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ABSTRACT

Biological processes depend upon the structural and functional quality of the
molecules that comprise living organisms. The integrity of molecules such as
DNA, RNA, proteins, carbohydrates and lipids is crucial and the precise three-
dimensional shape and the detailed chemistry of these molecules orchestrate
the biochemical processes vital for life. Within a cell, each protein must be
present at a specific concentration during certain specific conditions. To
maintain cellular homeostasis and the ability to respond to the environment the
proteome is in a dynamic state of synthesis and degradation. In eukaryotic cells
the ubiquitin-proteasome pathway is the principal mechanism for regulated
protein turnover in both the cytoplasm and the nucleus. The 20S proteasome is
a cylindrical multi-subunit protease. Proteasomes play an essential role in the
targeted and timely ordered degradation of key regulatory proteins and their
inhibitors. The 26S proteasome is a 2.500 kDa complex composed of the 20S
proteasome sandwiched between two 19S regulators. This is the enzymatic
complex responsible for ATP-dependent ubiquitin mediated protein
degradation. A polyubiquitin chain attached to a protein serves as a general
recognition signal for destruction via the 26S proteasome. It is known that the
19S regulator confers ubiquitin recognition and substrate unfolding to the 20S
proteasome, however, the specific functions for many of the different subunits
within the 19S complex are not known. We have used RNA interference to
study the S13/Rpn11 and S5a/Rpn10 subunits of Drosophila melanogatser
proteasomes. We have produced stable cell lines with the human S13 gene
under inducible promoters that was used to rescue the knockdown phenotype
after RNA interference. The rescue was successful in demonstrating that the
human protein is a functional homologue to the Drosophila protein. We call the
technique RNAi+c (RNA interference + complementation). This procedure
enabled us to also test different mutants of the human S13 protein for their
ability to function in the proteasome. Using RNA interference to a Drosophila
proteasome subunit in combination with complementation with a
corresponding human protein we have been able to study residues important for
the deubiquitinating activity of this subunit (Paper I). Interestingly, upon a
decrease of either S13 or S5a we see an induction in the levels of active 20S
proteasomes. Increase in the levels of the non-targeted 19S subunit can be
detected when RNAi treatment is carried out on either S13 or S5a. We have
used RNA interference and proteasomal inhibition together with whole genome
microarray analysis to reveal a co-regulated network of proteasome genes. This
network likely contributes to an overall regulatory system that maintains proper
proteasome levels in the cell. Initial studies of the mechanism of transcriptional
co-regulation of proteins involved in the 26S proteasome pathway were also
performed (Paper II).  Finally, the biological function of the proteasome
regulator PA28γ/REGγ is not known. We have studied this regulator in
Drosophila using RNA interference and promoter mapping (Paper III).
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ABBREVIATIONS

19S PA700/ proteasome regulatory particle (RP)
20S proteasome 20S core particle (CP)
APC anaphase promoting complex (Cyclosome)
ATP adenosine triphosphate
CP core particle (20S)
CUE coupling of ubiquitination to ER degradation
DNA deoxyribonucleic acid
DRE DNA replication related element
DREF DRE binding factor
dsRNA double stranded RNA
DUB deubiquitinating activity or enzyme
E1 ubiquitin activating enzyme
E2 ubiquitin conjugating enzyme
E3 ubiquitin ligase
ER endoplasmic reticulum
ERAD ER-associated degradation
GFP green fluorescent protein
miRNA micro RNA
ODC Ornithine decarboxylase
PA26 Trypanosoma brucei homolog to PA28
PUB polyubiquitin binding domain
rasi RNA repeat associated short interfering RNA
REG 11S/ PA28/ proteasome regulator
RNA ribonucleic acid
mRNA messenger RNA
RNAi RNA interference
RNAi+c RNA interference + complementation
RP regulatory particle (19S)
Rpn regulatory particle non-ATPase
Rpt regulatory particle triple-A ATPase
siRNA small interfering RNA
TAP transporter associated with antigen presentation
Ub ubiquitin
UBA ubiquitin-pathway-associated domain.
UBL ubiquitin-like domain
UIM ubiquitin interacting motif
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AIM OF MY WORK

The ubiquitin-proteasome pathway has gained an extremely broad interest
lately. Due to its involvement in regulating many essential pathways it is
now being evaluated as a pharmacological target in several important
diseases. I have investigated basic functions of proteasome regulators and
transcriptional regulation of proteins involved in the ubiquitin-
proteasome pathway with Drosophila melanogaster as a model system.

Paper I.
The aim of this project was to evaluate the functions of the 19S
proteasome regulator subunits Rpn11/S13 and Rpn10/S5a. Originally, we
wanted to see if the RNA interference (RNAi) technique was appropriate
for studying the 26S proteasome system in Drosophila. As a tool to study
the function of the 26S proteasome ubiquitin dependent degradation we
aimed to develop an in vivo GFP assay for the Drosophila system. This
assay could then be used to interpret the RNAi experiments. Further
development of these experiments involved the combination of RNAi
with complementation with human proteins (RNAi+c). This allowed for
evaluation of important residues within the protein subunit Rpn11/S13.

Paper II.
In this study we aimed to follow up the results from paper I where an
induction of functional proteasomes after knocking-down 19S subunits
with RNAi was observed. The absence of a general cellular stress
response after DS5a RNAi treatment was utilized for detection of the
actual co-regulated proteasome genes through whole genome microarray
analysis. This approach demonstrates a complementary method for
identifying new proteasome genes or functionally associated genes as
compared to classical purification methods. To address the question of
the mechanism for co-regulation of these genes, initial analyses of
promoter constructs were performed in Drosophila using reporter gene
transfection assays.

Paper III.
In Drosophila melanogaster only one variant of the REG/11S/PA28
proteasome regulator exists, REGγ. The specific biological function of
this protein is currently not known. In this study we performed RNAi
depletion of the protein in Drosophila cell lines. Gene transcription
studies using promoter reporter gene assays were also performed to gain
more insights into regulation of this proteasome activator.
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INTRODUCTION

Proteins have an amazingly wide variety of functions in living systems.
Enzymes are the proteins that perform chemistry in the cell, promoting
various essential reactions. One group of enzymes, called proteases,
cleave peptide bonds, the link between amino acids in peptides or
proteins. The cleavage can result in activation, inactivation and
sometimes further degradation of the substrate protein. The life span of
proteins varies from a few minutes for some regulatory proteins, to as
long as the age of an organism. The level of a specific protein is tightly
regulated and defined by the equilibrium between its production and its
destruction.  Protein degradation occurs at different levels in living
organisms. Extracorporeal degradation can be exemplified by the
destruction of proteins in the gastric compartments. The blood
coagulation system outlines the action of different proteases and
describes intracorporeal or extracellular degradation. In the cell,
intracellular, two major pathways are used for protein degradation, the
lysosomal and the non-lysosomal.
The membrane-surrounded lysosome (vacuole in yeast) has an acidic
interior containing many different enzymes capable of degrading
polymers into their monomeric subunits. Nucleases degrade RNA and
DNA, and proteases called cathepsins degrade proteins. The process
involves micro and macro-autophagy where portions of cell cytoplasm
are sequestered into a double-membrane and delivered to the lysosome.
Extracellular proteins or particles and receptors at the plasma membrane
can also be delivered to and destroyed by the lysosome
(pino/phago/endo–cytosis) (Ciechanover, 2005). In contrast, the
ubiquitin-proteasome system degrades specific substrates in a strictly
controlled manner.
The 20S proteasome is the major proteolytic enzyme in both the
cytoplasm and nucleus of eukaryotic cells. 20S proteasomes are also
found in archea and in one family of bacteria, actinomycetes. The
eukaryotic proteasome is involved in a broad range of functions from a
housekeeping role of removing damaged or malproduced proteins to the
precise temporal cleavage and inactivation of regulatory proteins. In
addition, the peptides produced from proteasomal degradation are further
used as recognition molecules in MHC-class I presentation in the immune
system (Rock and Goldberg, 1999) or degraded further into amino acids
that are used for production of new proteins.
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The 26S proteasome is composed of the 20S proteasome associated with
two regulatory 19S complexes. The 26S proteasome recognize ubiquitin-
marked substrates and degrade them in the ubiquitin-proteasome
dependent pathway (Fig 1).

Fig 1.  The ubiquitin-proteasome pathway degrades protein substrates in an ATP
dependent manner. A group of enzymes, E1, E2, and E3, collaborate to mark the
protein with a ubiquitin (Ub) chain. The peptide products produced after cleavage is
further degraded into amino acids, or used in antigen MHC-class I presentation.
Ubiquitin is recycled and reused.

By controlling rapid and irreversible turnover of key regulatory proteins,
the ubiquitin-proteasome pathway has been shown to play important roles
in a variety of processes, including cell cycle control, transcriptional
regulation, differentiation, DNA repair, and immune system control
(Glickman and Ciechanover, 2002; Pickart, 2004; Wolf and Hilt, 2004).
Considering that the proteasome is thought to be the major pathway for
regulated degradation of proteins in the cell it is not surprising that a
dysfunctional ubiquitin-proteasome system has been implicated in a
number of human diseases (Rock et al., 1994; Schwartz and Ciechanover,
1999). An impaired proteasome system has been shown to be involved in
pathogenic conditions such as Alzheimer's disease, Parkinson's disease,
and several different malignant conditions (Lam et al., 2000; McNaught
and Jenner, 2001).
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Given its implication as a vital element in cellular metabolism and in the
control of the cell cycle, the human proteasome is now recognized as an
important pharmacological target and possible diagnostic tool.
Proteasome inhibitors are presently being evaluated as anticancer drugs
and the PS-341 inhibitor (Bortezomib/VelcadeTM) has been approved for
the treatment of multiple myeloma (Adams, 2004). There is currently a
great interest in learning more about the ubiquitin-proteasome pathway in
detail.  From a therapeutic point of view, concerning different potential
drug targets, predictions are that only the tip of the iceberg has been
unravelled so far.

20S PROTEASOME

STRUCTURE

The 20S proteasome is a multi-subunit protein complex present in the
cytoplasm and nucleus of all eukaryotic organisms studied. The 20S
proteasome was first isolated by Wilk and colleagues in 1980 and later
described as being a part of the 26S proteasome (Hough et al., 1987; Wilk
and Orlowski, 1980). Proteasomes are abundant, constituting up to 1% of
the total cell protein in eukaryotes (Russell et al., 1999). The crystal
structures of the 20S particles isolated from three different organisms,
Thermoplasma acidophilum, Saccharomyces cerevisiae, and bovine have
been determined (Groll et al., 1997; Lowe et al., 1995; Unno et al., 2002)
(Fig 2A). The different proteasome species resemble each other in size
and shape but differ in subunit composition. Early electron microscope
images of the proteasome gave the first glimpse of its shape (Fig 2B)
(Baumeister et al., 1988). The 20S core particle resembles a hollow
cylinder, or barrel, with a diameter of 11-12 nm, a length of 14-17 nm
and an approximate molecular mass of 700 kDa. The eukaryotic 20S
proteasome cylinder consists of 14 non-identical subunits ranging from
21-31 kDa in size. The cylinder is built from four stacked rings
containing seven subunits each (Fig 2C).
Eukaryotic proteasomes are composed of different but homologous α and
β proteins exhibiting unique locations within the structure. In contrast,
archea and eubacteria proteasomes are composed of homo-heptamers of
α and β proteins. The two inner rings, composed of so called β-subunits,
harbour the catalytic subunits with active residues facing the inside of the
20S cylinder. The two α-subunit rings flanking the inner β-rings possess
structural functions.
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The flexible and non-symmetrical N-terminal ends of the α-subunits
close the gate to the central core, thereby controlling the accessibility of
substrates to the catalytic chamber (Groll et al., 1997). Specifically, the
nine residue tail of the α3 subunit projects across the opening of the
cylinder forming contacts with every other subunit (Groll et al., 2000).
By studying proteasomes immobilized in different positions, end-on and
side-on respectively, it was shown that one open end is sufficient for
substrate entry and product release of one substrate at a time. The use of
both entry pores convey binding of two substrates, one at each end, with
positive cooperativity offering the advantage of speeding up the
degradation process (Hutschenreiter et al., 2004).
Free 20S proteasome complexes normally exist in a latent or largely
inactive state requiring specific gating mechanisms (reviewed in (Bajorek
and Glickman, 2004; Groll and Huber, 2003)). This compartmentalisation
of the proteolytic activity is the key to the successful maintenance of
regulated protein degradation for this protease. Although the free 20S
proteasome is generally considered to be inactive due to this closure there
are reports indicating that 20S proteasomes alone degrade certain
substrates such as oxidized proteins (Davies, 2001; Grune et al., 2003;
Shringarpure et al., 2003).

Fig 2. A) Crystal structure of the 20S proteasome from bovine liver (Unno et al.,
2002). B) Electron microscope picture of a 19S-20S-11S(REG) hybrid proteasome
purified from rabbit spleen (Cascio et al., 2002). C) Subunit distribution in eukaryotic
20S proteasome. Four rings with seven α and seven β subunits arising from 14
different genes arranged in a specific manner. Catalytically active β subunits are
marked with a scissor-symbol. (Figures copied with permission from authors of the
cited papers.)
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CATALYTIC ACTIVITY

Generally, several families of proteases have been classified according to
their active residue: serine proteases, metallo proteases, cysteine
proteases, aspartic proteases and threonine proteases. Proteasomes are
members of the N-terminal nucleophile (Ntn)-hydrolase superfamily
(Brannigan et al., 1995). The N-terminal threonine residues of the active
β-subunits are exposed as the nucleophile in peptide bond hydrolysis
(Kisselev et al., 2000; Lowe et al., 1995; Seemuller et al., 1996). The β
subunits are synthesized as inactive precursors that are activated by
autocatalytic processing of the N-terminus during their incorporation into
the proteasome (Groll and Huber, 2003; Schmidtke et al., 1996; Zwickl et
al., 1994). This prevents activation of proteolysis before the hydrolytic
chamber has been sealed off from the cytosol. Defined molecular tools
have made the dissection of the proteasome system possible. Especially
important are potent and specific inhibitors of proteasome activity and
synthetic model peptide substrates.
There are several groups of proteasome inhibitors that differ in their
potency, specificity and toxicity and much effort is currently being
carried out to further develop new inhibitors for use as drugs to treat
diseases. Commonly the inhibitors are peptide derivatives that interfere
with the active sites and prevent further catalysis. The peptide model
substrates are composed of short polypeptides linked to a fluorogenic
molecule at the C-terminus. The fluorescence yield increases by several
orders of magnitude when released from the peptide by cleavage by a
protease and this can be measured in cell lysate based assays. Three
different peptidase activities have been defined for the eukaryotic
proteasome. Each activity is performed by a separate beta subunit with
different residues surrounding the active threonine creating the
specificity. The β-1 subunit has “trypsin like” activity, cleaving after
basic residues. The β-2 has “peptidyl-glutamyl” (PGPH) activity,
cleaving after acidic residues. The β-5 subunit cleaves after hydrophobic
residues, called “chymotrypsin like” activity, and normally determines
the rate of catalysis. Based on the structure of the mammalian proteasome
(Unno et al., 2002) yet another peptidase activity was proposed where the
β-7 subunit could have a SNAAP (small neutral amino acid-preferring)
activity. The combined activities of the β subunits hydrolyse almost any
peptide bond, which makes the 20S proteasome a very competent
protease for the cell.



