Restricted antigen processing. Annu. Rev.
Immunol. 1998, 16, 323-358.

2. Rock, K.L.; Goldberg, A.L. Degradation of cell proteins and the generation of MHC
class [—Presented peptides. Annu. Rev. Immunol. 1999, 17, 739-779.

3.  Goldberg, A.L.; Cascio, P.; Saric, T.; Rock, K.L. The importance of the proteasome and
subsequent proteolytic steps in the generation of antigenic peptides. Mol. Immunol. 2002, 39,
147-164.

4. Yewdell, J.W. Not such a dismal science: The economics of protein synthesis, folding,
degradation and antigen processing. Trends Cell Biol. 2001, 11,294-297.

5. Abele, R.; Tampe, R. The ABCs of immunology: Structure and function of TAP, the transporter
associated with antigen processing. Physiology 2004, 19, 216-224.

6. Kloetzel, P.M. Antigen processing by the proteasome. Nat. Rev. Mol. Cell Biol. 2001, 2, 179-187.

7.  Baumeister, W.; Walz, J.; Zuhl, F.; Seemuller, E. The proteasome: Paradigm of a
self-compartmentalizing protease. Cell 1998, 92, 367-380.

8. Voges, D.; Zwickl, P.; Baumeister, W. The 26S proteasome: A molecular machine designed for
controlled proteolysis. Annu. Rev. Biochem. 1999, 68, 1015-1068.

9.  Glickman, M.H.; Ciechanover, A. The ubiquitin-proteasome proteolytic pathway: Destruction for
the sake of construction. Physiol. Rev. 2002, 82, 373-428.

10. Coux, O.; Tanaka, K.; Goldberg, A.L. Structure and functions of the 20S and 26S proteasomes.
Annu. Rev. Biochem. 1996, 65, 801-847.

11. Tanaka, K.; Kasahara, M. The MHC class I ligand-generating system: Roles of immunoproteasomes
and the interferon-gamma-inducible proteasome activator PA28. Immunol. Rev. 1998, 163, 161-176.

12.  Sijts, E.J.; Kloetzel, P.M. The role of the proteasome in the generation of MHC class I ligands
and immune responses. Cell. Mol. Life Sci. 2011, 68, 1491-1502.

13. Kincaid, E.Z.; Che, J.W.; York, I.; Escobar, H.; Reyes-Vargas, E.; Delgado, J.C.; Welsh, R.M.;
Karow, M.L.; Murphy, A.J.; Valenzuela, D.M.; ef al. Mice completely lacking immunoproteasomes
show major changes in antigen presentation. Nat. Immunol. 2012, 13, 129-135.

14.  Groettrup, M.; Kirk, C.J.; Basler, M. Proteasomes in immune cells: More than peptide producers?
Nat. Rev. Immunol. 2010, 10, 73-78.

15. Cerruti, F.; Martano, M.; Petterino, C.; Bollo, E.; Morello, E.; Bruno, R.; Buracco, P.; Cascio, P.
Enhanced expression of interferon-gamma-induced antigen-processing machinery components in
a spontaneously occurring cancer. Neoplasia 2007, 9, 960-969.

16. Egerer, T.; Martinez-Gamboa, L.; Dankof, A.; Stuhlmuller, B.; Dorner, T.; Krenn, V.; Egerer, K.;
Rudolph, P.E.; Burmester, G.R.; Feist, E. Tissue-specific up-regulation of the proteasome
subunit betaSi (LMP7) in Sjogren’s syndrome. Arthritis Rheum. 2006, 54, 1501-1508.

17. Mishto, M.; Bellavista, E.; Santoro, A.; Stolzing, A.; Ligorio, C.; Nacmias, B.; Spazzafumo, L.;
Chiappelli, M.; Licastro, F.; Sorbi, S.; et al. Immunoproteasome and LMP2 polymorphism in
aged and Alzheimer’s disease brains. Neurobiol. Aging 2006, 27, 54—66.

18. Raule, M.; Cerruti, F.; Cascio, P. Enhanced rate of degradation of basic proteins by 26S

immunoproteasomes. BBA Cell Res. 2014, doi:10.1016/j.bbamcr.2014.05.005.



Biomolecules 2014, 4 577

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dubiel, W.; Pratt, G.; Ferrell, K.; Rechsteiner, M. Purification of an 11S regulator of the
multicatalytic protease. J. Biol. Chem. 1992, 267, 22369-22377.

Ma, C.P.; Slaughter, C.A.; DeMartino, G.N. Identification, purification, and characterization
of a protein activator (PA28) of the 20S proteasome (macropain). J. Biol. Chem. 1992, 267,
10515-10523.

