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1. Introduction

Proteins are the main executers of genetic functions.
Within a cell, the level of a protein is determined by its
synthesis and turnover rates. In the last three decades, it has
become increasingly clear that selective proteolysisis a key
mechanism not only in cellular quality control but also in
protein regulation. A central mediator of selective proteolysis
is the proteasome (E.C. 3.4.25.1), a large self-compartmen-
talized protease complex found in all kingdoms of life. The
active sites of these proteases reside within interior chambers,
while substrate specificity and entry is controlled by ad-
ditional factors.2®

In the cytoplasm and in the nucleus of eukaryotic cells,
the ubiquitin/proteasome system (UPS) provides the main
mechanism for a selective and ATP-dependent degradation
of short-lived proteins. Within this system, proteins are
covalently modified, mainly on lysine residues, by the
attachment of a small (9 kDa) protein, termed ubiquitin
because it is ubiquitously found in eukaryotic cells.* Ubig-
uitin modification (ubiquitylation) changes the binding
properties of so modified proteins. Ubiquitylation serves
numerous functions ranging from the regulation of ribo-
somes, of DNA repair functions and gene expression, to
proteolytic targeting.*~ Ubiquitylation of membrane proteins
has been implicated in their endosomal targeting which can
ultimately lead to their degradation by various peptidasesin
the lysosome.”® The attachment of certain types of ubiquitin
chains (polyubiquitylation), in which one ubiquitin is attached
to alysine residue such as Lysl1, Lys29, Lys48, or Lys63
of another ubiquitin, serves as a targeting signal that leads
to the degradation by the proteasome.>6°~12 Some substrates,
however, are degraded by the proteasome without prior
ubiquitylation.* ' The UPS is aso responsible for the
degradation of proteins from the endoplasmic reticulum,
which are ubiquitylated upon retrotranslocation into the
cytosol.”*® The functions of the UPS span from protein
quality control and antigen presentation, to regulatory
processes involved in cell cycle control, signal transduction,
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cell differentiation and apoptosis.'®*? It is probably not an
exaggeration to say that the UPS, in one way or the other, is
involved in the control of every major pathway in eukaryotic
cells.

Polyubiquitylated proteins are recognized and degraded
by agiant proteol ytic complex known asthe 26S proteasome. 2+
This protease is composed of a catalytic core particle (CP),
also termed the 20S proteasome, which is capped at both
ends with 19S regulatory particles (RP).*?° The 20S CP has
a barrel shape formed by four stacked rings, each of which
is composed of seven subunits.?3! The active sites are
sequestered in the inner chamber of the CP and thus shiel ded
from the intracellular medium. For degradation of a folded
polypeptide to occur, it must be recognized, unfolded, and
translocated into the CP by the 19S RPs. Substrate unfolding
rqui gzeﬁ ATPase activity which resides in the base of the
RP.3

The UPS is essential for cell viability and malfunctions
within this system are implicated in an increasing number
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of diseases including obesity, neurodegenerative disorders,
muscular dystrophies, and cancer.333 On the other hand,
the proteasome has become a therapeutic target for the
treatment of certain diseases, in particular of cancer.%-3®
Knowledge of the structure, the catalytic activities, and the
assembly pathways of the different proteasome complexes
existing in cellsis essentia to understand their function and
regulation, as well as to develop strategies and compounds
that allow their therapeutic manipulation. In this review, we
have attempted to summarize the current knowledge of the
structure, enzymatic mechanism, and complexity of protea-
somal complexes with an emphasis on the eukaryotic 26S
proteasome.

2. Structure and Complexity of Proteasome Core
Particles

The proteasome is present ubiquitously in eukaryotes. The
discovery of a comparably simple protease, HslV, with
homology to the proteasome (Figure 1A), as well as of 20S
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proteasomes in archeons and eubacteria indicated that this
protease type has an early evolutionary origin.343

2.1. Archaebacterial Proteasomes

20S proteasomes composed of one or two different a
subunits, and one or two different 5 subunits are found in
various archaeons. Generally, with one known exception, all
/3 subunits of archaebacterial proteasomes are catalytically
active. The exception is the crenarchaeote Aeropyrum pernix,
which encodes both an active and an apparently inactive
subunit lacking the characteristic active site residues de-
scribed in section 3.1* The first crystal structure of a 20S
proteasome was reported for the one derived from the
archacon Thermoplasma acidophilum.*® This ~700 kDa
complex is composed of only two different types of subunits
(Figure 1B). The o subunit is composed of 233 amino acid
residues, the B subunit of 211 residues.*® The sequence and
structural similarity between these two subunits indicated that
their genes were derived from a common ancestor (Figure
2). All known 20S proteasome subunits found in other
species can be related to the o or the § subunit of the
Thermoplasma proteasome.®® Structural analysis of this
proteasome produced in Escherichia coli revealed that it is
composed of four stacked rings, each made of seven subunits,
which are in an oy4,5,07 arrangement (Figure 1B). The
resulting hollow cylinder is 15 nm long and has a diameter
of 11 nm.*® The two inner 3 rings form a central chamber
with a volume of ~84 nm3, which compares to the volume
of a folded ~70 kDa protein.® This chamber contains 14
active sites, one provided by each 3 subunit, as was revealed
by structural analysis of the proteasome bound to the inhibitor
Acetyl-Leu-Leu-norleucina (Ac-LLnL-al, calpain inhibitor
). The two outer o rings and the neighboring A3 rings form
antechambers with a volume of ~60 nmq, which may allow
larger stretches of a polypeptide to be taken up by a
proteasome before or while it is degraded into small
peptides.®>#” The structure revealed a narrow opening into
the antechamber located at the center of the o ring (Figure
1B), which was shown to be the site of substrate entry.*48
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The N-terminal segment of the o subunits, which seal the
entry port in the eukaryotic proteasome (see below), were
not detectable in the crystal structure of the Thermoplasma
proteasome suggesting that they are structurally disordered.*

For Archaeoglobus fulgidus, assembly intermediates as
well as the mature 20S proteasome have been subjected to
astructural analysis.*® The overall structure of the A. fulgidus
proteasome is very similar to that from T. acidophilum,
including the absence of a clear electron density for the
N-terminal segments of the o subunits. This observation,
together with additional experimental evidence, led to the
proposal that archaeal proteasomes lack a regulatory gating
such as has been observed for eukaryotic proteasomes.®
Other biochemical and structural studies, however, indicate
that, although prokaryotic proteasomes appear to have a
subunits with disordered or flexible N-termini allowing the
entry of small peptides, activator complexes are required to
fully open the gate to enable degradation of proteins (see
section 4).5051

2.2. Eubacterial Proteasomes

In eubacteria, the first proteasome to be studied was
isolated from the actinomycete Rhodococcus erythropolis.*®
This protease is built of two distinct o (a1 and .2) and two
different 8 (61 and £2) subunits. Different combinations of
these a-type and 5-type subunits resulted in proteasomes with
dightly different kinetic parameters.®? Crystal structure
analysis of recombinant proteasomes composed only of a1
and 31 subunits showed that the Rhodococcus proteasome
has a general architecture very similar to the one from
Thermoplasma.® The contact regions between the o subunits,
however, are substantially smaller in the Rhodococcus
proteasome, which is probably a reason why these subunits
do not form rings in the absence of 5 subunits. Instead the
assembly of Rhodococcus proteasomes follows an unsual
path (see section 5). As in the Thermoplasma proteasome,
the N-terminal residues of the a subunits are not visible in
the crystal structure of the Rhodococcus proteasome sug-
gesting that these residues are disordered or mobile.>

The proteasome of another actinomycete, Mycobacterium
tuberculosis, is composed of only one type of o and one
type of S subunits, which are 65% identica to those of
Rhodococcus. Asfor the archaeal proteasome structures, the
N-terminal residues of the o subunitsin the M. tuberculosis
proteasome were disordered. Nevertheless, cryo-electron
microscopy aswell as negative-staining electron microscopy
analyses suggested that the o rings of these particles are
largely closed by the disordered N-terminal segments.5+
Together with biochemical data, these results indicated that
the mycobacterial proteasome requires regulatory partners
to open the gate. Inactivation of the proteasome genes (prcA
and prcB) in Mycobacterium smegmatis, which form an
operon together with a small ORF (prcS encoding a
ubiquitin-like protein that is conjugated to proteasome
substrates,* resulted in viable strains with no apparent mutant
phenotype.” Studies on M. tuberculosis, however, revealed
that the orthologous prcA and prcB proteins, as well as
ATPases presumed to cooperate with it, are important for
nitric oxide resistance and hence for surviva in the host
cells.%®5° These results identified bacterial proteasomes as
potential drug targets for the therapy of tuberculosis.®

The analysis of many eubacterial genomes indicated that
the 20S proteasome is only found in a subgroup of Actino-
mycetes suggesting that this branch of Gram-positive bacteria
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Figure 1. Structure and complexity of pro- and eukaryotic proteasomes. Surface representation of the crystal structures of (A) HSV from
Haemophilus influenza (PDB code 1G3l), proteasomes from (B) T. acidophilum (PDB code 1PMA), (C) S. cerevisiae (PDB code 2F16),
and (D) Bos taurus (PDB code 1IRU). The identical  type subunits of HslV and the Thermoplasma proteasome are each shown in two
different shades of blue. Theidentical a subunits of the Thermoplasma proteasome are shown in different shades of green. The 14 individual
subunits of the yeast and bovine proteasomes are displayed in distinct colors. Shown are top (upper panels) and side views (lower panels)
of the particles. The figure was prepared using PyMOL (http://pymaol.org).
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Figure 2. Structures of proteasomal subunits and their structural relatives. Shown are ribbon representations revealing the characteristic
ofpa sandwich fold of the T. acidophilum proteasome o and 3 subunits (PDB code 1PMA), the HslV subunit (PDB code 1Ga3l), the
subunit of penicillin acylase from E. coli (PDB code 1PNK), the proteasome chaperone Pba3-Pbad from S cerevisiae (PDB code 2Z5B),
and the homodimer of its human homologue PAC3 (PDB code 2Z5E). The positions of N-termini are indicated. The figure was prepared

using PyMOL.

has acquired the proteasomal genes by horizonta transfer
from eukaryotes.**¢! Recent data from shotgun proteomics
and community genomic analysis, suggesting the presence
of proteasomes in the Gram-negative bacterium Leptospir-

illum group I1, challenge the notion above.®? A full charac-
terization of the genome of these bacteria confirming the
presence of the proteasome genesin Leptospirillum, however,
is still missing.%®
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Many eubacteria, including Escherichia coli, instead of
the proteasome, harbor a protease, HSIV/CIpQ, which is
composed of subunits homologous in sequence to pro- and
eukaryotic proteasomes.3*6 HgV moreover shares the
catalytic mechanism with the 20S proteasome.**54% While
the 20S proteasome is composed of four heptameric rings
(see above), HSlV is composed of two hexameric rings
(Figure 1A). Its subunits have a nearly identical fold as
proteasome subunits except that the latter have an additional
C-terminal o helix (Figure 2). The smaller size of the HdlV
polypeptide may underlie the fact that HlV rings bear only
six subunitsin contrast to the rings in the proteosome, which
are characterized by a seven subunit arrangement.5* Similar
to the 20S proteasome, which associates with ATPase
complexes, HV forms an ATP-dependent protease by
associating with homohexameric HsIU/ClpY ATPase
complexes.5466-68 H4UV has been implicated in the degra-
dation of abnormal proteins.5%7°

Neither the proteasome nor HslUV appear to be essential
in bacteria.®” " Indeed several bacterial genomes even lack
genes for both proteases.* Surprisingly, HSUV encoding
genes were found in various eukaryotes.**"1"2 Based upon
phylogenetic analyses it was suggested that these genes may
have been obtained by endosymbiosis from the proteobac-
terial ancestor that gave rise to eukaryotic mitochondria.”

2.3. Eukaryotic Proteasomes

Unlike in bacteria, proteasomes are generally essential for
viability of eukaryotic cells.” In contrast to the low subunit
complexity of prokaryotic proteasomes, eukaryotic protea-
some CPs are composed of 14 distinct subunits, seven of
the o type and seven of the S type, which form rings
composed of seven different subunits (a1—7 or f1-7). In
bakers' yeast (Saccharomyces cerevisiae), these subunits are
encoded by 14 distinct genes, 13 of which are essential for
viability.”™ Only the PRE9 gene encoding the a3 subunit can
be deleted without loss of viability, apparently because two
o4 subunits can be incorporated into the o rings of such
mutants.”™"® The crystal structures of the proteasomes from
S cerevisiae and Bos taurus revealed that, despite the
increased subunit complexity, the overall architecture of
eukaryotic 20S proteasomes is very similar to that of the
more simple prokaryotic counterparts (Figure 1).4577.78

An important functional difference to bacteria protea-
somes is that only three of the seven 5 subunits (31, 52,
and f85) in the eukaryotic proteasome are catayticaly
active””™® Due to structural differences between these
subunits, they display distinct cleavage specificities (dis-
cussed in section 3.2). As a consequence of the reduction to
three active subunits per j ring, eukaryotic proteasome core
particles bear only six active sites.”” In mammals, a set of
alternative active site subunits are induced upon immune
stress. Incorporation of these alternative subunits (51i, 32i,
and f35i) results in the formation of the so-called “immuno-
proteasome”, which favors the generation of certain antigenic
peptides to be presented by Major Histocompatibility Com-
plex (MHC) class | molecules due to a different cleavage
specificity compared to the housekeeping proteasome (de-
scribed in section 3.2 and discussed in detail in various
reviews®~#). It should be noted, however, that the immu-
noproteasome is a proteasome subtype that is not essential
for the generation of antigens by the proteasome. The
standard (sometimes called constitutive) proteasome is
capable of generating antigenic peptides aswell. The relative
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amounts of standard or immunoproteasomes, and of “mixed”
proteasomes, in which both interferon-induced subunits and
standard 51, 52, or 85 are present, varies between cell types
and tissues.® The structure of the bovine 20S CP revealed
subtle differences to the yeast proteasome, in particular when
the 5 subunits are compared. It was suggested that some of
these differences allow for accommodation of either the
standard or the inducible subunits.”™

Another specialized proteasome subtype that was recently
discovered has been termed “thymoproteasome” because it
contains an alternative subunit (45t) that is specifically
expressed in the thymus.® It is preferentially combined with
Bli and 2i, and appears to be important for the selection of
CD8" T cells.® Aside from these specialized active site
subunits found in mammal's, genes encoding other aternative
20S proteasome subunits are found in other organisms as
well. The model plant Arabidopsis thaliania for example
encodes 13 o subunits and 10 3 subunits.®* The physiological
roles of the alternative subunits remain unclear. Another
example is Drosophila melanogaster, which expresses testis-
specific isoforms of three a. subunits and three 3 subunits.%
Homozygous inactivation of the testis-specific gene for o6
causes male sterility indicating that a specialized proteasome
subtype is essential for spermatogenesis.®®

Other important structural features of eukaryotic protea-
somes that distinguish them from their prokaryotic counter-
partsinclude a complete closure of the a rings (Figure 1C,D).
The N-terminal domains of their subunits provide a plug to
the gate through which substrates have to enter the core
particle.”” As discussed in section 4, opening of this gate is
regulated by activators or regulatory particles. The mature
eukaryotic core particle is moreover characterized by C-
termina extensions of the 52 and 37 subunits, which appear
to beimportant for its assembly, stability, and activity (Figure
1).% Other structural differences concern transient features
such as propeptides of S subunits and dedicated assembly
chaperones, which are important during the assembly of
eukaryotic proteasomes (discussed in section 5.2).

