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Abstract

The conjugation of ubiquitin is catalysed by the sequential action of three

Classes of enzymes: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-

conjugating enzyme and an E3 ubiquitin-protein ligase. The really interesting

new gene (RING)-domain E3 ligases comprise the most populous subgroup

of the E3 ligase family, and act as molecular scaffolds that bring the E2-

ubiquitin conjugate in close proximity of the substrate protein to facilitate

ubiquitin transfer. Like with most post-translational modifications, the

attachmentof ubiquitin to substrate proteinsis reversible, and this processis

catalysed by the deubiquitinating enzymes (DUBs). The number of human

genes encoding putative DUBs remains a matter of debate, but current

bioinformatical analyses predict approximately 90 DUB encoding genes.

Examplesof interacting DUB and E3 ligase pairs are evident in the published

scientific literature, and functional coupling of these two classesof proteins

can result in the tight spatio-temporal control of substrate ubiquitination and

deubiquitination. In this study | produced a collection of 71 DUB open

reading frames. Following subcloning into yeast two-hybrid bait vectors, 55

human DUBsweretested in a directed yeast two-hybrid assayfor their ability



to interact with a collection of 133 RING E3ligases. A total of 159 previously

unknown interactions were detected. Two DUBs, USP4 and USP15,

interacted with the RING E3 ligase BRCA1-associated protein (BRAP), a

negative regulator of mitogen activated protein (MAP) kinase signalling. The

interaction was reconfirmed by coimmunoprecipitation experiments, and both

USP4 and USP15 appear to deubiquitinate BRAP when overexpressed in

cells. A catalytic mutant of USP15 presented higher molecular weight

species when coexpressed with wild-type but not an E2-binding deficient

mutant BRAP, suggesting that USP15 is a substrate of BRAP-mediated

ubiquitination. KSR1, a scaffolding protein involved in MAP kinase signal

propagation that interacts with BRAP,coprecipitated with USP4 and USP15.

Coexpression ofcatalytically inactive USP4 resulted in the accumulation of

higher molecular weight bands of KSR1, suggesting that USP4 promotes

KSR1 deubiquitination. Finally, siRNA was used to knockdown endogenous

USP4, USP15, BRAP, and KSR1 in HeLa cells, and the effects of

knockdown of these proteins on epidermal growth factor (EGF)-mediated

MAP kinase signalling were analysed. USP15 knockdown resulted in a

decrease in MAPkinase signalling, with specific decrease in MAP/ERK

kinase (MEK) 1 activity. These data suggest non-redundant roles of USP4

and USP15 in the MAPkinasesignalling pathway.
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CHAPTER ONE

Introduction

1.1 Intracellular protein degradation and the discovery of ubiquitin

1.1.1 Intracellular proteolysis

Intracellular protein degradation is a highly specific, tightly regulated

processthat relies on both spatial and temporal control to regulate almost

every cellular function. However, it was not until 1939 when Rudolf

Schoenheimer and his colleagues published their seminal paper that the

paradigm of body structural proteins remaining stable and static was

shattered and instead the notion that proteins are in a steady state of flux

began to pervadethescientific community (Schoenheimeret al., 1939). By

feeding enriched ‘°N-labelled tyrosine to rats, they showed that only 50%

wasrecoveredin the urine while most of the remainder was incorporatedin

tissue proteins, and that a large numberof amino acids underwent rapid and

continuous deamination and amination events. These data demonstrated

unequivocally that body structural proteins are in a dynamic state of

synthesis and degradation (Schoenheimeretal., 1939).

The discovery of the lysosome by Christian de Duvein the mid-1950s

provided the first example for how this protein turnover could take place ina

cell (De Duve et al., 1953; Gianetto and Viala, 1955). The lysosome is a

membrane-bound vacuolar structure that creates a sealed, acidified

environment in which endocytosed macromolecules, plasma membrane

receptors, as well as most organellar proteins of the endocytic and late

secretory pathways are degraded (reviewed extensively in (Bonifacino and

Weissman, 1998;Pillay et al., 2002)). However, by the late 1970s, mounting



experimental evidence was undermining the idea that all intracellular protein

degradation was lysosomal. The thermodynamically paradoxical observation

that the degradation of cellular proteins requires metabolic energy, and that

the proteolytic machinery uses the energy directly, provided striking evidence

for a non-lysosomal degradative pathway(reviewed in (Ciechanover, 2005)).

Two key experiments provided the most compelling attestations: Firstly, an

experimentutilising weak basesto inhibit lysosomal proteases revealed that,

although the degradation of extracellular proteins wasinhibited, degradation

of the bulk ofintracellular proteins was not (Poole etal., 1977). Secondly, a

study by Etlinger and Goldberg, using immature rabbit reticulocytes that do

not contain lysosomes, demonstrated that ATP-dependent protein

degradation nevertheless occurred (Etlinger and Goldberg, 1977).

1.1.2 Discovery of the ubiquitin-proteasome system

In the late 1970s, a heat-stable protein of low molecular weight was

identified in vitro as a componentof the ATP-dependent proteolytic system in

reticulocyte extracts (Hershko et al., 1979). The heat stable protein was

named ATP-dependent proteolysis factor 1 (APF-1) before amino acid

Sequence comparison wenton to demonstrate that APF-1 was the previously

identified 76 amino acid protein called ubiquitin (Wilkinson et al., 1980).

Biochemical analysis of the role of ubiquitin demonstrated that it can be

covalently conjugated to proteolytic substrates in a process termed

‘ubiquitination’ (Ciechanoveretal., 1980). A major breakthroughin thefield

was the discovery of a mouse cell line that underwent a temperature

sensitive cell cycle arrest and that the marked reduction in ubiquitin



conjugation at the restrictive temperature was due to a defect in an enzyme

required for the ubiquitination process, a ubiquitin-activating enzyme E1

(Finley et al., 1984). These cells were subsequently used to demonstrate a

requirementfor ubiquitin conjugation in protein degradation (Ciechanoveret

al., 1984). The protease responsible for the degradation of ubiquitinated

proteins was also shown to require ATP (Hershko et al., 1984) and was

eventually revealed to be a high molecular weight complex that has been

termed the proteasome(Arrigo et al., 1988; Hough et al., 1987; Hough and

Rechsteiner, 1986).

The proteasome is a chambered protease assembled from a 20S

proteolytic and one or two 19S regulatory complexes (reviewed in (Pickart

and Cohen, 2004)). The cylindrical 20S complex is composed of four seven-

membered rings; two inner f-rings and two outer a-rings. The proteolytic

sites are found within three subunits of each B-ring, whereas the a-subunits

regulate the translocation of substrates and degradation products into and

out of the proteasome. The 19S regulatory complex consists of at least

seventeen subunits and can recognise polyubiquitin chains, through various

ubiquitin binding subunits (Vermaet al., 2004). Degradation of ubiquitinated

substrates requires the unfolding of proteins in an ATPase dependent

manner, and the release of polyubiquitin chain is also believed to be a

requirementfor efficient degradation. Once inside the 20S complex, proteins

are degradedin a non-specific manner.

Curiously, the intracellular protein degradation story turned full-circle

whenit was discovered that ubiquitination was also an important step in the



mediation of regulated lysosomal degradation of cell surface proteins

(reviewed in (Urbe, 2005)).

1.1.3 Chapter summary

Since its inception, the ubiquitin field has expanded

enormously, and now encompassesnot onlyintracellular protein degradation

but practically every cellular process. Indeed, muchof the recent focus of

the research field has been on the nondegradative functions of ubiquitin. In

this chapter, | will focus on the ubiquitin conjugation and deconjugation

machinery, and how protein:protein interactions between the different

constituents of the ubiquitin system affect each other’s structure and function.

| will examine the physiological roles of ubiquitin conjugation and

deconjugation of substrate proteins, with particular focus on receptor tyrosine

kinase signalling pathways. Finally, | will review new advancements in

protein:protein interaction determination techniques, how these have evolved

in the postgenomic era, and how they have recently been used to define the

ubiquitome landscape.

1.2 Ubiquitin and ubiquitin-like molecules

1.2.1 Ubiquitin and ubiquitin chains

Ubiquitin is a 76 amino acid peptide that is covalently attached to

proteins or macromolecules through isopeptide linkage between its C-

terminus and either the N-terminus of the substrate protein or the s-amino

groupofa lysine residue (Dye and Schulman, 2007). Ubiquitin is encoded by

four different genes, namely UBB, UBC, UBA52, and RPS27A. UBB and



UBC comprise multiple cotranslated copies of ubiquitin fused together and

capped at the C-terminus by one or a few additional residues (Wiborg et al.,

1985). The UBA52 and RPS27A gene products comprise a single ubiquitin

fused to the N-terminus of the L40 and S27a ribosomal proteins respectively

(Baker and Board, 1991). Processing of these proubiquitin molecules results

in the generation of an intracellular pool of “free” (that is, unconjugated)

ubiquitin with the canonical diglycine C-terminus.

The crystal structure of ubiquitin has been solved (Vijay-Kumaretal.,

1987) and is represented graphically in figure 1.1 using Cn3D (Hogue, 1997).

Modification of a substrate with a single ubiquitin moiety will hereafter be

referred to as monoubiquitination, whereas modification of more than one

lysine with a single ubiquitin will be referred to as multi-monoubiquitination.

Of the 76 amino acids that comprise ubiquitin, seven havelysine side chains

and these, as well as the N-terminusof ubiquitin, can be conjugated to the C-

terminus of another ubiquitin molecule to form ubiquitin chains. Modification

of substrate proteins with ubiquitin chains will hereafter be referred to as

polyubiquitination. Ubiquitin chain linkages will be identified by the lysine

residues used for chain elongation, or as linear ubiquitin if the isopeptide

bond is formed with the N-terminus. As a point of reference, in a ubiquitin

dimer the ubiquitin moiety bound to a ubiquitin molecule through its C-

terminal glycine is referred to as the distal ubiquitin, whereas the ubiquitin

with the free C-terminus, or conjugated to a substrate protein lysine residue,

is referred to as the proximal ubiquitin (see figure 1.1C).



Figure 1.1

Lys33 N-terminus —Lys63

C-terminus

 
Figure 1.1 The structure of ubiquitin and ubiquitin chains. All crystalStructures were retrieved from the Research Collaboratory for StructuralBioinformatics Protein Data Bank and visualised using Cn3D (Hogue W.,1997). A) The structure of a ubiquitin molecule (PDB ID 1UBI). The 7 lysineside residues found in ubiquitin have been highlighted in yellow, and theamino acid numberof each side chain is indicated. The structure of ubiquitincomprises: a) a globular domain containing four-stranded mixed B-sheet andan a-helix, and b)a flexibletail terminating in a glycine (the C-terminus of thepeptide). B) NMRstructure analysis reveals that Lys48-linked tetraubiquitinadopts a compact and closed conformation with extensive hydrophobicinteractions between the four molecules (PDB ID 206V,Eddinsetal., 2007).C) Crystal structure of Lys63-linked diubiquitin reveals a more linearconformation suggesting a high degree of flexibitility and a lack of rotationalrestraints between ubiquitin moieties, andis similar to the structure of linearubiquitin (PDB ID 2JF5, Komanderet al., 2009). The Lys63 of the proximalubiquitin forms an isopeptide bond with the C-terminal glycine (Gly76) of thedistal ubiquitin. B) and C) a helices depicted as green cylinders and B sheetsdepicted as orange arrows. Disordered regions coloured in light blue.



1.2.2 Ubiquitin binding domains

Thefirst protein identified as containing binding sites for ubiquitin was

the yeast 26S proteasome subunit S5a, a finding that partly explained the

ability of the 26S proteasome to recognise polyubiquitinated substrates

(Younget al., 1998). Since then approximately 20 ubiquitin interacting motifs

have been described, and these are generally between 20 and 150 amino

acids in size (reviewed in (Chen and Sun, 2009)). Although one of the

ubiquitin binding motifs of RABGEF1 (also known as Rabex-5) has been

structurally described to form a hydrophilic interaction with the aspartate

residue of ubiquitin at position 58 (Lee et al., 2006; Penengoetal., 2006),

most of the ubiquitin binding motifs interact with the hydrophobic patch of

ubiquitin at position 44 (Hickeetal., 2005). A plethora of proteins involved in

a hostof cellular processes contain ubiquitin-binding motifs, and these have

been shownto have different preferences towards specific ubiquitin chains

(Komanderet al., 2009b). Structures of linear, Lys48-linked, and Lys63-

linked ubiquitin have revealed striking differences in the conformations these

chains take and reveal insights into how different polyubiquitin chains can

regulate protein function (figure 1.1B and C (Eddins et al., 2007; Komander

et al., 2009b)).

1.2.3 Physiological roles for different types of ubiquitin modifications

Manyoftheinitial studies undertaken to investigate the physiological

roles of ubiquitin chains were performed with lysine to arginine ubiquitin

mutants (Chau etal., 1989; Finley et al., 1994: Spenceetal., 1995), or with

antibodies targeting either mono or polyubiquitin (for example (Haglundetal.,

2003)). Likewise, in vitro studies have been focussing solely on Lys48 and
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Lys63-linked chains as other chain linkages are currently unavailable

(Hofmann and Pickart, 2001: Thrower et al., 2000). Original biochemical

experimentation using these tools revealed that a chain of four or more

ubiquitin molecules extended through Lys48is sufficient to target a model

substrate to the proteasome (Chauet al., 1989). Conversely, internalisation

and degradation of cell surface permease Fur4p in yeast cells identified

monoubiquitination as sufficient for endocytosis but that the process was

more efficient when the monoubiquitin was extended to form polybiquitin

through Lys63 (Galan and Haguenauer-Tsapis, 1997; Galan et al., 1996).

These findings, in conjunction with the paucity of reagents to investigate the

functions of other chain linkages, led to the belief that most of the key

functions of ubiquitin would be carried out by chains extended through these

two residues, and they became known as “canonical” ubiquitin chains.

However, Lys48-linked chains are not the exclusive degradative

signal. The same research group that originally identified Lys48-linked

chain-mediated degradation found that ubiquitin chain extension through

Lys29 could also direct substrates to the proteasome (Johnsonetal., 1995).

Furthermore, a study conducted in yeast cells using lysine to arginine

mutants of ubiquitin has demonstrated that the anaphase promoting

complex/cyclosome (APC/C), a large protein complex with ubiquitin

conjugating activity involved in regulating the cell cycle, modifies someofits

substrates with Lys11-linked polyubiquitin chains and thereby targets them

for proteasomal degradation (Jin et al., 2008). Moreover, advances in

“shotgun sequencing”of peptides by tandem mass spectrometry (MS/MS)

analyseshasrevealed that ubiquitin chains linked throughall lysine residues



except for Lys63 maytarget proteins for proteasomal degradation, and that

the different linkages have partially redundant functions (see figure 1.2, (Xu

et al., 2009)).

