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Abstract

The proteasome is a cellular protease responsible for the selective degradation of the majority of
the intracellular proteome. It recognizes, unfolds, and cleaves proteins that are destined for
removal, usually by prior attachment to polymers of ubiquitin. This macromolecular machine is
composed of two subcomplexes, the 19S regulatory particle (RP) and the 20S core particle (CP),
which together contain at least 33 different and precisely positioned subunits. How these subunits
assemble into functional complexes is an area of active exploration. Here we describe the current
status of studies on the assembly of the 20S proteasome (CP). The 28-subunit CP is found in all
three domains of life and its cylindrical stack of four heptameric rings is well conserved. Though
several CP subunits possess self-assembly properties, a consistent theme in recent years has been
the need for dedicated assembly chaperones that promote on-pathway assembly. To date, a
minimum of three accessory factors have been implicated in aiding the construction of the 20S
proteasome. These chaperones interact with different assembling proteasomal precursors and
usher subunits into specific slots in the growing structure. This review will focus largely on
chaperone-dependent CP assembly and its regulation.

1. Introduction

Proteolytic elimination of damaged proteins or regulatory proteins is essential for cellular
homeostasis. The ubiquitin-proteasome system (UPS) is indispensable for degradation of
most intracellular proteins, including many proteins critical to cellular regulatory pathways,
such as cell-cycle progression, DNA damage repair, and antigen presentation [1-4]. After an
enzymatic cascade covalently attaches a polymer(s) of ubiquitin to a substrate protein, the
substrate is targeted for degradation by the proteasome [1]. The mechanisms of
ubiquitylation have been well studied, and are reviewed elsewhere [1, 5-8].

Protein modifications analogous to ubiquitylation have been identified in actinobacteria and
archaea. Enzymatic attachment of the small protein Pup (which is unrelated to ubiquitin) to
substrate proteins in the actinomycete Mycobacterium tuberculosis [9] and addition of the
ubiquitin-related SAMPs (small archaeal modifier proteins) to substrates in the archaeum
Haloferax volcanii [10] show broad parallels to the eukaryotic UPS. In both cases, these
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modifications are believed to direct proteins for degradation by their compositionally simple
proteasomes.

In eukaryotes, the 26S proteasome comprises a 20S proteasome or core particle (CP) capped
by either one or two 19S regulatory particles (RPs) (Fig. 1A). The RP is responsible for the
recognition, deubiquitylation and unfolding of polyubiquitylated substrates (and some non-
ubiquitylated substrates), while the CP houses the proteasome’s proteolytic activities within
its central chamber [11]. All 20S proteasomes are composed of two related types of
subunits; a subunits, which form the outer two heptameric rings and are distinguished by
highly conserved N-terminal extensions, and 3 subunits, which form the inner pair of
heptameric rings and include the proteolytic active sites. The 20S cylinder has a central
channel comprised of three separate chambers, as show in Fig. 1B. Archaeal and
actinomycete (eubacterial) proteasomes have only one or two of each type of subunit, while
eukaryotes are more complex, with seven different a subunits and seven different 8 subunits.
In animals and plants, additional variants of the a and 3 subunits are found [12].

Early electron microscopic (EM) studies allowed the first glimpse of the cylindrical shape
and dimensions of the eukaryotic 20S proteasome [13]. Much of the key early EM work was
performed on the compositionally simpler 20S proteasomes isolated from the archaeal
species Thermoplasma acidophilum[13]. This culminated in the tour de force determination
in 1995 of the T. acidophilum CP crystal structure in complex with a covalent active-site
inhibitor [14]. The structure revealed the location of the active sites in a central chamber, the
substrate entry ports at the ends of the cylinder, and the fact that proteasomes utilize an N-
terminal threonine residue as the active-site nucleophile. Two years later, a crystal structure
of a eukaryotic 20S proteasome was published [15]. This structure, from the yeast
Saccharomyces cerevisiae, became the basis for many subsequent structure-function studies.
Among other things, it confirmed that two copies each of 14 different but related subunits
were incorporated into each CP, as expected from earlier genetic and biochemical studies
[16, 17]. Most interestingly, the structure revealed that the pores at the ends of the
proteasomal cylinder were blocked and therefore must somehow be opened (“gated”) to
allow substrate entry (Fig. 1B, C).

The proteasome was the first identified threonine protease [18]. All catalytically active
proteasome [ subunits are synthesized with N-terminal propeptides. These propeptides are
autocatalytically cleaved during assembly to reveal the active-site N-terminal threonine [19,
20]. Each of the identical  subunits in archaeal proteasomes is catalytically active; when
assayed with short peptide substrates, the archaeal proteasome cleaves primarily after
hydrophobic residues. In eukaryotic proteasomes, only three of the seven  subunits are
catalytically active. The 5 subunit active site also preferentially cleaves after hydrophobic
residues, but the 1 and 2 subunit active sites cleave after acidic and basic residues,
respectively [21], enhancing the palette of peptides that can be produced. Vertebrates can
synthesize alternative active 3 subunits that have protein cleavage-site preferences distinct
from those of the constitutive subunits they replace [22-28] (see Section 6).