3. Activity of 20S Proteasomes

3.1. The Active Sites - N-Terminal Nucleophiles

Structural analyses of the 20S proteasome identified its
active sites and provided an understanding of the catalytic
mechanism. The active sitesreside in the 5 subunits. Isolated
B subunits, however, do not display proteolytic activity.%
The cocrystal structure of the Thermoplasma proteasome with
the inhibitor Ac-LLnL-al reveded that the N-termina
threonine of each of its 14 5 subunitsis covalently bound to
the inhibitor.*® Together with mutational analyses, these
observations identified this Thr residue as a central compo-
nent of the active site”™ This finding characterized the
proteasome as a novel type of protease, in which the
N-terminal Thr of a mature 5 subunit provides a hydroxyl
group that performs the nucleophilic attack onto the carbonyl
carbon of a peptide bond. Based upon this property, the active
/3 subunits of the proteasome are members of the Ntn (N-
terminal nucleophile) hydrolases.® The overall fold of these
Ntn-hydrolases can be related to that of proteasome subunits,
despite a lack of apparent sequence similarity (Figure 2).%
Ntn-hydrolases are synthesized as inactive precursors, which,
upon autocatalytic cleavage, expose an N-terminal amino
acid residue with a nucleophilic side chain (threonine, serine,
or cysteine). Penicillin acylase for example possesses a serine
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c f3 MSDPSSINGGIVVAMTGEDCVAIACDLRLGSQSLGVSNKFERIF. .
s B3 MSIMSYNGGAVMAMEGENCVAIAADRRFGIQAQMVTTDFQEIF. .
c pd MDIILGIRVODSVILASSKAVTRGISVLEDSDDKETR. .
s pd MEYLIGIQGPDYVLVASDRVAASNIVOMEDDHDEMF . .
c B5 MQAIADSFSVPNRLVEELQYDNEQNLESDFVTGASQFQRLAPSLTVPPIASPQOFLRAHTDDSRNPDCKIKIAHGTTTLAFRFQGGIIVAVDSRATAGNWVASQTVEEVI. .
-] 65 MALASVLERPLPVNORGFFGLGGRADLLDLGPGSLSDGLSLAAPGWGVPEEPGIEMLHGTTTLAFKFREGVIVAADSRATAGAY IASQTVKEVI. .
-] ﬁ5i MALLDVCGAPRGORPESALPVAGSGRRSDPGHYSFSMRS PELALPRGHKPTEFFQSLGGDGERNVQIEMAI1ETTLAFKFQHGVIMVDSRASAGSYISJ\LRVNKVI .
s 5t MALQDVCKWQSPDTQGPSPHLPRAGGWAVPRGCDPOTFLOTHGPRLAHGTTTLAFRFREGVIAAADTRSSCGSYVACPASCEVI. .
c ﬁﬁ MATIASEYSSEASNTPIEHQFNPYGDNGGTILGIAGEDFAVLAGDTRNITDYSINSRYEPKVF. .
-} ﬁﬁ MLSSTAMYSAPGRDLGMEPHRAAGPLOLRFSPYVFNGGTILAIAGEDFAIVASDTRLSEGFSIHTRDSPECY. .
c ﬁ? MNHDPFSWGRPADSTYGAYNTQIANAGASPMVNTQQPIVIGTSVISMKYDNGVIIAADNLGSYGSLLRFNGVERLI. .
(-} ﬁ'} MEAFLGSRSGLWAGGPAPGOFYRI PS'L'PDSE‘MD?ASALYRGPI'ERTQNPWTESVLGVKFEGGWIMDMLGSYGSLARFRNISRIM. .

Figure3. Primary and tertiary structures of the catalytic centers of 5 subunits. (A) Alignment of the amino acid sequences of the N-terminal
regions of 3 subunit precursors from T. acidophilum (Ta), S. cerevisiae (Sc), and H. sapiens (Hs). Propeptide sequences that are absent
from the mature subunits are shown in blue for active subunits and in green for inactive subunits. Conserved residues from the catalytic
sites are highlighted in red. For H. sapiens, aside from the subunits of the constitutive proteasome, the corresponding subunits of the
immunoproteasome (Axi) and the thymoproteasome (55t) are listed. The conserved processing sites Gly-Thr (GT) are underlined. (B)
Shown is a stereo representation of the proteolytic center of an active 8 subunit (1) of the yeast 20S proteasome. The main residues are
Thrl (catalytic residue), Aspl7 and Lys33. The ThrlN is hydrogen-bonded to Ser129-Oy, Aspl66-O, and Serl69-Oy and the Thr-Oy is
hydrogen-bonded to Lys33-N¢. A water molecule close to the Thr1-Oy, Thrl-N, Gly47-N, and Ser129-Oy, which is necessary for both

autolysis and proteolysis, is shown in red. The figure was prepared using PyMOL.

residue,”” and glutamine 5-phosphoribosyl-1-pyrophosphate
amidotransferase a cysteine residue at the N-terminus.®® The
N-terminal residue of such an enzyme is the active site,
wherein the side chain hydroxyl (or sulfhydryl) acts as the
catalytic nucleophile and the free amino group as the base
for the hydrolysis reaction.®®®® For the Thermoplasma
proteasome it was investigated whether the active site Thrl
residue could be replaced by Ser or Cys.”®® |n a Thr1Ser
mutant proteasome, § subunit maturation was reduced to
about 50%. When the Thr1Ser subunit was expressed without
propeptide, the activity of the resulting proteasome toward
fluorogenic peptides was similar to that of wild-type pro-
teasome. The activity toward proteins or a library of
decapeptides, however, was significantly reduced for the
ThrlSer mutant.’®* A Thr1Cys was very efficient in subunit
maturation but was inactive toward fluorogenic peptides.’®
In conclusion, although Ser can substitute for Thr in the
active site of the proteasome during proteolysis, and Cysis
compatible with autocatalytic processing, only Thr is fully
functional in both processes.'®

Aside from the N-terminal Thr, structural and mutational
studies on proteasomes from various species identified the
highly conserved residues Aspl7 (Glul7 in the Thermo-
plasma 8 subunit) and Lys33 (numbering according to the
Thermoplasma proteasome) as the most important residues
of the catalytic centers (Figure 3).477-79102-104 The | ys33-
NZ atom is hydrogen bonded to Thr1-Oy. Lys33 is a
highly conserved residue among /3 subunits and essential
for catalytic activity.1°%19271% QOther residues close to the
active site Thrl also appear to be required for structural
integrity of the proteolytic site. The atoms Ser129-Oy,
Asple6-0, and Serl69-Oy stabilize the conformation of
Thrl via hydrogen bonds.*>"® Another critical feature of
the active center detected in high resolution structures of
the proteasome is a nucleophilic water molecule in the
vicinity of Thr1-Oy, Thrl-N, Ser129-Oy, and
Gly47-N atoms. This water molecule is involved both in

intramolecular autolysis and substrate proteolysis (Figure
3).77,106
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3.1.1. Maturation of Active Sites - Intramolecular Autolysis

Similar to many other proteases,’” the active 8 subunits
of the proteasome are synthesized as precursor polypeptides
containing N-terminal propeptides.’®®1%1% Upon cleavage
of the propeptide, the catalytic Thrl is exposed and the
subunit thereby activated.*>7%1% |n eukaryotes, full sets of
the conserved residues characteristic of the catalytic center
(Thrl, Aspl?, and Lys33) are only present in 51, 52, and
p5 (Figure 3). As shown by mutational analysis of the yeast
proteasome, activation of these catalytic subunits occurs via
intramolecular autolysis.’041%6.1%8 Sybunits 43 and 36 have
a Gly residue and 34 an Asp or Glu residue instead of Thr
in the predicted +1 position. 57 has an Arg residue instead
of Lys33 (Figure 3). Consistent with this lack of critical
residues, the latter four subunits are inactive. They are found
in the mature proteasome either in an unprocessed form (as
is the case for 33 and f34) or in a processed form (as is the
case for 86 and 37). The maturation of S subunits occurs
during assembly when two half-proteasome precursor com-
plexes dimerize.X®® The N-termini of mature 36 and 57 are
GIn-9 (or Arg-9 in humans) and Thr-8, respectively.”” 78106109
In contrast to autolysis of 51, 52, and 35, processing of 36
and p7 is apparently due to proteolytic action of the
neighboring active subunits.’* A similar processing is
observed in ayeast proteasome carrying a ThrlAla mutation
in 1. This subunit, although unable to perform autolysis, is
processed by other subunitsto yield Leu-9 as the N-terminal
residue.'® Propeptide shortening was also observed for a
catalytically impaired mutant version of LMP2 (amammalian
interferon-induced 31 subunit).%®

When active 8 subunits devoid of their propeptides were
synthesized in yeast either by expressing them fused to
ubiquitin, which is cleaved off rapidly by cellular deubig-
uitylating enzymes, or with a Met residue directly preceding
Thrl, which is cleaved by methionine aminopeptidase, the
resulting mature subunits turned out to be acetylated at the
N-terminal Thr to varying degrees. For sterical reasons, the
acetyl group cannot be removed by autolysis. Therefore
acetylation leads to an inactivation of 3 subunits. 1?2110 Y east
cells expressing such mutant 5 subunits, however, recover
the respective proteasomal activtity when N*-acetyltrans-
feraseisinactivated in addition.*° These results demonstrate
the importance of a free a-amino group at the N-terminus
for activity, aswell asarole of the propeptides in protecting
unincorporated subunits from inactivation.

The propeptides of the active § subunits are highly
divergent in size aswell asin sequence among the eukaryotes
except for a glycine residue (Gly-1) preceding the catalytic
Thrl (Figure 3). This Gly-1 residueis important for efficient
autolysis.!® Analysis of the crystal structure of a yeast 20S
proteasome bearing a ThrlAla mutation in subunit S1
allowed modeling of the autolysis site, since the structures
of the wild-type and mutant subunits were nearly identical
when superimposed. This model provided insights into the
details of the autolysis mechanism. According to this model,
the propeptide adopts the conformation of ay turn extending
from Leu-2 to Thrl.2% In this conformation, the hydroxyl
group of Thrl appears to be appropriately positioned for a
nucleophilic attack onto the Gly-1 carbonyl carbon atom
located at the inner side of the y turn. During the autocatalytic
cleavage, the N-terminal amino group is not yet available
as a nucleophile. Instead, a water molecule, present in the
active site, is thought to act as a genera base and to
deprotonate the hydroxyl group of Thrl to enhance its

Chemical Reviews, 2009, Vol. 109, No. 4 1515

nucleophilicity (Figure 4). The nucleophilic attack onto the
carbonyl carbon of Gly-1 by Thr1Oy resultsin atetrahedral
oxazolidine intermediate. The decay of this transient inter-
mediate shifts the scissile bond from an amide into an ester
bond intermediate (N—O acy! shift).1% During this process,
a protonated water molecule acts as proton donor to the
amido nitrogen of the Thrl residue. Finally, the ester
intermediate collapses into a free N-terminal Thrl residue
and a free carboxy terminus at the Gly-1 of the propeptide
with the water molecule incorporated into the resulting
products (Figure 4).1%

3.1.2. Catalytic Mechanism - Proteolysis

During proteolysis, a polypeptide substrate docks at the
Thrl site, probably via hydrogen bonds with a pattern similar
to the inhibitor Ac-LLnL-a.*"" The hydroxy!l group of Thrl
needs to be activated by a proton acceptor. Lys33 could be
considered to serve this function in the proteolytic reaction,
but at neutral pH it isvery likely charged and fully engaged
in asalt bridge with Asp17 and several hydrogen bonds.””1%
The role of charged Lys33 is more likely to lower the pK,
of the amino group of Thrl in away that this group functions
as a proton acceptor in proteolysis.”” The Thrl-Oy atom
reacts with peptide bonds of substrates (or with electrophilic
functional groups of inhibitors). A water molecule present
in the neighborhood of the active site is thought to mediate
proton transfer between Thr1-Oy and Thrl-N during sub-
strate binding, resulting in the formation of an acyl-ester
intermediate (Figure 4). A water molecule subsequently
mediates hydrolysis of the acyl-ester bond thereby regenerat-
ing Thr1-Oy for another reaction.”