MS/MS technology has advanced considerably in recent years, and

this has led to the developmentof the absolute quantitation (AQUA)strategy

that uses isotopically-labelled, synthetic peptides as a standard against

which to measure cellular proteins and post-translational modifications such

as ubiquitination (technique highlighted in figure 1.2, (Kirkpatrick et al.,

2005b). Studies in yeast have demonstrated that not only are all possible

permutations of ubiquitin linkages found in S. cerevisiae cells, but also that

branched chains can emanate from adjacent lysine residues (Lys29 and

Lys33) (Xu et al., 2009). The relative abundance of ubiquitin linkages in

yeast cells was recently elucidated by quantitative mass spectrometry and

unconventional ubiquitin chains form a major componentof the conjugated

ubiquitin pool (Xuet al., 2009). The relative abundance,as well as the best-

characterised functions of the different ubiquitin modifictions, are

summarisedin table 1.1.

 

 

 

  
 

 

 

 

 

Table 1.1
Single ubiquitin modifications

Type Cellular function Reference
Mono 1) Histone regulation 1) (Pham and Sauer, 2000; Robzyket

2) Nuclear-cytoplasmic shuttling al., 2000)
3) Endocytosis 2) (Li et al., 2003)
4) Virus budding 3) (Terrell et al., 1998)

4) (Stracket al., 2000)
Multi Endocytosis (Haglund et al., 2003; Mosessonetal.,

2003)
Polyubiquitin modifications
Type %

|

Cellular function Reference
Linear N/A

|

NF-«B signaling (Tokunagaet al., 2009)
Lys6 11%

|

Ascorbic acid conversion (Wanget al., 2009)
Lys11 28%

|

Proteasomaltargeting (Jin et al., 2008)
Lys27 9% |N/A     
  



 

 

 

 

 

  

Lys29 3%

|

Proteasomal targeting (Johnsonet al., 1995)
Lys33 4% |N/A
Lys29/L N/A

|

AMP-kinaseinhibition (Al-Hakim et al., 2008)
$33

Lys48 29%

|

Proteasomal targeting (Chauet al., 1989)
Lys63 16%

|

1) NF-KB signaling 1) (Deng et al., 2000)
2) DNA damageresponse 2) (Bailly et al., 1997a; Bailly et al.,
3) Endocytosis 1997b)
4) Lysosomaltargeting 3) (Duncanetal., 2006; Galan and
5) Autophagy Haguenauer-Tsapis, 1997)

4) (Geetha and Wooten, 2008)
5) (Kirkin et al., 2009)  
 Table 1.1 Types of ubiquitin modification and relative abundance. Cellular
functions were assigned from literature curated searches. Relative
abundance of ubiquitin chains in S. cerevisiae cells is expressed as a
percentage of total (%) (Xu et al., 2009). All polyubiquitin linkages barlinear
and Lys63 chains may act in proteasomal targeting. Percentages rounded
up to the nearest percent. N/A, not available.

Although these technical breakthroughs have done muchto expand

our understanding, one of the key remaining questions in the ubiquitin field

concernsthecellular role of the different ubiquitin chains.

1.2.4 The ubiquitin-like molecules

Crystal structure analysis of ubiquitin reveals a_ tightly compact,

approximately 8 kDa protein with unusual secondary structural features

(illustrated schematically in figure 1.1, (Vijay-Kumar et al., 1987)). The

Structure of ubiquitin comprises: a) a globular domain containing a four-

Stranded mixed f-sheet and an a-helix, and b) a flexible tail terminating in a

glycine. Recent advancements in structural and biochemical data have

resulted in the discovery of ubiquitin-like proteins that contain similar

structural motifs and can be conjugated to proteins through their extended C-

terminal glycine residues (reviewed in (Schulman and Harper, 2009)).

Currently there are 17 putative ubiquitin-like modifiers, and thesefall into the
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ubiquitin, neuronal precursor cell-expressed developmentally downregulated

protein 8 (NEDD8, (Kumaretal., 1993)), small ubiquitin-like modifier (SUMO,

(Shen et al., 1996)), interferon stimulated gene 15 (ISG15, (Loeb and Haas,

1992)), gamma-aminobutyric acid receptor-associated protein (GABARAP,

(Tanida et al., 2002)), microtubule-associated protein 1 light chain 3

(MAP1LC3, (He et al., 2003)), ubiquitin-fold modifier 1 (UFM1, (Komatsu et

al., 2004)), ubiquitin-related modifier 1 (URM1, (Furukawa etal., 2000)),

autophagy 12 (ATG12, (Mizushimaetal., 1998)), and FAT10 (also known as

UBD,(Bates et al., 1997)) subfamilies. NEDD8 is the closest homolog to

ubiquitin, with equal amino acid length and sharing 58% amino acid

sequenceidentity. ISG15 and FAT10 are longer polypeptides that comprise

two ubiquitin-like folds in a head to tail conformation (Bates et al., 1997;

Narasimhanetal., 2005).

The expression and activation of most of the ubiquitin-like modifiers is

controlled by specific cellular events. NEDD8 is developmentally

downregulated in neurons, ISG15 expression is induced by interferons (Loeb

and Haas, 1992), ATG12 is activated during autophagy (Mizushimaetal.,

1998), and FAT10 expressionis cell cycle regulated (Lim et al., 2006). Also,

the ubiquitin-like conjugating machinery (reviewed in the next section)

comprises a handful of enzymes for each ubiquitin-like molecule, whereasit

is much more expansive for ubiquitin, suggesting a more pleiotropic role for

ubiquitin modification within cells (Kerscheret al., 2006).

1.3 The ubiquitin and ubiquitin-like molecule conjugating machinery

1.3.1 The E1 activating enzymes

12



The conjugation of ubiquitin is catalysed by the sequential action of

three classes of enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-

conjugating enzyme (E2) and a ubiquitin-protein ligase (E3) ((Hershkoetal.,

1984), and represented schematically in figure 1.3). In the initial step of

ubiquitination, the C-terminal glycine of ubiquitin is activated in an ATP- and

Mg?*- dependentstep by an E1. This involves the sequential binding of ATP

and ubiquitin, which leads to the formation of a ubiquitin-adenylate

intermediate. The catalytic site cysteine residue then attacks the ubiquitin-

adenylate, forming a thioester linkage between the ubiquitin C-terminus and

the E1. The E1 repeats the adenylation reaction on a second ubiquitin

molecule, resulting in the E1 being bound asymmetrically to two ubiquitin

molecules, one covalently and one non-covalently. Although the structure

of a ubiquitin E1 remains to be resolved, structural and biochemical studies

on the UBL NEDD8 have gone a long way in aiding our understanding of

ubiquitin activation (Waldenet al., 2003a; Waldenetal., 2003b).

Due to extensive work on the previously described mouse cells

containing a thermolabile E1, it was believed that the human genomeonly

encoded one E1 gene, UBE7 (Zacksenhaus and Sheinin, 1990;

Zacksenhauset al., 1990). However, a second E1 (UBA6) wasrecently

identified by homology searches using one of the two ThiF-homology motifs

that composethe adenylation domain (Jin et al., 2007). The requirementfor

two E1 activating enzymes within humancells remainsto be elucidated.

1.3.2 The E2 ubiquitin activating enzymes

The secondstep in the ubiquitination cascadeinvolves the transfer of
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activated ubiquitin to a cysteine residue within the activesite of an E2, where

again the linkage is through a thioester bond. The crystal structure of the

NEDD8 E1:E2 complex reveals a distance of 50A between the E1 and E2

active site cysteines, Supporting the need for a large conformational change

induced by E1:E2 binding to allow the transfer of ubiquitin (Huang etal.,

2005). The human genomecontains approximately 40 ubiquitin specific E2s

(Scheel, 2005). E2 conjugating enzymes are characterised by an

approximately 150 residue conserved core domain with variable N- or C-

terminal extensions that may provide specificity for particular E3 ligases,

allow membrane anchoring, or permit E3 ligase-independent ubiquitination

(reviewed in (Dye and Schulman, 2007)). A small subset of variant E2

proteins containing the ubiquitin activating domain but lacking the active site

cysteine are believed to act in Conjunction with “active” E2 conjugating

enzymes (Ponting etal., 1997), and for at least one example structural

evidencepoints to a role in the synthesis of specific ubiquitin chains (Moraes

et al., 2001). Indeed, the crystal structure of the mouse homologs of human

UBE2N (active E2, also known as UBC13) and UBE2vV2 (variant E2, also

known as MMS2) demonstrates that UBE2V2allowsforselective insertion of

the Lys63 side chain of ubiquitin into the UBE2N active site during chain

elongation, explaining how this dimer preferentially catalyses the formation of

Lys63-linked ubiquitin chains (Eddinset al., 2006).

Structural studies of E1:E2 and E2:E3 complexes have revealed that

E1 and E3 binding sites on E2 conjugating enzymes partially overlap (Huang

et al., 2005), and of the three tested human E2:E3 pairs binding to E3 or E1

has been shownto be mutually exclusive (Eletr etal., 2005).
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1.3.3 The E3 ubiquitin ligases

The final step of the ubiquitination process involves the covalent

conjugation of the C-terminal glycine (Gly76) of ubiquitin to an e-amino group

of a lysine residue within the substrate protein. This reactionis facilitated by

the action of the E3 ubiquitin ligases and results in the formation of an

isopeptide bond between ubiquitin and the substrate protein. The human

genome encodes tens of E2 conjugating enzymes and hundreds of E3

ligases, suggesting that the E3 ligases impart selectivity towards substrate

proteins (Li et al., 2008). It is estimated that there are a total of 617 E3

ligase-encoding genes in the human genome,and these can be subdivided

into 9 distinct subfamilies depending on their E2-binding domains(Li etal.,

2008). However, only two different mechanismsof ubiquitin transfer have

been described. The homologous to E6-AP carboxy terminus (HECT)

domain containing E3 ligases form a direct thioester linkage with ubiquitin

during its transfer from the E2 to the substrate ((Huibregtse et al., 1995),

reviewed in (Kee etal., 2006)). In contrast the really interesting new gene

(RING) domain containing E3 ligases are not believed to form a ubiquitin-

bound intermediate, but rather function as a molecular scaffold (see figure

1.3, reviewed in (Deshaies and Joazeiro, 2009)).

The humanpapillomavirus oncoprotein E6 associated protein (E6-AP)

was the first HECT domain containing E3 ligase to be elucidated, andit is

involvedin the polyubiquitination of the tumour suppressorp53 in cells, which

have beeninfected with the human papilloma virus (Huibregtseetal., 1995;

Huibregtse et al., 1991). The most recent analysis of HECT domain
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containing proteins sets the total number of human HECT domain encoding

genes at 28 (Li et al., 2008). HECT domain family membersall contain an

approximately 350 amino acid C-terminal domain containing a conserved

catalytic cysteine. HECT E3 ligases recognizetheir substrate via tryptophan-

tryptophan (WW) domainsthat recognise a numberofproline rich motifs and

phosphoserine and phosphothreonine containing sequenceswithin substrate

proteins (Morvan et al., 2004). Studies of two HECT E3 ligases have

elucidated twodistinct mechanismsfor diubiquitin chain synthesis: 1) UBE3C

transfers each ubiquitin one by one to the preceding ubiquitin in the

polyubiquitin chain, and 2) E6-AP builds a diubiquitin chain onits catalytic

cysteine prior to transfer (Wang and Pickart, 2005).

The RINGfinger proteins have been defined by a pattern of conserved

cysteine and histidine residues that form a cross-brace structure allowing the

binding of zinc cations (represented schematically in figure 1.4). The basic

sequence of the RING domain wasfirst described by Freemont and

colleagues, and the amino acid sequence of the canonical RING is Cys-X2-

Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X2-Cys-X(4-48)-Cys-X2-Cys (where

X is any amino acid) (Freemontetal., 1991). An atypical RING domain is

found in the membrane-associated RING-CH (MARCH)family of E3 ligases

as well as mitogen activated protein kinase kinase kinase 1 (MAP3K71),

comprising a C4HC3 sequenceofcysteines and histidines compared to the

canonical C3HC4 sequence (Bartee et al., 2004; Swansonet al., 2001).

Structural analysis of the RING domain revealedthatits conserved cysteine

and histidine residues are buried within the domain's core, where they help

maintain the overall structure by binding two atoms of zinc (Barlow etal.,
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Figure 1.4
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CBL    
Figure 1.4 RING domain structure and E2 binding residues. A)Schematic representation of the conserved RING cross-brace structure.Conserved cysteine (C) and histidine residues (H)are indicated with whitecircles. X represents any amino acid, and the numberof X residues at eachposition is indicated. The two Zinc ions coordinated by the cysteine andhistidine residues are highlighted. B) The crystal structure of the E2conjugating enzyme UBE2L3boundto the RING E3 ligase CBL highlightedthe key residuesinvolvedin the E2:E3 interface (in black for UBE2L3 andingreen for CBL) (Zhengetal., 2000). RING domain forming cysteine andhistidine residues are highlighted in red. Figures modified from (Deshaiesand Joazeiro, 2009).
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1994; Bordenet al., 1995). Although the sequence andstructural description

of the RING E3 domain was ascertained in the early and mid-1990s,it was

notuntil 1997 that the RING domain was shownto confer E3 ubiquitin ligase

activity to the Rad6:Rad18 heterodimerin yeast(Bailly et al., 1997a; Bailly et

al., 1997b). RING E3 ligases are believed to be catalytically inert and

instead function as molecular scaffolds that bring the E2-ubiquitin conjugate

in close proximity of the substrate protein. This model is supported by the

crystal structure of the RING E3 ligase CBL boundto the E2 conjugating

enzyme UBE2L3 (also known as UBCH7)and a peptide of the CBL substrate

ZAP-70 (Zheng et al., 2000). The CBL-UBE2L3 crystal structure also

elucidated the residues involved in E2:E3 binding, supporting biochemical

evidence derived from an E2-binding deficient mutant of CBL (represented

schematically in figure 1.4, (Joazeiro etal., 1999)).

1.4 Interactions between RING E3 ligases, E2 conjugating enzymes, and

adaptorproteins

1.4.1. Single subunit RING E3ligases

RING E3 ligases can be divided into two main subfamilies: single

subunit RING E3ligases (approximately 308 genes), and RING E3 ligases

that form multi-subunit complexes (approximately 287 genes (Li et al.,

2008)). Single subunit E3 ligases contain the substrate recognition element

and the RING finger on the same polypeptide. Among the _best-

characterised single subunit RING E3 ligases are murine double minute 2

homolog (MDM2) that ubiquitinates the tumour Suppressor p53, and the

proto-oncogene CBL that ubiquitinates growth factor receptors. MDM2

19



interacts with p53 through its N-terminal region (Brooks et al., 2007),

whereasCBLinteracts with growth factor receptors throughits Src homology

2 (SH2) domain (Galisteo et al., 1995). The large numberofdistinct RING

E3 ligase and substrate interaction surfaces described in the literature

Suggest that the sites will be highly varied between each RING E3

ligase:substrate pair.

