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Abstract

Assembly of the 34-subunit, 2.5 MDa 26S proteasome is a carefully choreographed intricate process. It starts
with formation of a seven-membered «-ring that serves as a template for assembly of the complementary
B-ring-forming ‘half-proteasomes’. Dimerization results in a latent 20S core particle that can serve further
as a platform for 19S regulatory particle attachment and formation of the biologically active 265 proteasome
for ubiquitin-dependent proteolysis. Both general and dedicated proteasome assembly chaperones regulate
the efficiency and outcome of critical steps in proteasome biogenesis, and in complex association.

Introduction

In cells, numerous regulatory pathways are controlled via the
timely removal of critical proteins. These include proteins
involved in the cell cycle, transcriptional regulation, DNA
repair, development and differentiation, long-term memory,
circadian rhythms, stress response, transcriptional silencing,
cell-surface signalling, antigen presentation, and in combating
cancer or viral infection [1-3]. Other proteins which must be
properly discarded are damaged, abnormal or foreign (viral)
proteins. In the nucleus, cytoplasm and even endoplasmic
reticulum of eukaryotic cells, almost all proteins of the
aforementioned types are degraded in an ATP-dependent
manner by a single, highly conserved, multisubunit enzyme,
the proteasome [4-6]. Most proteins that are destined for
degradation by the proteasome are covalently labelled with
multiple ubiquitin molecules by a cascade of ubiquitinating
enzymes [6]. The active form of the proteasome is considered
to be a 26S holoenzyme, which possesses an intrinsic abil-
ity to recognize and bind ubiquitinated targets.

The 26S proteasome holoenzyme is composed of a catalytic
20S CP (core particle) and a 19S RP (regulatory particle). In
eukaryotes, the 20S proteasome is composed of seven homo-
logous « and seven homologous 8 subunits (¢ 1-«7 and f1-7
respectively), all of which occupy distinct positions within
the 20S particle. Mammals encode four additional catalytic
B-subunits: three interferon-y-inducible (811, 82i and B5i)
and one thymus-specific (85t), which are incorporated upon
induction in place of their most closely related B-subunits,
thus forming proteasome subtypes called immunopro-
teasomes and thymoproteasomes, each with altered catalytic
activities [7,8]. The resulting o7 878707 barrel-like structure
is characterized by a two-fold horizontal symmetry, with
each half containing an outer ring of seven « subunits and an
inner ring of seven B subunits. The two B-rings contact each
other to form the catalytic chamber of the 20S CP [9]. Five
of the seven B subunits are synthesized as precursors with
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N-terminal propeptides [10]. After assembly into an inac-
tive 20S form, these extensions are cleaved off, resulting in
mature 20S CP. Maturation of three of the 8 subunits, 1, 82
and 5, exposes the N-terminal threonine residue that serves
as the active-site nucleophile, providing the post-acidic, post-
basic and post-hydrophobic proteolytic specificities respect-
ively [11,12]. The resulting broad proteolytic specificity gave
the 20S CP one of its names, the ‘multicatalytic protease’ or
MCP. The two outer a-rings contact the B-rings on one side,
and the base of the 19S activator on the other side. The 19S RP
is composed of two subcomplexes, the base and the lid, that
are linked by the Rpn10 subunit [13]. The 19S RP recognizes
ubiquitinated proteins and mediates their unfolding and
translocation into the 20S CP. It should therefore not come
asasurprise that such an intricate assemblage is put together in
a carefully executed manner, mediated by dedicated assembly
factors at each step of proteasome assembly [14] (Figure 1).

PAC1-PAC4/Pba1-Pba4 early-assembly
chaperones
Proteasome assembly is initiated with formation of
a heteromeric seven-membered w«-ring. Owing to the
hetromeric nature of the a-ring in eukaryotes, subunits must
be incorporated in an exact order to guarantee correct ring
formation. This intricate process is compounded, as subunits
a7 [15] and a5 [16] are known to spontaneously dimerize
to form homomeric double-ring-like structures. Likewise,
co-expression of w6 and a1 with &7 results in formation of
misassemblies characterized by a high variation of subunit
positioning [15]. These observations imply that not all «
subunits intrinsically contain the necessary information for
correct positioning within the a-ring, but instead probably
require additional guidance. Responsibility for the proper
assembly of the a-ring can now be attributed (at least in part)
to a set of recently discovered Pba (proteasome biogenesis-
associated) 1-4 chaperones. These proteins have been found
to be widely conserved, including in humans, where the
orthologues are referred to as PAC (proteasome-assembly
chaperone) 1-4 [17,18].

