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Fig. 4 Immunohistochemical analyses of mutant androgen receptor (AR) accumulation in the dorsal root ganglion (DRG) and that in the

spinal anterior horn of SBMA patients. (A) Aggregates of mutant AR in the cytoplasm of DRG neurons (black arrows). Scale bar =
(B) Mutant AR accumulates in the motor neuron nuclei (white arrows). Scale bar =

100 pm,
100 um. (€) Relation between the CAG repeat size and

cytoplasmic aggregations in the primary sensory neuron. Cytoplasmic aggregation tended to be more frequent in the patients with a
shorter CAG repeat. (D) Relation between the CAG repeat size and diffuse nuclear accumulation of mutant AR in the spinal motor
neuron. Panel D is reconstructed from the previous report (Adachi et al., 2005).
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The proteasome: Overview of structure and functions

By Keiji TANAKA®"

(Communicated by Takao SEKIYA, M.J.A.)

Abstract:

The proteasome is a highly sophisticated protease complex designed to carry

out selective, efficient and processive hydrolysis of client proteins. It is known to collaborate with
ubiquitin, which polymerizes to form a marker for regulated proteolysis in eukaryotic cells. The
highly organized proteasome plays a prominent role in the control of a diverse array of basic
cellular activities by rapidly and unidirectionally catalyzing biological reactions. Studies of the
proteasome during the past quarter of a century have provided profound insights into its
structure and functions, which has appreciably contributed to our understanding of cellular life.
Many questions, however, remain to be elucidated.

Keywords:
lecular chaperone

Introduction

The proteasome is a large protein complex
responsible for degradation of intracellular proteins,
a process that requires metabolic energy. Polymer-
ization of ubiquitin, a key molecule known to work
in concert with the proteasome, serves as a degra-
dation signal for numerous target proteins; the
destruction of a protein is initiated by covalent
attachment of a chain consisting of several copies
of ubiquitin (more than four ubiquitin molecules),
through the concerted actions of a network of
proteins, including the E1 (ubiquitin-activating),
2 (ubiquitin-conjugating) and E3 (ubiquitin-ligat-
ing) enzymes."? The polymerized ubiquitin chain
acts as a signal that shuttles the target proteins to
the proteasome, where the substrate is proteolyti-
cally broken down. For accurate selection of the
proteins, numerous enzymes (e.g., 2 E1 proteins,
approximately 30 E2 proteins and more than 500
different species of E3 in humans) are mobilized
with this cascade system. The set of E3 proteins is
highly diverse, because each E3 enzyme usually
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proteasome, ubiquitin, intracellular proteolysis, multisubunit complex, mo-

selectively recognizes a protein substrate for ubiq-
uitylation. Furthermore, it should be noted that
ubiquitylation is a reversible reaction, because
many cysteine-protease and metalloprotease
deubiquitylating enzymes (DUBs) are present in
the cell. Interestingly, the human genome encodes
approximately 95 putative DUBs.? Certain DUBs
are responsible for the maturation of ubiquitin from
its precursor proteins and products of genes that
encode polyubiquitin or ubiquitin fused with ribo-
somal proteins. Other DUBs function at the initial
stage during the breakdown of ubiquitin-tagged
proteins to allow ubiquitins to be recycled. The
ubiquitin—proteasome system (UPS) controls al-
most all basic cellular processes—such as progres-
sion through the cell cycle, signal transduction, cell
death, immune responses, metabolism, protein
quality control and development—by degrading
short-lived regulatory or structurally aberrant pro-
teins. " The divergent roles of the UPS have been
reported in detail and reviewed comprehensive-
ly.'® In this review, I provide an overview of the
structure and functions of uniquely specified pro-
teasomes. Due to space limitations, | have primarily
cited review articles with the exception of partic-
ularly important or recently published papers.

1. 268 and 308 Proteasomes

The proteasome is made up of two subcom-

-120-



No. 1]

Table 1. Subtypes of proteasomes and their regulators

Other nomenclature

Catalytic 208 Proteasomes
Standard (or Constitutive)
Proteasome

Immunoproteasome
Thymoproteasome
Testis-specific Proteasome
Regulators
PATOD
PA200
PA2Bagd
PA28y
Active Proteasomes

PATD0-CP-PAT00
(195-20S-19S)
PAT00-CP (198-208)
PA200-CP-PA200
PA200-CP
PA2Baf-CP-PA28ad
(118-208-118)
PA2Bag-CP*
PA2Baf-CP-PATO0
PA28+-CP-PA28y
PA28CP*
PA2B+-CP-PATO0"
PA200-CP-PAT00"
PA28ad-CP-PA200"
PA28+CP-PA200"
"unidentified complex; *“referred to as alternative hybrid
proteasome

208 Caore Particle (CP)

195 Regulatory Particle (RP)
Blm10
118 Regulator (REG)

305 Proteasome

268 Protessome

Hybrid Proteasoine

The protessome 13

plexes: a catalytic core particle (CP; also known as
the 208 proteasome) and one or two terminal 198
regulatory particle(s) (RP) that serves as a protea-
some activator with a molecular mass of approx-
imately 700kDa (called PA700) (Table 1).7 The
19S RP binds to one or both ends of the latent 208
proteasome to form an enzymatically active pro-
teasome. The apparent sedimentation coefficient of
the active proteasome as determined by density-
gradient centrifugation analysis is 268 and accord-
ingly the complex is usually referred to as the 268
proteasome. Physicochemical analysis, however,
has revealed that the correct sedimentation coef-
ficient is approximately 30S."” The size difference
is probably due to the attachment of one 198 RP
to the 208 proteasome to form the so-called 26S
proteasome, whereas the elongated 30S molecule,
which is likely the functional unit in the cell, may
include a pair of symmetrically disposed 195 RPs
that are attached to both ends of the central portion
of the complex (Fig. 1). In this article, however, 1
will primarily use 265 proteasome without distin-
guishing between these two forms of the protea-
some, unless otherwise specified.

As mentioned above, the 26S proteasome is a
2.5-MDa multicatalytic degradation machine that
contains a 208 CP and one or two 195 RPs, which
associate with the termini of the barrel-shaped
central particle. The 19§ RP serves to recognize
ubiquitylated client proteins and is thought to play
a role in their unfolding and translocation into the
interior of the 208 CP, which contains catalytic

Abbrevistions:

aa: amino acids

AAA-ATPase: ATPase associated with diverse cellular activ-
ities
AIRAP: ar
ciated protein

AIRAPL: AIRAP-like gene

CD: cluster of differentiation

CP: core particle

¢TECs: cortical thymic epithelial cells
CTL: eytotoxic T lymphocyte

DSBs: double strand breaks

DUB: deubiquitylating enzyme

EM: electron microscopy

FDA: Food and drug administration
GFP: green fluorescent protein

HbYX: hydrophobic-tyrosine-X

HCV: hepatitis C virus

IFN: interferon

MG-132: N-carbobenzoxy-leu-leu-leucinal
MHC: major hist patibility compl

ite-inducible prot 1 195 regulatory-asso-

NER: nuclear excision repair

Nin: N-terminal nucleophile

PA: proteasome activator

PAC: prot bling chaperone

PGPH: peptidylglutamyl-peptide hydrolyzing

PI: proteasome inhibitor

PIP: proteasome-interacting protein

POMP: proteasome maturation protein

PSI: N-carbobenzoxy-L-gamma-t-butyl-L-glutamyl-L-alanyl-
L-leucinal

REG: 118 regulator

RP: regulatory particle

siRNA: small interfering RNA

TAP: transporter associated with antigen processing
TCR: T cell receptor

TOP: thimet oligopeptidase

UBA: ubiquitin-associated

UBL: ubiquitin-like

UPS: ubiquitin-proteasome system

Z-L3VS: carboxybenzyl-leucyl-leucyl-leucine vinyl sulfone
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Fig. 1.

Schematic diagram of the 26S proteasome. Left panel: Averaged image of the rat 268 proteasome complex based on electron

micrographs. Photograph kindly provided by W. Baumeister. U, ubiquitin. Middle panel: The overall tertiary structure of the
bovine 208 proteasome (central portion); the structures of the 195 RPs have not yet been determined (the pair of symmetrically
disposed terminal structures depicted by question marks). Right panel: Schematic drawing of the subunit structure. CP, core
particle (205 proteasome); RP, 19S regulatory particle consisting of the base and lid subcomplexes; Rpn, RP non-ATPase; Rpt,

RP triple-ATPase.

threonine residues on the surface of a chamber
formed by two [-rings.