A major function for the proteasome a-subunit ring is to regulate entry into the central
proteolytic chamber. The N-termini of these subunits assemble into the gate that occludes
the entry pore into the CP (Fig. 1C). Deletion of an N-terminal peptide from the yeast a3
subunit is sufficient to open the gate [29]. Even in the open state, the pore is too narrow, 13
A in diameter, to allow passage of folded protein domains; only single protein chains or
extended loops can fit through this narrow opening, creating a molecular sieve that prevents
the nonspecific degradation of folded cellular proteins.
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The a subunits interact with proteasomal regulatory complexes that control the opening and
closing of the gated pore. A crystal structure of the yeast CP with the PA26 (proteasome
activator of 26 kDa) complex from trypanosomes revealed an open structure for the a-ring
gate in which the seven N-termini of the a subunits were arrayed against the inner wall of
the heptameric PA26 ring [30]. The C-terminal tails of the PA26 subunits insert into surface
pockets between the a subunits. These inserted tails, together with an activator loop of the
PA26 subunits, are thought to trigger conformational changes in the a ring and gate
opening. Later studies have shown that multiple regulators and interacting proteins of the
20S proteasome possess a conserved C-terminal HbY X (hydrophobic-tyrosine-any amino
acid) motif that inserts into these same surface pockets between the a subunits and can
induce gate opening [31-33].

2. Overview of the assembly pathway of the 20S proteasome

Biogenesis of the eukaryotic 20S proteasome relies on the intrinsic ability of subunits to
self-assemble, subunit-specific N-terminal and C-terminal extensions that help guide
assembly, and dedicated extrinsic assembly chaperones. The simpler archaeal and bacterial
20S proteasomes might not have been expected to require assembly chaperones, but at least
one archaeal complex implicated in proteasome assembly has been identified [31]. Like
general molecular chaperones, proteasome-specific assembly chaperones do not form part of
the final complex but associate with intermediate complexes or individual subunits.
Eukaryotic 20S proteasome assembly appears to proceed through an ordered series of
intermediates with step-wise addition of subunits (Fig. 3). As will be discussed in
subsequent sections, assembly chaperones associate and dissociate at specific stages in this
process.

E. coli-expressed actinomycete and archaeal proteasomes, which have a single a and a
single B subunit (or one or two slightly different variants), are capable of full self-assembly
without additional factors [34-37]. This ability to completely self-assemble is not shared by
eukaryotic proteasomes. While deleting the genes for any of the known yeast assembly
chaperones is not lethal, the mutants do show growth defects, and combining chaperone
mutations with loss of the RPN4 gene is strongly deleterious or lethal [31, 38, 39]. Rpn4 is a
transcription factor responsible for up-regulating proteasome gene expression when
proteasome activity is compromised (see Section 5). Thus, yeast cells can compensate for
inefficient proteasome assembly by overproducing its subunits.

2.1 Some a subunits can self-assemble into higher order structures

Archaeal a-subunits form heptameric rings when expressed without 3 subunits in E. coli.
The ability to self-assemble requires a highly conserved N-terminal helix in the a subunit.
The B subunits by themselves do not assemble into rings, but when co-expressed with the
archaeal a subunits in E. coli, mature 20S proteasome particles are formed. The 8-residue [3-
subunit propeptide is dispensable for assembly in this system. From these data it was
proposed that the a-subunit ring provides a template for assembly of the § subunits [34].

By contrast, a subunits from the actinomycete Rhodococcus erythropolis do not form rings
on their own, likely because of the limited surface contacts between adjacent a subunits
[37]. Instead, individual a subunits form a-f heterodimers that multimerize to make half-
proteasome precursors [40]. The Rhodococcus B subunit has a long N-terminal propeptide
that packs between the a subunits of neighboring a- dimers, stabilizing their interaction
and allowing assembly into a half-proteasome complex [37]. Finally, two half-proteasomes
pair, and the propeptides are autocatalytically removed, creating a mature 20S proteasome
[40]. Work on assembly of proteasomes from another actinomycete, Mycobacterium
tuberculosis, revealed a distinct half-proteasome intermediate stage in which the B-subunit
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propeptides point outward and occlude the interface that must form when two half-
proteasomes join [41]. These and other results reveal substantial conformational changes
that must accompany the maturation of proteasome intermediates into 20S proteasomes.

Interestingly, higher order a—subunit complexes are also observed when specific eukaryotic
a subunits are expressed in E. coli. Recombinant human a7 subunit can self-assemble into
single or doubly stacked homoheptameric rings similar to the behavior of archaeal a
subunits [42]. Human a7 also has the ability to incorporate either normal neighboring
subunit into ring structures; these rings have a wide range of stoichiometries, indicating that
additional information is needed for correct placement of the seven different a subunits in
human cells [43]. The Trypanosoma brucei a5 subunit expressed in E. coli can also form
heptameric rings [44]. These data imply that some but not all eukaryotic a subunits retain an
ability to oligomerize into rings, which is likely to be important for the normal assembly
pathway. However, in eukaryotes additional factors or more efficient binding of individual a
subunits to the correct a-subunit neighbors (or both) is necessary to help ensure the correct
order of subunits in each ring (see below).

2.2 Eukaryotic B-subunit extensions facilitate assembly

While the different o subunits in the eukaryotic proteasome are generally similar in length
and positioning of secondary structure elements, many of the 3 subunits have unique N-
terminal and C-terminal extensions that promote specific steps of assembly. Most of the N-
terminal extensions are propeptides that are cleaved at the end of assembly and will be
discussed in Section 3.1. The yeast proteasome crystal structure revealed that the $2 and 7
subunits have long C-terminal appendages in their mature structures that interact with
adjacent subunits (Fig. 2) [15]. Similar interactions are seen in bovine and human
proteasome structures [45, 46]. Deletion of the yeast 2 extension is lethal [47]. The 2 C-
tail wraps around the neighboring p3 subunit in the same ring, making contacts with
additional subunits in the same ring (34) and the opposing f ring. Notably, the earliest stable
assembly intermediate identifiable in yeast cells, the so-called 15S complex, contains a full
a ring plus P2, B3, and B4, the three “early” B subunits [48]. In mammalian cells, systematic
knockdowns of individual subunits suggested that 2 is the first 3 subunit added to the a ring
en route to making a full half-mer intermediate [49].