Both PAC1-PAC2 and Pbal-Pba2 in the respective
systems were shown to form dimers that interact with
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Figure 1| Chaperone-facilitated proteasome assembly

Proteasome assembly in eukaryotes requires addition of chaperone molecules. Pba1-Pba4 (known as PACT-PAC4 in
mammals) bind to early-assembly intermediates of proteasome «-subunits and promote «-ring formation. The Pba3-Pba4
chaperone complex is required for efficient completion of the e-ring, and in particular for incorporation of a4. The Pba1-Pba2
heterodimer remains attached to the nascent a-ring and suppresses non-productive e-ring dimerization, thereby promoting
attachment of the B-subunits to the proper surface of the a-ring. The resulting ring serves as a template for assembly of
the g-ring: first B2, followed by B3 and B4 [17,20,22]. This intermediate is also referred to as the 13S precursor. At this
stage, the Pba3-Pba4 complex dissociates due to steric hindrance with 83 [30a]. Another chaperone, Ump1, attaches to the
still-incomplete B-ring, inhibiting dimerization until 87 is properly incorporated into half-proteasomes (15S). The N-terminal
tail of B7 is a key player in the association of two half-proteasomes by overcoming Ump1 inhibition and allowing the form-
ation of the 20S precursor [21]. Once all g-subunits are in place, the resulting half-proteasomes dimerize and the B-subunit
propeptides are removed, leading to the mature 20S proteasome and degradation of Ump1 and Pba1-Pba2. Mature 20S
proteasome, particularly the now-exposed «-ring surface, functions as a template for the initial assembly of the 195 RP.
Therefore the 20S proteasome itself is also a 195 RP assembly factor [22]. Other factors such as Hsp90, Nob1, Ecm29 and
BIm10, have been loosely implicated in RP or 265 assembly [21,52,56,65,72]. The sheer complexity of the 195 RP suggests

that many more chaperones or assembly factors, yet to be identified, participate in proteasome biogenesis.
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a-ring assembly intermediates containing as many as five
subunits, but not a3 or a4 [19-21]. As we noted above,
these are the a-subunits that have a propensity to form
higher-molecular-mass combinations, suggesting that these
early-assembly chaperones may protect from misassemblies.
The necessity of PAC1-PAC2/Pbal-Pba2 to the assembly
process was elucidated further by the observation that, in
knockdown cells, there is an accumulation of off-pathway
non-productive a-ring homoheptamers [19]. Thus it would
appear that PACI1-PAC2/Pbal-Pba2 remain attached to
the outer surface of the a-ring until completion of 20S
assembly, probably until they are ether degraded by the 20S
itself or replaced by 19S RP or another regulator [19]. To
summarize, PAC1-PAC2/Pbal-Pba2 direct correct insertion
of a-subunits into the nascent ring, prevent unwanted
dimerization to additional a-ring copies, thus freeing one
surface to serve as a template for the B-ring assembly.
Correct assembly of the a-ring and the initiation of B
subunit incorporation is aided by a second set of proteasome-
assembly chaperones. PAC3 (probably alongside PAC4) or
Pba3-Pba4 dimers bind to early a-subunit assembly inter-
mediates that contain a restricted subset of o subunits that
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includes o5 [17,18,22]. In the absence of these chaperones, an
additional a4 subunit is inserted into the a-ring in place of
the &3 subunit, and overall proteasome assembly will be less
efficient [17]. Thus the major function of these chaperones
may be to correctly seal the a-ring by precisely prioritizing
the entry of the last a-subunits, @4 and a3, apparently in
that order. The Pba3-Pab4 dimer then remains attached to
the completed a-ring on the opposing surface to Pbal-Pab2
[22] until part way through completion of the B-ring (also
called 13S complexes), when Pba3-Pba4 is released due to
steric hindrance from B subunits [18], particularly 83, and
recycled [20,22]. To summarize, Pba3-Pab4 act as a chaperone
for 20S CP formation by properly sealing the a-ring and
ensuring proper initiation of B-ring assembly by locating the
B2 subunit at its proper position on the a-ring [17].

Ump1/POMP and proteasome maturation

Later steps of proteasome assembly and maturation require
the support of additional accessory protein Umpl or
its mammalian orthologue POMP (proteasome maturation

protein). No proteasome assembly intermediates that contain
both Pba3-Pba4 and Ump1 have been detected to date, thus



