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ABSTRACT

Much of what is known about the ubiquitin/proteasome pathway has been deduced from
mutational analysis performed in the yeast model system. From the high level of
conservation between yeast and mammalian ubiquitin it would be expected that expression
of analogous ubiquitin isoforms in higher eukaryotes would result in similar phenotypes. A
site directed mutagenesis approach was employed to investigate the phenotypes of
expression of mutant ubiquitin in higher eukaryotes and in the in vivo setting of novel
ubiquitin transgenic mice. It was found that Ub-EGFP fusion proteins are efficiently
recognized and processed by ubiquitin specific proteases both in mammalian cells and in
transgenic mice; the transgene-derived ubiquitin moiety was found to substitute for
endogenous ubiquitin in poly-Ub chain assembly and ubiquitinated conjugates were
recovered using standard purification methodologies. The expression of chain-terminating
ubiquitin derivatives (K48R and K63R) predisposed cells to the toxic effects of misfolded
proteins and sensitized cells to DNA damaging agents. In transgenic mice, the expression
of K48R mutant ubiquitin was found to confer protective effects and delay the deterioration
of Purkinje neurons in a mouse model of SCA-1. The neuroprotective effect of K48R
mutant ubiquitin may be mediated though stabilization of key transcription factors whose
loss figured in the normal course of the SCA1 disease.

The expression of C-terminal variants in yeast has been proposed to have profound effects
on ubiquitin metabolism. A mechanistically related mechanism has been proposed to
contribute to the pathogenesis of Alzheimer’s disease wherein transcriptional frameshifting
of the ubiquitin B mRNA generates an aberrant ubiquitin protein (termed UBB+1) with an
altered C-terminus. To investigate the constraints with regard to processing/conjugation
and recycling of ubiquitin in higher eukaryotes a plethora of C-terminal ubiquitin variants
were generated and introduced in mammalian cells as linear fusions with EGFP. Mutations
that inactivate yeast ubiquitin did not abolish the function of ubiquitin in higher eukaryotes;
C-terminal ubiquitin variants were processed by deubiquitinating enzymes and in some
cases were found to conjugate to cellular proteins. The tolerance of mammalian cells to
mutant ubiquitin may be attributable to loosened constraints that exist at the C-terminus

due to mechanisms that couple deubiquitination, targeting and destruction of Ub-EGFP
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fusion proteins. Preliminary data suggest that prolonged exposure of cells of neuronal
lineage to C-terminal ubiquitin variant as assessed in transgenic mice may result in

perturbed ubiquitin homeostasis, a feature observed in the pathogenesis of Alzheimer’s

disease.
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Chapter 1

Introduction

1.1 Intracellular degradation; a historical perspective

Progress on the understanding of intracellular protein degradation pathways has
accelerated over the years with the identification of molecular and cellular events that
regulate protein destruction. The observation by Christian de Duve in the 1950’s that the
activity of certain enzymes isolated from fractionated liver extracts increased in a time
dependent manner resulted in the postulate that these enzymes may be normally
compartmentalized in a distinct organelle (reviewed in (Bowers, 1998)). The investigation
of this compartment led to the discovery of the lysosome (otherwise referred to as the
suicide-bag), formerly recognized as the sole mechanism mediating the degradation of
protein substrates in eukaryotes. Lysosomal-mediated-proteolysis is now viewed as the
slow component that accounts for only a minor proportion of protein degradation and
serves in the destruction of numerous membrane-associated proteins, proteins that enter the
endocytic pathway and the non-selective degradation of intracellular proteins under
stressed conditions (reviewed in (Cuervo and Dice, 1998)).