The p7 C-tail extends across the dyad axis of the proteasome and inserts into a groove
formed on the outer surface between the f1 and 32 subunits in the opposing p-ring. A 19-
residue deletion that includes the entire 37 tail causes the accumulation of specific assembly
intermediates and active-site maturation defects [47, 48]. The 7 tail appears to stabilize the
correct register between the two half-proteasomes and stimulate the autocatalytic processing
of the propeptides during final proteasome maturation. When only the portion of the 7 tail
that contacts the subunits in the dyad-related -ring is truncated (15 residues), no growth
defects were noted, but a strong drop in the post-acidic cleavage activity of the p1 subunit
occurs [48, 50]. However, the p7 tail has a partially redundant role with the N-terminal 5
propeptide in half-mer dimerization (see Section 3.1 below).

3. Proteasomal intramolecular chaperones and dedicated assembly
chaperones

Efficient, high-fidelity assembly of the eukaryotic 20S proteasome cannot be carried out
without extrinsic accessory factors and intrinsic elements of proteasome precursors, in
particular, the various N-terminal and C-terminal appendages of the 3 subunits.
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3.1 B propeptides serve as intramolecular chaperones

Many proteases are synthesized with propeptides that are processed to allow formation of
their catalytic active sites. All the active B subunits of the proteasome (1, 2, and 5 in
eukaryotes) are also translated with N-terminal propeptides that are autocatalytically cleaved
during assembly [20, 51, 52]. A common function for these proteasomal propeptides is to
protect the active site residues from Na-acetylation [53]. The Na-amino group of the active
B subunits functions as a general base during substrate peptide-bond cleavage [52], so Na-
acetylation blocks active-site function. The propeptides are only removed after the two
halves of the proteasome have joined, thus preventing access of Na-acetyltransferases [20].
The N-termini of the 36 and 37 subunits are also proteolytically trimmed from their initial
translation products, but this occurs within the matured 20S core through the action of
nearby active site-containing subunits; the mature N-termini of 6 and 7 are repositioned
following their processing [54]. The -subunit propeptides also make contributions to 20S
proteasome assembly. However, archaeal and M. tuberculosis $-subunit propeptides are
fully dispensable for assembly, at least when expressed in E. coli [34, 55]. Interestingly, M.
tuberculosis proteasome assembly is normally temperature dependent, with little or no 8-
subunit processing at low temperatures; however, if the f-subunit propeptide is deleted,
assembly can occur at temperatures as low as 18°C [55]. This is consistent with the
conformational repositioning of B-subunit propeptides implied from EM structural analysis
(see above). In contrast, and as noted in Section 2.1, proteasomes from another
actinomycete, Rhodococcus erythopolis, require their p propeptides for efficient assembly
and proper folding of the subunit itself [56].

In eukaryotes, the different -subunit propeptides play distinct roles in assembly. The 5
propeptide is necessary for efficient assembly in both yeast and mammalian cells. Deletion
of this propeptide is normally lethal in yeast and causes the accumulation of precursor
species in mammalian cells [20, 49, 57]. Separate expression of the 75-residue 5 propeptide
rescues the lethality associated with the yeast B5 propeptide deletion allele and allows
normal proteasome assembly. This ability of the propeptide to function in trans in assembly
suggests that it normally functions as a type of intramolecular chaperone [20, 56]. The
mammalian 5 propeptide appears to be necessary for incorporation of the neighboring 36
subunit into the growing B ring during assembly, though the propeptide may not be
necessary for the incorporation of B5 itself [49, 57]. The 30-residue 2 propeptide also
shows some capacity to function in trans [58].

Although the propeptides of 1 and 2 also contribute to efficient assembly and maturation
of the proteasome, they are less important than the 5 propeptide [53]. Deletion of the 2
propeptide slows processing of the B5 propeptide as much as 2.5-fold and partially stabilizes
model proteasome substrates in yeast cells. The propeptide of 1 is not essential for
assembly, but its loss also causes 5 processing abnormalities. Simultaneous deletion of both
the B1 and B2 propeptides reduces proteasome levels and causes a pronounced yeast growth
defect not observed with either single mutant; this defect is far more pronounced than
simply inactivating the f1 and B2 active sites, implying an overlapping role in proteasome
assembly for the two propeptides [53]. Notably, the mature $6 subunit possesses a unique
nine-residue N-terminal extension (relative to the aligned mature N-termini of all  subunits
including those from prokaryotes); this NTE appears to function with the Ump1 assembly
chaperone (see Section 3.2.1) in an assembly checkpoint prior to half-proteasome
dimerization [48].

Determining the exact mechanisms by which the eukaryotic 20S proteasome propeptides
facilitate assembly has been difficult, particularly since no in vitro assembly system has
been developed. Unexpected insight into the contribution made by the 5 propeptide came
from a high-copy suppressor screen using a yeast strain bearing 5 propeptide mutations that
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conferred temperature-sensitive growth [48]. The strongest full-length suppressor turned out
to be PRE4, the gene encoding the 7 subunit. Suppression was lost if the 37 C-terminal tail
was deleted or if point mutations were made in an invariant Trp residue in the C-tail or in
residues in B1 from the opposing f ring that contact this Trp. Addition of the 7 subunit to
the half-proteasome intermediate is a rate-limiting step in 20S proteasome assembly in vivo
[48, 59]. The increase in B7 dosage allows the normally essential function of the 5
propeptide to be bypassed. Insofar as this suppression depends on the association of the 7
tail with the opposing P ring, these data strongly suggest that a key role of the 35 propeptide
is also to align and stabilize two half-proteasome intermediates during formation of the pre-
holoproteasome. Additional findings support this inference [48].