apparently Ump1 binds to the proteasome precursor after
Pba3-Pba4 detachment [17,22]. In the Aumpl mutant, the
formation of 20S structures from two half-proteasome pre-
cursors appears to be less efficient, and the maturation of the
active-site subunits 81, 82 and 85 is drastically reduced [23].
It has been suggested that both Ump1 and the 85 propeptide
mutually induce conformational or positional changes on
each other upon dimerization of half-proteasome precursor
complexes (also called 15S) [24]. When the B5 propeptide
is absent, Ump1 remains in a position or conformation that
is incompatible with subsequent maturation steps and thus
results in a slowing down of proteasome assembly. This may
explain how #mp1-null mutations suppress the lethality of 85
propeptide deletion [23]. In addition to aiding the association
of two 15S half-proteasomes, Ump1 also inhibits premature
dimerization until the last subunit, 87, is inserted [21,23,25—
28]. When the final subunit 87 is inserted, its propeptide tail
helps to overcome Umpl inhibition, allowing for the two
15S half-proteasomes to interact stably. This dimerization
is coupled with the maturation of 81, 2 and g5, during
which their propeptides are cleaved, revealing their functional
threonine protease active sites [9,27,29,30]. In summary,
Ump1 has multiple roles in proteasome maturation: first, it
helps to keep the half-proteasome precursor complex in a
conformation that is best suited for dimerization; secondly, it
inhibits premature dimerization until the B-ring is properly
assembled; and, subsequently, it is required for triggering the
maturation of active sites within the 20S complex.

Recent studies in assembly of mammalian 20S indicate
that, although the role of POMP is largely compatible with
that of Umpl, it differs in a number of specifics. Work by
Hirano et al. [30a] demonstrates that incorporation of POMP
is coupled to that of B2, the first 8 subunit assembled on the
a-ring, since loss of either 82 or POMP results in dissociation
of the other. These observations may point to an important
role of POMP in B-ring assembly on the a-ring template.

Another chaperone, Hsc (heat-shock cognate)73, was
found to associate with proteasome-precursor complexes
(15S) [31]. It has been suggested that Hsc73 might keep
assembly intermediates in a partially unfolded state to allow
subunit processing, correct folding and incorporation of late
proteasome subunits [31], yet, to date, no evidence for this
type of activity has been documented for any of the other
known Hsp (heat-shock protein) 70 orthologues.

Mature 20S proteasomes are nevertheless maintained in a
latent form due to N-terminal tails of a-subunits that block
the entrance pore into the inner proteolytic chamber [32].
A number of PAs (proteasome activators) are able to attach
to the a-ring surface and regulate gating of the central pore
and activate proteolysis. The best-studied activator is the 19S
RP (also known as PA700) which, in complex with the 20S,
forms the 26S proteasome that performs the degradation of
polyubiquitinated targets.

26S assembly
In contrast with 20S CP assembly, little is known so far about
the pathway and mechanism of 19S RP assembly or about
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auxiliary factors that guide this process. How more than 20
divergent subunits assemble into a stable and functional 19S
RP is still an enigma. One can only assume that, since the
19S RP is more heterogeneous and less symmetrical than
the 20S CP to which it attaches, an even greater number of
specific or general chaperones will be found to choreograph
this process. Because the 20S proteasome alone, or in complex
with non-ATPase activators such as PA28 or Blm10/PA200,
does not use polyubiquitinated proteins as substrates,
understanding the association of the 20S proteasome with
the 19S RP is critical to our understanding of the ubiquitin—
proteasome pathway. The 19S RP can be biochemically
divided into two further substructures: the base and the lid
[13]. The base itself is also composed of an inner central
unit that extends the proteolytic channel at the surface of
the base, and a peripheral unit that contains the RP ATPase
subunits and additional ubiquitin-binding proteins [33,34].

At least in vitro, the 26S proteasome may dissociate into
discrete 20S CP and 19S RP components, which in turn are
able to reassociate in an energy-dependent manner [35-37].
Moreover, the central unit of the base, consisting of Rpnl
and Rpn2, can reattach to the a-surface of the 20S CP in the
absence of any other 19S RP subunit, indicating that this unit
may serve as a nucleating agent for the remainder of the base
or 19S RP with the 20S CP [33]. It is unclear whether, iz vivo,
all proteasomes are synthesized de novo, or whether cycles of
proteasome assembly and disassembly occur naturally within
cells as well. Experimental evidence has been brought forth
that some dynamic rearrangements do take place between
pre-assembled 19S RP and 20S CP components [38-40]. Like-
wise, the ratio of free 20S CP to 26S proteasome holoenzyme
is dynamic and can respond to cellular conditions, suggesting
the possibility of dissociation and reassociation iz vivo [41].
Together, such observations suggest that a continuous and
dynamic assembly of 19S RP or of its subcomplexes with the
20S CP is a distinct possibility. One interesting insight is that
the mature 20S proteasome, particularly the exposed a-ring
surface, may function as a template for the initial assembly of
the 19S RP base subcomplex. Therefore the 20S proteasome
itself may double up as a 19S RP-assembly factor [22].