Cascio, P.; Call, M.; Petre, B.M.; Walz, T.; Goldberg, A.L. Properties of the hybrid form of the
26S proteasome containing both 19S and PA28 complexes. EMBO J. 2002, 21, 2636-2645.
Hendil, K.B.; Khan, S.; Tanaka, K. Simultaneous binding of PA28 and PA700 activators to 20S
proteasomes. Biochem. J. 1998, 332, 749-754.

Kopp, F.; Dahlmann, B.; Kuehn, L. Reconstitution of hybrid proteasomes from purified PA700-20S
complexes and PA28alphabeta activator: Ultrastructure and peptidase activities. J. Mol. Biol.
2001, 373,465-471.

Tanahashi, N.; Murakami, Y.; Minami, Y.; Shimbara, N.; Hendil, K.B.; Tanaka, K. Hybrid
proteasomes. Induction by interferon-gamma and contribution to ATP-dependent proteolysis.
J. Biol. Chem. 2000, 275, 14336—-14345.

Ahn, J.Y.; Tanahashi, N.; Akiyama, K.; Hisamatsu, H.; Noda, C.; Tanaka, K.; Chung, C.H.;
Shibmara, N.; Willy, P.J.; Mott, J.D.; ef al. Primary structures of two homologous subunits of
PA28, a gamma-interferon-inducible protein activator of the 20S proteasome. FEBS Lett. 1995,
366, 37-42.

Ahn, K.; Erlander, M.; Leturcq, D.; Peterson, P.A.; Fruh, K.; Yang, Y. In vivo characterization of
the proteasome regulator PA28. J. Biol. Chem. 1996, 271, 18237-18242.

Honore, B.; Leffers, H.; Madsen, P.; Celis, J.E. Interferon-gamma up-regulates a unique set of
proteins in human keratinocytes. Molecular cloning and expression of the cDNA encoding the
RGD-sequence-containing protein IGUP [-5111. Eur. J. Biochem. 1993, 218, 421-430.

Jiang, H.; Monaco, J.J. Sequence and expression of mouse proteasome activator PA28 and the
related autoantigen Ki. Immunogenetics 1997, 46, 93-98.

Realini, C.; Dubiel, W.; Pratt, G.; Ferrell, K.; Rechsteiner, M. Molecular cloning and expression
of a gamma-interferon-inducible activator of the multicatalytic protease. J. Biol. Chem. 1994,
269, 20727-20732.

Rechsteiner, M.; Realini, C.; Ustrell, V. The proteasome activator 11S REG (PA28) and class |
antigen presentation. Biochem. J. 2000, 345, 1-15.

Tanahashi, N.; Yokota, K.; Ahn, J.Y.; Chung, C.H.; Fujiwara, T.; Takahashi, E.; DeMartino, G.N.;
Slaughter, C.A.; Toyonaga, T.; Yamamura, K.; et al. Molecular properties of the proteasome
activator PA28 family proteins and gamma-interferon regulation. Genes Cells 1997, 2, 195-211.
Mao, I.; Liu, J.; Li, X.; Luo, H. REGgamma, a proteasome activator and beyond? Cell. Mol. Life
Sci. 2008, 65, 3971-3980.

Mott, J.D.; Pramanik, B.C.; Moomaw, C.R.; Afendis, S.J.; DeMartino, G.N.; Slaughter, C.A.
PA28, an activator of the 20S proteasome, is composed of two nonidentical but homologous
subunits. J. Biol. Chem. 1994, 269, 31466-31471.

Knowlton, J.R.; Johnston, S.C.; Whitby, F.G.; Realini, C.; Zhang, Z.; Rechsteiner, M.; Hill, C.P.
Structure of the proteasome activator REGalpha (PA28alpha). Nature 1997, 390, 639-643.



Biomolecules 2014, 4 578

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Zhang, Z.; Clawson, A.; Realini, C.; Jensen, C.C.; Knowlton, J.R.; Hill, C.P.; Rechsteiner, M.
Identification of an activation region in the proteasome activator REGalpha. Proc. Natl. Acad.
Sci. USA 1998, 95, 2807-2811.

Li, J.; Gao, X.; Joss, L.; Rechsteiner, M. The proteasome activator 11S REG or PA28: Chimeras
implicate carboxyl-terminal sequences in oligomerization and proteasome binding but not in the
activation of specific proteasome catalytic subunits. J. Mol. Biol. 2000, 299, 641-654.

Ma, C.P.; Willy, P.J.; Slaughter, C.A.; DeMartino, G.N. PA28, an activator of the 20S proteasome,
is inactivated by proteolytic modification at its carboxyl terminus. J. Biol. Chem. 1993, 268,
22514-22519.

