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Abstract

The ubiquitin proteasome system targets proteins to the proteasome where they are
degraded. Substrate recognition and processing prior to degradation take place at
the 19S regulatory particle of the proteasome. A polyubiquitin chain, linked through
isopeptide bonds formed between the C-terminal G76 and K48, is the signal
responsible for delivery to the proteasome. Because chains linked via any of the
seven lysine residues of ubiquitin exist in vivo and encode signals unrelated to
protein degradation it is crucial for cells to avoid crosstalk between these different
pathways. Several ubiquitin receptors related to proteasomal degradation have been
identified but the selectivity between the different ubiquitin chains has not been
assessed quantitatively while avoiding artefacts attributed to GST-dimerisation. By
employing isothermal titration calorimetry, analytical ultracentrifugation and nuclear
magnetic resonance, discrimination between K48- and K63-linked diubiquitin was
established for the S. pombe proteasomal receptor Rpn10 and the shuttle protein
Rhp23. The same methods allowed us to propose a discriminatory model for Rpn10.
The crystal structures of the 19S regulatory particle subunits Rpn10;.193 and Rpn124.
224 have been determined and possible protein-protein interaction sites were
identified by surface conservation and electrostatics analysis. Rpn12 surface residues
were identified that had a negative effect on Rpn10-binding. This interaction was
studied by surface plasmon resonance, fluorescence anisotropy and nuclear
magnetic resonance. These experiments revealed a binding site on Rpn10 that is
exclusively occupied by either ubiquitin or Rpnl2 and for the first time
demonstrated the interaction of a ubiquitin interacting motif with a protein other
than ubiquitin.
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1 Introduction

Cells constantly synthesise and degrade proteins. The function of this seemingly
wasteful cycle is twofold: (1) the accumulation of misfolded or otherwise damaged
proteins could be harmful to the cell and (2) many regulatory proteins are only
required under special circumstances or at a precisely defined interval in the life of a
cell. The ability to precisely control protein lifespan depending on its current
situation is of great value to a cell because it allows for adaptation to many different
conditions. If there was no protein flux, fast and specific regulation of protein

concentrations would not be possible.

In eukaryotic cells two major protein degradation mechanisms exist: the
rather non-selective lysosomal pathway and the highly selective ubiquitin
proteasome system (UPS). Lysosomes are organelles containing about 50 proteolytic
enzymes that break down the contents of autophagic vacuoles (membrane-enclosed
bits of cytoplasma) after fusing with them (reviewed in Saftig et al. 2009). Although
there is some degree of regulation (for example the breakdown of only non-essential
proteins during nutritional deprivation (Neely et al. 1974), only proteasomal
degradation can be considered truly selective allowing the targeted degradation of a

single protein when required. This thesis will exclusively discuss the UPS.

1.1 The Ubiquitin Proteasome System

It was initially assumed that all protein degradation occurs via lysosomes. However,
when in 1953 M. Simpson demonstrated that protein breakdown requires energy
the existence of an alternative degradation pathway was increasingly discussed
(Simpson 1953). In the late 1970s, reticulocytes (which lack lysosomes yet are
proteolytically highly active) became the model system to elucidate this alternative
pathway. Etlinger and Goldberg were the first to establish a cell-free ATP-dependent
proteolytic system based on reticulocyte lysate (Etlinger et al. 1977). Aaron
Ciechanover, Avram Hershko and Irwin Rose subsequently identified fractions of
reticulocyte lysate that contained different activities required for ATP-dependent

proteolysis: a heat-stable ~9 kDa polypeptide and an ATP-stabilized high-molecular



weight compound (Ciechanover, Elias, et al. 1980; Hershko et al. 1979; Ciechanover
et al. 1978). In subsequent experiments they found that the heat-stable protein was
covalently attached via an isopeptide linkage to target proteins in an ATP-dependent
manner and released upon their degradation (Hershko et al. 1980; Ciechanover,
Heller, et al. 1980). In the following years, the same group identified the three
enzymes (E1, E2, E3) required for the attachment of the heat-stable protein (that
was later identified as ubiquitin) to the target protein (Hershko et al. 1983;
Ciechanover et al. 1981). By working together in a sequential manner, these three
classes of enzymes attach ubiquitin chains to a lysine residue of the target protein
(Ciechanover 1994). The last component, the ATP-stabilized protease, was identified
and characterised by M. Rechsteiner and colleagues and called the 26S proteasome

(Hough et al. 1986).

In the first step of ubiquitin chain synthesis, a ubiquitin-activating enzyme
(E1) forms a thioester bond between its active-site cysteine and the C-terminal
glycine residue of ubiquitin. This activation step requires energy in the form of ATP
to form a reactive ubiquitin-adenylate intermediate (Pickart 2001; Schulman et al.
2009). In a transthioesterification reaction the activated ubiquitin molecule is then
transferred to the active-site cysteine of a ubiquitin conjugating enzyme (E2) (Kleiger
et al. 2009; Ye et al. 2009). This class of enzymes is more diverse as the linkage
between the ubiquitin moieties within a ubiquitin chain can be different, and is in
most cases determined by the E2s. Finally, a ubiquitin-protein ligase (E3) forms an
isopeptide bond between the carboxyl group of the C-terminal glycine residue of
ubiquitin and the e-amino group of a lysine residue of the target protein. E3 enzymes
both bind to the E2 and recognise characteristic amino acid sequences on their
target proteins called degrons (Alexander Varshavsky 2005) and thus impart
specificity to the UPS. Two classes of E3s have been identified, which differ in their
mechanism of isopeptide bond formation. RING (Really Interesting New Gene) finger
E3s simultaneously recruit an E2 and the target protein thereby assisting the transfer
of the activated ubiquitin to a lysine residue on the target protein. In contrast, HECT
(Homologous to the E6-AP Carboxyl Terminus) E3s contain a conserved cysteine

residue that forms an intermediate thioester bond with the ubiquitin C-terminus.
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Therefore HECT E3s can promote the formation of a distinct linkage type even with a
nonspecific E2 (M. Wang et al. 2006). While there are only one E1 and 13 E2s in
budding yeast, hundreds of different E3s have been identified (reviewed in Ye et al.
2009). Any of the seven lysine residues of ubiquitin itself can be used as substrate
resulting in the formation of ubiquitin chains with different linkage types determined
by the E2 enzyme. Linkage via lysine 48 (K48) is the major signal for proteasomal
degradation and a chain length of four ubiquitin molecules is the minimal
degradation signal (Thrower et al. 2000). Finally, while the substrate is degraded, the
ubiquitin is recycled by deubiquitylating enzymes (DUBs, reviewed in Reyes-Turcu et

al. 2009) at the proteasome, closing the cycle (Figure 1.1).

AMP + PPi

s& ATP

ub

> N

ADP +P ‘
o U

2 o

Proteasome ‘
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ATP

Figure 1.1. The ubiquitin proteasome system targets proteins to the proteasome for their degradation. In a first step (1)
ubiquitin is activated by a ubiquitin-activating enzyme (E1). Subsequently, it is transferred to a ubiquitin-conjugating enzyme
(E2, (2)). Ubiquitin-protein ligases (E3s) have a specific target protein, and together with E2 transfer the ubiquitin to one of its
lysine residues (3). By repeating this last step, a ubiquitin chain is gradually synthesised. Once a K48-linked ubiquitin chain has
reached a certain length of four ubiquitin moieties, it can be targeted to the proteasome (4) where the protein is degraded and
the ubiquitin is recycled (5).



Ubiquitin
1.1.1 Ubiquitin Structure

Ubiquitin, as the name suggests, is a 76 amino acid protein that is found in every
eukaryotic cell and was first isolated in 1975 by Goldstein and co-workers
(Schlesinger et al. 1975). With only three amino acid changes between the yeast and
human orthologs, it is also the most conserved eukaryotic protein (Figure 1.2A). This
remarkable conservation is an indicator of its fundamental importance to the cell. Its
functions derive from its use as a posttranslational modifier of proteins, thereby

delivering a remarkable array of cellular signals.

Because of its involvement in many different processes and the resulting high
cellular concentration, ubiquitin is expressed from several copies of the gene in a
head-to-tail manner (Ozkaynak et al. 1984). The resulting N-C-linked polyubiquitin
chain is then processed by a specialised protease to yield monoubiquitin. In order to
prevent accidental activation, this chain is synthesised with an additional amino acid

at the C-terminus.

The crystal structure of ubiquitin was first determined in 1987 at 1.8 A (Vijay-
Kumar et al. 1987, Figure 1.2). It revealed an extremely compact fold with about 87%
of the polypeptide chain involved in hydrogen-bonded secondary structure
explaining the extraordinary stability of ubiquitin. The only notable exception from
this tight hydrogen-bond network is the C-terminus that remains rather flexible. This
is e.g. necessary to allow efficient activation of G76. The secondary structure consists
of a single a-helix tightly packed against a five-stranded (3-sheet that seems to grasp
the helix (B-grasp fold). The long loop connecting beta-strands 4 and 5 contains a
short 319 helix. L8, 144 and V70 form a solvent-exposed hydrophobic patch that was
shown to be essential for proteasomal targeting (Beal et al. 1996) and was later

revealed to be the major site involved in all ubiquitin recognition events.



KIQDKEGIPPDQORLIFAGKQLEDGRTLEDYNIQKESTLHLVLRLRGG

S.pombe 1

S.cerevisiae 1 KIQDKEGIPPDQORLIFAGKQLEDGRTLEDYNIQKESTLHLVLRLRGG
A.niger 1 KIQDKEGIPPDQORLIFAGKQLEDGRTLEDYNIQKESTLHLVLRLRGG
C.elegans 1 KIQDKEGIPPDQORLIFAGKQLEDGRTLEDYNIQKESTLHLVLRLRGG
A.thaliana 1 KIQDKEGIPPDQORLIFAGKQLEDGRTLI\DYNIQKESTLHLVLRLRGG]
D.melanogaster 1 AKIQDKEGIPPDQORLIFAGKQLEDGRTLEDYNIQKESTLHLVLRLRGG]
M.musculus 1 KIQDKEGIPPDQQORLIFAGKQLEDGRTL{DYNIQKESTLHLVLRLRGG
H.sapiens 1 KIQODKEGIPPDOORLIFAGKOQLEDGRTLEJDYNIQKESTLHLVLRLRGG
B

Figure 1.2. The structure of ubiquitin. (A) The sequences of eight ubiquitin orthologs were aligned with the
ClustalW2 alignment software (Larkin et al. 2007). Similarity scores were calculated with the Risler matrix (Risler
et al. 1988) and coloured accordingly. The alignment reveals the extraordinary conservation of ubiquitin even
between yeast and human orthologs. Important residues are highlighted with arrows (lysine=cyan, hydrophobic
binding patch=orange). (B) Cartoon of the ubiquitin crystal structure (PDBID 1UBQ) to show the tight packing of
the secondary structure elements. Ubiquitin consists of a five-stranded B-sheet that folds around a central a-
helix. A short 3;9-helix connects B-strands 4 and 5. The seven lysine residues are shown as cylinders and the core
binding patch is highlighted in orange. (C) Ubiquitin surface electrostatics as calculated by CCP4MG (Potterton et
al. 2004). The charge distribution is relatively well distributed apart from the hydrophobic patch, which can be
easily identified in the left-hand panel. The view of the ubiquitin fold is the same in panels (B) and (C), and in

each panel the views are rotated by 180°.



1.1.2 Ubiquitin as a Signalling Molecule

The diversity of the ubiquitin signal is remarkable. A single ubiquitin molecule
attached to a target protein (monoubiquitylation) has been shown to play a role in
such diverse events as DNA repair (Bergink et al. 2009), histone modification
(Kodadek 2010), endocytosis (K Haglund 2003) and viral budding (Martin-Serrano
2007). When ubiquitin itself is ubiquitylated, ubiquitin chains are formed. Any of its
seven lysine residues can be utilised resulting in chains again encoding different
signals. K48-linked chains are the best-studied ubiquitin signal and target the
substrate to the 26S proteasome (Chau et al. 1989). All other ubiquitin chains have
been shown to exist in vivo but their precise functions are characterised to a much

lesser extent (lkeda et al. 2008).

Of the atypical ubiquitin chains K63-linked chains have been best
characterised. They play a major role in NF-kB pathway signalling, endocytosis and
DNA repair (Kaisa Haglund et al. 2005; Hayden et al. 2008). K29-linked ubiquitin
chains are also involved in the proteasomal degradation of a subset of substrates
(Johnson et al. 1995) and lysosomal degradation (Chastagner et al. 2006). The
BRCA1-BARD1 complex synthesises K6-linked ubiquitin chains suggesting a role in
DNA repair (Nishikawa et al. 2004). Ubiquitin chains linked through K11 have been
shown to be critical for cell cycle regulation (Kirkpatrick et al. 2006) and were
proposed to promote degradation of the anaphase-promoting complex/cyclosome
(APC/C) (Jin et al. 2008). All of the different linkage types have been found in vivo
and except for K63-linked ubiquitin chains their levels were inversely correlated with
proteasomal activity suggesting an involvement in proteasomal targeting (Xu et al.
2009). Combinations of different E2s and E3s can also produce ubiquitin chains that
contain several different isopeptide linkages. Substrates linked to these chains
cannot be degraded by the proteasome possibly as a result of their reduced affinity

to ubiquitin receptors (H. T. Kim et al. 2007).

The various linkage types in polyubiquitin chains restrain the ubiquitin
moieties to adopt different orientations towards one another, which in turn allows

efficient discrimination (see Section 1.3). The crystal structure of K48-linked
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diubiquitin (K48-Ub,) engages in a “closed” conformation with the two hydrophobic
patches facing each other (Cook et al. 1992). NMR studies have confirmed this
conformation in solution and at neutral pH (Figure 1.3A). In acidic solutions,
however, the diubiquitin molecule adopts a more open conformation (Figure 1.3B,
Varadan et al. 2002). This is probably caused by the protonation of H68. The
interaction between the two hydrophobic patches is rather weak and dynamic

(Varadan et al. 2002) and enables efficient binding to ubiquitin receptors.

Two different K48-linked tetraubiquitin (K48-Ubg) crystal structures have
been determined (Cook et al. 1994; Phillips et al. 2001). In both structures inter-
moiety contacts are prevalent supporting the solution structure. This observation
supports the hypothesis that the K48-Ub, building block is the motif recognised by a

K48-specific receptor.

The isopeptide bond in K63-linked polyubiquitin chains restrains the ubiquitin
moieties prohibiting contacts of the hydrophobic patches. NMR studies (Tenno et al.
2004; Varadan et al. 2004) and the crystal structures of K63-linked ubiquitin chains
(Komander et al. 2009; Datta et al. 2009) revealed that these chains adopt an
extended conformation that lacks any interaction between the individual molecules
apart from the linkage (Figure 1.3E). The different orientations of the proximal (the
moiety with a free C-terminal G76) towards the distal moiety in these structures
indicate a high degree of rotational freedom around the isopeptide bond. The
conformation of N-C-linked polyubiquitin is virtually equivalent to that of K63-linked
polyubiquitin chains (Figure 1.3F). Both molecules form a structure in which each
individual ubiquitin moiety can be regarded as an individual unit that is rotationally
unrestrained and highly flexible (Komander et al. 2009). Interestingly, even though
there is some functional redundancy between these two linkage types, there is

evidence for molecular discrimination (Komander et al. 2009).

The structure of K11-linked diubiquitin (K11-Ub,) is different from both K48-
and K63-Ub, conformations. It is less extended than that of N-C-linked or K63-linked
diubiquitin and in contrast to K48-Ub,, 144 is solvent-exposed (Figure 1.3D, Bremm et

al. 2010). The structure of K6-linked diubiquitin (K6-Ub,) has recently been released
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(PDBID 2XK5) and exhibits yet another relative orientation of the two moieties
(Figure 1.3C). The hydrophobic patch of the distal moiety is solvent-exposed and the
surface of the region C-terminal to the a-helix and perpendicular to the hydrophobic
patch occludes the hydrophobic patch on the proximal ubiquitin moiety. Structural
information for the other non-canonical polyubiquitin chains (linked via K27, K29 or
K33) is not available. However, models for their structures have been proposed
based on molecular modelling approaches (Fushman et al. 2010). Based on these
studies, Fushman and colleagues assigned the differently linked polyubiquitin chains
to two groups. The first group is characterised by a “closed” conformation as
observed in K48-linked polyubiquitin chains and includes chains linked through K6,
K11 and K27. Chains in the second group are proposed to adopt an extended
structure as reported for K63- and N-C-linked polyubiquitin and also include chains
linked through K29 and K33. However, subsequent determination of structures for
K11-Ub, and K6-Ub, suggested that a re-appraisal of the models was required. It
remains to be seen whether crystal packing contributes to the observed differences
between the experimental structures and the solution conformations proposed by
modelling studies. However, given the close agreement between the K63- and K48-

Ub, crystal and solution structures, this seems less likely.



Figure 1.3. The conformations of different ubiquitin chains. The distal ubiquitin moiety is drawn in a lighter
shade and in the same orientation in each panel. The hydrophobic patch is coloured orange and the isopeptide
bond is highlighted as red cylinders. (A) At physiological pH, K48-Ub, (blue) adopts a closed conformation (PDBID
2PEA), while at acidic pH (B), the inter-domain contacts are lost (PDBID 2PE9). (C) In K6-Ub,, the hydrophobic
patch of the proximal moiety is occluded by a region C-terminal to the a-helix perpendicular to the hydrophobic
patch (PDBID 2XKS5). (D) K11-Ub, (cyan) has an open structure (PDBID 2XEW) but is much less extended than K63-
linked ubiquitin (brown, PDBID 2JF5, (E)) and NC-Ub, (grey, PDBID 2W9N, (F)). In both structures the hydrophobic

patches face almost opposite directions.



1.2 The Proteasome

The proteasome was discovered as the ATP-stabilised protease of the ubiquitin
proteasome system (Hough et al. 1986). Our knowledge about this 2.5 MDa protein
complex has grown considerably and apart from its proteolytic activity it is now
known to recognise and unfold substrates and also remodel and recycle ubiquitin
chains (Finley 2009). It consists of a 20S core particle (CP) that is activated by
association with activator complexes at the ends of the proteolytic chamber (Figure

1.4).

195

Figure 1.4. The proteasome. (A) The 20S CP in complex with the trypanosomal activator PA26 (PDBID 1FNT). (B)
Cryo-EM reconstruction of the 26S proteasome. The well-defined 20S CP can be easily identified. Image based on

(Nickell et al. 2009).

Four proteasomal activators REGy, PA200/BIm10, PA28 and the 19S regulatory
particle (RP) have been identified to date. These activators can bind at one end of
the CP while the 19S RP still occupies the other (Shibatani et al. 2006; Tanahashi et
al. 2000; Cascio et al. 2002; Schmidt et al. 2005). REGy and PA28 are 25% identical.