The existence of an ATP-dependent proteolytic system in reticulocyte lysates was
originally proposed by Etlinger and Goldberg (Etlinger and Goldberg, 1977) when in the
early 70’s and 80’s Hershko, Cichanover and Rose (three investigators who won the 2004
nobel prize in Chemistry for their elegant work in deciphering the ubiquitin proteolytic
pathway) demonstated that protein degradation in reticulocyte lysates (devoid of
lysosomes) is dependent on the presence of two previously isolated fractions (Fraction I
and II). The initial observation that Fraction II was lacking the ATP-dependent proteolytic

activity which can be re-stored upon addition of Fraction I suggested that the former



contained a component with the ability to stimulate the ATP-dependent process. The
active component in fraction I was identified as ubiquitin (Ciechanover et al., 1980)
whereas fraction II was found to be enriched in ATP (Ciechanover et al., 1981).
Paralleling this finding was the identification of a novel protein from cattle’s thymus in
early 70’s by Goldstein et al while investigating the biochemical mechanism of myasthenia
gravis (Goldstein et al., 1975). It was originally proposed to act as a thymic hormone
(referred to as lymphocyte differentiation promoting factor) involved in the differentiation
of both B and T lymphocyte populations (Goldstein et al., 1975) only later to be identified
as ubiquitin. The association of a non-histone component in H2A had long been
appreciated when in 1977 this component of the nuclear protein (refered to as A24) was
identifed as ubiquitin (Hunt and Dayhoff, 1977). It was found to be connected by an
isopeptide bond between its epsilon amino group of Lys'" to the C-teminal G76 residue of
ubiquitin (Goldknopf and Busch, 1977). This suggested a novel role for ubiquitin and
established that it could be conjugated to other proteins in the presence of ATP. The
identification of the components associated with the UPP (ubiquitin proteasome pathway)
were slowly discovered and the ubiquitin pathway was acknowledged as the main non-
lysosomal proteolytic system in eukaryotic cells. The UPP which is operative in the
cytoplasmic and nuclear compartments serves as the primary system for the rapid and
regulated destruction of cellular protein substrates by directing them for destruction to the
268 proteasome, an ATP-dependent multi-protease (reviewed in (Glickman and
Ciechanover, 2002)). Ubiquitin, the central player in proteolysis, serves as a molecular tag

to efficiently target proteins for elimination.



1.2 The UPP pathway; a system’s overview

The UPP is required in the maintenance of normal cellular homeostasis typified by
the degradation of cell cycle cyclins (reviewed in (Irniger, 2002)), the degradation of short
and long lived proteins under normal metabolic conditions and in the endoplasmic
reticulum associated degradation pathway (ERAD) where it is involved in the retro-
translocation and degradation of misfolded ER proteins (reviewed in (Hampton, 2002)).
The pathway can mechanistically be simplified in a three step process schematically
portrayed in Figure 1: the activation and conjugation of ubiquitin followed by the assembly
of a polyubiquitin chain on the target protein and its degradation by the 26S proteasome.
Briefly, ubiquitin is activated by an E1 ubiquitin activating enzyme whose role is to elevate
ubiquitin to a higher energetic state that, with combinatorial association with E2 conjugases
(enzymes that assemble ubiquitin chains) and E3 ligases (substrate specificity factors),
permits the formation of a covalent isopeptide bond between the C-terminal glycine residue
of ubiquitin and an internal lysine residue of a protein substrate. The initial ubiquitin
molecule can serve as a substrate for the attachment of succeeding ubiquitin moieties
whose C-termini are attached to the lysine at position 48 within the preceding ubiquitin.
Successive rounds of ubiquitination serve to assemble a poly-ubiquitin chain of a threshold
length of four ubiquitin subunits arranged in a zigzag topology, the structural unit
recognized by the 26S proteasome (Piotrowski et al., 1997). The substrate is then directed
to the 26S proteasome, unfolded and translocated through the interior of the 20S core,
where it is degraded by a combination of resident proteases; the ubiquitin chain is cleaved
from the residual peptide of the substrate and then disassembled to yield the monomeric
form of ubiquitin. The conjugating system, the enzymatic activities responsible for the

processing and recycling of ubiquitin are discussed below.