3.2. Specificity and Cooperativity of Active Sites
3.2.1. Substrate Binding Pockets and Cleavage Specificity

Proteasomal peptidase activities have been classified
according to the residues (P1 position) after which they
cleave the amide bond of small artificial oligopeptide
substrates to release a fluorogenic leaving group such as
7-amino-4-methylcoumarin (AMC) or S-naphthylamine (NA).
Prokaryotic proteasomes, like the complexes from Thermo-
plasma and Rhodococcus, harbor only one type of 3 subunit
and hence only have one type of activity, which is termed
chymotrypsin-like because cleavage occurs preferentially
after bulky hydrophobic residues.**!! Eukaryotic protea-
somes display two additional activities, termed trypsin-like
because cleavage occurs after basic residues, and peptidyl-
glutamyl peptide hydrolyzing (PGPH), postacidic, or caspase-
like because cleavage occurs after acidic residues. Sequence
comparison of 8 subunits from pro- and eukaryotic protea-
somes aswell as a structural analysis of the yeast proteasome
in the presence of an active site inhibitor identified 51, 32,
and 35 as the active subunitsin eukaryotic proteasomes.’”"
Inactivation of key residues in these subunits by site-directed
mutagenesis established that 31 mediates the postacidic, 32
the tryptic, and 35 the chymotryptic activities1041%8

Studies in which the cleavage pattern of the proteasome
on real proteins was determined indicated that the active sites
are much less specific with regard to the recognition of
certain amino acid residues in the P1 position than the
classification based upon the fluorogenic peptide substrates
would suggest.'*? Complex cleavage patterns of protein
substrates are consistent with a broad specificity of the
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proteasomal active sites and indicate that substrate residues
other than those at P1 are of relevance as well. Selective
inhibition of 35 (chymotrypsin-like site) or its inactivation
by mutation resulted in a dramatic reduction in protein
degradation rates in vitro and in vivo.1041%8113 By contrast,
inactivation of 51 and 82 had comparably little effects in
Vivo.1041% A recent study that employed distinct site-specific
inhibitors, however, indicated that an inhibition of multiple
active sites is required to strongly inhibit the degradation of
proteins in HelLa cells.'**

Structural inspection of the substrate binding pockets in
the yeast proteasome explains the different specificities of
the active sites against the chromogenic peptidic substrates.”
The pockets names, Sn or Sn', refer to the binding sites of
substrate amino acid residues either before (Pn) or after (Pn')
the peptide bond to be cleaved (P1—P1'). The number n
defines the distance to the cleavage site!™® The binding
pockets in the yeast proteasome were originally characterized
by structural analysis of the proteasome bound to the inhibitor
Ac-LLnL-al. The norleucine residue (position P1l) was
covalently bound to the Thr-Oy of the g1, 52, and 5
subunits while its side chain projected into the S1 pocket.
The P2 residue (leucine side chain) was exposed to the
solvent not touching the subunit, and P3 (the last leucine)
was in contact with the neighboring A subunit.””

An important determinant of specificity in the binding
channel of the active subunits is the S1 pocket. A position
that largely determines the characters of the different S1
pockets is residue 45, which is at the bottom of the pocket
(Figure 5). The basic character of the 1 pocket is provided
by Arg45, which favors cleavage after an acidic residue in

the P1 position, cons stent with a postacidic activity. In higher
resolution structures, a bicarbonate ion was found captured
in the f1 S1 pocket, which has the potential to neutralize
the charge of Arg45 if Sl is occupied by an amino acid
residue with a neutral side chain, which is for example the
case for Ac-LLnL-al (Figure 6A).1% This property is
consistent with an activity of this site toward substrates with
branched side chain amino acids in the P1 position.!¢ In
2, a smal Gly residue in position 45 confers a wide S1
pocket suitable for basic P1 residues, which is consistent
with atrypsin-like activity. The S1 pocket of 55 has an apolar
character due to Met45, which explains its chymotrypsin-
like peptidase activity (Figure 5). It should be stressed that
the S1 pocket alone is insufficient to determine the binding
probability of a polypeptide stretch in a substrate or an
inhibitor to a particular active subunit. A stretch of amino
acids residues flanking the cleavage point, ranging from P5
up to PS5, appears to be important for the selection of the
cleavage site by a specific 8 subunit.}'? Recent structural
analyses of proteasomes bound to peptide vinyl sulfone
inhibitors indicated that, in particular, residues in the P3 and
P4 position are critical determinantsin active site selection.'*’

The immunoproteasome, as a consequence of the incor-
poration of interferon-y-induced active subunits, has altered
peptide cleavage specificity in comparison to the constitutive
proteasome.''812° The original data have been partly dis-
crepant and a matter of some debate, which was likely to
due to heterogeneity of proteasomes with varying contents
of immunosubunits and constitutive subunits depending on
the tissues used for isolation.8120-12 |t js clear that the
immunoproteasome has reduced postacidic activity and
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1)

Figure 5. Localization and structure of substrate binding S1 pockets of the yeast proteasome. (A) S. cerevisiae 20S proteasome shown in
a surface representation with a cut open view of the catalytic chamber. (B) Magnification of the 31 subunit showing the localization of the
active residues in a cleft. (C) Shown are the S1 pockets of the three active site subunits. The pocket forming residues are indicated. In
(A—C), the three main residues (Thrl, Aspl7, and Lys33) are shown in red. The figure was prepared using PyMOL.

increased cleavage after branched and aromatic residues. 8812
The immunosubunit that exhibits the most obvious structural
differencesto its housekeeping counterpart is S1i/LMP2. The
S1 pocket of S1i is likely to be more apolar than the
constitutive 1 active site with Arg45 replaced by Leudb.
This and other differences are consistent with the reduction
of postacidic activity and an increase of chymotryptic activity
of the immunoproteasome. Modeling of S2i/MECL-1 and
B5I/ILMP7, in contrast, did not indicate substantial differences
in the properties of their S1 pockets.”””® Nonetheless, 32i
and 351 expression was shown to change cleavage patterns
of the proteasome and to be specifically required for the
generation of certain antigens.8124-1%

3.2.2. Substrate Cleavage and Cooperativity of Active
Sites

An important aspect of the proteasome’'s function is the
generation of peptides, which are trimmed down further by
cytosolic peptidases into amino acids reusable for new protein
synthesis.**” This function is particularly important under
starvation conditions. Peptides produced by the proteasome
in vertebrates moreover serve an important function as
antigens to be presented on the surface of, for example, an
infected cell.8& |n other cases the substrates are not
degraded to completion but instead processed to yield
biologically active proteins, such as the p50 subunit of the
transcription factor NF-«B, in a process caled regulated
ubiquitin/proteasome-dependent processing (RUP).128-130
Incomplete digestion appears to be due to tightly folded

domains that are resistant to degradation and/or to sequence
stretches such as Gly-Ala repeats that do not allow processive
unfolding.131-132

What determines the nature of the breakdown products of
a protein once it has entered the CP? Analyses of peptides
resulting from the action of Thermoplasma or eukaryotic 20S
proteasomes on various denatured or natively unfolded
protein substrates revealed that they varied in length between
2 and 30 amino acids residues, with asimilar average length
of 7—8 amino acids.*****~1%" Considering that eukaryotic
proteasomes carry only six active sites per chamber while
the Thermoplasma proteasomes bear 14, the similarity in
product sizes was striking and suggested that criteria other
than the distances between active sites determine the product
length. This assumption was corroborated by the finding that
further reduction of the numbers of active sitesin eukaryotic
proteasomes by inactivation did not change the average
length of peptides compared to wild-type proteasomes. 213
It was demonstrated for the Thermoplasma proteasome that,
in contrast to conventional proteases such as trypsin, it
degrades a protein substrate in a highly processive manner
until the cleavage products are released and another substrate
molecule is attacked.** The number of cutsin a polypeptide
and the time needed to degrade it increases with the length
of the substrate.** These and other studies with eukaryotic
proteasomes indicated that cleavage product length is not
determined by the number, specificity, or arrangement of the
active sites, but that processive cleavage continues until
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products are sufficiently small to diffuse out through the
proteasome’s axia gates.t3>3

The 2-fold symmetry of the proteasomes, which provides
two possible entrances and two exits to the catal ytic chamber,
raised additional questions. Isthere aunidirectiona flow with
substrates entering at one end and the products leaving at
the other, or can both events occur simultaneously at both
ends? These questions were addressed by immobilizing 20S
proteasomes either in end-on or side-on orientation. The end-
on orientation resulted in a blocking of one of the protea-
somes gates, while in the side-on orientation both gates
remained accessible. With this experimental setup, it could
be shown that CPs with two accessible gates processed two
substrates per degradation cycle with a remarkable positive
cooperativity in substrate binding, while CPs with one
available gate processed only one substrate molecule.'®
These data indicated that entry of a first substrate molecule
facilitates uptake of a second one, presumably by opening
of the axial channel at the other end. This concept is
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consistent with another study demonstrating a stimulation
of gate opening by the binding of hydrophobic peptides to
noncatalytic sites in the proteasome.**

Another study indicated that acidic peptides inhibited the
chymotrypsin-like activity. This led to the intriguing idea
of a bite-chew mechanism, in which, after an initial cut by
the chymotryptic site (bite), engagement of the postacidic
site (chew) leads to atransient inhibition of the chymotryptic
site.}0 |_ater studies, however, revealed that inhibition of the
chymotryptic site by acidic peptides is independent of an
occupancy of the postacidic site indicating that they act by
binding to a noncatalytic site.}*141142 This|ed to the proposa
of arefined model (two-site modifier model), according to
which a substrate or intermediate can bind to an active site
aswell asto anoncatalytic modifier site, with the latter event
resulting in inhibition of the chymotryptic site.!* It was also
observed that occupancy of the postacidic active sites
stimulates the trypsin-like activity of the proteasome.*
Another allosteric affect of active site engagement was
observed recently during studies on the in vitro assembly of
yeast 26S proteasomes. Occupation of active sites by
inhibitors reduced the dissociation of 19S RPs from the CP.1#3
Together these studies indicated that the presence of sub-
strates or their breakdown products in the catalytic chamber
of the proteasome can have allosteric effects on certain active
sites, the gate of the CP and its interaction with the RP, with
the latter two effects possibly linked to each other.

Knowledge of the cleavage patterns is important to
understand how the proteasome contributes to the generation
of peptides presented by MHC class | molecules on the
surface of vertebrate cells. These 8—10 residue oligopeptides
can signal an infected or cancer state of a cell to cytotoxic
T-lymphocytes. Many peptides released by the housekeeping
proteasome, however, are smaller than eight residues. The
immunoproteasome makes fewer cleavages and produces
longer peptides.’** A release of longer peptides may also be
promoted by the attachment of the interferon-induced
alternative regulatory particle PA28.145 Peptides produced
by the proteasome often require further processing by
additional peptidases.**146.147 Based upon experimental data,
algorithms have been developed to predict the probability
of the generation of such peptides.*#-15

3.3. Proteasome Inhibitors

The proteasome is a key molecule in the degradation of
proteins that control the cell division cycle and apoptosis,
and is therefore an interesting target for therapeutic agents
that inhibit cell proliferation in diseases such as cancer.®
The discovery of inhibitors produced as metabolites by
microorganisms and the design of synthetic inhibitor mol-
ecules was important for the development of both pharma-
cologically applicable drugs and of research tools to study
the in vivo functions of the proteasome.'> The design of
specific inhibitors with clinical applicability became an
important challenge because some inhibitors displayed cy-
totoxicity not suitable for pharmacologica applications.
Others were insufficiently specific and inhibited also other
proteases such as calpains and cathepsins. At present, there
are severa proteasome inhibitorsin clinical trials. One was
approved by the U.S. Food and Drug Administration (FDA)
for treatment of multiple myeloma (see below). The deter-
mination of various structures of the yeast proteasome bound
to different inhibitors provided insight into their specificity
and the binding modes (Figure 6). These studies provided
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valuable information for arational design of new compounds
with improved specificity and affinity for the distinct active
sites. The proteasome inhibitors are grouped into severa
classes according to their chemical properties. Several recent
reviews were devoted exclusively to this subject.36115155-159
Principal properties of some of the most prominent protea-
some inhibitors are described below.

3.3.1. Peptide Aldehydes

The first compounds showing proteasome inhibition
capacity were peptide aldehydes.*® Originally identified as
reversible serine and cysteine protease inhibitors, certain
peptide aldehydes also bind to the N-terminal active site
threonine residues in the proteasome (Figure 6A,B). Other
proteases such as calpains and cathepsins are also sensitive
to such compounds. Cocrystalization with AcLLnL-al
(calpain inhibitor 1) led to the identification of the active
sitesin the Thermoplasma and S. cerevisiae proteasomes.*>’”
In the eukaryotic proteasome, AcLLnL-al bindswith highest
affinity to 55, the subunit carrying chymotryptic activity, and
with lower affinity to the other active subunits 51 and 52
(Figure 6A).1> MG132 is probably the most commonly used
synthetic proteasome inhibitor in experimental research and
is a peptide aldehyde similar to the AcLLnL-al but bearing
a benzyloxycarbonyl group before the first Leu residue
(Figure 6B). It is more potent against the proteasome than
AcLLnL-a and more selective.*?161 A natural inhibitor of
this class, fellutamide B, isolated from the marine fungus
Penicillium fellutanum, has an extended 5-hydroxy aliphatic
tail that adopts distinct conformations at each of the three
different active sites.’®? The inhibitors of this class form
hemiacetal bonds between the adehyde group and the
hydroxy group of Thrl of the active subunits (Figure
6A,B).77’162

3.3.2. Boronic Acid Inhibitors

The replacement of the highly reactive pharmacophore of
the peptide aldehydes by a boronic acid functional group
allowed the generation of a new class of inhibitors. Bort-
ezomib (formerly called VELCADE or PS341) isadipeptidyl
boronic acid that reversibly inhibits the chymotryptic activity
of the proteasome and to alesser extent the postacidic activity
(Figure 6C).% It shows high selectivity toward the protea-
some relative to serine and cysteine proteases. Due to its
antitumor propertiesin atumor cell line screen,*%* bortezomib
was the first proteasome inhibitor to enter clinical tests in
patients, yielding positive resultsin the treatment of multiple
myeloma and non-Hodgkin lymphoma. Since 2003, bort-
ezomib is approved by the FDA .5 Bortezomib also binds
the B1i and B5i subunits of the immunoproteasome.!®
Analysis of the structure of the yeast proteasome complexed
with bortezomib showed that all sites are occupied by the
inhibitor, which was likely due to the high concentration of
bortezomib used to soak the crystals. The inhibition is
mediated by the boron atom that binds covaently to the
nucleophilic oxygen of Thr1.1% CEP-18770 isanovel orally
active proteasome inhibitor suitable for the treatment of
multiple myeloma and other malignancies responsive to
proteasome inhibition.*®” CEP-18770 showed potency against
the chymotrypsin-like proteasome activity comparable to
bortezomib, but also weakly inhibited the tryptic and
postacidic activities.18
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3.3.3. p-Lactones