2. The CP or 20S Proteasome

The 20S CP (alias 20S proteasome) is well
characterized structurally (Fig. 1). It is a well-
organized protein complex with a sedimentation
coefficient of 205 and a molecular mass of approx-
imately 750 kDa. When viewed electron microscopi-
cally, the 208 proteasome appears as a cylinder-like
structure in various eukaryotes, including yeast and
mammals. It forms a packed particle, a result of
axial stacking of two outer a-rings and two inner 3-
rings, which are made up of seven structurally
similar & and [ subunits, respectively; the rings
form an @y.7/8.781700.7 structure, The 20S protea-
some plays essentially the same proteolytic roles in
all eukaryotes, differing from proteasomes in pro-
karyotes that mainly consists of homo-hepatmeric
a- and f-rings of the same a and A subunits,
respectively, i.e., the affa structure.®!") Accord-
ingly, the overall structures and functions of the
individual subunits are highly conserved among
eukaryotic species, except for a specialized form(s)
that is associated with adaptive immune responses,
which will be described in a later section. Indeed,
the yeast (Saccharomyces cerevisiae) and mamma-

lian (bovine) 20S proteasomes are characterized by
the same highly ordered, quaternary structures, as
demonstrated by X-ray crystallography.'®!® The
subunits of the 20S proteasome are specifically
located within the complex with C2 symmetry.
These subunits are listed in Table 2.

The three 3-type subunits of each inner ring
contain catalytically active threonine residues at
their N termini and show N-terminal nucleophile
(Ntn) hydrolase activity, indicating that the pro-
teasome is a threonine protease that does not fall
into the known seryl, thiol, carboxyl and metal-
loprotease families. The 1, 32 and /5 subunits are
associated with caspase-like/PGPH (peptidylglu-
tamyl-peptide hydrolyzing), trypsin-like and chy-
motrypsin-like activities, respectively, which confer
the ability to cleave peptide bonds at the C-
terminal side of acidic, basic and hydrophobic
amino-acid residues, respectively. Two pairs of
these three active sites face the interior of the
cylinder and reside in a chamber formed by the
centers of the abutting G-rings. The crystal struc-
ture of the 208 proteasome reveals that the center of
the a-ring is almost completely closed, preventing
proteins from penetrating into the inner chamber of
the fG-ring that contains the proteolytically active
sites. Moreover, the N termini of the a subunits
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form an additional physical barrier for access to the
active sites.'” Thus, the 20S proteasome is latent in
cells; substrates are able to access the active sites
only after passing through the narrow opening at
the center of the a-rings.

The 208 proteasome processively degrades
client proteins, generating oligopeptides ranging
in length from 3 to 15 amino-acid residues. The
resulting peptide products are subsequently hydro-
lyzed to amino acids by oligopeptidases and/or
amino-carboxyl peptidases. One such enzyme is
the metalloendopeptidase thimet oligopeptidase
(TOP), which associates with the 26S proteasome
(our unpublished results) and displays an efficient
hydrolytic activity in the soluble fraction of the
cells.'” Of note, there is evidence to suggest that
unfolded proteins are generated in response to
stressors. For example, proteins damaged by oxi-
dation or intrinsically unstructured proteins (also
known as natively unfolded proteins) are degraded
directly by the 208 proteasome. The mechanisms
that control the gate opening of the closed a-ring,
however, are poorly understood, although the bind-
ing of denatured proteins to the a-ring seem to help
open the gate.'®'” While this process has been
examined in vitro, it is not clear at this stage
whether the 20S proteasome itself is responsible for
proteolysis in wvive without facilitation by other
activator protein(s).

3. The RP or PAT00

The enzymatically active proteasome is gener-
ally capped on either or both ends of the central 208
proteasomal core by regulatory proteins (Table 1).
The RFP recognizes client proteins marked by
polyubiquitin chains, removes the chain and en-
traps the protein moiety, unfolds the substrate
proteins, opens the a-ring, and transfers the un-
folded substrates into the CP for destruction
(Fig. 2). The 198 RP comprises approximately 20
different subunits that can be subclassified into two
groups: Regulatory particle of triple-ATPase (Rpt)
subunits and Regulatory particle of non-ATPase
(Rpn) subunits, both of which contain multiple
proteins with molecular masses ranging from 10 to
110kDa. The following is a brief desecription of the
19S RP (alias PA700), which comprises two sub-
complexes: the lid and the base,!'®1%

3.1 The lid subcomplex. The lid complex is
composed of at least nine non-ATPase subunits:

The proteasome 17

19S RP

26S
20 CP

19S AP

Fig. 2. Schematic diagram of proteclysis by the 26S protea-
some. Positions of subunits indicated (i.e., RpnlD, Rpnl3d,
Rpnll, Rptl-Rpt6, B1, A2 and G5 are represented
in Fig. 1. The 81, 52 and 45 subunits are associated with
caspase-like, trypsin-like and chymotrypsin-like activities,
respectively (for details, see text).

Rpn3, Rpn 5, Rpn6, Rpn 7, Rpn 8, Rpn 9, Rpn 11,
Rpn 12 and Rpn 15 (Fig. 1). The main function of
the lid is to deubiquitylate the captured substrates,
a process in which the metalloisopeptidase Rpnll
functions to recycle the ubiquitins (Fig. 2).2 In-
deed, Rpnll DUB cleaves the polyubiquitin chain
at a proximal site; this chain is further cleaved into
monomeric ubiquitins by other DUBs. In addition,
in mammalian cells, two other DUBs that are
physically associated with the base complex cleave
the ubiquitin moiety at a distal site. Uspl4 (yeast
UBPS) is associated with Rpn1?" and Uch37 binds
to the C-terminal domain of Rpn2-bound Rpnl3;
i.e., Uch37 associates with the base via Rpn13,292%
Intriguingly, deubiguitylation by Uch37 is activat-
ed by proteasome binding, which is also involved in
the editing of polyubiquitin chains. In addition, the
yeast Ubp6 is induced by ubiquitin deficiency
although ubiquitin stress does not upregulate pro-
teasome abundance. Namely the enhanced loading
of proteasomes with Ubp6 alters proteasome func-
tion, implying a dual role for Ubp6 in regulating
ubiquitin levels and proteasome function.?® The
functions of most of the other subunits in the lid,
however, have yet to be elucidated.

3.2 The base subcomplex. The base com-
plex is composed of six homologous AAA-ATPase
subunits, (Rpt1-Rpt6) and four non-ATPase sub-
units (Rpnl, Rpn2, Rpnl0 and Rpnl3 Fig. 1). The
base complex of proteasomes has three functional
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roles: capturing client proteins via ubiquitin recog-
nition, promoting substrate unfolding and opening
the channel in the a-ring (Fig. 2). Recently, a novel
functional unit within the lid complex, comprising
two subunits, Rpnl and Rpn2 was proposed; i.e.,
Rpn2 interfaces with the 20S, whereas Rpnl sits
atop Rpn2, serving as a docking site for a substrate-
recruitment factor.*® The lid ATPases encircle the
Rpnl-Rpn2 stack, covering the remainder of the
208 surface. Both Rpnl-Rpn2 and the ATPases are
required for substrate translocation and gating of
the proteolytic channel.

Rpnl0 and Rpnl3 function as integral ubiqui-
tin receptors and efficiently trap polyubiquitylated
substrates. Rpnl0 achieves this function via a C-
terminal ubiquitin-interacting motif (UIM).?®! More
recently, Rpnl3 was identified as a second ubiquitin
receptor.?”? The N-terminal domain of Rpnl3
shows no similarity to known ubiquitin-binding
motifs, but instead contains the novel ‘pleckstrin-
like receptor for ubiquitin’ (Pru) domain. The Pru
domain in human Rpnl3 shows a high affinity for
diubiquitin. It is interesting that the C-terminal
domain of Rpn13 produces the DUB activity, which
may collaborate with the N-terminal ubiquitin
receptor within the same molecule to facilitate
proteolysis. It is possible that Rpnl3 is not an
intrinsic proteasome subunit, because the 26S
proteasome, which does not contain Rpnl3, exists
to a lesser extent in mammalian cells.?? In addition,
although Rpt5 has been reported to bind polyubi-
quitylated proteins in vitro,®® there is no direct
evidence that it functions as a ubiquitin receptor in
the cell.