1.3 The UPP components
1.3.1 Ubiquitin, the central player in proteolysis

Evolutionary conservation of ubiquitin and organization of ubiquitin genes
Ubiquitin is a relatively small, ubiquitously expressed 76 amino acid globular polypeptide
with an unparalleled high evolutionary conservation between eukaryotes (Ozkaynak et al.,
1984) with yeast ubiquitin differing by only three conservative amino acids (position 19
Ser—Pro, position 24 Asp—Glu and position 28 Ser—Ala) from mammalian ubiquitin and
yeast ubiquitin differing by only two amino acids from Barley, Oat, Soya-bean and
Arabidopsis ubiquitin (position 28 Ser—Ala and position 57 Ser—Ala)( sequence
alignment 1s shown in Figure 2). The replacement of yeast ubiquitin amino acids Ser19,
Asp24 and Ser28 by the amino acids Pro, Glu and Ala respectively (found in human
ubiqutin) have not been found to alter the function of yeast ubiquitin as assessed by in vitro
degradation assays in reticulocyte lysates (Ecker et al., 1987b). The conservation of
ubiquitin is highly suggestive of an essential role for each residue in the folding, stability
and/or function of ubiquitin in mammalian systems. Prokaryotes are largely devoid of
ubiquitin with the exception of Anabconyaena variabilis, a cynobacterium and
archaebacteria which possess it (Wolf et al., 1993) and Durner and Béger, 1995)); initial
biochemical characterization of the former ubiquitin isoform demonstrates a remarkable
similarity to eukaryotic ubiquitin with respect to conjugation (Durner and Boger, 1995).
Ubiquitin genes exist as a multi-gene family consisting of three genes: UBA, UBB and
UBC. The first arrangement encoded by the UBB and UBC genes consist of tandem
repeats of an ubiquitin coding sequence in a spacerless head to tail arrangement with the
terminal ubiquitin extended by one amino acid (Tyr in chicken, Val in human, (Dworkin-

Rastl et al., 1984; Ozkaynak et al., 1984)).



Figure 1. Schematic representation of the UPP

Subsequent to the generation of a high-energy C-terminal thioester bond by an E1 enzyme,
ubiquitin is covalently attached to a substrate protein (either a normal protein destined for
degradation or a damaged or abnormally folded protein). Substrate recognition and
subsequent chain assembly are mediated through the activities of E3 and E2 enzymes,
respectively. Upon reaching the threshold length, ubiquitin chains direct the substrate to the
proteasome where it is unfolded and directed into the central channel of the proteasome.
Proteolytic activities lining the inner rings of the proteasome cleave the substrate into short
peptides. DUBs (deubiquitinating enzymes) disassemble the ubiquitin chains to yield
monomers and may also oppose trafficking to the proteasome by shortening ubiquitin
chains or cleaving them off of substrates.
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Figure 2. Primary amino acid sequence alignment of the eukaryotic ubiquitin genes

The three amino acids differing between yeast and human ubiquitin are colored in blue.
Amino acids varying between yeast and other ubiquitin isoforms are colored in green. The
serine at position 57 in yeast and mammalian ubiquitin which is replaced by Alanine in
other organism is underlined.



Human Ubiquitin: MQIFVKTLTGKTITLEVEPSDTIENVKA

Yeast Ubiquitin: MQIFVKTLTGKTITLEVESSDTIDNVKS
Barley Ubiquitin: MQIFVKTLTGRKTITLEVESSDTIDNVK
Oat Ubiquitin: MOIFVRTLTGKTITLEVESSDTIDNVK

Soya-bean Ubiquitin: MQIFVKTLTGKTITLEVESSDTIDNVK
Arabidopsis Ubiquitin:MQIFVKTLTGKTITLEVESSDTIDNVK

Human Ubiquitin: KIQDKEGIPPDQQORLIFAGKQLEDGRTL
Yeast Ubiquitin: KIQDREGIPPDQQRLIFAGRQLEDGRTL
Barley Ubigquitin: KIQDKEGIPPDQORLIFAGKQLEDGRTL
Oat Ubiquitin: KIQDKEGIPPDQQRLIFAGKQLEDGRTL