3.2 Efficient 20S proteasome assembly requires dedicated assembly chaperones

It is now clear that multiple accessory proteins help proteasome subunits fit together
efficiently and in the correct arrangement [60, 61]. These proteins aid in specific steps of
proteasome assembly, but they themselves are not part of the final mature structure (Fig. 3).
The first 20S proteasome (CP) assembly chaperone to be identified was Ump1 in yeast
(called hUMP1 or POMP1 in humans). Ump1 is conserved across eukaryotes and functions
in later steps of assembly, although it may work slightly differently in yeast and mammals.
The heterodimeric chaperones Pbal/Pba2 (human PAC1/PAC2) and Pba3/Pba4 (human
PAC3/PAC4) participate in earlier assembly events. Two additional factors, BIm10 and
Ecm29, have been proposed to have roles in 20S proteasome assembly, but they have also
been assigned other functions, such as proteasome activation or inhibition.

3.2.1. Ump1 (hUMP1/ POMP/ Proteassemblin)—Ump1l was identified in a screen for
yeast mutants that stabilized a short-lived model substrate protein [39]. Cells survive without
Ump1 but grow poorly. Though they have low sequence similarity, both yeast Ump1l and its
mammalian homolog have been shown to associate specifically with immature proteasomal
precursors [39, 57]. Using an elegant antibody accessibility assay, it was shown that yeast
Umpl is encased in the proteasomal catalytic chamber when two half-proteasomes associate
to form the preholoproteasome; upon autocatalytic cleavage of the p subunit propeptides, the
trapped Umpl is degraded by the nascent activated 20S proteasome [39].

Mutations in the B5 propeptide and Ump1 show a surprising genetic interaction. Normally,
this propeptide is essential for proteasome assembly and cell viability; however, when the
UMPL1 gene is deleted, the B5 propeptide is no longer required. Ramos et al. [39] proposed
that the p5 propeptide acts to reposition or conformationally alter Ump1 in a way that
facilitates 35 autocleavage. Thus, if Umpl were already deleted, the 5 propeptide would no
longer be required. Ump1, in this model, is required to orchestrate 3-subunit processing and
proteasome maturation at a late stage of assembly. A different, possibly additional, function
for Ump1 has been proposed from data, described earlier, showing that high levels of 7 can
suppress defects associated with loss of the 5 propeptide and that this suppression requires
the B7 C-tail to enhance proteasome half-mer dimerization [48]. Umpl was proposed to have
an assembly checkpoint function, inhibiting dimerization until the “late” 8 subunits, the last
being B7, had incorporated into the half-mer. Premature dimerization would likely make it
difficult to insert 37 and other late subunits into the complex. The g5 propeptide, which
seems to promote dimerization, would become dispensable if Umpl were no longer present
to limit dimer formation, although overall assembly and maturation would be defective,
leading to the continued growth defect associated with the UMP1 gene deletion.

3.2.2. Pbal/Pba2 (PAC1/PAC2; PbaA/PbaB)—It was some time before any additional

20S proteasome assembly factors were discovered. Hirano et al. [62] used a Flag-tagged f
subunit to isolate proteasome-associated proteins from HEK293 cells, and identified a co-
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precipitating protein complex consisting of two proteins, which they hamed PAC1 and
PAC?2 (proteasome assembly chaperones 1 and 2). They went on to show that PAC1/PAC2
specifically associates with precursor proteasomes and that genetic knockdown of this
complex impairs 20S proteasome assembly. Knockdown also leads to accumulation of
aberrant a-ring dimers. Thus one of the functions of this chaperone pair may be to prevent
the off-pathway interaction of two a-subunit rings [62]. PAC1 knockout mice are embryonic
lethal, highlighting the importance of this assembly chaperone for mammalian development
[63].

The yeast orthologs of PAC1 and PAC2, called Pbal and Pba2 (proteasome biogenesis-
associated factors 1 and 2), were initially identified by mass spectrometric analysis of 20S
proteasome assembly intermediates but were not detected in mature proteasomes [48]. An
earlier study had also identified Pba2 from a mutant that had a weak defect in the
degradation of an abnormal endoplasmic reticulum-associated protein [64]. In another
report, Pbal and Pba2 (as well as Pba3 and Pba4) were identified from a screen for genetic
suppressors of a hyperactive DNA damage-response mutant [65]. No growth defects are
seen in pbald or pba24 (or the double) mutants, but these mutations do exacerbate the
phenotypic defects of proteasome mutants [48]. Interestingly, these chaperones possess C-
terminal HbY X (hydrophobic-tyrosine-any amino acid) motifs. The HbY X motif has been
found in a number of proteasome activators where it is required for activator function
through binding to pockets formed between specific a subunits [32, 33, 66]. The Pbal and
Pba2 HbY X motifs both contribute to chaperone function and proteasome precursor binding
[31]. A recent crystallographic study showed that these motifs do indeed associate with
specific lysines in the intra-a subunit pockets [67]. The Pbal C-terminus sits in the pocket
between a5 and a6, while the Pha2 C-terminus interacts with the a6-a7 pocket (Fig. 4). In
contrast to Ref. 31, these authors detected Pbal/Pba2 binding to mature proteasomes in
vitro, although binding was very sensitive to salt, dropping over 225-fold (to a Kp of 2.8
M) when NaCl concentration was increased from 12.5 to 150 mM [67].