In addition to the intrinsic ubiquitin receptors,
there are several extrinsic UBL (ubiquitin-like)-
UBA (ubiquitin-associated) ubiquitin receptors,
such as Rad23, Dsk2 and Ddil (Table 2).°V32 In
higher eukaryotes, these UBL-UBA proteins inter-
act with the 265 proteasome via their UBL
domains. Indeed, the UBL domain can bind
directly the Rpnl0, which also functions as an
acceptor site of polyubiquitylated proteins due to
the UBA domain. Thus, UBL-UBA proteins also
function cooperatively with several intrinsic recep-
tors to recognize polyubiquitylated proteins.*” In
addition, the p62/SQSTMI1, which contains N-
terminal PB1 whose tertial structure resembles
UBL, C-terminal UBA domains and VCP (also
known as CDC48 or p97 ATPase), also binds both

[Vol. 85,

the proteasome and polymerized ubiquitin chains,
thereby localizing client proteins to the 26S pro-
teasome. ™ It was reported recently, however,
that p62 functions as a key [factor to direct
ubiquitylated proteins to autophagy (i.e., self-de-
struction through the lysosomal machinery).’®""
It is worth noting that Rpnl (and Rpn2) is also
responsible for acceptance of various UBL pro-
teins,™® similar to Rpnl0.

Emerging evidence has provided significant
insights into the roles of the ATPases in the base
subcomplex. Substrates access the catalytic sites
through the central pore in the a-rings. Free CP
exists in an autoinhibited form in which the N
termini of the a subunits create a gate that blocks
substrate entry. The base contains six ATPase
subunits (Rptl1-6) organized into a hexameric ring
that facilitates the opening of the gate and allows
the substrate to reach the catalytic sites. How
proteasomal ATPases promote the gate opening in
proteasomes remains a long-standing question. 208
proteasomes are activated following opening of the
gate by the proteasome activators PAT00 (i.e., the
base of 195 RP) and PA28 (Ref. 39 see below for
details). The PA28-mediated mechanism involved
in gate control is well established. PA26 from
Trypanosoma brucei, which is similar to mamma-
lian PA28, is a homoheptameric complex. The
crystal structure of the PA26-20S proteasome
complex shows that PA26 binds to 20S proteasomes
by inserting its C terminus into the intersubunit
pocket between adjacent a subunits.*® In addition,
the “activation loop” domain of PA26 stabilizes the
open-gate conformation. Interestingly, activation of
208 proteasomes by PAN, an archaeal homohexa-
meric ATPase complex that is related to eukaryotic
195 ATPases, also requires the C-terminal residues
of PAN. This suggests that the proteasomal AT-
Pases and PA26 employ similar mechanisms to
open the proteasome gate.

The archaeal PAN ATPase complex and the
three 195 ATPase subunits each contain a con-
served C-terminal hydrophobic-tyrosine-X (HbYX)
motif required for gate opening. The C termini
of the PAN molecules are inserted into the 208
pockets to induce gate opening through a mecha-
nism that resembles a key and a lock.*V** Among
the six 195 ATPases, only Rpt2, Rpt3 and Rpt5
contain the HbYX motif, and it is clear that
multiple HbYX motifs from the three subunits
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specifically facilitate the gate opening. One unre-
solved question is how the 6-fold symmetric AT-
Pase ring associates with the 7-fold symmetric 208
a-ring to stabilize the open-gate conformation.
Because only 2-4 subunits of the hexameric ATPase
structure are thought to simultaneously bind ATP,
not all of proteasomal ATPase subunits synchro-
nously work to open the gate. Thus, only a subset of
the C-terminal ends of the ATPase subunits inserts
into the 20S pockets, which may occur sequentially
to stabilize the open gate through an apparent
“wobbling” of the proteasomal ATPases. Alterna-
tively, the subunits may show different ATPase
rates; e.g., Rpt2 and Rpt5 may be always bound
to ATP to stabilize the open-gate conformation,
whereas the remaining ATPase subunits may move
dynamically through the ATPase cycle to promote
protein unfolding. In this model, the 265 protea-
some is rather a stable complex and two or three
ATPase subunits simultaneously bind the 208
pockets to open the gate. It is noteworthy that
similar to the PA28-mediated mechanism, ATP
binding is sufficient for gate opening without
requiring ATP hydrolysis.*?

The base subcomplex ATPases are required for
not only a-ring channel opening but also substrate
unfolding. Because the protein-degrading sites lie
inside the 20S CP and are accessible only through
the narrow channel, substrate proteins must be
unfolded before they can reach the active sites in
the f-ring chamber. Although details of the under-
lying ATP-dependent mechanism are still largely
unknown, it is clear that the base subcomplex
ATPases play a central role in substrate unfolding,
through a process that requires ATP hydrolysis.*
Intriguingly, the base complex shows a chaperone
activity in vitro that can cause refolding of unfolded
proteins in the presence of ATP, but neither in the
presence of ADP nor the absence of ATP.*)

4. PA28 and Hybrid Proteasome

PAZ28 or the 118 regulator (REG) was identi-
fied as another protein activator of the latent 208
proteasome (Table 1).3 Electron microscopic ex-
amination revealed that PA28 forms conical caps by
associating with both ends of the central 208 CP.”
PA28 complexes are composed of three structur-
ally-related members designated «, 3 and +; their
primary structures display approximately 50%
homology.*® Whereas the PA28a and PA283
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assemble into hetero-oligomeric complexes with
alternating o and § subunits, the PA28y appears
to form homopolymeric complexes. Immunofluo-
rescence analysis revealed that both PA28a and
PA283 are located mainly in the cytoplasm, where-
as PA28v is located predominantly in the nucleus
outside of the nucleolus.*” X-ray crystallographic
analysis of recombinant REGa (PA28a) revealed a
heptameric complex.*®) Whether PA28a and PA2873
form heteroheptameric (i.e., @354 or a443) com-
plexes in cells, however, requires further investiga-
tion.

4.1 The PA28af complex. The PA28
protein stimulates all of the peptidase activities of
the 20S proteasome without affecting the destruc-
tion of large protein substrates, even if the proteins
have already been polyubiquitylated. Thus, PA28
does not play a central role in the initial cleavage
of protein substrates in cells. It presumably has a
stimulating effect on the degradation of intermedi-
ate-size polypeptides that are generated by the 265
proteasome, implying that the 26S proteasome and
the PA28-proteasome complex may function se-
quentially or cooperatively.

To assess the precise role of the PA28a/d
complex in vivo, we generated mice lacking both the
PA28a and PA283 genes* No obvious gross
abnormalities were observed in the mutant mice.
Available evidence indicates that the proteasome
functions as a processing enzyme responsible for
the generation of major histocompatibility complex
(MHC) class I ligands, which are essential for the
initiation of cell-mediated immunity in verte-
brates. 352 Intriguingly, the immunomodulatory
cytokine interferon (IFN)-y induces overexpression
of PA28a and PA283.%¢ In addition, IFN-y also
overexpresses the majority of proteins related to the
MHC class I ligand presentation pathway, such as
MHCs and transporter associated with antigen
processing (TAP); thus, it is plausible that
PA28a/3 contributes to efficient production of
cytotoxic T lymphocyte (CTL) epitopes. Although
splenocytes from PA28a/"PA284/~ mice dis-
played no apparent defects in the processing of
ovalbumin and normal immune responses against
infection with influenza A virus, they almost
completely lacked the ability to process a melanoma
antigen TRP2-derived peptide. These findings in-
dicate that PA28a/f3 is not required for antigen
presentation in general, but instead plays an
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essential role in the processing of certain anti-
gens.*?

4.2 The PA28+y complex. The function of
PA28+, which is not involved in the processing of
intracellular antigens, remains largely unknown. To
investigate the roles of PA28y in vivo, we generated
mice lacking the PA28y gene.’” PA28y-deficient
mice were born without appreciable abnormalities
in any of the examined tissues, but their growth
after birth was retarded compared with that of
wild-type mice. We also investigated the effects of
PA28y deficiency in vitro using cultured embryonic
fibroblasts; cells lacking PA28v were larger and
displayed a lower saturation density than their
wild-type counterparts. Neither the expression of
PA28a/B mnor the subcellular localization of
PA28a/3 was affected in the PA28~ /- cells. These
results indicate that P A28~ functions as a regulator
of cell proliferation and body growth in mice and
demonstrates that neither PA28a nor PA28/3 com-
pensates for the PA28~ deficiency.

