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Abstract
The proteasome and its ancillary proteins
Jonida Tafilaku
The proteasome is an essential multi-protein complex found within all eukaryotes. It
degrades unwanted proteins and is involved in regulating many cellular functions,
including cell homeostasis and apoptosis. Previous research in the field mainly focused on
the mechanisms by which substrate proteins are specifically tagged for proteasomemediated degradation and the subsequent mechanisms involved in substrate processing.
However, the proteasome is known to interact with a wide range of ancillary proteins, and
not all of these interactions have been characterised. The main focus of this thesis was
therefore to identify and investigate the human proteasome interactions at a molecular
level, with a focus on three specific proteins.
Firstly, I investigated the proteasome interaction with the UBR4 E3 ligase. I optimised
the preparation of 26S proteasomes and found UBR4 co-purifying. I also showed that
endogenously-tagged UBR4 conversely co-purifies with proteasome complexes. My
biochemical and biophysical experiments indicate a strong interaction, as it was not
possible to separate UBR4 from the proteasome in vitro. Increasing the yield of obtainable
UBR4 to perform more detailed structural and functional analysis will be one of the future
challenges.
Secondly, I studied the proteasome interaction with the P97 AAA+ ATPase. Using the
baculovirus mediated insect cell overexpression system, I recombinantly co-expressed the
human P97 and the 20S proteolytic core of the proteasome. Although P97 was shown to
co-purify with affinity tagged 20S proteasomes, the data obtained suggest that any direct
interaction appears to be of transient nature or may depend on other still unidentified
proteins or cofactors.
Finally, I focused on PI31, a poorly characterised protein that has been described as a
proteasome inhibitor. Indeed, by adding purified PI31 to 20S proteasomes I showed that in
the presence of PI31 the proteasome peptidase activities are decreased. Interestingly, cryoEM analysis of affinity-tagged 20S proteasomes recombinantly co-expressed with PI31
3

showed the 20S proteasome bound to PA200 and PA28-like caps, with no evidence for the
26S proteasome 19S regulatory particle. There was also a low abundance complex with a
smaller, less-resolved density, that could be assigned to PI31. Surprisingly, these
experiments suggest a regulatory role of PI31 in the selective assembly of higher order
proteasome complexes, rather than acting as an alternative cap directly modulating the
proteasome proteolytic active sites. My results emphasise the importance of fully
characterising the proteasome and its interactors, as regulation of this multi-protein
complex is likely to occur on many different levels, all of which represent potential drug
target sites.
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Chapter 1
1.1

Introduction

Protein degradation mechanisms

Maintaining and regulating cellular components is essential in ensuring eukaryotic cell
survival. Homeostasis is the process in which cells can spatially and temporally control
fundamental cellular properties, including intracellular protein content, pH levels, and ion
availability (Baumeister et al., 1998). Protein homeostasis, also known as proteostasis, is
the process in which proteins are specifically regulated so that biological activity is
maintained according to the cellular environment and demand (Baumeister et al., 1998;
Kern and Behl, 2019). Six decades of accumulated work has led to the current detailed
understanding of proteostasis and its role in maintaining proper cell functionality
(Ciehanover et al., 1978; de Duve et al., 1955; Etlinger and Goldberg, 1977; Goldknopf
and Busch, 1977). A key part of ensuring sufficient cellular regulation is through protein
degradation. In mammalian cells, degradation ensures that unnecessary or unwanted
cellular content is removed accordingly and that cellular processes such as the cell cycle
are aptly maintained and regulated (Collins and Goldberg, 2017). Cellular degradation
occurs within different cellular compartments through two main pathways that mediate
protein degradation; autophagy or the ubiquitin-proteasome system (UPS) (Nandi et al.,
2006). These two distinct but complementary mechanisms are explained in detail in this
chapter.
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1.1.1 Autophagy

Fig 1.1: Autophagy. Autophagy is a multi-step process that breaks down cellular organelles and components
enabling cell survival. The process begins with membrane formation, followed by identification and
grouping of cellular components for degradation. Membrane sealing forms the autophagosome. The
autophagosome then fuses with the lysosome to form the autolysosome. This subsequently results in the
degradation of captured materials.

Autophagy is a highly conserved eukaryotic pathway that was first described by Clark and
Novikoff more than six decades ago (Clark, 1957; Novikoff, 1959). These studies
described mitochondria, from mouse kidneys, enwrapped within membrane-bound
compartments that were later shown to consist of lysosomal enzymes (Clark, 1957;
Novikoff, 1959). The discovery of the lysosome was an important turning point in the
protein degradation field. Until then several experiments had shown that proteins were
constantly being synthesised and degraded but experiments had not yet discovered the
underlying mechanisms (Schoenheimer, 1946; Simpson, 1953). The discovery of the
lysosome provided evidence of how proteolysis could occur (Fig. 1.1). This finding was
later followed by the identification of membrane-bound vesicles that contained semidigested organelles and lysosomal hydrolases (Ashford and Porter, 1962; Novikoff et al.,
1962). The term ‘autophagosomes’ to describe these membrane-bound vesicles was
introduced by de Duve shortly afterwards (de Duve and Wattiaux, 1966). De Duve’s work
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showed that autophagosomes were related to lysosomes and made from the process of
autophagy in which organelles and cytosolic matter are engulfed into membrane vesicles
(Fig. 1.1) (de Duve and Wattiaux, 1966). Seminal work from the 1950s and the 1990s
dissected the well-regulated processes in the lysosome. Autophagy was described as a
selective process in which organelles and other exogenous proteins can be degraded (Deter
and de Duve, 1967; Mortimore and Schworer, 1977; Seglen and Gordon, 1982). This work
was expanded in the molecular era where pioneering studies showed the different steps in
lysosomal degradation and its involvement in the digestion of many substrates and
pathways, as summarised in Fig. 1.1.
Autophagy can lead to the degradation of exogenous proteins obtained from pinocytosis or
receptor-mediated endocytosis, as well as intracellular cytosolic proteins and organelles by
micro and macroautophagy (Goldberg, 2007; Mortimore and Pösö, 1987). Microautophagy
occurs under basal metabolic conditions when parts of the cytoplasm are segregated within
a membrane-bound compartment that then fuses with the lysosomes and results in
digestion of protein extracts in an acidic pH environment (Fig 1.1) (Ashford and Porter,
1962). Macroautophagy, on the other hand, happens under more extreme conditions, such
as starvation, when whole organelles can be engulfed (Ashford and Porter, 1962).
Autophagy provided an explanation of how cellular degradation could be controlled within
the confines of membrane-bound vesicles and how exogenous proteins could be targeted.
Since then, autophagy has been shown to control a plethora of different cellular processes
(Fig.1.2). Understanding the basic principles of autophagy mechanism answered many
questions. However, several other questions remained unanswered, including how specific
proteins, such as mutant or misfolded proteins and proteins with different half-lives, are
targeted.
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Fig. 1.2: Autophagy roles in the cell. Autophagy has a wide range of cellular roles, in which a summary of
these functions is listed above.

Progress for discovering this other degradation system was hampered by the lack of a cellfree system that could reconstitute cellular proteolytic events. This was eventually solved
by Rabinovitz and Fisher who found that abnormal haemoglobin, which contained aminoacid analogues, was efficiently degraded in lysosome-free rabbit reticulocytes (Rabinovitz
and Fisher, 1964). This finding then allowed Etlinger and Goldberg to isolate the first cellfree proteolytic preparation from reticulocytes (Etlinger and Goldberg, 1977). A
subsequent experiment showed that abnormal haemoglobin could be degraded at neutral
pH and required ATP hydrolysis (Etlinger and Goldberg, 1977). A similar experimental set
up was also replicated by Hershko and colleagues shortly afterwards (Ciehanover et al.,
1978). Before these surprising findings, it had been shown by Simpson in 1953 that
intracellular protein degradation requires ATP, however, no known protease requiring
ATP activity had been discovered (Ciechanover, 2005; Goldberg, 2007). The finding of a
ATP-dependent system led to discovering a novel proteolytic pathway, now called the
ubiquitin-proteasome system (UPS), which is responsible for degrading specifically tagged
proteins in the cell.

22

1.2

The Ubiquitin-Proteasome system

1.2.1 Ubiquitination
The first major development in the UPS system was the discovery of ubiquitin by
Goldstein in the 1970s, followed by ubiquitin conjugation as a way to mark proteins for
degradation (Ciehanover et al., 1978; Goldstein et al., 1975; Hershko et al., 1980). These
findings used cell-free extracts from reticulocytes to purify and characterise enzymes that
were involved in the UPS (Etlinger and Goldberg, 1977; Hershko et al., 1978). Using an
anion-exchange resin, Ciechanover and Hershko found that fractionating reticulocyte cell
extract yielded two fractions that were both needed to reconstitute the proteolytic activity
in the extract (Ciechanover et al., 1978). This important finding showed that at least two
components are required to make up this novel degradation system, ATP and ubiquitin. In
one of the fractions, an approximately 8.5 kDa, heat-stable protein was discovered to be an
activator for a protease in fraction two- this was later shown to be ubiquitin but at that
stage was called ATP-dependent proteolysis factor-1 (APF1) (Ciehanover et al., 1978).
Incubation of ubiquitin with fraction two was shown to require ATP (Ciechanover et al.,
1980; Hershko et al., 1980). Goldstein had previously discovered ubiquitin and showed
that it covalently bound histone H2A (Goldstein et al., 1975). However, experiments by
Wilkinson and colleagues linked the APF1 studies with ubiquitin and showed that APF1
and ubiquitin were the same molecule, a highly conserved 76-amino acid protein present in
all eukaryotes (Wilkinson et al., 1980).
In later experiments, ubiquitin’s roles in protein degradation were revealed and its
fundamental role in the UPS in mammalian cells was first explained by Finley and
Varshavsky (1985). The mechanism of ubiquitin conjugation was shown to be similar to
that of peptide-bond formation catalysed by tRNA synthetase during protein synthesis
(Ciechanover et al., 1981). By immobilising ubiquitin as an affinity ‘bait’, the three other
enzymes that are involved in the ubiquitin conjugation pathway were subsequently
purified by Ciechanover, Hershko and colleagues (Ciechanover et al., 1982; Hershko et al.,
1983). The three other enzymes were named enzyme-1 (E1), enzyme-2 (E2), and enzyme3 (E3) (Ciechanover et al., 1982; Hershko et al., 1983). E1 was the ubiquitin-activating
enzyme, E2 was the ubiquitin-conjugating enzyme, and E3 was the ubiquitin-protein ligase
(Fig. 1.3). The discovery of E3 ligases was particularly welcomed as it provided a viable
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solution to the specificity problem of degradation and the existence of proteins with
varying half-lives and stabilities; different E3 ligases were involved in targeting different
proteins.

1.2.1.1

Ubiquitination mechanism

Several studies provided evidence for the ubiquitin-tagging hypothesis. For instance,
ubiquitin conjugation was thought to enhance the denaturation of haemoglobin (Chin et al.,
1982). This was also seen with abnormal proteins that contained amino-acid analogues
(Hershko et al., 1982). Several studies then led to the discovery that ubiquitination is a
multi-step process (Fig. 1.3). During this process ubiquitin must first be activated by an E1
activating enzyme (E1) in an ATP-dependent manner (Ciechanover et al., 1982; Hershko
et al., 1983). This process is fundamental as failure to activate ubiquitin by E1 leads to
shutdown of the whole system, as seen by E1 enzyme inhibitors (Yang et al., 2007). This
reaction results in the formation of a thioester between the C-terminus of ubiquitin and the
E1 catalytic cysteine residue from the sulfhydryl group (Fig. 1.3) (Haas et al., 1982). The
ability of E1 to transfer and activate ubiquitin may be a result of the flexibility of the
ubiquitin fold. This step is then followed by ubiquitin transfer onto the E2 catalytic
cysteine (Hershko et al., 1983). Upon its transfer to an E2 enzyme (E2), ubiquitin is then
transferred to an E3 ligase enzyme through another ATP-dependent step (Hershko et al.,
1982). As previously hypothesised in early ubiquitin studies, E3 ligases (E3) determine the
specificity of the target protein and are thus key regulators in this pathway (David et al.,
2011). E3s usually bind directly to the E2 and form complexes with the substrate (Hershko
et al., 1983). E3 also aids in recognising the protein substrate and stabilising the
conformation, however, it is the E2s that are activating the transfer through the conserved
E2 cysteine residue and the C-terminus of ubiquitin (Hershko et al., 1982). Within
mammalian cells, there are over 600 E3 ligases present and these will be discussed in more
detail in Chapter three.
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Fig. 1.3: The Ubiquitin-Proteasome System. A) Ubiquitin conjugation on a protein substrate is a result of
an E1, E2, and E3 (shown in pink) enzyme cascade in which ubiquitin (purple) is activated by an E1 enzyme
in an ATP-dependent step, transferred to an E2 ligase and finally to an E3 ligase where the ubiquitin is
conjugated to a protein substrate (yellow pentagon). B) Once a protein substrate is tagged by ubiquitin it can
then bind to the 26S proteasome that is composed of a catalytic core particle, the 20S, and an ATP-dependent
regulatory particle, the 19S (shown in blue rings and orange respectively). Once bound to the proteasome,
the protein substrate’s ubiquitins are removed by deubiquitinases into individual ubiquitin moieties and the
protein substrate is fragmented into small peptides (small pentagons) in the catalytic chamber.

Proteins can then either be tagged with a single ubiquitin (mono-ubiquitination) or several
ubiquitins (poly-ubiquitination) (Fig 1.4). Once one ubiquitin is attached to the substrate,
more ubiquitin moieties can be added to make a ubiquitination chain (Fig 1.4).
Combinations in which ubiquitin can form chains and ubiquitinate proteins is referred to as
the ubiquitin code (Grice and Nathan, 2016; Saeki, 2017). The ubiquitin code is very
complex and can be made from one type of linkage or mixed linkages (Grice and Nathan,
2016; Saeki, 2017). Firstly, the protein substrate is tagged with ubiquitin through the
formation of an isopeptide bond between the protein’s lysine amino terminal and the
carboxyl end of ubiquitin. In its sequence ubiquitin contains seven lysines (K) and any of
them (K6, K11, K27, K29, K33, K48, K63) can be ubiquitinated. The lysine residues in
ubiquitin are found on the surface of the molecule, allowing easy access for bond
formation (Vijay-Kumar et al., 1987). In addition, ubiquitin’s N-terminal methionine can
also be ubiquitinated. The conformations of each ubiquitin are important in allowing
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ubiquitin chains to interact with each other (Komander and Rape, 2012). All seven of the
ubiquitin’s lysines have been observed to undergo peptide bond formation with protein
substrates, however, they have been implicated in different cellular regulatory mechanisms
and determine cellular fates (Fig. 1.4). Initially, it was established that four ubiquitin
chains linked via lysine 48 (K48) destined proteins for proteasomal degradation, referred
to as the canonical protein degradation linkage (Thrower et al., 2000). However, more
recently, other lysine linkages have also been implicated in proteasomal degradation
(including K11 and K29) (Kleiger and Mayor, 2014). Other known ubiquitin linkages have
contrasting functions. For example, K63 linkage is known to be implicated in autophagy,
protein trafficking and innate immunity (Akutsu et al., 2016) (Fig 1.2). Contrastingly, K27
linkages are involved in nuclear translocation and the DNA damage repair response
(Akutsu et al., 2016). The complexity of linkages and possible combinations enable many
cellular functions to be controlled by the UPS (Kleiger and Mayor, 2014). The nature of
the linkages has a dramatic effect on the overall shape of the chains and how they impart
function. It also determines the specifity of the deubiquitinases and thus their regulation
(Komander and Rape, 2012).
The discovery of ubiquitin clarified and propelled the field in many ways. However,
during the mid-1980s, it was still unclear what the downstream protease that recognised
these ubiquitinated substrates was, and this missing link needed to be solved.
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Fig 1.4: Common ubiquitin modifications and their functions. There are many different ways in which
ubiquitin (purple circles) can be conjugated to protein substrates (yellow pentagons). A) Substrates can be
attached to a single ubiquitin or B) to several ubiquitins. If several ubiquitins are bound, they can be linked to
one another in different ways in which the N-terminal methionine or the other seven lysine residues of
ubiquitin can conjugate with additional ubiquitin moieties. C) Homogenous ubiquitin chains are a result of
the same lysines on ubiquitins linking, for examples Lys63 linkages. D) If different lysine linkages are used
this is called mixed ubiquitin chain conjugation. E) Branched ubiquitin chain conjugation occurs when more
than one lysine on a single ubiquitin moiety accepts more than one ubiquitin causing branching of ubiquitin
chains. F) Ubiquitin modifications can affect the fate of the cell; the function of different ubiquitin linkages
and their involvement in varying cellular processes is shown.
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1.2.2 The 26S proteasome
The enigma was solved by Tanaka and colleagues who discovered another ATP-dependent
step in the reticulocyte system after ubiquitin conjugation (Tanaka et al., 1983). This
followed the finding by Hershko and colleagues that ATP is required for ubiquitin
conjugate degradation (Hershko et al., 1984). The breakthrough came when Hough and
colleagues purified and characterised a high-molecular mass protease that degraded
ubiquitin-tagged lysozyme enzymes but not untagged lysozymes, and that this reaction
required ATP (Hough et al., 1986). This protease was the 26S proteasome and confirmed
all previous notions of it being the specific proteolytic part of the ubiquitin system. Studies
by Waxman and colleagues confirmed this protease to be unusually big, around 1.5 MDa
in size (Waxman et al., 1987) (Fig. 1.5). A further experiment found the 20S protease
complex, together with the 26S complex, and described them as similar to the
‘multicatalytic proteinase complex (MCP) identified in the bovine pituitary gland by
Wilkinson and Orlowski (Fig. 1.5) (Wilkinson et al., 1980).
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Fig. 1.5: The 20S proteasome isoforms and the 26S Proteasome. A) The 20S proteasome shown in
surface representation is composed of two α rings (dark blue) and two ß rings (light blue). The constitutive
20S proteasome has seven ß subunits in which ß1, ß2, ß5 have proteolytic activity. The immunoproteasome
and thymoproteasome differs from the constitutive 20S proteasome in the three catalytic ß subunits (dark
blue and pink). (B) the 26S proteasome consists of the 19S regulatory particle bound to the 20S proteasome.
Different protein components of the 26S proteasome are shown in different colours; the structure was
generated by UCSF Chimera by Dr. Kisonaite based on the structure by Huang et al. (2016) (PDB: 5GJR).
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1.2.2.1

20S proteasome

The 20S proteasome complex was shown to be an ATP-independent complex with
different catalytic activities prompting Hough and colleagues to question the possibility of
this complex being part of the 26S proteasome (Hough et al., 1986). This was indeed
proved to be the case (Fig. 1.5) (Driscoll and Goldberg, 1990; Eytan et al., 1989). Further
evidence was presented by Hoffman and colleagues showing the 20S complex combined
with a further 19S subcomplex, which was predicated to have a regulatory role, to form the
26S proteasome (Hoffman et al., 1992). Since then, pioneering work conducted by many
scientists have revealed many other intricacies of the 20S complex. We now know that the
20S proteasome is an incredibly complex protease that degrades hundreds of substrates
and catalyses approximately 70% of protein degradation in mammals (Collins and
Goldberg, 2017). The 20S proteasome’s cylindrical shape consists of 14 distinct subunits
in eukaryotes which form four heteroheptameric rings, giving rise to the complex known
as the 20S core particle (CP) (Fig. 1.5) (Baumeister et al., 1998; Goldberg, 2007; Groll et
al., 1997). Within the CP there are seven α subunits forming two α outer rings on each end
of the CP and seven ß subunits forming two beta inner rings as shown in Fig.1.5. The
catalytic subunits ß1, ß2 and ß5 are located in the inner chamber formed by the ß rings and
they confer different proteolytic activity to the 20S proteasome: ß1 confers caspase-like
activity, ß2 trypsin-like activity and ß5 chymotrypsin-like activity and cleave acidic, basic
and hydrophobic residues respectively. (Dick et al., 1998; Groll et al., 1997). The α
subunits, on the other hand, control entry into the central proteolytic chamber. Specifically,
in the absence of a regulatory particle, the N-terminal tails of the α subunits are positioned
at the gate axis occluding entry to the catalytic pore of the 20S core particle but relocate
for substrate entry upon binding of a regulatory particle (Groll et al., 2000).
In mammals, besides the constitutive 20S proteasome, there are at least two other 20S
proteasome isoforms, the immunoproteasome and the thymoproteasome (Fig 1.5). The
immunoproteasome was discovered in 1994 as a result of studies in antigen presentation
which showed it was essential in major histocompatibility complex (MHC) class I antigen
processing (Rock et al., 1994). Subsequent experiments showed that 20S function changed
upon interferon- γ (IFN-γ) treatment (Aki et al., 1994; Boes et al., 1994; Driscoll et al.,
1993; Gaczynska et al., 1993). Later studies showed that the immunoproteasome has
different catalytic ß subunit isoforms in its composition (termed ß1i, ß2i, ß5i) that replace
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the canonical constitutive 20S proteasome ß subunits. These subunits are specific to the
immunoproteasome and expressed in immune system-related tissues (Kloetzel, 2004;
Murata et al., 2007). Immunoproteasomes play a crucial role in the immune response and
are responsible for degrading inflammatory mediators within immune cells (Murata et al.,
2007; Tomko and Hochstrasser, 2013). Similarly, the thymoproteasome, which was
discovered in 2007 as specifically expressed in the thymus, share two of the three ß
isoforms found in immunoproteasomes (ß1i, ß2i) but a distinct ß5 subunit isoform is only
found in this proteasome subtype (termed ß5t). Thymoproteasomes play a role in T-cell
development within the thymus (Kloetzel, 2004; Murata et al., 2007).

1.2.2.2

Assembly of the 20S proteasome

Due to its complexity and its fundamental role in protein regulation, assembly of the 14
subunits of the 20S proteasome is a highly regulated process that must occur precisely.
The pathway itself relies on the 20S proteasome’s intrinsic ability of subunits to selfassemble, with assembly chaperones involved to aid this process (Kunjappu and
Hochstrasser, 2014). Assembly requires 20S chaperones, specifically protease assembly
chaperone (PAC) 1, PAC2, PAC3, PAC4 and proteasome maturation protein (POMP)
(Fig. 1.6). Like other chaperones, the proteasome chaperones aid 20S core particle
assembly and do not form part of the final matured proteasome. The chaperones required
are the same for all 20S isoforms described above, however the order is different. More
specifically, it has been shown that there is simultaneous incorporation of ß2i and ß1i in
the first step assembly of 20S isoforms, as well as ß5i incorporation that is independent of
ß4 (Bai et al., 2014). The first step of 20S proteasome assembly is the formation of the α
ring (Fig. 1.6) (Tomko and Hochstrasser, 2013). This requires chaperones PAC1 and
PAC2, which promote the intermediate ring formation of α1, α2, α5, α6, α7. The PAC3PAC4 hetereodimer then interacts with α5 and causes incorporation of α3 and α4 onto the
ring (Fig. 1.6) (Frentzel et al., 1994). Next, the ß ring is formed by initial binding of ß2 to
the already-formed α ring, and subsequent recruitment of ß3 and ß4. Incorporation of ß3
and ß4 causes dissociation of the PAC3-PAC4 dimer resulting in the intermediate 13S
complex (Fig. 1.6)(Schmidt et al., 1997). POMP then binds to ß5 and recruits ß1 and ß6 to
the 13S complex (Hirano et al., 2005). Finally, ß7 is incorporated and the half-proteasome
is formed (Fig. 1.6) (Ramos et al., 1998; Yang et al., 1995). Half proteasomes can then
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dimerise resulting in the full 20S proteasome formation. The final step results in the
maturation of the 20S proteasome in which propeptides present in most ß subunits Ntermini are self-cleaved, triggering POMP degradation and release of the PAC1-PAC2
complex (Hirano et al., 2005; Li et al., 2007; Ramos et al., 1998; Stadtmueller et al.,
2012).

Fig. 1.6: Schematic diagram of the 20S complex assembly. The immunoproteasome and the
thymoproteasome assembly mechanism consist of the same chaperones. However, there is simultaneous
incorporation of ß2i and ß1i in the first step as well as ß5i incorporation that is independent of ß4
incorporation.

Assembly of the 19S RP, which is discussed later, is also a very regulated process, and
requires a number of chaperones. Briefly, the lid and the base assemble independently and
then associate with one another to form the 19S cap (Rosseau and Bertolotti, 2018). The
base-dedicated chaperones in mammals are S5b, p27, gankyrin, and Rpn14. The
chaperones assist in forming three interemediates: Nas2-Rpt4-Rpt5, Nas6-Rpt3-Rpt6Rpn14 and Hsm3-Rpn1-Rpt1-Rpt2, which then come together and form a heterohexameric
ring that binds Rpn2, Rpn10 and Rpn13 (Tomko and Hochstrasser, 2013). Conversely the
lid forms two modules: Rpn5-6-Rpn11-Rpn9 and Rpn7-Rpn3-Rpn15 which are then
joined and Rpn12 is incorporated with the aid of Hsp90 and Yin6 chaperones (Im and
Chung, 2016). Finally, the RP and CP can associate by the HbYX (‘Hb’ for hydrophobic
residue, ‘Y’ for tyrosine, ‘X’ for an any amino acid) motifs of the Rpt subunits and the a
subunits of the 20S proteasome (Eisele et al., 2018). Various proteins have been implicated
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to regulate the RP-CP associate in yeast and mammals including Ecm29 and Hsp90
(Rosseau and Bertolotti, 2018).

1.2.2.3

Structural studies of the 20S proteasome

Structural work on the 20S proteasome began in 1995 when the first x-ray crystal structure
was solved for the 20S proteasome from Thermoplasma acidophilum (Löwe et al., 1995).
This was subsequently followed by the yeast and mammalian proteasomes (Groll et al.,
1999; Unno et al., 2002). These studies revealed that archaea and bacteria encode a single
α subunit and a single ß subunit that assembles into a sevenfold symmetric 20S CP,
whereas eukaryotic 20S proteasomes encode seven different α subunits and seven different
ß subunits which assemble into a pseudo-sevenfold symmetric 20S CP (Groll et al., 1999).
The yeast structure along with proteasome inhibitor initially showed the distinctive
specificities of the three catalytically active, ß1, ß2, and ß5 subunits, in eukaryotic 20S
proteasomes (Seemüller et al., 1995). These three catalytic subunits conduct proteolysis
through a threonine-dependent nucleophilic attack reaction as shown in Fig.1.7 (Kisselev
and Goldberg, 2001; Unno et al., 2002). Subsequent structural studies from bovine 20S
proteasomes showed similar catalytically active ß subunits (Unno et al., 2002). Further
structural work has shown that the 20S proteasome is structurally conserved in archaea,
yeast and mammals (Kish-Trier and Hill, 2013). The human 20S proteasome is 150 Å
long, 115 Å in dimeter, and contains an approximately 13 Å central pore. Structures of the
20S proteasome have been solved at the maximum resolution of 1.6 Å (Schrader et al.,
2016).
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Fig. 1.7: The proteasome catalytic mechanism. Proteasomes catalyse substrate proteolysis by generating
smaller peptides with sizes between three to 22 amino acids in length. The chemical mechanism is shown
where the substrate is labelled in black and the proteasome in cyan. Reprinted from Kisselv and Goldberg
(2001) with permission from Elsevier.

1.3

Proteasome regulators

The 20S proteasome on its own has low proteolytic activity but can be activated by 20S
proteasome regulators. Proteasome activation, carried out by proteasome regulators (also
known as activators), is critical for the normal function of the 26S proteasome in the UPS
(Stadtmueller and Hill, 2011). Proteasome activation in this case occurs by binding of the
19S RP as described below. However, proteasome activity and substrate selection can also
be regulated by other proteasome regulators (Stadtmueller and Hill, 2011). Whilst some
regulators are well known and established, such as PA28 and PA200, there are others such
as P97, Ecm29 and PI31 that are thought to affect proteasome activation but which require
further investigation (Inobe and Matouschek, 2014; Stadtmueller and Hill, 2011).
Activation of 20S proteasomes seems to involve binding and docking onto the 20S CP,
which opens up the 20S gate and allows access to the ß subunits within the 20S CP that
confer proteolytic activity (Smith et al., 2007). More specifically, proteasome activators
have been shown to interact with the α subunits in the 20S CP, controlling the opening and
the closing of the 20S gated pore (Förster et al., 2005). However, it is not yet clear the
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extent to which the activators control pore opening or closing, as closed 20S proteasomes
have also been found when binding the 19S RP (Unverdorben et al., 2014).

1.3.1 19S regulatory particle
The 19S regulatory particle (RP), also known as PA700, is the canonical regulator for the
20S CP (Fig. 1.5). The 19S RP is about 900 kDa and composed of 18 subunits, each
comprising of different regulatory roles. The 19S includes ubiquitin receptors that can
recognise ubiquitinated substrates labelled for degradation, de-ubiquitinating enzymes that
remove ubiquitin, and proteins that are involved in substrate unfolding and translocation
(Ehlinger and Walters, 2013). All of these subunits are listed in Table 1.1. The 19S itself
can be sub-divided into the base and lid sub-complexes (see Fig 1.5 and Table 1.1).
The base consists of the six ATPase subunits (Rpt) and four non-ATPase subunits (Rpn)
and is responsible for the recognition of ubiquitinated proteins, substrate unfolding and to
facilitate the opening of the 20S proteasome gate (Table 1.1) (Glickman and Raveh, 2005).
The Rpn subunits in the base are Rpn1, Rpn2, Rpn10 and Rpn13 of which Rpn10 and
Rpn13 are known UB receptors, and with Rpn13 only found in yeast 26S proteasome
purifications (Fig 1.5 and Table 1.1) (Huang et al., 2016; Schweitzer et al., 2016). Rpn1
has also recently emerged as a ubiquitin receptor but is thought to also have scaffolding
roles, along with Rpn2, within the 19S RP (Lander et al., 2012; Shi et al., 2016, p. 1). The
Rpt subunits, on the other hand, form a heterohexameric ring responsible for unfolding and
translocation of substrates. Like other regulators, the Rpt subunits contain HbYX motifs at
most of its C-terminus (Förster et al., 2005; Smith et al., 2007). The HbYX motifs interact
with the 20S by inserting into grooves at the 20S α ring interface (Förster et al., 2005;
Smith et al., 2007).

35

Table 1.1: Mammalian 19S regulatory particle subunits

Sub-particle

Subunits

Function

Base

Rpn1, Rpn10, Rpn13

Initial Ub binding, Ub
receptor

Lid

Rpt1, Rpt2, Rpt3, Rpt4,

AAA+ ATPase involved in

Rpt5, Rpt6

unfolding and translocation

Rpt2, Rpt3, Rpt5

20S gate opening

Rpn2

Substrate binding

Rpn3, Rpn5, Rpn6, Rpn7,

Scaffold

Rpn8, Rpn9, Rpn12, Rpn15
Rpn11

Removes Ub from substrate

The lid of the 19S on the other hand contains Rpn3, Rpn5-9, Rpn11, Rpn12 and Rpn15
(Livneh et al., 2016). Rpn3, Rpn5-9, Rpn 12 and Rpn15 are scaffolding subunits, whereas
Rpn11 is a deubiquitinating enzyme that binds and forms a heterodimer with Rpn8 (Fig
1.5 and Table 1.1) (Bhattacharyya et al., 2014; Verma et al., 2002). The subunits found in
the 19S lid are homologous to the COP9 signalosome complex, which is critical in the
development of multicellular organism, and have been found in most eukaryotic
organisms, including yeast and human (Cope and Deshaies, 2003; Glickman et al., 1998).
As mentioned above (and summarised in Table 1.1) the 19S subunits are involved in the
ubiquitin-dependent degradation of substrates. The general mechanism of ubiquitindependent protein degradation requires two degradation signals (also called degrons): an
unfolded initiation region of the protein that can begin the unfolding process, and a
ubiquitin tag which can be recognised by ubiquitin receptors Rpn10, Rpn13 and Rpn1
(Inobe et al., 2011). Once the substrate is engaged, the proteasome can initiate degradation.
The initiation receptors are not specifically known, however, the pores located within the
ATPase rings of the 19S RP have been proposed as receptor sites (Huang et al. 2016). The
association of the protein with the ATPase rings commits a substrate for degradation and is
also important in the unfolding and translocation steps (Collins and Golberg, 2017). As
mentioned previously, the Rpt subunits with their ATPase activity are also important in
gate-opening and allowing the substate to progress to the 20S CP for degradation. ATPase
activity, which is also required for ubiquitin chain binding, is also important to committing
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a substrate for degradation (Collins and Goldberg, 2017). Translocation and unfolding
steps in the degradation mechanism have proved very difficult to study, however, studies
have shown that translocation causes the upstream protein to linearise and the movement is
generated by the loops in the ATPase rings (Collins and Goldberg, 2017). For successful
degradation to occur, the engaged substrate is also deubiuqitinated by deubiquitinases
(such as Rpn11), as discussed further in Chapter three, which are proteases that reverse the
ubiquitin modification on proteins (Reyes-Turcu et al., 2009).
As well as ubiquitin-dependent degradation, ubiquitin-independent degradation of some
substrates such as Rpn4 have been identified, which do not involve the 19S RP (Erales and
Coffino, 2014). Some further examples of ubiquitin-independent degradation are discussed
in Chapter 5.