9

20S PROTEASOME VARIANTS

One question in proteasome research concerns whether there exist
proteasome subtypes that carry special subunit isoforms that modify the
functional properties of proteasomes in certain cells. In S. cerevisiae the
20S proteasome exists as a homogenous population, each composed of
the same 14 subunits (7α, 7β), and 14 different genes have been found in
the yeast genome.  The Arabidopsis genome contain 10 β and 13 α genes,
however functional differences, if any, between the different isoforms are
not known, nor is it known if these genes are expressed in a cell type- or
developmental stage- specific manner. In D. melanogaster there are three
additional α and β gene duplications respectively encoding male specific
isoforms (Ma et al., 2002a). In jawed vertebrates interferon-γ treatment
induces several components of the proteasome system. Three active 20S
proteasome beta subunits, β1i, β5i and β2i, are produced, replacing the
constitutive subunits, creating the “immunoproteasome” (Driscoll et al.,
1993; Griffin et al., 1998). Immunoproteasomes have increased trypsin
and chymotrypsin activities against fluorogenic substrates, but reduced
PGPH activity. As mentioned above the proteasome system is the major
producer of peptides presented by the MHC class-I system upon infection
(Rock and Goldberg, 1999). The exchange of beta subunits is thought to
promote the generation of peptides suitable for presentation since
hydrophobic or basic carboxyl terminal residues normally serve as
anchors for binding to MHC molecules (Unno et al., 2002). 26S
proteasomes generate 3-24 long peptides that are further N-terminally
trimmed by other proteases and transferred via the TAP transporter into
the endoplasmic reticulum, ER, where attachment to MHC molecules
occurs (Falk and Rotzschke, 2002) reviewed in (Kruger et al., 2003).
The activity of the proteasome is linked to the composition and structural
properties of the fourteen different subunits. Post-translational
modifications of the proteasome subunits might lead to altered proteolytic
functions. Interestingly, in a study where purified human 20S proteasome
was investigated with two-dimensional gel electrophoresis, each protein
was represented by several spots, indicating the presence of different
post-translational modifications of the distinct subunits (Claverol et al.,
2002).
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REGULATION OF DEGRADATION

In a simple view, the breakage of a peptide bond is a thermodynamically
favourable process not requiring energy. However, degradation of
proteins by the proteasome requires ATP at many different levels and can
in part be explained by the need to control the system. The proteasome
degrades a wide variety of proteins in several compartments of the cell
under various conditions and during different developmental stages. Tight
regulation of the proteasome system is necessary and is accomplished in
several ways by dynamic combination of the compartmentalized core
particle with additional factors. Different multi-subunit
activator/regulator complexes associate with the ends of the 20S
proteasome core cylinder. The N-terminal residues of the core particle α-
subunits change their conformation upon binding regulatory complexes
(Groll et al., 1997; Whitby et al., 2000). In addition, some regulators are
capable of unfolding protein substrates before pumping them down into
the catalytic core.
The activators currently known to associate directly with the 20S
proteasome are the 19S, REG, and PA200. The 26S proteasome is
composed of the 20S core sandwiched between two 19S regulator
complexes. The 26S proteasome recognizes ubiquitinated proteins and
requires ATP for degradation (Hough et al., 1986; Waxman et al., 1987).
REG and PA200 associate with the 20S proteasomes without use of ATP
and have been found to degrade peptides but not full length proteins. In
addition, hybrid proteasomes composed of the 20S core together with
different activators on each end exist (Cascio et al., 2002; Tanahashi et
al., 2000) (Fig 2B). Much focus is now directed on understanding the
detailed mechanisms of activation by these different regulatory
complexes and what biological functions they have. In addition to
regulator complexes there are several proteins loosely or transiently
associated with the proteasome and auxiliary factors further insuring
accurate protein degradation.
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PA200
PA200 is a nuclear protein associating at both ends of the 20S proteasome
(Hoffman et al., 1992; Ustrell et al., 2002). The bovine PA200 is
composed of a single ~200 kDa protein that stimulates ATP independent
hydrolysis of small fluorogenic peptides but not folded proteins in vitro.
Following γ-irradiation the uniform nuclear distribution changes to a
punctate pattern, a behaviour characteristic for many DNA repair
proteins. Homologs of the studied mammalian PA200 have been found in
the worm Caenorhabditis elegans, in the plant Arabidopsis thaliana and
yeast S. cerevisiae (Blm3/Blm10), based on sequence searches. Initial
studies of the S . cerevisiae homolog showed no stimulation of
proteasome activity in vitro but effects on proteasome assembly and
maturation (Fehlker et al., 2003).
However a more recent report suggests Blm10 to be predominantly
associated with mature proteasome complexes in a hybrid complex with
the 19S RP on the other side (Schmidt et al., 2005). The Blm10
association was shown to enhance peptidase activity, although deletion
strains indicate a non-essential function under normal conditions.
Visualization of the bovine PA200 activator in complex with 20S
proteasomes revealed an asymmetric structure where monomers of the
protein attached to either side of the 20S CP (Fig 3A). This association
results in the opening of the proteasome (Ortega et al., 2005). The
biological function of PA200 is still unclear and a possible function in
DNA repair or re-localization and assembly of proteasomes is debated
(Kajava et al., 2004; Rechsteiner and Hill, 2005; Schmidt et al., 2005).
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REG/PA28
REG (11S / PA28) is a heptameric 180-200 kDa complex composed of
subunits of about 28 kDa that attach to the outer α  rings of the
proteasome. REG binds and enhances the hydrolysis of peptides, but not
larger proteins with native structures, in an ATP independent manner.
Two distinct forms of the REG complex activator exist in vivo.
Cytoplasmic REGα/β, a hetero-heptamer composed of homologous but
different subunits, three α and four β (Dubiel et al., 1992; Ma et al.,
1992), and nuclear REGγ, a homo-heptamer composed of γ subunits
(Nikaido et al., 1990).
REGα/β is confined to jawed vertebrates whereas REGγ is found in
worms, insects and higher animals. Generally, the biochemical properties
of both complexes are quite clear although their precise biological
functions are still an enigma. Structure determination of a homo-
heptameric human REGα helped to understand how these complexes are
assembled (Knowlton et al., 1997) (Fig 3B). The structure of the parasite
Trypanosoma brucei proteasome regulator PA26 is structurally similar to
the REGα  complex although the proteins are only 14% similar.
Determination of the structure of PA26 in complex with the yeast S.
cerevisiae 20S proteasome has given insights concerning how these
regulators might perform activation of hydrolysis (Whitby et al., 2000).
The PA26 regulators open the 20S gate and impose 7-fold symmetry on
the 20S proteasome entrance and thereby align the N-termini of the α-
subunits into an ordered conformation (Forster et al., 2003) (Fig 3C). By
use of model peptide substrates it has been shown that REGα/β activates
all three activities of the 20S proteasome beta subunits (Dubiel et al.,
1992; Ma et al., 1992; Realini et al., 1997). REGγ has been proposed to
preferentially activate the proteasome trypsin-like (basic LRR peptide)
activity (Gao et al., 2004; Masson et al., 2001; Realini et al., 1997).
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Fig 3. A) Model and picture for association and opening of the 20S proteasome in
complex with the PA200 regulator (Ortega et al., 2005). B) Structure of the homo-
heptameric REGα, side and top view respectively (Knowlton et al., 1997). C)
Structure of complex between the 20S proteasome and the PA26 regulator (Forster et
al., 2003). (Figures copied with permission from authors of the cited papers.)

REGα/β
Whereas REGα/β is expressed in all cell types of higher eukaryotes,
indicating a general function, REGα/β deficient mice are viable, implying
a more specialized role (Murata et al., 2001; Preckel et al., 1999).
Interferon-γ treatment induces both the immuno β-subunits and REGα/β,
indicating a function in immunity. REGα/β is abundant in immune
tissues and virtually absent from brain.  Mice knockout studies show that
REGα/β is necessary for efficient antigen processing for some class I
epitopes (Murata et al., 2001).  How REGα /β  proteasome complexes
might facilitate antigen presentation is not clearly known and several
mechanisms have been proposed and these may all contribute to the final
outcome.
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One possible idea is that the association of REGα/β to the proteasome
confers a large exit channel for the generated peptides (Rechsteiner and
Hill, 2005). This could alter the average peptide length thus producing
larger amounts of products suitable for binding to the class I molecules.
Alternatively, REGα/β might specifically alternate the cleavage sites
within a polypeptide generating unique epitopes. Another possibility is
that the REGα/β re-localizes proteasomes to be in the vicinity of the TAP
transporter, thereby channelling the peptides directly to the antigen
machinery (Rechsteiner and Hill, 2005).

REGγ
The cDNA of the REGγ regulator was originally isolated in 1990 using
anti-Ki(REG) serum as a probe (Nikaido et al., 1990). Patients with
systemic lupus erythematosus (SLE) produce auto-antibodies against a
variety of nuclear antigens including REG. The function of this
proteasome activator still remains elusive. REGγ knockout in mice shows
mild growth retardation and a final 10% smaller mature mice indicating a
possible function in cell proliferation not compensated by REGα /β
(Murata et al., 1999). Upon immunological challenges REGγ knockout
mice do not effectively clear pulmonary fungal infection (Barton et al.,
2004). Both mice knockout studies performed report a higher proportion
of embryonic fibroblasts in the G1 phase, and Barton et al also report a
threefold increase in apoptosis compared to wild type cells. A higher
proportion of cells in the G1 phase is also observed after RNA
interference to the Drosophila homolog REGγ in S2 cells (Masson et al.,
2001; Masson et al., 2003), paper III. Insects only have the REGγ protein.
As discussed by Rechstiener there are several lines of evidence for REGγ
having a role in apoptosis. REGγ has been shown to interact with several
proteins involved in apoptosis and a function as an anti-apoptotic factor
could explain its high levels in adult brain and malignant cells (Okamura
et al., 2003; Rechsteiner and Hill, 2005). All together these studies
indicate a possible role for REGγ in cell-cycle progression, apoptosis, or
both, but the precise role of this proteasome regulator and by what
mechanisms it functions still remain to be determined.
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19S REGULATOR
The 19S activator, also known as proteasome activator PA700 or
regulatory complex (RC), was first discovered in 1986 (Hough et al.,
1986). Two 19S complexes on each side of the 20S build the 26S
proteasome, which mediates the essential ATP dependent ubiquitin
mediated degradation of proteins (Driscoll and Goldberg, 1990; Eytan et
al., 1989; Hoffman et al., 1992). The 26S proteasome is present in both
the cytoplasm and the nucleus of eukaryotic cells. Early electron-
micrograph pictures of the 26S proteasome inspired researchers to
initially describe the 19S as a "dragon head" (Fig 2B).
The 19S regulatory particle is thought to recognize and bind
polyubiquitin chains, unfold the substrate protein, and translocate the
substrate into the core 20S particle. The structure of the 19S complex
(900 kDa), or any of its individual subunits, is not yet determined.  It has
proven problematic to study individual subunits as they are difficult to
over express as isolated soluble proteins, and even when possible, current
data indicates that individual isolated subunits likely will not function
without its complex partners.
Currently about 20 subunits are considered to build the 19S regulator
(Glickman et al., 1998; Leggett et al., 2002). Purification and subunit
interaction studies have yielded insights into the composition of the sub-
complexes within the 19S in different species (Davy et al., 2001; Ferrell
et al., 2000; Fu et al., 2001; Isono et al., 2004a; Isono et al., 2004b). The
19S can be dissociated into two sub-complexes called the base and the lid
(Glickman et al., 1998), (Fig 4).
The base consists of six ATPases (Rpt1-6, regulatory particle triple-A)
and the non ATPases Rpn1, Rpn2 and Rpn10 (S5a) (regulatory particle
non-ATPase). The ATPases belong to the AAA family (ATPases-
associated-with-different-cellular-activities) that share a 230 residue
AAA-module (Neuwald et al., 1999). These six Rpts appear to have
distinct functions in yeast and separate null mutations are lethal and not
suppressed by overproduction of other Rpt subunits (Rubin et al., 1998;
Russell et al., 2001).
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The 19S base interacts with the proteasome and has been shown to have
chaperone like activity in vitro (Braun et al., 1999), therefore, the base is
thought to have reverse chaperone function, unfolding proteins before
translocation into the 20S cylinder. Gating of the channel controls both
substrate entry and product release and is specifically regulated by the
Rpt2 ATPase (Kohler et al., 2001). Chemical cross-linking and immuno-
electron microscopy studies indicate that the 19S has a fixed position
relative to the 20S core particle (Hartmann-Petersen et al., 2001; Kopp
and Kuehn, 2003). The two large non-ATPase subunits, Rpn1 and Rpn2,
contain PC (proteasome-cyclosome) repeats. Recent studies show that
Rpn1 acts like a scaffold for proteins interacting with the proteasome,
sometimes via the PC domains.
The 19S lid is composed of 8 subunits that share significant sequence
homology with the CSN (COP9 signalosome proteins). The COP9
signalosome is a nuclear enriched complex originally identified as a
photomorphogenesis regulator in plants (Wei et al., 1994). The COP9
signalosome is required for removal of ubiquitin-like NEDD8 proteins
from cullin subunits of the SCF-type of E3 ubiquitin-ligases and thereby
decreasing ligase activity (Lyapina et al., 2001; Schwechheimer and
Deng, 2001).
Six of the eight 19S lid subunits contain PCI (proteasome/COP9/eIF3)
domains (Hofmann and Bucher, 1998). The PCI forms a α helix, usually
present at the C-terminus of proteins that are components of multi-subunit
complexes. The remaining two 19S subunits, Rpn11/S13 and Rpn8/S12,
contain MPN (Mpr1/Pad1/N-terminal) domains. Although several of the
lid subunits have been studied in different aspects, no specific function
have been assigned to them, except for one, Rpn11/S13. Generally, all lid
subunits are probably important for lid complex formation and their
individual functions may require the presence of neighbouring subunits
and thus are difficult to study individually.
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Fig 4. Schematic picture of the 19S proteasome activator. S. cerevisiae (top) and
human (below) nomenclature. The 19S activator is composed of two sub complexes,
the base and the lid. The base ATPases associate with the 20S proteasome. Several
deubiquitinating enzymes, DUBs, have been shown to associate with the 19S
complex. Recently proposed subunits are white and their existence vary between
species.