We note that association of pre-assembled 19S subcom-
plexes may be distinct from de novo synthesis of 19S RP
from individual subunits; the two may even utilize a distinct
set of assembly chaperones. Numerous proteins have been
documented to interact with the 26S in high-throughput
proteomic screens or with affinity-purified proteasome
samples, and indeed many are general chaperones [42-50].
Most proteasome-interacting proteins probably reflect the
dynamic nature of the proteasome complex, its wide
repertoire of substrates and broad cellular localization, and
may notinfluence proteasome assembly or biogenesis as such.
But a few proteins do seem to play some role in assembly.
For instance, a general chaperone known to aid in assembly
of multicomponent complexes or in quaternary structure
assemblies is Hsp90. Hsp90 was found to associate with the
26S proteasome through the 19S RP complex and inactivation
of Hsp90 causes dissociation of the active 26S proteasome
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into its constituents containing the 20S proteasome base and
lid [51,52].

Two proteasome-specific proteins were proposed to
facilitate 26S assembly: Blm10, a 200 kDa a-helix-rich repeat
protein (also called PA200), and Nob1. Blm10/PA200 can be
found attached to the 20S a-surface and apparently activates
some proteolytic properties by gating the entrance pore
[53-55]. A higher concentration of Blm10 attached to 20S CP
was found in some proteasome mutants that led to inefficient
26S assembly and accumulation of incomplete intermediates,
suggesting that Blm10 may play a role in proteasome-
assembly pathways [21,25]. In one study, BIm10 was shown
to join the 20S precursor during the transition into the mature
20S CP and interacts with de novo-synthesized mature 20S
CP [56]. It was proposed that BIm10 acts as a co-ordinator
of a late stage of nuclear 20S CP maturation [56]. Another
non-ATPase ring that attaches to the 20S a-surface is PA28
[57-61], although no role for PA28 in 26S assembly has been
documented. Nob1 is nuclear protein that is present only
during the cell-growing phase [62]. This protein is proposed
to function in the 26S proteasome assembly [62,63] and to be
required for nuclear transfer of the 20S proteasome. Nobl
forms a complex with the 19S RP and is degraded just after
the doubly capped 26S proteasome is completed [62].

There is some evidence that the lid and base are assembled
independently. For instance, the lid appears to exist as a
stable complex [13,64-66], although whether it is merely a
proteasome-assembly intermediate or a standalone complex
with an independent role has yet to be elucidated. In contrast,
there is no documentation of an independent base or base—
20S CP accumulating independently of the lid. Defects in
the base seem to be a limiting factor for lid incorporation
into the 19S RP. Thus some base-assembly mutants (for
example in RPN2 or RPN10) can lead to elevated levels of
detached lid that accumulate in these mutant cells [13,25,65].
Other mutations in lid subunits interfere with lid assembly
or with association of the lid and base subcomplexes (e.g.
rpnll-1/mprl-1, rpn9, rpn6, rpn5 and rpn9 [65,67-71]).
Participation of exogenous chaperones aiding in lid assembly
or association to the base has yet to be documented.

Summary
Under normal conditions, proteasome synthesis appears to
be a rapid and efficient process. The overall flux through
multiple steps proceeds smoothly, with few intermediates
accumulating, suggesting the absence of a truly rate-limiting
step. Interestingly, none of the dedicated proteasome
assembly chaperones identified to date is strictly essential,
therefore chaperone-deletion mutants can be a useful tool to
study proteasome-assembly intermediates that are normally
transient and do not accumulate. In particular, the cellular
accumulation of these intermediates can be used to map the
assembly pathway.

A multisubunit complex such as the proteasome requires
accurate fitting of interaction surfaces between its building

blocks. True to their definition as chaperones, the 20S
CP assembly factors PAC1-PAC4/Pbal-Pba4, as well as
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Ump1/POMP, not only promote proper assembly, but also
limit side reactions that would lead to dead-end intermediates
or miscomplexes. They do so by binding to the very same
surfaces of the exposed subunits and protect them from
side reactions. In order to carry out these functions and
fit properly on to their targets, the specific proteasome
chaperones apparently share structural similarities with the
proteasome subunits that they replace until their target
is properly oriented within the assemblage. For example,
the 20S CP-assembly chaperone Pba3-Pba4 shares clear
structural features with the 20S B-subunits [17], explaining
how the dimer can attach to the nascent a-ring only to be
replaced by the higher-affinity correct f-subunit. We expect
that some of the 19S RP-assembly factors that are awaiting
discovery will be found to share some structural similarities
with various classes of 19S RP subunits.

The large numbers of subunits that must associate
through a series of discrete steps to form the proteasome
holocomplex require multiple assembly factors. Apparently,
some of these are general chaperones (such as members
of the Hsc70 or Hsc90 families) that facilitate myriad
protein—protein interactions, whereas others will be dedicated
to specific proteasome subassemblies exploiting structural
resemblances. It is extremely likely that other large protein
complexes, if not most, employ dedicated chaperones for their
assembly. The large portion of cellular proteins found in, or
shuttling between, complexes raises the somewhat paradox-
ical situation that a significant portion of the proteome simply
serves to keep the rest of these proteins in place.