Recently, numerous reports have addressed the
importance of PA28v in nuclear proteolysis. This
protein contributes to the turnover of p53 via
MDM2-mediated proteasomal degradation. The
polymer form of PA28v facilitates the physical
interaction between MDM2 and p53, promoting
MDM2-dependent ubiquitylation and subsequent
proteasomal degradation of p53; this process limits
p53 accumulation, and thereby inhibits apoptosis
after DNA damage.*® These findings indicate the
involvement of PA28+ in apoptosis and cell pro-
liferation. In addition, PA28y promotes protea~
some-mediated degradation of steroid receptor co-
activator-3 (SRC-3), which is encoded by an
oncogene that is frequently amplified and overex-
pressed in breast cancers, highlighting an alterna-
tive proteasome-directed degradation mechanism,
independent of 198 RP.*® Moreover, PA287 also
enhances the degradation of the cell-cycle regulator
p219®! independent of ubiquitylation.’® The role
of PA28y in cell-cycle regulation may extend
beyond its effect on p21, because pl16™¥4A and
pl194T also bind to PA28y and are stabilized in
PA28v-deficient cells.*” In addition, PA28y is
localized in the nucleus in interphase cells and on
chromosomes in telophase cells, suggesting a role in
mitotic progression. This conclusion is supported
by the marked aneuploidy (chromosomal gain and
loss), supernumerary centrosomes and multipolar

[Veol. 85,

spindles observed in the fibroblasts of PA28y-
deficient mice.”® These findings underscore a pre-
viously uncharacterized function of PA28v in cen-
trosomes and chromosomal stability. The discovery
that PA28y controls cell-cycle regulators is consis-
tent with a previous study that described body
growth retardation of PA287y-deficient mice.’®
Finally, PA28~ plays a crucial role in the develop-
ment of liver pathology induced by hepatitis C virus
(HCV) infection, because knocking out of PA28y
gene induced HCV core protein accumulation in
hepatocyte nuclei of HCV core gene transgenic mice
and disrupted the development of both hepatic
steatosis and hepatocellular carcinoma.®” Thus,
PA28~y appears to play a diverse set of functions
in mammals.

4.3 The hybrid proteasome. Immunopreci-
pitation analysis revealed that the PA28 and PAT00
activators simultaneously bind to the 208 protea-
some; PA28 and PAT00 rings bind at opposite ends
of the 20S particle, forming the PAT00-20S-PA28
complex (Table 1). This complex has been named
the “hybrid proteasome”.®" Because electron mi-
croscopic analysis revealed PA28 and PA700 occu-
py the same site on the 20S CP and the 268
proteasome, respectively, it is surprising that both
activators can associate with the same 208 protea-
some in opposite orientations.52-63

The hybrid proteasome seems to contribute to
efficient proteolysis; intact substrate proteins may
be first recognized by PA700 and then fed into the
cavity of the 208 proteasome, which shows mark-
edly enhanced cleavage activity in the presence of
the PA28a3 complex. Indeed, this complex cata-
lyzes ATP-dependent degradation of ornithine de-
carboxylase (ODC) without ubiquitylation, al-
though it does require antizyme, an ODC
inhibitory protein, as does the 268 proteasome.®"
Intriguingly, IFN-v appreciably enhances the ex-
pression of PA28a/ and consequently promotes the
formation of hybrid proteasomes, implying that this
complex could be also responsible for the immuno-
logical processing of intracellular antigens. More-
over, the hybrid proteasome enhances the hydrol-
ysis of small peptides and generates a pattern of
peptides different from those generated by the 265
proteasome, without altering the mean product
length.%” Presumably, this change in the peptide
profile accounts for the capacity of PA28 to enhance
antigen presentation. The existence of hybrid
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proteasomes may explain the physiological impor-
tance of PA28aj and/or PA28y as described in
previous sections. Therefore, it is plausible that the
26S and hybrid ATP-dependent proteasomes both
contribute to the proteolytic pathway in mamma-
lian cells.

5. PA200 or Blm10

Yeast Blml0 (formally Blm3 and equivalent
to mammalian PA200) is reported to regulate
proteasome assembly and/or proteoclytic activity,
although there are discrepant reports about its
precise roles.®¥% Blm10 was identified in protea-
some precursors purified with Umpl in yeast.
Blm10-decicient cells grew apparently normal un-
der normal conditions but the turnover of Umpl
as well as the processing of 35 were accelerated,
suggesting a role in preventing premature formation
of 208 proteasomes.” On the other hand, the
combination of Blm10 deletion and 47 C-terminal
truncation resulted in severe impairment of protea-
some activity and 42 processing, indicating that
Blm10 promotes proteasome maturation, presum-
ably by stabilizing nascent 208 proteasomes.5® The
discrepancy in the two paradoxical roles of Blml10
has not yet been explained.

Interestingly, the Blm10-CP-RP complex (i.e.,
PA200-20S-PAT00 in Table 1) is found predomi-
nantly, Electron microscopy (EM) studies have
shown that Blm10 has a highly elongated, curved
structure, and adapts to the end of the CP cylinder,
where it is properly positioned to activate the auto-
inhibited CP (i.e., closed-gate conformation) by
opening the axial channel into its proteolytic
chamber.® In contrast, cryo-electron micrographs
of the singly bound complex, PA200, shows an
asymmetric dome-like structure with major and
minor lobes.*”™ PA200 makes contact with all a-
subunits except a7, and this interaction induces the
opening of the axial channel through the a-ring,
indicating that the activation mechanism of PA200
is expressed via its allosteric effects on the CP,
perhaps facilitating release of digestion products or
the entrance of substrates. It was proposed recently
that whereas the single-capped Blm10-CP shows
peptide hydrolysis activity, the peptide hydrolysis
activity is repressed in double-capped Blm10-CP-
Blm10, suggesting that that Blml0 distinguishes
between gate conformations and regulates the
activation of CP.7V
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On the other hand, PA200 was also identified
as a broadly expressed nuclear protein that acti-
vates proteasomal hydrolysis of peptides, but not
proteins.®” In addition, in response to ionizing
radiation, PA200 forms alternative hybrid protea-
somes with PA200 and PA700 (i.e., PA200-CP-
PA700) that accumulate on chromatin, leading to
an increase in proteolytic activity, preferentially
cleavage after acidic residues in vitro. Importantly,
cells with PA200-knockdown by small interfering
RNA (siRNA) show genomic instability and re-
duced survival after exposure to ionizing radiation,
suggesting a unique role for PA200 in genomic
stability that is likely mediated through its ability
to enhance postglutamyl cleavage by protea-
somes.”” However, PA200-deficient embryonic
stem cells do not exhibit increased sensitivity to
either ionizing radiation or bleomycin, implying
that it is not essential for the repair of DNA DSBs
generated in these experimental settings.” Intrigu-
ingly, PA200 knockout mice are viable and exhibit
no gross developmental abnormalities, but loss of
PA200 led to a marked reduction in male, but not
female, fertility, suggesting an important nonredun-
dant function during spermatogenesis.

6. PI31

PI31, a previously described inhibitor of 208
proteasomes, prevents the activation of the protea-
some by each of two proteasome regulatory pro-
teins, PA700 and PA28, suggesting that it plays an
important role in eontrol of proteasome function.”
P131 is a proline-rich protein, particularly within its
carboxyl-terminal half where 26% of the amino acids
are proline, which appears to have an extended
secondary structure. Proteasome inhibition is con-
ferred by the proline-rich domain of PI31. However,
it also is reported that PI31 represents a cellular
regulator of proteasome formation and of protea-
some-mediated antigen processing, based on the
observation that PI31 selectively interferes with the
maturation of immunoproteasome precursor com-
plexes.”™ Surprisingly, recent studies reported that
PI31 is structurally related to Fbxo7, the substrate-
recognition component of the SCFF*™7 E3 ligase.”
PI31 was identified as an Fbxo7-Skpl binding
partner whose interaction requires an N-terminal
domain present in both proteins referred to as the
FP (Fbxo7/PI31) domain. The PI31 FP domain
mediates heterodimerization of SCFF"*7 and PI31.
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Testis-specific Proteasome

Schematic representation of diverged proteasomes, 208 proteasomes are responsible for the proteolytic activity of the

Fig. 3.
prot and are

of 28 subunits arranged as a cylinder containing four heteroheptameric rings with an

7030707 arrangement (middle-upper drawing, constitutive or standard proteasomes). In vertebrates, the 51i, 521 and g5
subunits are expressed in response to IFN-y and are preferentially incorporated into proteasomes, resulting in the
immunoproteassomes (left). The newly identified 35t catalytic subunit of 208 proteasomes is incorporated in place of g5 or
G5, together with fli and 52i to form thymoproteasomes, which are specifically found in ¢TECs (right). The middle-lower
drawing represents the putative testis-specific proteasome, in which a4 of mammalian standard proteasomes is replaced by a

novel subunit, o8,

Intriguingly, PR39, a 39-amino acid cell-per-
meable antibiotic peptide composed of 49% proline
and 24% arginine is a noncompetitive and reversible
inhibitor of 208 proteasomes.”” PR39 changes the
conformational dynamics of the proteasome follow-
ing their interaction, inducing a unique allosteric
process that allows specific inhibition of degrada-
tion of selected proteins.”® The suppressive effect
of PR39 is universal for proteasomes from yeast
to human, although its physiological role remains
unknown.