Although various examples of single subunit RING E3 ligases have

been shown to bind E2 conjugating enzymes and substrates jn vitro (for

example (Joazeiro et al., 1999)), many single subunit RING E3 ligases

appearto act as hetero or homodimers (reviewed extensively in (Deshaies

and Joazeiro, 2009)). Interestingly, various examples of RING domain

containing proteins appearnotto be able to act as E3ligasesin isolation, but

instead function by forming heterodimers with other RING E3 ligases. For

example, BARD1 associates with BRCA1 to form a functional E3 ligase

complex, as in isolation the BARD1 protein cannot conjugate ubiquitin, and

association of BARD1 to BRCA1 greatly stimulates the E3 ligase activity of

the latter (Hashizumeetal., 2001). Similarly, MDM4 associates with MDM2

to promote MDM2 mediated ubiquitination of p53 (Linares et al., 2003). A

recent crystal structure of the RING E3 ligase TRAF6 indicated that homo-

dimerisation was crucial for polyubiquitin synthesis and TRAF6

autoubiquitination, and that TRAF6 is likely to form higher-order homo-

oligomers(Yin et al., 2009).

1.4.2 RING E3ligases form multi-subunit complexes

The best characterized examples of multi-subunit RING E3 ligase

20



complexes are the Skp1-Cullin-F-box proteins (SCF) that consist of a small

RING finger protein (Rbx1) that plays an important role in E2 binding, a

subunit from the Cullin family, the adaptor protein Skp1 and a substrate-

recognising F-box containing protein (reviewed in (Deshaies and Joazeiro,

2009)). The SCF E3 ligase complexes have been shownto be importantin

many cellular processes such as cell cycle control, and misregulation of

these complexes is often associated with cancer (Wang et al., 2004). A

different large protein complex containing a RING £3 ligase is the

aforementioned anaphase promoting complex/cyclosome (APC/C). Here,

the RING domain containing protein APC11 andthecullin subunit APC2 form

the core E3 ligase componentof a 1.5 MDa complex with many regulatory

and substrate binding cofactors and promotes the proteasomal degradation

of variouscell cycle regulatory proteins (Ohtaetal., 1999),

1.4.3 E2:E3 cooperation in ubiquitin chain assembly

As_ described previously, the expansive nature of the ubiquitin

conjugating machinery supports the model that E3 ligases are responsible for

substrate recognition. Substrates are brought within close proximity of E2

conjugating enzymesto facilitate the transfer of ubiquitin. Various studies

have systematically assessed RING E3 preference towards specific E2

conjugating enzymes (Markson et al., 2009; van Wijk etal., 2009), and the

exact mechanismsof ubiquitin attachment and chain extension on substrate

proteins. A study conducted on the function of the Kaposi’s Sarcoma

Herpesvirus-encoded atypical RING E3ligase, K3, revealed the requirement

of two E2 conjugating enzymesforefficient ubiquitination and degradation of
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the major histocompatibility complex (MHC) class | molecule (Duncanetal.,

2006). Knockdown of UBE2N by siRNA resulted in a decrease in MHC class

| degradation, but did not reduce the levels of monoubiquitinated receptor.

Furthermore, Duncan and colleagues identified a second E2 conjugating

enzyme wasrequired for the conjugation of a priming ubiquitin through which

Lys63-linked chains were extended by UBE2N (Duncanetal., 2006). A

recent study conducted on the human APC/C found that ubiquitination of

APC/C substrates required the sequential action of two E2 conjugating

enzymes, one toattach theinitial ubiquitin to the substrate lysine side-chain,

and one to elongate the chain through the ubiquitin Lys11 residue (Jin et al.,

2008). Indeed a similar mechanism of action had already been proposedfor

the BARD1:BRCA1 heterodimer, that interacts with four E2 conjugating

enzymesthat promote monoubiquitination, and two E2 conjugating enzymes

that elongate chains through Lys63 or Lys48 chains (Christensen et al.,

2007).

The recent increase in attention to the types of ubiquitin chains

assembled on substrate proteins coupled with the increase in data

concerning E2:E3 interactions will undoubtedly enhance our understanding

of ubiquitin conjugation mechanisms and physiological outcomes.

1.5 Ubiquitin deconjugation by the deubiquitinating enzymes

1.5.1 Ubiquitin modification is reversible

Like with most post-translational modification, the attachment of

ubiquitin to substrate proteinsis reversible, and this processis catalysed by

the deubiquitinating enzymes (also referred to as deubiquitinases or
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deubiquitylating enzymes in the literature). The numberof putative DUB-

encoding genes has been disputed, but the current estimate of predicted

DUBsencoded by the human genomeis 90, with 79 of those gene products

encoding active DUBs (see chapter 3 and review (Komanderet al., 2009a)).

The DUBs can be subdivided into five families: ubiquitin C-terminal

hydrolases (UCHs), ubiquitin-specific proteases (USPs), ovarian tumour

proteases (OTUs), Josephins or Machado-Joseph Disease (MJDs), and

Jab1/MPN/MOV34 metalloenzymes (MPNs, also known as JAMMs). UCH,

USP, OTU, and MJD families are Cysteine proteases, whereas MPN family

members are zinc metalloproteases.

1.5.2 DUBcatalytic domain structures and activities

Recent interest in the deubiquitination field has led to an increasein

crystallographic and NMRstructure analysis of each of the five catalytic

domains. Indeed, crystal structures of examples of UCH, USP, OTU, and

MPN family members have been resolved, as well as solution NMR

Structures of one memberof the MJD family. Structural insight into these

domains has revealed that the cysteine protease DUB reaction mechanism

resembles that of the plant protease papain (Storer and Menard, 1994), and

although the different families have divergentfolds, their catalytic triad or

diad residues neatly superimpose when bound to ubiquitin (Komander and

Barford, 2008; Komanderetal., 2008). In these cysteine proteases, a

histidine side chain is required to allow nucleophilic attack of a cysteine

residue on isopeptide linkages. A third residueis usually required to polarise

the histidine residue, and in most cysteine protease DUBs this is an
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asparigine or aspartate residue (represented schematically in figure 1.5A

(Komanderet al., 2009a)).

1.5.2.1 UCH domains

UCHL1 and UCHL3are both small proteins, comprised almost entirely

of the UCHcatalytic domain. Biochemical DUB catalysis assays revealed an

inability of these two enzymes to process linear, Lys48- or Lys63-linked

tetraubiquitin chains (Komander et al., 2009b). This lack of activity is

explained by the crystal structure of UCHL3in which a loop wasobservedto

coverthe active site cleft in the apo structure (not bound to a substrate), and

when bound to ubiquitin this loop straddles the C-terminal residues of

ubiquitin (Johnstonetal., 1999). These data suggest a role for these UCHs

in processing the short C-terminal extensions of the UBB and UBC ubiquitin

precursors, or protein termini conjugated to ubiquitin (Johnston et al., 1999;

Larsenet al., 1998). However, UCHL3 DUB activity has been demonstrated

on the isopeptide bond between the C-terminus of a ubiquitin molecule fused

to a 13 residue peptide whose Sequence was centred on ubiquitin Lys48,

suggesting that UCHL3 maybe important at removing ubiquitin from peptide

products ofintracellular proteolytic events (Misaghi et al., 2005). Therefore,

the exactaction of the UCH domain remainsto be fully understood.

1.5.2.2 USP domains

Crystal structure analysis of three USPs revealed that many membersof this

family exist in inactive conformations in the apo state. The catalytic domain

of USP7 was found in a catalytically non-productive state when not
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Figure 1.5
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Figure 1.5 DUBcatalytic activity and substrate specificity. A) Catalytic
cycle for cysteine DUBs. First, the catalytic histidine deprotonates the
catalytic cysteine (1), reducing the charge of the cysteine and promoting
nucleophilic attack of the ubiquitin isopeptide bond (2). The ubiquitin
C-terminus forms an acyl intermediate with the catalytic cysteine of the DUB
(3). Finally, the intermediate species is resolved in a hydrolytic reaction (4).
B) Editing: irrespective of ubiquitin chain linkage, DUBs can cleave ubiquitin
chainseither from the distal end or from within the ubiquitin chain and thereby
edit chain length. C) DUBsthat bind specific substrates can either remove
whole ubiquitin chains en masse, or cleave at the distal end of the first
ubiquitin leaving a single ubiquitin moiety still bound to the substrate. D)
Recycling: USP5 has been shownto bind the C-terminusof ubiquitin through
a zinc-finger domain (ZnF) and cleave precursor ubiquitin chains to produce
“free” ubiquitin. E) Recycling: UCHL3 has been proposedto cleave ubiquitin
from small peptides generated by intracellular protelysis, or remove the
C-terminal residues from the UBB and UBC gene products. DUBs are
represented in green, substrate proteinsin grey, and ubiquitin molecules are
representedasbluecircles (U). B-E) DUB catalytic action indicatd by dashed
arrows.
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bound to a substrate, as the residues required for catalysis are not within

range of each other (Hu et al., 2002). Insertion of ubiquitin causes a

conformational change that brings the catalytic residues in close enough

proximity to enable proteolytic function. Two other USPs, USP8 and USP14,

have a properly aligned catalytic triad, but their catalytic centres are occluded

by ubiquitin-binding loops (Avvakumov et al., 2006; Hu et al., 2002).

Therefore, conformational changes caused by ubiquitin insertion into these

USP domains are essential for catalysis. However, the USP domain of

CYLD is found in a constitutively active and accessible conformation

(Komander et al., 2008), Suggesting that although catalytically inactive

conformations may be common amongst USPs, they are certainly not

ubiquitous. Interestingly, when tested in vitro most USPs show no

preference towards linear, Lys48- and Lys63-linked tetraubiquitin chains,

except for CYLD that only exhibits activity towards Lys63-linked tetraubiquitin

(Komanderet al., 2009b).

Many USPs have split catalytic domains, with large insertions

separating the two sections (Ye etal., 2009). By far the most common

insertion is an amino acid stretch that has bioinformatically been predicted to

be a ubiquitin-like fold (Zhuetal., 2007). The exactrole that these ubiquitin-

like folds mayplayin catalytic activity or specificity remains to be elucidated.

The CYLD catalytic region is divided by a small zinc-binding fold resembling

a RING domain (called a B-box), although it has no E3 ligase activity but

instead influences CYLD localisation (Komanderet al., 2009b). The best

defined insertions are the two ubiquitin-associated (UBA, pfam ID cd00194)

domains found in USP5 and USP13 that are important for binding ubiquitin
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chains (Reyes-Turcuet al., 2008). These UBAs bind polyubiquitin, and work

in conjunction with the zinc-finger commonly found in USP domain (ZnF-

UBP, pfam ID cl09957) that binds the two C-terminal glycine residues of

unconjugated ubiquitin to facilitate isopeptidase activity. Both these DUBs

are critical in the generation of free ubiquitin from precursor chains (Reyes-

Turcu et al., 2008).

1.5.2.3 OTU domains

OTU domains can hydrolyse isopeptide bonds regardless of the fact

that often the catalytic triad is missing the asparagine or aspartate residue

required for catalytic histidine polarisation (Komander and Barford, 2008).

OTUB1 and OTUB2 were the first OTU domain containing proteins to be

identified as DUBs due to their ability to cleave ubiquitin-GFP and

tetraubiquitin in vitro (Balakirev et al., 2003). Since then, the OTU domain

containing family of DUBs is often phylogenetically subdivided into the

Otubains (OTUB1 and OTUB2), the A20-like OTUs (TNFAIP3, VCPIP1,

ZRANB1, OTUD7A, and OTUD7B), and the OTUs (OTUD1, OTUD3,

OTUD4, OTUD5, OTUD6A, OTUD6B, and YOD1) (Kayagaki et al., 2007).

Recent biochemical analysis of the OTU domains of TNFAIP3 and ZRANB1

showed catalytic activity towards Lys48- and Lys63-tetraubiquitin

respectively, suggesting a level of specificity between these two family

members (Komanderetal., 2009b). As with some USPs,a non-productive

form of the OTUB1 catalytic domain is observed in the apo structure

(Edelmannet al., 2009).
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1.5.2.4 MJD domains

Currently, no crystal structures of the MJD catalytic domain are

available, although three NMR solution Structures of ATXN3 have been

resolved (Mao et al., 2005; Nicastro et al., 2009; Nicastro et al., 2004;

Nicastro etal., 2005). ATXN3 contains two contiguous but distinct ubiquitin

binding sites, one close to the enzymatic cleft, which involves a flexible

helical hairpin, and a second more distant site. The two ubiquitin binding

sites present a model of how ATXN3 binds polyubiquitin chains and provides

a new mechanism of cysteine DUB domain function (Nicastroet al., 2009).

1.5.2.5 MPN domains

The MPN domain has also been subdivided depending on whetherthe

Structure of the domain forms a catalytically active DUB domain.

Catalytically inactive domains are known as MPN-, and catalytically active

ones are known as MPN+ or JAB1/MPN/Mov34. metalloenzyme (JAMM)

domains. The MPN+ Catalytic reaction mechanism resembles that of the

enzymecytidine deaminase (Tran et al., 2003). MPN+ domains coordinate

two zinc ions, one of which depolarises a water molecule that performs a

nucleophilic attack on the isopeptide bond. Recently, the crystal structure of

the catalytic domain of STAMBPL1 (also known as AMSH-LP) bound to a

Lys63-linked diubiquitin molecule was solved (Sato et al., 2008), supporting

in vitro DUB assaysat suggesting a specificity of MPNs towards Lys63-linked

ubiquitin chains (McCulloughet al., 2006; Shao et al., 2009).

1.5.3 Editing, removal, and recycling actions ofDUBs
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The three main molecular functions carried out by DUBshave already

been hinted at in the preceding sections, but they can be summarised as

ubiquitin chain editing, removal of ubiquitin from substrate proteins, and the

generation of free ubiquitin from precursors or proteolysis byproducts

(recycling) (summarisedin figures 1.5 B-E). The exact actions of most DUBs

have yet to be examined fully, but several examples have been studied in

great detail. UCHL1, UCHL3, USP5, and USP13 appear to have recycling

functions, whereas those DUBs that have specific linkage specificities are

likely to be involved in chain editing. This is certainly the case for USP14, a

proteasomallid-associated DUB that exclusively cleaves ubiquitin from the

distal end of Lys48-linked chains (Hu et al., 2005). Other DUBs have been

shown to remove longer chains from their substrates (Komander and

Barford, 2008; Komanderet al., 2008; Sato et al., 2008; Winborn etal.,

2008). Although much remains unclear about the catalytic specificity of

DUBs, it appears that molecular activity is more likely linked to cellular

function.

1.5.4 Protein domains can place DUBsin specific cellular contexts

DUBs are important constituents of practically all aspects of cell

biology. Although these enzymes are subdivided according to their DUB

catalytic domain, DUBs vary greatly in their architecture and contain a

plethora of subdomains and linear motifs that most likely mediate

protein:protein interactions or subcellular targeting, and allow theseproteins

to ply their trade in a vast array of cellular processes. Many of the

subdomainsfound within DUBs are poorly characterised, such as the domain
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found in USPs (DUSP, pfam ID smart00695)thatis present in seven USPs,

or the high incidence of ubiquitin-like domains foundin eighteen USPs (pfam

ID cl09957,(Zhu et al., 2007)).