Classical purification studies revealed the original 17-18 subunits of the
19S complex. Now however, more gentle purification methods, usually
performed in yeast, have revealed new complex members. In 2002 Legget
and colleagues successfully affinity purified 26S proteasomes from S.
cerevisiae and discovered additional, previously unidentified, associated
proteins or subunits (Leggett et al., 2002). The major new components
were three evolutionary conserved proteins, Ubp6, Ecm29 and the HECT
E3 ligase Hul5. Ubp6 is a deubiquitinating enzyme containing an N-
terminal ubiquitin-like domain and a C-terminal catalytic domain. The
Ubp6 interacts with both the base and the lid and was shown to bind the
base non-ATPase subunit Rpn1 through its ubiquitin like domain.
Binding to the proteasome activates Ubp6 to cleave ubiquitin chains.



18

The Ecm29 protein seems to be a stabilizer of the 26S proteasome since it
binds both 20S and 19S (Leggett et al., 2002). Localization studies of the
human Ecm29 homolog also revealed association with 26S proteasomes,
and a function in coupling 26S proteasomes to secretory compartments
was proposed (Gorbea et al., 2004).
Another recently identified subunit of the 19S lid is Sem1 (Funakoshi et
al., 2004; Sone et al., 2004). Sem1 was shown to interact with Rpn10/S5a
in S. cerevisiae and deletion analysis showed a function in maintaining
the association of the base and lid sub complexes. The human homolog
DSS1 (Deleted–in-Split-Hand/Split-Foot-1) interacts with the tumor
supressor BRCA2, which is a component of an E3 ligase involved in
repair of DNA double stranded breaks (Crackower et al., 1996).
Interestingly, an involvement of Sem1-associated proteasomes in DNA
repair has been reported recently (Krogan et al., 2004). Sem1 was
proposed to be renamed Rpn15 to clarify its identity as a component of
the 19S lid complex (Sone et al., 2004). The fact that the Sem1 protein
was not discovered earlier could be explained by its small size (predicted
Mw 10 kDa). Like other proteasome subunits it is well conserved in
eukaryotes. Yet another proposed 19S lid subunit is the Daq1/Rpn13
protein, observed after affinity purification of proteasomes from S.
cerevisiae (Verma et al., 2000).
A non-proteolytic role for the 19S has been proposed where the 19S base
is coupled to transcriptional regulation through association with
Polymerase II without any apparent link to proteolysis (Ferdous et al.,
2001; Ferdous et al., 2002; Gonzalez et al., 2002; Ottosen et al., 2002).
This recruitment of 19S components to transcriptionally active genes
described in vivo for S. cerevisiae awaits further mechanistic
characterization. Overall, the ubiquitin-proteasome pathway is known to
be involved in regulating transcription at numerous levels, of which some
are linked by a degradation activity while others may be independent of
proteolysis, as discussed in (Muratani and Tansey, 2003).
An increasingly more detailed view of the multi-subunit 19S activator is
emerging. Separate 19S subunits are shown to have different functions
and interaction partners both outside and within the complex, and new
members are proposed to be part of the complex in vivo. Many questions
about the 19S proteasome regulator still remain to be answered and the
extensive research of the ubiquitin-proteasome pathway will provide
some of these answers. Below follows a more detailed background on the
two subunits investigated in the papers, Rppn11/S13 and Rpn10/S5a.
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Rpn11/S13
The Rpn11/S13 (MPR1/pad1+/Poh1) subunit is the most conserved lid
subunit, with 65% similarity at the amino acid level between yeast and
human (Glickman et al., 1998; Penney et al., 1998). Currently, this is the
only subunit of the lid with a clearly defined function. Initially, the
Rpn11/S13 gained special interest as it was discovered in screens for drug
resistance in human cells (Arioka et al., 1998; Shimanuki et al., 1995;
Spataro et al., 2002; Spataro et al., 1997). Mutational analyses showed
that lack of this protein leads to over replication of DNA due to mitotic
arrest and accumulation of ubiquitinylated proteins (Rinaldi et al., 1998).
Later three separate investigations of the Rpn11/S13 subunit in S.
cerevisiae  discovered that the Rpn11/S13 protein possesses a
deubiquitinating activity (DUB) (Maytal-Kivity et al., 2002; Verma et al.,
2002; Yao and Cohen, 2002). The studies demonstrate coupling of
deubiquitinylation and degradation by the proteasome and support earlier
data of an intrinsic 26S proteasome deubiquitinase (Eytan et al., 1993;
Lam et al., 1997). Interestingly, the DUB activity is ATP dependent and
is not affected by ubiquitin aldehyde or ubiquitin vinylsulfone, the
inhibitors of classical DUB enzymes. Indeed, the deubiquitinating activity
differs from previously known DUB proteases as the cysteine in the
conserved region was not essential for activity. Rpn11/S13 belongs to a
subset of MPN-domain proteins that contain an MPN+ or JAMM
(JAB1/MPN/Mov34 metalloenzyme) motif that harbours the active site
residues (Fig 7).
The Mpn+/JAMM contains a distinct arrangement of two histidines and
an aspartate preceeded by conserved serine and glutamate residues
(EXnHXHX7SX2D). Mutational analyses of this motif showed that the
two histidines and the glutamate are required for function. Thus the
Rpn11/S13 belongs to a novel metalloprotease family of hydrolysing
enzymes in which the conserved residues chelate a zinc ion. The Zn2+ is
thought to activate a water ligand that functions as the nucleophile in the
form of a hydroxide ion.
An additional study showed that the corresponding signalosome subunit
Csn5, sharing the same JAMM motif, also depended on the same
histidines and Zn2+ to cleave NEDD8 from neddylated proteins (Cope et
al., 2002). Both S13 and Csn5 must be incorporated into larger complexes
before they are active, indicating that other subunits in the complexes
may associate in binding and positioning the substrate properly. Ub5 was
released from a Ub5-protein substrate, indicating that the proximal
isopeptide bond is cleaved off efficiently, recycling the entire ubiquitin
chain (Yao and Cohen, 2002).
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In addition, structural studies of a Jab1/MPN domain protein in
Archaeoglobolus fulgidus revealed that this domain resembles a cytidine
deaminase fold, placing this domain in a super family of metal dependent
hydrolases (Tran et al., 2003).
Is the Rpn11/S13 the sole DUB protease for the 26S proteasome? A
number of studies have demonstrated that this is not the case, and that
instead other DUB enzymes also associate with the proteasome (se
further in the deubiquitination section).
Characteristics generally associated with mutations in essential
proteasome genes are cell cycle defects and accumulation of
polyubiquitinated proteins in the cell. In addition, for Rpn11, mutations in
the C-terminal part display a mitochondrial origin of overreplicated DNA
and mitochondrial malfunction suggesting that Rpn11 also participates in
preserving mitochondrial functions (Rinaldi et al., 2004; Rinaldi et al.,
1998; Rinaldi et al., 2002).
As described in paper I, we have examined the Drosophila Rpn11/S13
homologue to see if the function and phenotype for this 19S subunit is
conserved in metazoan cells (Lundgren et al., 2003). In Drosophila there
is a single gene for the S13 subunit situated on the 2L chromosome with
88% similarity to the human protein.

Rpn10/S5a
Rpn10/S5a (p54/pus1) is perhaps the most studied proteasome subunit. In
spite of numerous studies of domain mapping, subunit interactions and
functional properties the actual function/s of S5a remains an enigma.
After its original characterization a drop in interest for this protein
occurred, much because of work describing a non-essential function in S.
cerevisiae. In a number of recent publications however, Rpn10/S5a is
gaining strong interest again; being reported as centrally important for
ubiquitin dependent degradation. It is noteworthy that S5a is the only 26S
proteasome subunit found to be present as a stoichiometric component of
the 26S and as a free subunit apart from the complex.
The human Rpn10/S5a subunit was an obvious candidate for
polyubiquitin chain recognition since it was shown to bind polyubiquitin
chains in vitro via  the C-terminal polyubiquitin binding (PUB) or
ubiquitin interacting (UIM) motifs (Deveraux et al., 1994). This UIM
domain is found in several proteins involved in ubiquitination or the
ubiquitin metabolism, including proteins associated with receptor
endocytosis (Hofmann and Falquet, 2001).



21

The UIM domain is generally found in two or more copies in each protein
and comprises a highly conserved core, φ-x-x-Ala-x-x-x-Ser-x-x-Ac,
where φ denotes a large hydrophobic residue and Ac an acidic one.
Drosophila and human p54/S5a have been shown to have two functional
UIMs (Haracska and Udvardy, 1997; Young et al., 1998). Sequence
analysis of the Drosophila S5a/p54 indicates a possible third, not
functionally characterized, UIM compared to human.
It should be noticed that S5a is the only 26S proteasome subunit that
differs prominently between yeast and most other eukaryotes, where the
yeast contains only one UIM at the C-terminus, compared to two or more
for other species.
The N-terminal part of all S5a proteins contains a VWA (von Willebrand
A) domain common to proteins in multi-protein complexes (Whittaker
and Hynes, 2002) The VWA domain is thought to confer proteasome
association. Alternative splicing of Rpn10/S5a is developmentally
regulated in mouse producing five distinct proteins. An embryo specific
form, highly expressed in brain, contains only the first UIM (Kawahara et
al., 2000). An evolutionary conservation of splice forms has been
proposed based on sequence studies (Kikukawa et al., 2002).
Initial work on rpn10Δ cells in S. cerevisiae displayed a viable phenotype
with only slight defects in protein degradation (van Nocker et al., 1996)
which led to the assumption that Rpn10/S5a was non essential and
therefore not a key receptor for ubiquitin in the proteasome. However,
recent studies of these mutants indicate a severe impairment in substrate
degradation contradictory to the earlier studies (Verma et al., 2004).
In addition, knockout in Drosophila caused lethality at the larval-pupal
stage and induction of proteasome genes (Szlanka et al., 2003). Deletion
of Rpn10/S5a in the moss Physcomitrella patens or Arabidopsis thaliana
displays impaired growth and development (Girod et al., 1999; Smalle et
al., 2003). Although it was suggested that the ubiquitin binding sites of
the S5a subunits in bovine are blocked in the 26S proteasome (Lam et al.,
2002), another study propose a contribution of the S. cerevisiae Rpn10 to
polyubiquitin chain recognition while incorporated in the proteasome
(Elsasser et al., 2002). Excess S5a has an inhibitory effect on substrate
degradation in vitro, probably due to sequestration of polyubiquitinated
substrates (Deveraux et al., 1995; Verma et al., 2004).
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Probably several subunits within the 19S activator contribute in
recognizing and binding polyubiquitin chains. In addition, proteins
outside the 26S that are capable of binding ubiquitin chains and interact
with proteasomes are involved in the ubiquitin-proteasome pathway for
regulatory functions (Hartmann-Petersen et al., 2003a; Hartmann-
Petersen et al., 2003b; Saeki et al., 2002b).  It has been shown in yeast
that the UBA/UBL domain proteins Rad23 and Dsk2p interact with both
the proteasome Rpn1/S2 subunit and polyubiquitin (Elsasser et al., 2004;
Rao and Sastry, 2002; Schauber et al., 1998; Wilkinson et al., 2001). S5a
interacts with polyubiquitin via its UIM domain whereas for Rad23 and
Dsk2p this task is accomplished by the C-terminal ubiquitin pathway
associated (UBA) domains. Yeast strains lacking both Rad23 and S5a
show a delay in G2-M transition of the cell cycle and increased levels of
poly-ubiquitinated proteins. Rad23 and Rpn10 bind to the proteasome
independently and to individual sites (Lambertson et al., 1999; Seeger et
al., 2003). The second UIM of S5a interacts with Rad23 (Hiyama et al.,
1999; Walters et al., 2002; Walters et al., 2003), an interaction absent in
yeast due to the lack of this UIM. The combined results from several
studies now show that Rpn10/S5a, Rad23 and probably Dsk2 function in
parallel to serve as polyubiquitin receptors for proteasomes (Elsasser et
al., 2004; Saeki et al., 2002a; Verma et al., 2004), see further in substrate
delivery section).