1.3.1.1

Structural studies of the 19S RP and the 26S proteasome

The first 26S proteasome structure was solved in 1993 using negative stain electron
microscopy (EM) to show the double-capped structure of the yeast 26S proteasome (Peters
et al., 1993). However, it was not until 2016 when a high resolution structure (3.9 Å) of the
26S revealed new structural insights of the 19S RP organization on the 20S CP
(Schweitzer et al., 2016). Additional high resolution structures of the 26S proteasome were
published by Luan et al. (2016), Huang et al. (2016) and Chen et al. (2016). Previously, all
32 subunits had been assigned to the 26S proteasome low/mid resolution structures using
other techniques such as protein labelling, crosslinking mass spectrometry, and
mutagenesis studies (Beck et al., 2012; da Fonseca et al., 2012; Lander et al., 2012; Lasker
et al., 2012; Sakata et al., 2012). The high resolution structures showed a number of
different conformations and new structural insights on the nucleotide occupancy on the
Rpt subunits. For instance, one particular conformation showed that Rpt6 was ADP bound
while the five other Rpts were ATP bound (Huang et al., 2016). The connection between
Rpn1 and Rpn2 subunits, thought to be a result of Rpn1 movement, as well as C-terminus
protrusion of Rpn3 in the 20S gate interface, was also revealed. More recently, Haselbach
et al. (2017) determined the structure of human 26S proteasome with Oprozomib, the
proteasome inhibitor, showing a preferential ‘ground conformation’ of the 19S RP where
the proteasome is ready for substrate binding, suggesting that drugs can allosterically
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regulate the 19S RP (Haselbach et al., 2017). In addition, further conformational changes
of the 19S RP were described in substrate-bound complexes where ATP was found to
specifically induce these conformational changes thus driving substrate translocation
through the 20S central pore (de la Peña et al., 2018; Eisele et al., 2018). The many
different conformational states now described for the proteasome highlight the complexity
of the mechanism and why it has taken so long to solve high resolution structures of the
26S proteasome.
The C-terminal HbYX motifs of Rpt1, 2, 3, 5 and 6 of 19S RP interact with the α subunits
in the 20S proteasome. More specifically, the adjacent α subunits form pockets which the
Rpt can insert and form salt bridges with the lysines from α subunits (Rabl et al., 2008).
Additional contact sites between the 19S RP and the 20S proteasome include Rpn5 and
Rpn6 with the side of the 20S proteasome. The interaction between 19S RP and 20S
proteasome is also thought to be regulated by other proteins, such as Ecm29 and Hsp90,
however, the exact mechanisms remain unknown (Murata et al., 2009).

1.3.2 PA28/11S
The proteasome activator complex 28 (PA28), also known as 11S or REG, is an alternative
regulator of approximately 28 kDa and a well-known activator of the 20S proteasome that
does not require ATP hydrolysis (Fig. 1.8) (Mott et al., 1994). In higher eukaryotes, three
PA28 isoforms are expressed, PA28 α, ß and γ, with PA28γ thought to be a more ancient
variant as it is found in a wider range of metazoans, contrary to PA28α or PA28ß (Masson
et al., 2009; Rechsteiner and Hill, 2005). PA28α and PA28ß form a heteroheptamer
whereas PA28γ forms a homoheptamer (Masson et al., 2009). Other PA28 variants can
also be found in nature. For example, a homoheptameric proteasome activator, PA26, was
found in Trypanosoma brucei and although it has been shown to activate the proteasome,
its sequence seems to have diverged from that of PA28 (Whitby et al., 2000). PA28αß is
thought to have an important role in the immune cell response with studies showing that
PA28αß-bound proteasomes are involved in the production of MHC-class I ligands.
However, the exact mechanism by which this happens remains unclear (Groettrup et al.,
2010). In general, it is well reported that PA28 stimulates peptide hydrolysis, rather than
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protein degradation, however, PA28γ has been implicated in the degradation of natively
unfolded proteins (Mao et al., 2008; Nie et al., 2010; Suzuki et al., 2009).
Structures of PA28 complexes have been determined by x-ray crystallography (Förster et
al., 2003; Huber and Groll, 2017; Knowlton et al., 1997; Whitby et al., 2000). Structurally,
PA28α includes elongated helical bundle subunits that assemble to form a heptameric ring
with a diameter of 20-30 Å (Knowlton et al., 1997). As with the 19S RP, the carboxylate
groups of the C-terminal residues within the HbYX motifs interact with proteasome lysine
side chains of the α subunit (Förster et al., 2005, 2003; Whitby et al., 2000). Activation
seems to be a result of the disruption of hydrogen bond packing within the 20S
proteasome, triggering a widening of the pore and allowing new contacts to be made
between the activators and the 20S proteasome (Förster et al., 2003). Moreover, residues
Y7, D9, P17 and Y26 in the yeast and archaeal 20S proteasome α subunits seem to
stabilise the open conformation and are highly conserved even amongst species that do not
express PA28 (Förster et al., 2003). However, this is a highly contested issue. Further
structural studies on the mammalian proteasome activator has shown that PA28αß
heteroheptamers bind the proteasome, whereas PA28ß homoheptamers, that can also form
at least in vitro, do not associate with the proteasome (Huber and Groll, 2017). Despite
structural and biochemical work shedding light into how PA28 binds to the proteasome
and promotes gate opening, the physiological and functional implication of this association
remain elusive. Previous work has shown that PA28 plays an important role in degrading
substrates, however, how these substrates bind or translocate into the 20S proteolytic
chamber is not apparent (Stadtmueller and Hill, 2011). One possibility is that substrates
translocate through the activators central pore to the 20S catalytic chamber without
directly binding to it or bind to the PA28 directly and then subsequently translocate to the
20S catalytic chamber (Stadtmueller and Hill, 2011). However, this remains unknown.
PA28 was also found in hybrid proteasomes (proteasomes with two different regulators
bound at opposite sides of the 20S CP) (Cascio and Goldberg, 2005). The biological
significance of this is unknown but it has been proposed that hybrid complexes allow
localisation of the 19S-activator complex to a specific cellular environment and conduct
ubiquitin-linked degradation of proteins (Rechsteiner and Hill, 2005).
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Fig. 1.8: The PA28 and PA200 proteasome activators. As well as the 19S RP, the 20S proteasome (blue)
can bind to A) PA200 (red) or B) PA28 and PA26 (orange) activators, in which PA26 is a PA28 variant.
Structures were produced on UCSF Chimera and are based on (PDB:6REY) for the human PA200-20S
proteasome complex and PA26-20S proteasome complex from T. brucei (PDB: 1FNT) and P. falciparum
PA28-20S proteasome complex (PDB: 6MUX).

1.3.3 PA200
Proteasome activator 200 (PA200), or Blm10 in yeast, is an approximately 200 kDa
protein, characterised as an ATP and ubiquitin independent regulator (Fig. 1.8) (Rêgo and
Fonseca, 2019). PA200 is thought to stimulate peptide, rather than protein hydrolysis and
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has been implicated in a variety of cellular processes, including 20S proteasome assembly,
genomic stability, DNA repair, mitochondrial regulation, and spertmatogenesis
(Blickwedehl et al., 2008; Fehlker et al., 2003; Khor et al., 2006; Sadre-Bazzaz et al.,
2010; Ustrell et al., 2002). A recent study on the human PA200-20S complex revealed that
upon PA200 binding the proteasome showed an enhanced trypsin-like activity, usually
associated with the ß2 active site, and a slight inhibition of the caspase and chymotrypsinlike activities, usually associated with ß1 and ß5, respectively (Rêgo and Fonseca, 2019).
The structure by Rego and da Fonseca (2019) also revealed extensive contacts between
PA200 and the surface of all the α subunits apart from the α7 subunit of the 20S
proteasome. Interestingly, besides these extensive contacts, PA200 seems to bind to the
20S CP via two major anchoring points. The first is binding to the C-terminus using the
typical HbYX motif and second, through an internal loop that makes novel hydrogen
bonds with the 20S CP but binds in a similar alpha ring interface at the C-terminal tail.
Three of the 20S alpha subunits (alpha 5, 6 and 7) N-terminal tails move away from the
main pore axis into grooves on the PA200. These interactions seem to cause an unusual
opening of the 20S proteasome axial channel without inducing any further significant
conformational changes in the rest of the 20S proteasome complex. This finding showed
the high degree of conformational plasticity of the 20S α ring and is consistent with other
proteasome-activator complexes (Rêgo and Fonseca, 2019).

1.3.3.1

PI31

Proteasome inhibitor 31 (PI31) has also been shown to regulate the proteasome by
inhibiting proteolytic activity (Chu-Ping et al., 1992). However, the exact physiological
roles of PI31 remain elusive (Zaiss et al., 1999). PI31 is covered in more detail in Chapter
five.

1.3.4 The role of proteasomes in disease
Due to its fundamental role in basic cellular processes such as differentiation, proliferation,
apoptosis, gene transcription, signal transduction, metabolic regulation, and immune
surveillance, the 26S proteasome has been implicated in many diseases (Asher et al., 2005;
Bowerman and Kurz, 2006; Collins and Goldberg, 2017; Naujokat and Hoffmann, 2002;
Strehl et al., 2005; Taylor and Jobin, 2005). These diseases include neurodegenerative
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disorders, viral and bacterial infections, cancer, parasitic diseases, and inflammatory
diseases (Cavo, 2006; Krause et al., 2006; McNaught and Jenner, 2001; Oh et al., 2005;
Ott et al., 2003). Table 1.2 summaries these diseases and some of these links are described
in more detail below.

1.3.4.1

Neurodegenerative diseases

In healthy cells, misfolded proteins are effectively degraded or refolded correctly by
chaperones (Hartl and Hayer-Hartl, 2009). However, in disease-associated cells, the
accumulation of misfolded proteins can give rise to diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s
disease (HD) (Díaz-Hernández et al., 2004; Kabashi et al., 2004; Keck et al., 2003;
McNaught and Jenner, 2001; Oh et al., 2005; Zhou et al., 2003). Several
neurodegenerative diseases involve aggregation or misfolding of specific proteins into
abnormal species. Under proteotoxic stress conditions, proteins can escape the cell’s
quality control mechanisms which ensure proper protein folding. This results in formation
of aggregates that range from oligomers to high order fibrils and plaques. Once formed,
higher order aggregates can be highly resistant to degradation, as in the case of amyloid
aggregates found in AD patients (Finley, 2009). Proteasomes are unable to effectively
degrade these aggregates as they have no partial or fully unfolded regions (Finley, 2009).
Furthermore, amyloid aggregates are extremely stable as they form extensive contacts
between the protein chains of the polymer (Brundin et al., 2010). Other neurodegenerative
diseases, such as HD which results in aggregates of glutamine repeats, have been shown to
be resistant to proteasomal degradation (Venkatraman et al., 2004). Studies have also
shown that as cells’ pool of misfolded proteins increase, cells experience “proteostatic
collapse”, where both proteasomes and chaperones become “overwhelmed” and unable to
deal with them, causing the accumulation of ubiquitin inclusion bodies (IBs) (Hipp et al.,
2014, 2012; Nonaka et al., 2009). IBs have also been suggested to inhibit or clog the
proteasomes directly (Hipp et al., 2014). In the case of HD, ubiquitinated Huntingtin
protein is found to accumulate in IBs (Myeku et al., 2016). Huntingtin has also been
reported to increase degradation of the transcription co-activator CBP by proteasomes
resulting in toxicity (Ross and Pickart, 2004).
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As well as overwhelming the UPS system, proteins such as α-synuclein, that is genetically
linked to PD, directly bind the 19S RP and inhibit the degradation of other proteins (Ross
and Poirier, 2004). Further, the UB mutant UBB+1, observed in AD patients, inhibits the
proteasome and results in ubiquitinated protein accumulation and cell cycle arrest (Lam et
al., 2000; Lindsten et al., 2002; van Tijn et al., 2007). In general, several studies have
shown clear links between the proteasome and neurodegenerative diseases. However, the
paucity and difficulty of in vivo studies limits understanding in the field and therefore
more studies are needed to shed light into specific mechanisms and therapies.

1.3.4.2

Multiple myeloma

Multiple myeloma (MM) is a type of bone marrow cancer that affects several areas of the
body including the ribs, pelvis, skull and spine due to the accumulation of plasma cells
(Adams et al., 1999; Chauhan et al., 2006). Plasma cells are terminally differentiated cells
almost exclusively dedicated to a high rate of protein synthesis to produce secreted
antibodies. In MM cells, the UPS has upregulated activity. This results in excessive
degradation of protein substrates, such as the inhibitor of nuclear factor- κB (NF- κB) and
the tumour suppressor p53 that usually control cell growth and inhibit tumours (Adams,
2004). More specifically, NF- κB, which plays a key role in the inflammatory response has
been shown to promote the growth and survival of MM cells through the NF- κB
transcription pathway (Cavo et al., 2007; Chauhan et al., 2008). Thus, erroneously
degrading the inhibitor of NF- κB causes the MM cells to further spread through the body
(Hideshima et al., 2001; Leestemaker et al., 2017). In general, proteasome subunit
abundance and, therefore, cell growth, is regulated through controlled expression
mechanisms involving the mammalian nuclear factor erythroid 2-related factor 1 (NRF1).
When the proteasome is inhibited or there is proteasome overload in the cell, NRF1 is
cleaved into its active form and increases transcription of proteasome subunits, thus
presenting a way in which proteasome abundance can be regulated (Rosseau and
Bertolotti, 2018).
Inhibiting proteasomes has been one of the most successful treatments of MM.
Specifically, the proteasome inhibitor Bortezomib/PS-341 was the first successful inhibitor
to enter clinical trials in cancer patients and is now a clinically approved drug for MM

43

(Boise et al., 2014). Bortezomib reversibly inhibits the ß5 subunit active site of the 20S
proteasome and to a lesser extent the ß1 subunit active site (Crawford et al., 2006;
Ruschak et al., 2011). Inhibiting of the proteasome causes protein overload in the cells,
endoplasmic reticulum (ER) stress and thus cell death in MM cells (Gandolfi et al., 2017).
Despite its success in MM patients, challenges such as developing more selective and less
toxic inhibitors remain (Boise et al., 2014; Chauhan et al., 2005). Furthermore, observed
resistance to Bortezomib is an emerging clinical impediment and one that requires further
drug development (Franke et al., 2012).

1.3.4.3

Inflammatory and autoimmune diseases

The immunoproteasome has been shown to play a significant role in inflammatory
diseases, with genetic studies showing that mutations on the ß5i subunit of the
immunoproteasome cause inflammatory disorders (Basler et al., 2013). Mutations in ß5i
can lead to accumulated poly-ubiquitinated proteins and a build-up of substrates within
cells (Basler et al., 2013). Other subunits have also been shown to have a disease effect.
For example, ß2i/ ß5i knock out mouse models have increased CD8+ T-cell mediated
autoimmune symptoms (Basler et al., 2013). Furthermore, prior work has shown the
immunoproteasome to have enhanced proteasomal proteolytic activity compared to the
constitutive 20S proteasome (Gaczynska et al., 1993; Strehl et al., 2008; Voigt et al.,
2010). The reason for this increased activity may be to prevent accumulation of substrates
that would otherwise aggregate during inflammation (Seifert et al., 2010). However,
higher levels of immunoproteasomes have also been shown in a range of inflammatory and
autoimmune diseases including hepatitis and Crohn’s disease (Miller et al., 2013). The
immunoproteasome is thus a clear therapeutic target for a variety of immune diseases.
However, the use of proteasome inhibitors to treat these diseases is not as suitable due to
the adverse side effects on the immune system response to infection (Kammerl and
Meiners, 2016; Miller et al., 2013).

1.3.4.4

Malaria

Malaria is caused by Plasmodium parasites with the most detrimental form caused by
Plasmodium falciparum (P. falciparum) (Krishnan and Williamson, 2018). Plasmodium
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parasites have three different proteasome species that are essential for their survival,
including the typical eukaryotic 26S proteasome (Li et al., 2012). Specifically inhibiting
the Plasmodium 20S proteasome is therefore a strategy for developing anti-malarial drugs,
given the essential role the 26S proteasome plays in the Plasmodium life cycle (Li et al.,
2016). There have been a number of 20S inhibitors tested as potential drug candidates that
have shown toxicity on Plasmodium in both their infective and developmental stages (H.
Li et al., 2014; Li et al., 2012). However, the concern with these drugs is that they lack
specificity as they have been identified using mammalian systems and therefore may have
effects on mammalian proteasomes of the affected person (Bogyo and Wang, 2002; Lee
and Goldberg, 1998). Recently, the cryo-EM structure of the P. falciparum 20S
proteasome structure in complex with parasite-specific inhibitors have been solved by
Morris and da Fonseca (2017), providing a new potential approach in which specificity
and toxicity can be targeted to parasitic systems without affecting mammalian hosts (Li et
al., 2016; Morris and da Fonseca, 2017). Further, proteasome inhibition is being explored
for other parasitic diseases, such as sleeping sickness, Chagas disease and Leishmaniasis
(Bibo-Verdugo et al., 2017; Khare et al., 2016).
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Table 1.2 Diseases affecting the proteasome system
Disease Group

Disease

Effect on

Proteasome

proteasome

population affected

Symptoms

References

Apoptosis

Keller et al.,

activity
Cardiac

Transient

dysfunction

ischemia

Decrease activity

26S

2000;
Bulteau et
al., 2001

Inclusion body

Decrease activity

26S

myositis

Inclusion

Grune et al.,

bodies

2004; Ferrer
et al., 2004

Cancer

Multiple

Suppression

Cavo, 2006

myeloma

Increase activity,

20S, 26S,

of

Renal

depressed

immunoproteasomes

apoptosis,

Johnson et

carcinoma

expression

proliferation

al., 1998;
Meidenbauer
et al., 2004

Autoimmune

Sjogren’s

Decrease expression

Subunit ß1i

syndrome
Cataract

Cataract

formation

formation

Decrease activity

20S

Tissue

Krause et al.,

destruction

2006

Aggregation

Zetterberg et

of

al., 2003

proteasomes
Viral infections

Hepatitis B

Inhibition

20S and 26S

Hepatitis

Hu et al.,
1999

HIV/adenovirus

Neurodegenerative

Amyotrophic

Inhibition/decreased

20S,

Impaired

Ott et al.,

expression

immunoproteasomes

immune

2003; Seeger

response

et al., 1997

Motor

Kabashi et

neuron loss

al., 2004

Neuronal

McNaught

loss, Lewy

and Jenner,

bodies

2001

20S, 26S, induction

Neuronal

Zhou et al.,

of

loss, poly-

2003; Diaz-

immunoproteasomes

glutamine

Hernandez

inclusions

et al., 2004

Tau tangles,

Oh et al.,

neuronal

2005; Keck

loss, ß-

et al., 2003

Decrease activity

20S and 26s

lateral sclerosis
Parkinson’s

Huntington’s

Alzheimer’s

Decrease activity

Decrease activity

Decrease activity

20S and 26S

20S and 26S

amyloid
plaques
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1.3.5 The proteasome interaction network
As well as proteasome activators, other proteins are thought to bind to the 20S proteasome
and the 19S RP, which are shown in the summary Figure 1.9. Before all 32 subunits of the
26S proteasomes were mapped, it was difficult to analyse whether a protein was a
proteasome subunit or a proteasome interacting protein. To distinguish between
proteasome subunits and proteasome-interacting proteins, it was generally assumed that
high salt treatment would break the ionic protein-protein interactions and therefore show
that the protein is an associated protein rather than an integral subunit (Schmidt et al.,
2005). Using mass spectrometric methods, tagging approaches and genome-wide two
hybrid analyses, many novel protein-proteasome interactions were found (Cagney et al.,
2001; Davy et al., 2001; Gavin et al., 2002; Ho et al., 2002). These novel interactions
include proteins with ubiquitin-like domains/ubiquitin-associated domains (UBL/UBA):
ubiquitin ligases core interacting component (Cic1), and extra cellular matrix protein 29
(Ecm29) as well as the already reported activators described above. Ubiquitin ligases such
as the Ubiquitin protein ligase E3 component N-recognin 4 (UBR4), P97, and proteasome
inhibitors will be covered in more detail in Chapters 3, 4 and 5 respectively, whereas this
section will highlight the breadth of other associated proteins acting with the proteasome.
In order to effectively degrade substrates, 26S proteasomes must recognise
polyubiquitinated substrates and this is accomplished by the several ubiquitin receptors
within the 19S RP, as discussed in Section 1.3.1. Proteins that bind to these receptors and
bring ubiquitinated substrates are referred to as shuttling factors. Examples of shuttling
factors include UV excision repair protein (Rad23A/B), Ubiquillin proteins (UBQLN1-4)
and DNA-damage-inducible protein 1/2 (DD1/2). These shuttling factors contain one UBL
domain and one or two UBA domains (Finley, 2009). Normally, these proteins exist in an
autoinhibitory state in which UBL interacts intramolecularly with the UBA domains,
however, upon ubiquitination the ubiquitinated substrates bind to the UBA domain, freeing
up the UBL domain to bind to the proteasome (Saeki, 2017). In this way, ubiquitinated
factors can be taken to the proteasomes. Shuttling factors can exhibit specificity for the
factors in which they shuttle, for example, Rad23 is specific for K48-linked chains and is
shown to bind to Rpn1 and Rpn4 (Chen et al., 2016; Nathan et al., 2013; Raasi et al.,
2005). For UBQLN proteins, however, the single UBA domain binds to any ubiquitin
chain linkage suggesting that some shuttling factors are more specific than others (Hjerpe
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et al., 2009; Raasi et al., 2005). UBQLNs have been shown to bind to newly synthesised
transmembrane proteins within the cytosol, showing their importance in facilitating
membrane targeting and preventing aggregation (Itakura et al., 2016; Suzuki and
Kawahara, 2016). DDI1/2, on the other hand, is unique to other shuttling factors as it
contains the retroviral aspartyl protease (RVP) domain found in HIV. DDI1 and DDI2 also
do not possess a UBA domain and instead binds ubiquitin through their UIM domain
(Nowicka et al., 2015). Recently, DDI2 has emerged as a transcriptional regulator of
proteasome genes as it cleaves the transcriptional factor Nrf1 that controls proteasome
gene expression, when proteasome activity is compromised (Koizumi et al., 2016;
Lehrbach and Ruvkun, 2016; Radhakrishnan et al., 2010). Several other UBL-UBA
proteins exist within mammals with proteasomal functions that are not entirely understood
(Saeki, 2017).

Fig. 1.9: Proteasome associated proteins. The proteasome has been shown to associate with a wide range
of proteins. These vary in function and size and include proteasome inhibitors and activators (which bind to
the 20S proteasome) as well as E3 ligases, and de-ubiquitinating enzymes which bind to the 19S RP.

As mentioned previously Ecm29 has also been found interacting with the proteasomes in
approximately stoichiometric quantities (Leggett et al., 2002). In the study by Leggett et
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al. (2002), Ecm29 was found to interact with both the RP and the CP complexes, and
proteasome complexes that were purified from strains that lacked ECM29 genes were
structurally less stable (Leggett et al., 2002). Within mammalian cells, Ecm29 was shown
in complex with proteasomes but also binding to endosomes and ER membranes (Gorbea
et al., 2004). This has prompted some to suggest that Ecm29 could be acting as an adaptor
to link the proteasome to secretory membranes (Gorbea et al., 2004).
In addition, the 42.5 kDa protein, Cic1, has also been identified in complex with the 26S
proteasome (Jäger et al., 2001). This study showed that Cic1 is required for the
degradation of specific proteasomal substrates such as cell division control protein 4
(Cdc4) (Jäger et al., 2001). In general, there have been several proposed proteasomeinteracting proteins, highlighting the complexity of the proteasome interaction network
and its far-reaching effects. Several of these studies provide clues into novel pathways that
involve the proteasome, but they still require further investigation.
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1.4

Aim and objectives

The proteasome interacts with many transient and ancillary proteins but knowledge on the
nature of these interactions and their effects on proteasome function is limited.
Investigating proteasome interactors is important to better understand the proteasome
system, which affects a variety of cellular processes and is a sought after drug target for
diseases such as cancer.
UBR4, P97, and PI31 are commonly reported as co-eluting with proteasomes, but data has
not necessarily been consistent or robust to undoubtedly prove or characterise a direct
interaction. UBR4’s, P97’s, and PI31’s role as an E3 ligase, a AAA+ ATPase, and as a
proteasome inhibitor respectively, suggest regulatory roles with the proteasome.
The main focus of this thesis is to therefore deepen our understanding of the interaction of
UBR4, P97 and PI31 to the human proteasome. In order to investigate and characterise
these interactions directly, I optimised the 26S proteasome purification protocol and used
biochemical, biophysical and cryo-EM techniques to investigate the relationship between
UBR4, P97, PI31 and the human proteasome.
These were the following objectives of the projects:
•

Develop and optimise a reproducible and reliable protocol for the preparation of
human 26S proteasomes from HEK293F cells for biochemical and structural
studies.

•

Investigate whether UBR4 directly interacts with the proteasome through
biochemical and biophysical methods and address the functional relevance of this
interaction. Optimise and develop a novel purification method for endogenous
UBR4. Depending on biochemical results, use structural biology approaches to
visualise UBR4 with the proteasome.

•

Investigate whether P97 binds to the human proteasome by developing an in vivo
purification method of purifying P97 with and without the proteasome. Investigate
the interaction through biochemical and biophysical tools to understand if there is a
direct link of P97 to the human proteasome.
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•

In order to better understand the PI31-proteasome interaction, develop a reliable
and reproducible purification method of purifying PI31 in isolation or in complex
with the human proteasome by co-expression in insect cells. Investigate PI31 with
the proteasome biochemically and biophysically and deepen our knowledge of
PI31’s regulatory role on proteasome activity.

•

Using structural biology methods (cryo-EM), obtain a structure of the PI31-20S
proteasome.
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Chapter 2

2.1

Materials and Methods

26S proteasome sample preparation

2.1.1 Rad23b-UBL purification
Rad23b-UBL was used as an affinity bait to capture endogenous human 26S proteasomes
from lysates (described below in Section 2.1.2). The human Rad23b-UBL construct used
in the human 26S proteasome purifications was recombinantly expressed and contained an
N-terminal hexahistidine tag (His-tag) and a double streptavidin-tag (Twin-Strep tag) that
were separated by a Tobacco Etch Virus (TEV) protease cleavage site. This construct was
already available in the lab when I joined. Rad23b-UBL was transformed into BL21 Gold
E. coli expression strain. A streak of the resultant colonies from the transformation were
used for a starter culture the night before expression using 100 ml of 2X Typtone and yeast
extract (2XTY) containing 100 µg/ml of ampicillin antibiotic at 37 °C. The next day, 5 ml
of starter culture was added to each 1 L of 2XTY media (total of 6 L culture) with 100
µg/ml of ampicillin antibiotic and grown to 0.6 OD600 at 37 °C. At 0.6 OD600, cells, were
induced with 1 mM Isopropyl-ß-D-1-thiogalactopyranoside (IPTG) for 3 hours at 37 °C
with shaking at 180 rpm. Cells were then collected by centrifuging for 20 minutes at
6000g. Pellets of cells expressing Rad23b-UBL were then resuspended in lysis buffer
containing 50 mM Tris pH 7.4, 500 mM NaCl, 1 mM dithiothreitol (DTT) and a protease
inhibitor cocktail (Roche). Cells were then lysed by sonication for a total of 4.5 minutes (2
seconds on, 8 seconds off at 60% amplitude). The lysate was then centrifuged for 20
minutes at 48000g and subsequently filtered with a 5 µm filter.
After centrifugation, Rad23b-UBL was purified by loading the supernatant (lysate) in a
HisTrap HP 5 ml column affinity column (GE Healthcare) that had been previously
equilibrated with 50 mM Tris pH 7.4, 500 mM NaCl, 1 mM DTT, 20 mM Imidazole.
Bound protein was eluted using a linear gradient from 20 to 500 mM Imidazole. Fractions
containing Rad23-UBL were pooled and the his-tag cleaved by TEV protease (50:1 ratio
of Rad23b-UBL: mg of TEV) and dialysed overnight at 4 °C into buffer containing 50 mM
Tris pH 7.4, 100 mM NaCl, 1 mM DTT, 20 mM Imidazole. After cleavage, the protein
was loaded in a pre-equilibrated His-Trap HP 5 ml column and Rad23b-UBL was
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collected in the flow through. All C-terminally tagged His-TEV, uncleaved protein and
other non-specific resin binding contaminants were captured in the column. The purified
Rad23b-UBL collected in the flow through still contained an N-terminal Tw-Strep tag and
was dialysed into 50 mM Tris pH 7.4, 50 mM NaCl, 5 mM MgCl2, 10% glycerol, 0.25
mM Tris(2-carboxyethyl) phosphine (TCEP). Aliquots were subsequently flash frozen in
liquid nitrogen and stored at -80 °C.

2.1.2 Purification of 26S proteasomes from HEK293F cells
Human 26S proteasomes were purified from human embryonic kidney cells (HEK293F)
that had been adapted to suspension culture. FreeStyle 293 Expression Medium (Thermo
Fisher Scientific) was used to grow the cells in suspension and harvested at a density of 3
million cells/ml. After harvesting, cells were centrifuged for 10 minutes at 4000g and
pellets were flash frozen in liquid nitrogen and kept at -80 °C. In a typical human 26S
proteasome purification, a 25 g of pellet (resulting from approximately 2 L of HEK293F
suspension cells) was resuspended in 75 ml standard buffer containing 50 mM Tris pH 7.4,
150 mM NaCl, 5 mM MgCl2, 10% glycerol, 5 mM ATP, 0.25 mM TCEP. If more cells
were used, the same 1:3 pellet: volume of lysis buffer ratio was kept. Cells were gently
broken using a dounce homogeniser (20 complete dounces), followed by a short
centrifugation step of 10 minutes at 12000g. The centrifugation step allowed the cellular
debris, soluble proteins, and lipids to separate as pellet, middle layer and the top layer of
the supernatant respectively. The HEK293F lysate was then mixed with Rad23b-UBL at a
100:1 ratio (mg of protein in the lysate: mg of Rad23b-UBL) and left to incubate for 1
hour at 4 °C with rotation to ensure efficient mixing of lysate and Rad23b-UBL protein.
After incubation, avidin was added at a 4000:1 ratio (mg of absolute protein in lysate:
mg of avidin) to reduce non-specific biotinylated proteins binding to the streptavidin resin.
The first chromatography step was a streptavidin affinity chromatography using a Streptactin column (Qiagen) equilibrated with 50 mM Tris pH 7.4, 150 mM NaCl, 5 mM
MgCl2, 10% glycerol, 5 mM ATP, 0.25 mM TCEP. Proteins binding to the column
through the Rad23b-UBL Twin-Strep tag were eluted with 2.5 mM d-desthiobiotin in
equilibration buffer.
The second step of the purification involved glycerol gradient ultracentrifugation. The
same equilibration buffer used in the first affinity chromatography step also was used in
this step with the addition of glycerol. After optimisation of the gradients, the optimal
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density that saw the best separation was a 15-30% glycerol gradient. Fractions containing
proteasomes from the affinity chromatography (total volume of 3 ml) were loaded onto the
glycerol gradient and separated on a 35 ml gradient using a Beckman SW 32 Ti rotor for
20 hours at 12,4000g at 4 °C. Fractions of 500 µl were then collected from the glycerol
gradient after centrifugation and a 4-12% SDS-PAGE (Invitrogen) was run for protein
evaluation. Glycerol gradient fractions that contained the 26S proteasomes were pooled
and concentrated to 100 µl for a total time of approximately 45 minutes in multiple 15
minute spins at 1500g using 100 kDa Amicon Ultra (Merck) centrifugal filters.

2.2

UBR4-proteasome sample preparation

Since UBR4 was pooled down in significant amounts in human 26S proteasome
preparations as described in Section 2.1.2 (approximately 0.5 mg/ml), the first steps of
endogenous untagged UBR4 purification involved capturing UBR4 bound to human 26S
proteasome. The purification followed the same protocol but tested buffers with and
without ATP. The second step of the purification procedure was investigated further using
one of the following strategies described below or with glycerol gradient centrifugation as
described in Section 2.1.2.
For CRISPR-tagged UBR4 purifications, cell lines were grown in suspension as
described in section 2.4.5 and the resulting cells were purified using the same purification
methods described in Section 2.1.2 but without addition of Rad23b-UBL.

2.2.1 Ion-Exchange Chromatography
After the first affinity chromatography step using Strep-Tactin resin, fractions containing
UBR4 as identified by SDS-PAGE were pooled together and further purified by ion
exchange chromatography (IEX). A HiTrap DEAE FF 1 ml column (GE Healthcare) was
equilibrated and washed in standard buffer described in Section 2.1.2. UBR4 and
proteasomes were eluted with step elution. Step elution involved increasing the NaCl
concentration in distinct steps (with UBR4 and proteasome eluting at a concentration of
200 mM), to a maximum NaCl concentration of 500 mM. The fractions contacting UBR4
and the proteasome were then pooled and used for further analysis and characterisation.
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2.2.2 Calmodulin affinity chromatography
Calmodulin affinity chromatography was conducted as a second step, after the streptavidin
affinity chromatography step described in Section 2.1.1. Fractions containing UBR4 from
the first purification step were pooled and 2 mM CaCl2 was added to the sample.
Calmodulin beads had been equilibrated with standard calmodulin buffer containing 50
mM Tris pH 7.4, 50 mM NaCl, 2 mM CaCl2, 5 mM MgCl2, 1 mM ß- 2-Mercaptoethanol,
5 mM ATP. The calmodulin beads (Calmodulin-Sepharose beads from GE Healthcare)
were subsequently incubated with the sample for 18 hours at 4 °C. Beads were washed
with the standard calmodulin buffer and protein was eluted using the elution buffer
containing the same components of standard calmodulin buffer either 3 mM or 30 mM
EGTA. Fractions from the elution peak were applied on an SDS-PAGE gel and
subsequently stained for detection using Pierce Silver Stain Kit (Thermo Fischer
Scientific).