10



However, while PA28 is exclusive to vertebrates, REGy is also found in invertebrates
and it has been speculated that PA28 evolved from REGy (Masson et al. 2001).
Hybrid proteasomes containing one 195 RP and one PA28 promote the production of
antigenic peptides and it has been shown that peptides generated by the
proteasome leave the particle through the same channel as used for entry (Kéhler et
al. 2001). Mutants that artificially open the CP result in an increased size of the
peptides that exit the proteasome. This is the result of a shorter dwell time in the
catalytic chamber. Opening of the CP by PA28 might thus further reduce this time by
providing a larger exit channel that increases the average released peptide to a size
appropriate for antigen presentation (Whitby et al. 2000; Kéhler et al. 2001). PA200
is conserved from yeast to humans and, in contrast to the other activators, it is a
monomeric ~245 kDa protein that lies like a turban on top of the cylinder end of the
CP (lwanczyk et al. 2006). It is required for optimal proteasomal function and
spermatogenesis (Schmidt et al. 2005). The main form of the holoenzyme, the 26S
proteasome, is formed by a 19S RP attached to each end of the CP (Figure 1.4B) and

will be the subject of this thesis.
1.2.1 The 20S Core Particle

The crystal structure of the 20S core particle (CP) provides a detailed view of its
architecture and function (Lowe et al. 1995). It is a barrel-like structure consisting of
four seven-membered rings of subunits. The two central rings built of B-subunits are
flanked by an a-ring on both sides (Figure 1.5A, C). These rings enclose a cavity of
approximately 100 A axially and 60 A along the orthogonal axis. Although the
sequences of the a- and B-subunits are quite different, they share a similar fold. This
fold is also found in the bacterial ClpQ protease that (as a dodecamer), together with
ClpY (a hexameric ATPase), forms a compartmentalised protease for the degradation
of misfolded proteins. This conservation of fold suggests that they all might have
evolved from a common ancestor. The proteolytically active sites are located in the
B1, B2 and B5 subunits that face the central chamber and are therefore efficiently
shielded from the cytoplasm (Figure 1.5B). They belong to the N-terminal

nucleophile (Ntn) class of hydrolases in which the side chain of the N-terminal
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residue (in this case threonine) acts as nucleophile while the N-terminus is the
proton acceptor. After the formation of the catalytic tetrahedral intermediate by
nucleophilic attack of the carbonyl carbon atom on the scissile peptide bond, this
bond is cleaved and the intermediate acyl-threonine is hydrolysed by a water
molecule. The three active subunits cleave a broad range of peptide substrates with
slightly differing specificities. Subunit f1 cleaves on the C-terminal side of acidic
residues, 32 after tryptic residues and 5 after hydrophobic residues (Borissenko et
al. 2007). These complementary activities ensure the efficient degradation of
(probably) any protein that enters the cavity (P. Chen et al. 1996). In mammals
subunits f1, 2 and 5 can be substituted by y-interferon-inducible (-subunits (M
Gaczynska et al. 1993). These immuno-subunits allow the proteasome to more
efficiently produce antigenic peptides that are then loaded on MHC class 1 proteins
to initiate immune responses. This substitution requires the de-novo assembly of the

proteasome.

The assembly of the 20S CP is not trivial, as four hetero-heptameric rings of
a- and B-subunits have to be formed and stacked on top of each other. Five
molecular chaperones have been identified that help to effectively achieve this task
(reviewed in Murata et al. 2009). Moreover, in order to avoid indiscriminate
degradation of cellular proteins, the proteolytic 3-subunits must only become active
after the successful formation of the mature CP. In a first step the a-ring is
assembled with the help of the hetero-dimeric PAC3-PAC4 chaperone that binds to
subunit a5 and guides the assembly of the other a-subunits. Before the subsequent
addition of B-subunits the PAC3-PAC4 complex has to disassemble. The PAC1-PAC2
complex also assists the proper organisation of the a-ring that, in effect, serves as a
scaffold for P-ring assembly. To ensure that the [-subunits are correctly
incorporated, the chaperone UMP1 prevents the association of two half-CPs until all
seven B-subunits are correctly assembled (Li et al. 2007). The catalytic pB-subunits
and the non-catalytic $6 and 7 subunits are incorporated as pro-peptides with an
N-terminal precursor sequence. These N-termini help with the dimerisation of the
half-proteasomes to the 20S CP and are removed after successful assembly to

activate the proteolytic activities of subunits 1, $2 and 35.
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Access to the CP in the apo state is limited to small peptides and the opening of the
entry channel is strictly regulated. The N-termini of the a-subunits converge at the
central axis closing the entry channel to the central cavity (Figure 1.5C, Groll et al.
2000). At the RP-facing side, the a-rings contain pockets located at the interfaces
between neighbouring a-subunits. Occupation of these pockets by the C-termini of
the six Rpt subunits of the RP (see Section 1.2.2) results in the opening of a substrate
translocation channel (Figure 1.5D, Whitby et al. 2000). Once opened, substrates
must pass through the RP (and be unfolded) in order to gain access to the proteolytic
chamber. This compartmentalisation and the finely tuned assembly of the
proteasome make sure that only proteins that have been properly processed by the
RP can gain access to the proteolytic chamber. ATP-dependent compartmentalised
proteases have been characterised in all domains of life. The 26S proteasome is the
most complex example but this increased complexity seems to reflect an adaptation
to ubiquitin recognition and processing while conserving substrate denaturation and

proteolysis.

13



Figure 1.5. The 20S core particle. (A) Surface representation of the S. cerevisiae 20S core particle (1RYP).
Equivalent subunits are in the same colour. (B) Tight packing of the subunits against each other ensures that the
sites of proteolytic activity (highlighted in red) are contained within the 20S CP catalytic chamber. (C) View along
the pseudo sevenfold symmetry axis. The N-termini of the a-subunits converge at the centre closing the channel.
(D) Binding of an activator (in this case trypanosomal PA26, PDBID 1FNT) opens the channel by insertion of the C-

termini (blue worms) of its seven subunits into pockets between adjacent a-subunits.

1.2.2 The 19S Regulatory Particle

The composition of the 19S RP was initially studied by gradient SDS-PAGE following
its purification from S. cerevisiae (Glickman, Rubin, V A Fried, et al. 1998). 17
proteins that form the RP were identified. Subsequent mass spectrometry of 1-step
affinity-purified 26S proteasomes revealed many more proteasome associated

proteins that were grouped into four classes (Verma et al. 2000). The first class
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contained UPS-associated proteins such as the ubiquitin ligases SCF and APC, the
second class the deubiquitylating enzyme (DUB) Ubp6 and the novel proteasomal
subunit Rpn13. Chaperones such as Hsc70, Hsc82 and Pac2 were placed in the third
class and miscellaneous proteins such as transcription factors and ribosomal proteins
into the fourth. The association of such a diverse array of factors with the RP makes
it difficult to discriminate between proteasomal and proteasome-associated
proteins. A summary of all subunits currently thought to be bona-fide 19S subunits

can be found in Table 1.1.

19S RPs purified from a yeast strain from which the non-essential subunit
Rpnl10 had been deleted were found to be unstable, falling apart into two
subcomplexes, subsequently called the base and the lid (Glickman et al. 1998). The
base contains ten subunits of which six ATPases belonging to the ATPases Associated
with diverse cellular Activities (AAA) family (Rpt1-Rpt6) form a ring with pseudo
sixfold symmetry. This ring interlocks with the pseudo sevenfold symmetry of the o-
subunits of the 20S core particle. Rpnl and Rpn2 are large (>100 kDa) a-helical
proteins containing nine Proteasome/Cyclosome (PC) repeats preceded by two more
divergent repeats (Glickman et al. 1998) and they have been predicted to form
toroidal structures (Kajava 2002). Atomic force microscopy studies have supported a
model in which Rpn1 and Rpn2 form concentric solenoid rings stacked on each other
(Rosenzweig et al. 2008). However, cryo electron microscopy (EM) data of 26S
proteasomes does not support this model (Nickell et al. 2009). Until higher-
resolution cryo EM models are available, this crucial part of the 19S organisation
remains contentious. Interestingly, all known Rpnl and Rpn2 binding partners
interact with ubiquitin. For example Rpnl3 is a proteasomal ubiquitin receptor
located in the base and binds to Rpn2 while also serving as a receptor for the
deubiquitylating enzyme Uch37 (Husnjak et al. 2008). Rpn10 has been reported to
interact with both Rpnl (Seeger et al. 2003) and Rpn12 (C. R. M. Wilkinson et al.
2000) placing it at the interface between base and lid. Proteins of the UBL-UBA class
(for example the S. cerevisiae proteins Dsk2 and Rad23 and their S. pombe orthologs

Dph1 and Rhp23) also reversibly interact with Rpn1 and Rpn2 via their UBL domain
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(Elsasser et al. 2002). These findings support a role for Rpn1/Rpn2 as a platform for

ubiquitin processing.

The lid shares its architecture and domain organization with two other large
eukaryotic protein complexes, the COP9 signalosome (CSN) and the eukaryotic
initiation factor 3 (elF3), collectively called PCI (Proteasome, COP9, Initiation factor
3) complexes. For every proteasomal lid subunit a paralogous CSN subunit exists.
Despite intensive research, however, only very limited structural information about
those important regulatory complexes is available. Several yeast-2-hybrid and pull-
down studies have mapped protein-protein interactions within the RP (summarised
in Fu et al. 2001). However, both of these methods are prone to false-positive results
because they do not discriminate well between direct and indirect interactions. By
mass spectrometry two major proteasomal lid subcomplexes consisting of
Rpn5/6/8/9 and Rpn3/7/Sem1, connected via Rpn3-Rpn5 could be identified (Sharon
et al. 2006). In a more recent study employing the same approach, the CSN was also
found to be composed of two modules, Csn1/2/3/8 and Csn4/5/6/7, connected by
interactions between Csn1 and Csn6 (Sharon et al. 2009). EM studies have compared
the three PClI complexes (Enchev et al. 2010) and a reconstruction of the 19S RP
revealed the boundaries of the AAA-ATPase ring (Nickell et al. 2009). The location for
Rpnl0 was also proposed based on its sub-stoichiometric assembly with the
proteasome and assembly modelling. According to this model, Rpn10 is located near

the mouth of the ATPase ring (Figure 1.6).
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Figure 1.6. Model of the 19S RP subunit organisation based on reported protein-protein interactions. The 19S
regulatory particle can be divided into base and lid sub-particles. All ubiquitin receptors identified so far interact
with the base. The base also contains the unfolding activity of the proteasome located in the ring of ATPases. The

function of the lid remains obscure as the only activity associated with it is that of the DUB Rpn11.

In higher eukaryotes two subunits of the 19S RP contain an MPN (Mpri1-Pad1-N-
terminal) domain whereas six comprise the hallmark PCI domain (Scheel et al. 2005).
PClI domains serve as scaffolding units allowing the efficient assembly and
maintenance of large protein complexes. They consist of a tetratrico-peptide repeat

(TPR)-like N-terminus and a C-terminal winged helix domain (WHD).

Rpnl1l is the only proteasomal lid subunit with known catalytic function. It is a
metalloprotease with specificity for the proximal ubiquitin moiety. Interestingly,
unfolding of substrates seems to be tightly coupled to deubiquitylation by Rpnl1l
and it can be speculated that the sole function of the lid is to support Rpnl1l and
guarantee the coupling of deubiquitylation and degradation (T. Yao et al. 2002;
Verma et al. 2002). Two other deubiquitylating enzymes, Uch37 and Ubp6, associate
with the proteasome via Rpn13 and Rpn1l, respectively (Guterman et al. 2004; Stone
et al. 2004). The association of a deubiquitylating enzyme (Uch37) with a
proteasomal ubiquitin receptor is interesting, as they possess opposing activities
with respect to degradation. The fact that Rpn13 binds monoubiquitin so strongly
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with a preference for the proximal moiety (Husnjak et al. 2008) might indicate that
its function is not to bind substrates for degradation but to position them for
efficient deubiquitylation by Uch37. Interestingly, full-length Rpn13 shows a 26-fold
decreased affinity for monoubiquitin compared to its isolated PH (Pleckstrin
Homology) Receptor for Ubiquitin (Pru) domain (see Section 1.3) as a result of
intramolecular interactions that prevent efficient ubiquitin binding (X. Chen et al.
2010). Binding to Rpn2 disrupts this intra-molecular “masking” and results in an

affinity towards ubiquitin that is identical to that of the isolated Pru domain.

Table 1.1. Subunits of the 19S regulatory particle.

S. cerevisiae | S. pombe | H. sapiens Size [kDa] Domain Activity
Rptl PRS7 S7 48.6 AAA ATPase
Rpt2 Mts2 S4 49.2 AAA ATPase
Rpt3 PRS6B S6 47.3 AAA ATPase
Rpt4 PRS10 S10 44.1 AAA ATPase

Base | Rpt5 SpRpt5 S6’ 49.1 AAA ATPase
Rpt6 Letl S8 45.7 AAA ATPase
Rpnl Mts4 S2 100.2 Scaffold
Rpn2 SpRpn2 S1 105.9 Scaffold
Rpnl3 SpRpni13 40.7 Pru Ubiquitin receptor
Rpnl0 Pusl S5a 42.1 VWA, UIM Ubiquitin receptor
Rpn3 SpRpn3 S3 61.0 PCI
Rpn5 SpRpn5 52.9 PCl
Rpn6 SpRpn6 S9 47.4 PCl
Rpn7 SpRpn7 S10a 45.5 PCl

Lid Rpn8 SpRpn8 S12 37.1 MPN
Rpn9 Mts1 S11 42.9 PCI
Rpnil Padl S13 34.6 MPN deubiquitylation
Rpn12 Mts3 S14 30.0 PCI
Rpnl5 SpRpnl5 | S15 24.6

1.3 Ubiquitin Recognition

Ubiquitin is a very diverse cellular signal and in order to avoid convolution of the
different signalling pathways (mediated by mono- and the different poly-
ubiquitylated substrates) ubiquitin receptors need to be highly selective and able to
discriminate a particular ubiquitin species against a background of a cellular
concentration of free ubiquitin of up to 10 uM (Hicke et al. 2005). The multimeric
nature of ubiquitin chains can be exploited by a ubiquitin receptor with several
ubiquitin-binding domains (UBDs). Avidity effects arise from an orientation of the
UBDs towards each other that allows the simultaneous binding of several ubiquitin

moieties. In addition to a higher UBD concentration (compared to a single UBD in a
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receptor protein), this also effectively increases the local concentration of ubiquitin
moieties around the UBDs. The binding of the first ubiquitin moiety has a positive
pseudo-cooperative effect on the binding of the second moiety. This effect allows a
polyubiquitin receptor to have weak affinity towards monoubiquitin to avoid being
constantly occupied by a non-substrate while at the same time binding strongly to
polyubiquitin chains. A similar effect is achieved by double-sided UBDs that contain
binding patches on different sides of their surface such as the Rad23 UBA2 domain
(Figure 1.7A). These mechanisms have been identified in tandem ubiquitin
interacting motifs (UIMs), double-sided UIMs and UBA domains (see below). Because
the linkage via different isopeptide bonds in polyubiquitin chains may constrain the
ubiquitin moieties in their relative orientations (Figure 1.3), recognition of the
relative position of the ubiquitin moieties or of the isopeptide bond to the
hydrophobic patch provides another way of discriminating between mono- and
polyubiquitin and the different linkage types. For example the DUB AMSH-LP
recognises Q62 and E64 of the proximal ubiquitin moiety to specifically cleave K63-

linked ubiquitin chains (Y. Sato et al. 2008).

UBDs are a large and diverse group that can bind and often distinguish
different ubiquitin modifications. To date, more than 20 different domains have
been identified that can be organised into four groups: (i) a-helical, (ii) zinc-finger

(ZnF), (iii) plekstrin homology (PH) and (iv) ubiquitin-conjugating-like (Ubc) domains.

UIM, IUIM (inverted UIM) and ubiquitin-binding zinc finger (UBZ) domains
contain a single a-helix that contacts the ubiquitin hydrophobic patch in a parallel or
antiparallel way. Selectivity of linkage type and chain length has only been
demonstrated in this motif by exploiting avidity effects generated as a result of
either double-sided UIMs (Figure 1.7B) that bind one ubiquitin hydrophobic patch on
each side of the helix as found for example in Hrs (Hirano et al. 2006a) or two
sequential UIMs such as in Rap80 (Figure 1.7C) and S5a (Sims and R. E. Cohen 2009;
N. Zhang et al. 2009). The exploitation of these avidity effects by the tandem UIMs of
Rap80 has been studied in detail (Walters et al. 2009; Y. Sato et al. 2009; Sims and R.

E. Cohen 2009). The linker connecting the two UIMs orients them perfectly for avid
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interaction with two neighbouring ubiquitin moieties of a K63-linked ubiquitin chain.
In contrast, ataxin 3 contains a two-residue spacer that confers K48-linkage
selectivity. Rap80 can be made K48-selective by exchanging its linker sequence with
that of ataxin 3 demonstrating that it is indeed only the spacing of the two domains

that promotes selectivity (Sims and R. E. Cohen 2009).

Figure 1.7. Multivalent interactions between UBDs and ubiquitin. Ubiquitin is drawn in grey with the
hydrophobic patch highlighted in orange. (A) The Rad23 UBA2 domain (blue) exhibits selectivity for K48-linked
ubiquitin chains. This is a result of an increased binding surface that includes the surface opposite the canonical
ubiquitin-binding site (PDBID 1Z06). (B) The Hrs UIM also uses two sides to interact with ubiquitin (PDBID 2D3G).
(C) Rap80 contains two UIMs that are perfectly spaced for the simultaneous interaction with K63-Ub, resulting in

a strong discrimination against K48-Ub, (PDPID 3A1Q).

Ubiquitin-associated (UBA) domains contain three short helices that form a tight
bundle (Mueller et al. 2002; Dieckmann et al. 1998). Typically helices 1 and 3 each
contain a conserved hydrophobic motif of LL and MGF, respectively, that form a
hydrophobic patch to which the ubiquitin binds (Figure 1.8A). UBA domains exist in a
number of proteins and they exhibit a wide range of affinities towards
monoubiquitin and ubiquitin chains. According to their different ubiquitin-binding
properties, they have been grouped into four different classes (Raasi et al. 2005).
Class 1 exhibits specificity for K48-linked chains (Rad23 UBA2), class 2 is K63-

selective (E2-25K, Drm2), class 3 contains the so-called “orphan” UBAs that do not
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(or very weakly) bind ubiquitin and class 4 UBA domains bind monoubiquitin very
strongly (Dsk2, UQ1). However, as this study employed GST-fusion proteins and
surface plasmon resonance (SPR) experiments to determine the affinities, the
dimerisation of GST compromises the results by artificially increasing the affinity
through avidity effects. Indeed, a later study demonstrated that GST dimerisation
positions the UBA domains in a way that matches the spacing of the ubiquitin
moieties in K63-linked ubiquitin chains (Sims, A. Haririnia, et al. 2009). Taking into
account this later analysis, no K63-selective UBA domains have been identified so

far.

Not only a-helices are involved in ubiquitin recognition. The p-sheet of
UBCH5C (Figure 1.8D), a deubiquitylating enzyme, interacts with the hydrophobic
patch of ubiquitin as does the GRAM-like ubiquitin-binding in EAP45 (GLUE) domain
(Figure 1.8C). This domain folds into a split PH domain and, in addition, uses residues
from a loop and an a-helix (Hirano et al. 2006b; Alam et al. 2006; Brzovic et al. 2006)
to bind ubiquitin. The proteasomal ubiquitin receptor Rpn13 contains a PRU domain
that binds ubiquitin in a completely unrelated manner (Figure 1.8E). This domain
employs three loops that contact a large part of the ubiquitin surface and form a

hydrogen bond with ubiquitin H68 (Schreiner et al. 2008).