LOCALIZATION OF PROTEASOME COMPLEXES

The various regulatory complexes and subpopulations of proteasomes
have different distributions. Several studies using immunofluorescence
microscopy and subcellular fractionations with subunit specific
antibodies have been performed both for mammalian cells (Brooks et al.,
2000) and yeast (Russell et al., 1999), summarized in (Rivett et al., 2001;
Wojcik and DeMartino, 2003). Generally, the intracellular and tissue
distribution of proteasomes and their complexes varies depending on a
particular cell type and its differentiation/developmental state (Farout et
al., 2003). The eukaryotic 20S proteasome is present both in the nucleus
and cytoplasm and constitutes about 0.6% of the total cellular protein in
HeLa cells (Hendil, 1988).
The regulator complexes have specific cellular locations. For mammalian
cells, REGγ and PA200 is nuclear, REGα/β is predominantly cytoplasmic
and the 19S activator is distributed between the two compartments.
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Immunoproteasomes appear to be enriched around the ER where they
may function close to the TAP transporter, facilitating transport of
peptides into the ER lumen for association with MHC molecules (Rivett
et al., 2001). Free 20S complexes are not present in high levels in
proteasome preparations, indicating that they normally function in
complexes with different activators.
The mobility of proteasomes in vivo has been studied using the FRAP
technique on GFP fusions to 20S β subunits (Reits et al., 1997). These
studies showed that proteasomes diffuse rapidly within the cytoplasm and
nucleus, but slowly and unidirectionally into the nucleus. Mammalian
proteasomes are equally distributed between cytoplasm and nucleus
whereas in S. cerevisiae, about 80% is nuclear or perinuclear.
Although the dimension of the nuclear pores could accommodate the
entire 26S proteasome, large complexes are not allowed to passively
diffuse into the nucleus. Instead passage of macromolecules larger than 9
nm in diameter is a signal-mediated process that requires specific docking
receptors called karyopherins or importins. Several 20S proteasome α-
subunits and 19S base and lid subunits contain nuclear localization
signals (NLS).
Studies in S. cerevisiae show that 20S proteasomes are imported as
precursor complexes through the nuclear pore via karyopherin α/β and
then fully assemble in the nucleus (Lehmann et al., 2002). Also the 19S
base is imported via similar mechanisms, accomplished by a functional
NLS in the S1/Rpn2 subunit (Wendler et al., 2004). How the 19S lid
complex is imported into the nucleus remains to be investigated.
Proteasomes could also be retained in the nucleus during reassembly of
the nuclear envelope after cell division, except for yeast, which has a
closed mitosis.
Tissue distribution studies performed in rat showed that
immunoproteasomes were abundant in the spleen but almost absent in the
brain in contrast to standard proteasomes that showed the reversed pattern
(Noda et al., 2000). Lung and liver contained both types of proteasomes.
19S, REGα/β , and REGγ were found in all tissues studied. Post-
translational modifications of subunits, such as phosphorylation, further
allows for a precise adjustment of proteolytic activity within cells
(Claverol et al., 2002; Hendil et al., 1998).
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20S/26S PROTEASOME BIOGENESIS

SUBUNIT EXPRESSION

Concerning regulation of expression of proteasome genes there is a great
difference in the amount of knowledge for S. cerevisiae compared to
other eukaryotes including S. pombe. This is due to the finding and
characterization of the S. cerevisiae specific Rpn4 protein that maintains
homeostatic proteasome levels.
Rpn4 was originally described as a subunit associated with the 26S
proteasomes and was later characterized as a transcription factor binding
to a conserved motif present in promoters of proteasome pathway genes
and other genes.
Rpn4 binds to a nonamer sequence motif (5´-GGTGGCAAA-3´) named
the PACE-element, for proteasome-associated control element
(Mannhaupt et al., 1999). The Rpn4 protein is very short-lived and apart
from binding promoter sequences also interacts with the Rpn2/S1 subunit
of the 19S activator (Xie and Varshavsky, 2001). A negative feedback
circuit has been proposed where Rpn4 is degraded by the proteasome
under normal conditions, but is stabilized when intracellular proteolysis is
impaired or decreased.
Upon stabilization Rpn4 acts to increase the transcription of proteasome
genes and is thereafter degraded by the assembled active proteasomes (Ju
et al., 2004). The degradation of Rpn4 by the proteasome can occur either
via ubiquitination or in a ubiquitin independent manner (Ju and Xie,
2004) and the specific E3 ligase for Rpn4, Ubr2, was recently described
(Wang et al., 2004a).
Transcriptional profiling studies in S. cerevisiae have shown that Rpn4
influences the expression of more than 700 genes, most of which are
involved in various stress responses (Jelinsky et al., 2000). Apart from
protein degradation these genes are also involved with base and
nucleotide-excision repair pathways. In non-stressed conditions deletion
of the Rpn4 gene in yeast results in a 50% reduction of proteasomal
activity indicating that basal levels of proteasome genes are regulated by
the Rpn4 transcription factor (London et al., 2004). Such a decrease in
activity does however not affect the cell growth since the cell has an
excess level of proteasomes under normal conditions. Interestingly, Rpn4
expression is in turn regulated by transcription factors that also regulate
genes expressed in response to exposure to various drugs and oxidative
stress (Owsianik et al., 2002).
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While more and more detailed information about the S. cerevisiae
proteasome gene regulation is revealed, little is known about the
regulatory mechanism in other eukaryotes and no Rpn4 homolog has
been described for any other species. Obtaining insights about the cellular
systems that sense and compensate for changes in ubiquitin levels and
proteolytic capacity in metazoan systems is however a key question for
current research.
Several reports concern the observed increase in proteasomal activity that
causes muscle wasting under catabolic conditions like cancer, sepsis, and
kidney failure, reviewed in (Price, 2003). Loss of body weight and
muscle mass is a common consequence and important prognostic factor
in these diseases and potential control of the proteasome activation could
be useful for therapeutic intervention. Several factors influencing the
mechanisms for induction of proteasome mRNA levels have been
reported such as glucocorticoids and a tumor produced protein PIF
(proteolysis-inducing factor) although the direct mechanism has not yet
been elucidated (Combaret et al., 2004; Wyke et al., 2005).
Several studies have shown that the 26S proteasome genes are regulated
in a coordinated fashion in metazoan cells.  Both inhibition of the core
20S proteasome with chemical inhibitors or knockdown of individual 26S
proteins by RNA interference results in a co-regulated transcriptional
activation of proteasomes (Lundgren et al., 2003; Meiners et al., 2003;
Wojcik and DeMartino, 2002), paper I. Sub-toxic levels of proteasome
inhibitors enhanced proteasome activity in neuronal cells resulting in a
reduced vulnerability to oxidative injury and was proposed as a potential
therapeutic target for diseases involving oxidative stress (Lee et al.,
2004). These studies show that there is a difference between protective
and toxic inhibitor concentrations. A more detailed understanding of the
regulatory systems controlling proteasome levels in mammals are
important since currently inhibitors of proteasomes are currently used in
treatment of several cancer conditions.

COMPLEX FORMATION

20S proteasome barrel or cylinder complex is formed through a 16S
“half-proteasome” intermediate composed of a complete α subunit ring
with which β subunits and several polypeptides associate (Frentzel et al.,
1994; Yang et al., 1995). A conserved short-lived chaperone called
POMP (proteasome maturation protein) in mammalian systems is
required for the correct maturation of the 20S proteasome (Ramos et al.,
1998; Witt et al., 2000). POMP coordinates assembly of the half-
proteasomes and processing of β subunits to their active form resulting in
a final degradation POMP by the complete 20S cylinder.



26

The N-terminal pro-sequences and C-terminal extension of the β subunits
is also important for proper maturation and stability (Kruger et al., 2001;
Ramos et al., 2004).
Currently less is known about the assembly of the 19S activator subunits.
Under certain conditions disassembly between the base and the lid has
been observed which indicates that these sub-complexes might constitute
units that form initially and then assemble to make the 19S. Studies of
conditional mutants in S. cerevisiae indicate that the subunits Rpn6/S9
and Rpn7/S10a are important for proper assembly of the lid (Isono et al.,
2004a; Isono et al., 2004b; Santamaria et al., 2003).
Formation and maintenance of an active 26S proteasome from pre-
assembled 20S and 19S sub-complexes requires several proteins and
chaperones such as Ecm29 (Leggett et al., 2002), HSP90 (Imai et al.,
2003) and the nuclear Pno1 and Nob1 (Tone and Toh, 2002). The Nob1
protein joins the 20S and 19S and is thereafter degraded upon
internalization into the active 26S. Phosphorylation of the Rpt6/S8 base
subunit has also been reported to be required for assembly of dissociated
20S and 19S complexes (Satoh et al., 2001).
Regulating proteolytic activity in the cell is vital and in some situations it
is necessary to decrease the amount of functional proteasomes. One
possible way to down-regulate active proteasomes is to disassemble the
26S into separate 20S core and 19S activator complexes. This mechanism
of down regulation is essential for survival of starving S. cerevisiae
entering the stationary phase (Bajorek et al., 2003).
Another example of proteasome down-regulation was shown in a study of
human cells. During apoptosis (programmed cell death) the activity of the
26S proteasome pathway was purposely inhibited. Caspase activation
resulted in the cleavage/loss of three specific 19S subunits, Rpt5/S6´,
Rpn10/S5a and Rpn1/S2. This destroyed the proteasome and inhibited the
degradation of pro-apoptotic molecules, providing a feed-forward
amplification loop of the apoptotic program (Sun et al., 2004).



27

UBIQUITIN SIGNALLING

UBIQUITIN

The 76-residue, 8 kDa, polypeptide ubiquitin (Ub) fulfils essential
functions in eukaryotes through its covalent conjugation to other
intracellular proteins. Ubiquitin is one of the most conserved eukaryotic
proteins with only three of the 76 amino acids differing between the
human and yeast protein. Today, due to great interest and research in the
area, ubiquitin conjugation is recognized as a multifunctional signalling
mechanism with regulatory significance comparable to that of
phosphorylation (Pickart and Fushman, 2004).
Multiple copies of ubiquitin genes are present in a given genome. There
are several kinds of ubiquitin genes that are originally translated as C-
terminal fusions between ubiquitin and other polypeptides or ubiquitin
itself (polyubiquitin genes) (Dworkin-Rastl et al., 1984; Ozkaynak et al.,
1984; Wiborg et al., 1985). Deubiquitinating enzymes process these
fusions to produce identical ubiquitin monomers. Ubiquitins generated
from polyubiquitin gene transcripts are important during stress response
when the need for a large pool of Ub is required. The number of ubiquitin
repeats in the polyubiquitin genes vary between species.
The majority of substrates for the 26S proteasome are tagged for
degradation by attachment of a polyubiquitin chain. The requirement for
ubiquitin during degradation was discovered before the 26S proteasome
was recognized as the responsible protease (Etlinger and Goldberg,
1977). The linking of ubiquitin to a substrate protein, ubiquitination, is a
multistep, energy-requiring process utilizing specific enzymatic pathways
(Hershko et al., 1983). Usually the carboxyl group of the C-terminal
glycine (Gly76) of ubiquitin is covalently linked to an internal lysine
residue in the substrate, through an isopeptide bond, yielding branched
protein species.
Ubiquitin can also be covalently linked to lysines in previously coupled
ubiquitins, producing polyubiquitin chains. Ubiquitin itself contains
seven lysines (K6, K11, K27, K29, K33, K48, and K63) and recent
evidence from proteomics studies in S. cerevisiae postulates, that all of
these can serve as linkages in ubiquitin chains in vivo (Peng et al., 2003).
The attachment of either a single ubiquitin (monoubiquitination), or a
specific polyubiquitin chain (polyubiquitination), to a substrate protein is
believed to serve different regulatory functions (Fig 5A), reviewed in
(Hicke, 2001; Pickart, 2000).
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Targeting for degradation by the 26S proteasome is thought to be
achieved mainly by polyubiquitinating a substrate with a minimum of
four ubiquitins linked through Lys48 (Chau et al., 1989; Thrower et al.,
2000). Chains linked via lysine residues other than K48 are principally
thought to have functions other than targeting proteins for degradation.
Non-proteolytic, reversible events, such as changes in protein activity,
subcellular localization and protein interactions can be signalled through
ubiquitination. Polyubiquitin chains linked through Lys6 and Lys63 and
mono-ubiquitination have all been shown to serve as signals for such
events (reviewed in (Pickart and Fushman, 2004; Sigismund et al.,
2004)). The use of different kinds of polyubiquitin chains in combination
with mono- or multi-ubiquitination makes ubiquitin a versatile and
powerful target signal for the cell.
Although most of the degradation performed by the 26S proteasome is
thought to be ubiquitin dependent, certain substrates can be degraded in
an ubiquitin independent manner. There are several proteins whose
degradation is Ub-independent, or where a Ub-independent pathway
coexists with a Ub-dependent one (Hoyt and Coffino, 2004). Proteins that
are loosely folded or contain disordered domains may interact directly
with the proteasome without specific ubiquitin modification. Misfolding
of proteins through denaturation has been shown to enhance substrate
presentation to the proteasome and a general function in interacting with
non-native conformations has been proposed for both the 20S and 26S
complexes (Davies, 2001; Hoyt and Coffino, 2004; Strickland et al.,
2000).