7. Diversity of Proteasomes

The proteasome complex has been highly
conserved during evolution due to its fundamental
roles in cells. Budding yeast has seven a- and 3-type
subunits, consistent with the seven-subunit a- and
f-ring observed in the 20S proteasome. In contrast,
vertebrates have remarkably more than seven -
type subunits. Accordingly, the proteasome system
in vertebrates has acquired considerable diversity
among the catalytic subunits, which have evolved
during the acquisition of adaptive immunity. In this
section, I describe the diverse functions of the
proteasome with particular emphasis on its immu-
nological roles. Moreover, flies and plants contain
multiple proteasome genes (e.g., duplicated or

triplicated), though their biological roles are un-
known.”8% For example, the Arabidopsis thaliana
encodes 13 a-subunits and 10 f-subunits of 208
proteasomes.’!) In this section, I summarize advan-
ces related to this issue.

7.1 Immunoproteasome. Which are struc-
turally related to F1, 92 and (35, respectively
(Table 2). The expression of these three subunits
with highly similar amino acid sequences to other 3
subunits indicates that IFN-4 may cause the 41, 32
and (5 subunits to be replaced with £1i, 42i and
351, respectively. Accordingly, we have proposed
that IFN-vy-inducible proteasomes should be called
‘immunoproteasomes’ (Fig. 3) to emphasize their
specialized functions in immune responses and to
distinguish them from complexes containing only
constitutively expressed subunits.’” On the other
hand, the 208 proteasomes that include the con-
stitutively expressed #1, 42 and (35 catalytic sub-
units are often called standard or constitutive
proteasomes. MHC class | molecules bind peptides
produced through proteolysis of cytosolic proteins
and display them on the cell surface. This mecha-
nism enables CTLs to detect and destroy abnormal
cells that contain viral or other foreign proteins
or tumor antigens. More than 15 years ago, the
proteasome was identified as a candidate for the
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enzyme that processes intracellular (or endogenous)
antigens. To date, the roles of the immunoprotea-
some, which contributes to the efficient production
of peptide epitopes for CTLs, have been highlighted
in the MHC class I-restricted antigen-processing
pathway and cell-mediated immunity.59-52)

The three IFN-y-regulated immunosubunits
contain active threonine residues, indicating that
the exchange of subunits induced by IFN-7 is likely
to confer different functions to the proteasome. In
fact, IFN-y alters the proteolytic specificities of
proteasomes, increasing their chymotrypsin- and
trypsin-like activities to cleave peptide bonds on
the carboxyl side of hydrophobic and basic amino-
acid residues, respectively, and decreasing their
caspase-like activities for peptides containing acidic
amino acid residues.’”*? Comparison of the ter-
tiary structures of the standard proteasome and the
immunoproteasome using computer-assisted mod-
eling suggested that the caspase-like activity is
reduced and the chymotryptic activity is enhanced
in the immunoproteasome.'? The altered peptidase
activities suggest that immunoproteasomes in IFN-
~-treated cells should generate more peptides with
hydrophobic or basic carboxyl termini and fewer
peptides with acidic carboxyl termini. The peptides
generated by the immunoproteasome are more
likely to bind in the peptide-binding pocket of
MHC class I molecules, because hydrophobic or
basic (to a lesser extent) carboxyl terminal peptide
residues normally serve as anchors for binding in
these class 1 complexes. Thus, IFN-vy promotes the
production of immunoproteasomes with an altered
proteolytic specificity that may be more appropri-
ate for the immunological processing of anti-
gens. %2 [t is likely that the acquisition of the
immunoproteasomes during evolution enabled or-
ganisms to produce MHC class I ligands and combat
pathogens more efficiently. Indeed, mice lacking
Ali, 32i or (35i display defective antigen processing
and consequently compromised immune respons-
es,52-84)

Sequence comparison of (-type subunits of
standard and immunoproteasome genes indicates
that each subunit pair that is exchanged in response
to IFN-v is encoded by genes derived from a
common ancestor gene.*® We previously proposed
a chromosomal duplication model to explain the
emergence of the IFN-y-regulated f-type subu-
nits.* The basic assumption of this model is that

The proteasome 23

all of the IFN-y-regulated f-type immunosubunits
emerged simultaneously as a result of duplication of
the MHC region during a genome-wide duplica-
tion.5®

7.2 Thymoproteasome., Recently, we iden-
tified a novel catalytic subunit designated 35t that
is expressed exclusively in cortical thymic epithelial
cells (¢cTECs); these cells are responsible for posi-
tive selection of developing thymocytes. The mech-
anism underlying the thymus-specific expression of
A5t is not known. 35t is structurally related to 35
and 51 and is encoded by an intronless gene, in
contrast to the three-exon #5 and G351 genes.
Whereas the chymotrypsin-like activity of protea-
somes is thought to be important for production of
peptides with high affinities for MHC class I clefts,
incorporation of G5t into proteasomes instead of G5
or 51 selectively reduces this activity. Although
this characteristic differs from the imunoprotea-
some, the high overall sequence similarity suggests
these subunits belong to the same family. G5t and
the immunosubunits F1i and #2i, but not their
standard counterparts, are incorporated into a
vertebrate-specific alternative 20S proteasome re-
ferred to as the ‘thymoproteasome’ (Fig. 3).*9 We
found that G5t-deficient mice displayed major (but
not total) defects in the thymic development of
CD8* T cells, although no obvious abnormality was
observed in the thymic architecture, suggesting
that (45t is not essential for the differentiation and
proliferation of ¢TECs. Importantly, no obvious
alterations in the CD4*CDS8* (co-receptors of
TCR) double-positive thymocytes and CD4" T cell
populations were observed in 45t /- mice. These
results suggest a key role for 35t in the development
of the MHC class l-restricted CD8" T cell repertoire
during thymic selection.

During positive selection, double-positive cells
that interact with self-peptide-MHC complexes
expressed on ¢TECs with a sufficiently modest
avidity [i.e., affinity (MHC-TCR interaction) X
density (surface MHC levels)] are rescued from
intrathymic death and induced to differentiate into
CD4" or CD8" single-positive thymocytes. In
contrast, double-positive cells that interact with
high avidity with self-peptide-MHC complexes are
eliminated through apoptosis, a process referred to
as negative selection.’”*% In addition, thymocytes
that lack functional T cell receptors also undergo
apoptosis, a process referred to as null selection. To
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date, however, the mechanism by which ¢TECs
provide the specialized signals for positive selection
has not been elucidated. Considering that protea-
somes are essential for the production of MHC class
I ligands and that @5t specifically attenuates the
proteasomal chymotryptic activity without chang-
ing the caspase- and trypsin-like activities, it is
possible that thymoproteasomes in ¢ TECs predom-
inantly produce moderate avidity MHC class I
ligands rather than high-affinity ligands, which
would support positive selection. The discovery of
the thymoproteasome may contribute to our under-
standing of how positive selection occurs in the
thymus. The types of antigenic peptides generated
by the thymoproteasome, the underlying mecha-
nism, and the roles in positive selection require
further examination.

Like the immunoproteasome genes, the 351 and
PA28a//3 genes appear to result from modification
and duplication of existing nonimmune genes, such
as (35 and PA28~, respectively, and may have been
instrumental in the emergence of the adaptive
immune system.