These structures show that even UBDs with the same domain organisation
can exploit different strategies to bind ubiquitin but that the hydrophobic patch
always provides the contact from the ubiquitin side. This might be a mechanism to
limit crosstalk between different ubiquitin signalling pathways (Dikic et al. 2009). A
notable exception to this rule are the various zinc-finger (ZnF) domains that bind
ubiquitin at three different sites (Figure 1.8B): NZF domains bind the hydrophobic
patch, the A20-type ZnF domain of RAB5 guanine nucleotide exchange factor
(RABEX5) recognizes a polar surface of ubiquitin that is centred on D58 (S. Lee et al.
2006) and the DUB isopeptidase T (IsoT) binds to the C-terminus of ubiquitin (Reyes-
Turcu et al. 2006).
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Figure 1.8. Ubiquitin is recognised by a range of structurally different domains. Cartoon representation of the
interactions of various UBDs with ubiquitin. In all but one case UBDs interact with the hydrophobic patch
(orange) of ubiquitin (grey). (A) UBA domain of protein linking IAP with cytoskeleton 1 (PLIC1; light blue, PDBID
2JY6) in complex with ubiquitin. (B) The A20-type ZnF domain of RAB5 guanine nucleotide exchange factor
(yellow, PDBID 2FIF), nuclear protein localization 4 (NPL4) NZF domain (green, PDBID 1Q5W) and the ZnF domain
of the DUB isopeptidase T (light blue, PDBID 2G45) contact all different surfaces of the ubiquitin molecule. (C)
GRAM:-like ubiquitin-binding in EAP45 (GLUE) domain of ELL-associated protein of 45 kDa (EAP45; also known as
VPS36) (blue, PDBID 2DX5). (D) E2 ubiquitin-conjugating enzyme UBCH5C (brown, PDBID 2FUH). (E) Pru domain
of Rpn13 (cyan, PDBID 2Z59).

Ubiquitin recognition by the proteasome was first studied by competition
experiments using synthesised K48-linked ubiquitin chains of defined length
(Thrower et al. 2000). The K; for the inhibition of the degradation of the model
substrate Ubs-DHFR decreased about 100-fold from >15 uM for Ub, to 0.17 uM for
Ub,4 but only sevenfold from there to 26 nM for Ubg. This result suggested that the
minimal degradation signal is K48-Ub,. For these experiments the deubiquitylating
enzyme Uch37 was inhibited specifically so that only the effect of ubiquitin chain
length on substrate association with the proteasome and not the combined effects
of binding and deubiquitylation was measured. This is important as the degradation

rate is dependant on the stability of the substrate clearly demonstrating that the
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rate-limiting step during proteasomal degradation is unfolding. Experiments that
artificially located substrates at the proteasome by fusing chemically inducible
affinity tags to the substrate and 19S subunits demonstrated that localisation at the
19S is sufficient for degradation (Janse et al. 2004). Thus, the proteasome employs
an apparently futile cycle by containing ubiquitin receptors that capture substrates
for degradation and deubiquitylation enzymes that trim ubiquitin chains.
Furthermore, the ubiquitin ligase, Hul5, that can elongate K48-linked chains has
been shown to associate with Rpn1 (Crosas et al. 2006). Collectively, these activities
provide a dynamic environment for the modification of ubiquitin chains that could
allow bound substrates to be differentially regulated. Therefore, it is currently
thought that substrate degradation is not triggered by a single binding event but that
it is the overall time a substrate spends at the proteasome that increases the

likelihood of its degradation.

1.4 Aims of the Thesis

Ubiquitin signalling has attracted a lot of attention during the last decade and the
number of studied ubiquitin receptors has increased substantially. In case of K48-
linked polyubiquitin signalling it has become apparent that the process of targeting
substrates to the proteasome does not involve a single recognition event that
inevitably leads to substrate degradation but it is instead composed of a multi-
layered network of ubiquitin receptors that allows different routes to be taken from
the ubiquitylation event to the proteasome. This is illustrated by the number of
different ubiquitin receptors and existing “shortcuts” via the direct association of
ubiquitin ligases with the proteasome. This thesis aims to address ubiquitin
recognition by the proteasome and 19S5 RP organisation by structural and protein-

protein interaction studies on S. pombe orthologs Rpn10, Rpn12 and Rhp23.

The first proteasomal ubiquitin receptor to be identified was Rpn10. Early
studies also found that it plays an important role in maintaining the structural
integrity of the 19S RP. These two functions are located on different domains of the
protein. The von-Willebrand-factor A (VWA) domain anchors Rpnl0 to the

proteasome while the UIM binds ubiquitin. K48-linked ubiquitin chains are
23



acknowledged as the signal for proteasomal degradation but the discrimination of
ubiquitin receptors against other linkage types has not been studied in great detail.
Here we assess the ubiquitin-binding properties of Rpn10 and Rhp23 in Chapters 2

and 4, respectively.

Little is known about the structural organisation of the 19S RP and, apart
from the ATPase subunits, the locations of other subunits have not been
unambiguously determined. Rpn10 is a mediator between the 19S5 RP base and lid
subcomplexes. Its VWA domain is thought to be responsible for these interactions
and its crystal structure is described in Chapter 2. The interaction of Rpn10 with the
lid-subunit Rpn12 and the crystal structure of the PCl domain of Rpn12 will be the

subject of Chapter 3.

Relatively weak and transient interactions seem to be an inherent feature of
ubiquitin receptors. Therefore, a broad range of structural, biophysical and
biochemical methods have to be used to probe this system. X-ray crystallography
was employed to gain structural insights into two proteasomal subunits, and
biophysical methods such as SPR, ITC, AUC and fluorescence anisotropy were used to
characterise protein-protein interactions. To produce sufficient quantities of
reagents, the production of labelled and unlabelled Rpn10, Rpn12, Rhp23 and

ubiquitin chains had to be established and optimised.
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2 Structure of Rpn10 and its Interactions with Ubiquitin Chains

2.1 Introduction

The human ortholog of Rpn10 (S5a) was the first ubiquitin receptor to be identified
(Deveraux et al. 1994). The gene is essential in mouse (Hamazaki et al. 2007), but has
been found to be non-essential (van Nocker et al. 1996; C. R. M. Wilkinson et al.
2000) in yeast. However, a triple deletion of Rpn10, Rhp23 and Dph1 is synthetically

lethal in S. pombe (Hartmann-Petersen et al. 2004).

. 0

S.pombe 1 ARKDTVHMI=NO[ITNDNFENMCELMT IGONSPYQ LIRD ¥,
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A.thaliana 1 ATEAVNLLCGA[TOSNHENT V[ ILTMACKGV PTSDL
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S.pombe 71 KFLSAMDLPVR NAKFGDSTQIRCH KI NIVAGVGEZIVEDE NJA 1
S.cerevisiae 71 KILAGLEIDTQIEEKLHMATALQIEIOM HIVARVCEIJISDSR N\JAY
A.niger 71 GILAGLERTKIH TAHLSSIQ AlSL T IV[ISCEIZTIEEDE NS T
c.elegans 70 RLMMKNEISIEPF[EKCNFTAGIRKILIH XMAVVLEIGEIILER TE A EK\LC
A.thaliana 71 KILACMEIGLDVG BINLTAIQIQ I IVFAGEIJIKYEKK . AJMEIVGL{RLISUNS\UST,
D.melanogaster 70 RIFSKMULVOPXERINLLTGIRIIAVESIIOGKNIXMITIVVIVGIIIINIEEG . DIIVKQ EX\YNV
M.musculus 70 RILSKLETVOPXEKITFCIGIRVEIIA AMII IARVGEIZVEDNE EK\YNV
H.sapiens 70 RILSKLEITVOPX[EKITFCEGIRVEIHIA KNHXMEIIARVGEIJVEDNE E KNV
S.pombe 140 SALCHFIDAANS. .SDSCHLVSIPPSPQ

S.cerevisiae 140 ELLDEFIAAVNNPQEETSHLLTVTIPGPR 5 3
A.niger 140 DLESDQ.TKKLEAFVENVKG. . GDGSNLALIPPGPN LGGDSS....GADGA
C.elegans 140 EKFSTFVDTLNGKEGSGSSLIVVPQGS .S CKNED..... GCAAF

A.thaliana 140 EDDDEEKPQKLEALLTAVNN. .NDGSHIVHVPSGAN . .VFTGDEGASGYVSARA
D.melanogaster 139 DHGNN. .NETLTAFINALNGKDGTGSHLVSVPRGS . JITQGED. . ... GMGGA
M.musculus 139 EFEVN. .TgKﬂTAPVNTLNGKDGTGSHLVTVPP P.ls Iﬂm.]an ...... GGAMI,
H.sapiens 139 I EEEVN. . TEKLTAFVNTLNGKDGTGSHLVTVPPGP.|S ILAGE...... GGAML

S.pombe 191 APERALLIEVAAQKISSEETEDKK .+ v v v v it vttt v vt n e a

S.cerevisiae 208 N 1 EPEQOELERLRQQOQOQOQODQPEDQ . .+ « v W

A.niger 201 A LSARLEGLEPDEKNUGIEKEKRDREEQERXANL . .« . &

C.clegans 201 M EPJERALLJAAAA . .AANGGAADSG. ...

A.thaliana 206 A EPJERALLEAAAKKAARADEAGQKDK . . ..

D.melanogaster 199 . EPDORQIAVESEQRRANPDGAPPITGGDAGGGGGVSGSGPGNEE

M.musculus 198 S MEDORQUEIEEEARRARAASAREAG . « v v v v v v vwen e een Ia

H.sapiens 198 & ROI{EEEARRAAAASAAEAG . . v v vt v vt e e vt v s IA
|

S.pombe 241 L e e e et MOE & ¢t ettt it et e e

S.cerevisiae 2 SEQPEQHQODK . . . . v v v v e v vt v s

A.niger 253 ........DN......cccccttcncnn TPEEGSSGSKDKKEDGDKMDTA. .. ...

C.elegans 251 -ADAEVAAAAAAVPL. .. .EEMDMGAMTEEQQLEWALRLSMQENAPAE. .QPQVQHECMDV

A.thaliana 258 ... .DGDTASASQETVA NAEPMDEDSALLDQAIAMSVGDVNMSEAADEDODLALALQMEMS

D.meclanogaster 267 SACAENEANTEEAMLOQRALALS PEDNLPDFANMTEEEQIAFAMOMSMODAPDDS .VTQQAKRPKTDE

M.musculus 250 TPGTE...DSDDALLEKMTINQ.O GRPCLPDLSSMTEEEQIAYAMOMSLOGTEFEQ.ESADMDASSAMD

H.sapiens 250 TTGTE...DSDDALLKMTISQ.QEFGRTGLPDLSSMTEEEQIAYAMOMSLOGAEFGQAESADIDASSAMD

S.pombe

S.cerevisiae

A.niger

C.elegans 305 DGAPAVGGDNLDDLMNNPELLQQIVDDLPAAN “KDDDKEKK. ........

A.thaliana 320 GEESSEATGAGNNLLGNCAFTSSVLSSLPGVDPNDPAVKELLASLPDESKRTEE SSSKXGEDEKK
D.melanogaster 336 ANAPMDVDEDYSEVIGDPAFLQSVLENLPGVDPQSEAVRDAVGSLN..XDKDKKSDGKDSQKK....
M.musculus 315 TSDPVK DDY.DVMQDPEFLQSVLENLPGVDPNNAATRSVMGALASQATKDGKNDKKEEEKK. . ..
H.sapiens 316 TSEPAKEEDDY.DVMQDPEFLOSVLENLPGVDPNNEAIRNAMGSLASQATKDGKKDKKEEDKK....

Figure 2.1. Sequence alignment of Rpn10 orthologs. The sequences of Rpn10 orthologs were aligned with ClustalW?2 alignment
software (Larkin et al. 2007). Similarity scores were calculated with the Risler matrix (Risler et al. 1988) and coloured accordingly. The N-
terminal VWA domain and the helix containing the UIM (identified by the cyan and dark blue bars respectively above the sequences)

are very well conserved amongst Rpn10 orthologs. The second UIM found in higher eukaryotes is indicated by a light blue bar.
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Rpn10 consists of a conserved 193 residue N-terminal domain and a single C-
terminal UIM (Figure 2.1). Higher eukaryotes contain a second C-terminal UIM. The N-
terminal domain is weakly homologous to the A-domain of the von-Willebrand-
factor (VWA), a plasma protein that mediates cellular adhesion (Whittaker et al.
2002). The structures of several VWA domains have been solved (reviewed in
Springer 2006). They all consist of a central B-sheet with one antiparallel edge
strand, sandwiched between three a-helices on each side (Figure 2.2). Despite their
similarity they do vary in terms of binding sites and binding mechanisms. The
anthrax toxin binds to the loops following the 3-sheet of lamin receptors (Santelli et
al. 2004), collagen interacts with the bottom of the VWF-A3 domain (Bienkowska et
al. 1997) and platelet glycoprotein Ib binds along the side of B-strand 3 with the von
Willebrand factor A1 domain (Huizinga et al. 2002). Some VWA domains have a
metal ion coordinated by loop residues that contribute to a motif known as the
metal-ion-dependent adhesion site (MIDAS). This motif consists of the DXSXS
sequence in the first loop, a threonine in the second and an arginine in the third
loop. The coordinated metal ion is always implicated in binding. In integrins VWA
domains undergo a large conformational change upon binding as the coordination of
the Mg?" is altered by the threonine moving in and the aspartate moving out. This

local movement is transduced to the following C-terminal domain (Springer 2006).

Figure 2.2. The canonical VWA-domain fold. The
structure of the VWA/I domain of the integrin al
subunit (PDBID 1TOP). B-strands are highlighted in
vellow, a-helices in blue and the coordinated

2+ . -
Mg** ion is coloured red.
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Several phenotypes and functions are associated with the VWA domain of Rpn10
that are well conserved across its orthologs (Figure 2.1). Proteasomes purified from
Arpnl0 yeast strains led to the discovery of the base and lid sub-complexes of the
19S RP and demonstrated the role of the Rpn10 VWA domain as a mediator between
base and lid (Glickman et al. 1998). Later in vitro assays showed that this domain
interacts with Rpn12 (C. R. M. Wilkinson et al. 2000) and the base subunit Rpnl
(Seeger et al. 2003) establishing this role. Indeed, deletion of residues 1-84 abolishes
the ability of Rpn10 to bind to PC-repeat modules from Rpnl, Rpn2 or the APC/C
component Cut4 (Seeger et al. 2003). However, Rpn10 truncated at the N-terminus
to residue 62 was still able to bind to the base of the 19S particle but not to the lid
(Glickman et al. 1998). Mutation of D11 to arginine also resulted in the dissociation
of Rpn3 and other lid subunits, possibly (as the authors suggested) by disrupting the
fold (Fu et al. 2001).

Sequence alighments revealed two highly conserved motifs towards the C-
terminus of Rpn10 (Haracska et al. 1997). Lower eukaryotes only possess the more
N-terminal one of the two. Truncated recombinant versions of the D. melanogaster
ortholog were subsequently tested for binding radiolabelled ubiquitin conjugates.
These experiments confirmed the hypothesis that ubiquitin binding is accomplished
by one or two conserved hydrophobic stretches with the consensus sequence e-e-x-
X-Q-X-X-A-p-x-e/d-S-z-x-e, where e is an acidic, x a helix-favouring, ¢ a bulky
hydrophobic and z a bulky hydrophobic or polar residue with large aliphatic content
(Swanson et al. 2003). This motif is now called the Ubiquitin Interacting Motif (UIM).
Additional support for this model came from a mutational study in S. pombe in which
the central LALAL sequence was converted to NNNNN resulting in complete loss of

ubiquitin binding (C. R. M. Wilkinson et al. 2000).

The structure of the C-terminal tail of the human ortholog S5a in complex
with ubiquitin has been determined by NMR and consists of three non-interacting
helices connected by short unstructured linker-sequences (Wang et al. 2005, Figure
2.3). Within the UIMs, the hydrophobic LALAL/IAYAM stretch forms the core of the
UIM and it is the residues at positions 1 (L216/1287) and 4 (A219/A290) that form the
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strongest and most extensive contacts with ubiquitin. In addition to these
hydrophobic interactions, S223 in UIM-1 and S294 in UIM-2 form a hydrogen bond
with the backbone of G47 of ubiquitin. The large hydrophobic residues of this stretch
also contact this residue in addition to 144. UIM-2 of S5a forms a more extensive
interface with ubiquitin (Figure 2.3A, B), and this is reflected in a fivefold higher
affinity (350 uM vs. 75 uM). Several factors contribute to this difference. Y289 can
form more extensive van-der-Waals interactions with L8 of ubiquitin than L218, the
comparable residue in UIM-1. The N-terminal region of UIM-2 comprised of P276-
T282 also caps the ubiquitin hydrophobic surface formed by L8, V70 and L71. In
more recent work, K. Walters et al. extended this study to the binding of K48-Ub,
and demonstrated that both UIMs are involved and form a 1:1-complex in which
UIM-2 is folded back to position itself next to UIM-1 to bind an open K48-Ub,
molecule (Figure 2.3C, D, Zhang, Wang, et al. 2009). Interestingly, UIM-2 has a
threefold preference for binding the proximal rather than the distal ubiquitin moiety.
In addition to the interactions observed upon monoubiquitin binding, contacts are
made by the conserved *°°FGVDPS®* sequence located N-terminal to the UIM.
Overall, these factors result in an increased affinity of Rpn10 for K48-linked Ub, of

8.9 uM.
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Figure 2.3. Interaction of S5a with ubiquitin and K48-Ub,. Both UIM-1 and UIM-2 of S5a bind to monoubiquitin
via the hydrophobic patch (L8, 144, V70) and a hydrogen bond between G47 of ubiquitin and $223/5294 of S5a.
Ubiquitin is drawn in grey and the S5a UIM helices in yellow. (A) UIM-1 contributes mainly L216, L218 and A219
(1YX5). (B) The interaction with UIM-2 is stronger because Y289 can form stronger van-der-Waals interactions
with L8 of ubiquitin than L218 (PDBID 1YX6). Both UIMs are involved in the interaction with K48-Ub, to form a
1:1 complex. (C) In a minor species, the proximal ubiquitin moiety interacts with UIM-1 (PDBID 2KDF). (D) The
interaction between UIM-1 and the distal ubiquitin moiety is more favourable because multiple contacts

between the proximal moiety and UBA-2 become more compact (PDBID 2KDE).
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Interestingly, there seems to exist a large pool of Rpn10 that is not associated with
the proteasome (Deveraux et al. 1995; Haracska et al. 1995; C. R. M. Wilkinson et al.
2000). Apart from ubiquitin, UIM-containing proteins can also bind to the UBL
domains of hHR23 and Dsk2 (Matiuhin et al. 2008; Y. Kang et al. 2007). This has been
proposed to have functional consequences. For example, it has been suggested that
by masking the UBL domain of UBL-UBA domain ubiquitin receptors Rpn10 can limit
the flow of ubiquitylated proteins to the proteasome (Matiuhin et al. 2008). A more
recent and extensive model proposes that these interactions can be exploited in vivo
to make Rpn10 effectively a ubiquitin chain-length sensor (D. Zhang et al. 2009). This
is possible because Rpn10 binds the UBL of Dsk2 tighter than ubiquitin while the
Dsk2 UBA domain has a higher affinity for ubiquitin than for its own UBL domain.
Taken together these interactions would result in a ternary complex in which the
UBA domain is bound to ubiquitin while the Rpn10 UIM masks the Dsk2 UBL domain
making it impossible for Dsk2 to bind to the proteasome (Figure 2.4A). Only when
the ubiquitin chain consists of at least four ubiquitin moieties can the complex
remodel in a way that the ubiquitin chain is shared between Rpnl10 and Dsk2

exposing the UBL domain (Figure 2.4B).
Figure 2.4. Rpnl0 can act as a

chain-length  sensor. Because
Ub ub Ub
b Rpn10 has a higher affinity for the

‘ UBA UBA

A

Dsk2 UBL domain than for
ubiquitin and the Dsk2 UBA
fonid domain binds ubiquitin more
tightly than its own UBL domain,

the UBL domain is only exposed

(and thus able to bind to the
proteasome) if a ubiquitin chain is
Ub Ub long enough to displace Rpnl0

UBA
Ub Ub 4 from the UBL domain. Model

° P? redrawn from (Zhang, Chen, et al.
ron1®
‘ 2009).
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Although the selectivity of S5a for KA48-Ub, over monoubiquitin has been
demonstrated and the structural mechanism revealed, the discrimination over K63-
linked polyubiquitin has only been addressed qualitatively (Haririnia et al. 2007; Q.
Wang et al. 2005). The question as to whether a single UIM as found in the yeast
orthologs of Rpn10 has inherent selectivity for chains of particular length and linkage

type remains to be answered.