UBIQUITINATION CASCADE

Cellular proteins are ubiquitinated in a highly complex, temporally
controlled, tightly regulated manner. Thousands of substrates are
specifically targeted in a process carried out by a cascade of enzymes
with high specificity towards defined structural motifs in the target
proteins. The ubiquitination process requires three types of enzymes, E1,
E2, and E3 (Fig 5B), reviewed in (Passmore and Barford, 2004; Pickart,
2001). Most organisms have one or two isoforms of the E1 enzyme, a
significant but limited number of E2s (30-40) and many E3s (500-1000).
These enzymes collaborate in a hierarchical manner to ensure accurate
substrate ubiquitination (Fig 5C). E1s (Ub activating enzyme) activates
the C-terminus of ubiquitin for nucleophilic attack. The high efficiency of
E1s allows for the production of activated ubiquitin for the entire array of
downstream conjugation events in the cell (Ciechanover A, 1981). The
E2 (Ub conjugation enzyme) transiently carries the activated ubiquitin, on
a cysteine residue, to its corresponding E3 (Ub ligating enzyme).
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The E2 family is structurally well characterized and shares a conserved
core domain of 150 residues. In S. cerevisiae there are eleven different E2
enzymes identified and in the human genome there are approximately
fifty. Every E2 present in the cell interact with a number of related E3
ligases.
The E3 ligase is the principal substrate recognition factor, and it binds its
substrate and its specific E2 at separate sites. The E3 enzymes are
grouped into two mechanistically distinct families: HECT (Homologous
to E6-AP Carboxy-Terminus) domain, and RING (Really Interesting
New Gene) finger E3 ligases, with unrelated sequence and structure.
The difference in the mechanism of HECT and RING finger E3 ligases
suggests that whereas the HECT E3 also provides a catalytic contribution
(by carrying the Ub on a cysteine residue), the primary role of the RING
finger E3 is to function as a molecular scaffold providing a binding
platform for both a E2 enzyme and substrate. Some RING finger proteins
function as single subunit E3s, others function as a part of multi-protein
complexes. A functional variant of the RING finger domain is the U-box
domain found in many E3s (Hatakeyama and Nakayama, 2003;
Hatakeyama et al., 2001).
Multi-subunit E3s uses the RING finger domain for E2 binding in
combination with other subunits, some of which are responsible for
substrate binding. Examples are the SCF (Skp1-Cullin-F-box), composed
of four subunits, and the APC (Anaphase Promoting Complex) composed
of thirteen subunits (Vodermaier, 2004).
How formation of a polyubiquitin chain is achieved is a yet unsolved
question and the mechanisms discussed above only consider the
attachment of the initial ubiquitin. Participation of E4 chain elongation
factors (Koegl et al., 1999) or multimerization of E2/E3 components have
been suggested to play a role in polyubiquitin chain formation. One study
showed that ubiquitin-charged E2s must be released from the
E3/substrate complex to allow for polyubiquitination to occur
(Deffenbaugh et al., 2003).
Database entries specify numerous potential HECT and RING finger E3s
(human genome ~1000), but the majority of these enzymes are
functionally uncharacterized. Future studies will further explain the
functions and interactions of E2 and E3 enzymes and the detailed
mechanism of catalysis. Results from studies in yeast show a physical
association of certain ubiquitin ligases and the 26S proteasome,
suggesting they participate in the delivery of substrates to the proteasome
(Lee et al., 2005; Xie and Varshavsky, 2000). Whether this is a common
phenomenon is however not clear and the actual mechanisms for
substrate delivery is likely to vary for different cellular compartments and
substrates.
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Fig 5. Ubiquitination A ) Ubiquitin signal for different events in the cell.
Monoubiquitination and polyubiquitin chains linked via unique internal lysine (K)
residues of ubiquitin, may define different fates for a substrate protein. B) Ubiquitin
conjugation. Ubiquitin (Ub) is activated by an E1-activating enzyme and transferred
to an E2-conjugating enzyme. Finally, an E3-ligase directs ubiquitin to, commonly, a
lysine residue of a substrate. C) The hierarchical system in the ubiquitination cascade.
A combination of different E2s with different E3s enables the selection of a wide
variety of specific substrates, S. Several deubiquitinating enzymes, DUBs, exist that
can reverse the ubiquitination and rescue substrates from degradation.
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Degradation signals

To be targeted for degradation by the 26S proteasome a protein must
contain some structure recognized by the Ub-protein E3 ligase. The
recognition is triggered by different ubiquitination signals, termed
degrons or destruction signals. The exact destruction signal must be
individually confirmed for each protein. To date, only a limited number
of examples have been reported, where the actual motif and mechanism
of E3 recognition is elucidated. Not many E3 recognition signals have
been described in detail and considering the enormous variety of
substrates degraded by the ubiquitin-proteasome pathway there are a lot
of degron to be determined in the future. The following states some
examples of proposed destabilizing signals.
PEST sequences have a high proportion of proline, aspartic, glutamic
acid, serine and threonine residues. The PEST sequences are present in
many rapidly degraded proteins and are, in combination with
phosphorylation, one type of degradation signal (Rogers et al., 1986).
Another example is the destruction box present in mitotic cyclins and
other APC substrates. In the sequence, RXALGXIXN, the arginine/R and
leucine/L residue determines specificity (King et al., 1996).
A famous third example found in many different forms of life is the N-
end-rule pathway (Bachmair et al., 1986; Gonda et al., 1989; Varshavsky,
1992). The N-end-rule states that the life span of cytosolic proteins is
correlated with the identity of the N-terminal residue, and certain N-
terminal residues favour rapid ubiquitination. The discovery was made by
studies of synthetic model substrates in S. cerevisiae. Short-lived
polypeptides, degraded within 3 min of their production, commonly have
“destabilizing” Arg, Lys, Phe, Leu or Trp at the N-terminus.
In contrast, polypeptides have half-lives exceeding 30 hours in the cell
when they have “stabilizing” residues such as Cys, Ala, Ser, Thr, Gly,
Val or Met. The majority of proteins in the cell have stabilizing N-
terminals but can be processed to become a N-end rule substrate and
recognized by the E3 ligase that recognizes substrates based on their N-
terminal amino acid. The N-end-rule was originally characterized by in
vitro degradation of model peptides but in vivo substrates have now also
been reported. The N-end rule has been implicated in functions such as
chromatide separation/stability (Nasmyth et al., 2000; Rao et al., 2001)
and apoptosis (Ditzel et al., 2003). Further characterization of the N-end-
rule E3 ligases, Ubr1 (E3α) and Ubr2, will enable the identification of
proteins degraded by means of their N-terminal residue (Bartel et al.,
1990; Kwon et al., 1998; Kwon et al., 2003).
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The UFD (ubiquitin fusion degradation) pathway was originally
described as a model system for studying ubiquitination (Johnson et al.,
1995). A ubiquitinated substrate escapes recognition and cleavage by
deubiquitinating enzymes when the last glycine residue in the attached
ubiquitin is mutated. This modified ubiquitin will then serve as a site for
further chain elongation and rapid degradation by 26S proteasomes. Both
N-end-rule and UFD pathway proteins are widely used as tools to
produce model substrates degraded by the ubiquitin-proteasome pathway.
In the traditional view of ubiquitination a substrate protein is modified at
an internal lysine residue. Studies where lysine residues in substrate
proteins are mutated indicate that E3s seem to be able to ubiquitinate
different lysines in a rather nonselective way.
In only a few substrates has the requirement of a specific lysine been
identified. If a preferred but not required lysine exists in multi-lysine
containing proteins is however not known. A new mode of ubiquitination
has emerged after the discovery that also substrates where all lysines are
substituted are ubiquitinated, N-terminal ubiquitination (Breitschopf et
al., 1998) reviewed in (Ciechanover and Ben-Saadon, 2004).
The possibility of N-terminal ubiquitination has been reported for several
lysine substituted substrates, but internal lysines also play a role in the
wild type protein. Recently, however, ubiqutitination at the N-terminus in
naturally lysine less proteins have been described (Ben-Saadon et al.,
2004; Kuo et al., 2004).  How common N-terminal ubiquitination is in a
biological context, and what the E3 recognition signals are remain to be
determined. N-terminal ubiquitination is an attractive model for all lysine
less proteins and proteins with lysines not accessible to E3 ligases.
Ubiquitination depends on successful and productive interaction between
the E3 and two cognate proteins, the E2 and the substrate. The
conjugation reaction can thus be regulated in many ways controlling
protein-protein interactions (VanDemark and Hill, 2002). In principal,
some change has to trigger an interaction between a specific substrate and
its specific E3 ligase. This could be performed by a change in the
substrate or the E3 enzyme. In addition to the degradation signals
mentioned, common protein modifications such as phosphorylation,
dephosphorylation, glycosylation, deacetylation, hydroxylation, and
aminoacylation can also induce ubiqutination and serve as degradation
signals, review (Pickart, 2004).



33

DEUBIQUITINATION

Ubiquitination is reversible, due to multiple deubiquitinating enzymes,
DUBs, or Ub-isopeptidases, that process the length of the ubiquitin chains
or remove them from the targeted substrate. Over 90 potential genes for
deubiquitinating enzymes have been recognized in the human genome,
making them one of the largest classes of enzymes in the ubiquitin system
(Borodovsky et al., 2002; Hu et al., 2002). DUBs regulate the Ub-
proteasome system at different levels (reviewed in (Baek, 2003; Wing,
2003)). The deubiquitinating enzymes are essential for the generation of
free ubiquitin monomers from the expressed polymeric precursors, as
well as for recycling ubiquitin used in different polyubiquitin chains. The
canonical K48 linked ubiquitin chains used as a signal for degradation are
not degraded with the substrate, but are salvaged and reused do to
deubiquitination. In model substrates with non-cleavable ubiquitin the
rate of degradation is decreased, as the ubiquitin has to be degraded along
with the substrate.
By cleaving and removing a ubiquitin chain from a protein (shaving),
deubiquitinating enzymes may rescue proteins marked for degradation,
thus constituting a key regulatory step in this otherwise irreversible
process. The length of a polyubiquitin chain can also be adjusted at its
distal end for regulatory purposes. The large number of predicted
deubiquitinating enzymes adds a further level of control in the various
ubiquitin-mediated processes. Just like the E3 ligases, some DUBs act on
specific substrates whereas others have more general functions (Fig 5C).
Localization of individual DUBs to certain subcellular structures or
complexes is a key mechanism for setting functional specificity and
activity.
The classical deubiquitinating enzymes are cysteine proteases subdivided
into two families-, the Ub C-terminal hydrolase (UCH) family and the
Ub-specific processing protease (UBP or USP) family (Chung and Baek,
1999). The highly conserved UCH members are usually small in size (20-
30 kDa) and preferentially cleave ubiquitin from small peptides and
amino acids. The larger UBPs (60-300 kDa) generally appear to have
more specified substrates and exhibit strong homology in mainly two
regions surrounding the catalytic cysteine and histidine residues. Ubiqutin
aldehyde and sulfone derivatives of ubiquitin potently inhibit these
enzymes and serve as valuable tools in their characterization.



34

Other DUBs using cysteine in the catalytic process include more recently
proposed proteins or protein families. Examples are: the ovarian tumor
superfamily (OUT or otubains) (Borodovsky et al., 2002), Josephin
domain proteins (Scheel et al., 2003), and the tumor suppressor
cylindromatosis CYLD protein (Brummelkamp et al., 2003; Kovalenko et
al., 2003; Trompouki et al., 2003).  Through the characterization of
Rpn11/S13 in the 19S lid and Csn5 in the COP9 signalosome, as enzymes
capable of deubiquitination and deneddylation respectively, a new class
of hydrolyzing proteins has recently been described. Both these enzymes
use a similar metalloprotease motif, JAMM, in the catalysis and thus
represent a different mechanism of action compared to the cysteine
hydrolases.

DUBs in the proteasome
Early on in the study of proteasome subunits a deubiquitination activity
associated with the 26S proteasome was reported (Eytan et al., 1993).
Several deubiquitinating components have now been discovered that
function in close interaction with the 26S proteasome (Lam et al., 1997),
review (Guterman and Glickman, 2004b). Currently, at least four
deubiquitinating proteins with different species distribution have been
shown to associate with the 26S proteasome (Fig 4). Rpn11/S13, the
JAMM enzyme, and Uch37/p37a, a UCH deubiquitinating enzyme, are
both considered to be subunits of the proteasome (Holzl et al., 2000;
Stone et al., 2004). The other two, Ubp6 and Doa4, associate more
loosely with the proteasome.
Ubp6 (Usp14 in human) is a cysteine based DUB enzyme that is
associated to the Rpn1/S2 subunit of the 19S regulator via a ubiquitin like
(UBL) domain (Borodovsky et al., 2001; Leggett et al., 2002).
Interestingly, the activity of Ubp6 is dramatically increased upon
proteasome association. Extensive studies of Rpn11 and Ubp6 in S.
cerevisiae show that these proteins perform complementary roles in
deubiquitinating a model substrate (Guterman and Glickman, 2004a).
Doa4 is another UCH enzyme that has been reported to associate with the
proteasome (Papa et al., 1999; Papa and Hochstrasser, 1993). No obvious
Doa4 (S. cerevisiae) homolog is present in S. pombe, whereas the S.
pombe genome contains the Uch37/p37a protein that is in turn absent
from S. cerevisiae.
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The relative role of each proteasome associated deubiquitinating enzyme
in recycling is unclear and the timing of their action in relation to
substrate handling remains to be investigated. The presence of distinct
and different DUBs in specific genomes probably reflects divergence in
function. In general, information about deubiquitinating enzymes has
been somewhat under-studied compared to the intensive efforts to
elucidate E3 ligase functions. Now, recognized as equally important these
enzymes have gained in attention. Both classes of enzyme show promise
as therapeutic targets since some of them show high substrate specificity
in regulation of key proteins in the cell and in the end it is the combined
action of ubiquitin conjugation and de-conjugation that will determine the
fate of a particular protein.

UBIQUITIN-LIKE PROTEINS

Proteins with sequence similarity to ubiquitin can be placed in two
groups: ubiquitin-like modifiers/proteins that can be conjugated to target
proteins, and proteins that contain a domain homologus to ubiquitin often
as a part of a large multi-domain structure.
Ubiquitin is just one protein in a superfamily of similar proteins that can
be covalently linked to other proteins (Hochstrasser, 2000; Schwartz and
Hochstrasser, 2003). The mechanism of attachment is generalized and
composed of essentially similar cascades of conjugation and de-
conjugation enzymes as the ones described above for ubiquitin (E1, E2,
E3 and DUB -related enzymes). However, the linkage of the other
modifiers to substrate proteins signals for events separated from
proteasomal degradation.
In this group of proteins Sumo and Nedd8 are the most studied. Sumo
(small ubiquitin related modifier) is an evolutionarily well conserved
protein that has 20% sequence similarity and shared structure with
ubiquitin, although with a more charged surface. The majority of Sumo
substrates are located in the nucleus. A consensus sequence (ψKXE),
with the Sumo accepting lysine (K), is present in most substrates (ψ is a
hydrophobic residue). Sumolation signals for a number of cellular events
such as: nuclear transport, transcriptional regulation, chromosome
segregation and cell cycle control (Marx, 2005).  Nedd8/Rub1 is most
similar to ubiquitin in sequence and structure. The only known target for
Nedd8 is the cullin subunit of SCF-related ubiquitin E3 ligases.
Neddylation of this subunit is required for activity and specificity of the
ligase complex (Hori et al., 1999).
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The ubiquitin-like modifiers further manifest nature’s habit of using small
proteins in networks for different functions. These protein modifiers are
larger and have more chemically varied surfaces than small molecule
modifiers. This results in greater flexibility and plasticity for these
adaptor molecules compared to phosphorylation or methylation.
Indications are that overlapping functions and cross over between
different conjugating systems do occur. Indeed, ubiquitination and
sumolation occur in the same substrates and even at the same residue in
some cases. Apart from the two ubiquitin like proteins mentioned above,
at least another eight have been reported and more are expected
(Schwartz and Hochstrasser, 2003). In addition, proteins that have
structural but no sequence similarity to ubiquitin are likely to have been
overlooked.