Song, X.; Mott, J.D.; von Kampen, J.; Pramanik, B.; Tanaka, K.; Slaughter, C.A.; DeMartino, G.N.
A model for the quaternary structure of the proteasome activator PA28. J. Biol. Chem. 1996, 271,
26410-26417.

Realini, C.; Jensen, C.C.; Zhang, Z.; Johnston, S.C.; Knowlton, J.R.; Hill, C.P.; Rechsteiner, M.
Characterization of recombinant REGalpha, REGbeta, and REGgamma proteasome activators.
J. Biol. Chem. 1997, 272, 25483-25492.

Bose, S.; Mason, G.G.; Rivett, A.J. Phosphorylation of proteasomes in mammalian cells.
Mol. Biol. Rep. 1999, 26, 11-14.

Li, N.; Lerea, K.M.; Etlinger, J.D. Phosphorylation of the proteasome activator PA28 is required
for proteasome activation. Biochem. Biophys. Res. Commun. 1996, 225, 855-860.

Realini, C.; Rechsteiner, M. A proteasome activator subunit binds calcium. J. Biol. Chem. 1995,
270, 29664-29667.

Johnston, S.C.; Whitby, F.G.; Realini, C.; Rechsteiner, M.; Hill, C.P. The proteasome 11S regulator
subunit REG alpha (PA28 alpha) is a heptamer. Protein Sci. 1997, 6, 2469-2473.

Sugiyama, M.; Sahashi, H.; Kurimoto, E.; Takata, S.; Yagi, H.; Kanai, K.; Sakata, E.; Minami, Y.;
Tanaka, K.; Kato, K. Spatial arrangement and functional role of alpha subunits of proteasome
activator PA28 in hetero-oligomeric form. Biochem. Biophys. Res. Commun. 2013, 432, 141-145.
Zhang, Z.; Krutchinsky, A.; Endicott, S.; Realini, C.; Rechsteiner, M.; Standing, K.G.
Proteasome activator 11S REG or PA28: Recombinant REG alpha/REG beta hetero-oligomers
are heptamers. Biochemistry 1999, 38, 5651-5658.

Gray, C.W.; Slaughter, C.A.; DeMartino, G.N. PA28 activator protein forms regulatory caps on
proteasome stacked rings. J. Mol. Biol. 1994, 236, 7-15.

Macagno, A.; Gilliet, M.; Sallusto, F.; Lanzavecchia, A.; Nestle, F.O.; Groettrup, M. Dendritic
cells up-regulate immunoproteasomes and the proteasome regulator PA28 during maturation.
Eur. J. Immunol. 1999, 29, 4037-4042.

Ossendorp, F.; Fu, N.; Camps, M.; Granucci, F.; Gobin, S.J.; van den Elsen, P.J.; Schuurhuis, D.;
Adema, G.J.; Lipford, G.B.; Chiba, T.; et al. Differential expression regulation of the alpha and
beta subunits of the PA28 proteasome activator in mature dendritic cells. J. Immunol. 2005, 174,
7815-7822.

Groettrup, M.; Soza, A.; Eggers, M.; Kuehn, L.; Dick, T.P.; Schild, H.; Rammensee, H.G.;
Koszinowski, U.H.; Kloetzel, P.M. A role for the proteasome regulator PA28alpha in antigen
presentation. Nature 1996, 381, 166—168.



Biomolecules 2014, 4 579

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yamano, T.; Murata, S.; Shimbara, N.; Tanaka, N.; Chiba, T.; Tanaka, K.; Yui, K.; Udono, H.
Two distinct pathways mediated by PA28 and hsp90 in major histocompatibility complex class I
antigen processing. J. Exp. Med. 2002, 196, 185-196.

Schwarz, K.; van den Broek, M.; Kostka, S.; Kraft, R.; Soza, A.; Schmidtke, G.; Kloetzel, P.M.;
Groettrup, M. Overexpression of the proteasome subunits LMP2, LMP7, and MECL-1, but not
PA28 alpha/beta, enhances the presentation of an immunodominant lymphocytic choriomeningitis
virus T cell epitope. J. Immunol. 2000, 165, 768—778.

Stohwasser, R.; Salzmann, U.; Giesebrecht, J.; Kloetzel, P.M.; Holzhutter, H.G. Kinetic evidences
for facilitation of peptide channelling by the proteasome activator PA28. Eur. J. Biochem. 2000,
267, 6221-6230.