Lactacystin is a natural proteasome inhibitor isolated from
Sreptomyces lactacystinaeus that inhibits al three proteolytic
activities, but with different efficiencies.!® The active
compound is clasto-lactacystin 3-lactone, which is formed
upon hydrolysis of lactacystin in agueous solution.'” Lac-
tacystin first attracted attention because of its potential to
induce differentiation of neuroblastoma cells and to inhibit
cell cycle progression in an osteosarcoma cell line. 17172
Lactacystin irreversibly modifies Thrl of the 55 subunit
through an ester bond (Figure 6D).”"'% As revealed by the
crystal structure of the proteasome complexed with this
inhibitor, the dimethyl group of lactacystin mimics avaline
or aleucine side chain and interacts with Met45 located at
the bottom of the S1 pocket of the 85 subunit. In contrast,
the S1 pocket of the active sites of 1 and 52 is not
appropriate to bind lactacystin.”” A synthetic analog of
lactacystin, PS-519, was successfully tested in a phase |
clinical trial.1”® Salinosporamide A (NPI-0052) is structurally
related to clasto-lactacystin S-lactone. Here the isopropyl
group is substituted by a cyclohexene ring, and a chloroethyl
group is in place of the methyl group. These substituents
enhance potency of the inhibitor both in vitro and in vivo.l"
This natural compound isolated from the marine actino-
mycete Salinispora tropica irreversibly inhibits the chymo-
tryptic activity and to alower extent the tryptic activity.1">176
Salinosporamide A is in clinical trials as an anticancer
drug.'’®

3.3.4. Epoxyketones

Another class of proteasome inhibitors comprises ep-
oxyketones. Epoxomicin, a natural product isolated from an
Actinomycetes strain, binds potently and irreversibly to the
active subunits of the proteasome.r”” It is a highly specific
inhibitor of the proteasome without any known inhibitory
effects on other proteases. The crystal structure of the
inhibitor bound to proteasome revealed the formation of a
morpholino ring between Thr1-Oy and the epoxy group of
epoxomicin (Figure 6E).1"® Eponemycin is another natural
inhibitor belonging to this class that binds particularly well
to 51 and 55i but inhibits al active sites of the proteasome
to some degree.*’® Carfilzomib is the only inhibitor of this
class reported to be in clinical trials.® It binds irreversibly
and inhibits the chymotryptic activity of the proteasome and
the immunoproteasome. '8!

3.3.5. Vinyl Sulfones

A class of inhibitors represented by synthetic products
including NLVS (3-nitro-4-hydroxy-5-iodophenylacetate-
Leu-Leu-Leu-VS) and ZLV 'S (benzyloxycarbonyl (Z)-Leu-
Leu-Leu-VS) is characterized by avinyl sulfone (VS) moiety.
These molecules are less reactive than the peptide aldehydes
but also bind to the proteasomesin an irreversible manner. 18
Libraries of vinyl sulfone inhibitors were used to systemati-
caly investigate the importance of residues preceding the
cleavage site.!® Structural analysis of general and subunit-
specific proteasome inhibitors derived from these studies
revealed important contributions of residues in the P3 and
P4 position for active site selectivity.*’
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3.3.6. Vinyl Ketones

The class of inhibitors belonging to the macrocyclic vinyl
ketones is represented by two natural products: syringolin
A (SylA) and glidobactin A (GIbA). These drugs were shown
to block proliferation of malignant cells and induce apoptosis,
consistent with an inhibition of the proteasome.’® SylA is
secreted by the plant pathogenic bacterium Pseudomonas
syringae and irreversibly inhibits the proteasome. It blocks
chymotryptic activity at low concentrations and the other
two activities at higher concentrations. It is very specific since
other proteases tested were not affected.’®* The crystal
structure of the proteasome treated with SylA reveaed anew
binding mechanism. The hydroxy group of the Thrl performs
aMichael type 1,4-addition to the a,5-unsaturated carbonyl
group (vinyl ketone moiety) in the 12-membered ring of the
SylA, resulting in an ether bond that produces irreversible
inhibition.’® GIbA, isolated from a strain related to human
pathogens from the order Burkholderiales, has a behavior
identical to SylA except that GIbA does not bind to the
postacidic active site.'®

3.3.7. Cyclic Peptides

Finally, a class of cyclic peptides (TMC-95 and its
analogues) should be mentioned, which are the only known
proteasome inhibitors that do not modify the threonine
residues in the active sites. TMC-95 is a compound isolated
from Apiospora montagnei that selectively blocks the three
proteolytic activities of the proteasome in a reversible
manner. This inhibitor, the structure of which involves a
heterocyclic ring system, binds noncovalently to the active
3 subunits of the proteasome by interacting with main chain
atoms of conserved residues via hydrogen bonds.*”®

3.3.8. Targeting of Cancer Cells

It is not yet entirely clear why proteasome inhibition is
more toxic to tumor cells than to norma cells. One
mechanism might be that a failure to degrade 1kB blocks
the activation of NF-xB and thereby the expression of genes
required for proliferation and adhesion of myeloma cells.*>®
Various cell cycleregulators are substrates of the proteasome.
Inhibition of their timed turnover can inhibit the proliferation
of cancer cells. Stabilization of pro-apoptotic factors such
as Bik or Bim upon proteasome inhibition can contribute to
induction of apoptosis.’®1& Proteasome inhibitors seem to
work especially well when applied in combination with
conventional chemotherapy probably because inhibition of
the proteasome may interfere with the ability of a cancer
cell to cope with the inhibitory mechanisms caused by the
chemotherapy. 158187189

4. Regulatory Particles — Proteasome Activators

Structural analyses have revealed that, at least in eukaryotic
20S proteasomes, the entry point for substrates is closed by
N-terminal residues of the o subunits.”” This observation was
consistent with the requirement of regulatory particles for
the in vivo function of proteasomes.’® Aside from several
ATP-independent activators of the proteasome (PA28a.,(,
PA28y, and PA200), the mgjor activator in eukaryotic cells
isa~700 kDa ATP-dependent complex that has a sedimen-
tation coefficient of ~19S, and was hence termed PA700
(proteasome activator of 700 kDa) or 19S regulatory particle
(RP).10-1% The 19S RP is an essential cofactor of the 20S
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Figure7. 26S proteasome and its interactions with other proteins.
Shown is a schematic representation of the 26S proteasome, which
is composed of a 20S core particle (CP) and two 19S regulatory
particles (RP). The subunit composition (systematic and aternative
names) of the 19S RP subcomplexes lid and base as well as
important interactors are shown on the right. Polypeptides with
deubiquitylating activity are printed in red. Subunits mediating direct
or indirect binding of ubiquitin chains are printed in green.
Interacting ubiquitin ligases are printed in blue. Rpt, regulatory
particle ATPase; Rpn, regulatory particle non-ATPase.

CP in the degradation of ubiquitylated proteins. A related
ATP-dependent activator of the proteasome from archaeons,
termed PAN (proteasome- associated nucleotidase), has been
instrumental in studies on the mechanism of proteasome
activation.1%

4.1. 19S Regulatory Particle/PA700

Similar to the 20S proteasome, the 19S RP is a conserved
structure present in all eukaryotes and isthe only proteasome
activator that is essential for viability. The 19S RP attaches
to one or both ends of the 20S CP. The complex with two
activators (RP,CP) is commonly referred to as the 26S
proteasome, although its actual sedimentation coefficient is
~30S.2% To simplify a discussion related to this important
complex, a unified nomenclature for its subunits has been
established.'% Of the 19 subunits, which are currently defined
as components of the 19S RP, 15 are essential in S
cerevisiae, the nonessential ones being Rpn9, Rpn10, Rpnl3,
and Rpn15 (Figure 7). Based upon biochemical and structural
properties, this complex can be subdivided into two sub-
complexes, the base and the 1id.*”

The base subcomplex, aside from opening the gate into
the 20S CP, is assumed to provide substrate interaction sites
as well as to unfold and translocate proteins into the CP.
The base subcomplex comprises six ~50 kDa subunits that,
based upon sequence similarity, belong to the so-called
family of AAA (“triple A”) (ATPases Associated to avariety
of cellular Activities) proteins.'%-2 This family of proteins
is characterized by a highly conserved nucleotide binding
module of ~230 amino acids, which is present in each of
the six Rpt (Regulatory particle ATPase) subunits of the base.
While many prokaryotic self-compartmentalized proteases
including the proteasome are activated by homohexameric
AAA complexes such ClpA, ClpX, HsIU or PAN, the six
Rpt subunits are assumed to form a heteromeric ring
structure, which is attached to the a. ring of the 20S CP.202-204
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Figure 8. Association of activators with proteolytic core particles. (A) Surface representation of the crystal structure of H. influenza
HsIUV (PDB code 1G3l) in a side (left) and top view (right). The latter shows the axia channel through the protease. The identical six
HslV and six HsIU subunits are shown in different shades of blue and red, respectively. (B) Structure of the T. brucei PA26 in a complex
with the S cerevisiae 20S CP (PDB code 1FNT). The identical seven PA26 subunits are shown in different shades of red. The a rings of
the proteasome are shown in green, and the § rings are in blue. (C) Shown are ribbon diagrams of different configurations of the S
cerevisiae proteasomal a rings. Left, uncomplexed wild-type; middle, uncomplexed a3AN mutant; right, wild-type complexed with PA26.

The figure was prepared using PyMOL.

The only available crystal structure of an ATP-dependent
activator of a proteasome-related protease is that of HsIU/
ClpY, the activator of HIV (Figure 8A).5456-68 Similar to
activators of the proteasome, HJU uses C-terminal domains
to make a stable contact with the proteolytic core particle
formed by six H9V subunits. C-termina helices of HslU
intercalate between the HslV subunits transmitting confor-
mational changes to the active site regions. Internal ~130
residue domains (termed intermediate domains) extend
outward from the complex.?” It has been suggested that the
proteasomal ATPase subunits are structurally similar to HIU,
but have sequences related to the intermediate domain in
HslU fused to their N-termini.®

Aside from the heterohexameric ATPase units, the base
subcomplex of the 19S RP contains the four Rpn (Regulatory
particle non-ATPase) subunits Rpnl, Rpn2, Rpnl0, and
Rpn13 (Figure 7). Two of these, Rpnl and Rpn2, are the
largest subunits (~100 kDa) of the 26S proteasome. The
repeat containing domains of these subunits were proposed
to form an o helical solenoid resulting in an overall toroid
structure.?® This proposal is consistent with atomic force
microcopy (AFM) images.?® Biochemical and AFM data
suggested that Rpnl and Rpn2 form a stack of two toroids
which is attached to the 20S CP a rings with the center of
the toroid aligned with the axial channel of the proteasome.?®
Based upon these data, a speculative model was proposed,
in which the Rpt ring encircles the Rpnl-Rpn2 stack,
covering the remainder of the 20S surface.?®® Determination

of high resolution structures will be required to determine
the exact positioning of subunits within the regulatory
particle.

The lid subcomplex is composed of nine Rpn subunits
(Figure 7), some of which are indicative of a structural
relation to the COP9 (Constitutive Photomorphogenesis 9)
signalosome (CSN) and the translation initiation complex
elF3.27 As in the CSN, six subunits (Rpn3, Rpn5, Rpn6,
Rpn7, Rpn9, and Rpn12) share a PCl domain (proteasome,
CSN, elF3) at their C-terminus, and two have an MPN
(Mpr1/Padl N-terminal) domain.*®”272% |t has been sug-
gested that TPR-like repeats preceding the PCl domains,
together with a helical repeat structure in an N-terminal
segment of the PClI domain, form an o solenoid. This
structure might serve as a binding domain important for
intracomplex interactions providing a scaffold within the lid
complex and/or for the recruitment of cellular ligands.?® The
MPN domain of Rpnll provides a metalloprotease (zinc-
dependent) activity, whichremovesubiguitinfromsubstrates 2211
The MPN domain of Rpn8 is similar to that of Rpnll, but
lacks residues that would be essential for metalloprotease
activity. Aside from its deubiquitylating activity, the function
of the lid in protein degradation is poorly understood. It
appears to be essential for the degradation of ubiquitylated
proteins, while proteasomes only capped with the base
subcomplex have been shown to degrade peptides as well
as casein.’® One possibility is that, similar to the CSN, the
main activity of which is deneddylation,??2?%3 the lid's main
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function might be to control degradation by deubiquitylation.
In addition, the lid may provide sites for the interaction with
other proteins (Figure 7).