The UBL (ubiquitin like) and UBX (ubiquitin regulatory X) are examples
of non-conjugatable ubiquitin like protein domains. The UBL domain is
defined by 45-80 residues with significant primary sequence homology to
ubiquitin and is usually found close to the N-terminus of proteins. Most
UBL containing proteins have been proposed to participate in the
ubiquitin-proteasome pathway and they are proposed to interact with
proteasomes.
The UBX domain shares structural similarity to ubiquitin although no
sequence homology. The UBX domain comprises 80 residues and is
usually found at the C-terminus of proteins (Buchberger, 2002;
Buchberger et al., 2001; Schuberth et al., 2004). The functions of most
proteins harbouring UBX domains are not known except for the p47. The
p47 protein UBX domain interacts with cdc48 (TER94/VCP/p97) and is
thought to mediate some of the functions of this protein complex
(discussed later). In a recent study of S. cerevisiae UXB domain
containing proteins it was shown that all seven UBX proteins were able to
associate with cdc48 (Schuberth et al., 2004).
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UBIQUITIN INTERACTING MOTIFS/PROTEINS

One of the currently most debated questions in the ubiquitin-proteasome
field is how does ubiquitinated substrates arrive to the 26S proteasome.
Are they delivered there by specific factors/helpers, are the E3 ligases
generally in the close vicinity of proteasomes for direct delivery, or do
polyubiquitinated substrates randomly diffuse to the proteasomes? So far
little is known about how poly or mono ubiquitinated proteins are
specifically recognized and degraded or alternatively delivered to specific
locations. A complex network of proteins carrying different Ub-binding
domains seems to be involved and responsible in performing all the
different tasks signalled by ubiquitin conjugation (reviewed in
(Buchberger, 2002; Di Fiore et al., 2003)). The earliest characterized
ubiquitin binding motifs are the UBA and the UIM domains. The UBA
(ubiquitin associated) domain is composed of about 40 residues,
constituting a compact three-helix bundle often present at the C-terminal
of proteins (Hofmann and Bucher, 1996).  The UBA domain is found in
E2 and E3 enzymes and other proteins linked to ubiquitination. BLAST
analysis of the human genome reveals 26 proteins with UBA domains
(Seibenhener et al., 2004).
UIMs (ubiquitin interacting motif) are present in many proteins, usually
in several copies (Hofmann and Falquet, 2001). The small twenty-residue
motif contains a highly conserved core that is proposed to form a short α
helix that can be embedded into different protein folds (Fisher et al.,
2003). The different UIM containing proteins include DUBs, E3 ligases,
proteins containing also UBA domains, and proteins involved in receptor
endocytosis. Both UBA and UIM domains can interact with mono- or
poly- ubiquitin although with a preference for longer chains (Hofmann
and Falquet, 2001; Wilkinson et al., 2001). UIM motifs can also associate
with ubiquitin like, UBL, domain containing proteins.
The Rpn10/S5a UIMs that function as receptors for polyubiquitin chains
and proteins carrying ubiquitin-like domains (Deveraux et al., 1994;
Young et al., 1998). Other reported ubiquitin interacting motifs are less
well studied. The CUE (Cue-1 homologus) domain is not well
characterized and was originally identified by database searches. It was
recently shown that CUEs bind ubiquitin. Another example is the UEV
domains (ubiquitin E2 variant) that are related to the catalytic domain of
E2 conjugating enzymes, although lacking the catalytic cysteine residue.
Yet another ubiquitin interacting domain is the Npl4 zinc finger (NZF)
domain found in several proteins that function in Ub-dependent processes
(Alam et al., 2004).
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SUBSTRATE DELIVERY TO THE PROTEASOME

A striking feature of the ubiquitin-like motifs and ubiquitin associating
proteins is thefact that they frequently occur in evolutionary conserved
combinations for a number of different proteins. Examples of such
combinations are proteins containing an N-terminal UBL together with a
C-terminal UBA domain, or proteins carrying an N-terminal UBA and a
C-terminal UBX domain. The ubiquitin-proteasome pathway is now
emerging as a complex network including (apart from the proteasome and
its different regulators, ubiquitin and the ubiquitination cascade) a
number of auxiliary factors and protein complexes. Functional
interactions within the network are commonly accomplished through the
use of ubiquitin-like and ubiquitin-interacting domain containing
proteins.
To cope with all the possible signalling events performed by ubiquitin,
polyubiquitin, and ubiquitin like proteins/domains, the cell has evolved a
multitude of proteins carrying ubiquitin-binding domains. At first glance,
and second, this whole myriad of diverse effector-protein families is quite
complex and hard to survey although now functional links and networks
are being proposed as a result of extensive research in the field
(Hartmann-Petersen and Gordon, 2004; Richly et al., 2005).
An example of a protein involved with proteasomal degradation is Rad23.
Rad23 interacts with the proteasome via the N-terminal UBL domain and
also possesses two C-terminal ubiquitin binding UBA domains (Schauber
et al., 1998; Wilkinson et al., 2001). This protein has been proposed to
work in concert with the Rpn10/S5a subunit in the delivery of substrates
to the 26S proteasome (Elsasser et al., 2004; Lambertson et al., 1999;
Verma et al., 2004). Both Rpn10/S5a and Rad23 preferentially bind to
polyubiquitin chains, probably due to the long flexible region between the
ubiquitin binding motifs, UIMs and UBAs respectively (Wang et al.,
2005). The binding is thought to be cooperative (Raasi and Pickart, 2003;
Young et al., 1998). In addition, the second UIM of Rpn10/S5a can
interact with the UBL domain of Rad23 (Hiyama et al., 1999).
It has been debated whether Rad23 and Rpn10 work as inhibitors or
facilitators in protein degradation. Recent results show that it is important
to be able to monitor the relative molar ratios between these proteins and
the proteasome to observe biologically relevant effects. Studies in S.
cerevisiae show that if the protein is added at a ratio only slightly higher
than normal both Rpn10 and Rad23 have inhibitory effects (Verma et al.,
2004). This has also been separately observed in other in vitro
experiments for plant S5a and human Rad23 (Deveraux et al., 1995;
Raasi and Pickart, 2003).
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If these proteins are present in excess their polyubiquitin chain binding
properties will probably sequester polyubiquitinated proteins and thus
presentation to proteasomes will be inhibited.
Another example of proteins working with the proteasome is the
p97/cdc48/VCP/TER94 ATPase (Bays and Hampton, 2002). The p97 is a
homo-hexameric ring complex composed of a protein with an N-terminal
substrate/co-factor binding domain and two AAA ATPase domains. The
ring shaped hexamer complex possesses both folding and unfolding
activities and has a central cavity, as revealed by structure determination
and electron cryo-microscopy imaging (Huyton et al., 2003; Rockel et al.,
2002; Zhang et al., 2000). The ATP hydrolysis results in conformational
changes for this essential, ubiquitously expressed and highly abundant
molecular chaperone (Rouiller et al., 2002). The p97 has been reported to
be involved in a large variety of cellular processes such as protein
degradation, membrane fusion, gene expression, cell cycle control, and
apoptosis (reviewed in (Wang et al., 2004b)). Recent evidence shows that
p97 cooperates with different sets of adapters and co-factors to perform
its various functions.
The two most studied adaptors are the hetero-dimer Npl4/Ufd-1 and the
p47 protein. The Npl4 (nuclear protein localization 4) protein contains the
first studied NZF ubiquitin interacting motif and a ubiquitin-fold domain.
The Ufd-1 protein (ubiquitin fusion degradation 1) was one of the
proteins originally identified as being important for the UFD pathway
(Johnson et al., 1995). The p47 protein contains a C-terminal UBX and an
N-terminal UBA domain. The exact functions of these adaptors are not
known, but Ufd1/Npl4 has been reported to preferentially bind
polyubiquitin chains, whereas p47 appears to bind monoubiquitinated
proteins (Meyer et al., 2002). It should be noted that p97 by itself also
binds polyubiquitinated proteins directly and that a growing number of
additional co-factors are being discovered (Hartmann-Petersen et al.,
2004).
Now recent work in S. cerevisiae proposes a central role for p97 in
ubiquitin dependent degradation, where p97 participates as a central
component in polyubiquitin chain formation and presentation of
substrates to the proteasome (Richly et al., 2005). In addition this work
also links the Rad23, the Dsk2 and the Ufd2 to these processes. Ufd2 is
another UFD pathway protein that has been proposed to have chain
elongation activity (Koegl et al., 1999).
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In this model p97, together with Ufd1/Npl4 and Ufd2, promotes
polyubiquitination of substrates and then Ufd2 mediates transfer of the
substrate to Rad23 (or Dsk2), which subsequently guides them to the
proteasome (Richly et al., 2005). The Rpn10/S5a protein is proposed to
provide a separate route to the proteasome for substrates with more
extended polyubiquitin chains, possibly supported by Rad23 or Dsk2.
Overall, future studies will have a great challenge in sorting out the
intracellular networks involved in ubiquitin signalling in general and
ubiquitin mediated proteolysis in particular.
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METHODS

DROSOPHILA MELANOGASTER

The Drosophila melanogaster fruit fly serves as a model system for many
cellular processes common to higher organisms including humans. The
first release of the Drosophila genome sequence occurred in 2000
(Adams et al., 2000). In the 120 megabase euchromatin about 13,600
genes were predicted. The presented genome sequence and the many
powerful molecular tools for Drosophila analysis developed over time
make this organism an influential model organism. The genome is quite
compact, compared to the human, with short distances between genes and
short intronic sequences.
Purified Drosophila proteasomes have for a number of years been a
source for tomography studies of these complexes using electron
microscopy (Kurucz et al., 2002). Drosophila proteins usually show great
homology to proteins in human, which means that information received
about one system can be predicted to apply to the other. Drosophila is a
well documented and appropriate model system for studying metazoan
26S proteasome pathway functions and has been used in a number of
studies (Haracska and Udvardy, 1996). Typically, Drosophila cell lines
were used in the studies of this thesis. The Schneider 2, S2, cell line were
originally derived from a primary culture of late stage (20-24 hours old)
embryos (Schneider 1972). Mbn-2 cells is a tumorous blood cell line
originating from flies homozygous for the malignant blood neoplasm
mutation l(2)mbn (Gateff, 1980). For both these cell lines RNA
interference can conveniently be induced by directly adding dsRNA to
serum free media, without the need for transfection reagents.

IN VIVO ASSAY FOR THE 26S PROTEASOME

The 20S proteasome can be studied by use of the fluorescent model
peptide substrates. These systems can be used for studying activation of
20S proteasomes by different activators. However, to reproduce the
complex interactions leading to ATP-dependent degradation of
ubiquitinylated proteins by the 26S proteasome a different assay is
required. One way to measure 26S activity is to use in vitro assays where
the degradation of a ubiquitinylated model substrate is followed. Purified
26S proteasomes are usually used in these assays, since in a cell extract
only a low proteasome specific degradation can be obtained and the
potent activity of DUBs will deubiquitinate the substrate.
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Purified 26S proteasomes easily dissociate and it has recently been shown
that there are probably several unknown components functioning in the
system in vivo. For example, as described above, several new proteins,
previously unknown to interact with the 26S, were recently identified
using a non-traditional purification method (Leggett et al., 2002).

An in vivo system is an additional helpful tool to address questions of the
26S proteasome ubiquitin dependent degradation. We have utilized an in
vivo 26S proteasome assay for Drosophila S2 cells based on GFP (Green
Fluorescent Protein) that was constructed for mammalian expression by
(Dantuma et al., 2000). Stable cell lines were produced expressing these
GFP substrate constructs under a constitutive promoter. The GFP fusions
are rapidly turned over and the cells turn green when the proteasome
system is impaired. An increase in fluorescence can thus be followed as a
signal for disturbed degradation in response to different treatments of the
cells. The GFP stabilization for single cells can be monitored by
fluorescence microscope and a whole cell population can be analysed by
use of flow cytometry.
Based on the N-end rule two different GFP substrates were constructed.
The selected N-terminal residues were incorporated between a ubiquitin
and the GFP in the recombinant clones. When expressed, the ubiquitin is
very rapidly cleaved off by deubiquitinating enzymes in the cell exposing
the specifically chosen N-terminal of GFP. A substrate that has a
stabilizing N-terminal methionine (Ub-M-GFP), produces stable GFP and
is used as a control.
Another construct has a destabilizing arginine at the N-terminus, (Ub-R-
GFP), representing a rapidly ubiquitinylated and degraded substrate. A
third substrate was used representing the Ubiquitin Fusion Degradation
(UFD) pathway (Johnson et al., 1995). In this construct a GFP is fused to
a “non-removable” ubiquitin, creating a short-lived protein in vivo where
the Ub function as a degradation signal. A Ub-protein conjugate contains
an isopeptide bond between the C-terminal Gly 76 of ubiquitin and the ε-
amino group of a lysine in the substrate. Normally the ubiquitin is rapidly
removed at the Ub-protein junction by Ub specific proteases. The
deubiquitination of the Ub fusion is inhibited if the C-terminal Gly76 of
ubiquitin is converted to another residue. Thus as the UbG76V-GFP
construct is expressed, the non-removable ubiquitin will result in quick
multiubiquitination and degradation of the GFP, again creating a GFP
substrate whose accumulation indicates impairment of the 26S
proteasome system, Figure 2, paper I.
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RNA INTERFERENCE

In 1998 Fire and colleagues reported landmark work describing that
injection of dsRNA into Caenorhabditis elegans initiated a sequence
specific degradation of the corresponding cytoplasmic mRNA, the
discovery of RNA interference or RNAi (Fire et al., 1998). While
offering great potential for analysis of gene function, knowledge of the
endogenous role for the RNAi machinery also revolutionizes the
understanding of gene regulation in eukaryotic systems.
Three types of naturally occurring small RNA have been described: short
interfering RNAs (siRNAs), repeat associated short interfering RNAs
(rasiRNAs) and micro RNAs (miRNAs). These RNAs differ in origin and
have different but also overlapping functions or outcomes. siRNAs are
produced exogenously, for example by viruses and induce mRNA
degradation. miRNAs and rasiRNAs origin from endogenous hairpin
transcripts or transposons and mediate translation repression/mRNA
degradation or chromatin modification.