Sun, Y.; Sijts, A.J.; Song, M.; Janek, K.; Nussbaum, A.K.; Kral, S.; Schirle, M.; Stevanovic, S.;
Paschen, A.; Schild, H.; et al. Expression of the proteasome activator PA28 rescues the
presentation of a cytotoxic T lymphocyte epitope on melanoma cells. Cancer Res. 2002, 62,
2875-2882.

Van Hall, T.; Sijts, A.; Camps, M.; Offringa, R.; Melief, C.; Kloetzel, P.M.; Ossendorp, F.
Differential influence on cytotoxic T lymphocyte epitope presentation by controlled expression
of either proteasome immunosubunits or PA28. J. Exp. Med. 2000, 192, 483—494.

Murata, S.; Udono, H.; Tanahashi, N.; Hamada, N.; Watanabe, K.; Adachi, K.; Yamano, T.;
Yui, K.; Kobayashi, N.; Kasahara, M.; et al. Immunoproteasome assembly and antigen
presentation in mice lacking both PA28alpha and PA28beta. EMBO J. 2001, 20, 5898-5907.

De Graaf, N.; van Helden, M.J.; Textoris-Taube, K.; Chiba, T.; Topham, D.J.; Kloetzel, P.M.;
Zaiss, D.M.; Sijts, A.J. PA28 and the proteasome immunosubunits play a central and independent
role in the production of MHC class I-binding peptides in vivo. Eur. J. Immunol. 2011, 41, 926-935.
Yamano, T.; Sugahara, H.; Mizukami, S.; Murata, S.; Chiba, T.; Tanaka, K.; Yui, K.; Udono, H.
Allele-selective effect of PA28 in MHC class I antigen processing. J. Immunol. 2008, 181,
1655-1664.

Gomes, A.V.; Zong, C.; Edmondson, R.D.; Li, X.; Stefani, E.; Zhang, J.; Jones, R.C;
Thyparambil, S.; Wang, G.W.; Qiao, X.; et al. Mapping the murine cardiac 26S proteasome
complexes. Circ. Res. 2006, 99, 362-371.

Husom, A.D.; Peters, E.A.; Kolling, E.A.; Fugere, N.A.; Thompson, L.V.; Ferrington, D.A.
Altered proteasome function and subunit composition in aged muscle. Arch. Biochem. Biophys.
2004, 421, 67-76.

Powell, S.R.; Samuel, S.M.; Wang, P.; Divald, A.; Thirunavukkarasu, M.; Koneru, S.; Wang, X.;
Maulik, N. Upregulation of myocardial 11S-activated proteasome in experimental hyperglycemia.
J. Mol. Cell. Cardiol. 2008, 44, 618—621.

Yang, Y.; Fruh, K.; Ahn, K.; Peterson, P.A. In vivo assembly of the proteasomal complexes,
implications for antigen processing. J. Biol. Chem. 1995, 270, 27687-27694.

Bose, S.; Brooks, P.; Mason, G.G.; Rivett, A.J. gamma-Interferon decreases the level of 26S
proteasomes and changes the pattern of phosphorylation. Biochem. J. 2001, 353, 291-297.
Barton, L.F.; Cruz, M.; Rangwala, R.; Deepe, G.S., Jr.;, Monaco, J.J. Regulation of
immunoproteasome subunit expression in vivo following pathogenic fungal infection. J. Immunol.
2002, 169, 3046-3052.



Biomolecules 2014, 4 580

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Khan, S.; van den Broek, M.; Schwarz, K.; de Giuli, R.; Diener, P.A.; Groettrup, M.
Immunoproteasomes largely replace constitutive proteasomes during an antiviral and antibacterial
immune response in the liver. J. Immunol. 2001, 167, 6859—6868.

Kuehn, L.; Dahlmann, B. Proteasome activator PA28 and its interaction with 20S proteasomes.
Arch. Biochem. Biophys. 1996, 329, 87-96.

Soza, A.; Knuehl, C.; Groettrup, M.; Henklein, P.; Tanaka, K.; Kloetzel, P.M. Expression and
subcellular localization of mouse 20S proteasome activator complex PA28. FEBS Lett. 1997,
413,27-34.

Song, X.; von Kampen, J.; Slaughter, C.A.; DeMartino, G.N. Relative functions of the alpha and
beta subunits of the proteasome activator, PA28. J. Biol. Chem. 1997, 272, 27994-28000.

Wilk, S.; Chen, W.E.; Magnusson, R.P. Properties of the beta subunit of the proteasome activator
PA28 (11S REG). Arch. Biochem. Biophys. 2000, 384, 174—180.

Li, J.; Rechsteiner, M. Molecular dissection of the 11S REG (PA28) proteasome activators.
Biochimie 2001, 83, 373-383.