References
1 Ciechanover, A, Orian, A. and Schwartz, A.L. (2000)
Ubiquitin-mediated proteolysis: biological regulation via destruction.
BioEssays 22, 442-451
2 Hershko, A. and Ciechanover, A. (1998) The ubiquitin-proteasome
pathway. Annu. Rev. Biochem. 67, 425-479
3 Spataro, V., Norbury, C. and Harris, A.L. (1998) The
ubiquitin-proteasome pathway in cancer. Br. ). Cancer 77, 448-455
4 Voges, D., Zwickl, P. and Baumeister, W. (1999) The 26S proteasome:
a molecular machine designed for controlled proteolysis.
Annu. Rev. Biochem. 68, 1015-1068
5 Ferrell, K., Wilkinson, C.R., Dubiel, W. and Gordon, C. (2000)
Requlatory subunit interactions of the 265 proteasome, a complex
problem. Trends Biochem. Sci. 25, 83-88
6 Glickman, M.H. (2000) Getting in and out of the proteasome. Semin.
Cell Dev. Biol. 11, 149-158
7 Muratg, S., Sasaki, K., Kishimoto, T., Niwa, S., Hayashi, H., Takahama,
Y. and Tanaka, K. (2007) Regulation of CD8* T cell development by
thymus-specific proteasomes. Science 316, 1349-1353
8 Tanaka, K. and Kasahara, M. (1998) The MHC class | ligand-
generating system: roles of immunoproteasomes and the
interferon-y-inducible proteasome activator PA28. Immunol. Rev.
163, 161-176
9 Groll, M., Ditzel, L., Loewe, J., Stock, D., Bochtler, M., Bartunik, H.D.
and Huber, R. (1997) Structure of 205 proteasome from yeast at 2.4 A
resolution. Nature 386, 463-471
10 Dick, T.P.,, Nussbaum, A K., Deeg, M., Heinemeyer, W., Groll, M.,
Schirle, M., Keilholz, W., Stefanovic, S., Wolf, D.H., Huber, R.,
Rammenesee, H.G. and Schild, H. (1998) Contribution of proteasomal
B-subunits to the cleavage of peptide substrates analyzed with yeast
mutants. J. Biol. Chem. 273, 25637-25646
11 Heinemeyer, W., Fischer, M., Krimmer, T., Stachon, U. and Wolf, D.H.
(1997) The active sites of the eukaryotic 20 S proteasome and their
involvement in subunit precursor processing. J. Biol. Chem. 272,
25200-25209



13

15

16

20

21

22

23

24

25

26

27

28

29

30

303

Arendt, C.A. and Hochstrasser, M. (1997) Identification of the

yeast 205 proteasome catalytic centers and subunit interactions
required for active-site formation. Proc. Natl. Acad. Sci. U.S.A. 94,
7156-7161

Glickman, M.H., Rubin, D.M., Coux, 0., Wefes, I, Pfeifer, G., Cjeka, Z.,
Baumeister, W., Fried, V.A. and Finley, D. (1998) A subcomplex of the
proteasome regulatory particle required for ubiquitin-conjugate
degradation and related to the COP9/signalosome and elF3. Cell 94,
615-623

Rosenzweig, R. and Glickman, M.H. (2008) Forging a proteasome
a-ring with dedicated proteasome chaperones. Nat. Struct. Mol. Biol.
15, 218-220

Gerards, W.L., Enzlin, )., Haner, M., Hendriks, I.L., Aebi, U., Bloemendal,
H. and Boelens, W. (1997) The human «-type proteasomal subunit
Hs(8 forms a double ringlike structure, but does not assemble into
proteasome-like particles with the g-type subunits HsDelta or
HsBPROS26. J. Biol. Chem. 272, 10080-10086

Pouliot, J.J., Yao, K.C, Robertson, C.A. and Nash, H.A. (1999) Yeast
gene for a Tyr-DNA phosphodiesterase that repairs topoisomerase |
complexes. Science 286, 552-555

Yashiroda, H., Mizushima, T., Okamoto, K., Kameyama, T., Hayashi, H.,
Kishimoto, T., Niwa, S., Kasahara, M., Kurimoto, E., Sakata, E. et al.
(2008) Crystal structure of a chaperone complex that contributes to
the assembly of yeast 205 proteasomes. Nat. Struct. Mol. Biol. 15,
228-236