2.3

20S proteasome purification

Cell pellets harvested from insect cell expression of 20S proteasome as described in
Section 2.6.2 were thawed and resuspended in three times volume of buffer W which
consisted of 50 mM Tris pH 7.5, 150 mM NaCl, 5% (v/v) glycerol, 1 mM DTT, and 1 mM
EDTA. Cells were then lysed by sonication for a total of 4.5 minutes (2 seconds on, 8
seconds off at 60% amplitude). Samples were then centrifuged at 48400 g for 30 minutes.
Lysate was filtered as described in Section 2.2 and loaded onto a tandem Strep-Tactin
Superflow Plus column (QIAGEN) that was equilibrated in buffer W. Protein was eluted
in buffer W containing 2.5 mM d-desthiobiotin. Fractions containing proteasomes were
pooled and the TwinStrep-TEV-tag was cleaved by overnight dialysis as described in
Section 2.1.1. The sample was loaded onto another Strep-Tactin Superflow Plus columns
as described in Section 2.2 and the flow-through was collected. Protein was concentrated
with a 30 kDa cut-off Vivaspin 20 concentrator (Sartorius) and loaded onto size exclusion
chromatography column (Superose 6 Increase 10/300 (GE Healthcare)) that had been
equilibrated with buffer W.
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2.3.1 P97-20S and P97 sample preparation
Expression and purification of P97 was conducted by co-infection of Sf9 cells with the
Twin-Strep tag-TEV-p97 baculovirus, with untagged P97 baculovirus, or with P97-20S
chaperones baculovirus as described in Section 2.6.1 and with 20S proteasome
baculovirus. The purification protocol was the same as described for recombinant 20S
proteasomes, except that for the size-exclusion chromatography steps the size exclusion
chromatography column used was a Superdex 200 Increase 10/300 (GE Healthcare)
instead of a Superose 6 Increase 10/300 (GE Healthcare).

2.3.2 PI31-20S and PI31 sample preparation
Expression and purification of PI31 was conducted by co-infection of Sf9 cells with the
Twin-Strep tag-TEV-PI31 baculovirus, with untagged PI31 baculovirus, or with PI31-20S
chaperones baculovirus as described in Section 2.6.1 and with 20S proteasome
baculovirus. The purification protocol was the same described for recombinant 20S
proteasomes, except that further chromatography steps were conducted (three consecutive
size-exclusion chromatography in total in which the early peak (fractions 15-17) was
pooled and re-injected) followed by a final analytical size-exclusion chromatography step
using a Superose 6 PC 3.2/30 column (GE Healthcare) equilibrated with 50 mM Tris pH
7.4, 50 mM NaCl, 1 mM DTT, 1 mM EDTA. For individual PI31 purifications a Superdex
200 Increase 10/300 (GE Healthcare) was used instead.

2.4

CRISPR-tagging of endogenous UBR4

2.4.1 CRISPR cloning
Cas9 commercial plasmid PX458 (Addgene) was used, which contained a green
fluorescent protein (GFP) marker with BbsI restriction sites. WGE CRISPR design tool
(Wellcome Sanger Institute) and GPP sgRNA Designer tool (Broad Institute) packages
were then used to aid in guide RNA (gRNA) design. gRNAs that had the best specificity
ranking in the software packages and identified by both software programs were picked.
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BbsI restriction sites and a guanine at positon -1 (shown to improve Cas9 activity) were
then added to the gRNAs. gRNAs were then annealed and ligated to BbsI-digested Cas9
PX458 plasmid using 1 µl of grNA1_1, 1 µl of gRNA1_2 as shown in Table 2.1, 8 µl of
H20, heated to 95 °C and then incubated at 25 °C for 1 hour. The ligation contained 100 ng
of digested vector, 2 µl of annealed oligos, 2 µl of 10X T4 ligase buffer (NEB), 1 µl of T4
ligase and H20 to a final reaction volume of 20 µl.
For donor plasmid design, constructs were assembled using In Vivo Assembly (IVA)
cloning (García-Nafría et al., 2016) with primers listed in Table 2.1 in an empty vector
backbone containing a neomycin cassette (see appendix for final vector map and
sequence). The plasmid was designed so that the C-terminus of UBR4 was tagged with
Twin-Strep tags. PCR reactions were performed using Phusion DNA polymerase (NEB)
according to the manufacture’s protocol (initial denaturation step at 95 °C for 30 seconds,
30 cycles at 65 °C, and a final extension at 65 °C for 5 minutes). After PCR amplification,
PCR products were treated with 1 µl FastDigest DpnI enzyme (Thermo Fisher Scientific)
for 15 minutes at 37 °C. The treated PCR products were subsequently transformed in to
XL10-Gold cells (Agilent Technologies) by mixing 1 µl of DNA into 50 µl competent
cells, incubating at 4 °C for 30 minutes, heat shocking at 42 °C for 45 seconds, incubating
at 4 °C for 2 minutes and plating onto LB agar plates. Colonies were screened for
successful incorporation of the DNA fragments by restriction digestion and successful
plasmids were then assessed by DNA sequencing for which the sequencing primers are
provided in Table 2.2 (GATC Biotech).
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Table 2.1: Primers for CRISPR cloning
Name

Primer Sequence

Details

gRNA1_1

CACCGACGATGATGGTTA
CCCTTC A

Primer for gRNA oligo 1

gRNA1_2

AAACTG AAG GGTAAC CAT
CATCGTC
AAACGCTTCGTCTTCGCC
GCCGCAC

Primer for gRNA oligo 2

AAACATCCAGAGAGCTTC
CTGAAG C

Reverse primer for PX458

CCGCGGTCTAGATCCCTG
TTAGGAGAACGCCTCTGC
TAACATTTT

Forward primer for left

PX458_F
PX458_R
Donor_plasmid_LHA_F

Forward primer for PX458
CRISPR commercial vector
CRISPR commercial vector
homology arm for donor
plasmid (CRISPR)

Donor_plasmid_LHA_R

GGGGACTGAGTTCAA
CAGGTCCTT C

Reverse primer for left
homology arm for donor
plasmid (CRISPR)

Donor_plasmid_3XFLAG_TwStr_F

CTGTTGAACTCAGTCCCC
CTGGAAGTTCTGTTCCAG
GGGCC

Forward primer for cloning
the tags for donor plasmid
(CRISPR)

Donor_plasmid_3XFLAG_TwStr_R

UCATTATTTCTCGAATTG
CGGATGGCTCCAAC

Reverse primer for cloning
the tags for donor plasmid
(CRISPR) Forward primer
for cloning the tags for
donor plasmid (CRISPR)

Donor_plasmid_RHA_F

ATCCGCAATTCGAGAAAT
AATGACCACCACACAGCA
GCTGCG G

Forward primer for right
homology arm for donor
plasmid (CRISPR)

Donor_plasmid_RHA_R

CGGGTTCCTTCCGGTAGA
GAGGCCCTCGGGAGT CCT

Reverse primer for right
homology arm for donor
plasmid (CRISPR)

Donor_plasmid_vector_neomycin_F

TACCGGAAGGAACCCGCG
CTATGA

Forward primer for the
vector backbone that
includes the neomycin
cassette

Donor_plasmid_vector_neomycin_R

GGATCTAGACCGCGGGTA
CGA C

Reverse primer for the
vector backbone that
includes the neomycin
cassette
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Table 2.2: Sequencing primers
Primer

Sequence

Use

CRISPR_UBR4_seq_F

CAGGAAACAGCTATGACC

Forward sequencing primer
for tagged UBR4 CRISPR
clones

CRISPR_UBR4_seq_R

ATTGCCGTCATAGCG

Reverse sequencing primer for
tagged UBR4 CRISPR clones

P97_seq_F

ATGGCAAGCGGTGCAGATAG

Forward sequencing primer
for tagged P97 clones.

P97_seq_R
PI31_seq_F

TGGCGAATCGGACGATATGCT

Reverse sequencing primer for

TCC

tagged P97 clones.

TTTCACCGCACCTATAAAAACA

Forward sequencing primer
for tagged PI31 clones.

PI31_seq_F

ACGGCTGGTATGCGGATGAT

Reverse sequencing primer for
tagged PI31 clones.

UBR4_screening_F

GAAGGACCTGTTGAACTCAGT

Forward primer for screening

CCCCCTGGAAGTTCTGTT CCA

tagged-CRISPR clones

GGGGCC
UBR4_screening_R

CCGCAGCTGCTGTGTGGTGGT

Reverse primer for screening

TATTTCTCGAATTGCGGA TGG

tagged-CRISPR clones

CTCCAAC

2.4.2 HEK293F cells: adherent and suspension cell adaption
HEK293F cells were used in the CRISPR tagging method. In order to transfect HEK293F
cells with the plasmids generated as described above, HEK23F adherent cells were seeded
for transfection by adding 5 ml of trypsin to cells, followed by a 5-minute incubation at 37
°C. Trypsin treatment ensured cells sufficiently detached from the wells. 15 ml of 5% FBS
FreeStyle 293 Expression Medium (Thermo Fisher Scientific) was added to resuspend the
cells. Cells were counted and seeded in 6 well plates at a density of 0.5 million cells/ml. At
a density of 1 million cells/ml, after approximately 24 hours, 3 µl GeneJuice Transfection
agent (Merck Millipore) and 1 µg of Donor plasmid and Cas9-gRNA plasmid were
incubated at room temperature for 15 minutes and added to the cells drop-wise. 24 hours
after transfection, 80 µg/ml of G418 antibiotic (Sigma) (calculated using a killing curve)
was added to wells.
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2.4.3 Cell sorting of transfected CRISPR cells
Cells that had sufficient cell growth from G418-treated wells, as described in Section
2.4.2, were sorted by fluorescence-activated cell sorting (FACS) based on incorporation of
the GFP-tagged PX459 plasmid. Before FACS, each sample was prepared so that 10
million cells/ml was used after trypsin treatment as described in Section 2.4.2. Cells were
subsequently filtered with 50 µm filters prior to cell sorting. Individual cells were then
individually sorted into a 96 well plate. After one week, single cells that had formed
colonies (cells over 50% confluent) were scaled up in larger wells and treated with G458treated FreeStyle media as before.
Frozen aliquots of cell lines, grown after cell sorting were made by adding 10%
dimethylsulfoxide (DMSO) to FreeStyle media (called freezing media) and then trypsin
treatment was performed as described before in Section 2.4.1. Trypsin-treated cells were
then centrifuged at 335g for 5 minutes and resuspended in 3 ml of freezing media. 1 ml
aliquots of the resuspended cells were frozen at -80 °C for 48 hours then transferred in a 180 °C liquid nitrogen container for long-term storage.

2.4.4 Screening of CRISPR colonies
Successful adherent cells that had grown into large colonies after FACS were harvested by
trypsin treatment and screened using PCR reactions with Phusion DNA polymerase (NEB)
as described in section 2.4.1 The screening primers, shown in Table 2.2, were used to
amplify the tag and part of the UBR4 insert sequence as shown in Table 2.1.

2.4.5 HEK293F suspension cell adaption
Adherent HEK293F cells were adapted to suspension to allow for large scale growth of
CRISPR-tagged cell lines. Cells were initially placed in 5% FBS and FreeStyle 293
Expression Medium (Thermo Fisher Scientific). After 48 hours, cells were passaged at 0.5
million cells/ml and placed in 2% FBS Free Style 293 Expression Medium (Thermo Fisher
Scientific). Cells were continuously split every 48 hours and all FBS was then removed in
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the third split. Frozen aliquots of the suspended cell lines were prepared as previously
described before in Section 2.4.3.

2.5

Proteasome Activity assays of samples- fluorescence

spectroscopy
All samples obtained by the methods described above were tested for 20S proteasome
proteolytic activity using fluorescence spectroscopy. This activity was tested using 7amino-4-methylcoumarin (AMC) tagged fluorogenic peptides with sequences specific for
each one of the three proteasome proteolytic activities: Z-L-L-E-AMC (caspase-like
activity), Suc-L-L-V-Y-AMC (chymotrypsin-like activity), and Boc-L-R-R-AMC (trypsinlike activity) (Boston Biochem). In this reaction, 5 µl of samples were measured in buffer
containing 50 mM Tris pH 7.4, 5 mM MgCl2. and 1 mM DTT was incubated with 50 µM
AMC-peptide. Once substrates and samples had been mixed, the proteolytic reaction was
incubated for 30 minutes at room temperature followed by subsequent fluorescence
measurement using a PHERAstar FS plate reader (BMG Labtech), at an excitation
wavelength of 350 nm and an emission wavelength of 450 nm. Three concentration of
chymotrypsin (Sigma) (10 ng/ml, 100 ng/ml, and 1 µg/ml) were used as positive controls,
and compared with the sample to be measured. For that, chymotrypsin dilutions were
incubated with 50 µM SUC-L-L-V-Y-AMC in buffer containing 50 mM Tris pH 7.4, 5
mM MgCl2 and 1 mM DTT. Gain was corrected with the 1 µg/ml chymotrypsin dilution
and fluorescence subtracted with a sample that only contained buffer. Activity assays were
plotted using Prism v.8.2.0 program (GraphPad Software).

2.5.1 Titration assays of PI31 and 20S proteasome samples
PI31 titration assays were conducted by mixing 30 nM of recombinant 20S proteasomes
with increasing concentrations of recombinant PI31 at concentrations of (0 nM, 30 nM, 50
nM, 70 nM, 90 nM, 150 nM, 300 nM) and a total volume of 55 µl. After mixing, samples
were incubated for 30 minutes at 25 °C. Following initial incubations, samples were
diluted and further incubated with 50 µM of each of the three proteasome fluorogenic
substrates to a final volume of 100 µl as described above in Section 2.5 (resulting in a final
concentration that correspond to a 20-fold dilution). Florescence was measured as
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described in Section 2.5. Activity assays were plotted using Prism v.8.2.0 program
(GraphPad Software).

2.6

Insect cell recombinant protein expression

The baculovirus expression system exploits the large family of viruses that infect
arthropods, mainly insects. Baculoviruses have relatively large, circular double-stranded
DNA genomes. These viruses have the ability to produce particles, termed “polyhedra” or
“occlusion bodies”, at the end of their viral cycle and can accumulate within insect cells
(Jarvis, 2009). Polyhedra are expressed within nuclei of the host organism and are
contained within a paracrystalline array of polyhedrin. Baculoviruses produce large
amounts of polyhedrin allowing high quantities of polyhedra packing into host cell nuclei
(Jarvis, 2009). The ability of baculoviruses to produce excess polyhedrin is extremely
useful and it is this system that is manipulated in many molecular biology techniques.
Since baculovirus replication in insect cells is not dependent on the production of
polyhedron, the polyhedron viral DNA sequence can be replaced with a foreign DNA
sequence encoding the protein of interest (Fig. 2.1).
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.
Fig. 2.1: Insect cell expression strategy. A recombinant plasmid is cloned with the gene of interest (red
line). The next step involves transforming the recombinant plasmid into E. coli competent cells that contain
baculoviral DNA (yellow) which then leads to the production of a recombinant bacmid. Bacmids are then
transfected into Sf9 insect cells (pink) to make baculoviruses which are subsequently used to infect fresh Sf9
cells and allow for viral multiplication and further protein expression.

Using this technique, Dr. Ana Toste Rêgo from the da Fonseca lab had developed a
system, based on the multi-baculovirus expression system, in which all 20S proteasome
subunits can be over-expressed in insect cells. This involves co-infecting insect cells with
two baculovirus, one expressing all 20S subunits and the other one expressing the 20S
chaperones, PAC1, PAC2, PAC3, PAC4 and POMP (Hirano et al., 2006). Because of the
need to express multiple genes within the same vector, the MultiBac system was used
(Bieniossek et al., 2012). The MultiBac system is an advanced platform tailored for
eukaryotic multiprotein complex production. Once the vectors were prepared, these were
used to make baculoviruses, that have been engineered to increase protein production in
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insect cells. The viruses, which are generated by bacmids, are then used to infect insect
cells, which in this case were SF9 cells. Cells were then harvested and proteins were
purified (Fig. 2.1).

2.6.1 Cloning and generation of baculoviruses
The 20S baculovirus contained a Twin-Strep tag at the C-terminus of ß7 so mature,
homogenous proteasome complexes could be purified by pulling down on this subunit
(Rêgo and Fonseca, 2019). PI31 and P97 gene sequences were synthetically synthesised
using codon-optimised sequences (for P97 initial P97 constructs were made using the
cDNA plasmid 113510 from Addgene) and expressed in E. coli (Epoch) cells. PI31 and
P97 genes were then subsequently cloned into Multibac Turbo vectors pACEBac1, pIDS
and/or pIDC using the IVA cloning method (García-Nafría et al., 2016). P97 was cloned
with a C-terminal Twin-Strep tag followed by a TEV protease cleavage site. PI31 was
cloned with a C-terminal Twin-Step tag followed by a TEV protease cleavage site.
Untagged versions of PI31 and P97 were also constructed as well as untagged P97-20S
chaperones and untagged P97-20S chaperones constructs that had been cre-loxed to
include in the single vector pACEBac vector (Fitzgerald et al., 2006). In order to produce
PI31-20S chaperones and P97-20S chaperones constructs, the vector containing all 20S
chaperones and the PI31 of P97 vectors were combined recombinantly via their LoxP sites,
making use of the Cre recombinase enzyme that recognises these sequences. Cre-lox
recombination was conducted by mixing 350 ng/µl of 20S chaperones in the pACEBac1
vector, 100 ng of the P97 or PI31 vector in pIDC vector, 1 µl Cre-recombinase enzyme
(New England BioLabs) and 2 µl of Cre-buffer (New England BioLabs) in a total 20 µl
reaction. The reaction was incubated for 1 hour at 37 °C. Untagged constructs were
generated in order to be co-expressed with the 20S proteasome. 10 ng/µl of plasmids were
then transformed into 100 µl DH10 EmBacY cells (Geneva Biotech), left on ice for 30
minutes at 4 °C, heat shocked at 42 °C for 45 seconds, incubated at 37 °C for 4 hours with
400 µl of SOB media and plated on selective agar plates containing chloramphenicol and
gentamicin. Bacmid DNA was purified using the published protocol by O’Reilly et al
(1994) and the QIAGENprep Spin Miniprep kit (Qiagen). Bacmids were transfected into
Sf9 cells at 1.5 x 106 cells/ml in InsectXPRESS media (Lonza) (P1 virus) by adding a
mixture of 6 µl Fugene reagent (ThermoFisher) and 2 µg of Bacmid in a total reaction
volume of 200 µl, adding it to a well in a 6 well plate and incubating for 72 hours until
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viability had decreased to around 80%. The viability was measured using a Countess
Automated cell counter (ThermoFischer). This made the P2 virus. The established P2 virus
was spun at 1000g, filtered and the supernatant was placed in 2% Hi-FBS serum for long
term storage at 4 °C and covered in foil to prevent light-induced damage. All primers used
in this experimental design are shown in Table 2.3.

2.6.2 Expression of PI31, P97, PI31-20S-20S chaperones, and P97-20S20S chaperones
Each P2 baculovirus was individually amplified by infecting Sf9 cells at a density of 1.5 x
106 cells/ml (at a ratio of 1: 100 of the P2 virus to cell volume in P3 virus) for 72 hours
until viability had dropped to 80%. This P3 virus was filtered and used to infect Sf9 cells
at approximately 2 x 106 cells/ml density (12 ml of each P3 virus was used per 500 ml of
Sf9 cells). For co-expression, more than one P3 virus was infected per 500 ml of diluted
Sf9 cells (12 ml of each virus used). Initial experiments involved triple infections with 20S
proteasome baculovirus, 20S chaperones baculovirus and P97 or PI31 baculovirus. For
double infections, 20S proteasome baculovirus and either PI31-20S chaperones or P9720S chaperones baculoviruses were used. After infection, cells were incubated at 27 °C for
48 hours and harvested by centrifuging at 3000g for 20 minutes at a temperature of 4 °C.
After centrifuging, cell pellets were washed with 35 ml of cold phosphate-buffered saline
(PBS) solution, flash frozen in liquid nitrogen and stored at -80 °C.
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Table 2.3: Primers for baculovirus cloning

P97_pACEBac_F

Sequence

Use

GGATCCCGGTCCGAA ATG GCT TCT
GGAGCC GATTCAAAAGGTG

Forward primer for
cloning of P97 in
pACEBac (no tag).

P97_pACEBac_R

ACTGCAGGCTCTAGATTC TTA GCC
ATACAGGTCATCATCATTGTCTTCTG

Reverse primer for
cloning P97 in
pACEBac (no tag).

TwStrP97_pACEBac_F

G ATC CCG GTC CGA A GAA AAC CTG
TATTTTCAGTCAATGGCTAGCGCA
TGGAGTCATCCTC

Forward primer for
cloning of P97 in
pACEBac with Twinstrep tag.

TwStrP97_pACEBac_F

AC CTT TTG AAT CGG CTC CAG AAG
CCATATGGGATTTTTCGAACTGCGG
GTG GC

Reverse primer for
cloning of P97 in
pACEBac with TwinStrep tag.

PI31_paceidc_F

GGATCC CGG TCC GAA ATG GCA
GGTCTGGAAGTTCTGTTTGC

Forward primer for
cloning of P97 in
pACEBac and pIDC.

PI31_paceidc_R

ACTGCAGGCTCTAGATTCTTACAG
ATACATATCATCATAACCTGGCGGAG

Reverse primer for
cloning of P97 in
pACEBac and pIDC (no
tag).

NTevTwStr_F

ATGTCGTACTACTGGAGCCATCCG

Forward primer for
cloning the Twin-Strep
tag in pACEBac vector.

NTevTwStr_R

GGCGCCCTGAAAATACAGGTTTTCCTT

Reverse primer for
cloning the Twin-Strep
tag in pACEBac vector.

TwStrPI31_paceidc_F

CTGTATTTTCAGGGCGCC ATG GCA
GGT CTG GAA GTT CTG TTT GC

Forward primer for
cloning of PI31 in
pACEBac and pIDC
with N-terminal Twin
Strep- tag.

TwStrPI31_paceidc_R

GCTCCAGTAGTACGACAT TTC GGA
CCGGGATCCGCGC

Reverse primer for
cloning of PI31 in
pACEBac and pIDC
with N-terminal TwinStrep tag.
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2.7

Western blot analyses

2.7.1 Western blots to validate ubiquitination
Samples containing UBR4-19S and tagged UBR4 as shown in Chapter three (and purified
as described in Section 2.2 and 2.4) were checked for ubiquitination states using western
blotting (WB) (Burnette, 1981). 25 µl of samples at approximately 0.2 mg/ml were first
analysed by SDS-PAGE and transferred using an XCell II Bolt Module (Novex) to a
PVDF membrane (Sigma Aldrich). The PVDF was then soaked in methanol for 30
seconds and placed on the transfer module. The SDS-PAGE was immediately placed on
the membrane whilst it was still wet and filled with transfer buffer consisting of 25 mM
Tris pH 7.4, 190 mM glycine, and 10% methanol. The traditional sandwich model set up
of the XCell was used and proteins from the gel were transferred to the membrane at 30V
for 1 hour. After transfer, the membrane was blocked in 5% (w/v) powdered milk in PBS
and 0.1% Tween-20 (PBST) for 1 hour at room temperature (RT) and incubated with
primary anti-UB antibody UBI-1 (Abcam) at a 1:2000 dilution in 5% (w/v) milk in PBST
and for 1 hour at room temperature. Following incubation, the membrane was washed
three times with PBST for 10 minutes and incubated at a 1:10000 dilution for 1 hour at
room temperature with secondary antibody- horseradish peroxidase (HRP)-conjugated
anti-mouse IgG antibody (GE Healthcare) in 5% (w/v) milk in PBST buffer. The final
wash was conducted with 3 rounds of PBST buffer. The Amersham ECL Western Blotting
Detection Kit (GE Healthcare) was used to detect the HRP. The manufacture’s protocol
was used for detection. Briefly, a 5-minute incubation of a stable peroxide solution was
mixed with an enhanced luminol solution on the membrane. After this, film exposed on the
membrane (of approximately 2 minutes) was used to visualise the UBR4-19S samples and
the level of ubiquitination present within each.

2.7.2 UBI-CAPTURE experiment
UBI-capture experiment using the UBI-QAPTURE-Q kit (Enzo Life Sciences) was
conducted as described in Benvegnu et al. (2017) (Fig. 2.2). Control sample (Control
ubiquinated-protein lysate from Enzo Life Sciences) provided by the kit was used to
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validate the method. Other samples used were UBR4-19S and tagged-UBR4 proteins as
mentioned in Chapter three. Samples were diluted 20 times with PBS to a final
concentration of 25 µg of total protein and incubated with UBI-QAPTURE-Q matrix
(Enzo Life Sciences) for 4 hours at 4 °C to ensure efficient matrix binding. The matrix was
washed with the standard buffer described in Section 2.2. Samples were then centrifuged
for 30 seconds at 5000g to collect the UBI-QAPTURE-Q matrix while the supernatant was
collected as ‘unbound fractions’ UBI-QAPTURE-Q matrix. Three PBS washes were then
performed and the sample was subsequently eluted with 100 µl PBS. An aliquot of the
sample was added to 25 µl of 5x SDS-PAGE gel loading buffer while the rest was saved
for analysis by western blotting (Fig. 2.2). Western blot analysis was conducted in the
same way as described in Section 2.7.1 with mono-and poly-ubiquitinated conjugated
monoclonal antibody (FK2) (HRP conjugate) used as the primary antibody at a dilution of
1:1000.

Fig. 2.2 The UBI-capture experiment. The UBI-capture tool offers a way in which ubiquitinated proteins
can be detected in either a lysate or as purified sample. Substrates that are ubquitinated (blue) are captured by
the high affinity matrix that can detect ubiqutinated proteins. Proteins are then washed, centrifuged and
eluted and can be detected by either SDS-PAGE or western blotting.
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2.8

Biophysical analyses

2.8.1 ISCAT
PI31-20S samples were purified as described in Section 2.3.2 and a 1: 20 dilution of the
sample (resulting in a final concentration of 180 nM) were analysed by interformetric
scattering (iSCAT) in the Refeyn One (Refeyn Ltd) as described by Young et al. (2018)
(Young et al., 2018). 10-18 µL of each sample was applied to silicone gaskets mounted on
borosilicate microscope coverslips, previously cleaned in Milli-Q water, isopropanol and
Milli-Q water again, followed by drying under a stream of argon. The image was focused
onto the glass surface and data collected for between 30-60s at a frame rate close to 1 kHz.
For image processing, the raw image was processed by 4 x 4 pixel binning and time
averaged 10-fold to give an effective frame rate of 100 Hz. To remove the static scattering
background, images were processed in a ratiometric analysis to reveal changes between
different frame batches. Protein landings on the surface were identified automatically as a
dark point spread function that increases and decreases through successive frames. The
peak contrast was used to determine the mass of the particle from a linear fit of contrast
against mass of a set of protein standards. Histograms of single particle landings were
generated with a binning of 5 kDa.

2.8.2 SEC-MALS
Size exclusion chromatography coupled with multiple angle scattering (SEC-MALS) was
conducted using a Wyatt MALS system (Wyatt Technologies). 100 µL of samples (UBR419S, P97 and PI31-20S, PI31 and P97) were injected at a concentration of 0.1 mg/ml into a
Superdex 200 Increase HR 10/300 (GE Healthcare) at 0.5 ml/min in standard buffer as
described in Section 2.2 and 2.3. The protein concentration and light scattering at each
point across the chromatographic peaks was used to determine the absolute molecular
mass from the intercept of the Debye plot using Zimm’s model as implemented in the
ASTRA v5.3.4.20 software (Wyatt Technologies). To determine interdetector delay
volumes, band-broadening constants and detector intensity normalization constants for the
instrument, Bovine Serum Albumin (BSA) was used as a standard prior-to sample
measurement. The data collected were plotted with the Prism v.8.2.0 program (GraphPad
Software).
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2.9

Binding experiments

2.9.1 PI31 and 20S binding experiment
PI31 and 20S binding experiments were conducted by individually purifying 20S
proteasome or PI31 from insect cells (as described in Section 2.3.2 and 2.6) followed by
mixing 1.5 µM of PI31 with 0.15 µM of 20S proteasome to ensure sufficient saturation of
20S with PI31. The samples were left at room temperature for 1 hour before concentrating
the mix using 30 KDa cut-off concentrators as described previously to a final
concentration of 1.2 mg/ml. The concentrated sample was then injected into the size
exclusion chromatography column Superose 6 Increase 10/300 (GE Healthcare). Results
were analysed using proteasome activity assays as explained in Section 2.5 and analysed
using Prism v.8.2.0 program (GraphPad Software).

2.9.2 Flag-PI31 and 20S purifications
Samples were co-expressed in baculoviruses as described in Section 2.6. Proteins purified
from streptavidin affinity chromatography as described in Section 2.2 were directly
incubated with Anti-Flag M2 agarose beads (Sigma-Aldrich). The resin was equilibrated
with 5 column volumes (CV) of standard buffer but with no glycerol at room temperature.
This was followed by ten subsequent washes with 2 CVs of buffer. Samples were eluted
with 1 CV of 200 µg/ml Flag peptide (Sigma Aldrich) in standard buffer. Resin was
regenerated with 3 CV of 0.1 M glycine-HCl pH 3.5, and washed and stored in 50%
glycine-HCl pH 3.5, TBS, 0.02% Sodium Azide.

2.10 Mass spectrometry
Mass spectrometry was conducted by the Mass Spectrometry Facility at the MRC-LMB.
Briefly, gel samples were destained with 50 mM ammonium bicarbonate and 50% v/v
acetonitrile, reduced with 10 mM DTT, and alkylated with 55 mM iodoacetamide.
Samples were digested with 6 ng/µl trypsin (Promega, UK) overnight at 37 °C. Peptides
were then extracted in 2% v/v acetronitrile, 2% v/v formic acid and analysed by nano-scale
capillary LC-MS/MS (Ultimate U3000 HPLC, Thermo Fischer Scientific Dionex) at
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approximately 300 nL/min flow rate. The UniProt KB was used to search for the LCMS/MS data while the the Scaffold programme (Proteome Software Inc) was used to
validate it.

2.11 Negative stain electron microscopy grid preparation
Quantifoil R1.2/1.3 400 mesh holey carbon copper (for UBR4 and P97 samples) or gold
grids (for PI31 samples) (Quantifoil Micro Tools), coated with an additional thin carbon
layer, were used for negative stain EM. 2 µl of each sample was applied on a grid that had
been previously glow discharged at 30 mA for 30 seconds. The sample was left on the grid
for one minute and then washed by placing it on the surface of two water droplets. The
grid was then floated on drops of 2% uranyl acetate solution and incubated for 30 seconds
before blotting with Whatmann filter paper. The grids were left to dry and subsequently
viewed using a FEI T12 transmission electron microscope (FEI).

2.12 Cryo-electron microscopy sample preparation and data
collection
Samples were applied on R1.2/2.3 400-mesh holey copper or gold grids (Quantifoil)
previously coated with a thin layer of carbon prepared in house. 2 µl of samples were
applied to the grids subsequently plunge-frozen into liquid ethane using a FEI Vitrobot
(Thermo Fischer Scientific), at 22 °C and 100% humidity, blot time 2 seconds, wait time 2
seconds, drain time 1 second, blot force, 10, blot time, 1 second. The cryo-grids were
stored in liquid nitrogen.
Cryo-EM data for the PI31- 20S proteasome sample was collected in house at the MRCLMB on Titan Krios electron microscope (FEI) operating at 300 kV and with a FalconIII
detector operating in counting mode. Electron counting modes allows single electron
events to be detected in the electron, which improves the signal to noise ratio of the images
(Mendez et al., 2019). Images were acquired at 96000 X magnification, pixel size of 0.81,
with a total electron dose of 40 e-/Å2 and a set of defocus range from -1.8 to -3.0 µm.
Movies were fractioned into 75 frames and automatic data acquisition was collected with
EPU software (FEI, Thermo Fischer Scientific). Data was collected in three 48 hour
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separate sessions, with the resultant micrographs that were used for structure presentation
in this thesis totalling 5517.
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Chapter 3
3.1

UBR4 and the 26S Proteasome

General features of E3 ligases

E3 ligases play a vital role within the UPS. As previously mentioned in Chapter one, E3
ligases are involved in the final step of the ubiquitination cascade where they catalyse the
transfer of a ubiquitin molecule from an E2 enzyme to form a covalent bond with a
substrate’s lysine (Berndsen and Wolberger, 2014). E3 ligases confer specificity by
selectivity binding to substrates and E2 enzymes (Berndsen and Wolberger, 2014). There
are three distinct classes of E3 ligases: ‘Really Interesting New Gene’ (RING) E3 ligases,
Ring-between-ring (RBR) E3 ligases, and homologous with E6-associated protein Cterminus (HECT) E3 ligases (Fig. 3.1) (Metzger et al., 2014; Rotin and Kumar, 2009;
Sluimer and Distel, 2018). The different E3 ligases either directly or indirectly transfer
ubiquitin (Ub) and ubiquitin-like (UBL) proteins. Their mechanisms have been elucidated
to highlight how a range of E3 ligases (E3s) can bind to different substrates and E2
enzymes.
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Fig 3.1: RING- HECT- and RBR-type E3 ligases and a schematic representation of their mechanism of
action. The three classes of E3 ubiquitin ligases are RING-, HECT-, and RBR-type E3 ubiquitin ligases. A)
RING E3 ligases bind both the substrate that will be ubiquitinated and the E2 ligase. This allows the E2 enzyme
and the substrate to be in close proximity so that the ubiquitin can be transferred from the E2 enzyme to the
substrate. B) HECT E3 ligases initially transfer ubiquitin from a thioester then to the substrate that will be
ubiquitinated. The HECT N-terminal domain binds to an E2-ubiquitin thioester (red circle), whereas the Cterminal consists of the catalytic cysteine that is involved in ubiquitin transfer (shown as red ellipse). C) RBRtype E3 ligases consist of two RING domains that are separated by an in-between-RING domain (IBR).
Ubiquitin transfer begins from the E2 bound to the first RING domain and are transferred to the second RING
domain. RING2 then transfers ubiquitin through a thioester bond to the substrate. The substrate recognising
domain (yellow), RING1 domain (orange), RING2 domain (grey-blue), E2 ligase (green), substrate
(turquoise), IBR domain (lilac), HECT domain (red), and ubiquitin (blue circles) are displayed.