Kohler, A.; Cascio, P.; Leggett, D.S.; Woo, K.M.; Goldberg, A.L.; Finley, D. The axial channel
of the proteasome core particle is gated by the Rpt2 ATPase and controls both substrate entry and
product release. Mol. Cell 2001, 7, 1143—-1152.

Whitby, F.G.; Masters, E.I.; Kramer, L.; Knowlton, J.R.; Yao, Y.; Wang, C.C.; Hill, C.P.
Structural basis for the activation of 20S proteasomes by 118 regulators. Nature 2000, 408, 115-120.
Harris, J.L.; Alper, P.B.; Li, J.; Rechsteiner, M.; Backes, B.J. Substrate specificity of the human
proteasome. Chem. Biol. 2001, 8, 1131-1141.

Kisselev, A.F.; Akopian, T.N.; Goldberg, A.L. Range of sizes of peptide products generated
during degradation of different proteins by archaeal proteasomes. J. Biol. Chem. 1998, 273,
1982-1989.

Kleijnen, M.F.; Roelofs, J.; Park, S.; Hathaway, N.A.; Glickman, M.; King, R.W.; Finley, D.
Stability of the proteasome can be regulated allosterically through engagement of its proteolytic
active sites. Nat. Struct. Mol. Biol. 2007, 14, 1180-1188.

Li, J.; Gao, X.; Ortega, J.; Nazif, T.; Joss, L.; Bogyo, M.; Steven, A.C.; Rechsteiner, M. Lysine
188 substitutions convert the pattern of proteasome activation by REGgamma to that of REGs
alpha and beta. EMBO J. 2001, 20, 3359-3369.

Osmulski, P.A.; Gaczynska, M. Atomic force microscopy reveals two conformations of the 20S
proteasome from fission yeast. J. Biol. Chem. 2000, 275, 13171-13174.

Osmulski, P.A.; Gaczynska, M. Nanoenzymology of the 20S proteasome: Proteasomal actions
are controlled by the allosteric transition. Biochemistry 2002, 41, 7047—7053.

Osmulski, P.A.; Hochstrasser, M.; Gaczynska, M. A tetrahedral transition state at the active
sites of the 20S proteasome is coupled to opening of the alpha-ring channel. Structure 2009, 17,
1137-1147.

Ruschak, A.M.; Kay, L.E. Proteasome allostery as a population shift between interchanging
conformers. Proc. Natl. Acad. Sci. USA 2012, 109, E3454-E3462.

Da Fonseca, P.C.; He, J.; Morris, E.P. Molecular model of the human 26S proteasome. Mol. Cell
2012, 46, 54-66.



Biomolecules 2014, 4 581

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Da Fonseca, P.C.; Morris, E.P. Structure of the human 26S proteasome: Subunit radial displacements
open the gate into the proteolytic core. J. Biol. Chem. 2008, 283, 23305-23314.

Dick, T.P.; Ruppert, T.; Groettrup, M.; Kloetzel, P.M.; Kuehn, L.; Koszinowski, U.H.;
Stevanovic, S.; Schild, H.; Rammensee, H.G. Coordinated dual cleavages induced by the
proteasome regulator PA28 lead to dominant MHC ligands. Cell 1996, 86, 253—-262.

Shimbara, N.; Nakajima, H.; Tanahashi, N.; Ogawa, K.; Niwa, S.; Uenaka, A.; Nakayama, E.;
Tanaka, K. Double-cleavage production of the CTL epitope by proteasomes and PA28: Role of
the flanking region. Genes Cells 1997, 2, 785-800.

Cascio, P.; Hilton, C.; Kisselev, A.F.; Rock, K.L.; Goldberg, A.L. 26S proteasomes and
immunoproteasomes produce mainly N-extended versions of an antigenic peptide. EMBO J.

2001, 20, 2357-2366.

Mo, X.Y.; Cascio, P.; Lemerise, K.; Goldberg, A.L.; Rock, K. Distinct proteolytic processes
generate the C and N termini of MHC class I-binding peptides. J. Immunol. 1999, 163, 5851-5859.

Saric, T.; Chang, S.C.; Hattori, A.; York, L.A.; Markant, S.; Rock, K.L.; Tsujimoto, M.;
Goldberg, A.L. An IFN-gamma-induced aminopeptidase in the ER, ERAPI, trims precursors to
MHC class I-presented peptides. Nat. Immunol. 2002, 3, 1169-1176.

Serwold, T.; Gonzalez, F.; Kim, J.; Jacob, R.; Shastri, N. ERAAP customizes peptides for MHC
class I molecules in the endoplasmic reticulum. Nature 2002, 419, 480-483.