Several miRNAs in animals exhibit tissue-specific or developmental-
stage-specific expression, indicating that they play important roles in
regulation of many biological processes (Lagos-Quintana et al., 2002;
Murchison and Hannon, 2004). The processing of these RNAs and their
incorporation into active silencing/regulating complexes, RISC, RITS and
miRNP respectively, share the family of proteins involved in the RNA
interference (Fig 6).
RNAi is initiated by the conversion of dsRNA into 21-28 nucleotide
fragments by RNAse III enzymes named Dicer (Bernstein et al., 2001).
These short dsRNAs have been termed small interfering RNAs (siRNAs)
and guide the degradation of target mRNAs (Zamore et al., 2000). This is
performed by incorporation of one strand of the siRNA into the “RNA-
induced silencing complex” RISC (Hammond et al., 2000). This complex
is composed of several subunits, and the actual mRNA “slicing” enzyme
argonaute2 was recently identified (Liu et al., 2004; Meister et al., 2004).
The assembled RISC complex cleaves mRNAs with sequences
complementary to the siRNA sequence.
One role for the RNAi machinery is to function in protection against
viruses and transposons, since most viruses store and replicates their
genomes as RNA. This is most documented in plants, where the RNAi
system is used as an immune system for the genome sharing its
specificity and amplifying abilities (Plasterk, 2002). In accordance,
viruses have evolved various strategies to counteract this effect by
suppressing the silencing (Lecellier and Voinnet, 2004).
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RNAi is probably a eukaryotic innovation since Archea, prokaryotes but
notably also S. cerevisiae lack the different RNAi pathway proteins.
The RNAi technique allows for rapid analysis of virtually any eukaryotic
gene in several different species. The ability to study knockdown rather
than knockout phenotypes can be important in the investigations of
essential proteins, since proteins can be knocked down to levels that are
sufficient to confer phenotypes. Level of knockdown should be monitored
in each experiment using specific antibodies on Western blots or rtPCR.
Several aspects decide the efficiency of protein depletion such as the
amount of dsRNA added, time after silencing, the half-life of the specific
protein, and finally the efficiency of the selected sequence for
interference.
RNAi as a tool for analysis of gene function offers advantages over
classical recombination approaches in some contexts. By targeting splice
specific sequences it is possible to target particular splice variants of a
protein. Other advantages include high gene-silencing efficiency at low
concentrations, ease of finding target sites, high specificity and low costs.
There are several ways of delivering the dsRNA depending on organism
and experimental set up, such as injection, soaking cells/animal, feeding,
transfection, and viral delivery. Stable cell lines expressing hairpin
precursors with inducible or constitutive transcription can be produced to
get a non-transient effect. Systemic silencing, caused by spread of
silencing signal between cells, occurs in plants and nematodes, reviewed
in (Meister and Tuschl, 2004).
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Fig 6. Schematic picture of RNA interference pathways in Drosophila. miRNAs
origin from endogenous hairpin structures that are cleaved by the Drosha enzyme and
then transported to the cytoplasm. In the cytoplasm, Dicer enzymes cleave the
precursor miRNA to smaller RNA pieces that can be used to regulate gene expression
at the translational level. Transposons and other repeated sequences can also produce
dsRNA, that after processing, also by Dicer, can be used for chromatin regulation.
Exogenously added dsRNA is after processing into the active 22mers, involved in
degradation of mRNA, the classical example of RNA interference.

Development of RNA silencing techniques has accelerated steadily as a
result of the growing interest in its natural roles and applications.
Addition of dsRNA to mammalian systems induces innate immune
pathways. After biochemical dissection of the RNAi pathway and the
discovery that the short double stranded siRNA molecules (22nt) are the
active components that induce silencing, RNAi is now adopted as a
standard methodology for silencing the expression of specific genes also
in mammals.
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Recent finding of a pancreatic specific miRNA that regulates insulin
secretion, and successful silencing of genes in several tissues after
intravenous injections of siRNA connected to cholesterol in mice,
illustrates the promise of RNA interference techniques for the future also
in a possible therapeutic respect (Poy et al., 2004; Soutschek et al., 2004).
In our work we have used a protocol derived from (Clemens et al., 2000)
where an approximately 700nt long dsRNA is produced in vitro by T7
RNA polymerase transcription. The 700nt dsRNA is designed to match
an exonic sequence in the target protein. When added to the S2 cell media
the dsRNA is conveniently taken up by the cells and processed by the
RNAi machinery. After 3-4 days we detect the transient depletion of the
protein and mRNA.
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RESULTS AND COMMENTS

PAPER I.

RNAi + c to study proteasome subunit function
The RNAi method is well suited for studies of metazoan 26S proteasome
function and the complete Drosophila melanogaster genome is available,
making the RNAi target selection easy. We have used an RNAi protocol
that was originally developed by (Clemens et al., 2000). Several lid
subunits of the Drosophila 26S proteasome have recently been studied in
parallel by the De Martino laboratory, by use of the same method
(Wojcik and DeMartino, 2002). Their studies however lacked a ubiquitin
dependent proteasome assay to monitor the effects of the RNAi
treatments. We developed and used an in vivo assay to follow
proteasomal degradation after RNAi depletion of subunit mRNA for
Drosophila cell lines. In paper I we focused our work on the Rpn11/S13
subunit of the 19S lid.
We have developed a technique that we call RNAi+c were we use the
advantages of RNAi in combination with complementation. The idea is to
knockdown the endogenous Drosophila protein with RNAi and then
rescue the phenotype by introducing a protein from another species that is
a candidate to be the homolog of the Drosophila protein. Using RNAi+c
it is possible to establish if proteins are functional homologs in vivo. If
functional complementarity between the proteins can be established,
further analysis can reveal important residues or domains of the protein
by complementation with specific mutants or deletions of the introduced
protein. The use of complementation enabled us to investigate the
function of specific residues or domains important for the human
S13/Rpn11 to function in the Drosophila proteasome.
In this study the wild type human S13/Rpn11 protein was able to rescue
the knockdown phenotype of the same Drosophila protein. These proteins
are 88% similar and describe a successful use of RNAi+c. Since
complementation concerns proteins of high degree of homology the risk
of knocking-down the “rescuing” protein must be considered. We
investigated how similar the sequence chosen for silencing (700nt) was
between the two species in a simple matrix-scan. A current estimate is
that two genes need to have 80% or greater identity at the nucleotide level
to share interference (Bosher and Labouesse, 2000). There were no
shared 22mers between human and Drosophila S13.
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Function of the S13/Rpn11 subunit
We used RNAi interference to knockdown the Drosophila S13 subunit in
S2 cells. The effect of the RNAi treatment was analysed in several
different aspects. The cell cycle status of the knockdown cells was
analysed using flow cytometry and our results agree with previous
observations in S. cerevisiae, where a cell cycle arrest is shown (Rinaldi
et al., 1998). Analysis by Western blotting showed a general increase in
polyubiquitinylated proteins. This increase was apparently not due to an
overall failure in complex formation of the 19S activator, since
significant levels of 26S proteasome were present in these samples. The
RNAi+c experiments confirm that human S13 is a functional homolog of
the Drosophila protein and restores the increased polyubiquitin levels and
alleviates the cell cycle defects.
The Rpn11/S13 protein has been implicated in resistance to a variety of
drugs. Multi-drug resistance (MDR) has been reported for a number of
compounds including taxol and caffeine (Benko et al., 2004; Spataro et
al., 2002; Spataro et al., 1997). Originally, we set out to study two forms
of the human S13 protein that upon over-expression was previously
proposed to have altered abilities to generate multi-drug-resistance. In a
screen for MDR proteins the exchange of a conserved cysteine to an
alanine (C120A) in the S13 protein resulted in decreased resistance,
whereas a C-terminal deletion (Δ224) showed increased resistance (C.
Realini unpublished data). This difference in drug response could reflect
alteration of functional domains in the protein and we sought to analyse
this in the context of proteasomal degradation. In the meantime, studies
of the S. cerevisiae Rpn11 showed that this protein harboured a cryptic
deubiquitinating activity and was proposed to have the catalytic site
within a specific motif (MPN+/JAMM), which conferred an important
activity to the 26S proteasome (Maytal-Kivity et al., 2002; Verma et al.,
2002; Yao and Cohen, 2002). Two histidines were part of the proposed
active site for deubiquitination and therefore the corresponding residues
in the human protein were also analysed in our study (H113A-H115A),
(Fig 7).
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Fig 7. The Rpn11/S13 protein. A) Different parts of the protein have been reported to
have different functions. Numbers indicate amino acid residues in the human
sequence. The end of the C-terminally truncated protein, Δ224, is indicated by arrows.
The MPN domain harbor cryptic deubiquitinating, DUB, activity. The Δ277-285
region has been shown to be important for maintaining mitochondrial functions in
yeast (Rinaldi et al., 2004). B) Alignment of the amino acid sequences of the MPN
domains of proteasome S13 and Signalosome subunit 5 (Csn5) proteins from different
species. Conserved DUB metallo-protease MPN+/JAMM motif, (EXnHXHX7SX2D),
containing the active site histidines (H113A-H115A) indicated at the bottom. The *
notes the cysteine (C120A) also studied in paper I.

In line with the results obtained in yeast, the two histidine residues
conserved within the JAMM motif are important for human S13 function
in Drosophila. The C-terminal deletion mutant of S13 (Δ224) did not
restore ubiquitin levels or cell cycle defects and was not incorporated into
the 19S activator. A deletion of part of the C-terminus has been shown to
be important for mitochondrial morphology and function (Rinaldi et al.,
2004).
The analysis of the C120A mutant shows that this residue is important for
human S13 functions within the Drosophila cell. This is contrary to the
results obtained in yeast, where the mutation of a corresponding
conserved cysteine, within but not a part of the JAMM motif, displayed
viability comparable to the wild type protein (Maytal-Kivity et al., 2002;
Yao and Cohen, 2002). In the present complementation studies the
C120A mutant did not rescue the cell cycle arrest observed in S13
knockdown cells. Yet, the accumulation of polyubiquitinated proteins
was partially restored, which is consistent with the yeast results.
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Our results suggests that for the Drosophila metazoan system, the
conserved cysteine is essential for certain tasks such as restoring cell
cycle progression and preventing entry into apoptosis, but is not essential
for recycling polyubiquitin chains. This functional difference may be due
to different sensitivity to degradation defects. Cell cycle progression
could be more dependent on having a high level of functional 26S
proteasome and is therefore more sensitive to impairment of degradation.
We have not been able to reproduce any drug resistance results obtained
earlier in mammalian cells upon overexpression of either the wild type or
deletion version of the human proteins in Drosophila S2 cells. The
mechanism for the observed drug resistance is not known. As seen in our
work (paper I and II), and others (Chondrogianni et al., 2005), the level of
individual subunits of the proteasome affects the overall level of
functional proteasomes. This could possibly be part of the mechanism for
increased tolerance to drugs and oxidative stress.
This is one of the first demonstrations where the general tool of
complementation is used within RNAi interference. This technique may
prove to be a powerful tool to address functional questions for proteins in
a variety of different model organisms and research areas in the future.
The stable cell line based in vivo proteasome assay has been distributed to
other research groups and should be helpful in the dissection of the 26S
proteasome pathway in the future. We also used this assay in paper II.  

PAPER II.

26S proteasome induction after 19S subunit depletion
In paper I it was observed that RNAi depletion of Drosophila Rpn10/S5a
or Rpn11/S13 caused a substantial induction of functional 26S
proteasomes, Figure 4, paper I. The effect of knocking-down either
Rpn10/S5a or Rpn11/S13 differs in that for the former protein no
apparent phenotype was observed within the Drosophila S2 cells,
whereas the Rpn11/S13 knockdown resulted in cell cycle changes and
lethality. In paper II we utilized the observed increase in 26S proteasomes
after RNAi to Rpn10/S5a to investigate which genes are up-regulated
after loss of Rpn10/S5a. We used whole genome Drosophila micro-arrays
to assay mRNA levels in Rpn10/S5a depleted cells. During the present
study, chemical inhibition of 20S proteasomes was shown to induce
transcription of mammalian proteasome genes, as measured by rtPCR, by
another lab (Meiners et al., 2003). This study also confirmed that it was
an increase in transcription and not increased mRNA stability that was
responsible for the elevated mRNA levels (Meiners et al., 2003).
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We confirmed that 20S proteasome inhibition also produced elevated
mRNA levels in Drosophila and chose to include MG132 proteasome
inhibiter treated cells in the microarray analysis.
The exact mechanism that induces an increase in the amount of 26S
proteasome after RNAi treatment in the Drosophila cells is currently not
known. One possibility is that the cells contain a mechanism that is
highly sensitive to increased polyubiquitin chain levels. Both Rpn11/S13
and Rpn10/S5a RNAi cause an increase in ubiquitin conjugates, however,
at different levels. The regulatory mechanism may be triggered by even a
slight increase in the polyubiquitin levels, as was observed with
Rpn10/S5a RNAi treatment. Cells treated with proteasome inhibitor
MG132 also display increased polyubiquitin levels.
Another possible explanation is that the metazoan Rpn10/S5a subunit
may play a direct role in proteasome regulatory mechanisms themselves.
If the Drosophila Rpn10/S5a has an additional cellular function to serve
as a negative regulator (repressor), the loss of the protein after RNAi
could then result in induction of proteasome genes. Interestingly, in a
recent study, overexpression of one of the 20S beta subunits, β5, in
mammalian cells produced an increase in the amount of proteasomes
(Chondrogianni et al., 2005). This indicates that the level of individual
proteasome subunits affects the level of other complex members and also
overall content of functional proteasomes.