3.1.1 RING E3 ligases
RING E3 ligases use a direct mechanism to bind both the donor E2-Ub thioester and
transfer the ubiquitin from the E2 enzyme to a lysine of the bound substrate (Fig. 3.1). The
RING domain was first described in 1991 and comprises one of the largest enzyme
families in humans with over 600 known members (Freemont et al., 1991). At the time of
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discovery, 27 other proteins had been identified with the RING motives and it was initially
thought that the domain may mediate DNA binding (Freemont et al., 1991). However,
experiments showing that the RING protein, Rad18 which promotes ubiquitination of
histones, provided a link between the RING domain and ubiquitination (Bailly et al.,
1997). This finding was shortly followed by the discovery of Hypoxia responsive domain1 (Hrd1) RING E3 ligase, required for endoplasmic reticulum-associated degradation
(ERAD), the UBR1 proteins in mice and yeast which mediate the N-end rule degradation
pathway, the anaphase-promoting complex Apc11 subunit, and Prt1protein in Arabidopsis
thaliana (Bordallo et al., 1998; Kwon et al., 1998; Potuschak et al., 1998; Zachariae et al.,
1998). The N-end rule pathway is a mechanism in which destabilising N-terminal residues,
such as asparagine and glutamine are recognised by proteins, ubiquitinated by E3 ligases
and degraded; this pathway exists in all eukaryotes (Bartel et al., 1990; Varshavsky, 2011).
The ubiquitin ligase N-recognin (UBR) family of E3 ligases are discussed further in this
chapter.
Despite the link between the RING domain and ubiquitination, it was not until 1999 that it
was unambiguously shown that the RING domain binds ubiquitin-conjugating enzymes
and is involved in the direct transfer of ubiquitin to the substrate (Kamura et al., 1999;
Ohta et al., 1999; Seol et al., 1999; Skowyra et al., 1997; Tan et al., 1999). In summary,
the ground-breaking 1999 papers showed the following: that RING E3s coordinate zinc
and this is essential for its ubiquitin ligase activity both in vitro and in vivo; that the
ubiquitination does not involve E3-linked ubiquitin intermediates, as seen in HECT E3s;
and that E3 ligase activity and E2 binding are intrinsic to the RING domain (Lorick et al.,
1999). Later work showed that UBR1 is essential for degrading N-end rule substrates,
further discussed in Section 3.3 (Xie and Varshavsky, 1999). Several other studies linking
the RING domain with ubiquitination and thus expanding the knowledge and cellular use
of E3 ligases later followed (Xie and Varshavsky, 1999).
Of the 600 human RING proteins, at least half have been shown to have ubiquitin ligase
function, with many others not yet been investigated (Berndsen and Wolberger, 2014;
Deshaies and Joazeiro, 2009; Li et al., 2008). However, some proteins containing RING
domains do not possess E3 activity. Examples include MdmX and Bmil RING proteins
that are shown to function in p53 and histone H2A ubiquitination, respectively, but need
other RING proteins (Mdm2 and Ring1b respectively to compensate E3 activity) (Linares
75

et al., 2003; Wang et al., 2004). The general features of RING domains are the common,
canonical basic sequence Cys-X2-Cys-X9-39-Cys-X1-3-His-X2-3-Cys/His-X2-Cys-X4-48-CysX2-Cys where X denotes any amino acid (Freemont et al., 1991). Within this sequence, the
conserved cysteine and histidine residues are buried within the domain’s core and which
maintain the overall structure of the RING domain and coordinate two zinc atoms (Fig.
3.2A) (Barlow et al., 1994; Borden et al., 1995). Other RING variants have been
discovered in which some cysteines and histidines are replaced by other residues that can
carry out zinc coordination, such as aspartic acid in the Roc1 protein in the Skp1, Cullin1,
F-box protein (SCF) ubiquitin ligase complex (Zheng et al., 2002).
The key mechanistic aspect of the RING E3 ligases is their ability to promote ubiquitin
ligase activity by binding to both ubiquitin-conjugating enzymes and substrates. This was
first exemplified by the Casitas B-lineage Lymphoma (Cbl) RING domain bound to the
ubiquitin conjugating enzyme UbcH7 (Zheng et al., 2000). Further structural studies,
including X-ray data and NMR analyses, have shown that there are key RING and E2
residues that play a crucial role in the RING domain-E2 interaction (Brzovic et al., 2003;
Dominguez et al., 2004). RING domains bind to the N-terminal helix of E2, common to all
E2s, and this interaction is transient if the E2 is not ubiquitin bound (Berndsen and
Wolberger, 2014). Once both the substrate and E2 ligase have bound the E3 (in which the
order does not matter), ubiquitin is transferred from the E2 to the substrate resulting in free
E2 enzyme and ubiquitinated protein substrate (Deshaies and Joazeiro, 2009). Sequential
addition of ubiquitin requires another E2-ubiquitin conjugated enzyme to bind (Fig. 3.2B).
The close proximity of the E2 and the substrate is what drives E3 activity. However, more
active roles for E3s have also been proposed, for example, inducing conformational
changes in the E2-ubqiutination enzyme that could promote its transfer and subsequent
ubiquitin transfer to the substrate (Deshaies and Joazeiro, 2009; Seol et al., 1999; Skowyra
et al., 1999).
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Fig 3.2: The RING E3 ligase domain and its mechanism for sequential ubiquitination. A) The RING E3
ligase domain consists of conserved cysteine residues that coordinate zinc atoms and help to maintain the
overall structure of the RING domain (PDB: 1FBV). B) Substrates can be sequentially ubiquitinated by RING
E3 ligases. Ubiquitin-charged E2 ligases are activated by E3 ligases and transfer the ubiquitin to the substrate
protein (cyan). The E2 ligase (green) then disassociates and recharges with another ubiquitin from E1 ligases
(red). The ubiquitin-charged E2 ligase can then bind to the E3 ligase and transfer an additional ubiquitin to the
substrate. A key is provided showing the different proteins and domains.

77

3.1.2 HECT E3 ligases
HECT E3s were first discovered in 1995 and were the first E3 ligase family reported
(Huibregtse et al., 1995). In humans, 28 HECT E3s have been identified (Scheffner and
Staub, 2007). HECT E3s consist of a HECT domain at the C-terminus composed of
approximately 350 amino acids. The N-terminal lobe of the HECT domain binds to an E2ubiquitin thioester, whereas the C-terminal lobe contains the active site cysteine and
accepts the ubiquitin from the E2 (Fig. 3.1B) (Huibregtse et al., 1995). The substrate
specificity is thus determined by the N-terminal lobe of the HECT domain, whereas the Cterminal lobe of the HECT-domain possesses the catalytic activity (Fig. 3.1B). There are
three subgroups of HECT E3s: Nedd4/Nedd4-like E3s, HERC family, and other HECTS in
which all members are listed in Table 3.1.

Table 3.1 HECT E3 ligases family

HECT sub-family

Family member examples

Number of family
members

NEDD4

NEDD4L, NEDD4L,

Nine

ITCH, SMURF1,
SMURF2, WWP1, WWP2,
NEDL1, NEDDL2
HERC family

Small and large HERCS

Six

Other HECTs

HUWE1, HACE1, E6AP,

Thirteen

TRIP12, UBR5
The exact mechanism of action of HECT E3s involves two steps (Fig. 3.1B). First, the
transfer of the ubiquitin from the E2 to a cysteine in the E3 HECT domain via a
transthioesterification reaction (Huibregtse et al., 1995). Second, a substrate lysine attacks
the HECT-Ub thioester resulting in transfer of the ubiquitin to the protein substrate
(Huibregtse et al., 1995). The C-lobe of the HECT domain has the ability to dramatically
extend so the thioester can be brought in close proximity to the substrate lysine for the
final ubiquitin transfer step (Kamadurai et al., 2013).
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3.1.3 RBR E3 ligases
RBR E3s are mechanistically distinct and share both RING and HECT E3 ligase features.
They were first identified in 1999 by the presence of two RING domains as well as an inbetween RING domain (IBR domain), forming another subclass of E3 ligases (Aguilera et
al., 2000; Reijden et al., 1999). Like other RING domains, the RBR domains can be found
anywhere within proteins and show typical conserved cysteine and histidine residues as
described earlier for RING E3 ligases (Eisenhaber et al., 2007). There are currently
thirteen known RBR E3s in humans, however, they are the least understood subclass of E3
ligases with poorly defined E2 substrates and partners (Eisenhaber et al., 2007; Wenzel
and Klevit, 2012). The best studied example of RBR E3 is Parkin. Structures of Parkin and
other RBR E3s such as human homolog of Ariadne (HHARI) have greatly expanded our
knowledge of the known mechanism of RBR E3s (Duda et al., 2013; Riley et al., 2013;
Shimura et al., 2000; Trempe et al., 2013). The mechanism of substrate ubiquitination by
RBR E3s is unique to RBR ligases and is composed of two steps (Fig. 3.1C). The RING1
recruits the ubiquitin-bound E2 enzyme and the ubiquitin is subsequently transferred to the
RING2 domain, which then transfers the ubiquitin to the substrate (Wenzel et al., 2011, p.
7). It has been shown that this mechanism is the same for most, if not all, RBR E3s (Smit
and Sixma, 2014).

3.2

E3 ligases and the 26S Proteasome

Despite the breadth of knowledge known about E3 ligases and their roles in the UPS, it
remains unclear how a targeted substrate is brought to the proteasome once a protein is
ubiquitinated and what role, if any, E3 ligases play in this process. For example, some
proteins, such as Rad23, containing ubiquitin-like (UBL) and ubiquitin-associated (UBA)
domains have been shown to associate directly with ubiquitin receptors on the 26S
proteasome and act as chaperones for ubiquitinated substrates (Kim et al., 2004). Rad23
closely associates with its respective E3 ligase, Ufd2, but this interaction competes with
proteasome binding (Kim et al., 2004). Other Rad23-like factors, such as Kex-2 proprotein
convertase (KPC) which interacts with p27 ligase, are thought to cooperate with E3
ligases (Kamura et al., 2004), whereas proteins such as P97 have been linked to pathways
delivering substrates to the proteasome (Richly et al., 2005). In addition, the UBL-UBA
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protein, Ddi1, in yeast, binds to its E3 ligase Ufo1 and this is needed for the degradation of
its target substrate, Homothallic (HO) endonuclease (Kaplun et al., 2005). In
Saccharomyces cerevisiae (S. cerevisiae), UBR1 and Ufd4 E3 ligases have been shown to
bind to the 26S proteasome regulatory subunits Rpn2 and Rpt6 respectively (Xie and
Varshavsky, 2000).
E3 ligases can therefore play a role in regulating substrate delivery to the proteasome. This
is in part due to the essential role E3 ligases play in the last ubiquitination step before
substrate degradation (Xie and Varshavsky, 2000). However, there have been additional
studies suggesting existence of more direct links in which E3 ligases bind to the
proteasome itself. For example, some E3 ligases have directly been shown to bind to the
lid of the 19S, such as the RING E3 ligase UBR1 binding to the proteasome subunit Rpn2,
whereas other E3 ligases have been shown to bind to the 26S proteasome base, such as the
HECT E3 ligase UFD4 binding to Rpt6 (Xie and Varshavsky, 2000). These findings
indicate a potential substrate delivery pathway to the proteasome where E3 ligases are
involved in the formation of ubiquitin chains, as well as the delivery of ubiquitinated
substrates to the proteasomes for degradation (Xie and Varshavsky, 2000).
Other E3 ligases of the HECT family have also been shown to associate with the 26S
proteasome. These include the ubiquitin protein ligases (UPL) UPL1, UPL3 and UPL5
(Furniss et al., 2018). Further, the RBR E3 parkin binds and is recruited by Rpn13 through
its UBL domain (Aguileta et al., 2015). Previous groups had also shown that parkin binds
to the 19S Rpn10 via its UBL domain and to the 20S proteasome α4 subunit via its IBRRING domain (Dächsel et al., 2005; Sakata et al., 2003). Parkin, which regulates various
cellular processes, has been linked to a familial form of Parkinson’s disease (Aguileta et
al., 2015). The parkin-proteasome interaction could provide insight into how parkin is
regulated as, for example, parkin activity increases upon Rpn13 binding. This increase in
activity is thought to be due to parkin’s relief of UBL-mediated autoinhibition (through
self-ubiquitination) as its UBL is bound to the 26S proteasome instead (Aguileta et al.,
2015). Parkin may also be binding to the proteasome to oppose the deubiquitinase (DUB)
enzyme, Uch37, which is bound to and activated by Rpn13 (Aguileta et al., 2015;
Hamazaki et al., 2006; Yao et al., 2006). Counteracting DUB activity by binding of E3s to
the proteasome have been shown in other instances. For example, Ubp6 (Usp14 in
mammals) binds via its UBL domain to Rpn2 in the proteasome. Ubp6 activity is
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counteracted by Hul5, another E3 ligase (Crosas et al., 2006). The dynamic interplay
between DUBs and E3s ensures proper recognition and degradation of substrates by the
proteasome and provides a regulatory mechanism how E3 ligases binding to the
proteasome can affect proteostasis (Aguileta et al., 2015). Other E3 ligases thought to
directly interact with the proteasome co-purify with the 26S, including Ube3a/E6AP,
Ube3c/Hul5, Rnf181, Huwe1, and UBR4 but their significance remains elusive (Besche et
al., 2014).

3.3

The UBR family of E3 ligases

As mentioned previously, UBR E3 ligases are part of the family that recognise N-degrons,
the N-terminal residues of a protein, for proteasomal degradation and are therefore referred
to as N-recognins (Kwon et al., 2003, 2001, 1998). This pathway is called the N-end rule
pathway and is one of the conserved mechanisms that determine protein half-life in cells
and the rate of ubiquitin dependent proteasomal degradation. There are seven members of
the family, UBR1-7 which are characterised by sharing a zinc-finger-like domain, the
UBR box motif, and by recognising and ubiquitinating proteins with N-degrons for
proteasome degradation following the N-end-rule pathway (Fig. 3.3 and Fig. 3.4) (Tasaki
et al., 2009). N-degrons are recognized through the UBR box and they can either be type 1
(positively charged amino acid residues) or type 2 (hydrophobic and bulky amino acid
residues) (Fig. 3.4) (Kaur and Subramanian, 2015; Tasaki et al., 2009). The UBR family of
E3s are generally heterogeneous in size but contain domains specific to E3s, with the
exception of UBR4 which has no E3 ligase activity (Tasaki et al., 2005). UBR1, UBR2
and UBR3 contain the RING ligase domain as discussed earlier, UBR5 contains the HECT
domain, UBR6 the F-box domain and UBR7 contains the plant homeodomain domain
(Fig. 3.3) (Callaghan et al., 1998; Tasaki et al., 2005; Tasaki and Kwon, 2007). The
biochemical properties of other members of the UBR family, such as UBR3 and URB7,
remain to be investigated.
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Fig. 3.3. Domain architecture of the UBR family of E3 ligases. There are seven UBR proteins that share
the UBR box domain. The UBR box recognises type 1 and type 2 N-end rule substrates. The rest of the
domains are labelled and a key is provided. ClpS denotes the C. reinhardtii-like domain; BRR is the basic
residue-rich region; AI is the auto-inhibitory C-terminal domain; CRD is the cysteine-rich domain; PHD is
the plant homeodomain.

3.3.1 UBR4
UBR4 is an atypical member of the E3 ligase family “ubiquitin protein ligase E3
component N-recognin” (UBR) and is a poorly structurally and biochemicallycharacterised protein. Initial studies of the protein identified UBR4 as an atypical UBR as
it does not have typical E3 ligase activity and no known ubiquitin ligase domain (Tasaki et
al., 2005). Also known as p600, due to its 600 kDa molecular weight, UBR4 was first
reported as a large putative protein during the construction and characterisation of human
brain cDNA libraries, corresponding to an open reading frame (ORF) present in clones
named KIAA0462 and KIAA1307 (Ohara et al., 1997). Further studies showed UBR4 as a
multi-functional protein interacting with the retinoblastoma protein and calmodulin,
present both in the cytoplasm and the nucleus, and with roles in integrin-mediated
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signalling and apoptosis (Nakatani et al., 2005). However, the significance of these
interactions remains unknown.

Fig. 3.4: The N-end rule pathway. The UBR box recognises type 1 and type 2 destabilising residues which
are listed in the figure above. The primary destabilising residues are the product of chemical modifications to
the amino acids (e.g. deamination and arginylation) resulting in N-terminal primary residues that are
recognised by the UBR box in N-recognins which mediate ubiquitination and degradation by the proteasome.

UBR4 was also identified as a target of viral transforming E7 proteins of multiple
papillomavirus (DeMasi et al., 2005; Huh et al., 2005). Further studies have showed that
UBR4 is a critical protein in mammalian brain neurogenesis, and neuronal signalling and
migration (Nakatani et al., 2005). UBR4 is abundantly expressed in all cells, and
particularly enriched in the central nervous system. Ablation of UBR4 in mice leads to
embryonic lethality and depletion in neuronal progenitors resulting in decreased
production of neurons as well as faster neuronal differentiation (Belzil et al., 2014). Timeof-the-day dependent UBR4 expression in the suprachiasmatic nucleus suggests a role in
the mammalian circadian clock regulation (Ling et al., 2014). Finally, a role of UBR4 in
autophagy has also been proposed (Tasaki et al., 2013). Despite its abundance in cells and
its suggested key roles in several cellular functions, UBR4 is still poorly characterised.
Interestingly, it has been observed that UBR4 can co-purify with proteasomes that have
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been purified by low stringency affinity chromatography (Besche et al., 2009; Jacobson et
al., 2014; Scanlon et al., 2009). While these studies suggest an interaction between the
proteasome and UBR4, the nature and significance of such an interaction is still unknown.
Filling the knowledge gap of UBR4 research and addressing these aforementioned
questions will aid in not only determining the role of this putative E3 ligase, but also in
understanding how its interaction with the 26S proteasome may regulate its function. To
this end, I used protein biochemistry to both reconstitute a stable complex in vitro, and
electron microscopy and biophysical techniques to further investigate UBR4 in vitro.

3.4

Results

3.4.1

Preparation of human 26S proteasomes

Structural and functional analysis of proteasome ancillary proteins requires pure,
homogenous, and biochemically functional 26S proteasome preparation. Several different
proteasome purification methods have been described in the past. These methods have
involved purifying proteasome from rabbit reticulocyte lysates, as shown by Hough et al.
(1986), as well as purification from rat skeletal muscle by Dalhmann et al. (1995), mouse
spleen and muscle by Besche et al. (2009) and brain and liver by Besche and Goldberg
(2012).
I joined the lab at a time when the 26S proteasome purification from HEK293F cells was
undergoing optimisation by Dr. Migle Kisonaite. The protocol for the purification of
endogenous 26S proteasomes from HEK293F human cells, adapted to suspension culture,
was modified from the previously reported pull-down method using the Rad23b UBL
domain (from here on in referred to as UBL) (Besche et al., 2009; Chen et al., 2001).
Rad23b, as mentioned in Chapter one, is a well-known shuttling factor containing both a
UBA and UBL domain that delivers ubiquitinated proteins to the 26S proteasome via its
UBL domain (Bertolaet et al., 2001). Under normal cellular conditions, the UBA and the
UBL domains interact within themselves in the Rad23b complex, and this competes with
binding to the 26S proteasome (Bertolaet et al., 2001). However, by truncating Rad23b
and using the UBL domain alone, its affinity for the 26S proteasome can be exploited for
complex purification. The UBL domain binds with high affinity to 26S proteasome via one
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of the proteasome’s ubiquitin receptors Rpn1 (Liang et al., 2014). The purification method
involved cloning the UBL domain of Rad23b with a Twin-Strep tag at its N-terminus and
using it to pull-down the 26S proteasomes (Besche et al., 2009; Chen et al., 2001).
HEK293F cells were lysed using a manual dounce homogeniser and subsequently
centrifuged. The resulting clarified lysate was incubated for one hour at 4 °C with TwinStrep tagged UBL and loaded onto a streptavidin affinity chromatography column. In
order to ensure maximum capture of 26S proteasomes, excess UBL bait (i.e 10-fold more
than the proteasome concentration) was used. The UBL bound 26S proteasome was then
eluted using 2.5 mM d-desthiobiotin. Fractions 5-7 (see Fig. 3.5A and B) where analysed
by mass spectrometry (MS) and used in subsequent purification steps described below, in
which proteasomes could be purified and separated from UBL.
After the initial streptavidin affinity purification, UBR4 co-eluted with the 26S proteasome
(Fig. 3.5) and its identity was confirmed by MS. Interestingly, other E3 ligases could also
be detected in the MS analysis such as the E3 ligase Huwe1. Fractions 5-7, which
contained 26S proteasome complexes, but importantly did not strictly co-elute with the
main peak UBL fractions (fractions 7-12 from Fig. 3.5), were used for further purification.
However, UBL removal through a second purification step was necessary as was the
separation of different proteasome species (20S, single-capped proteasomes, and doublecapped proteasomes). In order to remove UBL from the sample while maintaining
proteasome purity and integrity, several experimental conditions were tested by Dr.
Kisonaite. I joined at a time when the second purification step by glycerol gradient
ultracentrifugation was being optimised by Dr. Kisonaite. Other methods, such as size
exclusion chromatography (SEC) had been tested, however, this technique did not allow
for efficient separation of double and single capped proteasomes due to the elongated
shape of the proteasome, which results in anomalous elution and diffusion in SEC
columns. The resolution of the column did also not allow sufficient separation of double
and single capped proteasomes. The method of glycerol gradient centrifugation
specifically uses rate-zonal centrifugation in which the sample is added on top of a density
gradient and had previously been successfully used for proteasome preparation (Hough et
al., 1986, Kopp et al., 2001). Rate- zonal centrifugation separates particles based on their
size and mass, and thus 20S and 26S proteasomes, and proteasomes bound to other factors
can be separated. Together with Dr. Kisonaite, we found that using 30-15% glycerol
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gradient centrifugation step, double and single-capped proteasomes could be separated,
with other sample components, such as UBR4 and 19S, sedimenting at different glycerol
concentrations (Fig. 3.6). Glycerol gradient centrifugation also allowed for efficient
removal of UBL protein and no UBL protein were seen on glycerol gradient as indicated
by western blot.

Fig 3.5: 26S proteasome purification with ATP. The 26S proteasome was purified indirectly by pulling on
the streptavidin- tagged UBL domain of Rad23. A) Chromatogram of the strep-affinity chromatography
purification. B) SDS-PAGE of a representative 26S purification in which 26S proteasome (red box) elutes
with UBL elution. The top band (pink box) is UBR4 which seems to co-elute with the 26S proteasome. The
elution fractions are indicated on the X axis.

In order to assess the functionality of the purified proteasome, fractions containing doublecapped proteasomes were pooled, concentrated and their peptidase activity was measured,
using highly fluorescent 7-amino-4-methyl coumarin (AMC)-tagged peptides: Suc-L-L-VY-AMC (chymotrypsin-like activity), Boc-L-R-R-AMC (trypsin-like activity) and Z-L-LE-L-AMC (caspase-like activity). When these fluorogenic peptides are cleaved they
release the highly fluorescent AMC from the peptide (Kisselve and Goldberg, 2005;
Liggett et al., 2010) (Fig. 3.6B). The activity of the purified proteasomes was comparable
to that reported for endogenous proteasome activity levels, with ß5 being the most active,
followed by ß1 and then ß2 being the least active (Fig. 3.6B) (Kisselve and Goldberg,
2005; Liggett et al., 2010). Double-capped proteasomes were also evaluated by negative
stain EM to check that they were correctly assembled and had retained their structural
integrity throughout the purification procedure (Fig. 3.6C).
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Fig 3.6: Optimisation of the 26S proteasome purification with ATP. A) After an initial streptavidin
affinity purification fractions (5-7 from Fig. 3.5) were concentrated and separated by glycerol gradient
centrifugation, as indicated on the SDS-PAGE gel B). Fractions (labelled pooled fractions, fractions 15-27)
were pooled, concentrated and checked for proteolytic activity and C) for structural integrity using negative
stain EM with a representative micrograph is shown. Error bars represent the standard error of the mean
(SEM).

3.4.2 The 26S proteasome co-purification with UBR4
Early studies demonstrated that ATP is required for the in vitro purification of stable 26S
proteasomes and before I joined the lab, 26S proteasome purifications had been conducted

87

in the presence of ATP and MgCl2 (Eytan et al., 1989; Ganoth et al., 1988; Liu et al.,
2006). During optimisation of the 26S proteasome purification we used ATP (Fig. 3.5 and
Fig. 3.6). However, I decided to test whether the inclusion of ATP in purification buffers
affected the amount of UBR4 observed in 26S purifications and whether this would affect
the proteasome species I purified. I performed the streptavidin affinity purifications in the
absence of ATP and MgCl2 (Fig. 3.7). As illustrated in Fig. 3.7, removal of ATP in
purification buffers did not have any effect on the co-purification of UBR4 and I thus
decided to conduct further experiments without ATP present. These results also prompted
Dr. Kisonaite to investigate the 26S proteasome purification without ATP. She confirmed
that efficient purification of intact and stable 26S proteasomes retained proteolytic activity
and structural integrity under ATP free purification conditions (Kisonaite et al., in press).
Furthermore, Dr. Kisonaite observed that MgCl2 exclusion from purification buffers by
using EDTA was necessary in order to obtain stable proteasome complexes in the absence
of ATP. The rationale behind this is that if ion chelators are not used, large reservoirs of
intracellular ions released upon cell lysis may destabilise the proteasomes when there is no
nucleotide presence to counteract this (Kisonaite et al., in press). Given that our results
showed that removal of ATP did not have any effect on the presence of UBR4, I decided
to conduct further experiments without ATP present.
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Fig. 3.7: 26S purification without ATP. The 26S purification was performed without ATP in the
purification buffers in which A) Representative chromatogram and B) the elution fractions analysed by SDSPAGE electrophoresis are shown. UBR4 (top band) is co-eluting with 26S proteasomes despite the lack of
ATP in the purification buffers.

Since different proteasome species are not separated by the first streptavidin affinity step, a
second step involving a variety of biochemical separation methods was adopted to further
separate UBR4 from non-interacting proteasome subunits. Whilst optimising the 26S
purification, I explored different glycerol gradients. The glycerol gradient was conducted
after a streptavidin affinity purification step in which samples containing UBR4 and 19S
were pooled and concentrated. Although I could achieve some separation of 26S
proteasome from UBR4 and other unwanted proteins, the resolution needed to be
optimised to ensure further separation of proteasome species. This was achieved by using
15% (top)-30% (bottom) glycerol gradient (Fig. 3.8). This further purification step allowed
the clear identification of three different peaks: the initial 26S proteasome peak (fractions
8-24 highlighted in pink), a UBR4 containing peak together with the 19S (28-42
highlighted in red), and a second UBR4 containing peak with other proteins (46-53
highlighted in orange).
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Fig. 3.8: UBR4-19S purification. UBR4 was purified using a standard 26S purification protocol described
in Section 1.4.1 in which A) a representative chromatogram and B) SDS-PAGE gel are shown. Fractions 812 (shown in panel B) containing UBR4 were pooled after streptavidin affinity purification, concentrated and
separated using glycerol gradient centrifugation where (representative SDS-PAGE is shown in C). C) Gels
are from a 15-30% glycerol gradient in which the heaviest fractions are found in the early fractions (26S
proteasomes), lighter fractions are separated with increasing fraction numbers. UBL separated in fractions
54-62 whereas UBR4 is seen co-eluting with 19S caps in fractions 28-42.

In order to further improve the purity of the UBR4 sample preparation, i.e. to remove other
non-interacting proteins, I decided to explore additional chromatography techniques, such
as ion exchange chromatography, using a variety of conditions and resins. Ion exchange
chromatography separates proteins on the basis of their charge by using charged resins and
proteins are eluted by increasing salt concentrations. By using positively charged DEAE
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resin, I was able to separate UBR4 from non-interacting proteins. However, even under
high salt concentrations, I was unable to separate UBR4 from the proteasome fractions,
thus showing that the UBR4-proteasome complex was not easily separated from the
proteasome (Fig. 3.9). UBR4 was seen to preferentially co-elute particularly with the 19S
particle, consistent with the known effect of high salt on the interaction of 19S and 20S
particles, also seen in glycerol gradients (see Fig. 3.8). These results suggest a direct
interaction between UBR4 and proteasome subunits, rather than a co-elution of the two.
Ion exchange chromatography did not effectively separate many unwanted proteins after
the first step of ion exchange chromatography, as additional protein bands besides the
proteasome subunits appeared on the gel. I therefore wanted to explore other ways in
which UBR4 could be purified with any other interacting proteins from HEK293F cells
(Fig. 3.10). I decided to conduct calmodulin affinity chromatography experiments as
UBR4 has been shown to associate with calmodulin (Kim et al., 2018). After streptavidin
affinity chromatography co-purification of UBR4 with proteasomes and UBL protein
(pooled fractions 5-8), I performed an affinity chromatography step using calmodulin
beads (Fig. 3.10). The buffer used for the equilibration of calmodulin beads, washes and
binding buffer consisted of 50 mM Tris pH 7.4, 50 mM NaCl, 2 mM CaCl2, 5 mM MgCl2,
1 mM ß- 2- Mercaptoethanol, 5 mM ATP. I conducted two parallel experiments, one in
which 3 mM EGTA was added during the elution step and another in which 30 mM EGTA
was added, to ensure complete protein elution from the beads. The results showed that
despite retention of UBR4 with proteasome subunits, there was insufficient separation of
UBL (Fig. 3.10). Furthermore, UBR4 was not free from interaction with other unwanted
proteins as effectively as elicited by the glycerol gradient centrifugation.
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Fig. 3.9: UBR4 separation using Ion Exchange Chromatography. UBR4 was purified as before using
UBL with A) representative chromatogram B) and SDS-PAGE gel shown. This was followed by ion
exchange chromatography with C) a representative chromatogram and D) SDS-PAGE gel (D). UBR4
continued to co-elute with proteasome fractions as seen in panel D.
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Fig. 3.10: Calmodulin affinity purification. A) Samples 5-8 (red box) were taken from a first streptavidin
affinity chromatography purification step where the SDS-PAGE gel and incubated with calmodulin beads.
B) In the calmodulin affinity chromatography experiment, flow through (FT) and washes 1 and 2 (W1, W2)
were collected and samples were eluted with either 3 mM EGTA (B) or 30 mM EGTA (C).

In conclusion, the glycerol gradient centrifugation protocol provided the best separation of
proteasome subunits with UBR4 against other non-interacting proteins (Fig. 3.8). To
further characterise UBR4 with the 19S obtained from glycerol gradient centrifugation,
size-exclusion in combination with multiple angle light scattering (SEC-MALS) was
conducted. This technique allows for highly accurate mass measurement of
macromolecules. SEC-MALS separates molecules based on their hydrodynamic volume,
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and then uses angular dependence and intensity of scattered light to measure the absolute
molar mass and size of the molecules in solution (Sahin and Roberts, 2012). For these
experiments, I performed an initial streptavidin affinity purification, followed by glycerol
gradient centrifugation. Fractions containing UBR4-19S (lanes 26-30 from Fig. 3.11) were
then concentrated and used for SEC-MALS. The experiment was repeated several times
and results obtained reported a molecular weight ranging between 1.4-1.8 MDa (Fig.
3.11). The range obtained was a result of the low signal observed likely due to the low
concentrations of protein sample. However, the consistent larger molecular weights
observed, which were larger than the 20S and 19S complexes molecular weights
(approximately 700 kDa and 900 kDa respectively) suggest the presence of a complex that
contains UBR4. This further supported the observation that UBR4 was stably-associated
with the 19S complex presumably through direct binding.
To investigate this further, fractions containing both UBR4 and 19S particles were taken,
concentrated, and imaged using negative stain electron microscopy (Fig. 3.12). Electron
microscopy is a powerful technique used to visualise and solve structures of molecular
complexes. Electron microscopes are composed of a range of lenses, an electron source
and a detection system that detects the electron scatter (Bozzola and Russell, 1999). The
electron source emits electrons and these are accelerated by an electric field (Bozzola and
Russell, 1999). In high resolution cryo-EM, the typical accelerating voltage is 300 kV
whereas a standard 120 kV microscope is commonly used for negative stain electronmicroscopy. The electron beam is converged and focused by the condenser and objective
lens system, illuminating the sample. The objective aperture helps to eliminate any highly
scattered electrons, increasing the phase contrast. Finally, after further rounds of
magnification by the projector lens, the electrons are detected and an image that is a
projection of the 3D object is produced (Murata and Wolf, 2018).
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Fig. 3.11: Investigating UBR4-19S molecular weight. UBR4-19S were purified by strep-affinity
chromatography and the chromatogram and SDS-PAGE gel is shown in A) and B) respectively. C) Step two
of the purification was a glycerol gradient centrifugation and the SDS-PAGE gel is shown in panel C. D)
Samples containing UBR4 were then concentrated and run on SEC-MALs with an estimated molecular mass
of 1.4 MDa.

Samples are visualised with negative stain to understand the composition, concentration
and size of the particle. Negative stain is a method in which the background, rather than
the sample is stained. A droplet of protein sample is placed on an EM grid and incubated
with a heavy metal salt solution, such as uranyl acetate, that can scatter electrons (Sharp et
al., 1950; van Bruggen et al., 1960). The salt precipitates out of solution due to evaporation
sedimenting around the sample. Excess stain is then blotted using filter paper, with the
remaining stain coating the grid and therefore allowing imaging of the protein surface
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(Sherman et al., 1981). Negative staining is used as a quality control check of samples as
the stain used limits the resolution of structures, usually in the range of 20 Å, making it
unsuitable for higher resolution studies (Harris and Scheffler, 2002). Nevertheless,
negative staining of samples allows for qualitative understanding of structure and
distribution of macromolecules present in the sample (Booth et al., 2011).

Fig. 3.12: Negative stain electron microscopy of UBR4-19S samples. UBR4-19S samples from glycerol
gradient centrifugation were negatively stained and detected under an electron microscope (A).
Representative negative stain EM micrograph. B) Representative class averages generated from 31,222
particles. Image processing showed globular shapes for 2D classes and these were further classified to show
different populations within the sample as shown in C). C) Initial 3D models were generated from 31,222
particles with the most detailed model shown in a box (model has a dimeter of ~240 Å).