Hirano, Y., Hayashi, H., lemura, S., Hendil, K.B., Niwa, S., Kishimoto, T.,
Kasahara, M., Natsume, T., Tanaka, K. and Murata, S. (2006)
Cooperation of multiple chaperones required for the assembly of
mammalian 20S proteasomes. Mol. Cell 24, 977-984

Hirano, Y., Hendil, K.B., Yashiroda, H., lemura, S., Nagane, R., Hioki, Y.,
Natsume, T., Tanaka, K. and Murata, S. (2005) A heterodimeric
complex that promotes the assembly of mammalian 205
proteasomes. Nature 437, 1381-1385

Le Tallec, B., Barrault, M.B., Courbeyrette, R., Guerois, R.,
Marsolier-Kergoat, M.C. and Peyroche, A. (2007) 20S proteasome
assembly is orchestrated by two distinct pairs of chaperones in yeast
and in mammals. Mol. Cell 27, 660-674

Li, X., Kusmierczyk, A.R., Wong, P., Emili, A. and Hochstrasser, M.
(2007) B-Subunit appendages promote 205 proteasome assembly by
overcoming an Ump1-dependent checkpoint. EMBO J. 26, 2339-2349
Kusmierczyk, A.R., Kunjappu, M.J., Funakoshi, M. and Hochstrasser, M.
(2008) A multimeric assembly factor controls the formation of
alternative 20S proteasomes. Nat. Struct. Mol. Biol. 15, 237-244
Ramos, P.C., Hockendorff, J., Johnson, E.S., Varshavsky, A. and
Dohmen, RJ. (1998) Ump1p is required for proper maturation of the
20S proteasome and becomes its substrate upon completion of the
assembly. Cell 92, 489-499

Ramos, P.C., Marques, AJ., London, M.K. and Dohmen, R.J. (2004) Role
of C-terminal extensions of subunits 82 and B7 in assembly and
activity of eukaryotic proteasomes. J. Biol. Chem. 279, 14323-14330
Marques, AJ., Glanemann, C., Ramos, P.C. and Dohmen, R . (2007)
The C-terminal extension of the B7 subunit and activator complexes
stabilize nascent 20 S proteasomes and promote their maturation. J.
Biol. Chem. 282, 34869-34876

Witt, E., Zantopf, D., Schmidt, M., Kraft, R., Kloetzel, P.M. and Kruger, E.
(2000) Characterisation of the newly identified human Ump1
homologue POMP and analysis of LMP7(B5i) incorporation into 20 S
proteasomes. J. Mol. Biol. 301, 1-9

Kruger, E., Kloetzel, P.M. and Enenkel, C. (2001) 20S proteasome
biogenesis. Biochimie 83, 289-293

Lehmann, A., Janek, K., Braun, B., Kloetzel, P.M. and Enenkel, C.
(2002) 20 S proteasomes are imported as precursor complexes into
the nucleus of yeast. ). Mol. Biol. 317, 401-413

Jager, S., Groll, M., Huber, R., Wolf, D.H. and Heinemeyer, W. (1999)
Proteasome B-type subunits: unequal roles of propeptides in core
particle maturation and a hierarchy of active site function. J. Mol. Biol.
291, 997-1013

Chen, P. and Hochstrasser, M. (1996) Autocatalytic subunit processing
couples active site formation in the 20S proteasome to completion of
assembly. Cell 86, 961-972

Hirano, Y., Kaneko, T., Okamoto, K., Bai, M., Yashiroda, H., Furuyama,
K., Kato, K., Tanaka, K. and Murata, S. (2008) Dissecting B-ring
assembly pathway of the mammalian 20S proteasome. EMBO. J. 27,
2204-2213

Third Intracellular Proteolysis Meeting

811

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Schmidtke, G., Schmidt, M. and Kloetzel, P.M. (1997) Maturation of
mammalian 20 S proteasome: purification and characterization of 13
Sand 16 S proteasome precursor complexes. J. Mol. Biol. 268, 95-106
Bajorek, M. and Glickman, M.H. (2004) Keepers at the final gates:
requlatory complexes and gating of the proteasome channel.

Cell. Mol. Life Sci. 61, 1579-1588

Rosenzweig, R., Osmulski, P.A., Gaczynska, M. and Glickman, M.H.
(2008) The central unit within the 195 regulatory particle of the
proteasome. Nat. Struct. Mol. Biol. 15, 573-580

Husnjak, K., Elsasser, S., Zhang, N., Chen, X., Randles, L., Shi, Y.,
Hofmann, K., Walters, KJ., Finley, D. and Dikic, 1. (2008) Proteasome
subunit Rpn13 is a novel ubiquitin receptor. Nature 453, 481-4883
Eytan, E., Ganoth, D., Armon, A. and Hershko, A. (1989)
ATP-dependent incorporation of 205 protease into the 265 complex
that degrades proteins conjugated to ubiquitin. Proc. Natl. Acad. Sci.
U.S.A. 86, 7751-7755