Other domains have been more extensively studied. As mentioned

previously, the ZnF-UBP domain foundin USP5 and USP13 has been shown

to bind the two C-terminal glycine residues of ubiquitin. There are ten other

DUBswith similar domains, although the function of this domain in these

DUBs remains to be elucidated, and at least in some cases (USP33) the

ZnF-UBP does not bind ubiquitin (Allen and Bycroft, 2007). USP5 and

USP13, as well as eleven other DUBshave ubiquitin associated (UBA) or

ubiquitin interacting motif (UIM) domains, which have been shown to bind

ubiquitin (Hurley etal., 2006). Ubiquitin binding domainsplaycritical roles in

substrate selectivity for USP5, USP1 3, and ATXN3, suggesting that they may

be important for the catalytic function of the other ubiquitin binding domain

carrying DUBs. Other DUBscontain membranetargeting signals, such as

USP19 that is anchored to the endoplasmic reticulum through a C-terminal

transmembrane domain (Hassink et al., 2009), or USP30 thatis localised to

the mitochondrial outer membrane through a transmembrane domain atits

N-terminus (Nakamura and Hirose, 2008).

The microtubule interacting and trafficking molecule domain (MIT,

pfam ID cl00299) found in USP8 (also known as UBPY), USP54, and

STAMBP mediates interactions between these DUBs and the endocytic

machinery (Rigden et al., 2009: Row et al., 2007; Tsang et al., 2006).

Furthermore, USP8 and STAMBPalso contain signal transducing adaptor

molecule (STAM) interacting sites that further mediates their localisation to
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endocytic membranesandstimulates their activity in vitro (Clague and Urbe,

2006; McCulloughet al., 2006; Row et al., 2007). In the following sections,

the roles of DUBs and E3 ligases in the modulation of growth factor receptor

intracellular signalling, endocytosis, and lysosomal degradation will be

reviewed in moredetail.

1.6 The role of ubiquitin in the control of EGFRsignalling cascades

1.6.1 The endocytic pathway

In mammalian cells, activated cell surface receptors are internalised

through the endosomal system and delivered to a_ tubulovesicular

compartment known as the early endosome (reviewed in (Clague, 1998)).

From here, receptors can either recycle to the plasma membrane or be

incorporated into small vesicles in the intralumenal space of the early

endosometo generate multi-vesicular bodies (MVBs). These MVBscanfuse

directly with lysosomes that mediate the degradation of receptors in an acid-

dependentproteolytic fashion. For epidermal growth factor receptor, this

process has beenvisualised in great detail by electron microscopy(Felderet

al., 1990).

1.6.2 Plasma membrane receptor ubiquitination and internalisation

The first evidence of plasma membrane protein ubiquitination was

produced when

_

the lymphocyte adhesion molecule Sell was

immunoprecipitated from lymphocytes and sequenced to reveal two distinct

N-termini (Siegelman et al., 1986). One corresponded to the native N-

terminus of Sell, the other to ubiquitin. Using ubiquitin recognising
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monoclonalantibodies, Siegelman and colleagues wenton to purify othercell

surface proteins similarly modified by ubiquitin, and suggested that this

modification may be a common property of cell surface proteins (Siegelman

et al., 1986). That same year, platelet derived growth factor receptor

(PDGFR)wasidentified as a tyrosine kinase receptor that was also modified

by ubiquitin (Yardenetal., 1986).

Although both these studies highlighted the ubiquitination of cell

Surface proteins, the role of the modification was at that stage still

speculative. Allan Weissman’s group found that a subgroupofT cell antigen

receptor subunits were modified by several ubiquitin moieties upon receptor

engagement (Cenciarelli et al., 1992). Further evidencefor a link between

receptor activation and ubiquitination was elucidated for PDGFR in a

mutagenesis study that showed that inactivating the PDGFRkinase domain

resulted in an ablation of receptor ubiquitination (Moriet al., 1992). Deletion

analysis identified the C-terminal 98 amino acids to be necessary for

ubiquitin modification and efficient ligand-induced receptor degradation was

partially impaired for this mutant (Mori et al., 1992). Moreover, work on the

yeast ATP-binding cassette transporter Ste6p revealed an accumulation of

ubiquitinated species in an endocytosis mutant (Kolling and Hollenberg,

1994), an effect mirrored by the growth hormone receptor in mammalian cells

treated with endosomal and lysosomal inhibitors (Strous et al., 1996).

Analysis of the internalisation and degradation of cell surface permease

Fur4pin yeastcells identified monoubiquitination as sufficient for endocytosis

(Galan and Haguenauer-Tsapis, 1997), a finding supported by evidencethat

a single ubiquitin molecule fused in frame with the membraneprotein Ppn1p
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was sufficient to direct lysosomal sorting (Reggiori and Pelham, 2001).

However, modification by ubiquitin chains linked through Lys63 dramatically

increased the endocytic rate of Fur4p (Galan and Haguenauer-Tsapis, 1997).

In mammalian cells, an E3 ligase encoded by the Kaposi’s Sarcoma-

associated Herpesvirus mediates the modification of the MHC class |

molecule with Lys63-linked ubiquitin chains, and modification by ubiquitin

with this specific chain-linkage is also necessary for efficient lysosomal

degradation (Duncanetal., 2006).

In the specific example of the epidermal growth factor receptor

(EGFR), a single ubiquitin moiety fused in frame with the receptoris sufficient

to direct internalisation of an E3 ligase-binding deficient mutant of the

receptor (Mosesson et al., 2003), and studies conducted with antibodies

specific to polyubiquitin, or cells overexpressing ubiquitin mutants incapable

of forming chains, detected multi- but not polyubiquitinated EGFR in

Stimulated cells (Haglund et al., 2003). Although these data suggest that

monoubiquitination is sufficient for correct sorting, more than 50% of ubiquitin

linked to EGFRis in the form polyubiquitin chains, and more than 40% of

these are linked through Lys63, as determined by mass spectrometry (Huang

et al., 2006a). Therefore, the type of ubiquitin modification required for

EGFR endocytosis remains a matter for debate. Recent data on the yeast

Gap1 protein indicates that monoubiquitination is sufficient for internalisation

whereas Lys63-linked chains are necessary for MVB sorting (Lauwersetal.,

2009).

The E3 ligase responsible for stimulating the ubiquitination of ligand-

activated EGFR is CBL, a RING domain containing proto-oncogene that
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directly binds autophosphorylated EGFR through a divergent SH2 domain

andits interaction with the adaptor protein GRB2 (Galisteo et al., 1995: Jiang

and Sorkin, 2003; Levkowitz et al., 1998; Mengetal., 1999; Thien etal.,

2001). Whether CBL ubiquitination of EGFR occurs at the plasma

membraneoroncethe receptoris in the endocytic pathway remains a hotly

contested topic. Expression of dominant negative dynamin that blocked

endocytosis in HeLa cells did not affect the efficiency of EGFR ubiquitination

(Stang et al., 2000). These data are at odds with a study that showedthat

activated EGFR acquired endogenous CBL asit traffics through the

endocytic pathway, and not at the plasma membrane (Burke et al., 2001).

Current models propose CBL-mediated ubiquitination may occur at the

plasma membrane,butits principal effect may be at the early endosome

whereit antagonises receptorrecycling.

1.6.3 The role of DUBs in EGFR trafficking

The endosomal sorting complex required for transport (ESCRT)

complexes are large protein complexes that underpin ubiquitin mediated

lysosomal sorting (reviewed in (Williams and Urbe, 2007)). Four distinct

ESCRT complexes (numbered 0, |, Il, and Ill) appear to act in a sequential

manner, and ESCRT complexes 0, |, and Il have ubiquitin-interacting

modules that are required for effective sorting. The ESCRT-0 component

Signal transducing adapter molecule (STAM) has been shownto recruit two

DUBs, USP8(also known as UBPY) and STAM binding protein (STAMBP,

also known as AMSH), to ubiquitinated EGFR receptors on the early

endosome (McCulloughetal., 2004; McCulloughet al., 2006: Mizuno et al.,
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2005). STAMBP knockdown by RNAinterference resulted in a decrease of

EGFRrecycling to the plasma membrane, suggesting that deubiquitination of

EGFR by STAMBP can rescue the receptor from lysosomal sorting

(McCullough et al., 2004). In contrast, USP8 depletion resulted in the

accumulation of polyubiquitinated species on endosomes,consistent with a

proposedrole for USP8in the latter stages of endosomal sorting (Mizuno et

al., 2005; Rowetal., 2006). USP8 mayactin a similar fashion to the yeast

DUB Doa4, that rescues ubiquitin from substrates destined for lysosomal

degradation prior to their incorporation into vesicles so as to maintain an

intracellular free ubiquitin pool (Swaminathanetal., 1999).

1.6.4 The ERK signalling pathwayandits regulation by ubiquitin

Extracellular-signal-regulated kinase 1 and 2 (ERK1/2, also known as

MAPK3 and MAPK‘ respectively) are members of a large family of mitogen

activated protein (MAP) kinases that includes ERK5, the c-Jun N-terminal

kinases (JNKs) and the p38 MAP kinases (reviewed in (Ramos, 2008)).

These kinases regulate an enormous numberof cellular processes, with

ERK1/2 alone having over 100 putative substrates (Yoon and Seger, 2006).

Many studies directed at characterising the Signalling pathways that control

MAP kinases were Originally performed in model Organisms (reviewed in

(Avruch, 2007)) but the focus ofthis chapterwill be on the data uncoveredin

mammalian cells, and predominantly on the role for ubiquitination in the

control of these pathways.

In the specific case of EGFR, binding of extracellular growth factors

results in dimerisation and autophosphorylation ofits cytoplasmic tail on
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tyrosine. This provides a docking site for growth factor receptor-bound

protein 2 (GRB2)that forms a complex with Src homology domain-contaning

protein 1 (SHC1) and the guanine exchange factor Son of sevenless

homolog (SOS1). Recruitment of SOS1 to the membrane promotesits

interaction with the small GTPase Ras, resulting in the exchange of GDPfor

GTP and subsequent Ras activation (recently reviewed in (Omerovic etal.,

2007)). Ras activation results in the recruitment of downstream signalling

molecules and the activation of the signalling cascade.

Ras sits atop a plethora of cascades regulating a host of functional

outcomes. These are all complex in their regulation, and the intricacies

involving negative and positive feedback loops as well as_ cross-

communication between each cascade remain to be fully understood

(Omerovic et al., 2007). Generally, activation follows a tri-modular format, in

which a MAPkinase kinase kinase (MAP3k)is activated by Ras,followed by

activation of a MAP kinase kinase (MAP2K) by the MAP3K, and finally

activation of a MAP kinase (MAPK) by the MAP2K. In the specific case of

ERK1/2, Ras recruits members of the Raf family (ARAF, BRAF, and RAF1,

that for simplicity’s sake be referred to as Raf), that activate MAP/ERK

kinases 1 and 2 (MEK1/2, also known as MAP2K1 and MAP2k2)that in turn

phosphorylate and activate ERK1/2 (figure 1.6). The pathway is heavily

regulated by phosphorylation, and therefore the actions of other kinases and

protein phosphatases such as protein phosphatase 2A (PP2A,(Eichhorn et

al., 2009)) and dual specificity phosphatases (DUSPs, (Patterson et al.,

2009)) are critical in controlling strength and duration of the signals. The
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Figure 1.6
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Figure 1.6 The EGFR stimulated MAPK cascade. Activation of EGFRresults in the phosphorylation of the receptor and docking of accessoryproteins. This stimulates the exchange of GDPfor GTP andactivation of Ras.The subsequent downstream Signalling cascade is activated by twomechanisms: 1) Ras phosphorylates the two RAF proteins, resulting indownstream phosphorylation and signalling through MEK1/2 and ERK1/2. 2)Ras stimulates the autoubiquitination of BRAP resulting in its dissociation fromKSR1 and relieving KSR1 sequestration. The strength, duration, andsubcellular localisation of the Signal results in a range of different celullarOutcomes. Negative feedback loops control the strength and duration of thesignal, and these are in part regulated by phosphatases. DUSPs, dualSpecificity phosphatases. EGFR. epidermal growth factor (EGF) receptor.
PP2A, protein phosphatase 2A. U, ubiquitin.
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roles of DUBs and E3 ligases in controlling the constituents of these

pathwayshavein recentyears started to emerge.

Correct Raslocalisation is essential for its function (Omerovic et al.,

2007). The C-terminus of Ras contains a four amino acid motif known as a

CAAX box (cysteine-alanine-alanine-any amino acid) that undergoes a series

of post-translational modification steps prior to plasma membranetrafficking.

Oneof the steps is the removal of the three C-terminal amino acids (-AAX)

by the ER integral transmembrane protease Ras-converting enzyme 1

(RCE1) (Boyartchuket al., 1997). Loss of RCE1 blocks Raslocalisation and

impedescell growth and transformation (Bergo et al., 2002; Kim et al., 1999;

Michaelson et al., 2005). RCE1 is ubiquitinated by some unknown

mechanism, purportedly with Lys63-linked ubiquitin chains, and_ this

modification is reversed by the action of the cytokine inducible DUB USP17

(Burrows et al., 2009; Burrowsetal., 2004). USP17 activity appears to

inhibit RCE1 activity, resulting in a downregulation of the Ras-MEK-ERK

pathway. This study is the only to date that implicates a role for

ubiquitination directly in the Ras processing pathway(Burrowsetal., 2009).

The downstream effector of Ras, RAF1 (also known as C-Raf), has

recently been shownto be destabilised through the E3 ligase action of the

inhibitor of apoptosis (IAP) family of RING E3ligases (Doganet al., 2008).

RNAi knockdown of X-linked IAP (XIAP) resulted in a marked increase in

both RAF1 expression and pERKlevels, a phenotypethat could be abolished

by the reintroduction of RNAi resistant XIAP. However, the reported

inhibitory effects that XIAP may exhibit on RAF1 were found to be

independentof XIAP E3ligase activity, and are more likely to occur through

38



XIAP promoting carboxy-terminus of Hsc70 interacting protein (CHIP, also

known as STUB1) binding to a complex containing RAF1 and the chaperone

HSP90. CHIP is a chaperone-associated ubiquitin ligase that has been

shownto ubiquitinate RAF1 jn vitro, so RAF1 Stability is controlled indirectly

by XIAP but directly by CHIP (Demandetal., 2001).

MAP3K1 (also known as MEKK‘1) is an unusual MAP kinasein thatit

contains an atypical RING domainthat has been shownto exhibit E3 ligase

activity towards ERK2in the Sorbitol-induced stress response (Lu et al.,

2002). At the early stages of sorbitol-induced stress response, MAP3K1

induces phosphorylation of MEK1/2 and MKK4/7, and stimulates both anti-

apoptotic signalling through ERK1/2 and pro-apoptotic signalling through

JNK. During persistent stress Stimuli, MAP3K1 is believed to attenuate

antiapoptotic Signalling by promoting the polyubiquitination of ERK2 andits

subsequent proteasomal degradation. This provides a temporal mechanism

by which persistent Signalling can result in changein the signalling balance

(Lu et al., 2002).