Negative stain grids were prepared of fraction 30 as shown in Fig. 3.8. Negatively stained
samples containing UBR4 and 19S complexes showed so far uncharacterised globular
shapes with clearly distinct appearances to usual proteasome particles (Fig. 3.12A).
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Importantly, this indicated that I was likely imaging UBR4 alone or in complex with the
19S subunit but not solely the proteasome complex. The samples observed were
heterogeneous and processing of these images using 2D and 3D classification, as
explained in Chapter 5, was limited in resolution and subsequent 2D class averages and 3D
initial models were difficult to interpret. To obtain higher quality complexes and to
investigate the UBR4-proteasome interaction further, I decided alternative approaches to
purifying UBR4 with the 26S proteasome, or 19S sub-complexes, described below in
Section 3.4.3.
As a test, I decided to mix purified UBR4-19S sample with purified recombinant 20S (as
discussed in Chapter 2 and 5) at a 1:1 molar ratio, to determine whether the UBR4 samples
containing UBR4 and 19S could form 26S complexes when incubated with recombinant
20S (Fig. 3.13). Usually, if 19S and 20S are mixed, 26S proteasomes are able to form.
However, the results obtained showed mainly 20S proteasomes whereas no 26S
proteasomes were detected (Fig. 3.13), suggesting that UBR4-19S may either not be able
to bind to 20S proteasomes in vitro or might require additional cofactors and/or conditions
in order to be able to do so. Alternatively, the procedure of sample preparation for negative
stain microscopy may disrupt the interaction, perhaps due to the very low pH of the
staining solution.
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Fig. 3.13: 19S-UBR4 samples and 20S proteasome mix. A)19S-UBR4 fractions from a glycerol gradient
centrifugation step (red box) were pooled and mixed with at a 1:1 of 1.1 µM recombinant 20S purified using
method outlined in Chapter two. The samples incubated at room temperature and negative stain samples of
undiluted (B) and 1:10 dilutions (C) were prepared.

3.4.3 Tagging of endogenous human UBR4
The UBR4 containing sample obtained during the endogenous 26S purification, described
in section 3.2.1, allowed for some analysis on UBR4. However, due to the heterogeneous
nature of this sample, broader characterisation was hampered. I thus wanted to find a way
to purify UBR4 to enable further biochemical and structural analysis. As mentioned,
UBR4 is large, almost 600 kDa protein and there are currently no available cDNA
constructs. Cloning and recombinant expression of UBR4 is thus not a trivial task due to
the intensive cloning requirement to patch together several hundred exons from genomic
DNA. I therefore decided to adopt an endogenous tagging system using clustered regularly
interspaced short palindromic repeats (CRISPR) technology, as this would allow direct
purification of UBR4 and could also be a helpful in vivo tool for later experiments.
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CRISPR is a relatively novel genome editing tool used to change part of an organism’s
DNA, such as the removal or addition of genetic material (Cong et al., 2013; Jinek et al.,
2012; Mali et al., 2013). This is conducted by an enzyme, termed Cas9, which is directed
to the site in the genome that requires alteration by a small guide RNA (gRNA) that itself
binds to a specific target DNA sequence in the genome (Cong et al., 2013; Jinek et al.,
2012). Cas9 then makes an incision on the DNA backbone recruiting the cellular DNA
repair machinery that usually introduces changes to the adjacent genetic information (Ran
et al., 2013). The repair of the Cas9 induced breaks can be exploited to either create small
deletions or to introduce additional genes or genetic elements by homologous
recombination, a donor piece of DNA that include areas of homology surrounding the
desired site and exogenous DNA sequences (Ran et al., 2013).
In my case, the CRISPR strategy involved cloning two plasmids: one with a fragment of
the UBR4 gene acting as a guide for the Cas9 enzyme the other, a donor plasmid providing
the template sequences to be inserted (Fig. 3.14A). The tag (in this case Twin-Strep tags at
the C-terminal end of UBR4) along with left and right arms of homology to the gene
(situated before and after the UBR4 stop codon) were cloned in a donor plasmid. Both
donor plasmid and gRNA plasmids were then co-transfected into human HEK293F cells
using a non-lipid based chemical transfection method (Koleva et al., 2006). Several
colonies of transfected cells were grown to improve the chances of gene incorporation into
the genome. Cells were then selected using flow-cytometry, via a fluorescent marker as an
initial step for selection of gRNA plasmid uptake, followed by colony growth using
neomycin drug selection. HEK293F cells were initially adapted to adherent cells for
efficient transfection grown from single cells to colonies and then converted back to
suspension cells when scaling up to large volume cultures. This required optimisation by
gradually varying the percentage of FBS when adapting the cells from adherent growth
back to growing in suspension. Upon successful colony growth from single cells, different
colonies were taken and screened using PCR (Fig. 3.14B). PCR screening primers were
designed so that part of the gene and the tag were amplified. The results showed that the
Twin-Strep tag had been incorporated into the genome for most colonies (Fig. 3.14B).
Upon successful tagging of the UBR4 gene at the C-terminus, UBR4 was purified using
the same purification strategy (streptavidin affinity chromatography followed by glycerol
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gradient centrifugation) as described in Section 3.4.2 (Fig. 3.15). During the purification
procedure, UBR4 was successfully detected, however, very small yields of protein were
obtained and other proteins co-purified (Fig. 3.15). These additional proteins could be
either contaminants or bona fide interacting proteins. The presence of UBR4 in the
purified extracts was confirmed by MS which also identified several proteasomal subunits,
providing further evidence of a direct interaction between UBR4 and the proteasome.
Attempts were made to increase the yield of UBR4, by increasing the size of the cultures
grown. However, UBR4-tagged cell lines did not survive for more than ten passages,
suggesting that the cell lines grown were not very stable and that UBR4 genetic
manipulation may have played a role in this cell growth instability.
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Fig. 3.14: Endogenously tagging the UBR4 gene in HEK293F cells using CRISPR. A) Donor plasmid
containing the streptavidin tags, resistance marker and left and right homology arms (LHA and RHA,
respectively, see appendix) and the gRNA plasmid which contains the Cas9 and guide RNA (gRNA)
sequence. B) a PCR was conducted to screen for positive clones in which the double streptavidin tag had
been introduced. Untransfected HEK293F cells were used as a negative control.

Purified UBR4-tagged samples were examining using negative stain electron microscopy
(Fig.1.16). In the sample, both globular like particles and some 20S-like components were
observed. Due to the heterogeneity of the sample seen from the presence of many proteins
in both steps of the purification (see Fig. 3.15), it was difficult to unambiguously identify
UBR4 particles. However, the fact that proteasome components were pulled down and
identified by MS provided further support for a UBR4-proteasome specific interaction, as
this time the UBR4 tag was used for the initial affinity step, rather than using a proteasome
specific bait.
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Fig. 3.15: Endogenous streptavidin-tagged UBR4 purification. Streptavidin- tagged UBR4 (red box,
panel B) was purified by affinity chromatogram and a A) representative chromatogram B) and SDS-PAGE
gel visualised by silver staining is shown. C) A glycerol gradient centrifugation was conducted with the
heaviest fractions from fraction 8 continuing to the lightest fractions (fraction 62). Fractions 25-32 from
panel C were pooled and analysed by MS.

The traces of proteasomal subunits observed in the glycerol gradient centrifugation
fractions (Fig 3.15 panel C fractions 25-32) provided further support for a direct
interaction between UBR4 and the proteasome. Indeed, some 20S proteasome particles
could be identified in negative stain EM images of the purified UBR4-tagged samples
(Fig. 3.16) and peptides corresponding to several proteasomal subunits, such as 20S a and
b subunits, were detected by MS. Consequently, I attempted to further characterise these
samples. To do this, the proteasome peptidase activity of undiluted UBR4-tagged samples
(concentrated fractions 25-32 from Fig. 3.15C) was determined. Different concentrations
of purified 20S proteasome (as described in Chapter two) were used in the fluorescent
degradation assay to estimate the activity of the UBR4-tagged samples. This allowed me to
conclude that the activity in UBR4-tagged purified samples contained comparable
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proteasomal activity to known 20S proteasome samples. The UBR4-tagged samples
contained similar levels of ß1 and ß5 activity as 0.1 µM 20S proteasome samples, even
surpassing activity levels of diluted 0.01 µM 20S sample (Fig. 3.17A and B). The ß2
activity in the UBR4-tagged sample, however, was not observed at high levels (Fig.
3.17C). The presence of proteolytic activity in the UBR4-tagged purifications provides
further evidence of the association of UBR4 with the proteasome. The observation of 20Slike particles (Fig. 3.16) in negative stained grids of UBR4-tagged samples with partially
functional proteasomes represents an additional layer of evidence and are likely at least
partially functional proteasomes.

Fig. 3.16: Micrographs of streptavidin-tagged UBR4 samples. A and B) Fractions 25-32 from (see Fig.
3.15C) were concentrated and visualised using negative stain electron microscopy. 20S proteasomes were
observed in the same sample (red rings) as well as some other 26S-like complexes (green ring). There were
also fibril-like structures (blue ring) that were not characterised further.
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Fig. 3.17: Activity Assay of UBR4 and 20S samples. All three proteasome ß-subunits were tested for
protease activity for 20S sample compared to UBR4 sample from Fig. 1.8, in which fractions 25-32 were
collected and concentrated. A) Blue B) red and C) green bar graphs show ß5, ß1, and ß2 activity
respectively. Experiments were done in triplicates and error bars represent the standard error of the mean
(SEM).

3.4.4 UBR4 and the proteasome sample characterisation
Finally, I decided to investigate the ubiquitination state of the proteasome purified with
UBR4. To this end, different proteasome samples were purified from HEK293F cells as
described previously, incubated with an anti-Ub antibody and detected using a
chemiluminiescence technique. Here, the HRP enzyme bound to the ubquitin antibody
catalyses the oxidation of luminol, which can be detected by a change in light emisison
(Thorpe and Kricka, 1986). Three different samples were compared: 1) UBR4-19S
samples as described above 2) 26S proteasomes purified as described and shown in Fig.
3.4.1, and 3) UBR4-tagged purified samples (Fig. 3.15). Samples were loaded onto the gel
to check for the presence or absence of ubiquitination and visualised using the western blot
technique. The results showed that 19S-UBR4 samples exhibited high ubiqutination levels
whereas the 26S sample showed low ubiquitination levels and UBR4-tagged samples
showed no ubiqutination (Fig. 3.18). The differences observed between 19S-UBR4
samples and UBR4 from tagged cell lines suggests that having high levels of proteasomal
subunits stimulates the level of ubiquitination, because it is most likely the proteasome
subunits themselves that are ubiquitinated. The fact that these proteasome subunits are
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ubiquitinated is interesting as it suggests some level of regulation, however, whether this is
caused by UBR4 needs to be further investigated.
Ubiquitination of purified proteasome samples was also tested by a UBI-capture pull
down, where proteins are run through a matrix that captures ubiquitinated substrates, as
described in Chapter two (Benvegnu et al., 2017) (Fig 3.19). Here, samples that were
concentrated after glycerol gradient purificaiton (as described previously and shown in
Fig. 3.19) were tested. Ubiquitinated protein lysate served as a control reference (Fig.
3.19). The results show that the UBR4 and 19S purified samples contained ubiquitinated
proteins and interacted with ubquitin-associating resin (Fig. 3.19). However, the presence
of ubiquitinated proteins in the sample does not directly imply that this is due to UBR4
presence or activity. It is possible that the proteasome may be preferentially found in an
ubiquitinated state when bound to UBR4, and the reason for this needs to be further
investigated. My results, consistently showing ubiqutin signal associated with proteasomal
proteins in the presence of UBR4, suggest the possibility that such an association might
have some physiological relevance.
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Fig. 3.18: Anti-ubiquitin western blot of UBR4 samples. Streptavidin-tagged UBR4, UBR4-19S and 26S
samples were purified and separated by gel electrophoresis. The levels of ubiquitination were qualitatively
measured with an anti-ubiquitin antibody and visualised by western blotting. (A) 26S and UBR4-19S were
taken from a glycerol gradient centrifugation step as shown in a representative SDS-PAGE gel (B) and
streptavidin-tagged UBR4 was taken from the glycerol gradient step as shown in a representative SDSPAGE gel (C). The sample corresponding to the 26S proteasome (red box) showed low levels of
ubiqutination, however UBR4-19S samples (blue boxes) showed stronger levels of ubiquitination. The
streptavidin-tagged UBR4 sample only showed little to no levels of ubiqutin signal (orange box). Ub-40, a
ubiquitinated protein, served as a control sample.
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Fig. 3.19: UBI-capture experiments of UBR4-19S samples. A) UBR4-19S samples were purified as
normal with the representative glycerol gradient SDS-PAGE gel shown. B) Samples were concentrated and
put through a UBI-capture matrix that binds ubiquitinated proteins and subsequently visualised using SDSPAGE. C) a western blot of wash steps and elutions showed ubiquitinated levels of the UBR4-19S samples.
FT= Flow through, W1= wash 1, W2= wash 2, E1= elution 1.

3.5

Discussion

My results show that UBR4 co-elutes with the 19S proteasome subunits and that separating
these two species proves to be very difficult biochemically. This strongly supports the notion
that UBR4 may be forming a complex with 19S subunits. Interestingly, glycerol gradient
fractions from glycerol gradients that predominantly contain 19S and UBR4 (see Fig. 3.8)
do not appear to contain 20S proteasome subunits or UBL. Experiments by others also
provide evidence that UBL does not interact directly with UBR4 but rather UBR4 is
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associating with the proteasome. These include the fact that UBR4 has been co-purified with
proteasomes from cell lines that have a tagged proteasome and therefore do not require UBL
in the purification strategy (Besche et al., 2014). Further, treating proteasome fractions
containing Rad23 and UBR4 with Usp-2, a Rad23 deubiquitinating enzyme, does not affect
UBR4 binding to the proteasome (Besche et al., 2014). This data is therefore highly
suggestive that UBR4 is not binding to UBL proteins but instead may be forming a complex
with 19S proteasome specific proteins.
When UBR4-19S samples are visualised using negative stain EM, there are predominantly
uncharacterised globular proteins that are, however, compatible with the size and plausible
architecture of UBR4-19S particles (Fig. 3.12). Interestingly, there are also some 20S
particles present, purified from tagged UBR4 cell lines (Fig. 3.16). Further, some double
capped complexes from UBR4-19S samples from endogenous proteasome purifications can
be observed and are likely a result of overlapping peaks and poor separation of all
proteasome species in currently existing separation techniques (Fig. 3.12). It is puzzling why
20S proteasomes would be seen with tagged UBR4 purifications, whereas mostly 19S RPs
are seen with untagged UBR4 samples, and this requires further exploration. It may be that
UBR4 is binding at the interface of both the 20S and 19S particles, however, only 20S
proteasomes are strongly recovered with tagged UBR4. However, these UBR4 could also
be binding separately to both the 19S and 20S and the UBR4-19S or the UBR4-20S
complexes could be subpopulations in which the UBR4 is acting as a scaffold and binding
to both complexes. Tagging the N-terminus of UBR4 instead and probing any differences
in co-eluted proteasome species would test the effect of UBR4’s tag position. Subsequent
image processing of negative stain images is difficult to interpret but initial 3D models
yielded globular like structures that could be representative of UBR4-19S protein particles
(Fig. 3.12).
Attempts to increase the yield and homogeneity of sample preparation by endogenously
tagging UBR4 also showed proteasomes co-eluting with tagged UBR4, including 20S
proteasomes (Fig. 3.15). Negative stain images of these samples similarly showed traces of
proteasome complexes but the obtainable low yield remained a problem (Fig. 3.16). Future
experiments should look into overexpressing tagged UBR4 in either mammalian or insect
cells to facilitate increased yields of pure and homogenous UBR4 sample. Furthermore,
overexpression of UBR4 would allow more intricate biochemical experiments such as
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binding assays to proteasome complexes and consequently provide more insights into the
UBR4-proteasome interaction.
Due to the sample impurity and low yield of UBR4, it is difficult to obtain functional data
on UBR4. However, the SEC-MALS provide some clues that the putative UBR4-19S
complex obtained indeed forms a complex with an overall molecular weight lower than the
26S proteasome (Fig. 3.11). It is worth noting here, that this could also be due to the
elongated shape of the proteasome and anomalous behaviour in the size-exclusion column.
Western blot analysis indicates that UBR4 and ubiquitinated proteins co-eluted. However,
the reasons the UBR4-19S samples are found in ubiquitinated states needs to be further
investigated. For example, repeating such experiments with purer, and more concentrated
sample is one requirement to obtain further insights into which proteins are interacting with
UBR4. The UBI-capture experiments were conducted to identify which proteins were
ubiquitinated on 19S and UBR4 samples with results showing high ubiquitination levels in
UBR4-19S samples (Fig. 3.19). To identify whether individual proteasome subunits are
ubiquitinated, western blots against different proteasome subunits, such as Rpn1 for
example, could be conducted with the eluted fractions from the UBI-capture experiment.
Further, my MS results indicating that another E3 ligase, Huwe1, is found in samples of
UBR4-19S is interesting and worth investigating further, as UBR4 may be acting in concert
with other E3 ligases that have ubiquitin ligase activity. There are examples of E3 ligases,
such as the RING E3 ligases MdmX and Bmil (see Section 3.1), that require formation of
heterodimers with other E3 ligases to confer E3 activity. This may also be the case for UBR4
and the fact that we see Huwe1 in UBR4-19S samples may be indicative of Huwe1 playing
a supporting role with UBR4. To further investigate this, it will be important to demonstrate
that Huwe1 indeed directly interacts with UBR4. Further, it would be interesting to conduct
a native MS experiment on the purified UBR4-19S sample to approximately assess
stoichiometry, composition and subunit identities of the complex.
Proteolytic activity assays on tagged UBR4 samples show ß5 and ß1 activity within the
sample and this is comparable to ß5 and ß1 activity of 0.01 µM of 20S (Fig. 3.17). The basis
of ß5 and ß1 activity within UBR4 corresponds to the observation of 20S proteasomes within
the UBR4 sample identified in negative stain. This result also suggests that the proteasomes
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seen within the UBR4 sample might be in an active form due to their activity levels, and
therefore UBR4 does likely not have an inhibitory role on proteasome complexes.
The biological significance of UBR4 binding to the proteasome is intriguing. Whether
UBR4 acts as a scaffold of ubiquitinated proteins at the proteasome and improves efficiency
of their degradation, or whether it plays a role in the regulation of the proteasome itself are
all interesting ideas but have yet to be elucidated. Further, what remains intriguing is why
some E3 ligases (Ube3a/E6AP, Ube3c/Hul5, Rnf181, Huwe1, and UBR4) are found to coelute with the proteasome as mentioned earlier. In addition, investigations into other E3
ligases found co-eluting with UBR4, such as Huwe1, will allow to dissect UBR4’s role as
an active E3 ligase. These experiments will provide a more precise molecular understanding
of the role of UBR4 as an enzyme and a cofactor of the 26S proteasome. The experiments I
have performed, have established a foundation to further investigate these hypotheses.
UBR4 is a challenging protein to work with due to the unavailability of its cDNA and the
lack of its biochemical role in the cell. My experiments have laid a foundation to overcome
such experimental difficulties and provided a challenging step towards understanding
UBR4.
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Chapter 4

4.1

P97 and the 26S Proteasome

Introduction

4.1.1 P97 overall cellular roles
P97 is a highly abundant member of the AAA+ ATPase superfamily that is conserved in
eukaryotic cells, including in humans and yeast (Peters et al., 1990). AAA+ ATPases are
members of a protein family that contain canonical motifs required for ATP binding and
hydrolysis (Hanson and Whiteheart, 2005). Members of this family are associated with
diverse cellular roles which include membrane fusion, chromatin-associated processes, and
endoplasmic reticulum-associated degradation (ERAD) (Stach and Freemont, 2017). P97,
also known as vasolin-containing protein (VCP), Cdc48 (cell division cycle protein 48) in
S. cerevisiae, and Ter94 (transitional endoplasmic reticulum ATPase) in Drosophila
melanogaster, has been implicated in many cellular pathways since its discovery more
than 25 years ago (Peters et al., 1990). These pathways include DNA repair, cell cycle
regulation, the UPS, ERAD and the unfolded protein response (UPR) (Hwang and Qi,
2018). In all of its cellular roles, P97 converts energy through ATP hydrolysis to
mechanical energy in order to extract ubiquitinated proteins from complexes or
membranes (Stach and Freemont, 2017). Although P97 on its own has low affinity to
ubiquitin, the interaction can be mediated through a range of cofactors (Stach and
Freemont, 2017).

4.1.2 Structure of P97
P97 is a stable homo-hexamer, with each monomer comprising a globular N-terminal
domain and two tandem ATPase domains, D1 and D2 (Fig.4.1 and Fig. 4.2) (van den
Boom and Meyer, 2018).
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Fig. 4.1: P97 structure. P97 forms hexamers. A top view of the hexamer is shown in the left panel, and each
monomer is numbered. A side view (right panel) of the P97 hexamer is also shown (PDB: 5FTK).

Fig. 4.2: P97 domain architecture. P97 is composed of three domains: A) N-terminal domain (yellow), and
the ATPase domains D1 (orange) and D2 domain (dark orange). N, D1 and D2 domains are joined by linkers
(black lines). B) A schematic representation of the P97 hexameric assembly. C) and D) The human P97
hexameric structure top view and side view, as obtained by cryo-EM (PDB: 5FTK).

D1 and D2 domains are similar both in structure and sequence and are connected by a
short linker, called the D1-D2 linker (Fig. 4.2) (Ye et al., 2017). However, despite their
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structural relatedness, D1 and D2 domains are functionally different. The N-terminal
domain is linked to the D1 domain via a flexible polypeptide linker (named N-D1 linker)
and there is a short C-terminal tail at the C-terminus of the D2 domain (Fig. 4.2) (Ye et al.,
2017). Similar to other AAA+ ATPases, the D1 and D2 domains of P97 consist of a
characteristic helical domain and a conserved RecA-like domain that features a nucleotide
binding site (Fig. 4.3) (Ye et al., 2017). The D1 and D2 ATP binding sites are located
within the RecA-like domain (Fig. 4.3) (Ye et al., 2017). The structure of full-length P97
has been solved by both X-ray crystallography and cryo-EM (Banerjee et al., 2016; Davies
et al., 2008). The initial X-ray crystallography structures were limited to 3.5 Å but more
recent cryo-EM studies improved the resolution to about 2.4 Å (Banerjee et al., 2016).

Fig. 4.3: Domain architecture of D1 AAA+ ATPase. P97 is an AAA+ ATPase in which each monomer
consists of ATPases present in the D1 and D2 domains. The ATPases have a characteristic helical domain
and a Rec-A like domain. The Rec-A like domain harbours a nucleotide binding site and binds ATP (grey
circles). R359 from the neighbouring N-terminal domain promotes ATP hydrolysis by interacting with the
ATP phosphates (PDB: 5FTK).

Earlier lower resolution cryo-EM studies, which had resolved the overall architecture of
P97, demonstrated the rotational movement between the ATPase domains upon ATP
hydrolysis (Rouiller et al., 2002). More recently, higher resolution P97 cryo-EM maps
have revealed additional conformational changes and functions (Banerjee et al., 2016). The
structures, solved bound to non-hydrolysable ATP analogues (ATPγS) at physiologically
relevant concentrations, revealed three different conformational changes of P97 that occur
when ATP binds. These conformations suggest that the mechanism of P97 activation is a

113

two-step process involving the D2 and D1 hexameric layers. ATP first binds to D2 and
then to D1, resulting in significant movement of the N-terminal domain and thus a large
conformational change (Fig. 4.4) (Banerjee et al., 2016). For purified wild-type P97, ADP
binds to the D1 and D2 domains with a Kd of approximately 1 µM and 80 µM respectively,
however, the ATP affinity for both domains is the same (approximately 2 µM) (Ye et al.,
2017). The D2 domain is the major contributor for overall ATP activity, whereas the D1
domain acts as an assembly chaperone for the P97 hexamer and allows it to form (Ye et
al., 2017). This has been shown in several studies where the D2 exhibits higher ATP
activity than the D1 domain (Song et al., 2003). The N-terminal domain, on the other hand,
mediates most of the interactions of P97 to its cofactors/binding proteins (Ye et al., 2017).

Fig. 4.4: Schematic diagram of P97 conformational changes. P97 N-terminal begins in the “down”
conformation (dark yellow). Upon ATP nucleotide binding to the D1 domain (red circles), the N-domain
adopts the so called “up” conformation and the D2 domain can subsequently hydrolyse ATP, thereby
allowing for substrate unfolding and translocation through the pore present in the middle of the hexamer.

4.2

P97 and its cofactors

P97 associates with a wide variety of interactors, allowing it to participate in highly
diverse cellular processes (Buchberger et al., 2015). Co-factors found to interact with P97
can help to recognise ubiquitinated substrates or, for example, contain catalytic activity for
substrate processing (Hänzelmann and Schindelin, 2017). To date, there have been 30
known P97 cofactors identified and many more are thought to remain undiscovered
(Arumughan et al., 2016). Described below are some examples of the role of P97 cofactors
involved in a range of cellular processes.
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4.2.1 The Ufd1-Npl4 (UN) Complex and ERAD
P97 is well-known for its role in ERAD. Here, P97 acts as a segregase in the proteinquality control process within cells, allowing exit of misfolded proteins from the ER
(Torrecilla et al., 2017). Misfolded proteins are then tagged with ubiquitin and targeted for
proteasomal degradation. The ER is a highly dynamic membrane-enclosed organelle that
hosts several metabolic processes and plays an important role in protein synthesis and
quality control (Lev, 2012). Failure to remove misfolded proteins can be detrimental for
the cell; intracellular accumulation of toxic protein aggregates underlie several human
diseases (Guerriero and Brodsky, 2012). In fact, more than 60 human diseases have been
linked to the dysfunction of the ERAD pathway, such as neonatal diabetes (Type 1) and Xlinked Charcot-Marie-Tooth disease and (Guerriero and Brodsky, 2012).
One aspect of ERAD that remained elusive for years was the way in which P97 was able
to generate the energy necessary for protein unfolding (Ye et al., 2017). Force generation
remains a highly contested issue. However, one of the most agreed mechanisms proposes
the force is created by the cooperation between D1 and D2 rings (Ye et al., 2017). The
most observed conformational changes are the D2 rotation and the swing movement of the
N-terminal domain from the “down” into the “up” conformation (Fig. 4.4). These
movements are linked to ATP hydrolysis in the D1 domain (Fig. 4.4) (Ye et al., 2017).
The force exerted by P97 on a substrate is used to channel and unfold it through a central
tunnel (Fig. 4.5). In ERAD, proteins that have failed to fold in their correct native state are
degraded by a P97-dependent mechanism (Stevenson et al., 2016).
During ERAD, P97 has to bind specific cofactors (Brodsky, 2012). Two P97 cofactors that
are integral to the ERAD pathway are the 68 kDa nuclear protein localisation protein 4
(Npl4) and the 34.5 kDa ubiquitin recognition factor in ER-associated degradation protein
1 (Ufd1), which together form the UN heterodimer (Fig. 4.5). The UN binds to P97 and
acts as an adaptor to regulate the P97 ubiquitin-dependent substrate processing (Isaacson et
al., 2007). Ufd1 and Npl4 are both essential for viability in eukaryotes (Ye et al., 2001).
Ufd1 contains an N-terminal ubiquitin binding domain and a P97 binding domain, called
BS1. Npl4, conversely, contains an N-terminal domain that binds to P97 and a C-terminal
domain that binds ubiquitin (Meyer et al., 2012).
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In the current model for P97 substrate unfolding, the UN complex binds to the N-terminal
domain of P97 (Fig. 4.5). Upon binding of the UN complex, the P97-UN complex
becomes competent for ERAD substrate processing. Poly-ubiquitinated substrates bind
first to the UN complex and are then inserted into the central pore of the P97 hexamer,
where ATP hydrolysis by the P97 D2 domains provides the necessary energy for substrate
unfolding and movement through the P97 central pore (Fig. 4.5) (Bodnar and Rapoport,
2017). Subsequent ATP hydrolysis in the D1 domain coupled with trimming of the
polyubiquitin by a deubiquitinase completes the translocation process through the P97
central pore (Bodnar and Rapoport, 2017). A likely candidate for the deubiquitinase
activity is the ubiquitin thioesterase (YOD1) deubiquitinase (Ernst et al., 2009; Stein et al.,
2014). It is currently not exactly known how a polyubiquitinated substrate is passed on to
downstream components. One model proposes that the polyubiquitinated substrate is
deubiquitinated during P97 processing and then subsequently re-ubiquitinated for
proteasome binding (Liu and Ye, 2012). A second model proposes that substrates are not
deubiquitinated during ERAD and are instead sent to the proteasome (Richly et al., 2005).
And finally, a third model suggests that substrates are only partially deubiquitinated so
remaining ubiquitins can interact with downstream factors, and mark the substrate for
proteasomal degradation (Bodnar and Rapoport, 2017).
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Fig. 4.5: Current model for P97-UN in ERAD. P97 N-domains begin in the “down” conformation and
transition to the “up” conformation upon D1 ATP binding. Once in the “up” conformation, the heterodimeric
UN complex (composed of the Ufd1 and Npl4 heterodimer) (blue) binds to the N-domains (yellow) (Step 1).
Ubiquitinated substrates (purple) can then bind (Step 2). In step 2, the N-domain stays in the “up”
conformation with the D1 domain bound to ATP. Meanwhile, the ATPase rate of the D2 domain increases
(orange outline) and this causes the substrate to be inserted into the central pore as shown in step 3. ATP
hydrolysis by the D2 domain promotes unfolding of the substrate and translocation through the pore to the
other side.

4.2.2 Cofactors of P97 with UBX domains
The ubiquitin regulatory X domain (UBX) is a ubiquitin-like fold found in some proteins
and shown to bind to ubiquitin receptors on the proteasome (Buchberger et al., 2001).
Known P97 cofactors with these domains include the Fas-associated factor 1(FAF1)-UBX
complex and the UBX domain-containing 7 (UBXD7)-UBX complex, which have roles in
cell cycle pathways and mitophagy respectively (Hänzelmann et al., 2011; Li et al., 2017).
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A common theme amongst these cofactors is that they interact with the N-terminal domain
of P97 through a conserved signature motif, however, the functional significance of this
remains elusive (Hänzelmann and Schindelin, 2017).

4.2.3 Cofactors of P97 with VIM and VBM domains
VCP interacting motif (VIM) and VCP binding motif (VBM) domains consist of mainly
positively charged amino acids that adopt a helical conformation (Hänzelmann and
Schindelin, 2017). P97 has been shown to bind to the VBM domain of Rhomboid-related
protein 4 (RHBDL4) through its N-terminus, which plays an important role in the retrotranslocation of ubiquitinated proteins in ERAD (Fleig et al., 2012).

4.3

P97 and the 26S Proteasome

Many proteasome-associated proteins have been co-purified with the 26S proteasome,
including P97 ( Besche et al., 2009). For example, P97 has been shown to
immunoprecipitate with proteasomes in both human B cell lines and yeast (Dai et al.,
1998; Verma et al., 2000). More recently, Bersche and colleagues also identified P97 coeluting with the proteasome using the UBL-proteasome purification described in Chapter
two (Besche et al., 2009). The purification method involving the UBL domain to purify the
26S proteasome is also discussed in detail in Chapter two. With this method, P97 and other
P97 adapters such as the UN complex, p47 and FAF1 were observed to co-purify (Besche
et al., 2009). P97 and adaptor proteins were also identified to co-migrate with the 26S
proteasome during glycerol gradient purification (Besche et al., 2009). Although both P97
and the 26S proteasome interact with poly-ubiquitin chains, no ubiquitin conjugates were
detected in the glycerol gradient purification but both proteasomes and P97 were observed.
Moreover, studies showing archaeal 20S activation by a related P97 AAA+ ATPase and
P97-20S complexes have prompted discussions on whether or not P97 is a possible
alternative cap of the proteasome (Barthelme and Sauer, 2012; Pick and Berman, 2013).
However, in humans only 26S proteasomes have been shown to co-elute with P97 and not
20S proteasomes (Isakov and Stanhill, 2011; Meyer et al., 2012). Matouschek and Finley
have suggested two potential models that would explain P97’s roles within the eukaryotic
proteasome (Matouschek and Finley, 2012). The first model suggests P97 could be acting
as an alternative AAA+ ATPase for a specific subset of proteasomes that has yet to be
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discovered, while the second hypothesis postulates that the P97-20S interactions have been
lost over time despite it being an initial part of the degradation machinery (Matouschek
and Finley, 2012).
More recently, research revealed two endogenous substrate proteins for the yeast ortholog
Cdc48-20S proteasome complex (Islam et al., 2020). These substrates, the copper-zinc
superoxide mutase Sod1 and the threonyl tRNA synthase Ths1, are essential for the normal
functioning of yeast cells, and are degraded by a ubiquitin-independent mechanism
without the need for any post-translational modifications (Islam et al., 2020). The
recognition signal could instead be one or more signal motifs. This study is one of the first
to identify Cdc48-20S specific substrates, however, it is reasonable to speculate that there
are many others. Exactly how this complex is formed and its significance remains elusive,
however, it has been proposed that Cdc48-20S complexes could serve as a backup
proteasome needed under cellular stress conditions (Islam et al., 2020).
It remains unclear how exactly ubiquitinated substrates are transferred to the proteasome
after ERAD. This may either be mediated through a direct interaction between P97 and
the proteasome or via a P97 cofactor bridging the two together (Raasi and Wolf, 2007).
For example, P97 may be directed to the proteasome via shuttle factors, such as Rad23 (or
other UBL-UBA containing proteins) (Raasi and Wolf, 2007). It has been shown that P97
can bind to both Rad23 and other ubiquitin conjugates suggesting that there may be an
interplay between Rad23 and ubiquitin conjugate delivery to the proteasome via P97
(Besche et al., 2009). However, it has also been shown that P97 possesses a higher affinity
for the proteasome than for the UBL domain of Rad23 (Raasi and Wolf, 2007).
Interestingly, P97 cofactors pulled down with the proteasome using the UBL method are
upregulated in Drosophila during proteasome inhibition (Lundgren et al., 2003). Finally,
these cofactors vary with the cell type; proteasomes isolated from HEK293F cells using a
Rad23 bait did not pull down P97-cofactor complexes or ubiquitin conjugates, despite
showing a 20% increase in proteasome isolation yield (Scanlon et al., 2009). Thus, it is
important to account for differences between different cell lines, tissues and the
experimental conditions used in those pull-down assays.
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4.4

P97 in human disease

Due to the fundamental and various roles P97 fulfils within cells, it is not surprising that
there are serious clinical implications associated with P97 mutations. Generally speaking,
P97-associated diseases are degenerative (Kimonis et al., 2008). In mouse models, the
most common mutation, R155H, leads to diseases such as inclusion body myopathy,
Paget’s disease of bone, frontotemporal dementia and amyotrophic lateral sclerosis (ALS)
(Badadani et al., 2010). Further, knock out of P97 is embryonic lethal for mice
underpinning P97’s crucial role in embryonic development (Badadani et al., 2010).
Interestingly, no mutant described so far impedes P97’s ability to oligomerise, implying
that oligomerisation is mandatory and such mutations are not tolerated. However, some
mutations do affect the rate of ATP hydrolysis (Niwa et al., 2012; Weihl et al., 2006),
while others affect the ability of P97 to bind to its cofactors (Fernández-Sáiz and
Buchberger, 2010; Ritz et al., 2011). In general, diseases with P97 mutations reduce or
impair its function, rather than abrogate it.