7.3 Other subtypes of proteasomes. Sur-
prisingly, in Dresophila, about a third of the 32
proteasome subunits have testis-specific isoforms,
encoded by paralogous genes.”” Analysis of GFP-
tagged transgenes showed that whereas the Droso-
phila a6 (Prosa6) subunit is expressed in early
stages of spermatogenesis, gradually fading away
following meiosis, the expression of testis-specific
Prosa6T becomes prominent in spermatid nuclei
and cytoplasm after meiosis, and persists in mature
sperms. Moreover, a loss-of-function mutant of
Prosa6T reveals that homozygous males are sterile
and show spermatogenic defects in sperm individu-
alization and nuclear maturation, consistent with
the expression pattern of Prosa6T, indicating a
functional role for testis-specific proteasomes dur-
ing Drosophila spermatogenesis.”®

Interestingly, although examination of the
various a-rings shows that most organisms, except
flies and plants have seven a subunits, an eighth
« subunit (PAMAS: 20q13.33) that resembles the
ubiquitously expressed ad subunit is present in
humans (PAMAT: 11q11.2; our unpublished re-
sults). The limited expression of the a8 subunit in
cells and tissues, mainly in the testis, implies that it
is involved in spatially and temporally restricted
regulatory programs. Here I propose the term

‘mammalian testis-specific proteasome’ for the
proteasome complex containing the a8 subunit
instead of a4 (see Fig. 3).

As described in a previous section, Rpnl0
functions as a receptor to trap polyubiquitylated
client proteins for ultimate breakdown by the 26S
proteasome. Intriguingly, mouse Rpnl0 mRNA
occurs in at least five distinct forms, RpnlOa—e,
due to developmentally regulated alternative splic-
ing.”" These isoforms, with the exception of the
universally expressed Rpnl0Oa, are expressed in
tissue-specific and/or developmental stage-specific
manners. For example, Rpnl0e is specifically ex-
pressed in the embryonic brain in mice, implying
the existence of ‘the brain-specific proteasome’.
Knocking out the mouse Rpnl0) gene was embry-
onically lethal,”® although the specific reason was
not determined. It is interesting that Rpnl0a
knock-in mice lacking the Rpnl0 gene are born
without any apparent abnormalities, suggesting
that RpnlOa is a particularly important Rpnl0
family protein.

Intriguingly, protein misfolding caused by ex-
posure to arsenite induces the expression of arsen-
ite-inducible proteasomal 19S regulatory-associated
protein (AIRAP), which binds to Rpnl. Cells
lacking AIRAP contain more polyubiquitylated
proteins and exhibit higher levels of stress when
exposed to arsenite, suggesting that AIRAP adapts
the core protein degradation machinery to counter-
act the proteotoxicity of this environmental tox-
in® In mammals, a second constitutively ex-
pressed AIRAP-like gene (AIRAPL) encodes a
proteasome-interacting protein.®® Whereas most
AIRAP is associated with the 268 proteasome,
AIRAPL is detected as a free form; exposure to
arsenite, however, shifts some of this protein to
heavier fractions that also contain the AIRAP peak
colocalized with the 26S proteasome. Therefore,
proteasomes containing these newly described sub-
units may be referred to as ‘stress-specific protea-

L]

some .

8. Proteasome Assembly

How the complex structures of the 208 and 268
proteasomes are organized remains largely un-
known. For example, the mechanism responsible
for the correct positioning of the various sets of
different, but structurally-related subunits in the
20S proteasome is unclear. Recent studies have
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examined this issue, particularly the biogenesis of
eukaryotic 205 proteasomes from 28 subunits, each
of which occupies a defined position within the 20S
proteasome particle.

8.1 Assembly of 208 proteasome. The
prokaryotic 208 proteasome consists of homo-oligo-
mers of the same a and 3 subunits; these subunits
can assemble autonomously into functionally ma-
ture proteasomes without the help of any chaperone
proteins.'” On the other hand, the assembly of the
eukaryotic 208 proteasome is more complex; it
requires a set of extrinsic [i.e., proteasome assem-
bling chaperones (PAC) 1-4 and Umpl] and intrin-
sic [i.e,, propeptides and C-tail of § subunits]
chaperones (Table 2).*" Among these potential
regulatory processes, current studies aim to clarify
the assembly mechanism of 20S proteasomes in
yeast and human cells, which share common
assembly and intramolecular chaperones, although
some of their roles differ considerably.”®

8.1.1 a-ring formation assisted by exirinsic
chaperones. The first assembly step for the
eukaryotic 208 proteasome is a-ring formation,
which was thought to occur autonomously before
the identification of multiple chaperone molecules
specialized for proteasome assembly. Remarkably,
recent studies identified two heterodimeric com-
plexes dedicated to proteasome assembly in human
cells (PAC1-PAC2 and PAC3-PAC4) and in yeast
(Pbal/Pocl, Pba2/Poc2, Pba3/Poc3/Dmp2, and
Pbad/Poc4/Dmpl; orthologs of human PACI,
PAC2, PAC3 and PACA, respectively) (Fig. 4).%

Knockdown of PAC1 expression using siRNA
resulted in the loss of PAC2, and vice versa,
indicating that PAC1 and PAC2 are stable only
when they form a heterodimer.'™ Coexpression of
PAC1 and PAC2 in Escherichia coli supported this
hypothesis. The human PACI-PAC2 heterodimer
promotes a-ring formation in vitro and is mainly
associated with an a-subunit proteasome assembly
intermediate in vivo. Intriguingly, knockdown of
PACI1 or PAC2 expression decreased the number of
a-rings and resulted in accumulation of off-pathway
products, presumably unusual a-ring dimers. These
findings indicate that PAC1-PAC2 does not only
promote a-ring formation but also prevents aber-
rant dimerization of the a-rings, which seems to be
an intrinsic characteristic of a-rings. PAC1-PAC2
binds to proteasome precursors until the complete
formation of the 205 proteasome; the complex is
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Fig. 4. A schematic model of lian 208 prot
assembly, The PAC1-PAC2 and PAC3-PACA heterodimeric
complexes are involved in the formation of the o-ring. Then,
sequential incorporation of the g subunits begins with the
binding of 52 and hUmpl oo the a-ring, hUmpl 18 required for
the association of 42 in early assembly intermediates, PAC3-
PAC4, which is released at the time of §3 association,
maintains the structural integrity of the intermediates until
33 is incorporated on the o-ring. The subsequent ordered
incorporation of other 3 subunits is assisted by intramolecul
chaperones, such as the propeptides of 32 and 35 and the C-
terminal tail of 52. Dimerization of half-mers (i.e., half-
proteasomes lacking J7) is assisted by the C-terminal tail of
@7. This is followed by removal of the § subunit propeptides
(81, 82, 85, B6 and B7) as well as hUmpl and PACI-PAC2
degradation. Note that the role of Umpl for dimerization of
half-proteasomes or checkpoint of half-mers is emphasized in
yeast, but its exact role is somewhat difference in mammals
(for details, see text).

ultimately degraded by the newly formed 208
proteasome and therefore has a half-life of approx-
imately 30 minutes, which agrees with the matura-
tion period of the 20S proteasome. In budding
yeast, Pbal-Pba2 appears to be the counterpart of
human PAC1-PAC2 because Pbal and Pba2 have
similar sequences to those of PAC]1 and PAC2,
respectively, though the degree of sequence identity
is marginal. Although the yeast and human proteins
share several characteristics, such as heterodimer
formation, association with the a-ring assembly
intermediate, and short half-life, yeast strains
lacking Pbal-Pba2 displayed only subtle de-
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fects.'”" This contrasts with mammals, because
PAC1 deficiency in mice caused early embryonic
lethality (see below).

PAC3 and PAC4 were copurified with o-rings
and PAC1-PAC2 in human cells (Ref. 102 and
unpublished results). Knockdown of PAC3 and
PAC1 expression produced additive effects on
proteasome assembly; simultaneous depletion of
PAC1 and PAC3 caused severe reduction in cellular
levels of a-rings and 208 proteasomes compared
with depletion of either PAC1 or PAC3 alone.
These findings suggest that PAC1-PAC2 and
PAC3-PAC4 function differently but cooperate
with each other in the assembly of a-rings and
half-proteasomes.

Pba3, the ortholog of PAC3 in budding yeast,
and its binding partner Pbad, were identified by
several groups independently.'”'% Phba3 and
Pbad form a heterodimer complex, similar to
PAC3 and PAC4; this complex specifically binds
to proteasome precursors containing all seven o
subunits and the unprocessed 52 subunit in vive,
whereas Pba3-Pbad was found to interact directly
and specifically with ab in vitro.!® Deletion of
Pba3 or Pbad in cells markedly decreased the level
of 208 proteasomes and caused accumulation of
assembly intermediates.'® Taken together, these
results suggest that Pba3-Pbad catalyzes correct
subunit orientation in the a-ring, presumably by
collaborating with PAC1-PAC2 and facilitating the
recruitment of & subunits.