7.6.5 The scaffolding protein KSR1andits regulation by the E3 ligase BRAP

Another mechanism by which the Raf-MEK-ERK signalling cascade is

regulated is through the action of scaffolding proteins. The yeast Ste5p

Scaffold was the first to be identified and found to be critical in the

pheromone responsein S. cerevisiae, as it bound to all three MAP3K-

MAP2K-MAPK modules of the pathway (Printen and Sprague, 1994).

Mutations that result in the dissociation of the MAP2K element in the

pathway result in a shift in the MAPK activation pattern and aberrant
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crosstalk with different signalling cascades (Schwartz and Madhani, 2004).

Furthermore, recent work on mammalian scaffolds has shown that different

scaffolds are recruited to different subcellular localisations, and signalling

through these different modules results in different physiological outcomes

(Casar et al., 2009; Casaret al., 2008). Therefore, scaffolds provide an

insulated physical conduit through which signals can be transmitted in a

tightly regulated and spatially defined fashion (Dhanasekaran and Johnson,

2007).

A scaffold protein involved in the Raf-MEK-ERK signalling cascadeis

kinase suppressor of Ras (KSR). KSR proteins were originally identified as

regulators of Ras in both Drosophila and C. elegans (Kornfeld et al., 1995;

Sundaram and Han, 1995; Therrien et al., 1995). Two human isoforms of

KSR have been identified, KSR1 and KSR2 (Channavajhala et al., 2003;

Muller et al., 2000; Ohmachiet al., 2002). KSR2 has recently been reported

to be involved in calcineurin-dependent ERK activation in response to

calcium signals (Dougherty et al., 2009), and KSR1 is involved in ERK

activation mediated by growth factor receptor activation downstream of Ras

and upstream of Raf. Coexpression studies have shown that KSR1 forms

high-molecular weight signalling complexes with Raf, MEK1/2, ER1/2, the

scaffold protein 14-3-3, GBy-subunits (Associated with 7-transmembrane

receptors), as well as a group of molecular chaperonesincluding the heat

shock proteins HSP68, HSP70, and HSP90 (Morrison, 2001; Stewart etal.,

1999; Xing et al., 1997). However, in quiescent cells KSR1 forms distinct

subcomplexes with various modulesof the signalling pathway such as BRAF,

RAF 1, MEK1/2 and PP2A (Chenetal., 2008: Ory et al., 2003). These KSR1
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complexes are retained in the cytosol through interactions with 14-3-3 and

the RING E3 ligase BRCA1-asscociated protein (BRAP, also known as

impedes mitogenic propagation or IMP) (Chenet al., 2008; Mathenyetal.,

2004; Ory and Morrison, 2004). Ras has been shownto interact with BRAP

and promote BRAP autoubiquitination,

|

which relieving cytosolic

sequestration of KSR1 complexes (Chenet al., 2008; Mathenyetal., 2004).

The KSR1 complexes translocate to the plasma membrane where KSR1

homo-oligomerises bringing all the components of the signalling cascade

together (Chen etal., 2008: McKayet al., 2009). Overexpression of BRAP

reduces the activation of ERK in reponse to platelet-derived growth factor,

whereas knockdown of endogenous BRAP by RNAiresults in a marked

increase (Mathenyetal., 2004). This effect was shown to be KSR1 specific

as BRAPoverexpression has no effect on ERK signalling in KSR1 knockout

mouse embryonic fibroblasts, and a decrease in ERK signalling was

observed when KSR1 wasreintroducedinto these cells. The current model

proposes that BRAP inhibits signalling-competent KSR1 oligomers and

thereby limits functional Raf-MEK-ERK complex formation, and that Ras

induced autoubiquitination of BRAP relieves KSR1 inhibition (Chen etal.,

2008; Mathenyet al., 2004).

1.7 Physiological functions and regulation of DUBs

1.7.1 Regulation of substrate stability by deubiquitination

As highlighted previously, polyubiquitination of proteins can act as a

signal for both proteasomal and lysosomal degradation. Therefore,it follows

that attenuation of this degradative signal should rescue substrates from this
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fate, resulting in an increase of substrate “stability”. Most of the examplesin

the literature are results in an inherent sociological bias towards particular

proteins that are involved in pathological states, such as the stabilisation of

the proto-oncogene MYC by USP28orfatty acid synthase (FAS) by USP2

(Graneret al., 2004; Popov et al., 2007). Deubiquitination of both of these

proteins extendstheir lifespan and thereforetheir ability perform their cellular

functions, resulting in deleterious effects. As mentioned previously, the

lysosomal sorting of growth factor receptors is also regulated by

ubiquitination, as deubiquitination of internalised growth factor receptors

promotes receptorrecycling, a process that may be catalysed by STAMBP.

Recycling of receptors allows them to engage in further rounds of ligand

binding andactivation that can result in pernicious overstimulationofcells.

However, deubiquitination does not always result in protein

Stabilisation. The process of endoplasmic reticulum associated degradation

(ERAD)involvesthe retrotranslocation of misfolded proteins from the ER to

the cytosol, where they undergo proteasomal degradation (reviewed in

(Vembar and Brodsky, 2008)).

|

Retrotranslocation requires a complex

containing valosin containing protein (VCP, also known as p97) and various

E3 ligases and the misfolded ER protein is polyubiquitinated and dislocated

from the membrane. Prior to proteasomal degradation, the VCP-associated

ATXN3 removesubiquitin chains from the misfolded proteins (Wangetal.,

2006). Expression of a catalytically inactive mutant of ATXN3results in the

accumulation of polyubiquitinated ERAD substrates and blocks the transfer

of ERAD substrates from VCP to the proteasome (Wang et al., 2006).

Moreover, the 19S proteasomallid subunit PSMD14 (also known as POH1)
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is required for removal of ubiquitin from proteins destined for proteasomal

degrdation, and inhibition of this DUB results in proteasomal dysfunction

(Verma et al., 2002; Yao and Cohen, 2002). Equally, a similar function is

performed by vacuole associated DUBs that recycle ubiquitin from

membraneproteins prior to their degradation by the lysosome (reviewed in

(Clague and Urbe, 2006)).

A new genome-wide approach to determine protein stability under

specified experimental conditions by Elledge and coworkers could provide a

useful tool for assessing the effects of DUB overexpression or knockdown on

protein stability levels in a more global fashion (Yen et al., 2008). This

technique utilises a retroviral reporter construct in which the expression

cassette contains a single promoterthat, with an internal ribosome entry site,

permits the translation of two fluorescent proteins from one messenger RNA

(mRNA)transcript. A red fluorescent protein is used as aninternal controlfor

expression, whereas the second green fluorescent protein is fused in frame

to a protein of interest. The proteins will be producedat a constantratio, and

the green to red ratio represents the stability of your protein of interest. This

fluorescence-based system, called global protein stability profiling (GPS),

enables monitoring of protein stability at a single-cell level, and has already

been used successfully to identify substrates of SCF E3 ligase activity (Yen

and Elledge, 2008).

1.7.2 DUB autoregulation

In response to UV-induced damage, PCNA is

monoubiquitinated by the E3 ligase RAD18 andstimulates the recruitment of
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DNA polymerase enzymesto the site of damage (Watanabe et al., 2004).

PCNAis subjected to constitutive deubiquitination by USP1, resulting in low-

Steady state activity of PCNA. Curiously, USP1 mediatesits own cleavagein

a ultra-violet (UV) light sensitive manner within its catalytic domain at a

diglycine motif that resembles the C-terminus of ubiquitin (Huang et al.,

2006b). Similar diglycine motifs have been found bioinformatically in other

DUBs, but whether autocleavage is a commonfeature within DUBs remains

to be examined. USP1 activity is also regulated by a cofactor called USP1-

associated factor 1 (UAF1), a WD40-domain containing protein (Cohnetal.,

2007). Pulldown experiments have since then found various WD40-domain

containing proteins associated with DUBs, and they may yet prove to be key

regulators of DUB function (Cohnet al., 2009; Sowa etal., 2009).

1.7.3 Regulation of cellular processes by chain editing

Rescue from either proteasomal or lysosomal degradation can

increase the amountof time a protein hasto exert its function, and therefore

Stabilisation of enzymes can indirectly result in an increase in activity.

However, DUBs also play a role of counteracting non-degradative

ubiquitination, such as in the DNA damage response. The RING E3 ligase

RNF8 mediates the ubiquitination of histones H2A and H2AX with Lys63-

linked chains in response to DNA double strand breaks that promotes the

recruitement of p53 binding protein 1 (53BP1) andinitiates the double strand

break response (Huenetal., 2007; Huen et al., 2008). UIMC1 (also known

as RAP80)is also recruited to the ubiquitinated histones throughits ubiquitin

interacting motifs (UIMs). UIMC1 forms a complex with BRCC3, an MPN+
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domain containing DUB with specificity towards Lys63-linked ubiquitin chains

that opposes RNF8 mediated histone ubiquitination, and thereby attenuates

double strand break targeting signals (Cooperet al., 2009).

1.7.4 DUBs and E3ligases can act together in molecular complexes

It becomes apparent from the examples listed above that a major

function of DUBsis to antagonise the functions of E3 ligases. Tight spatio-

temporal control of ubiquitin-regulated processes is required for the

maintenanceofcellular homeostasis, andthis is often achieved bythe direct

interaction between the DUBs and E3 ligases, or by indirect coupling within

larger protein complexes.

An example of the interplay between DUBs and E3 ligases in large

complexesis illustrated by the yeast proteasome associated DUB Ubp6 and

E3 ligase Hul5 (Crosas et al., 2006). Hul5 endows proteasomeswith the

ability to extend ubiquitin chains on substrates, and Hul5 deletion mutants

show reduced degradation of multiple proteasomesubstrates, indicating that

ubiquitin chain extension can productively amplify the degradation signal.

However, ubiquitin chains are disassembled from substrates by proteasome

bound Ubp6, suggesting that a balance in chain editing functionsis required

for proteasomefunction (Crosaset al., 2006).

In mammalian cells, an elegant exampleis the opposing actions of the

DUB USP44 and the E3 ligase complex APC/C (Stegmeier et al., 2007a).

APC/C mediated ubiquitination releases CDC20 from MAD2andresults in

CDC20 mediated activation of APC/C and progression through mitosis

(Weinstein, 1997). USP44 counteracts the action of APC/C by
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deubiquitinating CDC20 to prevent premature chromosome segregation.

Here the opposing actions DUB and E3 ligase controlcell cycle progression

and are thereforecritical for cell survival (Stegmeieretal., 2007a).

1.7.5 DUBs and E3 ligases can directly interact and act on each other

A numberof directly interacting DUB and E3ligase pairs have been

described in the literature (see appendix 1.1). For example, upon tumour

necrosis factor alpha (TNFa) ligand binding, the TNFa receptor (TNFR)

stimulates the auto-polyubiquitination of TNFR-associated factor 2 (TRAF2, a

RING E3 ligase) with Lys63-linked polyubiquitin chains (Trompouki et al.,

2003). These polyubiquitin chains act as a scaffold that recruits a host of

kinasesthat ultimately results in the activation of nuclear factor kappa B (NF-

kB). The DUB CYLD negatively regulates this signalling cascade by

removing Lys63 chains from TRAF2 (Kovalenko et al., 2003). TRAF2 also

ubiquitinates receptor interacting protein (RIP) with Lys63-linked chains

(Wertz et al., 2004). RIP then associates with the TNFR and againrecruits a

numberof kinases that interact with the Lys63-linked ubiquitin chains, and

this results in activation of the downstream signalling cascade. The OTU

domain containing DUB TNFAIP3 removes Lys63-linked ubiquitin chains

from RIP, thereby halting the signalling cascade (Heyninck and Beyaert,

1999; Wertz et al., 2004). Strikingly, TNFAIP3 also has E3 ligase activity

mediated by one of its C-terminal zinc-finger domains, and promotes the

conjugation of Lys48-linked ubiquitin chains onto RIP that promotes RIP

proteasomal degradation (Wertz etal., 2004). TNFAIP3 is the only known

example of a protein that has both ubiquitin conjugating and deconjugating

46



activity (see figure 1.7 E). CYLD and TNFAIP3 expression is upregulated by

NF-«B activation, providing a negative feedback mechanism controlled by

deubiquitinating activity. Loss-of-function mutations in the CYLD gene are

associated with cylindromas (a benign tumourof the skin), and TNFAIP3

knockout mice spontaneously develop severe inflammation, cachexia, and

die prematurely, demonstrating the critical role in the regulation of NF-«B

Signalling by these two DUBs jn vivo (Blake and Toro, 2009; Lee et al.,

2000).

The E3 ligase RNF41 (also known as neuroregulin receptor

degradation protein 1, NRDP1) has been shown to physically interact with

and maintain steady state levels of the ErbB3 and ErbB4 receptor tyrosine

kinases, two membersof the epidermal growth factor (EGF) receptorfamily

(Qiu and Goldberg, 2002). RNF41 is highly labile when overexpressed in

cells, and point mutations that abolish its E3 ligase activity result in a

significantly stabilised protein (Wuetal., 2004). Activation of ErbB3 by its

ligand neuregulin-1 resulted in the Akt-mediated Phosphorylation of USP8

that markedly increased USP8 Stability. USP8 was also active towards

RNF41, removing polyubiquitin chains and thereby stabilising the RING E3

ligase, which in turn ubiquitinated ErbB3 and promoted its downregulation

(Cao et al., 2007). By activating USP8 and promoting RNF41 stability,

activated ErbB3 galvanises the machinery that normally maintainsits steady

State levels into acting as a negative regulator of signalling (see figure 1.7 A).

MARCH7is an_ atypical RING-containing E3 ligase that is highly

expressed in stem cells, neurons and lymphocytes (Ramalho-Santos et al.,

2002; Su et al., 2004).

|

MARCH7 was shown to be ubiquitinated and
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Figure 1.7
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Figure 1.7 DUB:E3 ligase interactions and their regulatory effects on
cellular processes. A) USP8 has been shown to interact with RNF41 and
reverse its autoubiquitination. This results in stabilisation of RNF41 and
enhanced ERBB3receptor downregulation. Activated ERBB3also increases
USP8activity, suggesting an amplification of ERBB3 negative regulation upon
receptor activation. B) MARCH7 undergoes autoubiquitination and targets
itself for proteasomal degradation. This process is reversed in a
compartment-specific manner by USP7 in the nucleus and USP9X in the
cytosol. C) BAP1 inhibits BRCA1-mediated ubiquitination of various
substrates by outcompeting BARD1 binding that is crucial for BRCA1 activity.
D) USP7directly regulates MDM2 and p53 turnoverby interacting with both
the E3 ligase and the substrate. E) TNFAIP3is unique amongst DUBsinthat
it can remove Lys63-linked ubiquitin chains from RIP through its OTU DUB
domain and conjugate Lys48-linked chains through the action of a C-terminal
zinc finger (ZnF) domain. DUB isopeptidase activity is indicated with red
arrows, E3 ligase activity with black arrows. E3 ligases are highlighted in
yellow, DUBsin green. U, ubiquitin.
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subsequently degraded by the proteasomeat a rapid rate when exogenously

expressed. The protein was stabilised by E2-binding deficient mutations in

the RING domain, Strongly suggesting thatit is subject to autoubiquitination

(Nathanet al., 2008). Interestingly, two DUBs regulate MARCH7stability in

a compartment specific manner: USP7 in the nucleus and USP9X in the

cytosol. This is the first example of compartment Specific regulation by two

different DUBs, and could play an importantrole in the regulation of this E3

ligase (Nathanetal., 2008)(see figure 1.7 B).