Snyder, H.L.; Yewdell, J.W.; Bennink, J.R. Trimming of antigenic peptides in an early secretory
compartment. J. Exp. Med. 1994, 180, 2389-2394.

Stoltze, L.; Schirle, M.; Schwarz, G.; Schroter, C.; Thompson, M.W.; Hersh, L.B.; Kalbacher, H.;
Stevanovic, S.; Rammensee, H.G.; Schild, H. Two new proteases in the MHC class I processing
pathway. Nat. Immunol. 2000, 1, 413-418.

York, I.LA.; Mo, A.X.; Lemerise, K.; Zeng, W.; Shen, Y.; Abraham, C.R.; Saric, T.; Goldberg, A.L.;
Rock, K.L. The cytosolic endopeptidase, thimet oligopeptidase, destroys antigenic peptides and
limits the extent of MHC class I antigen presentation. Immunity 2003, 18, 429—-440.

Beninga, J.; Rock, K.L.; Goldberg, A.L. Interferon-gamma can stimulate post-proteasomal
trimming of the N terminus of an antigenic peptide by inducing leucine aminopeptidase.
J. Biol. Chem. 1998, 273, 18734—18742.

Preckel, T.; Fung-Leung, W.P.; Cai, Z.; Vitiello, A.; Salter-Cid, L.; Winqvist, O.; Wolfe, T.G.;
von Herrath, M.; Angulo, A.; Ghazal, P.; et al. Impaired immunoproteasome assembly and
immune responses in PA28 " mice. Science 1999, 286, 2162-2165.

Schwarz, K.; Eggers, M.; Soza, A.; Koszinowski, U.H.; Kloetzel, P.M.; Groettrup, M.
The proteasome regulator PA28alpha/beta can enhance antigen presentation without affecting
20S proteasome subunit composition. Eur. J. Immunol. 2000, 30, 3672-3679.

Groll, M.; Bajorek, M.; Kohler, A.; Moroder, L.; Rubin, D.M.; Huber, R.; Glickman, M.H.;
Finley, D. A gated channel into the proteasome core particle. Nat. Struct. Biol. 2000, 7, 1062—1067.
Forster, A.; Masters, E.I.; Whitby, F.G.; Robinson, H.; Hill, C.P. The 1.9 A structure of
a proteasome-11S activator complex and implications for proteasome-PAN/PA700 interactions.
Mol. Cell 2005, 18, 589-599.

Forster, A.; Whitby, F.G.; Hill, C.P. The pore of activated 20S proteasomes has an ordered 7-fold
symmetric conformation. EMBO J. 2003, 22, 4356—4364.



Biomolecules 2014, 4 582

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

Stadtmueller, B.M.; Hill, C.P. Proteasome activators. Mol. Cell 2011, 41, 819.

Berko, D.; Tabachnick-Cherny, S.; Shental-Bechor, D.; Cascio, P.; Mioletti, S.; Levy, Y.;
Admon, A.; Ziv, T.; Tirosh, B.; Goldberg, A.L.; et al. The direction of protein entry into the
proteasome determines the variety of products and depends on the force needed to unfold its
two termini. Mol. Cell 2012, 48, 601-611.

Kisselev, A.F.; Akopian, T.N.; Woo, K.M.; Goldberg, A.L. The sizes of peptides generated from
protein by mammalian 26 and 20S proteasomes. Implications for understanding the degradative
mechanism and antigen presentation. J. Biol. Chem. 1999, 274, 3363-3371.

Nussbaum, A.K.; Dick, T.P.; Keilholz, W.; Schirle, M.; Stevanovic, S.; Dietz, K.; Heinemeyer, W.;
Groll, M.; Wolf, D.H.; Huber, R.; et al. Cleavage motifs of the yeast 20S proteasome beta
subunits deduced from digests of Enolase 1. Proc. Natl. Acad. Sci. USA 1998, 95, 12504—12509.
Raule, M.; Cerruti, F.; Benaroudj, N.; Migotti, R.; Kikuchi, J.; Bachi, A.; Navon, A.; Dittmar, G.;
Cascio, P. PA28alphabeta reduces size and increases hydrophilicity of 20S immunoproteasome
peptide products. Chem. Biol. 2014, 21, 470-480.

Mo, A.X.; van Lelyveld, S.F.; Craiu, A.; Rock, K.L. Sequences that flank subdominant and
cryptic epitopes influence the proteolytic generation of MHC class I-presented peptides.
J. Immunol. 2000, 164, 4003—4010.