Soya-bean Ubiquitin: KIQDKEGIPPDQQRLIFAGKQLEDGRTL
Arabidopsis Ubiquitin:KIQDKEGIPPDQQRLIFAGKQLEDGRTL

Human Ubiquitin: SDYNIQKESTLHLVLRLRGG
Yeast Ubiquitin: SDYNIQRESTLHLVLRLRGG
Barley Ubiquitin: ADYNIQKESTLHLVLRLRGG
Oat Ubiquitin: ADYNIQRESTLHLVLRLRGG

Soya-bean Ubiquitin: ADYNIQKESTLHLVLRLRGG
Arabidopsis Ubiquitin ADYNIQKESTLHLVLRLRGG



Polyubiquitin genes are universally expressed although the numbers of repeats vary
between species; a constant number of three ubiquitin coding sequences encoded by the
UBB gene in all mammals and a varying number of repeats encoded by the UBC gene (6 to
11 for human, 10 to 12 for chimpanzee, 8 for gorilla, and 10 for orangutan). The UBA
transcripts belong to the second arrangement consisting of linear fusions of N-terminal
ubiquitin proteins to ribosomal subunits 50 and 80 respectively ((Redman and Rechsteiner,
1989), Redman and Rechsteiner, 1988; Baker and Board, 1991)). The functional relevence
of this fusion is poorly defined; one hypotheses stipulates that the attached ubiquitin moiety
may serve as a molecular chaperone in the folding of the ribosomal subunits (the rapid
folding of the ubiquitin moiety may prevent the illicit degradation of the ribosomal subunit,
(Finley et al., 1989)). The expression of the ribosomal subunit independly of ubiquitin
results in a reduced growth rate of yeast and in ribosomal derangements despite the short
lifetime of the fusion protein (Finley et al., 1989). N-terminal linear fusions of ubiquitin
with actin (an integral cytoskeletal protein) and the acidic ribosomal protein P1 have been
identified in the Chlorarachniophyte algae (Archibald et al., 2003). Again, the functional
significance of these fusions remains poorly defined; it has been speculated that ubiquitin
may be involved in the proper assembly of ribosomes (much like in higher eukaryotes) or
in an indirect role in cytoskeleton rearrangements (ubiquitin may serve in activating the
actin monomers thereby regulating the available pools for microfilament assembly
(Archibald et al., 2003). Whereas ribosomal fusions are constitutively expressed as part of
the housekeeping genes in all cells, the tandem repeats of ubiquitin provided by the UBB
and UBC genes can be induced in response to starvation and elevated temperatures

attributed to the presence of an upstream region with strong homology to the consensus



'heat shock box' nucleotide sequence found in the promoters of many stress inducible
eukaryotic genes (Ozkaynak et al., 1987). Not surprisingly, one of the best promoters
identified to date for the tissue-independent transcription of transgenes is derived from the
human UBC gene (Schorpp et al., 1996). Both types of fusions are subject to co-
translational proteolytic processing by enzymes with ubiquitin cleaving activity, UBPs
(Baker et al., 1992) and UCHs (Larsen et al., 1998) yielding functional ubiquitin moieties

that can participate in cellular processes (discussed in further detail below).

The functional constraints of the ubiquitin monomer

Crystallographic data on the ubiquitin monomer resolved at 1.8A (Vijay-Kumar et al.,
1987) have revealed that the protein can functionally be separated into two major domains;
the globular and highly compact N-terminal domain which encompasses amino acids 1-69
and the more flexible and protruding C-terminus consisting of only six amino acids (70-76)
(depicted in Figure 3). The structure of the ubiquitin monomer is reminiscent to a lollipop
in cartoon form and as such is often referred to as the “ball and stick” protein. Ubiquitin
has a mixed a/B structure, with 5 B-strands and an amphipatic 3.5-turn a-helix intercalated
across the 3-sheet (Vijay-Kumar et al., 1987). Seven reverse turns and a short 3¢ helix
represent approximately one third of the total secondary structure required for the
arrangement of the hydrophobic core (Vijay-Kumar et al., 1987). The majority (~90%) of
the polypeptide chain is involved in hydrogen bonding interactions that maintain secondary
structure providing a structural basis for ubiquitin’s uncommonly high chemical and
thermal stability. Ubiquitin is extremely heat resistant and difficult to unfold even in the
presence of strong reducing agents; as such it has become standard procedure to autoclave