2.2 Expression and Purification of the Rpn10 VWA Domain

Untagged Rpn10;.193 Was expressed recombinantly from E. coli and purified by a
strategy combining hydroxyapatite, ion exchange and size exclusion chromatography
(SEC). A detailed description of the purification protocol can be found in Section
6.3.3. The first hydroxyapatite chromatography step was very efficient and resulted
in ~50% pure protein (Figure 2.5A). Subsequent size exclusion chromatography
(Sephadex 75) further purified the protein to ~80% (Figure 2.5B) and exchanged the
buffer to HBS, suitable for anion-exchange chromatography. This third
chromatography step resulted in almost pure protein and — even more importantly —
removed all DNA fragments bound to Rpnl10;.193 that eluted between 40 and
60 mS/cm (Figure 2.5C). Finally, remaining minor impurities were removed with a
Sephadex 30 column (Figure 2.5D). The protein was concentrated to 18 mg/ml and
buffer-exchanged into 10 mM HEPES, 12 mM NaCl, pH 7.5 resulting in circa 2.5 mg of

pure protein from a 1-| culture.
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Figure 2.5. Purification of the untagged VWA domain. The upper panel depicts the chromatogram. Fractions

analysed by SDS-PAGE (lower panel) are identified with a red square. The untagged Rpn10 VWA domain was

purified by the use of hydroxyapatite (A), Sephadex 75 (B), MonoQ (C) and Sephadex 30 (D) columns.
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2.3 Crystallisation and Structure Determination of the Rpn10 VWA Domain

An extensive screen of the Rpn10 VWA domain purified following the above strategy
in 96-well-plate format against a mixture of commercially available sparse matrix
and systematic grid screens yielded several crystals in different conditions (Figure
2.6). Crystals were all cryo-protected with 25% glycerol and tested for X-ray
diffraction. Remarkably, the thin sheets grown in Tris/HC| pH 8.5, 1.5 M (NH,4),S0y,
25 mM MgS0O, (Figure 2.6C) were by far the best diffracting crystals and a dataset
was collected to 1.3 A at the ESRF beamline ID14.2 (Table 2.1). Previous attempts to
obtain well diffracting crystals failed despite the use of numerous constructs,
conditions and crystallisation techniques (J.-F. Trempe, unpublished data). We
speculate that this might have been caused by the VWA domain non-specifically but
quite tightly binding DNA fragments, probably via a large basic patch formed by an
accumulation of lysine residues on the surface (Figure 2.8). In the previous
purification procedures affinity-tagged constructs had been used that did not
necessitate the use of ion-exchange chromatography, the only chromatography

technique that removed the DNA from the VWA domain.

ks

g

Figure 2.6. VWA crystals. Several conditions yielded VWA domain crystals. (A) 0.1 M HEPES pH 7.5, 1.3 M
(NH,),S04. (B) 0.1 M HEPES pH 7.5, 2.0 M (NH,);SO0.. (C) Tris/HCl pH 8.5, 1.5 M (NH,),50,, 25 mM MgSO0,. (D)
0.1 M citric acid pH 5.0, 20% PEG-6000. The crystals obtained from (C) diffracted best and a single crystal was

used to collect native and sulphur-SAD datasets.

The VWA domain structure was successfully solved by Sulphur Single-Wavelength
Anomalous Dispersion (S-SAD). Native and S-SAD anomalous datasets, respectively,

were collected from the same crystal at the ESRF beamline ID14-2 and in-house.
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Datasets were integrated, using MOSFLM (Leslie 1992) and scaled using SCALA
(Collaborative Computational Project 1994), and then converted to SHELX format
(hkl) with MTZ2VARIOUS (Collaborative Computational Project 1994). Both datasets
were prepared for further analysis with SHELXC (Sheldrick 2008). Ten anomalous
sites were identified by SHELXD and phasing calculations and solvent flattening were
performed in SHELXE. At this point an electron density map with single atoms
resolved allowed model building in COOT (Emsley et al. 2004). The model was
subsequently improved by alternating building — refinement cycles in COOT and
PHENIX.REFINE (Adams et al. 2010), respectively. The final model comprises residues
2-147 and 151-193. 264 water molecules and three sulphate ions, supported by
peaks in the difference electron density map could be modelled into the density. It
possesses a crystallographic R-factor of 0.1228 and an Ryee 0f 0.1646. Data collection
and refinement statistics are given in Table 2.1. A more detailed description of the

structure solution can be found in Section 6.4.1.

Table 2.1. Rpn10 VWA crystallographic data and refinement statistics.

| sAD Native
Data Collection
Space Group | Cc2
Unit Cell dimensions
a, b, c [A] 80.08, 35.28, 60.16 79.99, 35.23, 60.14
a, B,y [°] 90.00, 111.23, 90.00 90.00, 111.2, 90.00
Wavelength [A] 1.54 0.933
Resolution [A] 30.0-2.1 (2.2-2.1) 30.0-1.3 (1.4-1.3)
Completeness [%] 100 (100) 99.4 (98.7)
Multiplicity 43.14 (38.82) 7.00 (6.80)
I/o 59.07 (33.02) 19.37 (7.34)
Rsym 0.009 (0.019) 0.036 (0.134)
Anom. Multiplicity 20.21 (11.67) 1.70 (1.70)
Anom. I/c (Inf.-2.2 A) 1.45
Anom. CC (Inf.- 2.2 A) 0.44
Refinement
Resolution Range [A] 30.0-1.3
Rwork/ Réree [%] 12.28/16.46
Average B factor [A’] 15.73
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2.4 The Rpnl1l0 VWA Crystal Structure

The Rpn10 VWA structure consists of a central six-stranded B-sheet of five parallel
strands and one anti-parallel edge-strand (3) sandwiched between two triplets of
o-helices (Figure 2.7A). As expected, the fold and topology is very similar to that of
other VWA and I-domains despite their low sequence identities. Between 1 and al
the Rpn10 VWA domain has a five-amino-acid insertion that is almost invariant
amongst Rpn10 orthologs and is absent in most other VWA domains (Figure 2.1).
Notably the insertion disrupts the metal-ion-dependent adhesion site (MIDAS) that
binds Mg”" ions in a number of VWA domains (Springer 2006). As described above,
this part of the VWA fold is essential for maintaining the structural integrity of the
19S proteasome and for conferring resistance to amino acid analogues (Fu et al.
2001). The structure reveals that the substitution of D11 at the end of 1 to an
arginine that results in the dissociation of Rpn3 and other lid subunits would not only
prevent the formation of a hydrogen bond between the side chain of D11 and the
backbone nitrogen of G115 (located at the end of B4), but might also disrupt the
hydrogen bond between S13 and S116 (Figure 2.7B). Together, these changes could

result in loss of the loop orientations necessary for interactions with the lid.
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Figure 2.7. The Rpn10 VWA structure. (A) Cross-view stereo pair of the structure of the Rpn10 VWA domain, drawn with
secondary structure elements coloured yellow (f-sheets 31-p6) and blue (o-helices ct1-a6). Amino acids that constitute the
pseudo-MIDAS at the end of 31 are drawn as cylinders, labelled and coloured in coral. (B) Secondary structure alignment of the
region around the MIDAS of integrin oL with the same region of Rpn10. Rpn10 is coloured identical to (C) and the Mg2+ ion
coordinated by integrin ol is highlighted in cyan. The MIDAS is characterised by the sequence DXSXS together with threonine
and aspartate residues in the second (between a2 and 0.3) and third (between (34 and 04) loops, respectively. In the Rpn10
VWA domain, these residues are replaced by the sequence DNSEW (of which the side chains of D11, S13 and W15 are drawn)
and amino acids A85 and G115. Despite low sequence conservation the region is structurally highly conserved. (C) displays the
disrupted MIDAS of Rpn10 from a different point of view. The hydrogen bonds formed by D11 show the importance of
interactions in this region for the structural integrity of the “top loop” region of the fold. The 2F.-F. electron density map is

contoured at 0.81 e‘/A?’and drawn in blue, the anomalous difference map at 10.01 e'/A3 and coloured orange.
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Analysis of the surface electrostatics revealed a large basic patch covering a
substantial part of one side of the VWA domain (Figure 2.8A). The orientation of the
VWA domain in the top panel is similar to that of the secondary structure overview
in Figure 2.7. Conserved surface residues were identified by colouring the surface
according to conservation scores obtained from CONSURF (Landau et al. 2005) from
white to green and residues with scores >8 being bright green (Figure 2.8B). This
analysis revealed a large patch on the top end of the domain that is formed by
extended loops involved in the pseudo-MIDAS (Figure 2.7A). We used the PISA
software (Evgeny Krissinel et al. 2007) to identify interfaces and surfaces of the
crystal structure that may be possible protein-protein interaction sites. One interface
can be formed by a symmetry operation generating a twofold axis on a surface
formed by a1 and a.2. This interaction would involve an area of 561.5 A%, The same
interface was involved in crystal contacts in another crystal form of the Rpn10 VWA
domain (J-F Trempe, unpublished data). The solvation free energy gain upon
formation of the interface is -6.7 kcal/mol reflecting the hydrophobic nature of the
interaction. A second interface formed by crystal contacts involves the pseudo-
MIDAS interacting with the side formed by the parallel p6 edge-strand. This
interaction was also predicted to be of hydrophobic nature with a free energy gain of

-6.0 kcal/mol.
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Figure 2.8. Rpn10 surface properties and mutagenesis. (A) Surface electrostatics analysis reveals a striking basic
patch on one side of the VWA domain (top panel). (B) Conserved surface residues were identified with the
software CONSURF (Landau et al. 2005) and calculated conservation scores ranging from 1 (low) to 9 (high) were
used to highlight the most conserved residues. Residues scoring <5 are coloured in white, those scoring 5-8 are

highlighted with a gradient from white to green and those scoring >8 in bright green.

2.5 The VWA Structure Identifies Potential Sites of Rpn10 Interactions

VWA domains have no conserved protein-protein interaction sites. In VWA domains
with a MIDAS, the coordinated metal ion is always implicated in binding. Other
binding sites have also been identified along the antiparallel 3 edge-strand and
near the bottom-side of the domain (Springer 2006). Based on the analysis of the
solvent-exposed surface of the Rpn10 VWA domain, we designed patches of alanine
mutations in order to identify potential protein-protein binding sites (Figure 2.9 and
Table 2.2). Although Rpn10 does not contain a MIDAS, the equivalent region is
structurally very well conserved (Figure 2.7C) and contains the solvent-exposed W15
residue indicative of a potential binding site. These mutations in the context of the
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full-length protein were tested by our collaborator C. Gordon for their ability to
rescue a Arpnl0, Arhp23 conditional lethal S. pombe strain. Previous experiments
had shown that Rpn10AUIM was able to restore wild-type functionality in this strain
whereas the UIM on its own failed to do so. All of the VWA mutations we generated
were able to rescue this yeast strain suggesting that our mutations did not

sufficiently interrupt the interaction site.

Figure 2.9. Rpn10 mutagenesis. Based on the analysis of the solvent-exposed surface of the Rpn10 VWA domain,

five patches were mutated to alanine to identify potential binding sites.

Table 2.2. Rpn10 VWA mutants.

Region Mutations

Pseudo-MIDAS | E14A, W15A, N18A

PISA-Dimer D31A, H34A, D68A, H77A

p3-a3 T64A, Q92A, H100A, E102A, K104A, R107A
Basic patch K123A, K127A, K130A, K133A, K134A
p6-06

2.6 The Rpn10 UIM Binds Selectively to K48-Ub,

It has previously been shown that tandem UIMs can discriminate between mono-
and polyubiquitin (N. Zhang et al. 2009) or exhibit specificity for K63-Ub, (Y. Sato et
al. 2009). In both cases avidity effects are exploited. Yeast Rpnl0 cannot take
advantage of these effects because it contains only a single single-sided UIM. It was
unknown whether other mechanisms of discrimination are used by yeast Rpn10 or
whether the chain selectivity of this protein was a later evolutionary acquirement.

To determine the selectivity of Rpn10 for K48-Ub, we characterised the interactions
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between Rpnl0 and ubiquitin by Isothermal Titration Calorimetry (ITC) and
sedimentation velocity analytical ultracentrifugation (AUC) to avoid artificial avidity
effects often seen in surface-based methods such as SPR. Initial ITC experiments
were used to determine approximate affinities and then the experiments were
repeated using concentrations ~10x Ky in the cell and ~100x Ky in the syringe. These
experiments required very high protein concentrations (up to 6.9 mM) and only the
three ubiquitin species tested (monoubiquitin, K48-Ub, and K63-Ub,) proved soluble
at these concentrations. For this reason, only the ubiquitin species were used in the
syringe. Heats of dilution were determined by titrating the ubiquitin species into
buffer and were subsequently subtracted. Rpn10 bound to both monoubiquitin and
K48-Ub, with 1:1 stoichiometry and exhibited a ten-fold preference for binding K48-
Ub, (Kg= 13.9 uM) over monoubiquitin (Kg= 139 uM). The binding of K63-Ub, to
Rpn10 showed 1:2 stoichiometry and could be modelled by K63-Ub, having two
equivalent binding sites for SpRpnl10 each with an affinity similar to that of
monoubiquitin (134 uM). AUC was used to confirm the stoichiometries and affinities
determined by ITC by another method. Analysis of the interaction of Rpn10 with
K48- and K63-linked Ub, by sedimentation velocity AUC unambiguously confirmed
that K48-Ub, forms a 1:1 complex with Rpn10. AUC analysis of the K63-Ub,/Rpn10
complex yielded a broader profile that was consistent with the predominant species
in solution being a 1:1 complex of relatively weakly binding proteins. It is likely that
the 2:1 Rpn10:K63-Ub, species was not observed by sedimentation velocity AUC
because the lifetime of this complex is too short for detection by this non-

equilibrium method.
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Figure 2.10. Rpn10 interactions with various ubiquitin chains. (A-C) ITC analysis. Raw ITC traces with the
respective integrated and normalized isotherms of Rpn10 with monoubiquitin (A), K48-Ub, (B) and K63-Ub, (C).
Monoubiquitin and K48-Ub, show 1:1 binding characteristics with affinities of 139 uM and 13.9 uM respectively.
The interaction of K63-Ub, with Rpn10 can be modelled by a two-site model in which each ubiquitin moiety binds
Rpn10 with a Ky (134 uM) equivalent to that of monoubiquitin. (D-F). Sedimentation velocity analytical
ultracentrifugation. Size distribution profiles for each Ub, titration are shown in (D) for Rpn10 K48-Ub, and (E) for
Rpn10 and K63-Ub,. The total protein concentration was kept constant at 300 uM and the Ub,:Rpn10 ratio was
varied from 0.2 (black), 0.5 (blue), 1 (red), 1.5 (purple), 2.5 (magenta) to 4.0 (cyan). (F) Plots of the
experimentally determined weight-average sedimentation coefficients against the molar ratio indicate in each
case formation of a 1:1 complex at the given concentrations. Values for the K48-and K63-linked Ub, titrations are

plotted as blue triangles and black circles respectively.

To characterise the binding and discrimination mechanism we used 'H/BN
heteronuclear single quantum coherence (HSQC) NMR titrations to identify residues
in the UIM and the different ubiquitin species that mediate the UIM-ubiquitin
interaction. The resulting two-dimensional spectra contain a peak for each proton
attached to °N and thus at least one peak for each amino acid (except proline).
Because in a folded reasonably sized protein the chemical environment of each of

these protons is usually diverse, a well-dispersed spectrum can be expected. Ligand
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binding results in a change in the chemical environment of the residues comprising
the binding sites that manifests itself in shifts of the corresponding peaks. With
'H/™N HSQC assignments of both ubiquitin and Rpn10 spectra available from the
Biological Magnetic Resonance Data Bank and previous work by J-F Trempe,
respectively, we titrated monoubiquitin, K48-Ub, and K63-Ub, into *°N-labelled
Rpnl10 (and vice-versa) and plotted the resulting chemical shift perturbations (CSP)
against the corresponding residue number (Figure 2.11). Grey bars indicate peak
attenuation. Attenuation of specific peaks (in contrast to broadening of most of the
peaks in a spectrum) normally reflects intermediate or slow (on the NMR chemical
shift timescale) exchange between free and ligand-bound states due to slow on/off
kinetics. All NMR titrations and data analysis were performed by C. Riedinger.
Because the C-terminus of Rpn10 is largely unstructured and very flexible, it was
possible to only view peaks from this part of the molecule by choosing a higher
contour level. All three ubiquitin species were found to bind to almost identical
amino acids of Rpnl10 centred on the canonical UIM (Figure 2.11B). A notable
exception is K48-Ub, that seems to weakly interact with the sequence preceding the
UIM (193-198). To be able to discriminate between the proximal and distal ubiquitin
moieties in the diubiquitin species, we used segmentally **N-labelled Ub, in which
either the proximal or the distal moiety was isotope-labelled. Remarkably, only
minor differences between both proximal-distal moieties and between the different
ubiquitin species could be detected (Figure 2.11A). In all cases, amino acids around
the core hydrophobic patch (residues L8, 144 and V70) display major changes in their
chemical environment characterised by slow on/off kinetics. Both K63-Ub, moieties
experience essentially identical CSP and signal attenuation, which are also extremely
similar to the ones observed with monoubiquitin. K48-Ub, differs slightly. Its distal
moiety experiences strong perturbations at the very C-terminus that were not
observed in any of the other ubiquitin species used. This might indicate some direct
participation of the isopeptide bond. However, these results exclude a discrimination
model in which the UIM directly recognises structural features of the isopeptide
bond linkage because the NMR data demonstrates that both ubiquitin moieties are
involved in interactions with the UIM that are very similar between all tested
ubiquitin species.
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Figure 2.11. Rpn10 and ubiquitin bind via the hydrophobic patch and the UIM. (A) NMR analysis of the
interaction between “N-labeled ubiquitin chains and Rpnl10. Chemical shift changes observed in N-labeled
proximal and distal K48-Ub,, K63-Ub, and monoubiquitin at 1.44 fold molar excess of Rpn10. (B) Weighted H/EN
chemical shift perturbations in backbone amide HSQC peaks of 15N-anlO after addition of monoubiquitin, K63-
Ub, or K48-Ub,. Residues for which the peak position in the bound state could not be determined are highlighted

in grey. The position of the LALAL motif that forms the core of the Rpn10-ubiquitin binding site is boxed in cyan.