4.4.1 P97 and neurodegenerative diseases
Most mutations in P97 that give rise to neurodegenerative disorders are caused by the
inadequate removal of substrates during protein degradation, leading to an increase in
protein aggregate formation (Huryn et al., 2019). Among these, more than 20 autosomal
dominant mutations in the gene encoding P97 cause a rare degenerative disorder called
inclusion body myopathy with early-onset Paget disease and frontotemporal dementia
(IBMPFD)/ALS (Meyer and Weihl, 2014). These mutations (which include I27V, R93C,
G97E) are found in the N-terminal region of P97, with a strong accumulation in the N-D1
linker (Meyer and Weihl, 2014). Interestingly, most diseases caused by P97 mutations are
located in the N-D1 interface. However, it remains contested whether P97 inhibitors or
activators would be most therapeutically beneficial for IBMPFD/ALS patients. That is,
whether these mutations cause an increase in P97 activity (dominant active effect) or
reduced P97 activity (dominant negative effect) (Huryn et al., 2019). Other examples of
neurodegenerative diseases caused by P97 mutations include Charcot-Marie-Tooth disease
(CMT2Y) and Huntington’s disease, however, this remains a poorly understood area and
warrants further research (Fujita et al., 2013; Gonzalez et al., 2014).
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4.4.2 Other diseases involving P97
P97 mutations have also been implicated in some cancers and viral infections. Examples of
cancers linked to P97 mutations include human melanomas and breast carcinomas
(Woodbury et al., 1980). Cancer cells are known to depend more on protein degradation
systems than normal cells, and P97 has been shown to be overexpressed in many cancers
types (Yamamoto et al., 2005; 2004). P97 has also been shown to contribute to viral
replication, as in the case of poliovirus (Arita et al., 2012).

4.4.3 P97 inhibitors
Given the strong correlation of P97 mutations in the development of certain cancer types
and other diseases, P97 is considered an important potential therapeutic target. As
mentioned, certain cancerous cells upregulate protein degradation and rely heavily on P97.
Inhibiting P97 leads to elevated apoptosis of cancerous, rather than healthy cells
(Deshaies, 2014). So far, a range of inhibitors of P97 ATPase activity have been
interrogated with promising therapeutic potential in cancer therapy (Huryn et al., 2019).
However, concerns about specificity and cytotoxicity from off target effects have been
expressed (Tang et al., 2019). Moreover, P97 inhibitors may also be promising treatments
for antiviral therapy but this has yet to be explored.

4.5

Results

4.5.1 Initial observations of P97 in 20S preparations
In order to understand and thoroughly investigate the proteasome interaction network, one
must be able to prepare these proteins in relatively high concentrations and obtain
relatively homogenous samples that can be used in a range of biochemical and structural
analyses. Multi-subunit complexes can be purified directly from endogenous sources such
as mammalian cells, however, this usually results in low yields, depending on the natural
protein abundance (Jarvis, 2009; Stowell et al., 2016). Recombinant protein expression in
insect cells offers a practical alternative to produce high yields of target complexes, as
previously described in Chapter two. Moreover, the recombinant expression of target
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complexes allows for easy manipulation, such as generation of point mutations, compared
to the complex modifications of endogenous samples.
Based on the observation by Dr. Toste Rêgo from the da Fonseca lab, that recombinant
immuno-proteasomes (i20S) co-purify with endogenous P97 from insect cells, when overexpressed using the baculovirus over-expression system, I decided to further investigate
this interaction. MS analysis consistently identified P97 as a proteasome interacting
partner alongside many other known interactors, such as 19S subunits, 20S chaperones and
other binding partners, including PA200 and PA28 (Rêgo and Fonseca, 2019). The main
goals of this project were to establish a complete and systematic study of the proteasome
interaction network, and to understand the underlying mechanism of the P97-proteasome
interaction. Specifically, I wanted to understand whether P97 interacts directly with the
proteasome and whether other components are needed. Understanding the components
involved in this complex formation might indicate whether this interaction was
independent of the ERAD pathway.
Firstly, I wanted to re-investigate previous preliminary observations from our lab, where
P97 co-purified with recombinant i20S proteasomes. To do so, I cloned and generated a
bacmid of untagged P97 using human P97 plasmid as a template (described in Chapter 2)
and co-infected insect cells with three baculoviruses encoding untagged P97, 20S
chaperones and Twin-Strep tagged i20S. My results were consistent with the previous
observations in the lab that P97 co-elutes with the 20S proteasome, which was confirmed
using MS analysis (see Fig. 4.6B).
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Fig. 4.6: Purification test of i20S proteasome. Streptavidin-tagged i20S proteasome was purified using
streptavidin affinity chromatography in which A) a representative chromatogram and B) a SDS-PAGE is
shown. The two bands corresponding to P97 size (green and red boxes) were sent for MS analysis, positively
identified P97.

4.5.2 Co-expression of P97 with constitutive and immunoproteasomes
Next, I decided to investigate whether P97 only selectively co-eluted with i20S
proteasomes, or whether constitutive 20S proteasomes also co-eluted with P97. I therefore
co-expressed untagged P97 with either Twin-Strep tagged 20S and 20S chaperones or
Twin-Strep tagged i20S-chaperones in similar quantities. I then compared P97 presence
and the difference in yield obtained (Fig. 4.7). The yield of proteasomes was similar in
both experiments (Fig. 4.7). SDS-PAGE did not show evidence for P97. However, MS
analysis identified the presence of P97 in both 20S and i20S preparations, suggesting that
P97 binding to proteasomes, or proteasome complexes involving additional factors, is not
specific to either the constitutive 20S or i20S proteasome. Due to the similarity of yields of
20S proteasomes seen in the presence of P97, I decided to conduct further experiments
with constitutive 20S proteasomes only as this is expressed more abundantly within cells
(Morozov and Karpov, 2019).
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Fig. 4.7: Purification of tagged i20S and 20S proteasomes co-expressed with P97. i20S (in which the b7
subunits were Streptavidin- tagged) was purified using streptavidin affinity chromatography in which the A)
representative chromatogram and B) representative SDS-PAGE are shown. Upon MS analysis, P97 was
shown to co-elute with i20S protein (green and red boxes). Panels C and D are the same as Panels A and B,
except this time recombinant 20S was used instead of i20S.

As mentioned, the P97 and proteasome co-elution has been reported by other labs (Besche
et al., 2009). However, the true nature and significance of this interaction remains elusive,
and there are no current complex structures in mammals available. I, therefore, wanted to
investigate if addition of ATP to the purification was needed to improve the yield of P9720S complex formation. Since P97 is a AAA+ ATPase and ATP is needed for a variety of
its functions, it is conceivable that ATP may also be required for proper P97-20S complex
assembly. To test this hypothesis, I performed the standard P97, 20S and 20S chaperone
co-expression and attempted to purify the complex in the presence of 5 mM ATP using
Twin-Strep tagged 20S proteasome as bait. As shown in Fig. 4.8, I could not detect any
significant difference between the amount of 20S proteasome and P97 captured. While
P97 still co-eluted with the 20S proteasome in the presence of additional ATP (confirmed
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by MS analyses), no enrichment in P97 concentration was observed. This suggested that
P97 may be associating with the 20S in an ATP-independent manner.

Fig. 4.8: Purification of P97 and streptavidin-20S with ATP. P97 was co-expressed with streptavidintagged 20S and 20S chaperones and ATP. Panels A and B show a representative chromatogram and SDSPAGE gel respectively. No difference in the amount of P97 could be observed compared to previously used
purification conditions (red and green boxes and see Fig. 4.6).

4.5.3 P97 purification
Since the yield of P97 that co-purified with both 20S and i20S was low, I tested the
efficiency of P97 overexpression on its own. To do this, P97 was fused to an N-terminal
Twin-Strep tagged and captured on a streptavidin column, which was followed by size
exclusion chromatography (Fig. 4.9). The rationale for an N-terminal tag location was that
the C-terminal contained regions that could be important for binding to the proteasome and
so tagging the C-terminus may prevent binding to the proteasome. Using this affinity
purification method, I was able to capture large amounts of P97 (approximately 2.5 mg of
total protein from 2L of SF9 insect cell culture), with relatively high purity as assessed by
SDS-PAGE (Fig. 4.9). In subsequent size exclusion chromatography, P97 eluted at a
volume in agreement with hexamer formation (approximately 534 kDa). As discussed
previously, physiologically P97 forms hexamers and thus this experiment suggested that
the purified P97 retained its functional and biologically relevant form.
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Fig. 4.9: Purification of P97. Streptavidin-tagged P97 was purified using streptavidin affinity
chromatography. Panels A and B show the chromatogram and representative SDS-PAGE gels from the first
step of purification, respectively. Size exclusion chromatography was then performed on fraction 9 from A),
in which the representative C) chromatogram and D) SDS-PAGE gel are shown. The sample eluted from the
size exclusion column at a volume expected for a hexamer (approximately 534 kDa).

4.5.4 Co-expression of proteasomes with affinity tagged P97
So far, MS analysis had shown evidence of P97 co-purifying with the 20S and i20S. As
mentioned, these experiments involved pulling on either affinity-tagged 20S or i20S coexpressed with untagged P97. However, several other proteins were also seen in MS
analysis and a low yield of P97 was observed. In an attempt to improve the yield of
potential P97-20S proteasome complexes, N-terminal Twin-Strep tagged P97 was coexpressed with untagged 20S and 20S chaperones instead. The rationale behind this
approach was, that pulling down P97 rather than 20S would reduce other proteasomeinteracting proteins seen previously in SDS-PAGE gels. As an initial attempt, an affinity
purification was conducted using Twin-Strep tagged tagged P97 as bait (Fig. 4.10A). SDS-
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PAGE of the eluted sample showed some smears of typical proteasome size, but the
presence of proteasomes was difficult to judge (Fig. 4.10B). The samples (fractions 6-12
shown in Fig. 4.10B) from the first purification step were therefore concentrated to try and
improve the identification of 20S subunits (Fig. 4.10C). After sample concentration, some
clearer protein bands were observed, which were later shown by MS to be proteasome
subunits. However, at this point it was clear that complex formation yield was still very
low and that a change of strategy was required.

Fig. 4.10: Purification of streptavidin-tagged P97 co-expressed with 20S. Streptavidin- tagged P97 was
co-expressed with 20S proteasome and 20S proteasome chaperones and pulled-down by streptavidin affinity
chromatography in which A) a representative chromatogram and B) SDS-PAGE gel is shown. C) Fractions
6-12 from Panel B were pooled, concentrated and separated on SDS-PAGE to identify other proteins by MS
analysis. There were other interacting proteins identified and all 20S proteasome subunits with some 19S
subunits were identified in the MS data.
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4.5.5 Codon optimisation of P97
Having shown that P97 and 20S proteasomes can co-purify from cells, albeit at low
concentrations, I wanted to establish conditions that facilitated P97-20S complex
formation within cells. This could also allow the identification of other protein partners
that may be part of the P97-20S complex in vivo. Here, improving the yield and quality of
P97 sample seemed to be key. As seen in Fig. 4.9, two distinct bands were present in the
P97 sample and both had been identified as P97 by MS, with the lower band representing a
P97 fragment. Possible reasons for the P97 truncations observed could be the presence of
endogenous proteases that cleave unstructured N- or C- termini or premature termination
during protein synthesis. I, therefore, decided to codon optimise the P97 gene. Some
codons are favoured in specific organisms over others (Kurland, 1991). Although the
underlying reasons for codon bias are not very well understood, it has been shown that
codon optimisation can significantly improve the protein yield in recombinant protein
expression. This is especially important when using a heterologous expression system,
such as utilising insect cells to express the human 20S-P97 complex, where codon usage is
optimised towards the host system. Codon-optimised human P97 gene was therefore used
for expression in insect cells.
I also decided to modify my strategy for infection of insect cells. This involved using the
cre-lox recombination system to enable both the 20S proteasome chaperones and P97 to be
incorporated into a single baculovirus (from here on, this is referred to as P97-20S
chaperones) (Ray et al., 2000). As mentioned in Chapter two, cre-recombinase is an
enzyme from bacteriophages that enables the site-specific recombination of DNA between
lox P sites. By incorporating P97 and the 20S chaperones into one viral vector, two viruses
rather than three would be needed for infecting insect cells, thereby increasing the chances
of co-infection and co-expression of the desired proteins.
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Fig. 4.11: Purification of codon-optimised streptavidin-tagged P97 co-expressed with 20S. P97 was
codon optimised and cloned with 20S chaperones into a single baculovirus. Proteins were purified by pulling
on the streptavidin-tagged P97 protein using affinity chromatography as a first step. A and B) show the
representative chromatogram and SDS-PAGE gel. Fractions 5-9 were pooled and run on a size-exclusion
column where C and D) show the representative chromatogram and SDS-Page gel respectively. Fractions 10,
13 and 19 were sent for MS and proteasome subunits (20S proteasome a subunits and RPTs from the 19S
RP) were identified. However, despite improved levels of expression of P97, proteasome subunits were still
difficult to identify on the gel.

Using codon-optimised P97 and incorporating the 20S chaperones in the same vector, I coexpressed untagged P97-20S chaperones with Twin-Strep tagged 20S proteasomes in
insect cells using the same purification protocol as described in Section 4.4.2 (Fig. 4.11).
After a streptavidin affinity chromatography step, the yield of P97 significantly increased,
when compared to previous experiments. An increased amount of proteins co-eluting with
P97 could also be observed (Fig. 4.11A and B). Some of these proteins migrated at
molecular weight levels typical for proteasome subunits and could also be confirmed by
MS. To further separate these components, fractions 5-9 were pooled, concentrated and
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SEC was conducted; fractions 10, 13, and 19 were subsequently sent for MS analysis (Fig.
4.11C and D). Although the MS results identified some proteasome subunits (20S
proteasome a subunits and Rpts from the 19S RP), there was still no formation of P97-20S
complex yielded at near-stoichiometric quantities.

4.5.6 Proteolytic activity of P97-20S samples
To check whether P97 could modulate 20S activity, through potential interactions, activity
assays in which 20S and P97 were incubated together or separately were conducted. Due
to P97’s role as an AAA+ ATPase, and the elusiveness of P97’s role in relation to the 20S
proteasome, I decided to carry out activity assays in the presence and absence of ATP, to
investigate the role of ATP on protease activity. Any background signal from the buffer
was corrected with wells only containing buffer. Approximately 20 times more P97 (4
µM) was used compared to 20S (0.2 µM) to ensure full saturation of 20S with P97. Since
the same concentrations were included in both samples (P97-20S versus 20S), any
difference observed in activity would be a direct result of P97 ability to modulate 20S
activity. My results show that, overall, P97 has negligible effects on the 20S proteolytic
activity in vitro (Fig. 4.12). Slightly lower activity was observed for all three proteases for
the P97-20S samples compared to 20S proteasome alone, in which the same
concentrations of 20S proteasome and P97 were used. Addition of ATP did not change the
results, except for the b5 proteases which showed slightly increased activity for the P9720S samples compared to the 20S complex. However, there was also relatively high
variability in P97-20S samples observed, and consequently this may not be a significant
result. This result does not exclude the possibility that P97 may affect the in vitro activity
of 20S proteasome. In these assays, a low proteolytic activity could also be detected in the
P97 sample. This background proteolytic activity could be due to the presence of other
active proteases in the sample or minor proteasome contaminations. In general, it is
difficult to draw a firm conclusion on whether P97 affects 20S proteasome activity and
whether other co-factors, such as ATP, or proteins are involved.
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Fig. 4.12: Activity assays of 20S proteasomes in the presence of P97 with and without ATP. All
proteolytic active proteasome ß-subunits were tested. The activity assays were conducted in buffers either
containing ATP or no ATP present and substrates processed by different proteasome subunits (Suc-LLVYAMC, Z-LLE-AMC, Boc-LRR-AMC for ß5, ß1 and ß2 respectively). Blue, red and green show ß5, ß1 and
ß2 activity respectively, with ATP added to the buffer and purple orange and black show ß5, ß1, and ß2
activity respectively without ATP addition. Error bars represent the standard error of the mean (SEM).

4.5.7 Electron microscopy of P97-20S samples
In order to test binding of P97 to the 20S proteasome, negative stain grids were prepared
of purified 20S proteasomes co-expressed with P97 and 20S chaperones (Fig. 4.13). The
P97 protein levels are much lower compared to the 20S complex. This may be in part
attributed to the purification strategy in which tagged 20S proteasome complexes have
been used as bait. Despite the presence of faint, visible bands in the SDS-PAGE gel that
correspond to P97, neither the expected P97 hexamer nor particles that could correspond to
the P97 hexamer bound to the 20S complex could be identified by negative staining
microscopy (see Fig. 4.13B). This indicates that other factors may be required for in vitro
complex formation and that the interaction between P97 and the 20S proteasome without
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other binding partners may only be transient. Alternatively, the complex formation may be
disrupted during the stringent conditions of EM grid preparations.

Fig. 4.13: Electron microscopy of P97-20S proteasome samples. A) a representative SDS PAGE of
tagged-20S coexpressed with P97 and 20S chaperones purification. B) Sample form A) (red box) was
visualised using negative staining technique.

4.6

Discussion

Understanding the complete proteasome interaction map remains a challenging aspect in
the proteasome field. The proteasome interacts with a variety of different proteins, as
discussed in Chapter one. P97 plays an important role in ERAD and the UPR whereas the
proteasome is involved in the later stages of this pathway. However, if the highly abundant
P97 protein binds directly to the human proteasome remained unknown so far. From our
lab’s initial observation of MS data and a small subset of scientific papers, there was initial
evidence that P97 might directly bind to the proteasome (Barthelme and Sauer, 2012;
Isakov and Stanhill, 2011; Meyer et al., 2012; Pick and Berman, 2013). My work sought to
investigate this question and I showed that indeed P97 and the proteasome do interact.
My early experiments attempted to pull down the P97 protein in insect cells co-expressing
P97 and 20S proteasome and, although there were traces of proteasome subunits, the yield
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obtained of formed P97-20S complexes was very low. Using 20S as a bait instead,
unfortunately did not improve the yields. However, P97 was consistently found co-eluting
with 20S proteasomes indicating that it binds either directly or indirectly to the 20S
proteasome. Due to the unknown nature of this interaction, several different experimental
conditions were explored, including the addition of ATP or the use of immunoproteasomes
versus constitutive proteasomes in affinity chromatography experiments. As mentioned
above, no significant differences were observed. There are a variety of factors that may be
contributing to the lack of identifiable P97-20S proteasome complexes in insect cells. For
example, P97 may be depending on a cofactor or the P97-20S interaction may be transient
or a low-affinity interaction and consequently difficult to purify at high quantities.
Additionally, post-translational modifications (PTMs) differ between insect and human
cells and are important for protein solubility, stability, and hydrophobicity (Klenk, 2002;
Tokmakov et al., 2012). PTMs may therefore play an important role in the P97-20S
interaction. Furthermore, species specific localisation of P97 and proteasomes within
insect cells could also cause inefficient binding. While P97 localises to both the cytosol
and nucleus in humans, it has been shown that proteasome localization in lower eukaryotes
is mainly found in the nucleus compared to the cytosol (Takeda et al., 2011; Woodman,
2003). In addition, I showed that P97 eluted as a hexamer, suggesting that the lack of
efficient binding is not due to P97 functionality.
My decision to continue optimising P97 and 20S proteasome expression in insect cells was
due to the need to explore any other cofactors that may be co-purifying with P97 and the
20S proteasome. By using a codon optimised P97 version for expression in insect cells, I
could significantly improve the obtainable yield of purified P97 protein. However, it was
still difficult to produce high yields of P97-20S complexes. To overcome low yield in P9720S complex, P97 and the 20S chaperones were incorporated into a single virus, reducing
the number of viruses needed for transfection from three to two and thereby potentially
promoting more stoichiometric complex formation. Unfortunately, this did not improve the
yield of desired P97-20S complexes, suggesting that either other co-factors may be
required for complex formation or the interaction is too transient to capture.
It is very difficult to predict other co-factors that could be interacting with the P97-20S
complex especially because there are only few well-known co-factors and none of these
have been observed in my MS analyses. The fact that I do not see these co-factors in MS
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results may be due to the fact that these genes are not annotated in insect cells. As
mentioned above, it is well known that the UN complex (involving co-factors Ufd1 and
Npl4) is required in the unfolding process and is regularly observed in complex with P97.
Since this process is upstream of the proteasome degradation step, they may continue
playing a significant role and this could potentially be a good starting point for further
investigation. Although I obtained these plasmids, due to time restraints I was unable to
further pursue this avenue. Activity assays conducted with P97 and 20S showed high
background of activity of P97 and variability in the activity assay made it difficult to draw
comparisons. It would be useful to repeat these experiments with 26S proteasomes as well
and to see if there is any difference observed when adding 26S.
Using crosslinking agents, such as BS3, during purification could also help to improve
P97-20S complex stability, if the interaction is transient and difficult to capture. This exact
approach proved essential when purifying P97-20S in archaea (Barthelme and Sauer,
2012). It is also worth trying to purify P97-20S complexes in the presence of Rad23 as this
may be the key bridge between the two complexes as, previously described in Chapter
one; it is a key shuttling factor that sends ubiquitinated proteins to the proteasome. Finally,
recent tomography data have identified non-membrane-bound micro-compartments
consisting of P97 and 26S complexes (Albert et al., 2020). The significance of these
compartments is thought to be associated with compartmentalising ER-associated
degradation and co-localising machinery at specific ER hotspots (Albert et al., 2020). It
would, therefore, be interesting to conduct further experimental work using cryo-electron
tomography to investigate the true nature of this interaction and identify which substrates
P97 and the 26S machinery are binding and degrading to. Tomography allows for
identification of heterogeneous structures and would allow P97 and the 26S proteasome to
be visualised in their native, cellular environment with any other interacting proteins
(Koning et al., 2018). A series of tiles of 2D projection images that are obtained and used
to generate a 3D tomogram using a similar processing framework described in Chapter 5
(Beck and Baumeister, 2016). However, tomography requires thin volumes for suitable
imaging conditions which is achieved by FIB-milling (Koning et al., 2018). These
conditions would therefore need to be met if this strategy is pursued with the proteasome
and P97.
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It is clear that there is an interplay between P97 and 20S as shown as shown by the coelution of P97 and 20S proteasomes in cells. The P97-20S interaction has not been seen
before with human proteasomes, however, my experiments clearly show there is an
interaction worthy of further investigation. My in vivo purification methods provide a
foundation for investigating this difficult, and potentially transient interaction, with further
P97 co-factors so we can fully understand the role P97 plays with the proteasome.
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Chapter 5

5.1

PI31 and the 20S Proteasome

Introduction

Proteasome inhibitor PI31 subunit (PI31) is a 31 kDa protein that plays a role in
controlling proteasome function and was first identified in bovine red blood cells fractions
(Chu-Ping et al., 1992). PI31’s exact role in the regulation of proteasome function,
however, remains elusive (Shang et al., 2015). Compared to other known proteasome
regulators, such as PA28 and PA200, PI31 has been observed to inhibit rather than activate
20S proteasome activity (Zaiss et al., 2002). However, this inhibitory activity has not yet
been observed in vivo (Zaiss et al., 2002). PI31 is also the least studied of all the currently
known proteasome regulators (Fort et al., 2015). PI31 is highly conserved through
metazoan evolution and orthologues have been identified from yeast to mammals
(Botelho-Machado et al., 2010). In Drosophila, PI31 function is essential, suggesting that
PI31 may be involved in basic cell functions (Bader et al., 2011). Drosophila PI31 has also
been shown to interact with the F-box protein Nutcracker, a component of the SCF
complex type E3 ubiquitin ligases involved in caspase activation during spermatogenesis
(Bader et al., 2011) (Fig. 5.1). Finally, PI31 has been linked to axonal proteasome
transport and neuron maintenance (Liu et al., 2019; Minis et al., 2019). In general, several
studies have shown PI31 involvement in a range of cellular roles which will be discussed
below.

5.1.1 PI31 structure
PI31 contains a 150 amino acid N-terminal Fbxo7/PI31 domain (FP domain) that was first
identified based on the sequence similarity between PI31 and the F-box protein (FBP)
Fbxo7, also known as PARK15/Ncp (Fig. 5.1) (Shang et al., 2015) (Fig. 5.1). The FBP
family of proteins is a diverse protein family with numerous members that do not
necessarily have any functionality in common, but all possess this characteristic 45 amino
acid F-box motif (Fig. 5.1) (Bai et al., 1996). A well-known example of proteins in the
FBP family are the SCF E3 ubiquitin ligases, in which the FBPs act as the substraterecognition subunit of the SCF complex. Such substrates are ubiquitinated by SCF for
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degradation by the 26S proteasome (Goldenberg et al., 2004). The PI31-Fbxo7 interaction
is conserved from Drosophila to mammals (Bader et al., 2011; Kirk et al., 2008). The
structure of the FP domain has been solved and exhibits an a/b fold that associates as a
dimer in both solution and in crystals (Fig. 5.1) (Kirk et al., 2008). The homodimerisation
of PI31 occurs through a preferentially helical interface, whereas heterodimerisation with
the Fbxo7 protein occurs through contacts between b sheets (Kirk et al., 2008). PI31 also
contains a C-terminal proline-rich domain, a predicted disordered region in which 26% of
amino acids are prolines (Fig. 5.1) (McCutchen-Maloney et al., 2000). The C-terminus of
PI31 contains a HbYX-motif that can bind to the 20S proteasome. This motif is also found
in the Rpt subunits of the 19S and other regulatory proteasome-binding proteins (such as
P97) as discussed in Chapter one (Bader et al., 2011; McCutchen-Maloney et al., 2000).
Inhibition of the 20S by PI31 could be mediated by restricting access to the enzymatic core
of the proteasome through a substrate-occlusion mechanism by binding of the C-terminal
tail, however, this has not been shown directly (Bader et al., 2011; McCutchen-Maloney et
al., 2000). The N-terminus of Fbox7 is structurally similar to PI31. However domains in
Fbxo7 that are are not found in PI31 include the UBL and F box domains (Kirk et al.,
2008) (Fig 5.1).
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Fig. 5.1: Schematic of the structural features of PI31 and FBXO proteins. Domain scheme organisation
of the human and fruit fly of A) F-box proteins Fbxo7 and Nutcracker and B) PI31. Both human and D.
melanogaster proteins contain homologous FP domains at their N-terminus. C) Tertiary structure prediction
of the full length human PI3I as determined by Phyre (Kelley LA et al. (2015), shown alongside the structure
of its FP domain (PDB: 4OUH) (Kirk et al., 2008).

5.1.2 PI31 and the proteasome
PI31 has been shown to inhibit proteasome activity (Chu-Ping et al., 1992). However, this
observation is limited to in vitro studies and has not been observed in vivo in mammalian
cells (Zaiss et al., 2002). On the other hand, studies have shown that PI31 promotes
protein degradation in vivo in yeast, plants, and Drosophila (Bader et al., 2011; Yang et al.,
2016; Yashiroda et al., 2015). Additionally, Drosophila PI31 expression upregulates the in
vivo 26S activity under conditions that require increased regulated proteolytic activity, as
seen in the terminal differentiation of sperm (Bader et al., 2011). PI31 is also thought to
have a role in regulating the immunoproteasome (Zaiss et al., 2002). As discussed in
Chapter one, immunoproteasomes play an important role in regulating proteolytic
processes involved in MHC class 1 antigen presentation (Rock and Goldberg, 1999;
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Shastri et al., 1998). During antigen presentation, the g-inducible immunoproteasome
cleaves MHC class I ligands from antigenic sequences in a highly specific manner (Zaiss
et al., 2002). PI31 seems to also be involved in this process by interfering with the
maturation of the immunoproteasome (Zaiss et al., 2002). Overexpressing PI31 reduces
MHC class I surface levels as well as the MHC class I presentation of cytotoxic Tlymphocyte epitopes in IFN-g treated mouse embryonic cultured cells (Zaiss et al., 2002).
The exact mechanistic role of PI31 in abrogating immunoproteasome function is unknown.
However, it has been suggested that PI31 may be interfering with processing of the
proteasome subunit pre-peptides and preventing mature immunoproteasome formation
(Zaiss et al., 2002). In terms of localisation, both PI31 and immunoproteasomes and
immunoproteasome precursors localise at the nuclear envelope and ER membrane
providing further evidence of a potential link (Zaiss et al., 2002). Moreover, PI31 has been
shown to compete with PA28-mediated activation of immunoproteasomes (Zaiss et al.,
1999). Through kinetic analyses, it was found that PI31 exhibits higher affinity for the 20S
proteasome than PA28 and, consequently, a 50-fold higher PA28 concentration is needed
to abrogate PI31-mediated 20S proteasome inhibition (Zaiss et al., 1999).
PI31 has also been linked to 26S proteasome assembly (Cho-Park and Steller, 2013).
Drospholia PI31 has been shown to bind to and be regulated by the ADP-ribosyl
transferase tankyrase (TNKS), which is linked to a variety of cellular processes including
telomere maintenance (Cho-Park and Steller, 2013; Hsiao and Smith, 2008). PI31 is ADPribosylated by TNKS to stimulate 26S proteasome function (Cho-Park and Steller, 2013).
Ribosylated, modified PI31 possesses lower affinity for the 20S proteasome and thus
allows 20S proteasomes to bind to 19S complexes and to form 26S proteasomes (Cho-Park
and Stellar, 2013). In fact, in both mammalian and Drosophila, inhibiting TNKS reduces
26S proteasome activity (Cho-Park and Steller, 2013), although, evidence suggests that
mammalian PI31 is not ADP-ribosylated (X. Li et al., 2014).
Besides 26S proteasome assembly, PI31 has also been linked to 26S proteasome transport
in neuronal cells (Liu et al., 2019). Proteosome transport in neurons has been a long
outstanding question in the field, due to the critical function of proteasomes at synapses
and the long distances proteasomes have to travel within neurons. To solve this transport
problem, proteasomes employ a microtubule-based transport mechanism. However, much
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of this pathway remains unknown (Gorbea et al., 2010; Hsu et al., 2015; Kreko-Pierce and
Eaton, 2017; Otero et al., 2014). Recent studies have shown that modified PI31 is involved
in this process by binding to the dynein complex, a molecular motor component of the
microtubule network (Liu et al., 2019). Phosphorylation of PI31 at a conserved site by P38
microtubule-associated protein (MAP) kinase was shown to promote binding of PI31to the
dynein light chain LC8-type (DYNLL1/2) proteins, which are involved in proteasome
transport by the microtubule network (Kreko-Pierce and Eaton, 2017). In the study
conducted, PI31 mediates axonal transport of proteasomes by binding to DYNLL1/2 and
acting as an adapter in Drosophila motor neurons (Liu et al., 2019).

5.1.3 Other cellular PI31 roles
As mentioned, PI31 binds to Fbxo7, but surprisingly this interaction leads to increased
PI31 stability rather than ubiquitin-mediate degradation (Bader et al., 2011; Vingill et al.,
2016). Loss of Fbxo7 causes impaired proteasome function, which is consistent with the
observation that PI31 reduces proteasome function (Liu et al., 2019). There is, however, a
lack of supporting evidence to explain the exact cellular consequences of this interaction.
PI31 also interacts with the CD2BP2 protein, originally discovered as a binding partner of
the T cell adhesion protein CD2 which is part of the T cell signalling pathway (Kofler et
al., 2005). The interaction occurs through the glycine-tyrosine-phenylalanine (GYF)
domain of CD2BP2, which recognises the proline-rich sequence within the C-terminus of
PI31 (Kofler et al., 2005). This interaction was shown by yeast two-hybrid and spot
analysis, but its significance remains unknown and has yet to be demonstrated in vivo.