1.7.6 DUB:E3ligase interactions can provide platforms for activity

Dueto their implications in the Progression of disease states, some

DUB:E3ligase interacting pairs have been analysed in great depth, revealing

multiple layers of molecular control mediated not just by catalytic activity but

also through secondary mechanisms.

The RING E3 ligase breast cancer 1, early onset (BRCA1) is a

multifunctional protein involved in various cellular processes such as

homologous recombination repair of DNA double strand breaks, chromatin

remodelling, cell cycle checkpoints,transcription, apoptosis, and regulation of

centrosome duplication (Ohta and Fukuda, 2004; Venkitaraman, 2002).

BRCA1 is predominalty found as a heterodimer with BRCA1 associated

RING domain 1 (BARD1) and this dimerisation is required for E3 ligase

activity (Hashizumeetal., 2001). BRCA1 associated protein 1 (BAP1), a

UCH domain containing DUB, has been showntointeract with both BRCA1

and BARD1, andin vitro binding assays have demonstrated that BAP1 can

disrupt the BRCA1:BARD1 heterodimer by displacing BRCA1 (Nishikawa et
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al., 2009). The dissolution of the heterodimerdisrupts the E3 ligase activity

of BRCA1, leading to a hypersensitivity to ionising radiation and a retardation

in S-phase consistent with inadequate BRCA1 function. Members of the

UCH domain containing DUB family have previously been shown to lack

activity to tetraubiquitin chains (Komanderetal., 2009b). However,in vitro

dubiquitinating assayS revealed that BAP1 has activity towards

autoubiquitinated BRCA1, and can disassemble polyubiquitin chains

(Nishikawa etal., 2009). Curiously, the main inhibitory effects of BAP1

appear to be predominantly due to steric hindrance of BRCA1:BARD1

heterodimer formation, as a catalytic mutant of BAP1 has the same effect as

the wild-type protein (see figure 1.7 C) (Nishikawa et al., 2009).

A well characterised DUB:E3 ligase pair is USP7:MDM2, as the

function of these proteinsis tightly regulated and important in the control of

the tumour suppressor P53 (official Gene Symbol TP53). The p53 signalling

pathway is a highly complex, multicomponent Signalling network that is

fundamentalto cell viability (reviewed in (Brooks and Gu, 2006)). Upon DNA

damage, hypoxia, or aberrant oncogene expression, p53 mediated

transcription is activated to induce cell cycle arrest, apoptosis, and cellular

senescence. Unsurprisingly, loss-of-function mutations in p53 have been

associated with a large percentage of human cancers. Under normal cellular

conditions, MDM2interacts with P53 and inducesits polyubiquitination and

proteasomal degradation, and also Ssequesters p53 and prevents its

transcriptional activity. During stress conditions, P53 is quickly activated and

dissociates from MDM2 resulting in stabilisation and activation of its

transcriptional function. MDM2 is upregulated by p53 activity, resulting in a
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negative feedback mechanism that allows close control of p53 levels. The

plot thickenswith the addition of USP7, a DUBthatinteracts with both MDM2

and p53 and has been shownto deubiquitinate andstabilise both proteins (Li

et al., 2004a;Li et al., 2002a). p53 and MDM2bindto the N-terminal TRAF-

like domain of USP7in a mutually exclusive manner, and USP7 forms a

stable complex with MDM2in the presenceof excess p53 in vitro (Hu etal.,

2006). The competitive nature of the interactions reveals anintricate circuit

in which MDM2 mediated ubiquitination and USP7 mediated deubiquitination

tightly regulate the activity and stability of p53. Interestingly, a p53 mutant

that was unable to bind USP7both in vitro and in vivo wasstill susceptible to

USP7 enzymatic activity by virtue of a bridging interaction with MDM2,

Suggesting that a trimeric complex can exist in vivo despite mutually

exclusive binding to p53, with MDM2 serving as an adaptor protein for USP7

(Brookset al., 2007) (see figure 1.7 D).

1.8 Protein:protein interaction identification and interaction networks

1.8.1 The biological significance ofprotein:protein interactions

Completion of the Sequencing of the human genome has hugely

increased the numberof genes andtheir products with no ascribed function.

Therefore, the greatest challenge in this so-called “post-genomic era”is to

understand how genetic information results in the action of gene products in

time and space to generate function. Although sequence data, combined

with sequence homology searches and structural prediction bioinformatical

tools can provide information regarding potential molecular function of a

given protein sequence (for example see the discovery of a second human
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E1 ubiquitin activating enzymein (Jin et al., 2007)), elucidating the cellular

context within which a protein exerts its function and the many cellular

pathways it may affect remainsdifficult to determine. On a molecularlevel

proteins interact with other proteins, and different combinations can translate

on a cellular level to multiple subcellular localisations and functional contexts

for the sameprotein.

Mostproteins tend to work as components of complexes and as parts

of networksof interactions involved in multiple cellular pathways (Hartwell et

al., 1999; Spirin and Mirny, 2003). Therefore, uncovering interacting partners

can provide a wealth of information of a given protein with unknown function,

a concept that has been termed “guilt-by-association” (a phrase coined by

Stanley Fields who discovered the yeast two-hybrid technique described in

the next section). However, an important caveat when analyzing

protein:protein interactions is that a protein may havea discrete functionin

multiple complexes (Cusick et al., 2005). Furthermore, protein:protein

interactions also connect protein complexes involved in different cellular

processes, and understanding theseinteractions provides useful information

of how these systemsintegrate.

1.8.2 Detecting protein:protein interactions

Protein:protein interactions in the “pre-genomic era” were often

discovered using in vitro coprecipitation assays of purified components or

coimmunoprecipitating endogenousor exogenousproteinsfrom cells. These

techniques required the recombinant expressionof proteins or the production

of antibodies resulting in laborious and expensive proceduresthat restricted

52



the numbersofinteractions being assessed. Moreover, binary interactions

tested in this fashion had often been inferred by genetic linkage in model

organims such as yeast or worms (for an example see the discovery of

ATG12 as a ubiquitin-like modifier critical for autophagy (Mizushima et al.,

1998)). The sequencing of the human genome not only resulted in the

depostition of approximately 25,000 gene sequencesin publicly available

databases (Venter et al., 2001), but also highlighted the vast genetic

expansion between model organisms such as S. cerevisiae and humans(for

example, a total of 80 E3 ligase encoding genesare presentin the yeast

genome, comparedto 617 in the human genome (Li et al., 2008)).

Two experimental methodologies are currently employed to generate

large-scale protein interaction maps in a high-throughput fashion: a) the

analysis of protein complexes by affinity purification and mass spectrometry

(AP/MS) (Gavin et al., 2006: Krogan et al., 2006), and b) high-throughput

yeast two-hybrid (Y2H) (Rual et al., 2005; Stelzl et al., 2005). AP/MS

identifies proteins in stable complexesin a cellular context, and has recently

been used to define the human DUB interaction landscape in human

embryonic kidney (HEK) 293T cells stably transfected with tagged DUBs

(Sowaet al., 2009). In contrast, Y2H is predominantly used to assess binary

protein:protein interactions and has recently been used to determine the

interactions between large sets of human RING E3 ligases and E2

conjugating enzymesin two independent studies (Markson et al., 2009; van

Wijk et al., 2009).

1.8.3 Affinity purification and mass spectrometry
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Stable protein complexes purified from cells can be dissected by the

use of mass spectrometry (MS) (Poetz et al., 2009). Most AP/MS strategies

require a complex purification Step with protein-specific antibodies or more

commonly with an affinity tagged fusion protein of one of the complex

components. This allows for the enrichment of the complex of interest.

Subsequently, proteins are digested in vitro by a protease to allow mass

spectrometric identification. Mass Spectrometry measures the peptide mass

and usesthis data as a form of “fingerprinting” that allows identification of the

protein of origin through database searches. Tandem MS/MSresults in the

sequencing of individual peptides allowing for sequence comparison with

databasesto identify the protein in question. Large scale AP/MS screens

have been performed for S. cerevisiae (Gavin etal., 2006) and humans

(Ewinget al., 2007).

The main advantages of AP/MS techniques:

1) Mass Spectrometry is an extremely powerful method for

sequencing large numbers of peptide samples, even proteins at

low concentrations within a mixture.

2) Complex formation occurs within Cells in the appropriate cellular

compartment, increasing the likelihood of correct post-translational

processing or modification of the complexed proteins

3) Tandem MS/MS can be utilised to assess

_

post-translational

modifications of peptide Sequences, and to identify the types of

linkages formed within ubiquitin chains (reviewedin (Kirkpatrick et

al., 2005a)).
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4) Affinity purification techniques identify functional complexes that

maybe contingent on multiple components

The main disadvantages of AP/MS:

1)

3)

4)

Cells are predominantly transiently or stably transfected with

tagged proteins that could affect endogenous complex formation

due to variation in protein concentration and steric hindrance

causedbythe tag (Vavouri et al., 2009).

Affinity purification steps pull down “sticky” proteins (i.e. proteins

that bind non-specifically to the antibody or to the beads usedin

the puiitieation column) that can complicate complex analysis.

AP/MS cannot discriminate between direct and indirect

protein:protein interactions.

Proteins that only make weakortransient interactions with protein

complexesare unlikely to be detected.

1.8.4 Y2Hinteraction mapping

The Y2H system wasinitially presented by Stanley Fields and Ok-kyu

Song in 1989, when they generated a novel genetic system to study binary

interactions (Fields and Song, 1989) (figure 1.8). Eukaryotic transcription

factors frequently comprise two separable functional domains, one for DNA

binding (DB) and anotherfor transcription activation (AD). Fields and Song

exploited this knowledge by constructing the chimeras DB-SNF1 and AD-

SNF4using the transcription activator GAL4 in the yeaststrain S. cerevisiae.

Coexpression of these two chimeras and subsequent SNF1 and SNF4
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Figure 1.8

  
A

B

Cc

x

Figure 1.8 The Y2H system. The yeast Gal4 transcription factor can bedivided into two domains, the DNA binding domain(in orange, labelled BD),and the transcription activating domain (in red, labelled AD). A) Theunmodified Gal4 transcription factor can activate the expression of a reportergene by binding a Gal4-specific promoter (in blue) and confer a survivalphenotypeto yeast growing onselective media. B) Expression of either theDNAbinding domain orthe transcription activating domainsin isolation cannotactivate reporter gene expression and therefore yeast cells growing onselective media cannot survive. C) To assess the interactions between aprotein X and

a

protein Y, fusion constructs can be coexpressedin yeastcellsto produce BD-X and AD-Y chimeras. If protein X and protein Y interact thesurvival phenotypeis restored.
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interaction resulted in reporter gene expression (in this case lacZ) above

background, which was not observed with expression of just the DB-SNF1

fusion protein or the AD-SNF4 protein alone. They postulated that this assay

could be usedto study the interaction between any two proteins (e.g. X and

Y) by the construction of DB-X fusion proteins (called bait proteins) and AD-Y

fusion protein (called preys)(illustrated in figure 1.8).

Current Y2H techniques have evolved significantly since its humble

beginnings, and high-throughput screens are being performed to assess

protein:protein interactions on a genome-wide scale (for example (Rualetal.,

2005)).

The main advantages of Y2H techniques:

1) Y2H is performed with a convenient microorganism allowing very

high numbers of protein coding sequences to be assayed in a

relatively simple experiment.

2) The assayis performedin vivo, which provides an advantage over

in vitro assays.

3) It can also be used to analyse the interaction profile of an unknown

protein asit does not require any antibodies or purified proteins.

4) It covers a broad range of protein interactions, as interactions with

a dissociation constant (Kd) above 70UM canbe detected (Yang et

al., 1995).

Major disadvantages of Y2H:
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1) Proteins involvedin translation are found comparatively less often

than by other methods (von Mering etal., 2002), as are proteins

containing 7-transmembrane domains (Rualet al., 2005).

2) Only two proteins are tested at a time, and therefore no

cooperative binding can be assessed.

3) Binding takes place in the yeast nucleus, so manyproteins are not

in their native compartment.

4) Y2H mayalso report on some non-binary interactions “bridged” by

endogenousproteins (Rualetal., 2005).

1.8.5 Comparisonofinteraction data generated byAP/MS and Y2H screens

Anyprotein:protein interaction analysis will suffer from the limitations

inherent in the technique used. However, it is in comparing data sets

producedbydifferent methodologies and assaying observed interactions by

alternative methods that quality and confidence in data sets can be assured.

Large scale efforts are being undertaken to compare AP/MS (Gavin et al.,

2006; Krogan etal., 2006), Y2H (Ito et al., 2001: Uetz et al., 2000), and

literature curated protein:protein interactions of the yeast proteome to assess

the quality and the coverage of the data (Yu et al., 2008). This study

revealed a low percentage overlap betweenthe different Studies, although

predominantly due to deficiencies in the completeness of the studies rather

than conflicting results. Future efforts will producehigher coverage data sets

and will undoubtedly come close to Producing representative, whole

organism interactomes.
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These two high throughput methods have in the last year been

employed to further understand the ubiquitome landscape. Two Y2Hstudies

have systematically assessed the interactions made between E2 conjugating

enzymes and RING E3ligases (Marksonet al., 2009: van Wijk et al., 2009).

The methodology used provides an interaction map of the way these two

families of enzymes make direct interactions and will provide hypotheses as

to the types of modification RING E3 ligases may produce on substrate

proteins. In contrast, a systematic AP/MS strategy has beenutilised to study

DUB complex formation in HEK 293Tcells (Sowaetal., 2009). Althoughthis

Study cannot be usedto infer direct DUB:protein interactions, it has been

effective in providing “guilt-by-association” hypotheses, one of which has

been tested experimentally and has placed USP13 in the ERAD pathway

(Sowaet al., 2009). Importantly, this study has helped addressthe paucity of

data regarding manyof the human DUBs.