Since archaeal a and p subunits can form functional proteasomes by co-expression in E. coli
in the absence of other factors, it was long thought that these proteasomes do not require
chaperones. However, apparent homologs of the eukaryotic assembly chaperones, Pbal and
Pba2, have now been found. Biochemical analysis of the archaeal Methanococcus
maripaludis PbaA and PbaB proteins demonstrated specific binding of PbaA (but not PbaB)
to a preholoproteasome intermediate but not the mature M. maripaludis 20S proteasomes
isolated by expression in E. coli [31]. PbaA, unlike PbaB, has a conserved C-terminal HbY X
motif, and mutational analysis showed that the intact Hb Y X motif is necessary for
preholoproteasome association; the specific lysine within the intra-a subunit pocket
implicated in activator HbY X binding is also required. Interestingly, when the mature
archaeal proteasome active sites are blocked by inhibitors, both PbaA and PbaB are found to
associate with the inactive CP. These data imply that allosteric communication between the
active sites in the central B-subunit chamber and the distant surface of the a ring can
modulate PbaA and PbaB binding. Genetic studies are still needed to assess the exact
physiological functions of PbaA and PbaB in archaeal 20S proteasome assembly and
function.

3.2.3 Pba3/Pba4 (PAC3/PAC4)—Using a stable cell line expressing Flag-tagged PAC1,
Hirano et al. [68] affinity purified proteasome assembly intermediates and identified a novel
factor, PAC3, by mass spectrometry. Knockdown of this protein caused proteasome
assembly defects, lending credence to PAC3 being an assembly chaperone. Pba3, the S
cerevisiae homolog of PAC3, as well as an associated protein, Pba4, were identified by
multiple research groups [38, 65, 69, 70]. It became clear that a mammalian homolog of
Pba4, named PAC4, also exists. Loss of yeast Pba3 or Pba4 causes growth and proteasome
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assembly defects. The two proteins form a heterodimer, and the complex associates tightly
with the a5 proteasome subunit. Structural studies of these chaperones revealed a surprising
structural similarity of the dimer to proteasomal o and f subunits [69], as shown in Fig. 5A.
However, the co-crystal structure of Pba3/Pba4-a5 indicated that the chaperone does not
bind a5 in the same way as do either neighboring a or  subunits. Pba3/Pba4 appears to
disassociate from the assembling intermediate when the B4 subunit is incorporated,
accounting for its absence from the 15S intermediate, which includes the $4 subunit. This
can be understood by modeling the chaperone-a5 complex onto the full 20S proteasome
structure (Fig. 5B). The model shows a strong steric clash between the $4 subunit and Pba3/
Pba4 [69].

An important function of Pba3/Pba4 is in controlling the incorporation of the a3 subunit into
the proteasome [38]. The a3 subunit is unique in that it is the only dispensable subunit of the
yeast 20S proteasome; its deletion causes only a minor growth defect under optimal
conditions. In the absence of a3, a second copy the neighboring a4 subunit takes its place in
each a ring [71]. Surprisingly, when yeast cells lack Pba3/Pba4, they also make proteasomes
bearing neighboring a4 subunits despite the continued expression of a3; some 20-50% of
proteasomes were estimated to have the a4-a4 configuration [38].

Pba3/Pba4 may form a scaffold on which a ring assembly is guided through a specific
pathway ensuring that the a3 subunit is positioned between the a2 and a4 subunits in the
ring [11, 38]. This model is consistent with the crystal structure of Pba3/Pba4 in complex
with a5 and the modeling studies showing the possibility of extensive contacts between
Pba3/Pba4 and the neighboring a subunits [69]. However, the exact mechanism by which a-
ring assembly is regulated by the chaperone is not yet clear. Intriguingly, cells that make
proteasomes with a4-a4-containing rings are more resistant to oxidative stresses [38].
Chronic oxidative stress may alter proteasome assembly such that more a4-a4 proteasomes
are generated. Such proteasomes are expected to have a constitutively open a ring [72] and
may interact differently with proteasome regulatory factors such as the RP.

3.2.4. BIm10 (PA200)—A number of proteins and protein complexes have been described
that bind the ends of the CP cylinder and stimulate its activity. The 19S regulatory particle
caps the majority of 20S proteasomes, but other factors such as PA28a/p, PA28y and PA200
in mammalian cells also bind and stimulate the CP. PA200, and its yeast ortholog BIm10,
are large HEAT-repeat proteins that form a dome-shaped spiral atop the CP (Fig. 6A) [73].
Hybrid complexes, with a 19S RP on one end of the CP and BIm10/PA200 on the other, can
also form [74]. BIm10/PA200 may have multiple functions as there are reports suggesting
roles as a proteasome assembly factor, activator, or quality-control factor [32, 75-77].

Unlike the RP, BIm10/PA200 does not bind or hydrolyze ATP, but its interaction with the
CP disorders the a-ring gate and promotes entry of peptide substrates [32, 78]. A recent
crystal structure shows that a tyrosine residue in the conserved C-terminal HbY X motif of
this protein interacts with the a ring via a6-Lys66 in the pocket formed between the a5 and
a6 subunits [78]. This interaction displaces the a5 N-terminal segment, effectively
disordering the gate as judged by activation of peptide hydrolysis. A bim10A mutant does
not exhibit general proteasomal proteolytic defects; BIm10 may target a specific subset of
proteins, such as ones that are intrinsically disordered [74]. The dome structure of BIm10
completely covers the CP end, with only a narrow orifice at the top of the dome, implying
that only peptides or unfolded substrates would be able to gain entry into the proteasome
(Fig. 6B).

Participation of BIm10 in proteasome assembly was initially postulated when it was found to
co-elute from a gel filtration column with an UmpZ1-containing precursor complex [79]. The
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authors reported that in a bim10A null mutant, the rate of p5 subunit-propeptide processing
and Ump1 degradation is accelerated, implying that BIm10 normally delays assembly.
BIm10 is found associated with several CP assembly intermediates, which would in
principle allow a BIm10 contribution to the proteasome maturation process [48, 59].
Notably, when the biIm10A allele is combined with a mutation in an RP subunit that impairs
RP-CP binding, enhanced defects in CP maturation are observed [59]. These data argue for a
positive role for BIm10 in CP assembly by a mechanism that can be compensated in part by
the RP.