Because all attempts to crystallise the full-length protein were unsuccessful we
decided to use a previously determined NMR structure of the C-terminal tail
(residues 196-306) of S5a (Q. Wang et al. 2005) to generate a homology model using
the software ESYPRED3D (Lambert et al. 2002). The resulting structure is in
agreement with CaCpB chemical shifts obtained from NMR assignments performed
previously by C. Riedinger and has been used in our models describing the

interactions between Rpn10 and monoubiquitin, K63-Ub, and K48-Ub, (see below).
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2.7 Discussion

Analysis of the surface properties of the Rpn10 VWA domain allowed us to identify
patches that are possibly involved in protein-protein interactions. In all analyses
(electrostatics, conservation, interface prediction) the pseudo-MIDAS was highlighted
as a potential binding site. This is also the only site identified that corresponds with
known VWA interactions sites. No intriguing properties were found at the antiparallel
edge-strand or the bottom side of the domain that are reported protein-protein
interaction sites in other VWA domains. Unfortunately, none of our mutants displayed
any effect in a rescue experiment in the background of a Arpn10, Arhp23 S. pombe
strain. Although the VWA was needed in this rescue experiment it is possible that,
instead of being involved in any interaction, it is necessary to stabilise the UIM that
might be prone to degradation due to its largely unstructured nature. Another
interesting in vivo background to test the mutants in would be a temperature-sensitive
strain in which Rpnl2 is truncated. This strain has previously been shown to be

rescued by over-expression of Rpn10 (Wilkinson et al. 2000).

Selectivity for K48-linked ubiquitin chains by a UIM has previously been
reported only for two adjacent UIMs exploiting avidity effects or double-sided UIMs
(Sims et al. 2009; Zhang et al. 2009; Hirano et al. 2006a). It was questionable whether
a single a-helix could discriminate between different polyubiquitin chains. By using ITC
to determine the affinities for K48-Ub,, K63-Ub, and monoubiquitin, we avoided the
avidity effects from GST-dimerisation that have led to previous false claims of Rpn10
not being selective for K48-linked ubiquitin chains (N. Zhang et al. 2009). Our results
clearly demonstrate an almost tenfold higher affinity for K48-Ub, over both
monoubiquitin and K63-Ub, (Figure 2.10). At the same time these experiments
revealed that the different complexes also have different stoichiometries: whereas
monoubiquitin and K48-Ub, form a 1:1 complex, K63-Ub, can bind two Rpnl0
molecules with an affinity identical to that of monoubiquitin. Our AUC experiments
support both of these findings: the weaker affinity of the K63-Ub,:Rpn10 complex is
reflected in broader c(s) distribution peaks and the lack of a 2:1 complex can be

explained by the fact that at the concentrations used, this non-equilibrium method
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could not resolve this species. Unfortunately, we were not able to determine the
affinities of these complexes by AUC. Global analysis of the sedimentation profiles
with the software SEDPHAT (Dam et al. 2005) failed because of an apparently very
poorly defined isotherm resulting in many possible solutions. This could possibly be
overcome by keeping the concentration of one protein constant over the titration

thus effectively only sampling one slice of the 3-dimensional isotherm.

Our segmental labelling NMR experiments demonstrated that both K48-linked
ubiquitin moieties seem to bind equally well to the UIM. Because the Rpn10 UIM is not a
double-sided UIM, this means that there are either two populations (with Rpn10 bound to
either the proximal or the distal ubiquitin) or there is a dynamic equilibrium between
binding to one moiety, dissociation and rebinding to the other one. Because the affinity is
not very high (making dissociation a frequent event) and the two hydrophobic patches are
facing each other we propose a model in which sterically favoured rebinding to either the
same or the other ubiquitin moiety results in the tenfold discrimination over
monoubiquitin and K63-Ub, (Figure 2.12A, B). K63-Ub,, however, has a very elongated
conformation and the two hydrophobic patches are on almost opposite sides on the Ub,
molecule (Figure 1.3D). This would allow two Rpnl10 molecules to engage with one
hydrophobic patch each at the same time albeit with much lower affinity (Figure 2.12C).
This model is supported by our findings that both ubiquitin moieties experience the same
chemical shift perturbations and that the ITC data could be fit to a two-site binding model.
This tenfold selectivity should be attributed to the conformation of K48-Ub, rather than
Rpn10 and any ubiquitin receptor with a single o-helix should have this discriminatory
effect if it does not possess other features that favour binding to a different linkage type
such as the Rap80 tandem UIMs. It is interesting to note that the affinity between K48-Ub,
and Rpn10 as determined by us is slightly stronger than the K; determined by competition
experiments with 26S proteasomes (Thrower et al. 2000) even though the recently
discovered proteasomal ubiquitin receptor Rpn13 binds K48-Ub, about 150 times stronger
(Husnjak et al. 2008). The already very high affinity of Rpn13 for monoubiquitin might
suggest a role distinct from recruiting substrates to the proteasome. Its ability to bind the
DUB Uch37 could indicate a role in the proper deubiquitylation of proteasomal substrates

or the recycling of ubiquitin moieties from ubiquitin chains.
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Figure 2.12. Ubiquitin binding to Rpn10. Models for K48- and K63-Ub, binding to Rpn10. (A) The two hydrophobic patches
(orange) of K48-Ub, are facing each other and form a groove that can only accommodate one UIM. With the proximal moiety
bound, the distal one would be positioned on the opposite side of the UIM-helix. (B) Binding of the distal ubiquitin moiety to
the UIM places the proximal in close proximity to the Rpn10 linker region. The groove formed between the two moieties
“traps” the UIM between two UIM binding sites allowing for efficient rebinding. (C) K63-Ub, is quite extended and the two
hydrophobic UIM binding sites are located on opposite sides of the molecule. This relative disposition permits independent
binding of two Rpn10 molecules. Residues within the Rpn10 linker sequence that undergo significant chemical shifts upon K48-
Ub, binding are coloured dark cyan while the canonical LALAL moaitif is coloured cyan. Ubiquitin residues L8, 144 H68 and V70
that contribute to the UIM binding site are coloured in orange. Additional K63-Ub, residues that experience peak broadening

upon Rpn10 addition are coloured brown.
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3 Rpnl2 Competes With Ubiquitin for Binding to Rpn10

3.1 Introduction

Rpnl2 is an essential gene, however, a genetic study in yeast could not identify a
specific function for the wild-type protein (Nisogi et al. 1992). The synthetic lethality
of the Arpn10 and mts3-1 (a temperature-sensitive Rpn12 mutation) mutations in S.
pombe was the first genetic indication that there might be an interaction between
the two proteins (C. R. M. Wilkinson et al. 2000). Further biochemical
characterisation confirmed this finding and demonstrated that they physically
associate. This interaction is not dependant on the Rpn10 UIM as Rpn12 was shown
to bind equally well to wild—type Rpn10 and to an Rpn10 mutant in which the LALAL
sequence had been mutated to NNNNN. Interestingly, however, an intact UIM is
required for Rpn10 to rescue the mts3-1 phenotype at the restrictive temperature by

over-expression (C. R. M. Wilkinson et al. 2000).

Rpn12 consists of an N-terminal PClI domain and therefore by analogy to
other PCl domains it is likely to serve as a scaffold for the assembly of other
proteasomal lid components. Indeed, biochemical studies and mass spectrometry
have demonstrated that Rpnl2 is part of a sub-complex of the proteasomal lid
(Glickman, Rubin, Oliver Coux, et al. 1998; Sharon et al. 2006). It belongs to the
atypical Rpn12-like class of PCl proteins that is defined by (i) the lack of any
preceding sequence, (ii) a poorly conserved TPR-like N-terminus and (iii) a C-terminal
WHD (Pick et al. 2009). An analysis of reported structures has highlighted the
extreme versatility of TPR domains: amino acid insertions, loop modifications and
changes of the helix length can all be accommodated while still maintaining the TPR
fold (D'Andrea et al. 2003). This structural diversity is reflected in the fact that no
single binding site is conserved. Protein-protein interactions have been identified at
a groove formed by the TPRs of the protein Hop (Scheufler et al. 2000) but also at
the loops connecting the helices of TPRs 2 and 3 of p67°" (Lapouge et al. 2000).
Interestingly, in this structure the aforementioned groove is still utilised to form an

7phox

intra-molecular interaction with the unstructured p6 C-terminus. In A. thaliana
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CSN7, K144 within the B-sheet of its WHD and E44/H71 located on the second TPR

have been shown to contribute to the interaction with CSN8 (Dessau et al. 2008). It

has therefore been proposed that one face of the TPR domain and another from the

WHD form contact surfaces with CSN8. This structure demonstrates that TPR

domains are poorly conserved and very versatile protein-protein interaction units

that have adapted to a variety of cellular environments. It is therefore not surprising

that the primary sequence among Rpnl2 orthologs is much less (31.9% vs. 50.7%

pairwise identity) conserved than that of Rpn10 (Figure 3.1).
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Figure 3.1. Sequence alignment of Rpn12 orthologs. The sequences of Rpnl0 orthologs were aligned with

ClustalW2 alignment software (Larkin et al. 2007). Similarity scores were calculated with the Risler matrix (Risler

et al. 1988) and coloured accordingly. Compared with Rpn10 the sequence is much less conserved. Blue and

orange bars indicate the TPR and WH domains, respectively.
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3.2 Expression, Purification and Crystallisation of Rpn12

S. pombe Rpn12 was expressed recombinantly as a 3C-protease-cleavable GST-fusion
protein in E. coli BL21(DE3) from the vector pGEX-6P-1. Because the full-length
protein purified as two species suggesting partial degradation, limited proteolysis
with subtilisin A was used to produce proteolytically stable constructs. N-terminal
sequencing (A. Willis, Department of Biochemistry, Oxford) and mass spectrometry
(J. Nettleship, OPPF, Oxford) identified two C-terminal truncations terminating at
residues 228 and 250. The two sequences Rpnl2;,s and Rpnl2i,s9 were
subsequently cloned into pGEX-6P-1 and expressed in E. coli BL21(DE3) cells. Briefly,
both Rpn12 constructs were purified from the soluble fraction by a combination of
affinity chromatography exploiting the GST tag and size-exclusion chromatography
(Figure 3.2). A more detailed description of the purification protocol can be found in
Section 6.3.4. Selected fractions from the size-exclusion column were pooled and
concentrated to 12 mg/ml. Rpn12 was then screened using a selection of sparse
matrix crystallisation screens (Section 6.4.2) at 20 °C. The cloning, purification and
crystallisation of the two Rpn12 constructs was carried out under my supervision by

C. Khoudian, a Part Il M. Biochem. Student.
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Figure 3.2. Rpn12 purification. (A) The final step of the Rpn12 purification is exemplified by a Sephadex 75 size-
exclusion chromatogram of Rpn12;_,,s. (B) SDS PAGE demonstrating the achieved purity of the different Rpn12
constructs. The double-band resulting from C-terminal degradation during expression of the full-length protein is

clearly visible.

Only the shorter Rpn12 construct containing residues 1-228 produced crystals of
good quality in several conditions. These conditions were characterised by being
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buffered in the range of pH 6.5 to pH 8.5 and containing added salt and circa 20%
high molecular weight polyethylene glycols (Figure 3.3). By varying the pH and
precipitant concentration in the customised screens, these general conditions were
optimised and produced large crystals. A native dataset of a crystal grown in 0.2 M
NaNQs, 0.1 M Bis-Tris propane pH 7.5, 22.5% PEG-3350 was collected at the ESRF
beamline ID14.2 to 1.6 A.

Figure 3.3. Rpn12 crystals obtained from different conditions. (A) 0.2 M MgCl,, 0.1 M Tris pH 8.5, 20% PEG
8000. (B) 0.2 M Nal, 0.1 M Bis-Tris propane pH 6.5, 20% PEG 3350. (C) 0.2 M NaNOs, 0.1 M Bis-Tris propane
pH 6.5, 20% PEG 3350. (D) 0.2 M NaNOs, 0.1 M Bis-Tris propane pH 7.5, 22.5% PEG 3350.

3.3 Rpnl2 Structure Determination

Initial attempts to phase the data using a sulphur-SAD dataset collected on a rotating
anode source were unsuccessful as was heavy atom and iodine soaking. To
overcome these difficulties, further crystals were grown from selenomethionine-
containing protein and then used to collect a SAD dataset at the ESRF on beamline
ID14.4 at a wavelength of 0.979 A (Table 3.1). The datasets were integrated with
MOSFLM (Leslie 1992) and scaled with SCALA (Collaborative Computational Project
1994). For the structure calculation the SHELX suite was used (Sheldrick 2008). Both
datasets were prepared by SHELXC. The anomalous signal to noise (reported by
SHELXC as d”’/o) dropped below 1.5 at 2.3 A and therefore the maximal resolution
for SHELXD to identify anomalous sites was limited to 2.4 A. This search resulted in
14 anomalous sites with an occupancy above 0.3, consistent with 14
selenomethionine residues per asymmetric unit. Based on this substructure, SHELXE
calculated phases for all reflections and optimised these by applying connectivity
restraints and using solvent-flattening with a solvent content of 54%. This resulted in

an electron density map of sufficient quality to manually build most of the molecule.
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Several rounds of alternating cycles of refinement in PHENIX.REFINE (Paul D Adams
et al. 2010) and manual building in COOT (Emsley et al. 2004) resulted in a model
with a crystallographic R-factor of 18.80% and an Rgee Of 22.48%. It contains two
polypeptide chains (A and B), 364 water, four nitrate, three glycerol and two

monothioglycerol molecules.

3.4 The Rpnl2 crystal structure

The Rpn12 crystals contained two molecules in the asymmetric unit referred to as
chain A and chain B, connected by a disulphide bridge formed by their respective
C178 residues. The model for chain A contains residues 1-222 and the N-terminal
GPLGS remainder of the restriction/3C-cleavage site, that for chain B residues 5-224.
In both proteins, a monothioglycerol molecule was also found to form a disulphide
bond with C65. As the Rpn12 construct encodes the first 228 residues, amino acids
225-228 were not visible in the electron density maps and were presumed to be

disordered.

Table 3.1. Rpn12 crystallographic data and refinement statistics.

| sAD Native
Data Collection
Space Group | P2,2,2,
Unit Cell dimensions
a, b, c [A] 41.45,91.32,142.73 41.78,91.38, 143.34
a, B,v[°] 90, 90, 90 90, 90, 90
Wavelength [A] 0.979 0.9685
Resolution [A] 43.48-1.88 (1.98-1.88) 42.34-1.59 (1.67-1.59)
Completeness [%] 99.4 (99.3) 99.7 (99.7)
Multiplicity 7.0(7.0) 3.9(3.9)
I/o 21.9 (4.1) 17.1(2.5)
Rsym 0.057 (0.389) 0.050 (0.497)
Rpim 0.032 (0.170) 0.030 (0.285)
Anom. Multiplicity 3.7 (3.7)
Anom. CC (Inf.-2.3 A) 0.75
Anom. I/c (Inf.-2.3 A) 3.17
Refinement
Resolution Range [A] 40.11-1.59
Number of Reflections 73327
Rwork/ Reree [%] 18.89/ 23.67
Average B factor [A’] 31.97
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Figure 3.4. Cross-view Stereo Pair of Rpn12. (A) Rpnl2 consists of four N-terminal tetratrico peptide repeats

(TPRs, blue) connected via a long helix to a winged helix domain (WHD, orange).

As predicted from sequence analysis, the Rpn12 PCl domain consists of a TPR-like N-
terminal domain connected to a WHD by a long helix. This helix is often referred to
as the “capping” and/or “solubility helix” in the general PCI domain architecture
(Figure 3.4). The TPR domain itself contains four repeats forming an elongated
superhelix in which each TPR motif is rotated about 20° anticlockwise around a
common axis. The long capping helix is packed against the last repeat and connects
to the WHD giving the whole molecule an extended shape with a concave and a
convex side. This structure has been previously described for the closely related
elongation factor elF3k (Wei et al. 2004). Comparing the two structures reveals the
typical PClI domain organization (Figure 3.5). However, the TPRs in Rpnl2 are less

densely packed resulting in an overall more extended shape.
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Figure 3.5. The Rpn12 TPR domain differs from that of elF3k. The Rpn12 (A) and elF3K (PDBID 1RZ4) (B) crystal structures were
aligned on their WHDs with CCPAMG (Potterton et al. 2004). Although the secondary structures are very similar the TPR domains of
these two proteins differ substantially in their tertiary structures. The Rpn12 a-helices are generally longer and TPRs 3 and 4 are parallel
to the capping helix. TPRs 1 and 2 are rotated by about 40 °. In contrast, all of the TPRs in elF3k are rotated with respect to each other

and the capping helix. This gives the molecule a less extended shape than Rpn12.

The WHDs of Rpn12 and elF3 are structurally similar with an rmsd of 1.34 A over 49
residues despite only 15% sequence identity (Figure 3.6). It seems likely that the
Rpnl12 C-terminus following the WHD that is missing in this structure might well

extend along the concave face as a rather unstructured peptide.

Figure 3.6. The WHDs of Rpn12 and elF3k are
structurally conserved. Secondary structure
alignment of the WHDs of elF3k (blue, PDBID
1RZ4) with that of Rpnl2 (orange). Structures
were aligned using CCPAMG (Potterton et al.
2004). Despite 15% sequence identity the three-
dimensional structure is almost perfectly

conserved.

54



The surface electrostatics are evenly distributed around the molecule with the only
noteworthy exception being a single glutamate residue (E185) that is surrounded by
a hydrophobic patch surface on the surface formed by a9 and al10 (Figure 3.7A).
Using the Rpnl2 sequence alignment (Figure 3.1) the most conserved surface
residues were identified with CONSURF (Landau et al. 2005) and visualised using
CCPAMG (Potterton et al. 2004), (Figure 3.7B). Interestingly, the vast majority of the
highly conserved amino acids are located on one side of Rpnl2. A large patch is
found on the convex face at the end of the TPR motif. This patch involves helices a6
of TPR3 and a7 of TPR4 extending into the WHD via the long capping helix. In

addition a much smaller conserved patch is located between TPRs 1 and 2.
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Figure 3.7. Rpn12 surface analysis. (A) Surface electrostatics analysis reveals evenly distributed charges
throughout the whole molecule. Notable is a single glutamate residue surrounded by hydrophobic amino acids
(top panel). (B) Conserved surface residues were identified with the software CONSURF (Landau et al. 2005) and
the calculated conservation scores ranging from 1 (low) to 9 (high) were used to highlight the most conserved
residues. Residues scoring <5 are coloured in white, those scoring 5-8 are highlighted with a gradient from white

to green and those scoring >8 in bright green.
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3.5 The interaction between Rpn12 and Rpn10

Genetic and biochemical approaches have previously demonstrated an interaction
between Rpnl10 and Rpnl12 (C. R. M. Wilkinson et al. 2000). To confirm the
interaction using purified components we carried out a series of SPR titrations
immobilising Rpn12 on the chip and flowing over increasing concentrations of full-
length Rpn10 and the Rpnl10 VWA domain as the analytes (Figure 3.8). To our
surprise using this technique, the interaction between the Rpn10 VWA domain and
Rpnl12 was much weaker (88 =76 uM) than that of the full-length protein
(1.9 £ 0.1 uM) (Figure 3.8B). To assess the nature of the interaction the dissociation
rates were recorded after short (150 s), medium (300 s) and long (1200 s) analyte
injections (Figure 3.8C). Decreasing dissociation rates after long association times are
an indicator for a slow conformational change occurring that stabilises the
interaction. The decreased dissociation rate that could be detected, however, was
too subtle to draw any further conclusions. Because of the very high affinity of full-
length Rpn10 for Rpn12 and the unusually slow dissociation rates (Figure 3.8A) we
set out to confirm our findings by another, solution-based method. Unfortunately,
no signal could be detected using ITC even though titrations were carried out at
elevated concentrations of Rpn10 (100 uM) and Rpn12 (1000 uM). ITC measures the
enthalpy of a binding event. Rarely, very little or no heat is absorbed or released
during such an event in which case this method cannot be used. The interaction

between Rpn10 and Rpn12 seems to be one of these cases.
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Figure 3.8. The Rpn12-Rpn10 interaction as measured by SPR. Analysis of the Rpn10-Rpn12 interaction by SPR
demonstrated that the sequence towards the Rpnl0 C-terminus that includes the UIM makes a major
contribution to the binding of Rpn10 to Rpn12. (A) Raw SPR traces of full-length Rpn10 (black) and the Rpn10
VWA domain (red) flown over immobilised Rpn12. (B) The equilibrium binding values were plotted against the
respective analyte concentration and the resulting binding curves were fitted with a 1:1 binding model. (C)

Dissociation traces after 150 s (blue), 300 s (green) and 1200 s (red) association times.