Craiu, A.; Akopian, T.; Goldberg, A.; Rock, K.L. Two distinct proteolytic processes in the
generation of a major histocompatibility complex class I-presented peptide. Proc. Natl. Acad. Sci.
USA 1997, 94, 10850—-10855.

Gillette, T.G.; Kumar, B.; Thompson, D.; Slaughter, C.A.; DeMartino, G.N. Differential roles of
the COOH termini of AAA subunits of PA700 (19S regulator) in asymmetric assembly and
activation of the 26S proteasome. J. Biol. Chem. 2008, 283, 31813-31822.

Rabl, J.; Smith, D.M.; Yu, Y.; Chang, S.C.; Goldberg, A.L.; Cheng, Y. Mechanism of gate
opening in the 20S proteasome by the proteasomal ATPases. Mol. Cell 2008, 30, 360-368.
Bajorek, M.; Finley, D.; Glickman, M.H. Proteasome disassembly and downregulation is
correlated with viability during stationary phase. Curr. Biol. 2003, 13, 1140—1144.

Benaroudj, N.; Zwickl, P.; Seemuller, E.; Baumeister, W.; Goldberg, A.L. ATP hydrolysis by the
proteasome regulatory complex PAN serves multiple functions in protein degradation. Mol. Cell
2003, 71, 69-78.

Matouschek, A. Protein unfolding—An important process in vivo? Curr. Opin. Struct. Biol.
2003, /3, 98-109.

Smith, D.M.; Kafri, G.; Cheng, Y.; Ng, D.; Walz, T.; Goldberg, A.L. ATP binding to PAN or
the 26S ATPases causes association with the 20S proteasome, gate opening, and translocation of
unfolded proteins. Mol. Cell 2005, 20, 687-698.

Chen, X.; Barton, L.F.; Chi, Y.; Clurman, B.E.; Roberts, J.M. Ubiquitin-independent degradation
of cell-cycle inhibitors by the REGgamma proteasome. Mol. Cell 2007, 26, 843—852.

Li, X.; Amazit, L.; Long, W.; Lonard, D.M.; Monaco, J.J.; O’Malley, B.W. Ubiquitin- and
ATP-independent proteolytic turnover of p21 by the REGgamma-proteasome pathway. Mol. Cell
2007, 26, 831-842.



Biomolecules 2014, 4 583

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Li, X.; Lonard, D.M.; Jung, S.Y.; Malovannaya, A.; Feng, Q.; Qin, J.; Tsai, S.Y.; Tsai, M.J.;
O’Malley, B.W. The SRC-3/AIBI coactivator is degraded in a ubiquitin- and ATP-independent
manner by the REGgamma proteasome. Cell 2006, 124, 381-392.

Moriishi, K.; Okabayashi, T.; Nakai, K.; Moriya, K.; Koike, K.; Murata, S.; Chiba, T.; Tanaka, K.;
Suzuki, R.; Suzuki, T.; ef al. Proteasome activator PA28gamma-dependent nuclear retention and
degradation of hepatitis C virus core protein. J. Virol. 2003, 77, 10237-10249.

Benaroudj, N.; Tarcsa, E.; Cascio, P.; Goldberg, A.L. The unfolding of substrates and
ubiquitin-independent protein degradation by proteasomes. Biochimie 2001, 83, 311-318.
Mishto, M.; Luciani, F.; Holzhutter, H.G.; Bellavista, E.; Santoro, A.; Textoris-Taube, K.;
Franceschi, C.; Kloetzel, P.M.; Zaikin, A. Modeling the in vitro 20S proteasome activity:
The effect of PA28-alphabeta and of the sequence and length of polypeptides on the degradation
kinetics. J. Mol. Biol. 2008, 377, 1607-1617.

Saric, T.; Beninga, J.; Graef, C.1.; Akopian, T.N.; Rock, K.L.; Goldberg, A.L. Major histocompatibility
complex class I-presented antigenic peptides are degraded in cytosolic extracts primarily by
thimet oligopeptidase. J. Biol. Chem. 2001, 276, 36474-3648]1.

Saric, T.; Graef, C.I.; Goldberg, A.L. Pathway for degradation of peptides generated by
proteasomes: A key role for thimet oligopeptidase and other metallopeptidases. J. Biol. Chem.
2004, 279, 46723-46732.

Dolenc, 1.; Seemuller, E.; Baumeister, W. Decelerated degradation of short peptides by the 20S
proteasome. FEBS Lett. 1998, 434, 357-361.

Shabek, N.; Ciechanover, A. Degradation of ubiquitin: The fate of the cellular reaper. Cell Cycle
2010, 9, 523-530.