X-ray crystallography revealed that the qua-
ternary structure of the Pba3-FPbad heterodimer
displays profound similarity to that of the PAC3
homodimer, which may not exist in wvive, despite
the divergence of the primary structures of these
subunits.'™ The tertiary structures of all of the «
and 3 subunits closely resemble each other, which,
together with the obvious homology in their se-
quences, imply that they were derived from a
common ancestral gene. Interestingly, the overall
structure of the Pba3-Pba4 complex also resembles
those of proteasomal a- and F-subunits. Structural
analysis of the Pba3-Pbad4-ab complex revealed
that Pba3-Pba4 binds on the surface of the a-ring
at a position where the § subunits are assembled.
The binding mode of Pba3-Pbad, however, is
different from that of the 3 subunits; Pba3-Pbad
is located near the inner surface of the a-ring, which
enables this complex to interact with three different
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a subunits, a4, a5 and af, whereas the 7 subunits
interact with two neighboring o subunits. This
feature of Pba3-Pbad might be helpful for initiating
a-ring assembly. The location of Pba3-Pba4 is
consistent with the results of biochemical analyses,
which indicate that Pba3-Pbad and PAC3-PACA4
detach from the e-rings during S-ring formation.
Unfortunately, the molecular roles of PACI-PAC2
in the assembly process are unclear, because
structural information about PACI-PAC2 and
Pbal-Pba2 are not yet available. However, one
can predict that PAC1-PAC2 makes contact with
the surface of the a-ring, because this chaperone
complex prevents the spontaneous dimerization of
a-rings (i.e., the formation of off-pathway assem-
blies). On the other hand, Umpl may posit inside
in the newly formed proteasome, because it can
associate with o-ring and is protected by tryptic
digestion in vitro. Based on the findings that none of
these dedicated chaperones is strictly dispensable in
the budding yeast, and together with the observa-
tions that the a- and S-subunits can self-assemble
in vitro, forming off-pathway products, unassisted
assembly may be error prone.”” However, genetic
ablation of mouse orthologs of Umpl or PAC1
caused early embryonic lethality (our unpublished
observations), emphasizing the importance of the
chaperone-mediated proteasome assembly pathway
in embryonic development.

B.1.2 [-ring formation assisted by intramolecular
chaperones. No (-ring assembly intermediates have
been detected in cells, implying that the half-
proteasome is not formed through the association
of an a-ring with a #-ring. Rather the a-ring serves
as a scaffold for the assembly of the 3 subunits; i.e.,
each (3 subunit is progressively added to the
complex on the a-ring, resulting in half-protea-
somes that consist of one copy each of the a- and -
rings. siRNA-mediated silencing of the expression
of each 4 subunit in mammalian cells caused the
accumulation of an “assembly-arrested” intermedi-
ate, representing the structure just before incorpo-
ration of the knocked-down /3 subunit. This tech-
nique allowed the order of F-subunit assembly on
the a-ring to be defined: 52, followed by 33, 54, 35,
86, B1 and B7 (Fig. 4). Although S1 has been
experimentally incorporated at various steps, its
incorporation most likely follows that of 6. A
recent report using yeast showed that the addition
of other [ subunits, excluding (7, form another
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intermediate referred to as the “half-mer™ precursor
complex.'"" During f-ring assembly in human cells,
release of PAC3 (and perhaps with PAC4) is
coupled to F3 incorporation, which is consistent
with the observation that Pba3-Pba4 was selec-
tively copurified with 52 but not with other g
subunits in yeast, indicating a conserved mecha-
nism in the roles of PAC3-PAC4 and Pba3-Pba4d
during proteasome assembly.

Propeptides and the tails of 20S proteasome 3
subunits facilitate proteasome assembly; these
types of domains are called ‘intramolecular chaper-
ones'.'” The N-terminal propeptides and C-termi-
nal tails of A subunits play pivotal roles in
proteasome assembly through specific interactions
with cis and frans F-rings in yeast and humans. For
example, the propeptide from 32 influences cooper-
ative proteasome assembly.'”™ The 45 propeptide
facilitates the incorporation of this subunit and is
essential for yeast viability.'” On the other hand,
the 35 propeptide does not appear to be required for
incorporation of 55 but rather it is used for 36
recruitment in human cells.''” The propeptides of
31 and 32 are dispensable for cell viability in yeast,
although mutants lacking these two propeptides
displayed subtle defects in proteasome biogenesis.
Thus, the role(s) of these propeptides remains
obscure. In human cells, loss of the 32 propeptide
eliminated 33 recruitment and was thus fatal to the
cells, Of note, the C-terminal tail of 42, which
wraps around 33 within the same F-ring, is also
essential for proteasome biogenesis both in yeast
and human cells.

Interestingly, the amino-acid sequences of the
human G-subunit propeptides are considerably
different from those of their yeast counterparts,
unlike the mature 3 subunits, which are well
conserved between yeast and humans. Such dif-
ferences are also found in the extrinsic proteasome
assembly chaperones, such as PAC1-4 and Umpl
(i.e., 5-20% identity), as discussed previously.?®
Why the chaperones have diverged during evolution
is unknown; nonetheless, their basic functions and
tertiary structures are highly conserved.

Unexpectedly, intermediates resulting from
siRNA-mediated knockdown of each 4 subunit
accumulated as two major and minor bands, in
which the composition of each major and minor
band in terms of a and A subunits was identical.''?
PA28 was associated with the slow-migrating minor
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bands, different from PAC1 and Hsp90a, which
were detected only in the major bands. Hse70 was
observed in both the major and minor bands.
Neither Hsp90a nor HseT0 was detected in the a-
ring. At present, it is unknown whether these
conventional chaperones really have any roles in
proteasome biogenesis or whether they are merely
associated with the intermediates as experimental
artifacts.

8.1.3 Role of another chaperone Umpl and dime-
rization of half-proteasomes. Umpl was identified in
mutant yeast defective for wubiquitin—mediated
proteolysis and is the first identified extrinsic
assembly factor for 208 proteasomes.'"" Umpl
specifically associates with the assembly intermedi-
ates of 20S proteasomes and appears to enter the
assembly pathway after association of 52, 33 and 54
in yeast. Upon dimerization of the half-protea-
somes, Umpl is encapsulated and degraded within
the newly formed 20S proteasome like PAC1 and
PAC2. Loss of Umpl caused accumulation of
assembly intermediates as well as half-proteasomes
with unprocessed [ subunits, indicating that Umpl
coordinates the processing of J subunits and
dimerization of half-proteasomes in yeast.''"" On
the other hand, Umpl is also thought to function as
an assembly checkpoint factor that inhibits dime-
rization of half-proteasomes until a full set of 7
subunits have been recruited to the a-ring.!"

The human ortholog of Umpl (hUmpl, Pro-
teassemblin, or POMP) was identified using homol-
ogy searches.!'+1'3 hUmpl is included in precursor
proteasomes with unprocessed J subunits and is
degraded upon completion of proteasome assembly
with a similar half-life to that of PAC1-PA(C2.'10
Interestingly, knockdown of hUmpl expression
inhibited 35 recruitment, and resulted in the
accumulation of a-rings with no 3 subunits. More-
over, hUmpl can bind to the a-ring in the absence
of [ subunits and incorporation of hUmpl is
coupled with 32 binding, suggesting that hUmpl
is incorporated into proteasome precursors earlier
than yeast Umpl. Therefore, hUmpl is required for
the initiation of F-ring formation, differing from the
reported role of yeast Umpl. In the final step of 3-
ring assembly, the C-terminal tail of 37 is inserted
into a groove between [1 and 52 in the opposite
half-mer precursor, which triggers dimerization of
the half-proteasomes in both yeast and hu-
mans.%1% Correct dimerization of half-protea-
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somes is followed by removal of the 3 propeptides
and degradation of Umpl and PACI-PAC2 (for
details, see Ref. 98.) (Fig. 4).