It should be noted that the 19S RP is a very dynamic
structure. Its subunit composition varies with the physiologi-
cal state of a cell and with the conditions used for purifica-
tion. The spectrum of proteins that copurify with it varies
for example between preparations done in the presence or
absence of ATP.24 The Ubp6 deubiquitylating enzyme that
interacts with the Rpnl subunit is present in preparations of
the 26S proteasome in substoi chiometric amounts depending
of the state of the cell.?*> The 19S RP moreover appears to
be involved in processes such as DNA repair and the
regulation of transcription independent of its association with
the 20S CP.26-22 Recent studies indicate that free 19S
complexes interact with monoubiquitylated proteins such as
the transcriptional activator Gal4 via their Rpnl and Rptl
subunits.??* The observed absence of a similar binding for
19S particles attached to the 20S CP would be consistent
with the possibility that the ubiquitin binding sites of these
subunits might be located at the bottom surface of the base
subcomplex, which makes contact with the CP.2%6:224

The stability of the 26S proteasome and of the 19S RP
during proteolysis has been controversialy discussed in the
literature. One study that used a yeast proteasome-based in
vitro system suggested that substrate degradation triggers an
ATP hydrolysis-dependent dissociation and disassembly of
the 19S RP, which was thought to promote the release of
degradation products. It was proposed that dissociation of
the 19S RP from the CP isa part of the mechanism of protein
degradation.??® Another group that used purified mammalian
proteasomes for in vitro degradation experiments, in contrast,
used various assays to demonstrate that the 26S proteasomes
remained intact during substrate degradation.??®

4.1.1. Gate Opening, Substrate Unfolding and
Translocation into the 20S CP

The center of the o ring of eukaryotic proteasomes is
sealed by N-terminal residues of its subunits.”” The structure
of the yeast proteasome indicated that the N-terminal residues
of a3 have a particularly important role in plugging the gate
as it extends across the center of the ring and makes contact
with the N-terminal segments of the other six o subunits
(Figure 8).2272%8 Deletion of residues 2—10 of a3 (a3AN)
led to disordering of the N-terminal segments of the other o
subunits and thereby to a constitutively open configuration
(Figure 8), which enhances hydrolysis of peptides as well
as of native unfolded proteins (casein) 20-fold. "2 A similar
gate opening was achieved by mutating Asp7 in o3 to Ala.®’
The Asp residue corresponds to Asp9 in the Thermoplasma
o subunit, and is part of aconserved “YDR” motif. Asp9 of
o3 forms a hydrogen bond with the respective Tyr8 in a4,
another one with the a3 main chain, and a salt bridge with
Argl10 (numberings according to the positions in the Ther-
moplasma proteasome).??” A similar increase in activity as
observed in open gate mutants can be achieved by addition
of SDS at low concentration.??® An interesting observation
came from a comparison of the cleavage products resulting
from digestion of casein either by wild-type or a3AN 20S
proteasomes. Wild-type proteasomes produced larger quanti-
ties of small peptides (2—3 residues) than did the mutant,
while the latter produced increased amounts of longer
peptides (20—30 residues). These data suggested that the
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o3AN proteasome generates fewer small peptides because
of amore rapid exit of longer peptides from the proteolytic
chamber.??®

The studies described above indicated that regulation of
the gate in the 20S CP, which is an essential in vivo function
of proteasome activators, provides control of both entry of
substrates and exit of peptide products. Recent biochemical
and structural studies have provided an understanding of how
this control is achieved either by ATP-independent or by
ATP-dependent activators. The first insight was obtained by
solving the crystal structure of a complex of the yeast 20S
CP and the Trypanosoma brucei PA26, a protein remotely
similar to mammalian PA28a (Figure 8B).5%2%231 The
homoheptameric PA26 complex attaches to the o ring surface
of the CP inducing conformational changesin the N-terminal
residues of its subunits (Figure 8C). Specifically, the C-
terminal tails of PA26 provide binding affinity by inserting
into pockets between the o subunits of the 20S proteasome.
As a consequence, internal nine residue activation loops of
PA26 are pressed against the a. subunits' reverse-turn loops
resulting in arotation of the N-terminal segments and thereby
in gate opening.?® Repositioning of Prol7 (numbering
according to the T. acidophilum proteasome) by the activation
loop induces an ordered 7-fold symmetric pore conformation
that is stabilized by interactions between the four highly
conserved residues Tyr8, Asp9, Prol7, and Tyr26. Interest-
ingly, these residues are also conserved in archaeons, which
lack PA26 or related 11S activators. Mutation of these
residues in the T. acidophilum proteasome, however, im-
paired protein degradation stimulated by PAN. These and
other experiments suggested that the four amino acid cluster,
which includes the first two residues of the YDR motif
described above, underlies a conserved mechanism of
stabilizing an ordered open conformation of the proteasome,
which is required for the degradation of folded proteins.23!

While the requirement to adopt an open conformation
through interactions of the above-mentioned cluster islikely
to be generally important, the mechanism by which the ATP-
dependent activators 19S RP and PAN induces gate opening
appears to be different from that of PA26. The latter two
activators share a so-caled HbY X (hydrophobic-Tyr-X)
motif at their very C-terminus. In the 19S RP, this motif is
found at the ends of the Rpt1—3 and Rpt5 subunits. Docking
of the C-termini either from PAN, Rpt2, or Rpt5 between
the o subunits is apparently sufficient to trigger gate opening
to alow degradation of peptide substrates as was demon-
strated with short peptides mimicking these C-termini.232233
The Rpt5 peptide, which cross-links to a4, was in addition
shown to enable degradation also of proteins, while the Rpt2
peptide, which cross-links to o7, alone was unable to do so.
Both peptides promoted substrate proteolysis synergistically
suggesting that CP activation may be a multistate process.%*
Peptides corresponding to the C-terminal residues of PA26
or PA28, in contrast, did not stimulate gate opening,
indicating that the mechanism of activation is different for
these activators.*® Deletion of the last residue or mutation
of the hydrophobic or Tyr residues in the HbY X moatif of
PAN peptides prevented gate opening, confirming the
importance of these residues.?*?> While gate opening can be
triggered by the above-mentioned short peptides, PAN or
the 19S RP only do so when bound to ATP.2% This
observation indicates that ATP binding induces a conforma-
tion of the activators that alows their C-termini to be
correctly positioned to fit into the docking sitesin the CP a
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ring. ATP hydrolysis, however, appearsto be neither required
for gate opening nor for translocation of unfolded proteins
as these processes occur in the presence of ATPyS 19423523

Degradation of folded and ubiquitylated proteins, in
contrast, requires ATP hydrolysis.?*>2% The base of the 19S
RP purified from yeast cells displays chaperone activity in
promoting protein folding and preventing aggregation.?’
These data are consistent with arole of ATPases in the base
as reverse chaperones that unfold substrates, thereby allowing
them to enter the 20S CP through its gated entry pore.*® A
similar chaperone activity has been observed for PAN.>®
For the degradation of one SsrA-tagged GFP molecule, PAN
consumed ~330 molecules of ATP. For the 19S RP it was
shown that ATP hydrolysis is important for a mechanistic
coupling of substrate unfolding, deubiquitylation and trans-
location.?® In order to understand the contribution of the
distinct Rpt subunits in the base of the yeast proteasome, a
conserved Lys residue in the Walker A motif of their AAA
domain that is critical for ATPase activity was mutated to
Ser.2%9 Such mutations were lethal for four of the Rpt subunits
and severely impaired growth in the case of Rptl and Rpt5
indicating that these ATPases are not functionally redundant.
Substitution of the same residue to Arg was only lethal for
Rpt2. Additional studies with a suppressor of the Rpt2-
K229R mutation suggested that ATP binding to Rpt2 may
be particulary important for gate opening by the mechanism
described above.’3"240 Y east mutants expressing a proteasome
lacking N-terminal segments of two of its a subunits
(a30.7AN), which increased its ability to degrade casein,
were phenotypically normal under favorable growth condi-
tions. These mutants, however, were sensitive to conditions
(starvation) under which the activity of the 26S proteasome
is downregulated by disassembly of 19S RPs from the CP.24
These findings therefore provided physiological evidence
supporting the idea that sealing the gate is important to
prevent nonspecific activity of free 20S CPs.

A recent study showed that, apart from the Rpt subunits,
purified Rpn1—Rpn2 complexes, which attach to the center
of the CP o ring, can promote hydrolysis of peptides
(although only 4-fold) suggesting that this central element
in the base may contribute to gating as well.2%

4.1.2. Recognition of Ubiquitylated Substrates

The essential role of the 26S proteasome in the UPS
requires the recognition of ubiquitin-modified protein sub-
strates. Several targeting mechanisms have been elucidated.
They involve subunits of the proteasome as well as ubiquitin
shuttling systems, both of which bear ubiquitin binding
domains (UBD).?*>?*® Several subunits of the base subcom-
plex of the 19S RP have been implicated in ubiquitin binding.
The first ubiquitin receptor identified, originally designated
“multiubiquitin chain binding protein”, was Rpn10.24-246
This protein is not only a component of the 19S RP, wherein
it stabilizes the association of the base with the lid, but to a
significant extent is also found as a free subunit.’*"*6 Rpn10
specifically binds to ubiquitin in vitro with a preference for
chains longer than four ubiquitin moieties.?* Recognition
of ubiquitin chainsis mediated by ubiquitin-interaction motifs
(UIM), which were first characterized for Rpn10 and later
found to be present in a variety of ubiquitin binding
proteins. 24”248 While yeast Rpn10 has only one UIM, two
UIMs are found in human Rpn10.24’ The latter act coopera-
tively in the recognition of ubiquitin chains.?*"2* Mutation
of the UIM in yeast proteasomes had surprisingly little effect
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on growth properties and only certain substrates of the UPS
were stabilized.?*620 These data indicated that additional
ubiquitin receptors must exist in or at the proteasome. In
vitro, Rpt5 could be cross-linked to ubiquitin chains sug-
gesting that this subunit in the base of the 19S RP might be
another ubiquitin receptor.?! This conclusion, however, has
not yet been confirmed by a mutational analysis, and a
ubiquitin binding domain in Rpt5 has not been identified.
Very recently, the Rpnl3 subunit of the base has been
characterized as a novel type of ubiquitin receptor.®? In
contrast to the UIM domain, the residues in Rpn13 that
contact ubiquitin are noncontiguous and distributed over
several loops of a domain with structural similarity to
pleckstrin. This novel structural motif was therefore termed
Pru domain (pleckstrin-like receptor for ubiquitin). Y east
proteasomes, in which the critical residues for the binding
of ubiquitin in Rpn10 and Rpn13 were exchanged, have lost
most of their capacity to bind ubiquitin-conjugates in vitro
suggesting that these two subunits provide the main protea-
some-intrinsic ubiquitin chain receptors. Cells expressing this
mutant proteasome instead of the wild-type form, however,
grew nearly normally and were only slightly more sensitive
to amino acid analogues.??

Mammalian Rpn10/S5a and Rpn13/ADRM1/GP110 not
only bhind ubiquitin but also proteins such as Rad23/
hHR23A,B, and Disk2/hPLIC1,2 that bear ubiquitin-like
(UBL) domains.®®?> The latter were identified earlier as
proteins that interact both with ubiquitin chains and the
proteasome.?>3~261 Aside from a UBL domain close to their
N-termini, they bear one or two ubiquitin binding domains
termed UBA (ubiquitin-associated).?” The UBA domain has
been shown to preferentially bind to ubiquitin chains. 260263
Based upon these properties it is assumed that these UBL-
UBA domain proteins act as shuttling factors that target
polyubiquitylated substrates to the proteasome, utilizing the
UBA domains to bind the substrate and the UBL domain to
dock to the 19S RP.2%6:257264265 Ay important aspect of UBL -
UBA proteins, aside from the above-mentioned interactions,
is that their domains can either “silence” each other intramo-
lecularly, or be used to promote binding to other UBL-UBA,
UBL or UIM domain proteins.?%¢-2% While mammalian S5a/
Rpn10 binds UBL-UBA proteins via its second UIM, yeast
Rpn10, which lacks this motif, apparently does not do so.
Here instead, the shuttling factors bind to the Rpnl subunit
in the base (Figure 7).2”° Genetic evidence obtained in S
cerevisiae indicated that UBL-UBA proteins and Rpn10 have
a functiona overlap in the targeting of ubiquitylated sub-
strates to the proteasome. 26279271 |n particular strains lacking
Rpn10 and Rad23 are severely impaired in ubiquitin-
dependent proteolysis.?®270.272 Surprisingly, yeast cells with
mutations in al five known ubiquitin receptors (Rpnl10,
Rpn13, Rad23, Dsk2, and Ddil) are viable, suggesting that
additional ubiquitin receptors are capable of targeting proteins
to the proteasome.?®?> One function of multiple ubiquitin
receptors might be to increase the affinity for a substrate by
simultaneously binding to its ubiquitin chain. Another role
of distinct ubiquitin receptorsisto provide an additional layer
of substrate specificity by recognizing either structural aspects
of the ubiquitin tag or of the substrate itself 250.252.267.269,270

4.1.3. 19S RP-Linked Deubiquitylating Activity

In the previous paragraph, we discussed the importance
and recognition of the ubiquitin tag for proteasomal targeting.
Removal of sometimes complex ubiquitin chains by protea-
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some-associated deubiquitylating (DUB) activitiesis required
for efficient substrate degradation, probably because these
chains would interfere with trand ocation into the CP.2092102%.273
Proteasoma DUBS, in addition, were suggested to provide
an “editing” or “checkpoint” function that scrutinizes sub-
strates bound to the proteasome.?™ 27

Several DUB activities are associated with the 19S RP.
The DUB activity of the lid subunit Rpnll has been
mentioned earlier. This intrinsic DUB activity mediates an
en bloc removal of ubiquitin and appears to be critical for
proteasome function. Its activity is coupled to substrate
degradation and requires ATP.2%2102%6 |ts metalloprotease
activity can be inhibited in vitro with Zn chelators such as
TPEN or 1,10-phenanthroline, 2920

Another DUB activity associated with the 19S RP is
provided by Ubp6 in yeast or its orthologue Uspl4 in
mammalian proteasomes.?”3277278 Ubp6 is a cysteine protease
that interacts with the Rpnl subunit of the proteasome via
its N-terminal UBL domain (Figure 7).272"® Ubp6/Uspl4
degrades ubiquitin chains from their distal ends.?'® The
activity is stimulated by its binding to the proteasome.?’":2%®
In S cerevisiae, adeletion of the UBP6 geneis synthetically
lethal with an active site mutation of Rpnll indicating that
these two DUB activities have complementary functions.?”

Ubp6 moreover has an important function in ubiquitin
homeostasis. In its absence, some of the substrate-linked
ubiquitin is degraded along with the substrate.?® If ubiquitin
levels in the cells are low, expression of the UBP6 gene is
enhanced resulting in alarger fraction of proteasomes being
loaded with Ubp6, which in turn increases the efficiency of
ubiquitin recycling.?*> Usp14 (ax’) mutations were found to
be the cause of ataxia (ax) in mice.?®! Reduced levels of free
ubiquitin were observed in cells from these ax’ mice.??
Increased expression of Uspl4, on the other hand, has been
linked to formation of metastases derived from colorectal
cancer.?