5.1.4 PI31 in disease
There are disease-related implications of the PI31-Fbxo7 interaction. Mutations in Fbxo7
have been shown to impair proteasome function and cause Parkinson Disease (PD)-like
symptoms in mice and early onset form of PD in humans (Conedera et al., 2016; Di Fonzo
et al., 2008; Paisán-Ruiz et al., 2010; Vingill et al., 2016). These symptoms are referred to
as Parkinson’s plus syndromes (PPS). PPS are groups of illnesses that attack the brain and
nerve cells and are linked to PD, but may include other underlying pathologies. In fact,
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unlike more standard models of PD, PPS affect neurons in the pyramidal area of the brain,
causing earlier symptoms, such as loss of muscle control (Mitra et al., 2003). The reasons
for such links are unknown, but it has been proposed that mutations in Fbxo7 could impair
normal protein clearance, resulting in protein aggregate formation that are typically found
in many neurodegenerative diseases (Ballatore et al., 2007; Irvine et al., 2008; Li and Li,
2011; Ross and Poirier, 2004; Tai and Schuman, 2008). Using genome-wide association
studies, PI31 has also been linked to Alzheimer’s Disease (AD) (Sherva et al., 2011).
The Fbxo7 homologue, Nutcracker, has been studied in Drosophila, which has proven a
useful model organism to study human diseases in vivo. This has been especially important
in understanding neurological systems due to the similar level of complexity of neurons
and neurotransmitter systems in Drosophila compared to more complex organisms such as
mammals (Bilen and Bonini, 2005). Both Nutcracker and a Drosophila melanogaster
homologue of PI31 were studied by Merzetti et al., (2017) who showed that Nutcracker
disruption leads to reduced proteasome activity, but has no reducing effect on the
proteosomal machinery. Drosophila cells that have a mutated PI31 homologue show
increased levels of poly-ubiquitinated proteins indicating lack of a functional proteasome
(Bader et al., 2011).

5.1.5 Proteasome inhibitors
Taken together, it is clear that PI31 seems to have an important role in basic cellular
homeostasis and in functions relating to proteasome regulation. The fact that PI31 has been
shown to have inhibitory effects on proteasome function raises its use as a potential
therapeutic agent for the treatment of cancers, with some proteasome inhibitors already in
clinical use as discussed in Chapter one (Crawford et al., 2006; Cusack, 2003; Park et al.,
2018). Currently, three proteasome inhibitors, bortezomib, carfilzomib, and ixazomib, are
routinely used in clinical settings and have received approval from regulatory bodies
(Manasanch and Orlowski, 2017). These treatments, mostly confined to myeloma and
mantel-cell lymphoma, have dramatically improved patient outcomes (Manasanch and
Orlowski, 2017). However, relapses and resistance are common to these drugs, indicating
the need for further therapies (Manasanch and Orlowski, 2017). PI31 is one of several
mammalian proteasome inhibitor proteins, which also include the HIV-1 transcriptional
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activator, Tat, and a heptatitis B virus protein, HBx (Rechsteiner and Hill, 2005). Other
known proteasome inhibitors include the proline and arginine-rich polypeptide (PR39) and
proteasomal-associated factor 1 (PAAF1). Structural studies of PR39 have shown its
structural rearrangement of both the 20S and 26S proteasome. This arrangement has been
shown to allosterically inhibit the proteasome peptidase activity (Gaczynska et al., 2003).
PR39 was initially discovered as an antimicrobial peptide secreted by macrophages
(Agerberth et al., 1991). Finally, 26S purification from HeLa cells identified PAAF1, with
subsequent experiments showing its proteasome inhibitory function (Park et al., 2005).
PAAF1 is thought to destabilise the 20S CP-1 19S RP interaction and overexpression of
PAAF1 results in ubiquitinated protein accumulation (Park et al., 2005). The modulation
of its interaction with the proteasome can therefore, in principle, be explored in the
development of new therapies.

5.2

Results

The current literature on PI31 and 20S proteasome provided many potential avenues to
explore the PI31-20S interaction and understand its biological significance. Despite the
large amounts of data available on PI31 and the 20S proteasome, there is not yet any
structural information showing the direct interaction between these proteins and I wanted
to address this. As mentioned in previous chapters, our lab established the recombinant
assembly of the human 20S proteasome in insect cells. To develop a wider understanding
of the PI31 physiological function, I sought to investigate the PI31 and proteasome
interactions through protein biochemistry and a structural biology approach. I did so by
using the recombinant 20S expression system in which insect cells were co-infected with
baculoviruses containing 20S proteins and PI31. This approach also allows other proteins
that may be interacting with both PI31 or the proteasome from the insect cells to co-elute,
providing a wider understanding of the PI31 physiological function.

5.2.1 Co-expression of PI31 and the 20S proteasome
Two streptavidin tags were initially added at the N-terminus of PI31, based on reports
from the literature which suggested that PI31 binds to the 20S proteasome through the Cterminus. Baculoviruses containing this Twin-Strep tagged PI31 and the 20S chaperones
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were produced with bacmids prepared by cre-lox recombination as discussed in Chapter
four to improve the efficiency of co-infection. Upon expression, PI31 was pulled-down
using streptavidin affinity chromatography (Fig. 5.2A and B). From the first examination,
there were several other proteins pulled down with PI31, and the typical 20S proteasome
smear was seen co-eluting with PI31(Fig. 5.2B). As a second step, fractions from the
affinity chromatography were pooled (fractions 6-12, Fig. 5.2B) and size-exclusion
chromatography was conducted, which showed PI31 co-eluting with 20S proteasomes
(Fig. 5.2C and D). The majority of PI31 eluted in later fractions, as expected for a 31 kDa
protein (fractions 20-22, Fig. 5.2D). However, a population of PI31 also eluted in the
earlier fractions (see red box in Fig. 5.2D). The PI31-20S proteasome complex as obtained
from the size exclusion chromatography experiment (fraction 16, Fig. 5.2D) was then
observed under negative staining EM. From first observations, it was clear that 20S was
co-eluting with PI31 in the sample but further structural work was needed to identify any
stable complexes forming (Fig. 5.2E).
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Fig. 5.2: Purification of streptavidin tagged PI31 co-expressed with the 20S proteasome. Streptavidintagged PI31 was co-expressed with untagged 20S proteasome in insect cells and purified in two steps. The
first step involved affinity chromatography in which A) a representative chromatogram and B) SDS-PAGE
gel are shown. C and D) Fractions 6-12 from B were pooled, concentrated and run on size-exclusion
chromatography in which a representative chromatogram and SDS-PAGE gel are shown respectively. E) A
representative micrograph of fraction 16 from panel D was visualised by negative stain EM. 20S
proteasomes side views (red) and top views (blue) are seen.
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5.2.2 Biochemical analysis of PI31
Before further experiments were designed and conducted involving PI31 and 20S
proteasome, the oligomeric state of PI31 was investigated. Previous literature had shown
that PI31 forms a dimer in vitro and that this its preferential oligomeric state (McCutchenMaloney et al., 2000). However, I decided to test whether this held true for my PI31
construct and whether other oligomeric states could be identified. Twin-Strep tagged
PI31was therefore expressed using the baculovirus expression system and purified by
streptavidin affinity chromatography followed by SEC (Fig. 5.3A and B). This resulted in
two main peaks corresponding to the different protein bands seen by SDS-PAGE (Fig.
5.3B). Fraction 18 from the SEC was then further analysed by a SEC-MALS (Fig. 5.3C).
The SEC-MALS data showed a main peak with a molar mass of 38.3 kDa, which was
close to that expected molecular weight for a monomer of PI31 (31 kDa) (Fig. 5.3C).
There was also a minor peak present at a molecular mass of 58.3 kDa, suggesting a
monomer-dimer equilibrium. Collectively, this shows that PI31 in my hands was observed
as both a dimer and a monomer as seen by others (McCutchen-Maloney et al., 2000).
The two peaks of PI31 observed in size-exclusion chromatography were of interest as it
was unclear whether both proteins were PI31 or whether it was a contaminant (Fig. 5.3B).
The two bands were thus analysed using MS (Fig. 5.4). The MS analysis showed that both
of these bands were PI31. However, the lower band corresponded to PI31 with an Nterminal truncation (Fig. 5.4B). While the significance of this truncation was unknown,
increasing the concentration of protease inhibitors present in the lysis buffer of the PI31
sample decreased the lower band, (as seen in later purifications). In addition, negative stain
grids were prepared of PI31 alone, however, these were of poor quality due to high
background signal. This was likely due to either noise or PI31 monomers that were too
small to be visualised through negative staining.
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Fig. 5.3: Characterisation of PI31. Streptavidin- tagged PI31 was expressed in insect cells and purified
using streptavidin affinity chromatography followed by size-exclusion chromatography (SEC) in which A) a
representative chromatogram and B) SDS-PAGE gel are shown. C) Fraction 18 from peak 1 on the SEC
(orange box) was then investigated using SEC-MALS in which both dimer and monomer forms were
observed.
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Fig. 5.4: PI31 purification analysis. A) The two bands observed in PI31 purification, after streptavidin
affinity chromatography and size exclusion chromatography shown in a representative SDS-PAGE gel. B)
Peptides derived from the two bands were analysed by mass spectrometry and the corresponding peptides
identified in each sample are highlighted (yellow and green). The results showed both bands were PI31
however the lower band, with the smaller molecular weight, was a truncated form of PI31. The truncation is
in the N-terminal region of PI31. The truncations could be a result of proteases in the sample as adding
protease inhibitors decreased the concentration of the lower-truncated band (seen in later purifications).

5.2.3 Preparation of tagged 20S-PI31 complexes
Having determined the oligomeric states of PI31, I proceeded to further investigate the
PI31-20S proteasome interaction. From my Twin-Strep PI31 purifications, endogenous
20S proteasomes from insect cells were observed, suggesting that PI31 that was solely
expressed was also capturing insect 20S proteasomes (Fig. 5.5). This further suggested that
during co-expression of 20S proteasomes and tagged-PI31 in insect cells, the PI31-20S
complexes (as shown in Fig. 5.2D) were likely a mixture of recombinantly expressed 20S
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proteasomes and endogenous 20S proteasomes from insect cells. Due to the unknown
sequence of the 20S proteasome subunits from Sf9 cells, obtaining a mixture of 20S
populations binding to PI31 could complicate the structural analysis and this needed to be
avoided. Twin-Strep tagged-20S proteasomes and untagged PI31 were instead coexpressed in insect cells. This involved re-cloning and removing the tag on PI31 and
making further baculoviruses. The same procedure then followed (as shown in Fig. 5.1),
except with Twin-Strep tagged 20S and untagged PI31 (Fig. 5.6). Due to the absence of a
tag on PI31, it was difficult to distinguish whether PI31 was co-eluting with 20S
proteasome. However, by running 20S sample next to PI31-20S samples (Fig. 5.10A) it
was clear that a top band was present in the PI31-20S samples, and missing from the 20S
proteasome. In addition, a western blot with anti-PI31 antibody further confirmed this
result with other samples (Fig. 5.10C).

Fig. 5.5: Purification of streptavidin tagged PI31 co-eluting with insect 20S proteasome. Streptavidintagged PI31 was expressed in insect cells and purified in two steps. A) Streptavidin affinity chromatography
pulled down on the tagged PI31 in which the representative SDS-PAGE is shown. B) Fractions 8-11 from A
were pooled, concentrated and separated by size-exclusion chromatography in which the representative SDSPAGE gel is shown. 20S and PI31 are marked in green and orange, respectively.
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Fig. 5.6: Multi-step purification of PI31-20S complexes. Streptavidin- tagged 20S proteasomes were coexpressed with untagged PI31 in insect cells and purified. A) 20S proteasomes were pulled down using
streptavidin affinity chromatography in which representative chromatogram and B) SDS-PAGE gel is
shown. Fractions 4-12 were from B were pooled, concentrated and separated by several rounds of sizeexclusion chromatography in which C) the representative chromatogram and D) SDS-PAGE gel is shown
from the first round (red circle denotes pooled fractions), followed by E) the representative chromatogram
from the final purification step. F) A representative negative stain micrograph of PI31-20S sample from the
final purification step with examples of PI31-20Scomplexes circled in red.

The purification of tagged-20S and PI31 consisted of several steps. In my optimised
protocol, a streptavidin-affinity chromatography purification step was followed by three
rounds of size exclusion chromatography (Fig. 5.6C and E). At each step of size-exclusion
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chromatography, the very beginning of the peak (fractions 15-17 from Fig 5.6) were
selected to minimise the overlap with the free 20S proteasome. The fact that PI31 has a
small molecular weight meant that free 20S proteasomes eluted very close to PI31-bound
20S and it was therefore important to minimise this overlap as much as possible. The
corresponding negative stain grids from the PI31-20S samples showed the most 20S
proteasomes with a cap-like structure (Fig. 5.6F). This required further structural analysis.
To better understand the PI31-20S complex, further experiments were conducted to
explore its purification and stability. Firstly, during initial purification trials, I had
difficulties concentrating the PI31-20S fractions before performing a size-exclusion
chromatography. The fractions tended to form aggregates which were seen in SEC profiles
(aggregating at fractions 8-9 on SEC profiles). However, after increasing the glycerol
concentration in the lysis buffer from 5% to 10%, the protein concentration became
efficient, no precipitation was observed and a greater yield of complex was obtained (Fig.
5.7A and B). The PI31-20S complex was observed as a small “hump” on a chromatogram
and, upon increasing glycerol concentration in the lysis step, this part of the chromatogram
was better defined (Fig. 5.7A). As well as accounting for the glycerol concentration,
different concentrations of EDTA in the lysis buffer were also tested. Previously in the lab,
experiments conducted by Dr. Migle Kisonaite had shown that including EDTA in all
purification buffer solutions is important to minimise MgCl2 availability, in order to obtain
stable complexes of 26S proteasomes that are structurally intact as observed by cryo-EM.
PI31-20S samples were, therefore, purified with both 1 mM and 10 mM EDTA. However,
in my case, I saw no clear difference in yield of the P131-20S complex, as observed by
SDS-PAGE (Fig. 5.7). This suggested that the complex formed stable complexes even in
higher concentrations of EDTA present (Fig. 5.7C and D, green box). 1 mM EDTA was
therefore used in future protein purifications.
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Fig. 5.7: Optimisation of the PI31-20S purification. Different aspects of the PI31 purification protocol
were changed to understand the stability and improve the purity of the PI31-20S sample. A and B) Doubling
the glycerol concentration from 5 to 10% within purification buffers improved the concentration of the
sample and defined a better peak shoulder of the complex (green box panels A and B) in which A) a
representative chromatogram and B) SDS-PAGE gel are shown. C and D) Different concentrations of EDTA
(1 and 10 mM respectively) were also tested in the purification buffers in which representative SDS-PAGE
gels are shown, however, this did not make a difference to the yield or purity of the protein obtained.
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Fig. 5.8: Flag affinity purification of the PI31-20S complex. Streptavidin- tagged PI31 was co-expressed
with flag-tagged 20S proteasomes in insect cells and purified in two steps. PI31 was pulled down by
streptavidin affinity chromatography in which A) the representative chromatogram and B) SDS-PAGE gel is
shown. C) Fractions 5-14 from B were pooled, concentrated and purified using flag affinity purification in
which the representative SDS-PAGE is shown. Two columns were used due to the low efficiency of flag
beads in capturing proteins (elution from column 1 and 2 referred to as C1 and C2 respectively). The former
pulled down on PI31 and the latter pulled down on the 20S proteasome from the initial samples taken from
step 1. Although some traces of 20S proteasome were seen in the elution factions, the yield was low and the
concentration of complex was too low to work with.

To further optimise the purification procedure, different purification techniques were
tested to improve the purification of the PI31-20S complex. Flag-tagged-20S proteasome
and Twin-Strep tagged PI31 were co-expressed using the baculovirus expression system.
The use of the two labels during purification can solve the potential overlap of free 20S
proteasome seen before and enrich for PI31-20S complexes. After co-expressing flagtagged 20S proteasome and Twin-Strep tagged PI31 in insect cells, a streptavidin affinity
column was used to capture Twin-Strep tagged PI31 (Fig. 5.8A and B). The fractions
containing PI31 and 20S (fractions 6-14 from Fig. 5.8B) were then combined and
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incubated with flag beads to capture flag-20S proteasome within these samples (Fig.
5.8C). Most PI31 and 20S were seen in the wash fractions (green box, Fig. 5.8C). Some
traces of 20S were seen in the eluted fractions of the flag affinity capture experiment,
however, the yield obtained was very low and this purification strategy was therefore not
pursued further (Fig. 5.8C, green box). The poor yield may have been affected by the tag
or the affinity of the complex to the beads. For example, the new double flag tag used in
b7 of the 20S proteasome may have hindered complex formation.
As an alternative, PI31 and 20S proteasome were purified independently in an attempt to
reconstitute the interaction in vitro. This would confirm the direct interaction of PI31 to
the 20S proteasome in vitro and obtain some information on how transient this PI31-20S
interaction is. This involved incubating PI31 with 20S, followed by size exclusion
chromography of the mixed sample, and elution of the PI31-20S complex. Both TwinStrep tagged 20S proteasome (Fractions 11-16 Fig. 5.9B) and Twin-Strep tagged PI31
(Fractions 22-25, Fig. 5.9D) were individually purified from insect cells by streptavidin
affinity purification; the 20S proteasome tag was cleaved and, after mixing the 20S
proteasome with PI31, a further size exclusion purification was performed (Fig. 5.9). 20S
proteasomes were incubated with uncleaved PI31 as it had been previously shown that
tagged-PI31 does not interfere with binding to the 20S proteasome. The presence of the tag
also allowed identification of PI31 in the 20S proteasome factions, as untagged PI31
overlapped with 20S proteasome subunits (Fig. 5.9A and B). The purified 20S proteasome
was incubated with 10-fold molar excess of PI3I, and the sample was injected into a size
exclusion column in order to separate populations of bound and unbound proteins. The
resulting chromatogram showed that PI31 and the 20S proteasome did not co-elute as a
complex (Fig. 5.9C).
The results indicated that under these in vitro conditions, the interaction between 20S and
PI31 may be transient i.e. PI31 has a high Koff rate and for the majority of the time the
proteins are found in their free state. However, from my previous experiments, it was clear
that human PI31 forms a stable interaction with the 20S proteasome upon overexpression
in insect cells, which remains at at high concentrations of salt (over 100 mM NaCl) and
this complex was preserved over several rounds of purification. It is therefore more likely
that an external co-factor, present in insect cells, either another protein, a chaperone, or
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small co-factor, could instead be contributing to stabilising the PI31 and 20S proteasome
interaction. I therefore decided to proceed working on co-expressed tagged 20S
proteasome and untagged PI31complex from insect cells, as this purification strategy
yielded the most promising results, which I could work with structurally and
biochemically.

Fig. 5.9: In vitro binding of PI31 and the 20S proteasome. Streptavidin-tagged 20S and streptavidintagged PI31 were individually purified in which A) and B) show the representative chromatogram and SDSPAGE gels for the 20S proteasome purification. C) and D) show the representative chromatogram and SDSPAGE gels for PI31. Fractions 11-16 from B and fractions 22-25 from D were pooled and concentrated for
20S and PI31 respectively. E and F) PI31 and 20S were then incubated together (10:1 molar ratio) and
injected into a size-exclusion chromatography column with the representative chromatogram and SDSPAGE gel shown. From panel F, it is clear that PI31 and 20S are not seen co-eluting (20S and PI31 shown in
black and blue box respectively).
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5.2.4 Activity assays of PI31 and 20S

In order to evaluate the effect of PI31 on the proteasome activity in vitro, the purified
PI31-20S samples were compared with free purified 20S proteasome. This required
running a SDS-PAGE of the PI31-20S sample and 20S proteasome sample to approximate
the relative proteasome concentrations in the samples (Fig. 5.10A). The intensities of the
20S bands were calculated using ImageJ imaging software and appropriate dilutions were
made to ensure that both samples used in the assays were of the equivalent 20S
concentration. Once sample concentrations had been optimised, an activity assay as
described in Chapter three, was conducted. Both the free 20S proteasome and the PI3120S sample for protease activity of all three proteolytic active beta subunits were tested
(Fig. 5.10B). The results showed that PI31-bound 20S had lower activity than free 20S
proteasomes. This was consistent with previous literature which demonstrated an
inhibitory effect of PI31 on the 20S protease activity. There was a larger difference
between PI31-20S and 20S activity observed for ß1 and ß2 proteolytic sites compared to
ß5 sbunits. However, in all three cases it was clear that PI31 was inducing an inhibitory
effect on the 20S proteasome. However, despite the averages and error bars showing a
difference between PI31-20S and 20S activity levels, a Mann-Whitney U-statistical test
was also conducted to assess whether these differences were statistically significant. The
p-values obtained (p=0.1) suggest the differences are not statistically significant, however,
the p-values could also be affected by the low sample size (n=3) and therefore increasing
this would likely increase the confidence of the differences observed. Samples were also
incubated with anti-PI31 antibody to confirm the presence of PI31 in the PI31-20S
samples (Fig. 5.10C).
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Fig. 5.10: Proteolytic activity of PI31-20S sample. A) A representative SDS-PAGE of PI31-20S and free
20S proteasome is shown. SDS-PAGE was used to compare concentrations of both samples, which was
corrected through dilutions based on the intensities of the bands observed. B) The proteolytic activity of
PI31-bound 20S was tested against b5, b1, and b2 20S proteasome subunits (blue, red, green respectively in
panel A) and compared with free 20S proteasome. The results showed that PI31 had an inhibitory effect on
all three b subunits. C) The samples from panel A were treated with Anti-PI31 antibody in a western blot
experiment. Experiments were conducted in triplicate and error bars represent the standard error of the mean
(SEM). A fold change of proteolytic activity between PI31-20S compared to 20S samples of 1.1, 1.5, 1.4 for
b5, b1, and b2 20S proteasome subunits respectively were seen and p-values of 0.1 after performing a MannWhitney U- statistical test).

To test the activity of the PI31-20S complex further, a titration assay was conducted. To
do this, PI31 and 20S proteasomes were individually purified, as described previously, and
an increased concentration of PI31 was incrementally added to a constant 20S proteasome
concentration of 30 nM, and the proteolytic activity was measured at each point (Fig.
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5.11). These results showed some inhibitory effects observed for the b5 active site only,
with b1 and b2 sunits showing no significant change in activity (Fig. 5.11). The variability
of the measured activity for b1 was quite large so this result would require further
validation. Nonetheless, it is clear that titrating 20S proteasomes with PI31 has little effect
on overall activity, despite using molar excess of PI31 compared to 20S proteasome
sample. When comparing the results of the titration assays to the previous activity assay in
Fig. 5.10, it is clear that mixing PI31 and 20S proteasome in vitro results in reduced
binding and therefore reduced proteolytic activity change, as compared to co-purified
PI31-20S complex from insect cells. The titration results are also consistent with the
previous binding experiments of individually purified 20S proteasomes and PI31, where
no binding was observed upon incubation and subsequent size-exclusion chromatography
purification (Fig. 5.9). These findings therefore highlight the potential transient nature of
this interaction or the role of other co-factors or proteins in this complex assembly.

Fig. 5.11: Titration assay of PI31 with the 20S proteasome. Streptavidin-tagged PI31 and streptavidintagged 20S proteasomes were individually purified with subsequent removal of tags from both. Increasing
concentrations of P131 were added to 0.03 μM of 20S proteasome and measured against the proteolytic
activities of the b5, b2, and b1 subunits (shown as blue, green and red respectively. Experiments were
conducted in triplicate and error bars represent the standard error of the mean (SEM)

5.2.5 Biophysical analysis of the PI31-20S sample

The PI31-20S sample (as shown in Fig. 5.12) was further analysed by SEC-MALS and
interferometric scattering microscopy (ISCAT). ISCAT is a relatively novel technique, that
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is complementary to SEC-MALS, and uses light scattered from an object and a reference
light field, to measure the molecular weight of the sample in question (Young et al., 2018).
The interference between scattered and reflected light is directly proportional to the size of
the object. The advantages of using ISCAT compared to SEC-MALS is that very little
concentration of sample is required and data collection is faster (Young et al., 2018). Both
SEC-MALS and ISCAT were used to investigate the molecular weight of the PI31-20S
sample so the same sample could be compared using different techniques. In the SECMALS experiment, there was some polydispersity across the peak with an average mass of
896 kDa (Fig. 5.12C). The leading edge of the peak had an average mass of 1.05 MDa,
whereas the central region together with the trailing edge had an average mass of 848 kDa
(Fig. 5.12C). The ISCAT data showed that the major species can be fitted to a single
Gaussian plot with a mass of 745 kDa, and showed that there are other higher and lower
species present in the sample (Fig. 5.12D). The data from ISCAT gave similar results to
the SEC-MALS and accounts for the polydispersity as there are multiple species present
with molecular weights from 748 kDa to approximately 1 MDa (Fig. 5.12). These
molecular weights suggest complex formation compared to the approximately 700 kDa
and 31 kDa expected molecular weights for the 20S proteasome and PI31, respectively.
The fact that there are several species present in the sample suggested that PI31 is either
forming different, higher oligomeric forms with the 20S or that there are other factors
within the sample that are binding to PI31 and the 20S, leading to the range of molecular
weights observed.
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Fig. 5.12: Biophysical analysis of PI31-20S. A and B) PI31-20S samples were purified in which the
representative chromatogram and SDS-PAGE gel are shown. Fractions 15-17 from B were pooled,
concentrated and subsequent C) SEC-MALS and D) ISCAT experiments were performed. SEC-MALS and
ISCAT were in agreement and showed a range of different species present within the sample ranging from
748 kDa to over 1 MDa.

5.2.6 Structural characterization of the PI31-20S complex
5.2.6.1 Cryo-EM background
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To investigate the PI31-20S complex further, structural data was obtained using cryoelectron microscopy (cryo-EM). Cryo-EM is used for high resolution structure
determination, and provides an orthogonal method of solving structures in addition to xray crystallography and NMR spectroscopy. Recently, the advent of the new millennium
brought with it greater processing power and camera technology that has since paved the
way for a revolution in cryo-EM development and its use as a high resolution structural
(Egelman, 2016). High resolution structural analysis had previously been limited to x-ray
crystallography and nuclear magnetic resonance (NMR), however, both these techniques
have limitations. X-ray crystallography as a structural method is limited to proteins that
can form crystals and requires a large input of starting material. Even more critical, the
crystals formed are often debated on their physiological resemblance (Garman and Weik,
2017; Snyder et al., 2005). NMR spectroscopy, on the other hand, is limited to small
proteins (30-40 kDa) that have been isotope enriched (Wang et al., 2013). The advantages
of cryo-EM, therefore, are that protein structures from a range of sizes can be solved (from
50 kDa- 70 mDa), small concentrations of proteins are required, and samples are kept in
aqueous solution in their native state and their structures are therefore solved in close-tonative state (Bai et al., 2015; Khoshouei et al., 2017; Kühlbrandt, 2014; McIntosh et al.,
2005; Orlova and Saibil, 2011).
In cryo-EM, samples in aqueous solution are applied to EM-grids and then blotted with
filter paper to create a thin layer of sample on the grid’s surface. Samples are
subsequently frozen to preserve the sample’s hydrated state. However, to prevent ice
crystallization or dehydration, samples are rapidly plunge frozen in liquid ethane resulting
in amorphorous ice (below -170 °C) (Fernandez-Moran, 1960). Preservation of the
protein’s near-native state is important as the structure observed is more likely to be
functionally relevant (Taylor and Glaeser, 1974). At temperatures below -170 °C , there is
smaller damage inflicted on the sample by the electron beam as the lower temperatures
trap free radicals locally, which are made by breaking of chemical bonds, limiting their
mobility and reducing radiation damage (Stark et al., 1996). The rapid freezing process
developed by Jacques Dubochet led to his sharing of the 2017 Nobel Prize in Chemistry
(Dubochet et al., 1982; “The Nobel Prize in Chemistry 2017,”) Once the sample is rapidly
frozen, it is kept at low temperatures using liquid nitrogen to preserve the sample’s
vitrified state and subsequently transferred into a transmission electron microscope as
described in Chapter three.
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After data collection, cryo-EM images can be analysed using a range of data analysis
techniques. EM image analysis has come a long way since its initial developments in the
20th century by several academic institutions, including the MRC Laboratory of Molecular
Biology. The main concept of single particle cryo-EM analysis involves picking particles
from cryo-EM micrograph images, averaging these to increase the signal to noise ratio
(SNR), and detemining the different orientations of particles in the images that are then
used to reconstruct the final structure (Crowther et al., 1971; DeRosier and Moore, 1970;
van Heel and Hollenberg, 1980). After particle picking from the images collected, several
rounds of 2D classification steps are conducted to allow for enhancement of the image
contrast, which results in identification of features within the particles and helps in
improving their alignment and particle picking orientation for 3D reconstruction (Fig.
5.13) (De Rosier and Klug, 1968).
In order to obtain a 3D reconstruction, the Euler angles of each projection of the samples
need to be calculated (Fig. 5.13). There are several techniques by which these angles can
be determined, including random conical tilt (in which paired images of the particles at
high tilt (45-60°) and no tilt are obtained), and projection matching (in which the angles of
each projection are deduced from a starting model and back projection algorithms are used
to obtain the 3D reconstruction) and ab-initio methods such as angular reconstitution
(Radermacher, 1988; van Heel, 1984). This process is then iteratively repeated until the
resolution stops improving. The resolution is tracked using Fourier shell correlation (FSC)
(Harauz and Heel, 1986; Saxton and Baumeister, 1982). To calculate the FSC, particles are
equally and randomly divided into two subsets and two independent 3D reconstructions
are calculated from each. The correlation between these two 3D reconstructions is
calculated for every Fourier shell and an overall resolution is determined at a fixed set cut
off (usually 0.143 FSC) (Rosenthal and Henderson, 2003; van Heel and Schatz, 2005). The
higher the resolution, the more structural information of the protein that is available. At
lower resolution (above 10 Å), only the overall shape of the complex can be seen.
Intermediate resolutions (4-10 Å) allows for subdomain observation and a-helices
identification, and at high resolution (<4 Å), b-sheets as well as individual residues can be
identified (Chen et al., 2015; Orlova and Saibil, 2011).
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Because all biological macromolecules have a level of heterogeneity, 3D classification is
an important step that allows for sorting of data into homogenous subsets (Scheres, 2012).
3D classification also identifies smaller differences between particles that cannot be sorted
at the 2D classification step (Fig. 5.13). Different image analysis packages are available
for the analysis of cryo-EM data such as EMAN, XMIPP, FREEALIGN and more recently
RELION and CISTEM (Grant et al., 2018; Grigorieff, 2007; Ludtke et al., 1999; Marabini
et al., 1996; Scheres, 2012). New software packages include maximum-likelihood
procedures in which each particle contributes to structurally homogenous subsets of
particles based on weighted probabilities (Scheres, 2012; Sigworth et al., 2010).
Maximum-likelihood methods, along with other methods such as cross-correlation
approaches, are very powerful as they allow different conformations of the macromolecule
to be separated within a sample and for a 3D reconstruction to be obtained (Bai et al.,
2015).

Fig. 5.13: Image processing workflow of PI31-20S sample. Image processing started with picking particles
from the micrograph, which are then used for 2D classification. Particles from the best 2D classes are used
for 3D reconstruction. Different protein populations in the sample are separated using 3D classification.
After 3D classification, 3D classes can be further independently refined to improve detail. The final 3D maps
can then be used in protein model building.

Despite the many advantages of cryo-EM, there are also some limitations. The radiation
exposure can cause damage to the sample, however, using low electron dose minimises
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this damage (Baker and Rubinstein, 2010). A large number of particles are often required
due to low signal to noise ratio in cryo-EM images to improve resolution of the final 3D
reconstruction. Although the use of direct electron detectors (DDDs) has increased the
signal to noise ratio in images, and provided a partial solution to this problem, they still
suffer from a less than perfect detective quantum efficiency (DQE) across all frequencies.
DDDs detect electrons directly with a fast readout, allowing images to be fractionated into
sub-frames and correct for motion-induced blurring (Faruqi and McMullan, 2011; Li et al.,
2013; McMullan et al., 2014). Conformational heterogeneity of the sample may also be
difficult to separate, resulting in low resolution 3D-reconstructions and the sample may
have orientation preferences hindering a correct 3D reconstruction from being obtained
(Tan et al., 2017).

5.2.6.2 Initial image processing on the PI31-20S sample
Initial PI31-20S samples were prepared with only one round of PI31-20S SEC as
highlighted in Fig. 5.6. The samples were obtained from co-expression of tagged 20S
proteasomes with PI31 in insect cells and the same samples were used in the activity
assays shown in Figure 5.8. Cryo-grids of the PI31-20S complex (sample PI31-20S from
Fig. 5.10) were prepared and data was collected on a Titan Krios electron microscope
using counting mode and dose fractionation of a Falcon III camera at the MRC-LMB, with
a representative micrograph shown in Fig. 5.14A. The total number of images collected
were 1840 micrographs. Datasets of PI31-20S were collected at high magnification of
96K, pixel size of 0.81, using automated data collection (EPU, FEI). The total dose the
sample was exposed to was 43.93 electrons/ Å2 and beam-induced drift was corrected
using whole-subframe alignment (Li et al., 2013). Contrast transfer function (CTF)
parameters of the resulting motion corrected frames were then determined using CISTEM
software (Grant et al., 2018).
The contrast transfer function is a mathematical description of imperfections in an electron
microscope that limit the information content in the formed image. Contrast, namely how
well the sample can be distinguished from the background, is not uniformly transferred to
the image but rather varies as a function of the phase of the scattered waves. This
variability in contrast transfer arises primarily due to spherical and other aberrations in the
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microscope optics, and also depends on the applied defocus (Wade, 1992). The purpose of
CTF correction is to restore as much of the lost information as possible by collecting
images at a variety of defocus values. This enables spatial frequencies with zero or near
zero contrast at a particular defocus value can be filled in with non-zero contrast values
from an image acquired at a different defocus. High resolution structures are unable to be
obtained without CTF correction as the negative phase contrast results in compromise of
the high resolution features of the structure (Thon, 1966; van Heel et al., 2000). After
motion correction and CTF estimation, I closely inspected the images and discarded any
that had uncorrected drift, high contamination, low contrast, or crystalline ice. This
resulted in a final selection of 649 images. Data processing was then continued using
CISTEM software (Grant et al., 2018).
Initially, CISTEM software was used for particle picking. However, results showed that
some particles that were clearly visible on the micrograph had not been chosen and some
particles that had contamination or noise had been picked. SHPIRE-crYOLO (Cryolo)
software was therefore used instead to pick particles more accurately (Wagner et al.,
2019). Cryolo is a novel particle picking software that uses deep learning techniques to
pick particles. This is a different approach from CISTEM, which uses a combination of
standard noise models, reduced representation of the reference and statistical analysis to
identify artifacts (Sigworth, 2004). The advantages of Cryolo include high precision and
speed (Wagner et al., 2019). The program is trained on a subset of images (in my case 30
images were used for training), where particles were originally hand-picked. After
training, particles from the rest of the images are then automatically picked. The results
showed an improvement in particle quality, as indicated by less noise and fewer
contaminants, and a good density of particles per micrograph were picked. This resulted in
35546 of particles picked (Fig.5.14A). After close inspection of the autopicking, it was
evident that most particles had been selected, without an overload of false-positives. The
resultant particles were then subjected to 2D classification using the CISTEM program
(Fig. 5.14B) (Grant et al., 2018).
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Fig. 5.14: Cryo-EM data collection and 2D classification of initial PI31-20S sample. Cryo-grids of PI3120S samples were prepared and data was collected on FEI Krios electron microscope. A) A representative
micrograph of the sample where examples of picked particles are shown in red circles. Particles were picked
and processed using CISTEM software. B) 2D classification results from the processing. 20S proteasomes
(blue), capped 20S proteasomes (red) and half proteasomes (green) were seen.