'H/™N HSQC NMR titrations were performed by C. Riedinger to confirm our findings
from the SPR experiments and to further characterise the interaction. Addition of
both Rpn12 and ubiquitin to *°N-labelled Rpn10 resulted in substantial chemical shift
perturbations in the sequence towards the C-terminus of Rpn10 (Figure 3.9A). The
same residues that were implicated in the recognition of ubiquitin were also found
to be involved in Rpn12 binding, notably D207, V208, L210, L212 and A213. This is
the first report to our knowledge of a protein other than ubiquitin interacting with a
UIM. To determine whether this interaction with Rpn12 excludes the binding of
ubiquitin the *H/*N HSQC spectra of Rpn10 in the apo state, after Rpn12, K48-Ub,

and Rpn12 and K48-Ub, addition were compared (Figure 3.9B). The peak position in
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the latter experiment was in almost all cases identical to that of the K48-Ub, titration
but most importantly distinct from that of the Rpnl10-Rpnl12 complex. This
experiment clearly demonstrates that binding to the UIM is an exclusive event and

K48-Ub, can effectively displace Rpn12 at the given concentrations.
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Figure 3.9. Rpn12 interacts with the Rpn10 UIM and competes for ubiquitin binding. (A) Comparison of CSP of
Rpn10 residues 192-243 upon addition of Rpnl2 (top panel) or monoubiquitin (lower panel). In both cases the
UIM contributes to most of the interactions. (B) Selected residues of Rpn10 in the apo state (black), in the
presence of 3-fold excess of Rpn12 (green), in the presence of equimolar K48-Ub, (blue) and at 1:3:1 ratios of

Rpn10:Rpn12:K48-Ub, (red).

To quantitate our findings, Rpn12 was fluorescently labelled with the thiol-reactive
dye Oregon Green 488 maleimide and binding to Rpn10-FL, Rpn10 VWA and Rpn10
UIM was measured (see Section 6.7 for experimental details). All three constructs
bound to Rpn12 (Figure 3.11A). The isolated VWA domain bound most weakly, with
a measured Kyq of 75+ 11 uM. The UIM and the full-length protein bound more
strongly and with equivalent affinities (18 +9 uM and 7.3 = 1.8 uM, respectively,
Figure 3.11A, B). To calibrate this method with ITC the interaction between the

Rpn10 UIM and K48-Ub, was also measured. Using this method, a K4 of 9 = 2 uM was
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determined for the interaction, a similar value to that measured by ITC

(13.9 £ 0.6 uM), (Figure 3.11B).

Figure 3.10. Rpn12 mutagenesis. The three surface patches mutated to alanine are highlighted in cyan (Y183),
purple (N106, H112, E116) and red (K29, Q76).

In order to characterize the interactions between Rpn12 and Rpn10 in more detail, a
series of Rpn12 mutants was created. Based on Rpn12 surface analysis (Figure 3.7)
three patches were mutated to alanine: K29/Q76, N106/H112/E116 and Y183
(Figure 3.10). After confirming that these mutants were correctly folded by
comparing their 1D 'H NMR spectra to that of the wild-type protein, their effect on
Rpn10 binding was studied by NMR and fluorescence anisotropy. Wild type Rpn12
and mutants were added in fivefold excess to >N-labelled Rpn10, in order to detect
and compare the extent of binding. Using this approach, the Y183A and the triple
mutations showed identical chemical shift changes compared to wild-type Rpnl2,
suggesting that binding to Rpn10 is not affected by these mutations. However, the
Rpn12 29/76 mutant completely abolished binding to Rpn10, as the spectrum in the
presence of the mutant was identical to that in the unbound state of Rpn10 UIM.
This suggests that the 29/76 mutation is located at the main binding site mediating

the interaction with Rpn10.
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To further probe the interactions, fluorescence anisotropy titrations were
subsequently performed in 384-well plates with a total reaction volume of 20 ul.
Increasing concentrations of Rpn10 were titrated into fluorescently labelled Rpn12
(prepared as described in 6.3.4) and the fluorescence anisotropy was recorded.
These experiments confirmed the essentially wild-type affinity of the Rpnil2
N106A/H112A/E116A mutant for Rpnl10 (Figure 3.11A). However, the measured
affinity of the K29A/Q76A mutant was only reduced threefold from K4=7.3 + 0.8 uM
to 18.3 = 1.3 uM. This value is still higher than that of the Rpn10 VWA domain for

wild-type Rpn12 (75 =11 uM, Figure 3.11A). It is unclear why no CSPs could be
observed in the NMR titration.
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Figure 3.11. Interaction between Rpn10 and Rpn12 as measured by fluorescence anisotropy. (A). The VWA
domain (red) had an affinity to wild-type Rpn12 of 75 uM while the full-length protein bound with 7.6 uM
(black). The N106A/H112A/E116A mutant (blue) essentially showed wild-type behaviour (8.8 uM) but the
K29A/Q76A mutation (magenta) reduced the affinity to 18.3 uM. (B) Both K48-Ub, and Rpn12 bound to
the C-terminus (196-243) of Rpn10. Compared to full-length Rpn10 the affinity towards Rpn12 is
reduced to 18 uM (blue) but that of K48-Ub- is essentially unaltered 9 uM (black).

61



3.6 Discussion

TPR domains are extremely versatile units involved in protein-protein interactions.
This is also the reason why no conserved binding site has been identified. Indeed,
interactions within protein complexes have been mapped to as diverse faces of the
proteins as a groove formed by a slight offset of the repeats in some TPR domains,
loops connecting TPRs or surfaces formed by the a-helices of a TPR. The Rpn121.524
crystal structure is an Rpn12-like atypical PCI domain and contains both a TPR and a
winged helix domain. Analysis of the solvent-exposed surface identified patches that
are conserved amongst Rpnl12 orthologs and are thus potential protein-protein
interaction sites. Interestingly all of these patches are concentrated on the convex
side of the molecule with the only other notable patch being located between TPRs1

and 2 (Figure 3.7B).

VWA domains are also protein-protein interaction domains. Its unique
location within the 19S RP between base and lid makes Rpn10 not only a ubiquitin
receptor but also a mediator and it has been shown to interact with various other
subunits of the 19S5 RP (Rpnl, Rpn12 and Rpn9). VWA domains are involved in a
number of signalling pathways and a number of binding sites have been mapped to
different parts of the VWA surface (Springer 2006). This is compatible with the
proposed role of Rpn10 as a mediator between base and lid. In integrins the metal
ion dependant adhesion site (MIDAS) undergoes a conformational change upon
binding that is transduced to the C-terminal domain. In Rpn10 the MIDAS is not
conserved and no metal ion can be coordinated. This makes signal transduction
through the domain unlikely — but not impossible — because it is the change in the
metal ion coordination that triggers the conformational change. Interestingly,
however, the structural organisation of the loops contributing to the MIDAS is very
well conserved in Rpn10 (Figure 2.7B, C). Together with a patch of conserved surface
residues and a solvent-exposed tryptophan residue the top loop region of Rpn10 has
the features of a potential protein-binding site. The mutations we introduced into
Rpn10 (Figure 2.8C) did not have any effect in vivo in the context of a Arpni0Q,

Arhp23 S. pombe strain. This assay, however, might just address the ubiquitin
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binding functionality of Rpn10. It would be interesting to characterise the impact of
these mutations on the interactions with proposed binding partners such as Rpn9,

Rpn1l and Rpn12.

All of these interactions had been proposed to be mediated via the VWA
domain so our finding that the UIM is involved in the interaction with Rpn12 was
unexpected. The initial experiments that indicated this behaviour were surface-
based SPR measurements in which the binding curves exhibited an unusually slow
off-rate (Figure 3.8A). SPR experiments can be problematic because the immobilised
binding partner can be oriented in a specific way that favours or impedes binding.
Nevertheless, it is possible to retrieve information on the binding mode by
measuring the dissociation rate after increasingly long association times. If the
dissociation rate is significantly higher after a short analyte injection but slower after
a long association, a slow event strengthening the interaction (such as a
conformational change) is likely to have happened. This experiment did not
unambiguously demonstrate either behaviour as the differences in the dissociation
rates are very small (Figure 3.8C) but a slightly decreased dissociation rate could be
observed after the longest sample injection. The two binding sites we characterised
could explain this behaviour: a stronger interaction via the UIM and a much weaker
interaction via the VWA binding site. But even if the VWA domain is involved in
Rpni12 binding the question still remains as to why Rpn12 interacts with Rpn10 in a
way that can exclude ubiquitin-binding. Most importantly, the affinities of the Rpn10
UIM for both Rpn12 and K48-Ub, are modest and very similar. This might allow
displacement of Rpn12 by ubiquitin chains and could provide a potentially powerful
way of modulating ubiquitin recognition by Rpn10. It could be possible that only
ubiquitin chains of a certain kind and length effectively compete with Rpn12
resulting in a larger discriminatory effect than the one resulting from the Rpni0-

ubiquitin interaction alone.

It has been demonstrated that an intact UIM is necessary to rescue an
Rpni12,.197 temperature-sensitive S. pombe strain by overexpression of Rpn10. Rpn12
is essential for proteasomal integrity and deletion of the gene is lethal. The

truncated construct removes the WHD, highlighting the importance of this domain
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for proteasome integrity. Over-expression of Rpnl0 in this strain rescues the
temperature-sensitive phenotype, possibly by helping to maintain the structure of
the 19S RP. It is conceivable that a higher concentration of Rpn10 can help to restore
the interaction with Rpn12 despite the loss of one potential binding site on the
WHD. Attempts to co-crystallise Rpn10 and Rpn12 failed. However, this is perhaps
not surprising given the relatively weak interaction. Unfortunately we were also not
able to characterise the binding sites on both proteins sufficiently well to use this
data as restraints to generate a model of the complex with the CNS software
HADDOCK (Dominguez et al. 2003; Briinger et al. 1998). Another route to identify
the Rpnl12 UIM binding site would be soaking of Rpnl12;,,3 crystals or co-
crystallisation with a short Rpn10 peptide containing only the central UIM binding
motif as identified by NMR. Small-angle X-ray scattering (SAXS) could also be used to
calculate a surface envelope that could be used as additional restraints in creating a
model based on the two crystal structures. Such a model of the Rpnl10-Rpn12
complex would possibly be of sufficient size to locate unambiguously within an EM
envelope. For this experiment W. Baumeister has already kindly agreed to provide us
with a new S. pombe EM dataset that his group is currently collecting. This would be
a significant step towards a better understanding of 19S regulatory particle

organisation.
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4 Rhp23 Binds Selectively to K48-Ub,

4.1 Introduction

The gene encoding Rad23, the S. cerevisiae ortholog of Rhp23, was discovered in an
attempt to decipher the reason for UV-sensitivity in a yeast strain expressing
abnormally high levels of iso-2-cytochrome C (Rothstein et al. 1980). The deletion of
two adjacent genes was later found to be responsible for this phenotype. One of the
genes (Rad23) was the sole cause of increased UV-sensitivity (McKnight et al. 1981).
It was later revealed that it participates in a process that detects and repairs DNA
lesions that distort the DNA helix known as nucleotide excision repair (NER). NER is
well conserved between yeast and humans and most research has been undertaken
using either Rad23 or the human orthologs hHR23a or hHR23b. The NER pathway
can be divided into four steps (reviewed in Dantuma et al. 2009): (i) recognition of
the DNA lesions by Rad4/XPC, which is exclusively found in complex with
Rad23/hHR23. Rad4 can only efficiently bind to distorted DNA and thus indirectly
recognises DNA lesions that destabilise the DNA helix. These lesions such as
cyclobutane pyrimidine dimers and 6-4 phosphoproducts are primarily caused by
short wavelength UV light. (ii) These lesions result in the recruitment of more factors
including the DNA helicases Rad3/XPD and Rad25/XPB that unwind the DNA. (iii) The
endonucleases Rad1/XPF and Rad2/XPG then remove a 25-30 nucleotide long patch
of single stranded DNA including the lesion followed by (iv) repair synthesis and
ligation. Despite decades of research the specific role of Rad23/hHR23 in this process
remains obscure and currently only a function stabilising Rad4/XPC is well

established (Ng et al. 2003; Ortolan et al. 2004).
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Figure 4.1. NMR structure of the human ortholog of Rad23 (PDBID 10QY). A C-terminal UBL domain (orange) is
connected via a long unstructured linker to two UBA domains (blue) that are separated by an XPC-binding

domain (green).

In addition Rad23 plays an important role in ubiquitin-mediated proteasomal
degradation (L. Chen et al. 2002). It contains four domains: a C-terminal ubiquitin-
like domain (UBL) and two UBA domains separated by the Rad4-binding domain
(Figure 4.1). UBL domains are typically located at the extreme N-terminus of a
protein and adopt a ubiquitin-like B-grasp fold despite only 20-25% sequence
identity. They are capable of interacting with UBDs (Ryu et al. 2003) similarly to
ubiquitin and can also interact with the proteasomal subunits Rpn1 and Rpn2 that do
not interact with ubiquitin directly (Schreiner et al. 2008; Elsasser et al. 2002). The
Rad23 UBL domain can be exchanged for ubiquitin without impairing NER function
(Lambertson et al. 2003). However, the functionality of Rad23 then becomes
dependant on enzymes involved in targeting proteins with an N-terminal ubiquitin

moiety (ubiquitin fusion degradation (UFD) substrates) for proteasomal degradation.

Both UBA domains of Rad23 are capable of binding ubiquitin but have been
reported to do so with different specificities. UBA1 possessed a slight preference for
K63-linked polyubiquitin chains whereas UBA2 selectively bound K48-Ub, (Raasi et
al. 2005). It is also important to note that earlier studies demonstrated that both
UBA domains of hHR23a form interactions with the UBL domain (Walters et al. 2003)

that may alter the affinities and/or selectivity towards different ubiquitin species.
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Rad23 is a member of a class of proteins that has been defined by their possession of
both UBL and UBA domains. Because they possess domains that enable potentially
simultaneous engagement with ubiquitin and with the proteasome but are not
integral stoichiometric subunits of the proteasome, they have been described as
shuttle proteins. A model has been proposed in which the proteasome-interacting
UBL domain of the shuttle protein is occupied by a UBA domain unless ubiquitylated
substrate is bound. The ubiquitin chain of that substrate can displace the UBL
domain upon binding allowing its interaction with the proteasome. After recycling of
the ubiquitin, the re-established UBL-UBA interaction finally results in the protein’s
dissociation from the proteasome. This is an appealing model and several studies
have demonstrated that UBL-UBA proteins play a positive role in substrate
degradation (Funakoshi et al. 2002; Lambertson et al. 1999; Rao et al. 2002).
However, in vitro studies have often found an inhibitory effect of Rad23 (Raasi et al.
2003). These seemingly contradictory results are conceivable because UBA domains
can principally mask ubiquitin chains and UBL domains can block binding sites at the
proteasome but, at the same time, are also able to foster interactions between the
proteasome and ubiquitylated substrates. Fine-tuned concentration-dependant
interplay between the various ubiquitin receptors seems to be necessary for efficient
degradation of all substrates. This is reflected in recent studies proposing functions
such as chain-length sensing by the interplay between Rpn10 and Dsk2 (Figure 2.4,
Zhang, Chen, et al. 2009).

Another interesting property of UBL-UBA proteins is the ability to interact
directly via their UBL domain with ubiquitin ligases capturing the ubiquitin chain
while the substrate is still bound to the ligase. For example Rad23 and Dsk2 both
bind Ufd2 (Richly et al. 2005; I. Kim et al. 2004) whereas Ddil interacts with Ufol
(Kaplun et al. 2005).

Rhp23 and its orthologs are the only proteasome associated UBL-UBA
proteins with more than one UBA domain. The second UBA domain might promote
avid interactions with longer polyubiquitin chains but in vivo and in vitro studies
have shown that the interaction of UBA2 with ubiquitin has no impact on Rad23

function (Bertolaet et al. 2001; L. Chen et al. 2002). Other than binding ubiquitin, a
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stabilising effect on Rad23 has more recently been attributed to UBA2 (Heessen et al.
2005). This study elegantly demonstrated that GFP-based substrates of the UPS were
stabilised by the C-terminal addition of Rad23 UBA2 but not UBA1. Other C-terminal
UBA domains of Dsk2, Ddil and Edel exhibited the same stabilising effect. This might be
a necessary feature of proteins that have to interact with the proteasome to avoid

degradation.

To assess the effect of the ubiquitin-binding properties of the Rhp23 UBA
domains we designed mutations that abolish their affinities for ubiquitin. Based on NMR
studies with the human ortholog hHR23B (Ryu et al. 2003) and structural alignment we
designed mutations in both UBA domains to disrupt the ubiquitin binding properties
(M157A, L183A within UBA1 and L303A, Y358A within UBA2). In order to de-convolute
the contributions of both UBA domains each of them was mutated in the context of the
full-length protein (FL-UBA1 m., FL-UBA2 m., FL-UBA1+2 m.) and within the context of
the individual domains (UBA1 m., UBA2 m.). The effects of these mutations were

compared to the wild-type Rhp23 (FL-wt, UBA1 wt, UBA2 wt) proteins.

4.2 Expression and Purification of Rhp23

The eight Rhp23 constructs tested in this study were most successfully expressed in E.
coli in terrific broth medium following induction with 500 uM IPTG (Section 6.3.5).
Glutathione sepharose affinity chromatography resulted in ~100 mg GST-fusion protein
per litre medium for each of the individual UBA domains and ~20 mg for full-length
Rhp23. Size exclusion chromatography (SEC) was used as the final purification step and

resulted in >90% pure protein (Figure 4.2).
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4.2.1 Generation of Fluorescently Labelled Ubiquitin

As described previously, UBL-UBA proteins such as Rhp23 not only bind ubiquitin via
their UBA domain(s) but also form inter- and intra-molecular complexes via the
interaction of the UBA with the UBL domain. ITC is not suitable to measure the
binding of ubiquitin chains to these proteins because the UBL-UBA interactions make
unambiguous data analysis impossible without the introduction of a substantial
number of mutations. To overcome these problems, we decided to use fluorescence

anisotropy to measure binding to fluorescently labelled ubiquitin species.