BIm10 has also been proposed to bind preferentially to 20S proteasomes with an open or
disordered axial gate. BIm10 binding to the CP is increased in CP mutants with one or more
a subunit N-termini deleted or in cells with the umpl4 mutation [80]. Atomic-force
microscopy has shown that the gated axial pores of the CP open and close stochastically,
with approximately 25% of proteasomes adopting the open conformation at steady-state
[72]. One proposed role for BIm10 is to sequester 20S proteasomes that have their gates
open an aberrantly high proportion of the time, thereby preventing uncontrolled substrate
access to the catalytic chamber [80].

3.2.5. Ecm29—Ecm29 was initially identified by its binding to yeast 26S proteasomes
under low salt conditions [81]. Intact 26S proteasomes can be purified without ATP when
Ecm29 is present, but ATP is required for maintaining a stable RP-CP interaction in the
absence of this factor. This suggests that Ecm29 can stabilize the 26S proteasome complex.
Like BIm10, Ecm29 is a HEAT-repeat protein and is conserved in humans, where it
localizes to the nucleus and cytoplasmic membrane structures [82, 83].

There is evidence that Ecm29 may function in proteasome quality control by either
sequestering aberrantly formed proteasomes or repairing them. In one report, Ecm29 co-
purified with aberrant 26S proteasomes that apparently lacked the $3 subunit and possessed
immature versions of the p5 subunit but associated with RP [84]. Reconstitution assays
suggested that exogenous addition of Ecm29 was sufficient to drive the maturation of the 5
subunit in these immature or aberrant RP-CP complexes [84]. The loss of p3 subunits from
the Ecm29-26S proteasome complexes was not observed in several subsequent studies, but
Ecm29 association with otherwise aberrant or misassembled proteasomes was confirmed
[85, 86].

Proteasomes disassemble into their RP and CP components in response to oxidative stress;
Ecm29 plays a pivotal role in this disassembly by associating specifically with the RP [87].
This occurs in both yeast and human cells. Ecm29-dependent disassembly of proteasomes is
necessary for growth of yeast under oxidative stress conditions. Despite the many intriguing
observations linking Ecm29 to proteasomes, the exact mechanism(s) of Ecm29 action
remains uncertain. There is general agreement that the ability to identify atypical or
abnormal proteasomes is most likely a core function of Ecm29.

4. Assembly of the proteasome and its subcellular localization may be
coordinated

Proteasomes in yeast are mainly nuclear [88, 89], while mammalian proteasomes are
distributed both in the nucleus and cytoplasm but are often concentrated in the nucleus as
well [90, 91]. Whether de novo proteasome assembly steps occur at distinct subcellular sites
is unknown, as are many details of the dynamics of proteasome localization in general. In an
early study, a GFP-tagged version of the f1i CP subunit was shown to be quantitatively
incorporated into proteasome particles and was used to follow proteasome dynamics in
cultured mammalian cells. Photobleaching experiments demonstrated that the nuclear and
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cytoplasmic pools of proteasomes are in very slow exchange except when the nuclear
envelope breaks down during mitosis. Within each of these compartments, however,
proteasomes diffuse rapidly [90].

Several proteasome subunits have nuclear localization sequences (NLSs), and a possible
way to regulate localization of either mature proteasomes or assembly intermediates may be
to mask or unmask these sequences [92, 93]. Only a subset of proteasome subunits bear an
NLS, suggesting that, for most of the subunits, transport into the nucleus requires prior
formation of either mature proteasomes or proteasomal subparticles. Some 20S proteasome
assembly chaperones, such as Pbal/Pba2 and Pba3/Pba4, may be primarily in the cytoplasm
[65, 94], which supports the idea that at least early stages of CP assembly occur in the
cytoplasm. Proteasomal precursors may be imported into the nucleus and then assembled
into mature CPs within the nucleus where Ump1 is concentrated [95]. Interestingly, in yeast
cells lacking Ump1, Pba3 and Pba4 accumulate in the nucleus [65]. This supports the
possibility that later steps of 20S proteasome maturation occur in the nucleus, releasing the
early-acting Pba3/Pba4 chaperone, whereupon it exits the nucleus.

Data are also available in support of the ability of fully assembled proteasomes to cross the
nuclear membrane. Employing a nuclear reconstitution assay based on Xenopus egg
extracts, Savulescu et al. [96] showed that particles containing the fully assembled CP, two
RP subunits (Rpnl and Rpn2), Hsp90 and importin B can enter the reformed nuclei. Purified
CP by itself collected at the nuclear periphery but did not appear to enter nuclei in this in
vitro system, but the actively transported proteasomal species in vivo remain to be
catalogued. Interestingly, in yeast cells that enter a quiescent state (stationary phase),
proteasomes exit the nucleus and collect in one or two large cytoplasmic structures called
proteasome storage granules (PSGs). Within minutes of addition of fresh medium, the PSGs
break down and proteasomes re-enter the nucleus. Therefore fully mature 20S and/or 26S
proteasomal particles are likely to be able to traffic across the nuclear membrane, possibly
by a mechanism distinct from the transport of precursor complexes [97].

5. Regulation of 20S proteasome biogenesis

Besides maintaining basal levels of proteasomes under optimal growth conditions, cells
must be able to regulate proteasome activity in response to various stimuli. Both basal and
induced levels of proteasomes are set in yeast by the transcription factor Rpn4 [98]. Recent
studies have identified a functional equivalent in humans, Nrfl, which is also responsible for
the upregulation of proteasome subunits during stresses known to induce an excess of
aberrant, potentially toxic proteins [99]. Another recent report suggests that the CCAAT
box-binding protein NF-Y is responsible for maintaining basal proteasome levels in
mammalian cells [100]. Rpn4 and Nrfl stimulate the expression of proteasome subunits and
other genes involved in the UPS [101].