Saeki, Y., Toh-e, A. and Yokosawa, H. (2000) Rapid isolation and
characterization of the yeast proteasome regulatory complex.
Biochem. Biophys. Res. Commun. 273, 509-515

Liu, C-W., Li, X, Thompson, D., Wooding, K., Chang, T.-1, Tang, Z., Yu,
H., Thomas, P.J. and DeMartino, G.N. (2006) ATP binding and ATP
hydrolysis play distinct roles in the function of 265 proteasome. Mal.
Cell 24, 39-50

Babbitt, S.E,, Kiss, A., Deffenbaugh, A.E., Chang, Y.H., Bailly, E.,
Erdjument-Bromage, H., Tempst, P., Buranda, T., Sklar, L.A., Baumler, .
et al. (2005) ATP hydrolysis-dependent disassembly of the 265
proteasome is part of the catalytic cycle. Cell 121, 553-565

Kiss, P., Szabd, A., Hunyadi-Gulyas, E., Medzihradszky, K.F., Lipinszk, Z.,
Pal, M. and Udvardy, A. (2005) Zn?*+-induced reversible dissociation of
subunit Rpn10,/p54 of the Drosophila 26 S proteasome. Biochem. J.
391, 301-310

Kurucz, E., Ando, 1., Sumegi, M., Holzl, H., Kapelari, B., Baumeister, W.
and Udvardy, A. (2002) Assembly of the Drosophila 26 S proteasome
is accompanied by extensive subunit rearrangements. Biochem. J.
365, 527-536

Bajorek, M., Finley, D. and Glickman, M.H. (2003) Proteasome
disassembly and downregulation is correlated with viability during
stationary phase. Curr. Biol. 13, 1140-1144

Glickman, M.H. and Raveh, D. (2005) Proteasome plasticity. FEBS Lett.
579, 3214-3223

Schmidt, M., Hanng, )., Elsasser, S. and Finley, D. (2005)
Proteasome-associated proteins: regulation of a proteolytic machine.
Biol. Chem. 386, 725-737

Hartmann-Petersen, R. and Gordon, C. (2004) Proteins interacting
with the 265 proteasome. Cell. Mol. Life Sci. 61, 1589-1595

Legget, D.S., Hanng, J., Borodovsky, A., Crossas, B., Schmidt, M., Baker,
R.T., Walz, T, Ploegh, H.L. and Finley, D. (2002) Multiple associated
proteins requlate proteasome structure and function. Mol. Cell 10,
495-507

Verma, R., Chen, S., Feldman, R., Schieltz, D., Yates, )., Dohmen, J. and
Deshaies, R.J. (2000) Proteasomal proteomics: identification of
nucleotide-sensitive proteasome-interacting proteins by mass
spectrometric analysis of affinity-purified proteasomes. Mol. Biol. Cell
11, 3425-3439

Wang, X., Chen, C.F., Baker, P.R., Chen, P., Kaiser, P. and Huang, L.
(2007) Mass spectrometric characterization of the affinity-purified
human 265 proteasome complex. Biochemistry 46, 3553-3565
Wang, X., Guerrero, C., Kaiser, P. and Huang, L. (2007) Proteomics of
proteasome complexes and ubiquitinated proteins. Exp. Rev.
Proteomics 4, 649-665

Drews, 0., Zang, C. and Ping, P. (2007) Exploring proteasome
complexes by proteomic approaches. Proteomics 7, 1047-1058
Huang, L. and Burlingame, A.L. (2005) Comprehensive mass
spectrometric analysis of the 20S proteasome complex.

Methods Enzymol. 405, 187-236

Montel, V., Gardrat, F., Azanza, J.L. and Raymond, J. (1999) 20S
proteasome, hsp90, p97 fusion protein, PA28 activator copurifying
oligomers and ATPase activities. Biochem. Mol. Biol. Int. 47, 465-472
Imai, J., Maruya, M., Yashiroda, H., Yahara, I. and Tanaka, K. (2003)
The molecular chaperone Hsp90 plays a role in the assembly and
maintenance of the 265 proteasome. EMBO J. 22, 3557-3567
Schmidt, M., Haas, W., Crosas, B., Santamaria, P.G., Gygi, S.P., Walz, T.
and Finley, D. (2005) The HEAT repeat protein BIm10 requlates the
yeast proteasome by capping the core particle. Nat. Struct. Mol. Biol.
12, 294-303