In S cerevisiae, surprisingly, it could be shown that the
presence of Ubp6 on the proteasome increases binding of
the conserved ubiquitin ligase Hul5, an E4 that is thought
to regulate the residence time of substrates at the proteasome
by extending their ubiquitin chains.?”® Ubp6 and Hul5 are
thought to provide a regulated and balanced proteasome-
associated substrate checkpoint.32275276 For Ubp6, this func-
tion, aside from its DUB activity, involves a noncatalytic
property that delays substrate degradation.?*®

Uch37 is another DUB enzyme of the cysteine protease
type that appears to be constitutively associated with the
proteasome via the Rpn13 ubiquitin receptor subunit. Ortho-
logues of Uch37 are found in eukaryotes ranging from
Schizosaccharomyces pombe to humans, but are absent from
S cerevisiae.?#?-28" Gimilar to Ubp6, Uch37 releases
ubiquitin moieties from the distal ends of substrate-attached
ubiquitin chains.?”* The activity of Uch37 is stimulated by
its binding to the proteasome, which resultsin arepositioning
of an autoinhibitory extension in Uch37.2” RNAI experi-
ments in human cells indicated that Uch37 and Usp14 have
overlapping functions that are important for protein degrada-
tion and cell growth.?® Together these studies on proteasome-
associated DUB activities indicated that they have crucial
functions in ubiquitin-dependent protein degradation and
ubiquitin homeostasis.
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4.1.4. Proteins Interacting with the 19S RP

The 19S RP, aside from the discussed unfoldase, gate
opening, and deubiquitylating activities, can be viewed as
an interaction platform for many proteins that either escort
substrates to the proteasome or modulate the function of the
19S RP or the proteasome.®® These interacting proteins
include various ubiquitin ligases such as SCF (SKP1, Cullin,
F-box) complexes, anaphase promoting complex, Ubrl,
Ufd4, Hul5 and Parkin, as well as ubiquitin conjugating
enzymes,?14268290-292 A g shown for the Ufd4 ligase, interac-
tion of these ligases with the 19S RP can be critical for
substrate targeting.?®* Other 19S RP interacting proteins that
influence substrate targeting, localization, assembly, or
regulation of the proteasome are discussed below.

Gankyrin. Gankyrin is an oncoprotein that is often
overexpressed in hepatocellular carcinomas. The name
indicatesthislink (“gann” is the Japanese word for “cancer”)
as well as the presence of ankyrin repeats, seven of which
are present in gankyrin.?*® Ankyrin repeats are ~33 residue
domains that fold into two antiparallel a helices followed
by a8 hairpin, which projects away from the a. helices nearly
at a right angle®® Gankyrin, alias p28, and its yeast
homologue Nasb, were earlier suggested to be subunits of
the 19S RPs.2® It is probably more appropriate to classify
gankyrin/Nas6 as a proteasome-interacting protein.?*# It
interacts with Rpt3 in the base of the 19S RP via the first
six of its ankyrin repeats.?®®2% |t is thought that gankyrin’'s
interaction with the proteasome and its binding to the Mdm2
ubiquitin ligase underlieits role in enhancing the degradation
of the retinoblastoma and p53 tumor suppressors.?’—3° These
studies identified gankyrin as afactor that promotes targeting
of certain substrates by directly interacting with the
proteasome.

Yin6/Int6. The breast cancer associated gene el F3e/Int6
encodes a PCl domain protein that was shown to interact
with the PCI domain containing complexes 19S RP, el F3a,
and CSN.*173%8 The fission yeast Int6 homologue Yin6
appears to be required for normal function of the proteasome.
In the absence of Yin6, Rpn5 is not correctly assembled into
proteasomes and mislocalized to the cytosol > S cerevisiae
Pci8 isaPCl domain protein distantly related to Int6. Shared
properties of Pci8 and Int6 are that they interact with elF3,
the CSN and Rpn5.2%73% A role of Pci8 in proteasome
function, similar to what has been described for Yin6, has
not yet been reported. Mutants lacking Pci8, however, are
phenotypically inconspicuous suggesting at most aminor role
of this protein in proteasome function.

Cut8/Stsl. The S pombe Cut8 protein, as well as its S
cerevisiae homologue Sts1/Dbf8, have been found to be
required for ubiquitin-dependent proteolysis.3®3° Cut8 was
shown to bind to the 26S proteasome and to regulate its
nuclear localization. While Stsl interacted with Rpnllin a
two-hybrid assay,! Cut8 interaction with the proteasome
was shown to be promoted by ubiquitylation. This modifica-
tion, which was mediated by the Ubrl or Rhpl8 ubiquitin
ligases together with the Rhp6/Rad6 ubiquitin conjugating
enzyme, is required for Cut8-dependent nuclear localization
of the proteasome in fission yeast.3*? Cut8-dependent dis-
tribution of proteasomes apparently also occurs in metozoans
as a Cut8 orthologue is required for normal nuclear localiza-
tion of proteasomes in Drosophila.3!?

PAAF1. A 43 kDa protein termed PAAF1 (proteasomal
ATPase-associated factor 1) interacts with the 19S RP.5%
Overexpression of PAAFL in HeL a cells decreased the level
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of the 26S proteasome with a concomitant increase in free
19S RP in a dose-dependent manner. These data indicated
that PAAF1 binding to proteasomal ATPases interferes with
the assembly of 26S proteasomes. RNAi-mediated depletion
of PAAF1 enhanced cellular proteasome activity.1® Together
these results suggested that PAAF1 functions as a negative
regulator of 26S proteasome assembly. PAAFL recruitment
to the proteasome is promoted by HIV Tat (see below).
Rpnl4, a yeast relative of PAAFL, has been implicated in
the binding of certain ubiquitylated substrates and in stability
of the 26S proteasome.4

Tat. The human immunodeficiency virus type 1 (HIV-1)
transactivator protein, Tat, was reported to interact with the
20S CP as well as with the 19S RP.31536 |nteraction of Tat
with the 20S CP inhibited its activity and prevented its
interaction with PA28. This observation suggested that the
inhibition of antigen presentation by Tat may be due to
interference with PA28 function.3® While in vitro data
suggested that Tat stimulated proteolytic activity of the 26S
proteasome,° in vivo experiments indicated that Tat recruits
PAAF1 to promote dissociation of the 19S RP from the
CP.?2% Free 19S RP was shown to act as a coactivator of Tat
in promoting transcription from the HIV-1 long terminal
repeat. 2

Rpn4. The yeast transcription factor Rpn4 interacts with
the 19S RP and is a substrate of the 26S proteasome.317:318
Interestingly its degradation appears to involve both ubig-
uitin-dependent and ubiquitin-independent mechanisms.%°
Rpn4 is atranscription factor that controls the expression of
proteasome subunit genes as well as of many other genes
involved in various stress responses.®’ Rpn4 is therefore a
central player in a regulatory feedback system that detects
proteasome function and availability, and controls its
abundance. 318320

AIRAP. Arsenite-inducible RNA-Associated protein (AIR-
AP) was identified as a~19 kDa protein that isinduced upon
exposure to arsenic in mammalian cells3? AIRAP is
associated with the 26S proteasome via direct interaction with
the Rpn1/S2 subunit. Inactivation of AIRAP leads to an
amplification of the accumulation of poly-ubiquitylated
proteins caused by the environmental toxin arsenic.31:32
Binding of AIRAP to the proteasome requires an N-terminal
zinc finger domain and is enhanced in the absence of ATP.
Interestingly, usually only one molecule of AIRAP isbound
to a 26S proteasome. Such AIRAP containing proteasomes
have dightly higher peptidase activity compared to the
proteasome without AIRAP. Based upon these findings it
was suggested that AIRAP may alter the 26S proteasomein
a similar manner as PA28, which increases the activity of
19S-CP-PA28 hybrid proteasomes (see below). It was
speculated that AIRAP might thereby counteract proteotoxic
effects such as those imposed by arsenic by facilitating the
transit of substrates that would otherwise interfere with
proteasome availability or function.'® Caenorhabditis € egans
has only one AIRAP orthologue caled AIP-1, which is
congtitutively expressed but also induced by environmental
stress. Its presence is important to cope with proteotoxic
stress including treatment with arsenic, but is aso required
for a normal life span under nonstressed conditions.® By
contrast, mammal s bear two AIRAP paralogues, the arsenite-
inducible AIRAP and the constitutively expressed AIRAP-
like (AIRAPL) protein. Association of AIRAPL with the
proteasome is regulated post-translationally. AIRAPL is
associated with the endoplasmic reticulum (ER) suggesting
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that its function may be linked to ER-associated degrada-
tion.2 AIRAPL and AIP-1 share UIM domains suggesting
that these proteins, aside from altering the proteasome's
degradation properties, may act as ubiquitin adaptors of the
proteasome.®?®

4.2. 11S Regulators (PA28a.53, PA28y)

The 11S regulator (REG) (also known as PA28) was
identified as an alternative activator of the 20S CP.3243% |t
is a heptameric complex composed of two closely related
~28 kDa subunits, PA28a. and PA28p3, the expression of
which is strongly induced by interferon-y.%2¢ ATP-indepen-
dent binding of PA28 to the 20S CP activates cleavage of
peptides, whereas it does not enable the degradation of larger
or ubiquitylated proteins.®?* Overexpression of PA28co. was
shown to enhance the presentation of certain vira epitopes.3’
Ablation of PA28a and PA285 in mice caused a deficiency
in the processing of certain melanoma tumor antigens,®® but
not a defect in the assembly of immunoproteasomes as was
reported earlier.3?°

PA 280 forms homoheptamers, the structure of which has
been solved.®*° As discussed earlier, the cocrystal structure
of the remotely related PA26 activator from T. brucel has
provided structura insight into the mechanisms of gate
opening (Figure 8).2° The analysis of proteasomal complexes
from mammalian cells led to the detection of hybrid
proteasomes, in which the 20S CP is capped by the 19S RP
enabling recognition and unfolding of ubiquitylated substrates
at one end, and with PA28 at the other end.®! It has been
suggested that the role of PA28 in these hybrid proteasomes
may be to reduce processivity by allowing the release of
longer peptides thereby increasing the probability of the
generation of certain antigenic peptides.?®* Hybrid protea-
somes were reconstituted in vitro and analyzed for their
proteolytic activities*2** When compared to the 26S
proteasome, hybrid proteasomes did not produce peptides
that were significantly different in length. Instead, differences
in the sequences of the peptides that were produced suggested
that PA28 changes the cleavage site specificity of the
proteasome.>*

While PA28o.,( is predominantly detected in the cyto-
plasm, another related activator, PA28y/REGy is mainly
found in the nucleus where it is localized on chromosomes
during mitosis.32833* PA28y is a homoheptameric complex,
the subunits of which were originally described asK;, amajor
autoantigen found in Lupus erythematosus patients3353%6
Inactivation of PA28y in mice did not result in a general
defect in antigen presentation but only caused defectsin the
processing of specific antigens.3?83% Instead, a growth-
retardation phenotype and defects in cell cycle progression
were observed in these mice.®® In contrast to PA28a.,53,
PA28y has been shown to promote proteasomal degradation
of proteins. Strikingly, PA28y-mediated degradation of
cellular proteins such as p53, p21, pl6, pl4 and steroid
receptor coactivator-3, as well as of hepatitis C virus core
protein apparently occurs in a ubiquitin- and ATP-indepen-
dent manner.16:339-34 PA 28y in vitro induces only the trypsin-
like activity of the CP, whereas the chymotryptic and
postacidic activities are suppressed.®* How this activator may
promote ATP-independent degradation of proteinsis unclear.
It has been discussed that PA28y may promote the entry of
internal unstructured domains of substrates into the CP
thereby enabling their cleavage.3*®
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4.3. PA200/BIm10

The PA200 proteasome activator was identified in mam-
malian cells as a ~200 kDa nuclear protein that activates
proteasomal hydrolysis of peptides, but not of folded
proteins.*® In mammals, PA200 seems to be involved in
DNA repair.3* Upon y-irradiation, PA200 relocalizes from
a uniform nuclear distribution to chromatin yielding a
punctate pattern. 346347 A recent study suggested that upon
irradiation PA200 forms hybrid proteasomes with 20S CP
and the 19S RP that accumulate on chromatin. The same
study correlated the protective effect of PA200 against
y-irradiation with its stimulatory effect on the postacidic
activity of the proteasome.®® Initial reports on bleomycin
sensitivity of a yeast strain lacking the 245 kDa yeast
homologue of PA200 needed to be revised.®%%0 The
sensitivity was observed in a bim3/ubp3 mutant, while the
gene encoding the yeast PA200 (now called BIm10), was
apparently cloned as a suppressor of a blm3/ubp3 mutation.
While the latter mutation was reported to cause bleomycin
hypersensitivity, no such phenotype has been observed for
ablml10A strain.®~352 |t should be noted therefore that the
name BIm10, which indicates arole in bleomycin resistance,
is probably misleading for the yeast PA200.