In S cerevisiae, a nonameric DNA consensus sequence in the promoter regions of nearly all
proteasome subunits called the proteasome-associated control element (PACE) was
identified. This element was shown to bind Rpn4, a 60 kDa protein with a C2H2 type zinc
finger motif [98]. Rpn4 is an extremely short-lived protein, with a half-life of about two
minutes, and is degraded by both ubiquitin-dependent and ubiquitin-independent
mechanisms [102, 103]. Both mechanisms require the proteasome, providing a negative-
feedback control on Rpn4 levels: When proteasome activity becomes limiting, Rpn4 levels
rise, increasing proteasome gene transcription and driving proteasome assembly, and when
proteasome activity increases, Rpn4 will be degraded more rapidly, reducing its levels. The
first evidence for the existence of such a feedback mechanism came from studies of
proteasome assembly [20]. When the processing or activity of B5 was impaired, large
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increases in the levels of 5 were observed, leading to the suggestion of a positive regulator
of B5 expression that was itself a substrate of the proteasome.

Genetic evidence highlights the importance of the Rpn4 pathway in ensuring adequate basal
levels of proteasomes and in response to proteotoxic stresses such as high temperature.
Yeast mutants with the RPN4 gene deleted are temperature sensitive for growth, and the
rpnd4 mutation is synthetically lethal with many other proteasome-pathway mutations [31,
65, 104]. It is of note that none of the yeast 20S proteasome assembly chaperones, Umpl
and Pbal-4, possesses a PACE in its promoter, although BIm10 and Ecm29 do. It is possible
that the basal levels of assembly chaperones are sufficient for maximal assembly rates
regardless of conditions. They are normally present at much lower levels than total
proteasomes. Conceivably, some environmental stimuli might cause one or another
assembly chaperone to become limiting and as a result, channel assembly through a pathway
yielding proteasomes of distinct composition. Such a hypothesis has been proposed to
account for the a4-a4 proteasome found in pba44 mutants, with the assumption that wild-
type cells might make these same alternative forms under some conditions [38].

6. Assembly of Alternative Proteasome Isoforms

The canonical 20S proteasome consists of a constitutive set of 14 different subunits usually
encoded by 14 different genes. In vertebrates, interferon y-inducible proteasome subunit
genes (B1i, B2i and B5i) are expressed at high levels in immune tissues such as the spleen
and by stimulated class | antigen-presenting cells [22-26, 105, 106]. This results in the
formation of the immunoproteasome. In the thymus, a specialized proteasome called the
thymoproteasome is made, which includes 1i and B2i but replaces 5i with another
specialized subunit, p5t [27, 28, 107, 108]. In Drosophila, testis-specific proteasomes have
been documented. These include an alternative a6 subunit (a6T) that is essential for fertility
[109]. However, it appears that a6T is not qualitatively different from its constitutive
counterpart since the fertility of an a6T null mutant can be rescued by ectopic a6
expression; high a6T expression in the testis is presumably needed to maintain sufficient
proteasome levels during sperm formation [110]. Plants also express a large set of 20S
proteasome subunit paralogs, which could in principle have distinct functions [111]. Finally,
an alternative proteasome with two a4 subunits in each a ring was identified in mutant S
cerevisiae, but whether such proteasomal forms are important for wild-type yeast function
remains uncertain [71] (Section 3.2.3).

Much of what is known about the assembly of alternative proteasomes comes from studies
on the immunoproteasome [60, 107]. The immunoproteasome contains catalytic p subunits
that share ~60% amino-acid identity with their constitutive counterparts but differ in their
active-site specificities; these different protein cleavage preferences generate an alternative
repertoire of peptides, including ones suitable for antigen presentation [107]. Importantly,
the immunoproteasome-specific subunits do not incorporate into the proteasome
independently of one another. Most proteasomes from interferon-stimulated cells, for
example, will have all three Bi subunits in each B ring of each particle [112]. B1i is the first to
enter the assembly pathway, and it influences the preferred incorporation of the 2i and p5i
subunits into the assembling proteasome [112, 113]. This assembly pathway appears to be
different from constitutive proteasome B-subunit incorporation, where the 32 subunit enters
the ring first and the rest then enter sequentially [49]. The influence of i subunits on subunit
selection resides primarily in their divergent propeptides. Chimeric subunits that have
immunoproteasome Bi subunit-derived propeptides fused to constitutive 3 subunit mature
domains behave like the respective Bi subunit. The apparent cooperative assembly behavior
of interferon-induced catalytic 8 subunits ensures that immunoproteasomes comprise the
majority of proteasomes in inflamed tissues [114, 115]. Nevertheless, proteasomes isolated
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from infected p5i -/- mice contain the immunosubunits f1i and p2i but a constitutive 5,
indicating that in the absence of the preferred 5i, the constitutive p5 can be incorporated
[116].

The assembly chaperone hUmpl is induced upon interferon stimulation and associates
strongly with the B5i subunit [113]. Immunoproteasome formation is ~4-fold faster
compared to constitutive proteasome assembly and requires hUmp1. The tighter apparent
binding of hUmp1 to f5i relative to 5 may further bias assembly toward
immunoproteasome formation. Mature immunoproteasomes are also degraded about 5-fold
faster than the constitutive particle (half-life of ~1 d versus ~5 d), consistent with a rapid and
transient adaptive immune response [113]. Crystal structures of the immunoproteasome in
complex with inhibitors have suggested possible mechanisms for the differences in substrate
processing between constitutive proteasomes and immunoproteasomes, but additional
structural work will be required for a deeper understanding of the distinctive biogenesis and
dynamics of the immunoproteasome [117].