1.9 Aims of this study

In this chapter, | have introduced the eukaryotic ubiquitin system from

its discovery in the late 1980s to the current status quo. | have also

described various cellular processes in which ubiquitin plays a regulatory

role, either by mediating proteasomal or lysosomal degradation, or by

affecting protein bindingor the activity of cellular components.It is clear from

the currently available interaction data that many DUBsform interactions with

E3 ligases, and that these interactions can mediate a tight spatio-temporal

control over a plethora of pathways. However, interaction data regarding

these twoclassesof proteins are scarce,orat least incomplete. Efforts have
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been madein ourlaboratory to produce a comprehensivecollection of RING

E3 ligase Y2H preys for the analysis of E2:RING E3 ligase binary

interactions. Therefore, the aim of this study wasto:

1) Producea full collection of human DUB open reading framesto be

used for biochemical and cellular analyses.

2) Test binary interactions between DUBs and RING E3 ligases using

a directed Y2H screen, and confirm a selection of these

interactions by an alternative method.

3) Use this interaction data as a platform for hypothesis driven

investigations into interacting DUB and RING E3 ligase cellular

function.
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CHAPTER TWO

Materials and Methods

2.1 Molecular biology

2.1.1 Reagents

Human Brain (#639300), Liver (#639307), and Testis (#639314)

Marathon-Ready cDNA libraries were from Clontech (Mountain View, CA,

USA). Nested and Gateway primers were ordered from Sigma-Aldrich

(Poole, UK), Invitrogen (Paisley, UK), or Eurofins MWG Operon (Ebersberg,

Germany). A complete list of nested and Gateway primers used to clone

DUBs can be found in Appendices 2.1 and 2.2. Deoxynucleotide mix

(100mM, #200415) and PfuUltra HotStart DNA Polymerase (#600390) were

from Stratagene (La Jolla, CA, USA). KOD HotStart DNA Polymerase

(#710086-3) was from Novagen (distributed by Merck Chemicals Ltd.,

Nottingham, UK). BlOTaq DNA polymerase (#Bio-21040) was from Bioline

(London, UK). Gateway BP and LRreaction kits (#11789-013 and #11791-

019 respectively), DHSa Subcloning efficiency (#18265-017), DH5a Library

efficiency chemically competent cells (#18263-012), Library efficiency DB3.1

cells (#11782-018) and electrophoresis grade agarose were from Invitrogen

(Paisley, UK). Luria-Bertani broth (#LAB191) was obtained from Lab M

(Bury, UK). TAE buffer (4EC-872) was obtained from National Diagnostics

(Hull, UK). Quick-load 1kb DNA ladder (#N0468S), T4 DNA ligase

(#M0205S), Antarctic phosphatase (#M0289) and all restriction

endonucleases were obtained from New England Biolabs (Hertfordshire,

UK). Miniprep (#27106), HiSpeed Maxiprep (#12633), gel extraction
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(#28604) and PCRpurification (#28704) kits were all obtained from QlAgen

(Crawley, UK). All other chemicals were from Sigma-Aldrich (Poole, UK)

unless otherwisestated.

2.1.2 Reagent storage

dNTP mix wasstored as 5yul aliquots at -80°C. Similarly, BP and LR

clonase enzyme mixes were stored as 2 aliquots at -80°C. All other

reagents were stored following manufacturer's specifications. cDNAlibraries

werestored as 5ul aliquots at -80°C.

2.1.3 Sequencing

All sequencing of DNA constructs was performed by automated

fluorescent DNA sequencing at the DNA Sequencing Service (University of

Dundee, UK). Sequencing of the 5’ end of PCR products from yeast was

performed by automated fluorescent DNA sequencing by GATC Biotech

(Konstanz, Germany).

2.1.4 Glycerol stocks

Glycerol stocks of transformed bacterial competent cells were made

from 5ml LB (plus appropriate antibiotic) overnight cultures inoculated 16

hours previously with a single bacterial colony. Cultures were spun downat

3000 x g in a precooled centrifuge at 4°C. Following removal of the
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supernatant, pellets were resuspended in 40% glycerol in LB and stored at-

80°C.

DUBbait MATa yeast glycerol stocks were made in 25% glycerolin

synthetic deficient medium lacking uracil (SD-U, see section 2.4) because

they had been transformed with PGBDU bait constructs which specifically

allows growth in medium lacking uracil. MATa colonies were allowed to grow

for 3 days posttransfection on SD-U agar plates and subsequently colonies

were picked, incubated in 100ul SD-U liquid medium at 30°C for 24 hours,

and then 40ul 80% glycerol was added. Stocks were mixed thoroughly and

stored at -80°C.

2.1.5 Agarose gel electrophoresis

Agarose gels (between 0.8 and 1.2%) were prepared by adding

electrophoresis grade agarose to TAE buffer (40mM Tris Acetate, 1mM

NazEDTA). The mixture was heated in a microwave until the agarose had

completely dissolved. Ethidium bromide was then added to a final

concentration of 0.5ug/ml, the gel was poured and then left at room

temperature to set. DNA samples were made up in sample buffer (5% w/v

glycerol, 0.14mM EDTA, 0.04% bromophenolblue) and resolved in TAE buffer

in a Fisherbrand horizontal midi electrophoresis tank (Fisher Scientific,

Loughborough, UK) along with 10uI (per lane) of Quickload 1kb DNA ladder

Standard, at 100V for 15 minutes to an hour. DNA bands were visualised

using an ultravioletlight (UV) source.

63



Forgel elution, the QlAgen Qiaprep protocol was followed. Forall gel

excisions, a clean scalpel was used to cut out the appropriate bands while

visualising on a UV source.

2.1.6 cDNAlibrary ORF cloning

The methodology used for cloning DUBs and the other non-DUB

ORFsusedin this study will be addressed more comprehensively in Chapter

3. However,the details of the experimental proceduresareillustrated in this

section. Open reading frames (ORFs) wereinitially amplified from cDNA

libraries by polymerase chain reaction (PCR) using “nested” primers

targeting the 5’ and 3’ untranslated regions (UTR) of the mRNA Reference

Sequencederived from the National Centre for Biotechnological Information

(NCBI, http://www.ncbi.nim.nih.gov). These primers were typically between

18-22 base pairs (bp) long and were generally designed to have a melting

temperature (Tm) of around 60°C (a completelist of nested primers used are

summarised in Appendix 2.1). PCR reactions were set up at 4°C with KOD

DNApolymerase and a typical cDNAlibrary PCR reaction is shownin table

2.1. PCR products were passed through a QlAquick PCR purification

column to remove excessprimers. PCR conditions were occasionally altered

to increase PCR product yield, for example, the number of cycles was

increased to 35.

Subsequently, 5yl of the purified nested PCR product was used as a

template for what was termed a Gateway PCRreaction also using KOD DNA

polymerase and using the same setup as described in table 2.1. This

consisted of amplifying the ORF in question using primers containing the
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Gateway attB recombination sites. This allows shuttling of PCR products into

what is termed as an “entry vector’to produce an “entry construct”. The

entry vector used for all entry constructs was PDONR2223 (Rualet al.,

2004). These PCR products can then be shuttled into any other vector that

is Gateway compatible (termed destination vectors) by a similar

recombination reaction. A more comprehensive explanation of the Gateway

technology can be found in Chapter 3 (see figure 3.2). All Gateway primers

are listed in Appendix 2.2.

For ORFs from other sources (complete list in Chapter 3), PfuUltra

HotStart DNA Polymerase was used in Gateway PCRreactions instead of

KOD HotStart DNA Polymerase becauseit has as lowererror rate (PfuUltra

= 4.3 x 10” mutations per base pair per duplication vs KOD 2.6 x 10%

mutations per base pair per duplication). A typical PfuUltra HotStart DNA

Polymerase PCRreaction is summarisedin 2.2.

 

 

 

 

 

 

 

 

 

 

Table 2.1

A

Reagent Volume Final conc.

Nuclease free water 29ul -

10x KODbuffer 5ul 1x

MgSO, (25mM) 3ul 1.5mM

dNTPs (8mMtotal) 5ul 1mM

Primer forward (10uM) Tul 0.2uUM

Primer reverse (10uM) 1ul 0.2uM

cDNAlibrary template 5ul 10pg/ul

0.1ng/ul

KOD polymerase 1ul -

Total 50ul -     
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Segment Cycles Temperatures Duration

1 1 95°C 2 min

95°C 30s

Z 25-35 55°C 30s

70°C 1min/kb

3 1 70°C 20 min    
 Table 2.1 Reaction mixture and cycling parameters for a typical KOD
HotStart DNA polymerase chain reaction. A) Reagents were addedin the
orderin which they are listed. Reaction mixtures wereset up in thin-walledPCRtubes on ice, mixed by vortexing at full speed for 1 second and spun
downin a tabletop centrifuge. B) The reactions were cycled asindicated.

 

 

 

 

 

 

 

 

     
 

 

 

 

Table 2.2

A

Reagent Volume Final conc.

Nuclease free water 40.6ul -

10x Pfu buffer 5ul 1x

dNTPs (100mMtotal) 0.4ul 0.8mM

Primerforward (10uM) 1ul 0.2uM

Primer reverse (10uM) 1ul 0.2uM

Template Tul 0.2ng/ul

10ng/ul

PfuUltra polymerase Tul -

Total 50ul -

B

Segment Cycles Temperatures Duration

1 1 95°C 2 min

95°C 30s    
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2 25-35 95°C 30s
 

 

 

55°C 30s

68°C 1min/kb

3 1 68°C 20 min      Table 2.2 Reaction mixture and cycling parametersfor a typical PfuUltra
HotStart DNA polymerasechain reaction. A) Reagents were addedin the
orderin which theyare listed. Reaction mixtures were set up in thin-walled
PCRtubesonice as indicated, mixed by vortexing atfull speed for 1 second
and spun downin a tabletop centrifuge. B) The reactions were cycled as
indicated.

The whole 50yul PCR reaction was then analysed by gel

electrophoresis and the correct size gel fragment excised and purified using

the QlAgengelextraction kit following manufacturer’s instructions.

2.1.7 Gateway BP cloning reactions

Following PCR amplification with primers containing the aftB

recombination sites, ORFs wereinserted into the pDONR223entry vector by

BP recombination cloning. BP reactions were performed using a specific

insert to entry vector ratio. This was calculated using the following formula:

ng of insert = 125 x size of ORF x 660

10°

Reactions were set up as detailed in table 2.4, and incubated at 25°C

for 5 hours. Following this incubation period, 0.5ul Proteinase K (from BP

reaction kit, Invitrogen) was added to each reaction and incubated for 10

minutes at 37°C to digest clonase enzymes before the transformation of

competentcells.
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Table 2.3

 

 

 

 

 

 

 

Reagent Volume

Sterile water X pl

PCRproductorlinearised pCR4Blunt-TOPO construct X ul

BP clonase enzyme 2ul

BP clonasebuffer 2ul

pDONR223vector(300ng/ul) 1pl

Final volume 10ul   
 Table 2.3 BP reaction mixture. Reagents were addedin the order in which
they are listed. Reaction mixtures were set up in thin-walled PCR tubes onice and then incubated at 25°C for 5 hours.

Four microlitres of the BP reaction was then used to transform 50ul of

Library Efficiency chemically competent DH5qacells. These cells were grown

overnight on LB agar plates supplemented with 100yug/ml Spectinomycin.

The following day a minimum of 6 bacterial colonies were screened for

positive transformants by bacterial colony PCR (BC-PCR,seesection 2.1 Oy

Oneof the colonies that tested positive (that is, the analytical PCR product

wasof the expected size when run on an agarose gel) was then sent for

sequencing using the GateF2 and GateR1 primers (see table 2.9 for non-

cloning primer sequences).

Glycerol stocks of bacterial colonies containing sequence-verified

pDONR223 constructs were made as described in section 2.1.2. These

sequence-verified entry constructs could then be used for LR reactions to

shuttle the insert from the entry vector (PDONR223) to destination vectors

using the LR protocol describedin the next section.

ORFsoflarger sizes (generally >3kb) were typically first cloned into

pCR4Blunt-TOPO(Invitrogen) by a blunt end topoisomerase reaction using
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the manufacturer’s instructions (a typical TOPO cloning reactionis illustrated

in table 2.3). This step was taken to produce enoughinsert for direct cloning

by BPreaction, as often PCR reactionsdid not yield enough product.

 

 

 

 

 

 

Table 2.4

Reagent Volume

Fresh PCR product 0.5-2ul

Salt solution 1ul

Sterile Water To final volume

TOPO vector Tul

Final volume 6ul   
 

Table 2.4 pCR4Blunt-TOPO cloning reaction. Reagents provided with the
TOPOcloning kit were addedin the order in which they are listed. Reaction
mixtures were set up in thin-walled PCR tubes at room temperature, and
subsequently incubated for 20 minutes at room temperature.

Two microlitres of this cloning reaction was then used to transform

Library Efficiency chemically competent E. coli cells which were then grown

overnight on LB agar plates supplemented with 25ug/ml Kanamycin. DNA

was purified from transformants by QlAgen Miniprep and DNA was

subsequently analysed by PCR (Miniprep-PCR, see section 2.1.5) and

agarose gel electrophoresis, to check for full-length insert. Correct

pCR4Blunt-TOPO constructs were sent for automated fluorescent DNA

Sequencing at the DNA Sequencing Service (University of Dundee) using the

M13F and M13R priming sites within the pCR4Blunt-TOPO vector.

Sequence-verified pCR4Blunt-TOPO constructs were then linearised by

restriction digest with Notl and put through the BP recombination reaction,

provided the ORFdid not contain a Not!site.
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2.1.8 Gateway LR cloningreactions

LR cloning reactions were set up as detailed in table 2.5. In brief,

equal amounts ofentry clones and destination vector (300ng) were incubated

with 2ul LR clonase enzyme and 2ul LR clonase buffer at 25°C for 5 hours.

Following this incubation period, 0.5ul Proteinase K (Invitrogen) was added

to each reaction and incubated for 10 mins at 37°C.

 

 

 

 

 

 

 

Table 2.5

Reagent Volume

Sterile water X ul

Entry construct (300ng) X ul

Destination vector (300ng/ul) 1ul

LR clonase buffer 2ul

LR clonase enzyme 2ul

Final volume 10ul   
 Table 2.5 LR reaction mixture. Reagents were addedin the orderin whichthey are listed. Reaction mixtures were set up in thin-walled PCR tubes onice and then incubated at 25°C for 5 hours.

Four microlitres of the LR reaction was then used to transform 50ul of

chemically competent E. coli cells, which were then grown overnight on LB

agar plates supplemented with the appropriate antibiotic selection. The

following day a minimum of6 bacterial colonies were screenedfor positive

transformats by bacterial colony PCR (BC-PCR,section 2.1.5). A single

positive clone was selected for further experimental use. A glycerol stock of

this clone was also made as described in section 2.1.2. Destination vectors

usedin this study are presented in section 2.1.11

70



2.1.9 Diagnostic PCRs

Diagnostic PCRs were performed to test TOPO cloning or Gateway

Cloning reactions, and whether bacteria or yeast had successfully been

transformed with a DNA construct. PCR was performed using purified DNA

(Miniprep-PCR), or on cells taken from bacterial (BC-PCR)or yeast colonies

(YC-PCR). All diagnostic PCRs were performed with BlOTaq DNA

polymerase (Bioline) using primers highlighted in table 2.9. Typical PCR

mixtures are highlighted in the tables below.