Several rounds of 2D classification, of 50 classes, were conducted, to remove particle
picking false positives and bad particles, or those that fail to classify into classes with
clear, well defined molecular details. The final round of 2D classification, of 17695
particles, showed mostly 20S proteasomes, some extra ‘cap-like’ structures on some
classes and half-proteasomes which had not been seen in the lab before (Fig. 5.14B). It
was clear at this stage that I had to improve the PI31-sample and be more selective with
the fractions used to make cryo-EM grids, in order to reduce the number of empty 20S
proteasomes seen.

5.2.6.3 Image processing with an improved PI31-20S sample
To improve the PI31-20S sample, two additional rounds of SEC were conducted, instead
of just one as was previously done (as shown in Fig. 5.6). Cryo-grids of the PI31-20S
complex (sample PI31-20S from Fig. 5.10) were prepared and data was collected as before
on a Titan Krios electron microscope using counting mode and dose fractionation of a
Falcon III camera at the MRC-LMB with 0.81 pixel size and 96K magnification (Fig.
5.15). The total number of images collected was 1861. The same image processing
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workflow as described in Section 5.2.6.2 was used resulting in a total of 1660 images after
CTF correction.

Fig. 5.15: Cryo-EM data collection and 2D classification of optimised PI31-20S sample. Cryo-grids of
PI31-20S samples were prepared and data was collected on FEI Krios electron microscope. A) A
representative micrograph of the sample; particles were picked (examples shown in red circles) and
processed using CISTEM software. B) 2D classification results from the processing. Several different capped
complexes were seen (shown in different colours).

Fig. 5.16: 3D classification of the PI31-20S sample. 3D classification from the merged PI31-20S sample
datasets resulted in identification of 3 classes from 38, 583 particles with different caps bound to the 20S
proteasome. Class 1 and Class 2 had caps that resembled PA28 and PA200 regulators respectively. In class
3, there was an unidentifiable cap observed. Classes 1, 2, 3 consisted of 33.9%, 22.3, and 46.0 % respectively
with estimated resolutions of 3.8 Å, 3.4 Å, and 3.2 Å respectively. The representations of structures were
created using UCSF Chimera (Pettersen et al., 2004). Englarged maps available in the appendix.
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Fig. 5.17: Fourier shell correlation plots of three maps. Fourier shell correlation plots of all three classes
(numbered 1, 2, 3 on the plot) are shown, which was used to estimate resolution of the three classes from 3D
classification presented.

Several rounds of 2D classification, as described above with 50 classes, were conducted.
However, this time the final round of 2D classification, of 50 classes and 38,583 particles,
showed highly detailed molecular densities (Fig. 5.15B). Some classes had small densities
attached to the 20S, whereas bigger caps were also identified. After I observed that further
2D classification was not reducing noisy or contaminating particles, I performed 3D
classification on the resultant particles of 38,583 particles using the 20S proteasome from
Rego et al. (2019) as a starting reference.
The obtained resolution of the 3D classification was insufficient to visualize finer details
in the caps and to understand their resemblance to other caps. A second dataset of the
optimised PI31-20S sample was therefore collected to increase the number of particles.
The same procedure was used to process particles to the 2D classification stage. Briefly, a
total of 1816 images were collected and 1510 images with good CTF were retained.
Particles were then extracted and combined with the previous data set, doubling the
number of particles to a total of 104,090. Five rounds of 2D classification were performed
to ensure the particles from the merged datasets agreed with the datasets before merging,
and to get rid of unwanted noise. 3D classification of the merged data set of 67,144
particles from the final 2D classification round was then performed. After 2D
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classification, an initial 3D auto-refine step was conducted with the published 20S
proteasome from Rego et al. (2019) as a reference and no symmetry was imposed. The
coordinates of the centre of the cap were then obtained using UCSF Chimera and a mask
was created to perform focussed classification with C2 symmetry. Focussed classification
is a process that involves masking of a region of interest so that structural variability can
be ignored in other regions (Scheres, 2016). This procedure is especially useful for
structurally heterogeneous samples and can be used to separate complexes that have either
conformational differences or are different complexes altogether (Scheres, 2016).
3D classification resulted in three classes with three different caps (Fig. 5.16). The
estimated resolution of the caps had improved from over 4 Å to 3.2-3.4 Å as calculated
from their respective fourier shell correlation plots (Fig. 5.17) with most classes consisting
of the hybrid class three described (Figs. 5.16).

5.2.6.4 Interpretation of 3D models
The final three classes showed three different sets of caps. Class one had a striking
resemblance to the PA28 structure but with one cap better defined than the other and is
referred to as ‘PA28-like’. The second class was a hybrid consisting of two different caps,
one resembling PA200 and the other PA28 (Fig. 5.16). This class is referred to as ‘PA200like’. The third class was also a hybrid consisting of an unidentified small cap at one end
of the 20S proteasome and a PA28-like structure on the other end, and is referred to as
‘PI31-like’ hybrid (Fig. 5.16). The estimated resolutions for each class were in the range of
3.2-3.4 Å (Fig. 5.16 and 5.17).
Due to its similarity in shape, the PA28-20S model by Metcalfe et al. (2019) was docked
onto the ‘PA28-like’ map (Fig. 5.18). As described in Chapter one, PA28 is a proteasome
regulator with a heteroheptomeric structure that contains a central pore (Xie et al., 2019;
Huber and Groll, 2017). Although the biological significance of this pore remains to be
elucidated, as described previously, it may allow access of 20S proteasome substrates that
will be proteolytically cleaved (Stadtmueller and Hill, 2011). As suspected, the cap
structures in class one bore striking similarity to the published PA28 map. This was
assessed by the good secondary structure fitting between the published PA28 model and
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the class one map, however, local resolution does not allow for fitting of all side chains
which will need to be improved by further classification (Fig. 5.18). In published PA28ab
structures, this central pore is not occluded, however, in the class one structure obtained
from 3D classification there is extra density observed that occludes access to the pore of
the PA28 cap (shown in pink in Fig. 5.18). Upon closer inspection, using UCSF Chimera
software (Pettersen et al., 2004), the extra density observed at the pore of the PA28-like
cap resembles a ring structure. This makes the pore of the PA28-like class much more
constricted and narrower compared to the PA28 model, however, the density in the cap
could not be defined to the residue resolution. It therefore, remains unclear what this
density could be. The consequences of this constriction could mean regulation of the PA28
cap in that substrates destined for degradation cannot enter, or that PA28 itself is
structurally constricted and impairs 20S activity. Better defined maps will help to
distinguish between these two different possibilities. Further, there was extra density
observed within the b chamber of class 1 (Fig. 5.18), however, its density could not be
further resolved to identify the residues or co-factors involved. The consequences of this
extra density could affect 20S proteolytic activity.
Similarly, the PA200 model was also docked onto the ‘PA200-like’ structure (class 2)
(Fig. 5.19). As before, the PA200 fitted well onto the map, as shown by the fitting of
secondary structure elements of the published PA200 and PA28 models (Fig. 5.19). There
is also extra density seen in the PA28-like cap in this class (shown in pink in Fig. 5.19).
The fact that both PA28-like and PA200-like activators are found bound to the 20S
proteasome when PI31 is co-expressed with the 20S proteasome is interesting as it could
mean that PI31 is having a regulatory role on these activators or acting as chaperones to
allow for PA28 or PA200 binding. This phenomenon is not observed when purifying
PA28 or PA200 with the proteasome complex and other activators are not seen.
The third class, referred to as ‘PI31-like’, consisted of an unknown cap on one end of the
20S proteasome, and the presence of a PA28-like cap on the other end is also intriguing
(Fig. 5.20). The unknown cap exhibited low resolution and therefore its origins cannot be
determined. However, this may be PI31 itself as the structure is roughly a similar size to
the dimer form of PI31. It is important to note that the global B factor applied in the postprocessing step is inaccurate for areas of low resolution and therefore may have led to a
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noisy appearance of the novel cap. Further processing should take this into account and
calculate local B-factor. In more refined maps, it would be useful to compare thte Phyre
predicted structure with the novel gap and use high pass filtering to help recover some
domain or back-bone information. The new cap has not previously been seen with the 20S
proteasome and its functions could be regulating the 20S proteasome activity. The fact that
there are several complexes observed is in agreement with the biophysical data in which
lots of molecular masses are identified in the PI31-20S sample.
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Fig. 5.18: Structural analysis of Class 1 particles. Analysis of Class 1 obtained from the 3D classification
of PI31-20S sample is shown A and B) the map of class 1 (grey) and the PA28-20S model docked onto the
model (blue). Extra density at the top of the cap is shown in pink. C and D) An extra density (pink) present
in the class 1 map (viewed from the top of the cap-like structure) makes the opening of the cap much more
constricted than the PA28 cap (blue). D) A slice of the b subunits of the 20S chamber with the same subunits
of the PA28-20S model docked on top. There are clear fragments of extra density observed in the PI31-20S
class 1 map compared to that of the PA28-20S (red circle). The extra density in the 20S pore is contoured to
the same level as the rest of the map, such that any differences observed are real differences and not due to
visualization effects. The representations of structures were created using UCSF Chimera (Pettersen et al.,
2004). An enlarged map of class one is provided in the appendix.
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Fig. 5.19: Structural analysis of Class 2 particles. A) Class 2 obtained from the 3D classification of PI3120S sample reconstruction (grey) with the P200 model (PDB: 6REY) (orange) docked onto one side of the
map, whereas the PA28 map docked onto the other side (PDB: 6MUX) (blue). An extra density is seen to
occlude the PA28 pore (shown in pink). B) Slices of the class 3 map (grey) with the PA28 and PA200-20S
models docked. There is good fitting between the map and models as can be seen in the secondary structure
fitting. The extra density in the 20S pore is contoured to the same level as the rest of the map, such that any
differences observed are real differences and not due to visualization effects. The representations of
structures were created using UCSF Chimera (Pettersen et al., 2004). An enlarged map of class two is
provided in the appendix.
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Fig. 5.20: Structural analysis of Class 3 particles. Class 3 particles obtained from the 3D classification of
PI31-20S sample map (grey) with the PA28 map docked on top (PDB: 6MUX) (blue). An extra density seen
in the PA28-like cap as shown in pink. An unknown cap-like structure (yellow) is present in one of the ends.
B) A slice of the class 3 map (grey) with the PA28 and PA200-20S models docked (blue) with good
secondary structure fitting between the grey map and the PA28-20S structure. The extra density in the 20S
pore is contoured to the same level as the rest of the map, such that any differences observed are real
differences and not due to visualization effects. C) Top view of class three showing the cap-like density
occupies a central position on the 20S proteasome. The representations of structures were created using
UCSF Chimera (Pettersen et al., 2004). An enlarged map of class three is provided in the appendix.
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5.3

Discussion

From the current literature available, PI31 remains an intriguing protein with many
interesting roles proposed by researchers in the field. The fact that PI31 has been linked to
proteins in a variety of different pathways highlights the significance of the protein and its
far-reaching effects. The conserved nature of PI31 and its detrimental effects if deleted in
Drosophila also shows a potentially evolutionary role in cells that is worthy of further
investigation. However, based on current data, it is clear that PI31’s most intriguing role is
in relation to the proteasome. PI31 has been shown to inhibit 20S proteasome activity and
has been implicated in the 26S proteasome assembly (Bader et al., 2011; Chu-Ping et al.,
1992). The fact that some studies have shown potential antagonistic roles of PI31
compared to known 20S activators, such as PA28, suggests a possible regulatory role of
PI31 with other known proteasome-interacting proteins or complexes. PI31’s role in the
immunoproteasome, in regulating antigen presentation, is not only interesting from a
molecular point of view, but also of therapeutic importance. My results therefore shed
light into a relatively unknown protein which may have important implications in the
proteasome field.
From my results, it was evident that there is an interaction between PI31 with the 20S
proteasome. This was clear from the initial experiment in which tagged PI31 was coexpressed with untagged 20S, allowing the pull-down of the tagged PI31 co-eluted 20S
proteasome (Fig. 5.2). The fact that the PI31-20S complex remained intact despite several
rounds of purification and concentration steps highlighted the stability and robustness of
this complex. However, interestingly, the binding experiment in which PI31 and 20S were
individually purified, incubated and analysed by size-exclusion chromatography showed
that the PI31-20S is not able to assemble in vitro, despite using high concentrations of
PI31 and ensuring 20S proteasome saturation in the in vitro binding experiment (Fig. 5.9).
This raises several questions and suggests that the PI31-20S complex may need other
proteins or co-factors that are found in insect cells during overexpression and therefore
would only be formed in vivo. An alternative explanation of why the PI31-20S complex
does not assemble in vitro could be due to PI31 acting as an adapter or chaperone protein
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and binds to not yet fully formed or active 20S proteasomes. Once proteasomes are fully
formed or bind to activating caps, such as the PA28, PA200 or 19S particles, then PI31 is
no longer able to bind. Identification of many different populations of PI31-20S cryo-EM
samples, such as PA200 and PA28, suggests that this explanation could hold true as these
complexes may be depending on PI31 to aid in 20S binding. Further, proteolytic activity
assays showed that the PI31-20S sample had lower proteolytic activity compared to 20S
alone samples. However, when PI31 is titrated to 20S proteasomes that were separately
purified, PI31 had no significant effect on proteolytic activity levels. This stark difference
between proteolytic activity assays is consistent with the fact that PI31 and 20S can only
be purified together when co-expressed in vivo, suggesting that PI31 may be not only
affecting proteolytic activity by directly inhibiting 20S proteasomes itself through binding,
but also affecting the distribution of other activators that bind the 20S, such as PA200 and
PA28 seen in my structural analysis. It is this global reorganisation that could be resulting
in the slightly reduced activity when adding PI31 to the sample. It would be interesting to
conduct kinetic studies, such as surface plasmon resonance, of 20S and PI31 to understand
how tightly these two proteins bind and to what extent other factors, such as PA28, PA200,
affect this binding.
The most efficient PI31-20S purification strategy involved co-expressing tagged 20S
proteasome with untagged PI31 and 20S chaperones in insect cells (Fig. 5.6). This resulted
in the highest PI31-20S yield, with no endogenous insect 20S contamination. By pulling
down on the 20S proteasome instead, I solved the problem of having 20S from insect cells
contaminating 19S-20S recombinant complexes. Western blots against PI31 allowed for
verification of PI31 proteins within samples, as well as the elution fractions of PI31-bound
20S compared to free 20S in a size-exclusion chromatogram. Attempts at optimising this
purification strategy showed the importance of using higher concentrations of glycerol as
this improved the sample’s ability to concentrate and thus increased the yield of PI31-20S
obtained (Fig. 5.7). However, changing concentrations of EDTA had no effect on PI3120S yield despite the fact that Mg2+/Ca2+ exposure had previously been shown by the da
Fonseca lab to impact 26S proteasome purifications.
In addition, despite attempts to co-express flag-tagged 20S proteasome with Twin-Strep
tagged PI31 and pull down on each component, the yield obtained from flag affinity
purifications was too low and was therefore not a purification strategy that was pursued
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further (Fig. 5.6). Further, additional experiments investigating PI31’s oligomeric state
showed a typical monomer-dimer equilibrium as reported by others (Fig. 5.3) (Kirk et al.,
2008). Interestingly, PI31 bands with lower molecular weight than the full-length protein
was also observed by SDS-PAGE during purifications. These were confirmed by MS
analysis that showed the loss of the N-terminal region. However, increasing the
concentration of protease inhibitors within the lysis buffer reduced the cleavage seen in
later experiments, suggesting that they were a result of protease cleavage.
Molecular masses obtained by both SEC-MALS and ISCAT showed the PI31-20S sample
to be in the region of 748 kDa to approximately 1.1 MDa, suggesting the presence of other
complexes bound to 20S proteasomes in the presence of PI31 (Fig. 5.12). The range of
molecular masses of the PI31-20S seen in the biophysical data corresponds to the range of
structural species identified (Fig. 5.12 and Fig. 5.13). Of these structural components in the
PI31-20S sample, there is striking similarity between PA28 and PA200 in two out of three
structures obtained. By docking the published structures on PA28 and PA200, it is evident
that there is good fitting between the secondary structure components of PA28 and PA200
models and the obtained structures from the PI31-20S sample. However, in the case of
PA28, there is a clear difference between this complex obtained with the 20S and the
conventional PA28-20S complex as there is extra density observed (Fig. 5.17 and Fig.
5.18). The extra density observed in the middle of the ‘PA28-like’ structure as well as in
the middle of the 20S chamber is intriguing and requires further investigation (Fig. 5.17).
It is worth noting that the structure of insect PA28 is unknown and thus the extra density
observed may be corresponding to PA28 from insect cells. However, it may also be linked
to PI31 itself.
As well as PA28 and PA200-like structures, there are also smaller cap complexes seen.
These could correspond to PI31 itself, but its low resolution and incomplete structural
information on PI31 does not allow a conclusive assignment. These small caps are also
seen in a hybrid complex with the PA28-like caps on the other side of the 20S proteasome
(Fig. 5.19).
In both the case of PA28 and PA200, it is interesting to see both these 20S proteasome
activators purifying with PI31 preparations, which has not been reported before. This is
particularly striking as the 19S RP is not seen in these purifications. It is therefore possible
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that PI31 may be acting as an adaptor that promotes the 20S proteasome binding to
alternative caps, like PA28 or PA200, which are not needed for the 19S RP. PI31 may be
keeping the proteasome in a ‘dormant state’ as is seen in the lower activity of PI31-bound
20S, unless activators, such as PA28 or PA200, bind. To investigate this further, PI31
could be titrated against different concentrations of 26S proteasomes to show if there is
any effect on proteolytic activity. This would indicate whether PI31 is able to bind to 26S
proteasomes and if PI31 has any effect on the 26S proteasome. Interestingly, in the
presence of PI31, the 20S proteasome prefers to associate with PA200 and PA28 rather
than the 19S, while in the absence of PI31 the 20S proteasome strongly and preferably
binds to the 19S. This is a clear indication that PI31 has an adaptor or chaperone-like
function. As introduced previously, PI31 has been implicated in spermatogenesis and the
immune response; both PA200 and PA28 have also been associated with spermatogenesis
and inflammatory responses respectively. This provides further clues into which particular
pathways PI31 may be regulating. The association between PI31 and the 20S proteasome
may be transient and my results presented in this chapter provide first insights into this
interaction.
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Chapter 6

Concluding remarks

In summary, I have investigated three proteins, UBR4, P97 and PI31, and their
relationship to the 26S and 20S proteasome complexes using an integrative structural
biochemistry approach. My experiments involving UBR4 showed that UBR4 co-eluted
with proteasome sub-complexes when purifying endogenous human 26S proteasomes
from HEK293F cells. Further biochemical separation techniques, such as ion exchange
chromatography, calmodulin affinity purification and glycerol gradient centrifugation,
showed that UBR4 co-eluted specifically with the 19S regulatory particle and that this
interaction was strong since any experimental attempt to break this interaction was
unsuccessful. SEC-MALS analysis of UBR4-19S samples showed molecular weights in
the region of approximately 1.4- 1.8 MDa, suggesting a sub-complex of proteasome
subunits with UBR4. Preliminary image processing of negatively stained UBR4-19S
samples showed a heterogeneous sample consistent with what was seen on SDS-PAGE
gels after affinity chromatography. Further, 2D and 3D classification showed globular
proteins, however, their low resolution prevented further characterisation. Ubiquitin
detection methods such as ubiquitination western blots and ubiquitin pull down assays of
UBR4-19S samples showed that these samples are found in ubiquitinated states, however,
the functional relevance of these findings remain intriguing. In parallel, CRISPR methods
to tag endogenous UBR4 was successful and provided means to directly purify UBR4
from HEK293F cells directly. Using tagged UBR4 cell lines followed by affinity
purification methods, proteasome subunits including 20S proteasomes were observed in
negative stain EM images and MS analysis of UBR4 samples. This provided further
support for a direct interaction of UBR4 with proteasome sub-complexes. Comparison of
20S proteasome proteolytic activity of these samples against known concentrations of 20S
proteasome samples showed that tagged UBR4 samples contained traces of proteolytic
activity. However, the very low yields prevented further structural or biochemical
characterisation. As discussed previously in Chapter 3, further experiments involving
overexpressed UBR4, potentially in insect cells, would shed more light into the nature of
the interaction of UBR4 with proteasome subunits.
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My investigation into P97 and its potential interaction with proteasomes involved coexpression of P97 with constitutive or immuno - 20S proteasome in insect cells. Despite
successfully showing both 20S and P97 co-eluted from insect cells, the interaction is either
weak or transient or that it involves other cofactors in order to stabilise the interaction.
Once P97 was re-cloned using a codon-optimised gene sequence the P97 expression yield
improved, however, this did not affect the overall yield of the P97-20S complex. As
discussed in Chapter 4, identification of the cofactors required for p97 to form a stable
complex with the proteasome is of paramount importance.
Finally, my investigation into PI31 showed that it interacted with recombinant human 20S
proteasome. I showed that this interaction required co-expression as in vitro reconstitution
of individually purified partners and further binding assays did not show a PI31-20S
interaction. This was consistent with proteolytic activity assays in which proteolytic
activity of all three ß subunits were inhibited in the PI31-20S sample compared to the
control 20S proteasome sample, but were not significantly affected when PI31 was titrated
into purified 20S proteasome. In general, this suggests that external cofactors or in vivo
binding of PI31 binding to 20S is essential for the PI31-20S interaction. Biophysical
analyses using SEC-MALS and ISCAT of the PI31-20S sample showed a broad range in
the estimated molecular weight (748 kDa to approximately 1 MDa). Such an observation
was consistent with the cryo-EM analysis that showed that the sample was heterogeneous
and contained 20S proteasomes apparently bound to different regulators. Cryo-EM data
and initial 2D classification immediately showed the presence of PA28-like proteasomes,
PA200-like proteasomes as well as a proteasome species with extra density within the 20S
proteasome chamber and PA28-like cap that could likely correspond to PI3I. Interestingly,
this is the first time all three regulators have been co-purified suggesting that PI31 may
have an important role in the regulation of proteasome activators. Reconstruction from 3D
classes showed extra density in the 20S ß chamber particularly in PA28-like structures.
Hybrid proteasomes of an unknown cap and PA28-like as well as PA200-like were also
seen. However, further classifications are needed to confirm the extent of these
populations. My ongoing research is aimed at improving the overall resolution of these
three cryo-EM maps to better understand the atomic level molecular details of the
proteasome-ancillary factors interaction.
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Therefore, the biochemical and cryo-EM analysis presented in this dissertation have paved
the way for the full characterisation of PI31 with the 20S proteasome and opened doors for
potential studies of its role on the regulation of other proteasome activators.
In summary, I believe that my PhD contributes to the proteasome field and sheds light into
the ancillary proteins the proteasome is thought to interact with.

1) Along with Dr. Kisonaite, I have optimised the purification of endogenous, human
26S proteasomes in HEK293F cells.

2) I have investigated the biophysical properties of UBR4 protein, set up a CRISPR
system in which endogenously tagged UBR4 can be purified from HEK293F cells
and conducted experiments which provide support for UBR4 binding to the 26S
proteasome.

3) I have investigated the P97 protein, showed through binding experiments that P97
co-elutes with the 20S proteasome, suggesting other cofactors may play a role in
stabilising this interaction due to the low yields obtained from P97-20S coexpression in insect cells.

4) Finally, I have investigated the PI31 protein, showed that it inhibits the 20S
proteasome proteolytic activity, and generated 3D reconstructions of proteasome
complexes with PA28-like, PA200-like and a novel, cap-like density. The
structures show novel extra density occluding entry into the PA28-like regulator
and in the ß chamber of the 20S proteasome, showing other forms of regulatory
components that bind the 20S proteasome.
Looking forward, my work has paved the way for these structures to be resolved to
higher resolution. There is still a lot of unknowns in the proteasome field especially in
the wide interaction network of ancillary proteins. Further studies are necessary, as
discussed in Chapters three-five, to fully unravel the intricacies of these interactions.
Determining the high resolution structures of UBR4, PI31 with and without the 20S as
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well as identifying P97 cofactors that bind to the proteasome will help to fill in gaps in
these proteins’ roles as ancillary proteins of the proteasome.
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Appendix

CRISPR Donor plasmid vector map and sequence

cctctccccgcgcgttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctca
ctcattaggcaccccaggctttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattac
gaattcatcggcggccgcagcggccatgtttaaacaccggtcgtacccgcggtctagatccCTGTTAGGAGAACGCCTCTGCTAACA
TTTTCTCTATCTTGTTATCCTCTGGGAATGAGACCCACTAAAGGGCTAGAGTGTTGCTCAGTGTG
AATTCCTCTTTCTTCCCAGCTCAGAGCCAGCTGACCGATTTTCCCAAACAGCTCTGTGCCTCCGC
ATTGGCTGCCCCTTGCAGTGTCCTCAGCGGAAGCTCTGTGCTGGGATGGTCTTCGTCGACCTGG
TGCCTGCCTCCGCGTCTGGGCGGGCCTGTGCTAACACTGCTCACCTCTGTGTGTTTGTTAACTCC
ACCACCTCTTTACGGCTCCCACTGGCTCTGTTTCAGCCTAGATGTTTCACCAGCATCATACCTTA
GCACATGCCTCGCGTTCTTCCCAGAAAGTCAGCCCTGGGACCAGGTGGGCTGGTAAAGTCCTCA
GTGCTGGGCCCTGTGCCTGTTGCATGAGCCTGTGTCACTGTGACTGTGGAAGTTGGAGCTAGTG
AGAGGAGGAGGAGGTGGGCAGAGGAAGGAGGGTCCCTTGGGCTCGAGCTCCACATCAGCCCT
GAGCTGCTGGCAAGCACCCCTGGCCTGCAGCCAGGGAGAGCCAGAGCCTTTGCCAGGCAGCGA
GCCTCCGTGCCTTCCACTCCTAGGTCAGGTTTTGACAGCACCACTTTATTACTTTGTTTAAGCTG
TTAGAAAATTTCAGAACATCAGACACACCCTATTCAAATGTGAGAACAAAAACACCTTCCAGC
AGTGCCTGCTTCTGGAACAGGACTCCTCCTGCGGAACAGGGTTTTGCTCAATGACTACCTCCCC
GGTCATGCTGCTGTCCAGTGAGCAGCCGGGCCAGAGCTTGTCGGACCGCAGTGTGTTCTCTGCT
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AGATGCGGCAGCTGTGACTCAGGGGGAATGGGGGCTGTATGCCTGCTCCTGACACACCTCTGCC
CGTTGTGCTTTGCAGGTCTTTTATCAGAAATCACCGATCCAGAGAGCTTCCTGAAGGACCTGTT
GAACTCAGTCCCCCTGGAAGTTCTGTTCCAGGGGCCAATGGATTATAAAGACCATGATGGTGAC
TACAAGGATCATGACATTGATTACAAGGACGATGATGACAAATGGTCTCATCCACAGTTCGAA
AAAGGTTCTGCGGGATCAGCTGCCGGATCGGGAGCGGGTTGGAGCCATCCGCAATTCGAGAAA
TAAtatgacggcaataaaaagacagaataaaacgcacgggtgttgggtcgtttgttcataaacgcggggttcggtcccagggctggcactctgtcgatacc
ccaccgagaccccattggggccaatacgcccgcgtttcttccttttccccaccccaccccccaagttcgggtgaaggcccagggctcgcagccaacgtcgg
ggcggcaggccctgccatagccactggccccgtgggttagggacggggtcccccatggggaatggtttatggttcgtgggggttattattttgggcgttgcgt
ggggtcaggtccacgacccaagcttggctgcaggtcgatctaccgggtaggggaggcgcttttcccaaggcagtctggagcatgcgctttagcagccccgc
tgggcacttggcgctacacaagtggcctctggcctcgcacacattccacatccaccggtaggcgccaaccggctccgttctttggtggccccttcgcgccacc
ttctactcctcccctagtcaggaagttcccccccgccccgcagctcgcgtcgtgcaggacgtgacaaatggaagtagcacgtctcactagtctcgtgcagatg
gacagcaccgctgagcaatggaagcgggtaggcctttggggcagcggccaatagcagctttgctccttcgctttctgggctcagaggctgggaaggggtgg
gtccgggggcgggctcaggggcgggctcaggggcggggcgggcgcccgaaggtcctccggaggcccggcattctgcacgcttcaaaagcgcacgtct
gccgcgctgttctcctcttcctcatctccgggcctttcgacctgcagcctgttgacaattaatcatcggcatagtatatcggcatagtataatacgacaaggtgag
gaactaaaccATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTG
GACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAC
GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCG
TGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACG
ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGA
GCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTA
CAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAA
GATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCC
CATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGC
AAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
ACTCTCGGCATGGACGAGCTGTACAAGGAGAACCTGTACTTCCAGTCGtagctagagctcgctgatcagcctcg
actgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaatt
gcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctgggg
atgcggtgggctctatggcttctgaggcggaaagaaccagctggggctcgactagagcttgcggaacccttaCCACCACACAGCAGCTGC
GGCGGCGAAGACGAAGCTGGCTTGCCTTCCACCCTCTGTTCTCCCTCCTTGTGCATTAAGTTCCC
TCCGCGGGATGCTGCATTGTTACCCCGCCCTCCCCTCTCTCATTTTTCTTGGTGTGGCTTGGGGT
TTTTAGGCTTCCTGTTTTATCTCGTGTGTGTGGTGCACCAGCTATGAGGTTGTCTGTAACCCAAG
CCATCAAAGGGCCTGTACATACCTAGGAGCCATGAGTTGTCCCGGCCAGCTTCATACTTGAGTG
TGCACATCTTGAGAAATAAACAAGTGACTTAACACACATTGAAAAGGAAGGTGTTGCCTGCTG
CTTCAACTCGTCCTCAGTGGCGCAGGCCAAATGGTTTCCCTTGAATGCACAGCCATTTCCGGCG
TCAGCCCGGGAAGACTCATGTCAGACCCGCTGTCTCCAGGCCTGTTGTCAGCGCTAAGTGCAAC
CTGTCTATTCTTGGCCAGCAAGTTGGGGCACCACATTGGATGGCTCTGATTTTTCCCAAAACAA
AGCCCATGCCTTGCTCTTAATTTTTTGGCCTTAAGAGCTGGAACCCAAAGACACGTGGAGCCCA
GAGCTTTCCTAGCCCTCGGCTGAAGGAAGGCTCGCGGAGTAGGGCACAGTCTTGTTGGACCAC
AGAGGCCTGGGGAGCATTTGACATTCTCATGCTGCTGTGAATCGGGAATCCCTTGGTGACTTCT
CTCCAGGGTTGTCATGTTAAGAGAGGGCCTGGGGCAGACTTAGGATCAGGATAAAGAGAGTGG
CTGCTATTGACATTGCCAAGCACCCAGTGTATCTTATTTCTAATCTCTTTGCCCATGAGCCAGAG
CCGCTTGCCCAAGGGCTCCCAGCCAGGGGCTGTGGAGTTGTCAGGTTTGTGCCTCCGAAGCTGT
GTCCTGACCACTGTGGCTGCCGCTCCTGGAGGCCTCAGACCTGCTCCCCTACACACGTGGGCAG
CAGGACTCCCGAGGGCCTCTCtaccggaaggaacccgcgctatgacggcaataaaaagacagaataaaacgcacgggtgttgggtcgt
ttgttcataaacgcggggttcggtcccagggctggcactctgtcgataccccaccgagaccccattggggccaatacgcccgcgtttcttccttttccccaccc
caccccccaagttcgggtgaaggcccagggctcgcagccaacgtcggggcggcaggccctgccatagccactggccccgtgggttagggacggggtcc
cccatggggaatggtttatggttcgtgggggttattattttgggcgttgcgtggggtcaggtccacgacccaagcttggctgcaggtcgacggatcgatccccg
ggaattcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacatccccctttcgccagctggcgtaata
gcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatggcgcctgatgcggtattttctccttacgcatctgtgcggtatttca
caccgcatatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggcttgt
ctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagggc
ctcgtgatacgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttc
taaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgccctt
attcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcga
actggatctcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgta
ttgacgccgggcaagagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgac
agtaagagaattatgcagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgc
acaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatg
gcaacaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccacttct
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gcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggtaagccc
tcccgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaact
gtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaa
cgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaacc
accgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagt
gtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtg
tcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacc
tacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcgga
acaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctc
gtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgttctttcctgcgttatcccct
gattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagcggaag
agcgcccaatacgcaaaccg
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Fig. 5.16 Enlarged maps of the PI31-20S samples
Class one:
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Class two:
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Class three:
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Fig. 5.20 -Englarged map of PI31-20S class three with docked 20S and PA28
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