The proteasome peptidase activator PA28a/p has also been implicated in the efficient
assembly of immunoproteasomes [118]. PA28a/p binds immunoproteasome precursors, and
an early study of mice lacking PA28a/p implicated the activator in immunoproteasome
assembly [119]. However, in a subsequent study, immunoproteasomes were present at
nearly wild-type levels in the spleens of mice missing PA28a/p, calling into question the
necessity of these activators for assembly and instead suggesting a more specialized role for
PA28a/p in the processing of certain antigens [120, 121].

6. Concluding remarks

Efficient and high-fidelity assembly of the 28-subunit 20S proteasome, including correct
assembly of alternative forms, is a challenging task to carry out in the crowded confines of
the cell. Maintaining the fidelity of proteasome assembly is essential to proper cell function,
particularly under conditions of proteotoxic stress, and it has been shown that altering
proteasome composition can change its interactions with inhibitors [117, 122]. Certain steps
of the assembly process rely on intrinsic features of the subunits or subunit subcomplexes,
while others require the help of dedicated, conserved accessory factors. These proteasome
assembly chaperones can function as guides, checkpoints, and perhaps even as remodeling
agents for aberrant intermediates. Though several proteins involved in the 20S core particle
assembly pathway have been biochemically and even structurally characterized, a
mechanistic understanding of exactly what these chaperones do is lacking.

Among the open questions remaining, a prominent one is the question of which aspects of
proteasome assembly occur by stochastic self-assembly and which require chaperones.
Computational studies indicate that very high intersubunit affinities can delay assembly of
generic ring structures; very weak interactions yield the same results [123]. Intermediate
affinities are optimal for efficient assembly of rings, especially those containing three or
more subunits. Archaeal subunits can assemble into stable proteasomes without the aid of
additional factors, while eukaryotic subunits probably cannot. The more complicated
compositions of eukaryotic proteasomes have evidently necessitated the evolution of
assembly chaperones. These may play a role in modulating subunit-subunit interactions to
build stable ring structures. The possibility of restricted subcellular localization of assembly
steps and assembly chaperone action and whether this has any bearing on the types of
proteasomes that are formed are also still largely unknown. Uncovering the function of these
chaperones remains as a major challenge for the field as does understanding how these
factors might be regulated to build different types of proteasomes.
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Figure 1. Structural features of the Eukaryotic 20S Proteasome

A. An electron micrograph structure of the 26S proteasome (grey) from yeast with the 20S
(CP) and 19S (RP) labeled. The yeast CP crystal structure is shown with each subunit
colored.

B. In the top panel, a clipped structure of the CP on its side illustrates three of the six
catalytically active sites shown as red spheres. The bottom panel highlights the three linked
chambers within the proteasome.

C. The occluded pore of the CP (grey with individual subunits colored) from wild type cells
is juxtaposed with the open pore from the a3AN strain indicated by an arrow.

All images were made using PyMol or Chimera using structures elucidated in Refs [15, 29].
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Figure 2. Model for the assembly of the Eukaryotic CP

This cartoon depicts assembly precursors that were isolated, or shown to form, in yeast.

I. a (blue) and B subunits with propeptides (red) are synthesized as free polypeptides. An a
ring is formed initially with the aid of the Pba3/4 (red and orange) chaperone that interacts
specifically with the a5 subunit.

I1. The isolated 15S intermediate contains a full a ring, the 2, p3 and p4 subunits and two
assembly chaperones: Pbal/2 (blue and green) and Ump1 (yellow).

I11. The -7 intermediate is composed of a full complement of subunits except the p7
subunit and Pbal/2 and Umpl.

IV. The half-proteasome has a full a ring and full p ring, but is still associated with the
assembly chaperones Pbal/2 and Ump1.

V. The dimerization of the half-proteasomes forms the preholoproteasome that is still
immature.

V1. CP maturation is achieved by the autocatalytic processing of the  subunit propeptides
and the degradation of the Ump1 chaperone. The Pbal/2 chaperone is also released upon
maturation. This process yields a functional CP competent for protein degradation.
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Figure 3. C-terminal extensions of the B2 and B7 subunits serve to stabilize the assembling CP
The B2 subunit (green) forms extensive contacts with the 3 subunit through its C-terminal
extension. The C-terminal 30 amino acid residues are shown here in magenta. The 7
subunit (dark yellow) inserts its C-terminal extension between the f2 and p1 subunit of the
opposing B ring. The final 15 amino acids residues of 37 are shown in red. The image was
made using PyMol using the structure elucidated in Refs [15].
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Pba2

Figure 4. Assembly chaperones Pbal and Pba2 associate with the CP a, ring

Pbal (purple) and Pba2 (orange) interact with intra-a subunit pockets of the 20S (grey)
through their C-terminal HbY X motifs. The image was made using PyMol using the
structure elucidated in Refs [67].
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Figure 5. Proteasome biogenesis associated (Pba) factors 3 and 4

A. The structure of the Pba3/4 dimer is similar to the structure of proteasome subunits. A
representative a subunit is shown for comparison. Helices are indicated in red, 3 strands in
yellow and loops in green.

B. The Pba3 (blue) and Pba4 (green) chaperone associates with the a5 subunit (purple) in
such a manner that there is a steric clash with the 4 subunit (yellow) unless Pba3/4
disassociates before this subunit is incorporated into the CP.

These images were made using PyMol using structures elucidated in Refs [15, 69].
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Figure 6. The HEAT repeat protein, BIm10, capsthe CP

A. BIm10 (orange) occupies surfaces that are usually bound by regulators of the CP (grey).
A top-down view of the BIm10 (orange) capped CP (grey) reveals a narrow opening through
the proteasome, indicated here by an arrow. These images were made using PyMol using the
structure elucidated in Refs [78].
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