Similar to PA200 in mammals, BIm10 was reported to
activate peptide cleavage by the proteasome.®3**** Sharing
~20% sequence identity, the two proteins are structurally
characterized by the presence of anew type of HEAT repeats
(named after Huntingtin, Elongation factor 3, subunit A of
protein phosphatase 2A, and TOR1 kinase),35%6 which
suggests that these proteins assume a solenoid fold similar
to Rpnl and Rpn2.2%536 A HEAT repeat encompasses
typically 37—50 residues and folds into a hairpin formed by
two a. helices separated by a sharp turn.®637 These hairpins
form curved structures with one of the two helices located
on the concave side and the other on the convex surface.3

Electron microscopic studies of BIm10 or PA200 attached
to CPs showed that these activators, similar to PA700 and
PA28, associate with the o rings conferring dome-like hollow
extensions to the particle. Reduced electron densities in the
centers of the o ringsindicated that attachment of the PA200-
type regulators mediate gate opening.33%% As a result of
this opening, the axial channel of the proteasome appears to
extend into a chamber formed by the activator. While BIm10
seemsto contact all seven o subunits and has at most a small
opening toward the distal end of the complex, in the PA200-
CP complex an opening to the side was observed, as PA200
does not contact the a7 subunit.353358

The physiological role of the yeast BIm10 as an activator
remains controversial. Yeast strains lacking BIm10 are
phenotypically inconspicuous.®*® The reported activation of
peptide cleavage activity by BIm10 is modest (~4-fold
increase), 3% and was not detected in another study.®® In
arecent paper, it was reported that yeast BIm10 preferentially
binds to CPs in the open gate formation. Binding of BIm10
to both ends of a CP in these experiments led to an inhibition
of peptide cleavage activity suggesting that BIm10 may act
as an inhibitor of untimely activated 20S CP.3® Other studies
found BIm10 in association with proteasome precursor
complexes implicating it in proteasome biogenesis (see
bel OW) .359,361,362
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5. Proteasome Biogenesis

Another area of proteasome research concernsiits assembly
and regulation. The assembly pathway of the 20S CP, which
in eukaryotes is promoted by several dedicated chaperones,
is fairly well understood (see below), while relatively little
is known about the assembly of 19S RPs.

5.1. Assembly of Prokaryotic Proteasomes

Prokaryotic proteasomes are the simplest found in nature
and most are formed by only two distinct subunits, o and 3,
which are arranged into four stacked heptameric rings. o
subunits from the archaeon Thermoplasma acidophilum,
when expressed in E. coli in the absence of the 5 subunits,
assembled spontaneously mainly into pairs of heptameric
rings.*®® In contrast, A subunits expressed in the absence of
o subunits remained monomeric and in an unprocessed and
proteolytically inactive form. When o and 8 subunits were
coexpressed, fully assembled and functional proteasomes
were detected. Their formation occurred both in the presence
and absence of the 3 subunit propeptides.®® Structural analysis
of the proteasome from Archaeoglobus fulgidus indicated
that the contact areas between o subunits are large enough
to enable self-assembly of o subunits. Contact areas between
p subunits, in contrast, are much smaller explaining why
additional contacts with the o subunits are required to build
a B ring.*® Analysis of the structure of o rings from A.
fulgidus formed upon expression in E. coli revealed that it
has nearly the same conformation as o rings in the assembled
proteasome, with the exception of the N-terminal regions,
which interestingly project away from the surface in asimilar
way as found in proteasomes complexed with PA26.49363
These studies suggested that, in archaeons, o. rings represent
starting platforms for the formation of higher-ordered
intermediates with 5 subunits. In vitro reconstitution experi-
ments with o and 8 subunits from Thermoplasma as well as
from Methanosarcina thermophila and Methanococcus jan-
naschii demonstrated that no additional factors are required
for the assembly of these archaebacterial proteasomes. 0036436

In the eubacterium Rhodococcus, in contrast, no formation
of ring structures was observed with individually expressed
subunits.®” The same is true for the proteasome subunits
from Mycobacterium and Frankia.®>2% The 20S proteasomes
from these actinomycetes have a substantially smaller contact
region between o subunits than the corresponding subunits
in the proteasomes from Thermoplasma.®*%® The smaller
contact region between a subunits could be the structural
reason for alack of spontaneous a ring assembly. Instead o
and 3 subunits apparently form dimers that subsequently
assemble into half-proteasome precursor complexes. The
propeptides of the Rhodococcus 3 subunits not only promote
subunit folding but also act as an intramolecular assembly
chaperones by increasing the 8 subunit interaction surfaces
thereby facilitating oligomerization of a—/ dimers.%3" The
propeptides of the mycobacterial § subunits, in contrast, are
not required for the assembly of intact proteasome upon
coexpression of a. and 3 subunits in E. coli.>%

5.2. Assembly of Eukaryotic Proteasomes

The assembly of eukarytic 20S proteasome is far more
complex than that of its prokaryotic relatives because each
of itsfour rings is formed by seven distinct subunits, which
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Figure 9. Eukaryotic proteasome assembly pathway. Shown is a schematic model that summarizes the order of eventsin the assembly of
26S proteasomes and the involvement of dedicated proteasome assembly chaperones and activators. Two heterodimeric chaperone complexes,
PAC1-PAC2 and PAC3-PAC4, promote the assembly of the subunits al—a7 into heptameric rings. PAC1-PAC2 prevent the dimerization
of such rings (not shown). The first  subunit to enter the complex is 32, followed by UMPL, 33, and 4. During these steps, PAC3-PAC4
is evicted from the complex. Then, 35, 6, and 51 join the complex to form a half-proteasome precursor complex that only lacks 37. At
least in yeast, this complex is found in association with the orthologue of human PA200. Dimerization of such precursor complexes is
driven by the binding of 57. Its long C-terminal extension and PA200 stabilize the nascent proteasome, which is short-lived and therefore
shown in brackets. The nascent proteasome is activated by autocatalytic maturation of its 5 subunits. The activated proteasome then degrades
the chaperones UMP1 and PAC1-PAC2. While the nascent proteasome is preferentially associated with PA200, the mature 20S proteasome
is mostly complexed with 19S RP/PA700. Assembly of the 19S RP is promoted by Hsm3/S5b. Some of the 5 subunits (shown in blue) are

drawn with N-terminal propeptides, which are cleaved upon 20S CP formation, and with C-terminal extensions.

occupy a defined position. As a consequence of thisincreased
complexity, assembly of eukaryotic CPs requires several
dedicated chaperones: PAC1-PAC2, PAC3-PAC4, and UMPL
(Figure 9). In addition, the 20S CP has to bind to 19S RPs
to form the 26S proteasome. Recent evidence indicates that
these subcomplexes influence each others' assembly.

5.2.1. Assembly of a. Ring Intermediates

Similar to the pathways described above for archaebacteria
proteasomes, the assembly of eukaryotic proteasome CPsis
initiated by the formation of o rings. Several eukaryotic o
subunits have retained the ability to spontaneously assemble
into homomeric rings. The human o7 subunit expressed in
E. coli, for example, was found to form double ring structures
similar to those observed with the Thermoplasma a sub-
units,® while the human subunits a6 or ol were unable to
do so. Curiously, when expressed together with a7, these
subunits were incorporated in the double ring assemblies in
variable positions.®™® The more complex task to be achieved
by the seven distinct eukaryotic o subunitsisto find an exact
position in an a ring, that is defined by the two neighboring
subunits. This task is promoted by dedicated chaperone
complexes.

5.2.2. Proteasome Assembly Chaperones PAC1-PAC2
and PAC3-PAC4

PAC1 and PAC2 were first identified in human cells as
two polypeptides of 33 and 29 kDa, respectively, that were
associated with intermediates occurring early in the protea-
some assembly pathway.®"* They were found in complexes
with a subset of o subunits but also in intermediates
containing all seven a subunits, apparently o rings.3"* PAC1
and PAC2 form heterodimers that bind directly to a5 and
a7 and promote the formation of a. rings.*"* SRNA-mediated
depletion of PAC1 or PAC2 resulted in the accumulation of
o ring dimers similar to those observed upon expression of
prokaryotic oo subunits (see above) indicating that PAC1-
PAC2 prevents the dimerization of o rings under normal
conditions. These and related findings characterized this
heterodimeric protein as a proteasome assembly chaperone
(PAC).3™ PAC1-PAC2 remains associated with intermediates
until assembly of the proteasome is complete. Once active,
the proteasome apparently degrades this chaperone.®™ It
remains unclear to which surface of an o ring PAC1-PAC2
is bound and whether it is enclosed in the nascent 20S particle
during the assembly process.

Proteins with weak sequence similarity to PAC1 and PAC2
were subsequently identified in S. cerevisiae by severa
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independent approaches and hence received several names,
PBA1/POC1 for the PAC1-related protein and PBA2/POC2/
ADDG66 for the PAC2-related one. Functional analyses
characterized Pbal and Pba2 as orthologues of human PAC1
and PAC2 as they were found in similar assembly intermedi-
ates of yeast proteasomes, 362371373

Affinity-tagged PAC1 was used to purify early intermedi-
ates in the assembly of proteasomes from human cells. In o
ring intermediates containing the PAC1-PAC2 dimer another
small 14 kDa protein was identified. This protein, termed
PACS3, could be detected in complexes containing 32 and
Umpl, but was absent from complexes containing other 3
subunits.* PAC3 was later found to form stoichiometric
complexes with another protein termed PAC4.572 The absence
of one of these proteins resulted in the degradation of the
other indicating that the heterodimer is likely to be the
functional entity in vivo.3"2 This chaperone complex is
required to achieve normal cellular proteasome activity since
SIRNA-mediated depletion of PAC3 resulted in a reduction
of proteasomal activity and accumulation of ubiquitylated
proteins.3™ Biochemical analysis revealed that PAC3 knock-
down caused an accumulation of free forms of a subunits
and of PAC1-PAC2. Together, these studies identified PAC3-
PAC4 as a heterodimeric chaperone that promotes o ring
formation (Figure 9). This function is different from that of
PAC1-PAC2, depletion of which resulted in the accumulation
of a ring dimers containing PAC3. Thus the two chaperone
complexes apparently have distinct functions in o ring
formation and stabilization.®™

The latter conclusion is supported by the analysis of related
proteins in S cerevisiae. The yeast orthologues of PAC3
and PAC4 were identified in several studies and were termed
Phas/Poc3/Dmp2and Phad/Poc4/Dmpl, respectively, 302372376-378
Pba3 and Phad form stoichiometric complexes with each
other. Mutants lacking Pha3-Pbad are impaired in proteasome
function.372376-378 Specifically, they display defects in the
assembly of proteasomal a rings.36%" 20—50% of the
proteasomes formed in these mutants lack o3, the only
nonessential subunit.3® Like a mutant lacking the gene
(PRE9) encoding a3, pba3A or pbadA mutants instead
incorporate two o4 subunitsinto an o ring.3 Similar to their
human counterpart, Pba3-Pba4 therefore functions in the
proper assembly of a rings.

The following observation suggested that proteasomes
lacking a3 might be physiologically relevant entities rather
than just defective proteasomes. Y east strains lacking Pba3-
Pbad or a3 are more resistant to oxidative stress induced by
the heavy metal cadmium.37®37 An “alternative proteasome
subtype” lacking a3 thus provides a selective advantage
under such stress conditions. N-terminal residues of the o3
subunit are known to seal the entry pore of the a ring in
isolated 20S proteasomes.??” Replacing o3 by 04 is expected
to result in a congtitutively open channel into the proteasome.
In an intriguing model, a congtitutively open 20S proteasome
would be particularly suited to degrade damaged proteins
that occur upon cadmium treatment or oxidative stress in
general .58 It is noteworthy, however, that this effect is not
a specific property of open channel mutants, as yeast strains
with weak mutations affecting S subunits display hyperre-
sistance to cadmium as well.1® This raises the possibility
that some proteasome mutations are sufficient to elicit an
Rpn4-mediated response (see section 5.5) and thereby
provide an additional resistance against acute stress. Con-
sistent with the relevance of such a response in pba3A or
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pbadA mutants is the observation that additional deletion of
RPN4 in these strains is lethal .37>%77 It therefore remains to
be demonstrated whether a differential regulation of PACs
and proteasome subunits indeed provides a physiologically
relevant response to such stress conditions via formation of
alternative proteasomes.

Biochemical and structural analyses revealed that Pba3-
Pba4 binds directly to the a5 subunit.®"” This interaction
occurs also when o5 is bound to a6 and a.7.58 These findings
indicated that a Pba3-Pbad-o5 complex might serve as a
starting point of a ring assembly (Figure 9). Pba3 and Pbad
are structurally similar. The a8a sandwich structure of the
dimer resembles those of proteasomal subunits (Figure 2).377
In the crystal structure of the Pba3-Pbad-a5 complex, the
o5 structure is nearly identical to that of o5 in the mature
20S.37 Modeling of Pba3-Pha4 onto an o ring based upon
this structure suggested that the chaperone complex islocated
toward the center of the surface of the ring, on which g
subunits will assemble. This position would be incompatible
with abinding of 54 to the position it eventually will occupy
in the 20S CP. This model is therefore consistent with the
observation that Pba3-Pba4 is released before this subunit
joins the complex.34%"" Analysis of a homodimer of human
PAC3 revealed that its structure is quite similar to that of
yeast Pba3-Phad (Figure 2).5”” Even though the experimental
evidence indicates that PAC3-PACA4 is the physiological
relevant entity, 323767378 gmilarities between the PAC3
homodimer and Pha3-Pbad crystal structures underscore a
conservation of this chaperone complex from yeast to
humans.3” In conclusion the chaperones PAC1-PAC2 and
PAC3-PAC4 and their orthologues perform conserved func-
tions in facilitating the formation of o rings and promoting
the assembly of 5 subunits onto these structures by prevent-
ing a. ring dimerization, 3838t

Thus far no experimental evidence exists to suggest that
formation of prokaryotic proteasomes requires or involves
specific assembly chaperones. In a recent report, however,
it was suggested, based on sequence comparisons, that a
protein encoded in the neighborhood of proteasome genes
in bacteria might be an ancestral proteasome chaperone
related to eukaryotic PAC2.3% It will be interesting to see
whether this proposed heritage of PAC2 can be sustained
by experimental evidence.