The most specific method for covalently attaching fluorophores to a protein
is to exploit thiol-reactive groups as found in dye derivatives such as the Oregon
Green 488 maleimide used here. At the correct pH they exclusively react with
reduced cysteine residues in the protein. As ubiquitin does not contain any cysteine
residues the ubiquitin mutants generated for the defined synthesis of diubiquitin
(Section 6.3.2) were exploited without the need for any further mutagenesis.
Because the fluorescent dye coupled to C48 of ubiquitin negatively influenced its
binding properties, a double mutant (K48R, K63C) was produced to generate
fluorescently-labelled K48-Ub,. All ubiquitin mutants expressed at about 30 mg of
protein per litre terrific broth and were purified by perchloric acid precipitation and
ion exchange chromatography (Figure 4.3A). The labelled proteins could be
separated efficiently from unreacted dye by SEC and eluted as a single peak (Figure
4.3B). The labelled and purified ubiquitin was then used to generate diubiquitin as
described in Section 6.3.2 and was purified by ion-exchange chromatography (Figure
4.3C). This resulted in pure mono-, K48- or K63-linked diubiquitin carrying the
fluorescent label on C63 (Figure 4.3D). C63-labelled K48-Ub, bound to Rpn10 with an
affinity very similar (9 uM, Figure 3.11D) to that determined by ITC (13.9 uM, Figure
2.108B).
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Figure 4.3. Purification of fluorescently labelled ubiquitin. (A) The expressed ubiquitin mutants were first
purified by cation exchange chromatography and then labelled with the thiol-reactive dye Oregon Green 488
maleimide. (B) Excessive dye was removed by size-exclusion chromatography. (C) After the ubiquitin chain-
formation reaction, pure labelled Ub, was obtained by cation exchange chromatography. (D) Peak fractions
highlighted in (C) were resolved by SDS PAGE and visualised by Coomassie staining (top panel) and UV-light

excitation (lower panel). The separation of labelled from unlabelled Ub, is clearly demonstrated.

4.3 The Interactions of Rhp23 With Ubiquitin

Rhp23 contains an N-terminal UBL and two C-terminal UBA domains separated by an
XPC-binding domain. It has been speculated that the main function of UBA2 of the S.
cerevisiae ortholog Rad23 is not as a ubiquitin receptor but rather that it serves as an
internal stabilisation signal to avoid degradation by the proteasome (Heessen et al.
2005). Our collaborator C. Gordon tested full-length Rhp23 containing either one or
both mutant UBA domains for their ability to rescue a Arpn10, Arhp23 temperature-
sensitive S. pombe strain. Only Rhp23 containing the mutated UBA2 domain could

rescue the strain at 36 °C (Error! Reference source not found.).
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Figure 4.4. Rhp23 rescue experiments. Wild-type and mutant (unable to bind ubiquitin) UBA domains are

coloured blue and red, respectively. (A) An intact UBA2 in the context of full-length Rhp23 is not sufficient to
rescue the Arpnl0, Arhp23 S. pombe strain. (B) Mutation of UBA2 has little or no effect in this assay. (C)

Rhp23 in which both UBAs are mutated cannot rescue the Arpn10, Arhp23 S. pombe strain.

In order to elucidate the reason for this behaviour, we used the fluorescence
anisotropy assay as described (Section 6.7) to characterise the interactions of the
different Rhp23 full-length (Rhp23-FL) constructs as well as the isolated UBA
domains with ubiquitin. We first set out to establish whether Rhp23 binds
preferentially to monoubiquitin, K48-Ub2 or K63-Ub2. We tested the wild-type
constructs of both the full-length protein and the individual UBA domains. All
constructs preferentially bound K48-Ub2. The strongest (~15-fold) discriminatory
effect was detected for the full-length protein where the affinity increased from
138 + 47 uM to 103 =36 uM to 7.0 = 0.8 uM for monoubiquitin, K63-Ub2 and K48-
Ub2, respectively (Figure 4.5A). The UBA1 domain in isolation bound monoubiquitin
with an affinity of 126 + 80 uM and discriminated against K63-Ub2 about 2.5-fold
(51 = 16 uM). K48-Ub2 had an affinity of 18.8 + 4.7 uM for the UBA1 domain, only

threefold weaker than the full-length protein (rigure 4.5B). It was not surprising then
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that the UBA2 domain generally exhibited much weaker binding to all ubiquitin
chains tested. It bound K48-Ub2 with 48 + 13 uM affinity and the interactions with
both monoubiquitin and K63-Ub2 at >200 uM were too weak to determine a precise

value with this method (Figure 4.5C).

As these experiments clearly established the K48-linked ubiquitin chain
selectivity of Rhp23, we focused on K48-Ub, to characterise the different UBA-
mutant constructs. As expected from the previous results, mutation of UBA2 had
almost no impact on the affinity for K48-Ub, in the context of Rhp23-FL. The overall
affinity decreased from 7.0 = 0.8 uM to 11.9 + 0.7 uM (Figure 4.5D). We suspect the
residual ubiquitin-binding properties of UBA2 (>200 uM) to be the reason for this
slightly stronger interaction when compared to the UBA1 domain alone (Figure
4.5E). The effect of mutating UBA1, however, was much stronger. In the context of
the full-length protein the affinity dropped to 34 = 7 uM, which is in good agreement
with the value obtained for UBA2 in isolation (48 +13 uM). The isolated and
mutated domain had no detectable binding (Figure 4.5D, E). Not surprisingly the
mutation of both UBA domains in Rhp23-FL had the severest effect reducing the
affinity to >200 uM. These results are in agreement with the in vivo experiments and

underline the importance of the ubiquitin-binding properties of UBA1.
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Figure 4.5. Rhp23-ubiquitin interactions as measured by fluorescence anisotropy. (A) Full-length Rhp23 bound
K48-Ub, with 7.0 uM affinity (green) but both monoubiquitin (138 uM, black) and K63-Ub, (103 uM, brown)
more than tenfold weaker. The individual UBA domains displayed the same behaviour but to a different extent.
(B) UBA1 had an approximately six-fold lower affinity for monoubiquitin compared with K48-Ub, (19 uM vs.
126 uM) but the discrimination towards K63-Ub, was less (51 uM). (C) UBA2 had an overall much reduced
affinity for ubiquitin. The affinities for both monoubiquitin and K63-Ub, were >200 uM. K48-Ub, bound more
strongly (48 uM) but much weaker than UBAL. (D-E) The effects of mutations within the UBA domains to K48-
Ub,-binding. (D) In the context of the full-length protein, mutation of UBA2 (blue) had almost no effect reducing
the affinity from 7.0 uM to 10.9 uM. If UBA1 was mutated, however, the affinity decreased about 4.5-fold to
31 uM (orange). Mutation of both UBAs resulted in almost complete loss of binding with an affinity of >200 uM
(red). (E) Looking at the individual UBA domains, the UBA1 mutation (red) resulted in the loss of binding while

mutation of UBA2 retained some residual affinity that was, however, >200 uM (orange).

4.4 Discussion

Previous reports have claimed that UBA1 and UBA2 of Rad23 have different chain
selectivity. These SPR experiments, however, used GST-fusion proteins that
artificially favour K63-linked ubiquitin chains (Sims, A. Haririnia, et al. 2009). Our
fluorescence anisotropy experiments clearly demonstrated a preference for K48-Ub,
over both monoubiquitin and K63-Ub, and confirmed previous findings that UBA2
has very weak affinity for all ubiquitin chains tested (Figure 4.5). It has been shown
that the UBA2 but not UBA1 domain is essential for the stability of Rad23 in vivo by
preventing the degradation of Rhp23 (Heessen et al. 2005). This functionality is

probably independent of its ubiquitin-binding properties and it was speculated that
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UBA2 provides a compact fold that does not allow the initiation of unfolding, one
condition for proteasomal degradation (Prakash et al. 2004). In vivo experiments
performed by our collaborator C. Gordon have shown that the ubiquitin-binding
properties of UBA1 but not UBA2 are essential for the rescue of a Arhp23, Arpni0 S.

pombe strain function (Error! Reference source not found.).

The role of UBA2 remains poorly understood. Its ubiquitin binding properties
are not essential even in a Arpn10 background and Rad23 without any UBA domain
can still function in DNA repair (Bertolaet et al. 2001). Its stabilising effect on Rhp23
has clearly been demonstrated (Heessen et al. 2005) but it is questionable whether
this is the sole function of UBA2 or it is a property commonly found in the C-terminal
domains of proteins that reversibly associate with the proteasome. This idea is
supported by the findings that the single UBA domains of Ddil and Edel exhibit the

same stabilising effects.

Although not essential, the Rhp23 UBA2 domain did have an effect on the
affinity of the full-length protein towards the different ubiquitin species. While the
affinity towards K48-Ub, only increased by about 1.5-fold it did, however, contribute
to a circa 5.4-fold increased specificity of the full-length protein toward K48-Ub,
when compared with UBA1 alone (from a 2.7-fold difference between K48-Ub, and
K63-Ub, in UBA1 to a 14.7-fold difference in Rhp23-FL). This might reflect the
beginning of an adaptation towards a higher specificity for K48-linked polyubiquitin

chains by exploiting the avidity effects arising from a second UBA domain.
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5 Discussion and Concluding Remarks

It is remarkable how a single protein can be utilised in such a variety of signalling
pathways by simply altering its polymerisation state. When the ubiquitin
proteasome system was discovered it was probably mostly considered to be an
irreversible route to degradation at the proteasome. Three decades of research have
elucidated many of the steps involved and drawn the picture of an extremely diverse
system that is highly convoluted and most importantly still incomplete. The precise
role of the different polyubiquitin chains is still not clear, more ubiquitin receptors
have been identified than are necessary for the current model of ubiquitin
recognition and the mechanism by which the 19S RP binds and unfolds substrates

while recycling the ubiquitin moieties remains to be understood.

One of the most pressing questions is the reason for the redundancy of
ubiquitin receptors. Five proteasome-associated receptors have been identified that
are all (and also in combination) non-essential in S. cerevisiae (D. Finley, personal
communication). The existence of more ubiquitin receptors is therefore highly likely

|ll

but it is questionable whether one essential “master” receptor exists. More likely,
several receptors have evolved with each of them having slight preferences for a
subset of substrates while retaining the ability to recognise and deliver other
substrates in situations of stress (such as the loss of another receptor). The evolution
of ever more complex multicellular organisms required additional levels of
regulation including the UPS. It is likely that this specialisation involves the
development of substrate-subset-specific polyubiquitin receptors. This idea is
supported by findings that this redundant functionality is reduced in higher

eukaryotes that do rely on Rpn10 during embryonic development (Hamazaki et al.

2007).

Eight different types of polyubiquitin chains exist (excluding branched chains)
and each encodes a different signal. It is therefore necessary for the system to be
able to effectively discriminate between them. It might be supposed that this role
would fall to specialised ubiquitin receptors. However, even though some receptors

have preferences for binding one chain over another in vitro, overall their abilities to
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discriminate seem rather modest. This is especially true in the presence of the very
high cellular ubiquitin concentrations. Unless other ubiquitin receptors with much
higher selectivity are discovered, it is more likely that a well-balanced system has
evolved in which modest changes in the affinities are integrated over the whole
pathway and culminate in an increased likelihood of degradation. In an extreme
case, a ubiquitin-protein ligase could already temporarily be associated with the
proteasome while producing K48-linked polyubiquitin. This chain then tethers the
substrate efficiently to the proteasome for a time long enough to initiate unfolding
and degradation. In the case of a “wrong” chain ending up at the proteasome, in
addition to a weaker affinity for proteasomal ubiquitin receptors, DUBs could

enhance this effect by preferentially removing those chains.

While the mechanism of proteasomal proteolysis is very well understood
thanks, in part, to structures at atomic resolution of the 20S catalytic particle, the
precise functions of the 19S regulatory particle are still rather obscure. We know it
binds polyubiquitylated substrates, recycles the ubiquitin and unfolds the target
protein but for no step is the mechanism known. It becomes even more complicated
— but also more interesting — because substrate denaturation seems to be coupled to

deubiquitylation in order to avoid degradation of the ubiquitin moieties.

In this thesis we hope to contribute to answering questions related to both
19S organisation and ubiquitin recognition. In the absence of any high-resolution
structure of the 19S5 RP the two novel crystal structures presented here can serve as
a starting point to the stepwise structural elucidation of this crucial cellular complex.
One of them, Rpnl0, serves as a ubiquitin receptor and we have analysed its
ubiquitin-binding properties in detail. We have demonstrated in vitro that Rpn10
preferentially binds to K48-Ub, over both monoubiquitin and K63-Ub,. The
discriminatory effect, however, is modest and it remains to be determined whether
this is sufficient to mediate Rpn10 function in vivo. In this respect the interaction of
Rpn10 and Rpn12 may be relevant. Here it is shown for the first time that a UIM can
bind to a protein unrelated to ubiquitin. The fact that this binding event excludes a
simultaneous interaction with ubiquitin raises the question as to whether the

masking of the UIM by Rpnl2 has a regulatory function. Masking of a UIM by
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monoubiquitylation of a nearby lysine residue to negatively regulate its binding
properties has recently been described (Isasa et al. 2010) and intra-molecular
interactions in UBL-UBA molecules might serve a similar purpose. For a detailed
description of the effects of the Rpnl10-Rpn12 interaction careful analysis in the
context of intact proteasomes will be necessary. The interaction between the UIM
and Rpnl2 is weak but may not be as easily disrupted by ubiquitin if Rpn10 and
Rpnl2 are already bound in a tight complex within the 19S regulatory particle. Thus,
any discriminatory effect might only exist when these proteins are part of the

proteasome.

Analysis of the crystal structures of Rpnl2 and the Rpn10 VWA domain
identified several residues that when mutated could interrupt the interactions with
potential binding partners. In in vivo rescue experiments the Rpnl0 mutations
exhibited wild-type like behaviour in a ARpn10, ARhp23 S. pombe strain, possibly
because this rescue does not directly rely on the VWA domain. Once initial
recombinant expression difficulties are overcome, we will be able to measure their
interactions with Rpn12 and other 19S RP subunits such as Rpn9 in vitro. In Rpn12,
the mutation of K29 and Q76 to alanine did negatively affect binding to Rpn10 and
together with an assignment of the Rpn12 *H/**N HSQC spectrum we are hoping to
identify the Rpn10-Rpn12 binding interface. However, a complex with a size of >50
kDa is a challenging sample for NMR and we are currently aiming to determine
better restraints for the calculation of a model of the complex structure that could
be docked into a high-resolution cryo-EM map. This would be the first step toward a

better understanding of the organisation and thus function of the 19S RP.
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6 Materials and Methods

6.1 Buffers and Reagents

All experiments were performed at 20 °C, if not stated otherwise. Chemicals were
obtained from Sigma. Primers were purchased from VHBio/IDT and restriction
enzymes, DNA ladders, Antarctic Phosphatase, T4 DNA Ligase and Phusion DNA
Polymerase were from New England Biolabs. Gel Extraction and MiniPrep kits from
Qiagen and all FPLC columns and column materials from GE Healthcare. The In-
Fusion cloning kit and chemically competent molecular cloning grade cells were
purchased from Clontech. The plasmids for the expression of E2 enzymes were a
kind gift from R. Poon (Cdc34) and D. Komander (UBC13, UEV1A). The murine E1
plasmid was a gift from K. lwai and the protein was prepared by N. Brown. GST-
tagged full-length Rpn10, Rpn10 VWA (1-195) and full-length Rpn12 constructs

subcloned into pGEX-6P-1 (GE Healthcare) were a gift from Jean-Francois Trempe.

6.2 Molecular Biology Methods

6.2.1 Competent Cell Preparation and Transformation

Chemically competent E. coli cells of the expression strains B834, BL21(DE3) Star and
Rosetta 2 were prepared by a method described previously (Inoue et al. 1990).
250 ml cultures were grown in 21| flasks in Super Optimal broth with Catabolic
repression (SOC) at 18 °C to an ODgy of 0.75. The cells were then harvested by
centrifugation at 2500x g and 4 °C for ten minutes. The pellet was then resuspended
in 80 ml ice-cold transformation buffer (10 mM HEPES, 55 mM MnCl,, 15 mM CaCl,,
250 mM KCl, pH 6.7). After another identical centrifugation step the cells were
resuspended in 20 ml ice-cold transformation buffer and DMSO was slowly added to
a final concentration of 7%. Subsequently, the suspension was incubated on ice for
ten minutes before being aliquotted (200 ul) and flash-frozen in liquid nitrogen prior

to storage at -80 °C.
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A few nanograms of plasmid DNA were transformed into chemically competent E.
coli cells. The E. coli DH5a. strain was used for cloning, the BL21(DE3) Star strain was
used for general protein expression, the Rosetta 2 strain for the expression of genes
containing rare codons and the methionine auxotroph strain B834 for expression of
selenomethionine derivatives. 50 ul aliquots of the cells were carefully thawed on
ice and incubated for 30 minutes with no more than 5 ul plasmid DNA. After a 30 s
heatshock in a 42 °C waterbath the cells were immediately put on ice for another
two minutes. Subsequently, 250 ul SOC were added to the cells and incubated for
one hour at 37 °C with vigorous shaking. The cells were then spun down at 500x g,
resuspended in 50 ul SOC and spread onto an LB agar plate containing the

appropriate antibiotics.

6.2.2 PCR Reactions

Phusion High-Fidelity DNA Polymerase was used in all high-fidelity PCRs. Typically, a
50 ul reaction contained 1 x Phusion HF Buffer, 0.2 mM dNTPs, 0.5 uM forward and
reverse primers, 2 ng template DNA and 1 U Phusion DNA Polymerase. The reaction
was carried out in a Bio-Rad iCycler apparatus. After an initial 30 s denaturation step
at 98 °C, 25 cycles of denaturation (98 °C, 10 s), annealing (65 °C, 30 s) and extension
(72 °C, 15 s/kb) were followed by five minutes final extension. Subsequently, the PCR
products were checked by 1% agarose gel electrophoresis in TAE buffer (40 mM Tris,
20 mM acetate, 1 mM EDTA, pH 8.5). The products were purified using the Qiaquick

Gel Extraction kit (Qiagen).

6.2.3 Restriction Enzyme Digestion

For restriction enzyme/DNA ligation-based cloning the desired coding sequences
were amplified by PCR using primers containing different restriction sites compatible
with the vector multiple cloning site. Typically, double-digests were performed. 1 ug
of both the PCR product and vector were each incubated for three hours at 37 °C
with 10 U of the restriction enzymes, 1x the appropriate reaction buffer and BSAin a
total volume of 50 ul. Subsequently the products were purified by 1% agarose gel

electrophoresis and gel extraction. The linearised vector was then dephosphorylated

79



with Antarctic Phosphatase by incubating 1 ug DNA with 10 U enzyme for one hour
at 37 °C to reduce background of re-ligated empty vector. Prior to ligation the
phosphatase was inactivated by incubation at 65 °C for 15 minutes. Ligation the
linearised vector with the insert was carried out at 20 °C over night with 80 U T4
DNA ligase, 0.1-0.5 uM linearised vector and threefold molar excess of insert DNA in
10 ul 1x T4 DNA Ligase buffer. After inactivation by incubating the reaction for 10
minutes at 65 °C, 3 ul were transformed into chemically competent DH5a E. coli

cells.