©The Authors Journal compilation ©2008 Biochemical Society



812

Biochemical Society Transactions (2008) Volume 36, part 5

54

55

56

57

58

59

60

61

62

63

Iwanczyk, )., Sadre-Bazzaz, K., Ferrell, K., Kondrashkina, E., Formosa, T.,
Hill, C.P. and Ortega, J. (2006) Structure of the BIm10-20 S proteasome
complex by cryo-electron microscopy: insights into the mechanism

of activation of mature yeast proteasomes. ). Mol. Biol. 363,

648-659

Ortega, J., Bernard Heymann, J., Kajava, A.V., Ustrell, V., Rechsteiner,
M. and Steven, A.C. (2005) The axial channel of the 20 S proteasome
opens upon binding of the PA200 activator. . Mol. Biol. 346,
12211227

Fehlker, M., Wendler, P., Lehmann, A. and Enenkel, C. (2003) BIm3 is
part of nascent proteasomes and is involved in a late stage of nuclear
proteasome assembly. EMBO Rep. 4, 959-963

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

Hendil, K.B., Khan, S. and Tanaka, K. (1998) Simultaneous binding of
PA28 and PA700 activators to 20S proteasomes. Biochem. ). 332,
749-754

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

Rechsteiner, M. and Hill, C. (2005) Mobilizing the proteolytic machine:
cell biological roles of proteasome activators and inhibitors.

Trends Cell Biol. 15, 27-33

Forster, A., Hill, C., Masters, E.I, Whitby, F.G., Robinson, H. and Hill, C.
(2005) The 1.9 A structure of a proteasome-11S activator complex
and implications for proteasome-PAN/PA700 interactions. Mol. Cell.
Biol. 18, 589-599

Tone, Y., Tanahashi, N., Tanaka, K., Fujimoro, M., Yokosawa, H. and
Toh-e, A. (2000) Nob1, a new essential protein associates with the
265 proteasome of growing S. cerevisiae cells. Gene 243, 37-45
Haas, A., Reback, P.M., Pratt, G. and Rechsteiner, M. (1990)
Ubiquitin-mediated degradation of histone H3 does not require the
substrate-binding ubiquitin protein ligase, E3, or attachment of
polyubiquitin chains. J. Biol. Chem. 265, 21664-21669

©The Authors Journal compilation ©2008 Biochemical Society

64

65

66

67

68

69

70

72

Sharon, M., Taverner, T., Ambroggio, X.I., Deshaies, R.J. and Robinson,
C. (2006) Structural organization of the 19S proteasome lid: insights
from MS of intact complexes. PLoS Biol. 4, e267

Isono, E., Nishihara, K., Saeki, Y., Yashiroda, H., Kamata, N., Ge, L.,
Ueda, T., Kikuchi, Y., Tanaka, K., Nakano, A. and Toh-e, A. (2007) The
assembly pathway of the 195 regulatory particle of the yeast 265
proteasome. Mol. Biol. Cell 18, 569-580

Kapelari, B., Bech-Otschir, D., Hegerl, R., Schade, R., Dumdey, R. and
Dubiel, W. (2000) Electron microscopy and subunit-subunit interaction
studies reveal a first architecture of COP9 signalosome. J. Mol. Biol.
300, 1169-1178

Isono, E., Saito, N., Kamata, N., Saeki, Y. and Toh, E.A. (2005)
Functional analysis of Rpnép, a lid component of the 26 S
proteasome, using temperature-sensitive rpné mutants of the yeast
Saccharomyces cerevisige. ). Biol. Chem. 280, 6537-6547

Isono, E., Saeki, Y., Yokosawa, H. and Toh-e, A. (2004) Rpn7 is
required for the structural integrity of the 26 S proteasome of
Saccharomyces cerevisige. ). Biol. Chem. 279, 27168-27176

Verma, R., Aravind, L., Oania, R, McDonald, W.H., Yates, Ill, J.R.,
Koonin, E.V. and Deshaies, R.J. (2002) Role of Rpn11 metalloprotease
in deubiquitination and degradation by the 265 proteasome. Science
298, 611-615

Rinaldi, T., Pick, E., Gambadoro, A., Zilli, S., Maytal-Kivity, V., Frontali, L.
and Glickman, M.H. (2004) Participation of the proteasomal lid
subunit Rpn11 in mitochondrial morphology and function is mapped
to a distinct C-terminal domain. Biochem. J. 381, 275-285

Takeuchi, J., Fujimuro, M., Yokosawa, H., Tanaka, K. and Toh-e, A.
(1999) Rpn9 is required for efficient assembly of the yeast 265
proteasome. Mol. Cell. Biol. 10, 6575-6584

Tone, Y. and Toh-e, A. (2002) Nob1p is required for biogenesis of the
265 proteasome and degraded upon its maturation in Saccharomyces
cerevisige. Genes Dev. 16, 3142-3157

Received 11 July 2008
doi:10.1042/BST0360807