Proteasome subunit mRNA up-regulation
Targeted inhibition of the proteasome shows promise in the therapy of
different cancers and information about the regulatory response after
chemical or genetic impairment of the proteasome is gaining interest. We
observed a uniform induction of 26S proteasome subunit genes after both
RNAi treatment and chemical 20S proteasome inhibition, Figure 1, paper
II. In Table II, genes that are induced by Rpn10/S5a depletion are
compared to the levels of induction of the same genes after 20S
inhibition. The level of proteasome subunit induction after RNAi (1.5-2.4
fold) is lower than after drug inhibition (2.5-6.9 fold). This is probably
due to the fact that the drug treatment is more uniform since the cells are
saved for analysis after 5 hours. During the RNA interference, within the
whole population of cells a varied response to the dsRNA occurs, and the
cells are saved after three days of treatment. This likely results in a more
dispersed pattern of induction.
The regulatory mechanism described can also circumvent itself as the
RNAi depletion competes with the induction of gene expression in
controlling the mRNA level.



52

RNAi against Rpn10/S5a, while giving a weaker overall response in
mRNA induction, did however result in an induction that was more
specific for the proteasome genes compared to proteasome inhibitor
treatment. For RNAi treatment the induction of 26S proteasome genes
was localized to a small set that only numbered 81 in total, while for
MG132 treatment the induced family of genes that contained all the 26S
proteasome genes encompassed a set of 333 genes.
Gene expression studies after chemical inhibition of 20S have been
performed earlier in both yeast cells and mammalian cell lines (Dembla-
Rajpal et al., 2004; Fleming et al., 2002; Zimmermann et al., 2000). In
contrast to these studies that investigated general effects of proteasome
inhibition we had a more focused question concerning proteasome gene
co-regulation. Based on previous observations, experiments were
designed to address the question if proteasome gene transcriptional up-
regulation occurs in Drosophila.
A specific time point and level of inhibitor was chosen within the window
of proteasome mRNA induction, 5hours, 10µM MG132, Figure 4, paper
II. From our measurements of proteasome inhibition we could conclude
that the mRNA induction is rather tight and that the global gene
expression after inhibition, varies with time, both regarding the levels,
and which member of genes that are induced.
The use of proteasome inhibition in disease treatment is promising. The
effect of inhibition must be evaluated in several aspects and our studies
show that the level proteasome pathway components are affected in
response to inhibition, which further complicates the matter and should
be considered.

Up-regulated candidate genes
The Drosophila whole genome was available on one separate Affymetrix
chip (14010 genes represented), which is an advantage in this type of
study. By using this experimental set up we sought to investigate if we
could identify unknown up-regulated genes that encode proteins
previously not identified as being part of the 26S proteasome pathway.
Within the range of induction for the proteasome genes we can identify
Drosophila homologs of several subunits and/or auxiliary factors that
recently have been proposed to work with the proteasome. We interpret
these results as evidence that the majority of these genes are truly co-
regulated with the proteasome and thus likely important for the
proteasome pathway. As an attempt to confirm proteasome pathway
functions for some of the genes in Table II, RNAi was performed on a
selected set of interesting candidates (underlined).
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RNAi treatment was performed on the stable cell lines expressing GFP,
the proteasome in vivo assay, and the amount of stabilized GFP substrate
was analysed by flow cytometry. Total cellular ubiquitin was visualized
using ubiquitin antibodies on Western blots. Drosophila antibodies were
not available for the genes knocked-down in the screen and the candidate
gene’s mRNA levels were analyzed with rtPCR. Knockdown could thus
be confirmed for the mRNA, but the actual level of remaining protein is
not known, which is a drawback.
A bit disappointingly, we were unable to show a essential function for the
majority of the RNAi targeted genes selected. Exceptions were in the
cases for TER94, Ufd1 and the 20S proteasome maturase POMP/UMP,
which did show evidence for being essential for the overall Drosophila
proteasome pathway.
Why were so few candidate genes found to be essential in our screen?
One simple technical explanation is that RNAi against some of the tested
genes were not successful in reducing the mRNA levels enough. Or that
remaining protein was enough to maintain functionality during the
analyzed time period. Secondly, our results may lend support to the idea
that the proteasome pathway contains a wide variety of genes that carry
out redundant functions. Knockdown of a single candidate therefore does
not block the overall function of the essential pathway.
In the end, the candidate screen became more of a confirmatory study of
auxiliary factors and recently proposed new subunits. Most of these
proposed factors have been found in studies of yeast, and in line with
those results we can confirm proteasome pathway importance for several
proteins also in Drosophila. Overall, Table II contains a number of
interesting genes, whose function is not known and that can be evaluated
separately in combination with other candidates in future studies.
Our data show that in accordance with the S. cerevisiae system, the
Drosophila  TER94/p97 is co-regulated together with the basal
proteasome genes. A study of the Drosophila and human p97 also argues
a key role for this protein in the proteasome pathway (Wojcik et al.,
2004). This in combination with the substantial effects the knockdown of
this protein confers on proteasomal degradation, argues for a central role
for p97 in the degradation pathway. Indeed, additional data show that the
yeast cdc48 is involved in multiubiquitination and proteasomal targeting
(Richly et al., 2005).
Recently, several proteins involved in substrate delivery have been
reported: Npl4, Ufd1, Rad23, and Dsk2. There is no obvious Dsk2
homolog in Drosophila. We did find, through our microarray study, that
the Drosophila homologs of Ufd1, Npl4 and Rad23 should be considered
as co-regulated genes in the proteasome regulatory pathway.
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Sem1/Rpn15 and Rpn13/Daq1 are two recently proposed subunits of the
26S proteasome that were also found induced in our screen (Funakoshi et
al., 2004; Sone et al., 2004; Verma et al., 2000). Interestingly, in S.
cerevisiae the Rad23, Npl4, Sem1/Rpn15 and Rpn13/Daq1 genes all
contain a PACE element in the promoter, arguing for an evolutionary
conserved co-regulation also in this species.
Another induced gene encodes a protein containing a C-terminal UBA
domain, the sequestosome 1/p62 (Seibenhener et al., 2004). Studies of
this 62 kDa protein in mammalian cell cultures showed its interaction
with the proteasome, specifically with the Rpn10/S5a subunit.  A
preference for binding K63 linked ubiquitin chains and a role in protein
shuttling to the proteasome was proposed for this protein. No homolog to
this gene had been previously described for Drosophila. Our current
results show induction of a Drosophila gene that has a similarity to the
sequestosome protein sequence, CG10360. This gene contains the
conserved UBA domain and a specific zinc binding domain also found in
the mammalian form.

The large oligopeptidase TPPII (tripeptidyl-pepdiase II) has been
suggested to be able to compensate for compromised proteasome activity
in cells subjected to covalent irreversible proteasome inhibitor (Wang et
al., 2000). TPPII has also been implicated to function downstream of the
26S proetasome degrading the peptide products further (Reits et al.,
2004). Another protein that has been shown to be associated with
proteasomes and confer stability between the 20S and the regulator 19S is
Ecm29 (Leggett et al., 2002). Both TPPII and Ecm29 were induced after
MG132 treatment, 2.1 and 3.6 fold respectively, although no significant
induction was observed after Rpn10/S5a RNAi depletion. This indicates
that although all 26S proteasome subunits and a number of other pathway
associated proteins were induced and represented after RNAi treatment,
some proteins may only be significantly induced after drug treatment.
The microarray data for the 333 genes induced upon MG132 treatment
can thus be considered for further analysis in the future.

For the majority of the proteins mentioned above, our results are the first
evidence of their participation in a proteasome co-regulated family of
genes. Many of the gene products have earlier been shown to have a
function in the proteasome pathway but our study is one of the first
approaches to define the metazoan regulatory network. This work uses a
different approach in finding proteins functionally involved in a pathway
or multi-complex subunits as opposed to classical co-purifying methods.
This approach was proven useful for confirming classical subunits and
more loosely interaction partners of the proteasome.
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One interesting approach for future studies would be to analyze the effect
of complete knockout of the novel genes in Table II, paper II. In contrast
to the knockdown effect achieved by the RNAi technique, this could
perhaps be more efficient in revealing the importance of distinct genes. In
addition, combinations of knockouts to produce double deletions are
necessary to overcome redundancy in the system and to identify
important relationships between co-regulated members.

Regulation of Drosophila proteasome subunit gene expression
As described in the proteasome biogenesis section, many of the
proteasome subunits and other pathway genes are under regulation of the
Rpn4 transcription factor in S. cerevisiae. There is however, very little
information about how proteasome genes are transcribed in metazoan
systems. Our work demonstrates the importance and presence of
regulation of the proteasome at the level of subunit abundance. In paper II
we analyzed several different proteasome pathway gene promoters to
investigate the mechanism behind gene transcription induction after
inhibition of the 20S proteasome by the drug MG132.
Our results indicate that there is an element or elements in the upstream
region of a number of proteasome genes, and the ATPase TER94, that is
responsive to proteasome inhibition, Figure 4C, paper II. Further mapping
of one gene promoter, the Rpn1/S2, shows that deletion of the 5´UTR
abolishes the ability to sense the proteasome inhibition and increase
mRNA levels. Exchanging the Rpn1/S2 5´UTR to the corresponding
region in the non-inducible REGγ promoter construct resulted in
sensitivity to proteasome inhibition. In addition, mutations in the 5´UTR
of the promoter for the β-2 gene destroyed the induction. These promoter
studies allowed us to determine that a specific region of the 5´UTR of the
Rpn1/S2 and β-2 is required for sensing proteasome inhibition and as a
consequence induce the mRNA level of these genes in Drosophila.

If RNAi depletion of mRNA for Rpn10/S5a and chemical inhibition of
20S proteasomes work through the same mechanisms at the molecular
level is not known. In an attempt to investigate this we also analysed
reporter plasmid transfected cells that were subjected to RNAi instead of
MG132, but these results were not conclusive due to the difficulty in
studying and mapping transcriptional regulation on RNAi treated cells.
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Further studies are required to reveal the mechanism of induction of
proteasome subunits and other co-regulated genes. One approach would
be to pursue and identify DNA binding factors that mediate the
expression and/or induction of the proteasome genes. This could be
carried out using traditional mobility shift assays with proteasome DNA
regulatory sequences and nuclear extracts. Previous studies of other
systems have shown that regulatory elements within the 5´UTR region
can function at the RNA level, with a protein factor binding the newly
made 5´end of the mRNA sequence. We show that the 5´UTR is
important for inducibility, which also makes regulation at the RNA level
conceivable for the proteasome genes. To investigate this, RNA binding
assays could be performed to find RNA binding proteins with affinity for
the 5´UTR.
Proteasome subunit levels are likely regulated by several different factors
in metazoan systems. Some factors might be important for maintaining
proteolytic function under normal conditions and additional factors might
be required during stress response or cell division and development. To
be able to understand the regulation of proteasome activity in the cell,
these factors and how they influence proteasome capacity will need to be
identified.

PAPER III.

The REG/PA28/11S regulators have been extensively characterized
biochemically, however their biological roles remain unclear.  Drosophila
contains only one form of REG proteasome regulator protein, the REGγ,
and is therefore a simple model system to analyze the function of the
gamma class of REG proteins. In paper III the regulatory elements in the
Drosophila REGγ promoter are characterized. The adjacent gene
upstream of REGγ is strawberry notch (sno) and the two genes are
arranged in opposite directions (Fig 8). Investigation of the promoter
sequence of REGγ revealed two typical Drosophila DNA replication
related element, DRE motifs, an 8 base pair palindromic motif
(TATCGATA) that the DRE binding transcription factor, DREF, can
bind to. This transcription factor has been shown to regulate genes
involved in cell proliferation and differentiation in Drosophila (Hirose et
al., 1993; Hirose et al., 1996; Hirose et al., 1999). In addition, the intron
of the 5´UTR of REGγ contains a sequence that matches the consensus
for an E2F binding site (CCGCCAAA) where proteins in the E2F
transcription factor family may interact.



57

The E2F family has six members in human and two in Drosophila. These
transcription factors regulate genes involved in cellular proliferation and
function as hetero-dimers in combination with another protein family, the
DP, reviewed in (DeGregori, 2002). Specifically it has been shown that
the E2F in Drosophila embryos is important for S-phase progression
(Duronio et al., 1995).

Fig 8. Upstream genomic region of Drosophila REGγ. The adjacent gene strawberry
notch (Sno) starts about 665 base pairs from REGγ and is transcribed in the opposite
direction.

The Drosophila REGγ promoter was fused to a β-gal reporter gene that
could be used to study the regulatory elements identified upstream of
REGγ. Upon mutation of the first DRE element a decrease in β-gal
activity compared to the wild type promoter was displayed. In contrast,
mutations of the second potential DRE site did not show an effect.
Mutations in the E2F site showed a mild increase in β-gal activity,
possibly suggesting that this site might be occupied by an inhibitory E2F
factor, Figure 2, paper III. In addition, gel shift analysis of the promoter
region shows a supershift upon addition of DREF antibody, which is not
observed if a mutant DRE site is used. Regulation of REGγ expression by
similar factors has been observed in both mouse and human. A
microarray study of E2F1 regulated genes in mouse fibroblasts identified
REGγ as a candidate (Ma et al., 2002b). The human REGγ promoter
contains a putative DRE element where a protein homologus to DREF
could bind (Ohshima et al., 2003).
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In summary these results indicate that the DREF and E2F transcription
factors are involved in REGγ regulation. This regulation is probably
conserved in metazoans ranging from Drosophila to man. This in turn
points to a function for REGγ in cell proliferation, which agrees with the
results obtained after depletion of REGγ by RNA interference where a
modest cell cycle defect is observed with a disturbed G1 to S-phase
progression. This suggests that the cell cycle defect observed after
depletion of REGγ is not necessarily directly linked to degradation. The
precise biological role of REGγ still remains elusive but this work has
provided some insights about its regulation and function that can be
useful for future investigations.

CONCLUDING REMARKS

The proteasome has remarkably divergent functions, from a
housekeeping role removing misfolded or damaged proteins to very
sophisticated tasks such as timed degradation of cell-cycle related
proteins. In general, an increasingly more complex view of the dynamic
and tightly regulated 26S proteasome-ubiquitin pathway is emerging.
Recent work raises new concepts about substrate recognition and delivery
as additional factors assisting in the degradation are discovered. Enzymes
involved in the degradation machinery are proposed to be therapeutically
promising. Specific E3 ligases and deubiquitinating enzymes could serve
as targets for directed interference of the degradation of key proteins as
they confer the specificity in the system. The work presented in this thesis
will hopefully contribute to the characterization of this essential pathway
in general and specifically for metazoan systems.
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