6.2.4 Ligation-Independent Cloning

For ligation-free cloning linearised vector DNA was produced by PCR to avoid any
background from transformed empty vector. The insert was amplified by PCR using
primers that at their ends contain 15 bases homologous to the vector ends. Insert
and vector DNA were incubated for 15 minutes at 37 °C and at a 2:1 molar ratio in
the In-Fusion (Clontech) reaction buffer containing the proprietary enzyme mix.
After another incubation period of 15 minutes at 50 °C the reaction was diluted
fivefold in TE buffer (10 mM Tris pH 8.0, 1 mM EDTA) and ~8 ng DNA were

transformed into chemically competent FusionBlue (Clontech) cells.

6.2.5 Site-Directed Mutagenesis

All mutagenesis was performed by using mutagenic primer pairs containing the
desired mutation flanked by 15 complementary bases on each side amplifying the
whole plasmid by PCR (Section 6.2.2). Subsequently, the template (unmutated) DNA
was digested by addition of 10 U Dpn1 and incubation at 37 °C for one hour. About

5 ng of DNA were then transformed into E. coli DH5a chemically competent cells.

6.3 Protein Expression and Purification

Cultures were grown in terrific broth or autoinduction medium (Studier 2005)
supplemented with the appropriate antibiotics (carbenicillin at 100 ug/ml,
kanamycin at 50 ug/ml and chloramphenicol at 35 ug/ml) at 37 °C with vigorous
shaking. At on ODggo of 0.6, the temperature was reduced to 20 °C and in case of
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non-autoinduction medium protein expression was induced with 500 uM IPTG. The
cells were harvested after eight (non-autoinduction medium) or 24h by
centrifugation at 4000x g for 20 minutes at 4 °C, resuspended in HBS supplemented
with Roche Protease Inhibitor Cocktail (EDTA free) at the recommended

concentration and stored at -80 °C.
6.3.1 Expression of GST-Fusion Proteins

A number of proteins used in this study including all E2 enzymes were expressed and
purified as GST-fusions and a similar purification strategy was used in each case. E.
coli cell pellets were thawed under cold running water, sonicated and the cell lysate
clarified by centrifugation at 75 000x g. The soluble fraction was applied to a
glutathione-sepharose 4B column (GE Healthcare, typical column volume 10 ml)
equilibrated at 4 °C in HBS. Following protein loading, the column was washed to
baseline with HBS and then GST-fusion proteins were eluted with 20 mM glutathione
in HBS. The protein yield was determined by measuring the A,s, absorbance.
Removal of the GST was achieved by incubation with 3C protease at a molar ratio of
1:500 at 4 °C overnight. Samples were then concentrated (if required) to a volume of
10 ml prior to loading onto a K26 Sephadex 75 (GE Healthcare) size-exclusion column
equilibrated in HBS at 20 °C. This step provided an additional purification step and
buffer-exchanged the sample to remove the glutathione. For those proteins that co-
eluted from the column with GST, fractions containing the protein of interest were
pooled and re-applied to a clean glutathione sepharose column and the flow-
through collected. Proteins were either used immediately and kept at 4 °C for short-

term or at -80 °C for long-term storage.
6.3.2 Ubiquitin

Ubiquitin chains were essentially prepared as described previously (Pickart et al.
2005). This involved the generation of ubiquitin constructs that have either the C-
terminal G76 or the lysine responsible for the desired linkage type blocked. Addition
of D77 (Ub”’") and mutation of K48/K63 (Ub**¥“/Ub*®*%) to cysteine achieved this.

The ubiquitin mutants were generated in a pGEX-6P-1 vector backbone with the
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GST-fusion tag deleted and expressed in terrific broth media at 37 °C for 5 h after
induction with 200 uM IPTG. The purification strategy takes advantage of the
extraordinary stability of ubiquitin: precipitation of the lysate with perchloric acid at
a final concentration of 0.5% precipitated almost all bacterial proteins. For further
purification the supernatant was dialysed against 50 mM ammonium acetate pH 4.5,
supplemented with 1 mM DTT, applied to a cation exchange column (SP-Sepharose)
equilibrated in the same buffer and after washing finally eluted in 20 column
volumes with a linear gradient of 0-0.5 M NaCl in 50 mM ammonium acetate pH 4.5.
The ubiquitin-containing fractions were identified by SDS-PAGE, concentrated and

buffer exchanged by alternating cycles of concentration and dilution in HBS.

77D KasC K63C
b b b

For the synthesis of Ub,, 1 mM of each U and either U oruU were
incubated at 37 °C over night with 1 uM E1, 8 uM E2 and 2 mM ATP in 50 mM Tris
pH 8.0, 0.5 mM DTT. To reduce E2-Ub conjugates the reaction was incubated for
another 20 minutes with 5 mM DTT and finally brought to pH 4.5 by addition of
acetic acid. Unreacted ubiquitin and the enzymes were removed by the same cation-

exchange chromatography described above.

To fluorescently label the ubiquitin, 100 uM of the ubiquitin cysteine mutant
were incubated in HBS for several hours at room temperature with 1 mM Oregon
Green maleimide (Invitrogen). The reaction was stopped by the addition of a tenfold
molar excess of 3-mercaptoethanol and unreacted dye was removed with a 15 ml G-

25 column equilibrated in HBS.

6.3.3 Rpnl0

SpRpn10-VWA 193 including the stop-codon was cloned into pET-21d to generate an
untagged protein and transformed into E. coli BL21(DE3) cells for protein expression.
Cells were thawed under running cold water, and after sonication the lysate was
cleared by centrifugation for 45 minutes at 75 000x g. The soluble fraction was
applied to a column packed with 15 ml hydroxyapatite (Calbiochem), washed with
five column volumes HB (20 mM HEPES, pH 7.5), and then bound protein was eluted

with a linear gradient of 0-0.4 M Na,HPO4 in the same buffer. Fractions containing
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significant amounts of Rpn10-VWA1.193 were identified by SDS-PAGE, pooled, and
concentrated to circa 8 ml using a 10 000 MWCO ultrafiltration device (Vivascience).
The concentrated sample was applied to a K26 Sephadex 75 size-exclusion column
(GE Healthcare), equilibrated with HBS (20 mM HEPES, 150 mM NaCl, 0.5 mM DTT,
0.02% NaNs, pH 7.5) and Rpn10-VWA .1s3-containing fractions were subsequently
pooled and concentrated to 8 ml. After dialysis overnight against HB at 4 °C, the
sample was applied to a 1.6 ml Mono Q column equilibrated in HB, and eluted with a
linear gradient of 0.0-1.0 M NaCl in HB. The fractions containing Rpn10-VWA1. 193
were then applied to a K16 Sephadex 30 column previously equilibrated in HBS. For
optimal crystallisation conditions the sample was concentrated to 18 mg/ml in

10 mM HEPES, 12 mM NaCl, pH 7.5.

6.3.4 Rpnl2

A proteolytically stable construct was identified by subjecting the full-length protein
to proteolysis by subtilisin A at 1:1000 and 1:10 000 molar ratios for 30 minutes at
37 °C. Stable fragments were identified by N-terminal sequencing and mass
spectrometry and subsequently PCR amplified and sub-cloned into the GST-fusion
plasmid pGEX-6P-1 as 1-228 and 1-250 fragments. Selenomethionine derivative
protein was expressed in SelenoMethionine Medium Complete (Molecular
Dimensions). An overnight culture was grown in LB, harvested by centrifugation at
4000x g for ten minutes and washed once with selenomethionine media. All cells
were used to inoculate 4x 0.5 | Selenomethionine media. At an ODgg of 0.6, Rpn124.
228 protein expression was induced with 200 uM IPTG. Unlabelled protein was
expressed as described above. The purification was identical to that of all other GST-

fusion proteins.

Fluorescently labelled Rpn12 was prepared equivalently to ubiquitin (Section 6.3.2).

6.3.5 Rhp23

All Rhp23 constructs were recombinantly expressed in E. coli BL21(DE3) cells growing
in terrific broth media at 37 °C. At an ODggg of 0.6 the temperature was reduced to

20°C and protein expression was induced overnight with 500 uM IPTG. The
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purification procedure was identical to that of the other GST-fusion proteins

described above.

6.4 Crystallisation, Data Collection and Structure Calculation
6.4.1 Rpnl0 VWA Domain

Sitting crystallisation drops were set up in 96-well plates containing commercially
available sparse matrix and systematic grid screens totalling 576 conditions (Wizard
| +1I (Emerald Biosystems), Structure Screens 1 + 2, Pact Premier, JCSG-Plus, Stura
Footprint (Molecular Dimensions), Index, PEG/lon, Natrix, NaCl Grid Sreen, (NH4),SO4
Grid Screen, Crystal Screen Lite (Hampton Research). 100 nl mother-liguor and
100 nl protein solution (Rpn10-VWA1.193 at 18 mg/ml in 10 mM HEPES, 12 mM NaCl,
pH 7.5) were set up as sitting drops using the Mosquito robot (TTP LabTech). A
native dataset was collected at the ESRF beamline 1D14-2 from a crystal grown in
0.1 M Tris/HCI pH 8.5, 1.5 M (NH4),S04, 25 mM MgSQ,, cryo-protected in the same
buffer containing 25% glycerol. 180 images with an oscillation range of 1° were taken
to a resolution of 1.27 A. Datasets were integrated, and scaled using MOSFLM (Leslie
1992) and SCALA (Collaborative Computational Project 1994) respectively, and finally
converted to SHELX format (hkl) with MTZ2VARIOUS (Collaborative Computational
Project 1994). The sulphur single-wavelength anomalous dispersion dataset was
collected in-house on the same crystal using a 2.7 kW Bruker MicroStar X-ray
generator with Montel optics and a Bruker SMART 6000 CCD detector to a resolution
of 2.1A. Various phi- and chi-scans were performed to yield an anomalous
multiplicity of 21.57 over the complete resolution range (30-2.1 A). Both datasets
were prepared for further analysis with SHELXC (Sheldrick 2008) to find ten sulphur
atoms using 1000 iterations. The positions of ten sulphur atoms were determined
with SHELXD using data to a resolution of 2.3 A. These ten sites were consistent with
eight methionine and two cysteine residues in the structure. Phasing calculations
and solvent flattening were performed in SHELXE using 400 iterations. A solvent
content of 25.9% gave the best results. By applying the “free lunch algorithm”
implemented in SHELXE the resolution was extended to 1.0 A. Subsequently, SHELXE

analysed the output map, searched for more sites, and checked the quality of the
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input sites. This resulted in a total of 13 sites, ten of which had a peak height of
around 15 sigma or greater and those of the next three peaks found were much
smaller. These sites might represent sulphate ions present in the solvent. The
pseudo-free correlation coefficient of 84.67% indicates the very high quality of the
map. The “correct hand” was identified by visual inspection of the electron density
map. At this point, an electron density map with single atoms resolved allowed
model building in COOT (Emsley et al. 2004) for most of the structure. Some loop
regions, however, displayed high disorder and could only be built after several
alternating building-refinement cycles in COOT and PHENIX.REFINE (Paul D Adams et
al. 2010), respectively. Due to a strongly increasing mean (l)/o(mean) beyond this
value, the resolution was cut to 1.3 A. The final model comprises residues 2-147 and
151-193. 264 water molecules and three sulphate ions, supported by peaks in the
difference electron density map, could be modelled into the density. It possesses a
crystallographic R-factor of 12.28% and an Rgee of 16.46%. Data collection and

refinement statistics can be found in Table 2.1.
6.4.2 Rpnl2

Sitting crystallisation drops containing equal volumes (100 nl) of protein solution and
mother liquor were set up in 96-well plates containing a mixture of commercially
available sparse matrix screens (Wizard | + Il (Emerald Biosystems), Structure Screens
1+ 2, Pact Premier, JCSG-Plus (Molecular Dimensions), Index Screen (Hampton
Research) totalling 480 conditions using the Mosquito robot (TTP LabTech). Initial
hits were obtained in Bis-Tris Propane pH 6.5 and 7.5, 20% PEG 3350 and 0.2 M of
Nal, NaBr, or NaNOs. These conditions were optimised by varying pH and PEG
concentrations and crystals grown in 17-23% PEG 3350, 150-250 mM NaNOs,
100 mM Bis-Tris Propane pH 7.5 were cryo-protected in the same buffer containing
25% glycerol. As heavy metal soaking experiments were not successful
selenomethionine derivative crystals were grown in the same conditions. Native and
SAD datasets were collected at ESRF beamline ID 14-4. The data were integrated and
scaled using MOSFLM (Leslie 1992) and SCALA (Collaborative Computational Project
1994), respectively and the SHELX (Sheldrick 2008) suite was used to obtain
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experimental phases. Both datasets were prepared with SHELXC. Because of a drop
in the anomalous signal to noise ratio to below 1.5 at 2.3 A, SHELXD only used data
to 2.4 A to identify 14 anomalous sites with a correlation coefficient greater than
0.3. This was consistent with seven methionine residues per Rpn12;.,,s molecule.
SHELXE used this substructure identified by SHELXD to calculate initial phases for all
reflections and refined these by solvent-flattening and continuity restraints. The
initial model was built into the electron-density using COOT (Emsley et al. 2004)
followed by alternating cycles of refinement in PHENIX.REFINE (Paul D Adams et al.
2010) and manual building in COOT.

6.5 Isothermal Titration Calorimetry

All samples were prepared in 25 mM sodium phosphate pH 6.5, 50 mM sodium
chloride. Concentrations were determined spectrophotometrically at 280 nm using
the experimentally determined extinction coefficients of 3425 M cm™ (Ub,) and
13118 Mt ecm™ (Rpn10). All experiments were performed on an iTC200
microcalorimeter (MicroCal) at 25 °C. The titrations were started with an initial
injection of 0.8 ul to minimise losses due to protein diffusing into the cell, a second
3.2 ul injection, followed by nine 4 ul injections. For the titration of monoubiquitin,
the cell contained 603 uM Rpn10 and the syringe contained 6.9 mM monoubiquitin.
For the titration with K48-Ub,, the cell contained 126 uM Rpnl10 and the syringe
1.26 mM K48-Ub,, whereas for the K63-linked Ub, titration the cell contained
134 uM Rpnl0 and the syringe 1.45 mM K63-Ub,. For all experiments the first
injection was removed and the heat of dilution integrals were subtracted prior to

analysis with the instrument software.

6.6 Sedimentation Velocity Ultracentrifugation

Samples of K48-Ub,, K63-Ub,, and SpRpnl1l0 were prepared in 25 mM sodium
phosphate pH 6.5, 50 mM sodium chloride. Six concentration ratios of Ub,:Rpn10
ranging from 1:5 to 4:1 were prepared while keeping the total protein concentration
constant at 300 uM. Sedimentation velocity experiments were performed in a
Beckmann Optima XL-1 analytical ultracentrifuge at 20 °C and 40 000 rpm in an An-
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60 Ti rotor. 280 nm absorbance measurements were taken at ten-minutes intervals
for a total of 500 minutes. c(s) analysis for each sample was performed and the
weight-average sedimentation coefficient was calculated using SEDFIT (Schuck

2000).

6.7 Fluorescence Anisotropy

Each reaction contained 100 nM of fluorescent probe and 0-375 uM Rpn10 or O-
250 uM Rhp23 in a total volume of 20 ul. Fluorescence polarization was recorded in
black low protein-binding 384-well plates (Corning) using the PHERAstar FS
platereader (BMG Labtech) equipped with a fluorescein polarisation module. The
gain of the parallel and perpendicular channel was adjusted against the zero-point of
each titration to result in a starting anisotropy of 23 mP. The raw intensities were
recorded with 200 flashes per point. The binding curves were analysed in Prism 5
(Graphpad) using a one-site binding model with nonspecific binding (NS), starting
anisotropy level (BG), maximal binding signal (Bmax), dissociation constant (Kq) and

ligand depletion by binding to the fluorescent probe (P):

Equation 1. Single-Site binding with ligand depletion.

Bpax X (P+x+Ky)—+/(P+x+Kz)?— (4P X x
Y = max ( d) \é; d) ( )+NSXX+BG

6.8 Surface Plasmon Resonance

All experiments were performed on a BlAcore T100 instrument at 25 °C with a flow
rate of 10 ul/min. Anti-GST antibody was coupled to a CM5 chip as described by the
manufacturer (GE Healthcare). This resulted in ca. 11 000 immobilised response
units (RU) on each flow cell. 1 uM GST-Rpn12 and GST as negative control were
captured during 60s injections, followed by a 100s stabilisation period.
Subsequently, the analyte (full-length or AUIM Rpn10) was injected for 1200 s at
increasing concentrations ranging from 1 nM to 50 uM. This was followed by a
1200 s dissociation period and two 60 s regeneration steps using the glycine pH 2.2
solution supplied by the manufacturer (GE Healthcare) and 0.05% SDS. After a
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stabilization period of 300 s the next cycle was started. The data was analysed using
the BlAcore T100 evaluation software (GE Healthcare) and corrected for the amount
of captured GST-fusion protein in Excel (Microsoft). Equilibrium binding values were
plotted against the concentration and fitted to a one-site equilibrium binding

equation using Prism 5 (Graphpad).
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6.9 Table of constructs

protein | residues | mutations vector tag (N-terminal)

1-243 wt pGEX-6P-1 GST
1-243 E14A, W15A, N18A PENTR-3C -
1-243 E14A, W15A, N18A pDEST-15 GST
1-243 D31A, H34A, D68A, H77A PENTR-3C -
1-243 D31A, H34A, D68A, H77A pDEST-15 GST
1-243 T64A, Q92A, H100A, E102A, K104A, R107A | pENTR-3C -

) 1-243 T64A, Q92A, H100A, E102A, K104A, R107A | pDEST-15 GST

s 1-243 K123A, K127A, K130A, K133A, K134A pENTR-3C -

o 1-243 K123A, K127A, K130A, K133A, K134A pDEST-15 GST
1-243 D164A, H167A, D180A PENTR-3C -
1-243 D164A, H167A, D180A pDEST-15 GST
1-193 wt pET-21d -
1-195 wt pGEX-6P-1 GST
196-243 | wt pGEX-6P-1 GST
196-243 | E235C pGEX-6P-1 GST
1-270 wt pGEX-6P-1 GST
1-250 wt pGEX-6P-1 GST

~ 1-250 K29A, Q76A pGEX-6P-1 GST

s 1-250 N106A, H112A, E116A pGEX-6P-1 GST

e 1-250 Y183A pGEX-6P-1 GST
1-228 wt pGEX-6P-1 GST
1-176 wt pGEX-6P-1 GST
1-76 wt pGEX-6P-1 mod. | -

£ 1-76 K48C PGEX-6P-1 mod. | -

Z 176 K63C PGEX-6P-1 mod. | -

'S 1-76 K48R, K63C pGEX-6P-1 mod. | -
1-77 77D pGEX-6P-1 mod. | -
1-368 wt pGEX-6P-1 GST
1-368 M157A, L183A pGEX-6P-1 GST
1-368 L322A, F338A pGEX-6P-1 GST

QQ_ 1-368 M157A, L183A, L322A, F338A pGEX-6P-1 GST

= 146-190 | wt pGEX-6P-1 GST
146-190 | M157A, L183A pGEX-6P-1 GST
316-368 | wt pGEX-6P-1 GST
316-368 | L322A, F338A pGEX-6P-1 GST
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