5.2.3. Assembly of Half-Proteasome Precursors

The studies described above identified a rings complexed
with the chaperones PAC1-PAC2 and PAC3-PAC4 as a
platform for the formation of half-proteasome precursor
complexes (Figure 9).5"%37 Such intermediates accumulate
when 32 subunits are depleted by siRNA .3 These and other
data suggested that 32 is the subunit that starts the assembly
of 3 rings on o ring precursors.343" The order of eventsin
the assembly of S rings has been systematically dissected
by knocking down individual 3 subunits and assembly
chaperones in human cells.®" This procedure resulted in the
accumulation of distinct intermediates that were characterized
by native gel analysis. Even though it cannot be entirely
excluded that some of the complexes identified may be just
relatively more stable entities under the chosen experimental
conditions rather than true intermediates, these experiments
yielded afairly convincing picture of the distinct steps, many
of which are in agreement with previous studies. According
to this analysis, 3 ring assembly starts with the recruitment
of 52 and UMPL1. Afterward, 83, 4, 55, and (36 join the
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complex sequentialy. 1 might join the complex before or
after 54, 35, or 36. Consistent with observations made during
the analysis of yeast proteasome assembly, 37 appearsto be
the last subunit to join the formation of a half-proteasome
precursor complex, an event that is closely linked with 20S
CP formation by dimerization of such precursors,361:362374

Consistent with earlier work in yeast, the C-terminal
extension of 32, which is wrapped around 3 in the mature
proteasome (Figure 1), is essential for the incorporation of
B3.94%74 PAC3-PAC4 probably leaves the complex upon
binding of 53 as it is absent in intermediates containing the
latter subunit, which accumulate upon depletion of 34.5* The
propeptide of 55 appears to be required for incorporation of
£6 in mammalian cells.

The order of events derived from the subunit depletion
studies discussed above is in agreement with earlier studies
in which 13S complexes containing al o-subunits as well
as 82, 33, and B4 were described.® Related assembly
intermediates containing also the assembly chaperone Pbal-
Pba2 have been found in S. cerevisiae.®®? Only a subset of
these complexes a so contained Umpl, which suggested that
in yeast this chaperone may be incorporated after the 4
subunit. Earlier intermediates, however, were not classified
in this study.*$? The last intermediate that has been detected
in the assembly of yeast proteasomes is a half-proteasome
precursor containing all o and 5 subunits except 37, the
chaperones Pbal-Pha2 and Umpl, as well asthe yeast PA200
relative BIm10.%61362

5.2.4. Maturation Factor UMP1

Umpl wasidentified in a genetic screen for budding yeast
mutants defective in ubiquitin-mediated proteolysis, hence
the name.*®* The ~17 kDa Ump1 protein is a component of
proteasome precursor complexes containing unprocessed /3
subunits but was not detectable in mature proteasomes. In a
mutant with impaired proteasomal peptidase activity, how-
ever, Umpl was found enclosed within the 20S CP. This
observation suggested that Umpl is present in precursor
complexes and is encased in the newly formed CPs. Upon
maturation of the active sites, which is linked to precursor
complex dimerization, Ump1 is degraded.'®®3#* The umplA
mutant grows poorly and is sensitive to proteotoxic stress
due to an impairment of proteasome biogenesis. In the
mutant, proteasome precursor complexes accumulate. As-
sembled proteasomes display an incomplete processing of
B subunits. These results identified Umpl as a proteasome
assembly chaperone that promotes dimerization of precursor
complexes and maturation of active sites.3*

Umpl isaconserved protein among eukaryotes. Its human
orthologue, hUMP1 (also called POMP or proteassemblin),
has been shown to perform similar functions in proteasome
biogenesis as its yeast counterpart.57+385-3% |n contrast to
yeast Umpl, hUMP1 appears to be essential for viability as
was suggested by siRNA knockdown experiments, 372374388
hUMPL binds directly to severa o and S subunits and
associates with o rings in vitro.343838 |n |ine with this
finding, it was observed that, in contrast to its yeast
orthologue, hUMPL appears to be essential for the binding
of the 2 subunit to a ring precursor complexes, and
therefore for the initiation and assembly of 5 rings (see
above).5™ Consistent with this early and essential requirement
of hUMP1 in the assembly process, no 20S CPs with
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unprocessed 5 subunits similar to those detected in the yeast
umplA mutant were observed upon its knockdown in human
cells37

It was reported recently that hUMPL binds to membranes
and recruits precursor complexes to the endoplasmic reticu-
lum (ER). This study led to the conclusion that proteasome
assembly in mammalian cells occurs at the ER.3° Studies
in S. cerevisiae suggested that Umpl-containing precursor
complexes are imported into the nucleus where the assembly
of nuclear proteasomes is completed.3®

5.2.5. Assembly and Maturation of Proteasome Core
Particles

Formation of 20S CPs occurs by dimerization of two half-
proteasome precursor complexes containing the chaperones
PAC1-PAC2 and UMP1 (Figure 9). Incorporation of the 57
subunit completes the assembly of these precursor complexes
and is closely followed by or occurs simultaneaously with
complex dimerization 3362374 A C-terminal extension (CTE)
of S cerevisiae 37 is important for precursor dimerization
to occur efficiently.® The two 37 extensions stabilize nascent
CPs by inserting into the trans rings at the interface of 51
and 32 (Figure 1C,D). Residues within this extension contact
the A1 subunit and contribute to the postacidic site.””%
Deletion of the CTE results in a loss of postacidic activity
and increased levels of half-proteasome precursor complexes
lacking the A7 subunit.®6**! Other features of B subunits
that appear to be important for precursor complex dimer-
ization include the propeptides of 85 and 36 (Figure 3).62
In the presence of Umpl, both of them are essential for
viability.1%33%2 | ethality of their deletion, however, can be
suppressed either by deletion of the UMP1 gene or by
overexpression of 57.352%4 |t was therefore proposed that
Umpl may provide a checkpoint function that monitors the
correct assembly of precursor complexes and prevents
dimerization until their assembly is completed, possibly by
inhibiting incorporation of 57.36

The 7 CTE is important for stabilization of nascent
proteasomes although they still form in its absence but with
areduced efficiency. BIm10, which is related to mammalian
PA 200, appears to contribute to stability of nascent 20S CP
since a combination of a BLM10 deletion with a 7 CTE
truncation caused a striking synthetic inhibition of protea-
some assembly.®! This finding indicated that binding of an
activator complex to the a ring surface of nascent proteasome
has a stabilizing effect, possibly by promoting maturation
of the CP (Figure 9). The 19S RP can partialy substitute
for BIm10 in stabilizing nascent CPs.%6! While BIm10 has
been observed in association with proteasome precursor
complexes,®°361362 mammalian PA200 was not detected in
such complexes.3™

Dimerization of half-proteasome precursor complexes
triggers autocatalytic processing of 51, 82, and [35.103:38
Upon activation of these subunits, Ump1, which is encased
during precursor dimerization, as well as the PAC1-PAC2
chaperone are degraded.3>%* Active site maturation and
removal of these chaperones may be accompanied by
conformational changes that complete the formation of stable
20S proteasomes. Yeast mutants lacking Umpl not only
accumulated precursor complexes but also proteasomes with
incompletely processed 8 subunits.®® Upon precursor com-
plex dimerization, Umpl might help to induce conforma-
tional changes in the 5 subunit that facilitate their autocat-
alytic processing.™
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5.3. Assembly of Alternative 20S Proteasomes

Multicellular organisms often express isoforms of the
proteasome such as the “immunoproteasome” found in
vertebrates. This subtype forms by incorporation of interferon-
inducible 5 subunits, two of which are encoded in the MHC
class Il region interdigitating with the genes encoding the
two subunits of TAP (transporter associated with antigen
presentation).® As a result of the incorporation of the
immunosubunits (81, S2i, p5i), the specificity of the
peptidase activities in the immunoproteasome is changed in
a way that the generation of certain antigenic peptides is
promoted (see section 3.2). Cooperative incorporation of all
three immunosubunits is favored, although the formation of
mixed proteasomes with a combination of interferon-induced
and constitutive subunits occurs as well.® The assembly of
the immunoproteasome differs from that of the constitutive
proteasome in some aspects. 51i enters the assembly pathway
earlier than the constitutive 41 subunit. The presence of f1i
abets the incorporation of 32i.383%923% The presence of S1i
and f32i in turn abets incorporation of 35i.3* The cleavable
propeptides of these § subunits play an important role in
their cooperative assembly.®**3% |mmunoproteasome as-
sembly is about 4-fold faster than that of constitutive
proteasomes.®® This appears to be promoted by increased
synthesis of the maturation factor UMPL, which is induced
by interferon.®>388 |n vitro experiments indicated that 35i
binds more strongly to hUMP1 than /35, which in large part
is due to the B5i propeptide.3® The faster and cooperative
assembly of immunoproteasomes upon immune stress sig-
naled by interferon-y ensures arapid expansion of the peptide
cleavage repertoire of an infected cell.

PI31 (proteasome inhibitor of 31 kDa) has been implicated
in the regulation of the immunoproteasome.®” PI31 was
originally identified because of its capacity to inhibit pro-
teasome activity in vitro and to block activation by PA28 or
the 19S RP, suggesting that it might bind to the a ring surface
of the 20S CP 3%-400 Sybsequently, it was proposed that in
vivo PI31 may act as a negative regulator of the formation
of immunoproteasomes in the absence of infection.®” This
conclusion was based upon experiments that employed
overexpression of PI31 in amouse cell line. PI31 was |located
predominantly at the cytosolic side of the nuclear envelope
and/or ER membrane. Surprisingly, overexpression of PI31
did not result in an overall inhibition of proteasome activity.
Instead it caused a specific defect in the maturation of
proteasome precursor complex containing immuno-subunits.
As aresult, PI31 overexpressing cells displayed a defect in
the generation of immunoproteasome-dependent antigens.”
Previous studies have implicated a proline-rich C-terminal
domain of PI31 in binding to the proteasome.*® This region
as well as a segment spanning the first 150 residues of PI31
show sequence similarity to stretches within the F-Box
protein Fbxo7. The N-terminal domain, which was termed
FP because of its presence in these two proteins, assumes a
novel o/p fold. This domain mediates homodimerization of
either PI131 and Fbxo7 as well as heterodimerization of the
two proteins.®* Whether the latter interaction has a physi-
ological relevance is not known.

In vertebrates, another proteasome subtype is found in the
thymus and hence called “thymoproteasome’. An aternative
subunit, B5t, is specifically expressed in the thymus, and
incorporated into proteasomes preferentially together with
Bli and 52i. Ablation of the 55t gene in mice resulted in a
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reduction of MHC class I-restricted CD8* T cells suggesting
arole of thymoproteasomes in their development.*®?

5.4. Assembly of the 26S Proteasome

The 26S proteasome is formed by association of the 20S
CP with two 19S RPs. In vitro, this process requires the
presence of ATP but not its hydrolysis.?32519%.236 The in vivo
assembly of the 26S proteasome is less clear, as is the
assembly of its 19S regulator. A protein that has been
implicated in the assembly or stabilization of 26S protea
somes is Ecm29, which may be a stoichiometric component
of 26S proteasomes.?”” This protein binds in vitro both to
the CP and the RP. Proteasomes purified in the absence of
Ecm?29 are less stable in the presence of ATP and dissociate
into CP and RP in the absence of ATP. These observations
indicate that ATPases and Ecm29 both contribute to the
association of these subcomplexes.?’” Another study has
suggested that, in mammals, Ecm29 might serve to couple
the 26S proteasome to sites of ER-associated degradation
and other sites of enhanced proteolysis.*®® Genetic data have
implicated the Hsp90 chaperone in the assembly of 26S
proteasomes from its subcomplexes.***

The assembly pathway of the 19S RP is a largely
unexplored area. Subunit interaction maps give only a crude
idea of the arrangements of subunits in this complex.405-408
It has been long assumed that the 19S RP, which indeed has
functions independent of the CP (as mentioned above), can
assemble independently of the 20S proteasome. Recent
evidence obtained with yeast mutants deficient in 20S CP
biogenesis, however, suggested that the CP may influence
19S RP assembly or stability.3® A possible scenario might
be that the o ring surface of 20S CP provides a favorable
platform for an initiation of 19S base complex assembly. In
vitro disassembly of the 26S proteasome yielded the Rpnl
and Rpn2 subunits as the last two subunits to be attached in
the center of the o ring surface of the CP.2%® Mutations in
Rpn2 lead to a disassembly of the 26S proteasome consistent
with a central role of this protein for base stability.3614%°
Whether Rpnl and Rpn2 or the six ATPase subunits are
starting points for the assembly of the 19S RP base
subcomplex in vivo, however, is not known.

Analysis of yeast mutants affected in subunits of the 19S
RP lid or base indicated that these subcomplexes can
assemble independently of each other.*® Another study
identified the yeast Hsm3 protein (apparently an ortholog of
human S5b) as a dedicated chaperone of 19S RP assembly.*°
Specifically, Hsm3 binds to the C-terminus of the Rptl
subunit and promotes base complex formation. These
properties of Hsm3/S5b are compatible with the possibility
that it provides a checkpoint function in 26S proteasome
assembly by preventing docking of the base to the CP, a
process for which the Rptl C terminus is critical,*? untill
assembly of the 19S RP is complete (Figure 9).41°

5.5. Regulation of Proteasome Gene Expression

Proteasomes are fairly abundant in eukaryotic cells, with
~800,000 molecules estimated to be present in a mouse
fibroblast cell.** Proteasome expression can be upregul ated
when the cells are under proteotoxic stress3!7:318320412-414
In yeast, this regulation is mediated by the transcription factor
Rpn4 (see above). Orthologues of Rpn4 appear to be absent
from higher eukaryotes, but the transcription factors Nrf2
in humans or the related SKN-1 in C. elegans, which are
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regulators of stress responses, similarly control the upregu-
lation of proteasome levels upon treatment with proteasome
inhibitor.41445 Similar to Rpn4, the abundance of Nrf2 itself
is controlled via ubiquitin-dependent degradation by the
proteasome providing a regulatory feedback 1oop.#15416

6. Conclusions and Perspectives

The proteasome is a central player in cellular regulation
and protein quality control and has therefore been intensely
studied. A variety of specific inhibitors of the proteasome
have been developed that have promising potentia in the
treatment of diseases. The basic enzymatic and structural
properties of the catalytic 20S CP as well as the pathways
leading to its assembly are fairly well understood. The
intracellular activation and regulation of this giant protease
is very complex and involves various activators, which
control substrate entry into the CP. These activators them-
selves, especially the 19S RP, interact with a large number
of proteins that mediate control of assembly, substrate
recognition, and deubiquitylation. In particular, this area of
research offers extensive room for new and exciting discov-
eries to come.
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