8.2 Assembly of immune response pro-
teasomes. Vertebrates encode four additional
catalytic B-subunits: IFN-y-inducible £1i, 52i and
(351 and thymus-specific G5t (Fig. 3). These alter-
native proteasomes play key roles in acquired/
adaptive immunity by altering antigen processing
as mentioned above. Accumulating evidence has
clarified the molecular mechanism of immunopro-
teasome assembly.”® Despite the coexistence of
both immunoproteasome and standard subunits in
some cells, immunoproteasomes are preferentially
assembled.'" The propeptides of the immunosubu-
nits and hUmpl play key roles in this cooperative
assembly.'' Interestingly, Ali enters the assembly
pathway of immunoproteasomes earlier than in the
standard proteasome assembly process, resulting
in an assembly intermediate containing the a-ring,
@11, 32i, A3 and #4. In this intermediate, incorpo-
ration of 82i depends on f1i, and incorporation of
B#1i is facilitated by #2i. #5i is incorporated
preferentially over A5 into the intermediates con-
taining Ali and §2i.'"'"¥ This interdependency sup-
ports the homogenous formation of immunoprotea-
somes containing all three inducible subunits.
Indeed, 32i processing and incorporation is severely
impaired in Bli-deficient cells, and §li incorpora-
tion is partially inhibited in 32i-deficient cells,
whereas (51 incorporation, which is dependent on
the 351 propeptide but not 35i catalytic activity, is
not affected in either of these mutant cell lines.!'?
[bi-deficient cells exhibited significantly retarded
proteasome assembly and accumulation of protea-
some precursors containing unprocessed [41i and
321, Intriguingly, IFN-y stimulation increased tran-
scription of hUmpl and immunosubunit mRNA,
but decreased hUmpl protein levels due to ~4-fold
augmentation of hUmpl protein turnover.''® This
rapid turnover was coupled with the maturation of
active immunoproteasomes, indicating that the rate
of immunoproteasome generation is four times
faster than that of standard proteasomes. The
higher affinity of hUmpl for 35i than for g5 is
likely to contribute to the rapid maturation of
immunoproteasomes.''®

How the thymoproteasome, another verte-
brate-specific 205 proteasome, is assembled is
currently unknown. When @5t was ectopically
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expressed in a human cell line that does not express
immunosubunits, the protein was readily processed
and incorporated into the proteasome, suggesting
that G5t is preferentially incorporated compared
with @5 and that Bli and #2i (i.e., partners of
thymoproteasomes) are not required for 35t incor-
poration.®”) Because the majority of proteasomes in
¢TECs are thymoproteasomes, it is thought that
/35t is preferentially incorporated before G5i in the
thymus, suggesting that thymoproteasomes employ
a specific assembly mechanism. Indeed, considering
the high expressions of 31i and (32i, 35i whose gene
and (32i gene are located at the same MHC elass 11
region must be expressed in ¢TECs. According to
the scenario for the immunoproteasome assembly, it
is plausible that the propeptide or the extended C-
terminal tail of G5t contributes to the assembly of
the thymoproteasome as an intramolecular chaper-
one, but there is no available information at present
in support of this assumption.”®

8.3 Assembly of 19S5 RP and 26S pro-
teasome. Currently, the assembly mechanism
for the 195 RP is poorly understood. The yeast lid
complex seems to be subdivided into two clusters:
one is made up of Rpnd, Rpn6, Rpn8, Rpn9 and
Rpnll, and the other contains Rpn3, Rpn7, Rpnl2
and Rpnl5. The interaction between Rpn3 and
Rpn5 connects these two clusters, implying a
hierarchy in the incorporation of Rpn subunits
into the lid complex.''” Recently, it was proposed
that the 20S proteasome functions as an assembly
factor for the RP due to aberrant RP formation in
the presence of defective 20S proteasomes in
yeast.!™ It was also proposed that the base and
the lid are assembled independently, and then
joined together.'"® The base is composed of six
related AAA-ATPase subunits and four non-AT-
Pase subunits. Putative chaperones may discrim-
inate and arrange the six homologous ATPase
subunits in a defined order, as is observed in the
assembly of 208 a-ring. Whether assembly chaper-
ones are required for the assembly of the ATPase
ring, the lid, the base, and/or the 195 RP complex
requires further studies.

The assembly mechanism of the 26S protea-
some is largely not understood. Hsp90 is thought to
play a role in both the assembly and maintenance of
the lid in yeast.!'? Inactivation of Hsp90 was found
to cause disassembly of the lid complex, which was
then partially reassembled into the 265 proteasome
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following reactivation of Hsp90 in vive or by adding
Hsp90 and ATP in vitro. These findings suggest
that the ATP-dependent chaperone activity of
Hsp90 contributes to the assembly of the lid and
26S proteasomes. The function of Hsp90 in the
assembly of 26S proteasomes, however, remains to
be elucidated. Inhibition of proteasome active sites
also stabilized 26S proteasomes, suggesting that the
interface between the RP and the 205 proteasome
changes depending on the activities of the 208
proteasome.'?” Related to this result, whether 268
proteasomes undergo obligatory disassembly and
reassembly during protein degradation is currently
a point of debate in this field. It was first reported
that disassembly of the 26S proteasome and dis-
sociation of the RP into subcomplexes or subunits
are induced upon ATP-dependent degradation of a
substrate protein in yeast.”?V In contrast, it was
more recently reported that mammalian 265 pro-
teasomes can degrade polyubiquitylated proteins
without disassembling or the release of any subunits

or subcomplexes,'??

9. Proteasome Interacting Proteins (PIPs)

Recent proteomic analyses have identified
auxiliary factors with known and unknown func-
tions that are physically and/or transiently associ-
ated with the 268 proteasome,'*1% These pro-
teins, referred to as proteasome-interacting proteins
(PIPs), can be categorized into two groups
(Table 1). The first group contains protein factors
that are related to the ubiquitylation system. In
this article, I described the association of the
deubiquitylating enzymes Uspl4 and Uch37 with
the base subunits Rpnl and Rpn2 via Rpnl3,
respectively, The extrinsic UBL-UBA ubiquitin
receptors may also belong to this group. In addi-
tion, emerging evidence indicates that many ubiq-
uitin E3 ligases, such as Hul5/KIAA10, EGAP, and
Parkin, are transiently associated with the 26S
proteasome. Moreover, other E3s such as Ubrl,
APC, Ufd4 and SCF®® as well as some E2
enzymes are also reported to associate loosely with
the 198 RP of 26S proteasomes.”

The second group contains auxiliary factors
that regulate proteasome functions via direct bind-
ing. For example, Ecm?29 is an approximately 200-
kDa protein that can bind to both the RP and the
208 proteasome in yeast. Purified 268 proteasomes
from Aecm29 cells tend to dissociate into RPs and
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20S proteasomes. Together with the findings of
electron micrographs of Ecm29-20S proteasome
complexes, these results suggest that Ecm29 sta-
bilizes the 268 proteasomes by tethering the 208
proteasome to the RP.129927 The mechanism
underlying this function, however, is unclear. As
listed in Table 2, there are many other factors, such
as p28/gankyrin, Rpnl4, p27 and S5b that interact
with proteasomes. Some of them are suggested to be
responsible for the regulation of 268 proteasomes or
the assembly of the lid and base complexes, the
process is largely ambiguous to date, but the details
of their functions are unknown and require further
studies.

Perspectives

The UPS is essential for cells to proliferate, and
consequently proteasome levels are tightly regulat-
ed. For example, the balance between 208 and 265
proteasomes fluctuates to respond to environmental
conditions; e.g., while the 26S proteasome levels
increase during growth and developmental stages
the 265 proteasome attenuates with aging process
in Drosophila.'®® In addition, proteasomes are
predominantly distributed in the nuclei of rapidly
proliferating mammalian cells and growing yeast,
indicating that this localization may contribute to
cell proliferation. Why the proteasome is predom-
inantly located in this cellular compartment re-
mains to be determined, although typical nuclear
localization signals (NLSs) are found on several of
the 20S proteasomal a subunits, but not the 3
subunits.'”” No clear NLSs have been identified in
the 1985 RP subunits, except Rpn2, but it is
plausible that the lid and the base are transported
into the nucleus independently (unpublished re-
sults); the mechanisms underlying this transloca-
tion are a complete mystery at present. In addition,
the issue of nuclear export (i.e., nucleocytoplasmic
transport) of proteasomes is totally open to inves-
tigation. Indeed, nuclear export signals (NESs) of
208 and 268 proteasomes remain undefined.

To date, various lines of evidence have sup-
ported the importance of proteasomes outside of
their proteolytic functions, such as transcription,
DNA repair, and chromatin modeling.”” For exam-
ple, the 19S RP may contribute to transcriptional
control in cells, independent of the functions of
the 208 proteasome.'*”*) The non-proteolytic
activities of the proteasome are important for co-