membranes that are subject to analysis with ubiquitin specific antibodies



Figure 3. Schematic representation of ubiquitin

A) The structure reveals a compact N-terminus composed of a mixture of a-helices and B-
strands (depicted by ribbons) and the protruding flexible C-terminus which lacks a distinct
conformation. B) Schematic diagram of a di-ubiquitin chain assembled through lysine 48
of one ubiquitin moiety to the glycine 76 residue of the other. The N-and C-terminal
domains of both ubiquitin moieties are indicated by 1 and 2 respectively. Lys48 (K48) and
Gly76 (G76) residues partaking in the conjugation step are also indicated.
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especially those pertaining to tissues (Mimnaugh et al., 1999). The N-terminus of ubiquitin
can be extensively modified without drastically impairing the biological activity. This
attribute has been used advantageously in appending epitope tags to ubiquitin with the
objective of facilitating the detection and/or recovery of ubiquitin and ubiquitinated
proteins. Ubiquitin has been produced with an amino-terminally fused HA tag (Treier et
al., 1994), myc tag (Ellison and Hochstrasser, 1991; Ward et al., 1995), hexahistidine tag
((Treier et al., 1994), (Ward et al., 1995), (Beers and Callis, 1993)) as well as with
glutathione S-transferase (GST, (Scheffner et al., 1993); it is rather remarkable that the
GST moiety, considerably larger size than ubiquitin itself, does not interfere with its
conjugation.

The N-terminal globular domain

The acidic and basic amino acid side chains are found on the surface of ubiquitin including
those of ubiquitin’s seven lysine residues (K6, K11, K27, K29, K33, K48, K63) two of
which (K48 and K63) have been subject to intensive investigation. Physiological roles
have been attributed to K29, K48 and K63 while roles for the remaining lysines have only
been suggested based on information extrapolated from studied in an in vitro artificial
setting (in vitro assembly of poly-Ub chains). Paradoxically, most roles of ubiquitin are
dependent on the assembly of polyubiquitin chains (rather than mono-ubiquitin) of either a
zigzag topology conferred by G76-K48 linkages or of a non-conventional linear topology
assembled through K63 of ubiquitin. The most characterized function of ubiquitin is in
intracellular protein degradation, a process in which ubiquitin behaves as a molecular tag to
target cellular proteins for elimination. Site directed mutation of the K48 of ubiquitin has
been shown to affect cellular growth in yeast (growth arrested in late G2 or M phase of the

cell cycle) and leads in lethality when representing the sole source of ubiquitin (Finley et
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al., 1994) highlighting the importance of K48 linkages in the efficient targeting of cellular
proteins. Yeast cells expressing K48R chain-terminating ubiquitin exhibit a deficit in the
turnover of short-lived cellular proteins and are sensitive to protein damaging agents
presumably by a mechanism involving the interference of exogenous ubiquitin with the
assembly of targeting signals on key proteins ((Amason and Ellison, 1994) and (Finley et
al., 1994)). The expression of K63R mutant ubiquitin results in defects in the error prone
DNA repair pathway and in an enhanced sensitivity to UV induced stress ((Arnason and
Ellison, 1994) and (Spence et al., 1995)). The crystal structure of the ubiquitin monomer
reveals that the side chains of K6, K33 and K63 are solvent-exposed, while the side chains
of K11, K27, K29 and K48 participate in hydrogen bonds (Vijay-Kumar et al., 1987). K27
is the least exposed Lys residue on the surface of the ubiquitin monomer and analogously
to K33 has not been implicated in ubiquitin-ubiquitin conjugation ((Arnason and Ellison,
1994) and (Spence et al., 1995)). Yeast cells expressing K27