Verma, R.; Aravind, L.; Oania, R.; McDonald, W.H.; Yates, J.R., 3rd; Koonin, E.V.; Deshaies, R.J.
Role of Rpnll metalloprotease in deubiquitination and degradation by the 26S proteasome.
Science 2002, 298, 611-615.

Yao, T.; Cohen, R.E. A cryptic protease couples deubiquitination and degradation by the
proteasome. Nature 2002, 419, 403—407.

Qian, S.B.; Reits, E.; Neefjes, J.; Deslich, J.M.; Bennink, J.R.; Yewdell, JJW. Tight linkage
between translation and MHC class I peptide ligand generation implies specialized antigen
processing for defective ribosomal products. J. Immunol. 2006, 177, 227-233.

Reits, E.A.; Vos, J.C.; Gromme, M.; Neefjes, J. The major substrates for TAP in vivo are derived
from newly synthesized proteins. Nature 2000, 404, 774-778.

Schubert, U.; Anton, L.C.; Gibbs, J.; Norbury, C.C.; Yewdell, J.W.; Bennink, J.R. Rapid degradation
of a large fraction of newly synthesized proteins by proteasomes. Nature 2000, 404, 770-774.
Anton, L.C.; Schubert, U.; Bacik, I.; Princiotta, M.F.; Wearsch, P.A.; Gibbs, J.; Day, P.M.;
Realini, C.; Rechsteiner, M.C.; Bennink, J.R.; et al. Intracellular localization of proteasomal
degradation of a viral antigen. J. Cell Biol. 1999, 146, 113—124.

Qian, S.B.; Princiotta, M.F.; Bennink, J.R.; Yewdell, J.W. Characterization of rapidly degraded
polypeptides in mammalian cells reveals a novel layer of nascent protein quality control.
J. Biol. Chem. 2006, 281, 392—400.

Asher, G.; Tsvetkov, P.; Kahana, C.; Shaul, Y. A mechanism of ubiquitin-independent proteasomal
degradation of the tumor suppressors p53 and p73. Genes Dev. 2005, 19, 316-321.



Biomolecules 2014, 4 584

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Davies, K.J. Degradation of oxidized proteins by the 20S proteasome. Biochimie 2001, 83, 301-310.
Moorthy, A.K.; Savinova, O.V.; Ho, J.Q.; Wang, V.Y.; Vu, D.; Ghosh, G. The 20S proteasome
processes NF-kappaB1 p105 into p50 in a translation-independent manner. EMBO J. 2006, 25,
1945-1956.

Orlowski, M.; Wilk, S. Ubiquitin-independent proteolytic functions of the proteasome.
Arch. Biochem. Biophys. 2003, 415, 1-5.

Shringarpure, R.; Grune, T.; Mehlhase, J.; Davies, K.J. Ubiquitin conjugation is not required for
the degradation of oxidized proteins by proteasome. J. Biol. Chem. 2003, 278, 311-318.

Yuksek, K.; Chen, W.L.; Chien, D.; Ou, J.H. Ubiquitin-independent degradation of hepatitis C
virus F protein. J. Virol. 2009, 83, 612—621.

Whittier, J.E.; Xiong, Y.; Rechsteiner, M.C.; Squier, T.C. Hsp90 enhances degradation of
oxidized calmodulin by the 20S proteasome. J. Biol. Chem. 2004, 279, 46135-46142.

Seifert, U.; Bialy, L.P.; Ebstein, F.; Bech-Otschir, D.; Voigt, A.; Schroter, F.; Prozorovski, T.;
Lange, N.; Steffen, J.; Rieger, M.; ef al. Immunoproteasomes preserve protein homeostasis upon
interferon-induced oxidative stress. Cell/ 2010, /42, 613-624.

Li, J.; Powell, S.R.; Wang, X. Enhancement of proteasome function by PA28&alpha;
overexpression protects against oxidative stress. FASEB J. 2011, 25, 883—893.

Pickering, A.M.; Davies, K.J. Differential roles of proteasome and immunoproteasome
regulators Pa28alphabeta, Pa28gamma and Pa200 in the degradation of oxidized proteins.
Arch. Biochem. Biophys. 2012, 523, 181-190.

Pickering, A.M.; Koop, A.L.; Teoh, C.Y.; Ermak, G.; Grune, T.; Davies, K.J. The
immunoproteasome, the 20S proteasome and the PA28alphabeta proteasome regulator are
oxidative-stress-adaptive proteolytic complexes. Biochem. J. 2010, 432, 585-594.

Klaunig, J.E.; Kamendulis, L.M. The role of oxidative stress in carcinogenesis. Annu. Rev.
Pharmacol. Toxicol. 2004, 44, 239-267.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