 

 

 

 

 

 

 

 

 

 

    
 

 

 

Table 2.6

A

Miniprep-PCR

Ingredient Volume Final concentration

H20 6.5ul -

Forward primer (10mM) 0.7ul 0.7mM

Reverse primer (10mM) 0.7ul 0.7mM

dNTPs(32mMtotal) 0.25ul 0.8mM

10 x Taq pol. buffer 1ul 1x

MgCl, (50mM) 0.4ul 2mM

BlOTagqpol. 0.05ul -

Miniprep DNA(diluted to 10ng/ul) 0.4yl 40pg/ul

Total 10ul -

B

Segment Cycles Temperatures Duration

1 1 95°C 5 min    
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95°C 1 min

2 30 55°C 1 min

72°C 1min/kb

3 1 72°C 5 min    Table 2.6 Reaction mixture and cycling parameters for Miniprep-PCR.A) Reagents were added in the order in which they are listed. Reactionmixtures were setup in thin-walled PCR tubes
vortexing at full speed for 1 second and s
B) The reactions were cycled asindicated.

on ice as indicated, mixed by
pun downin a tabletop centrifuge.

 

 

 

 

 

 

 

 

 

    
 

 

 

 

 
 

Table 2.7

A

BC-PCR

Ingredient Volume Final concentration

Forward primer (10mM) 0.7ul 0.7mM

Reverse primer (10mM) 0.7ul 0.7mM

dNTPs(32mMtotal) 0.25ul 0.8mM

10 x Taq pol. buffer 1ul 1x

MgCl, (60mM) 0.4ul 2mM

Taq pol. 0.05ul -

H20 6.9ul -

Total 10ul -

B

Segment Cycles Temperatures Duration

1 1 95°C 5 min

95°C 1 min    
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2 35 95°C 1 min

55°C 1 min

72°C 1min/kb

3 1 72°C 5 min  Table 2.7 Reaction mixture and cycling parameters for BC-PCR.
Reagents were added in the order in which they are listed.
mixtures were set up in thin-walled PCR tubes on ice as indicated, mixed by
vortexing at full speed for 1 second and spun downin a tabletop centrifuge.
Bacterial colonies were then picked with sterile toothpicks or tips, dipped
three times into 30ul aliquoted LB in sterile Eppendorff tubes, and then
resuspended in the PCR reaction mixture.
overnight culture inoculation for glycerol stocks once the PCR reaction has
established positive transformation for that colony. B) PCR reactions were
cycled as indicated.

LB aliquots can be used for

 

 

 

 

 

 

 

 

 

 

 

Table 2.8

A

YC-PCR

Ingredient Volume Final concentration

Forward primer (10mM) 0.75ul 0.5mM

Reverse primer (10mM) 0.75ul 0.5mM

dNTPs (32mMtotal) 0.45ul 0.96mM

Taq pol. buffer 1.5ul 1x

MgCl, (50mM) 0.75ul 2.5mM

Taq pol. 0.15ul -

DMSO 0.3ul -

H20 7.35ul -

Total 12ul -   
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Segment Cycles Temperatures Duration

1 1 95°C 5 min

95°C 1 min

2 35 55°C 1 min

72°C 1min/kb

3 1 72°C 5 min     
 Table 2.8 Reaction mixture and cycling parameters for YC-PCR. The
PCR mixture required for all the samples was set up on ice, mixed by
vortexing at full speed for 1 second and spun downin a tabletop centrifuge.
Yeastcolonies were picked with sterile toothpicks ortips, dipped three times
into 30ul aliquoted sterile water in sterile Eppendorff tubes, and then
resuspended in 3yl 0.02M sodium hydroxide at room temperature for lysis.
The inoculated sterile water was spotted onto single selection plates for
colony growth and on double dropout plates for autoactivation testing (see
section 2.4). Following lysis in sodium hydroxide for approximately 10
minutes, 12ul PCR mixture was added to each tube to give a final reaction
volume of 15yl. B) PCR reactions were cycled asindicated.

2.1.10 Vector-specific primers

Primers that in this study are termed as “vector-specific” are those

primers used for sequencing or diagnostic PCRs that prime to either side of

the insertion site during both Gatewayandrestriction endonuclease cloning.

A summary of all the vector-specific primers used in diagnostic PCRs are

summarised in table 2.9.
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Table 2.9

 

 

 

 

 

 

 

 

 

 

 

 

    

Primer name Vector Primer sequence(from 5’ to 3’)

GateF2 pDONR223 tegcgttaacgctagcatggat

GateR1 pDONR223 gtaacatcagagattttgagacac

M13F pCR4Blunt-TOPO ctggccgtcgttttac

M13R pCR4Blunt-TOPO Caggaaacagctatgac

pGBDUF2 pGBDU cagatagattggcttcagtgg

pGADR1 pGBDU gccaagattgaaacttagaggag

pGADF3 pACT2/pACTBD- tggttggacggaccaaactgce

B/pACTBE-B

Seq-pACT2-F pACT2 gtgcacgatgcacagttgaagtga

pcDNA3F pcDNA3 ccactgcttactggcttatcg

SP6 pcDNA3 taggtgacactatagaatag

pEGFPC1F pEGFP-C1 cgatcacatggtcctgctg

pEGFPC1R pEGFP-C1 ttgcattcattttatgtttcag

 Table 2.9 Vector-specific primers.
orientation.

All primers are shown in 5’ to 3’
 

2.1.11 Gateway destination vectors

All Gateway destination vectors used in this study encode an N-

terminal tag. pcDNA3-myc-GW was from Chris Sanderson (University of

Liverpool) and pEGFP-GW-JJ was a kind gift from James Johnson

(University of Liverpool). pGBDU-C1 (Jamesetal., 1996) and pACT2-C1

(Gift from Francis Barr, University of Liverpool) were converted into Gateway

compatible vectors. Briefly, p6BDU-C1 and PpACT2 were cut with Smal and

after agarose gel purification the linearised vectors were incubated with

following manufacturer's instructions to
Antarctic

|

Phosphatase

dephosphorylate the blunt end of the vector and prevent religation. The
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Reading frame (Rf) A and B Gateway conversion cassettes (pGBDU-RfA and

pACT2-RfB respectively, both Rf cassettes were kind gifts from James

Johnson, University of Liverpool) were excised from pBluescript using

EcoRV. Subsequent blunt end ligation reactions were set up using the

following formula to calculate appropriate ratios:

Rf cassette DNA (ng) = Vector DNA (ng) x size Rf cassette (kb)

size vector (kb)

A vectorto Rf cassette ratio of 1:1 and 1:3 was used. T4 DNAligase

wasusedto ligate the vector and Rf cassette, a typical reaction mixture used

is described in table 2.10. Theligation mixture was incubated for 16 hours at

4°C, after which 2ulligation reaction was used to transform 5Oul chemically

competent DB3.1 cells, which were then spread on agar plates containing

100y/ml Ampicillin and 27yg/ml Chloramphenicol (the Gateway cassette

contains a Chloramphenicol resistance gene and therefore using double

selection adds an extra level of control). DB3.1 cells were used as these are

permissive to growth of constructs expressing the ccdB gene product

encoded in the Gateway Reading frame cassettes whichis normally lethal to

bacteria (explained in greater detail in chapter 3). DNA was purified from

transformants using Miniprep kits. Miniprep DNA was verified using

restriction endonuclease digest and agarose gel electrophoresis. Once the

correctligated product was obtained, a DNA maxi-prep and glycerol stock of

each construct were also made andstored at -20°C and -80°C respectively.

The Gateway converted vectors were then renamed pGBDU-GW and
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pACT2-GW to distinguish them from the non-Gateway compatible original

 

 

 

 

 

 

 

vectors.

Table 2.10

1:1 1:3 Insert alone Vector
alone

Sterile water Tofinal To final To final To final
volume volume volume volume

Vector Y ul y ul - y ul

Insert X ul 3x ul X yl -

10x T4 ligase buffer Tul Tul 1ul 1ul

T4 Ligase Tul Tul 1ul Tul

Total 10ul 10ul 10ul 10ul       
 Table 2.10 Ligation reaction using T4 DNAligase. Theligation mixturewasset up onice as indicated, mixed by vortexing at full speed for 1 secondand spun downin a tabletop centrifuge. Volumes of vector (y) and insert (x)DNAsolutions used varied depending on concentration.

The vectors usedin this Study are all highlighted in table 2.11. All of

these vectors encode an N-terminal tag.

 

 

 

 

 

 

 

 

 

Table 2.11

Plasmid name Selection Source

pCR4Blunt-TOPO Ampicillin/Kanamycin Invitrogen (Paisley, UK)
pDONR223 Spectinomycin (Rualet al., 2004)
pGBDU-GW Ampicillin/Chloramphenicol SH

pACT2-GW Ampicillin/Chloramphenicol SH

pACTBD-B Ampicillin (Marksonetal., 2009)
pACTBD-E Ampicillin (Marksonetal., 2009)
pcDNA-myc-GW Ampicillin/Chloramphenicol (Tsanget al., 2006)

pEGFP-GW Kanamycin/Chloramphenicol James Johnson (University

of Liverpool)   
  Table 2.11. Vectors usedin this Study. All vectors containing the Gateway
cassettes (GW) contain a Chloramphenicol resistance gene, althoughin all
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cases Ampicillin or Kanamycin were used preferentially during all bacterialreplication or transformation Steps. For pCR4Blunt-TOPO, Kanamycin was
always used.

2.1.12 Site-directed mutagenesis

Point mutations of USP4, USP11, USP15, and BRAP were made

using a similar protocol as developed by Stratagene for their Quikchange

Site-Directed mutagenesis approach (Stratagene). Reactions were set up

using sequence verified pDONR223 constructs with two complementary

primers carrying base substitutions in the centre of the primers. Forward

primers areillustrated in table 2.11, and reverse primers were the reverse

complementof these.

 

 

 

 

 

Table 2.12

ORF Primer 5’ to 3’ (first base position indicated at 5’ Aminoacid

end)
change

USP4 91 8-cctgggaaacacca*gcttcatgaactecge
C311S

USP11 940-ctgggcaacacga*gcttcatgaactegge
C318S

USP15 788-gtaacttgggaaatacga*atttcatgaactcage
C296S

BRAP 867-ccagtgtctacagcgcge*qgacgataccacgtgt
W295A     
 Table 2.12 Forward mutagenesis primers. Bases that are mutated
comparedto the wild-type sequence are highlighted in bold. The mutation
conferred by these primers is described in the “Mutation” column. The wild-
type amino acid is followed by the position within the protein sequence,
whichin turn is followed by the substituted amino acid coded for by the new
codon (codon underlinedin primer sequence).

A typical mutagenesis reaction protocol is shownin table 2.12.

78



Table 2.13

 

 

 

 

 

 

 

 

       
 

 

 

 

 

A

1 2 3 Negative

control
Sterile water 39.5ul 38ul 35.5ul 36.5ul
10 x Pfu buffer Sul Sul 5ul Sul
dNTPs (100mM Tul Tul 1 pl Tul

total)

Forward primer 1.25ul 1.25ul 1.25ul 1.25ul
(10uM)

Reverseprimer 1.25ul 1.25ul 1.25ul 1.25ul
(10uM)

Template 1ul 2.5ul 5ul Sul
(10ng/ul)

PfuUltra HotStart 1ul Tul Tul -
pol.

Total 50ul 5Oul 50ul 50ul

B

Segment Cycles Temperatures Duration

1 1 95°C 30s

95°C 30s

2 15 55°C 1 min

68°C 2min/kb     Table 2.13 Typical Quikchange mutagenesis reaction setup. A)
Reactions were set up onice as indicated. Negative controls were set up
without polymerase to control for incomplete digestion of the template DNA
by Dpnl. B) Reactions were cycled asindicated.

Following thermal cycling, reactions were incubated with 1yl Dpnl and

incubated at 37°C for 1 hour. Dpnl is a restriction endonuclease that
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recognises a short DNA sequence (GATC), but only when the Adenine is

methylated. DNAreplicated within bacteria, like the template used in the

reactions, will be methylated and therefore recognised by Dpnl and cleaved.

However, products synthesised in vitro will not be methylated and will not

serve a substrate. DH5a Library efficiency chemically competentcells (50ul)

were transformed with 2ul of the Dpni-digested reaction and DNA was

purified from transformants by QlAgen Miniprep. Positively mutated clones

wereidentified by restriction digest and sent for complete ORF sequencing.

2.1.13 Transformation of competentcells, DNA amplification and purification

Typically 501 DH5ce. E. coli were thawed onice. Approximately 50ng of

plasmid DNA,4ul of BP or LR Gateway reactions, or 2ul of ligations were

added to the thawed cells and incubated for 20 minutes on ice. Cells were

heat-shocked (42°C for 45 seconds) in a water bath and then immediately

returned to ice for 2 minutes. 200ul LB was added tothe cells and they were

incubated at 37°C for 1 hour with shaking at 220rpm. 200uIofthis culture

was plated onto pre-warmed LB agar plates supplemented with the

appropriate antibiotic depending on the resistance conferred by the plasmid

(see table 2.11). For pACT2-GW constructs, a lower Ampicilin concentration

wasusedtofacilitate bacterial growth (50yg/ml).

For subsequentpurification of DNA from transformants, a single colony

was picked and incubated overnight in LB broth (5ml for Minipreps and

glycerol stocks, 100ml for Maxipreps) supplemented with appropriate

antibiotic. Bacteria were then pelleted by centrifugation (4000rpm, 10

minutes, 4°C), the supernatant removed and DNA purified using QlAgen mini
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or HiSpeed maxi-prep kits according to the manufacturer’s protocol. The

concentration of maxi-prep DNA was estimated by measuring the optical

density of the DNA solution at 260nm wavelength (OD2¢9) and also on an

agarose gel by comparison with a 1kb DNA ladderstandard.

2.1.14 Restriction endonuclease assays

Restriction digests were set up using enzymesand buffers from New

England Biolabs and using reaction conditions specified by the manufacturer.

Typically diagnostic digests were performed for 1 hour, using 1ug DNA ina

total volume of 10ul. For subcloning, approximately 2ug of DNA was

digested in a total volume of SOU! for at least 4 hours. For each digest an

excess of enzyme was added with the volume not exceeding 10% ofthe total

mixture.

2.2 Protein Biochemistry

2.2.1 Reagents

Chemicals were obtained from Sigma unless otherwise stated.

ProtoGel® 30% Acrylamide/Bisacrylamide solution (37.5:1 w/v ratio) (HEC-

890), ProtoGel resolving buffer (#EC-892), ProtoGel stacking buffer (#EC-

893), N,N,N’,N’-Tetramethylethylenediamine (TEMED) (#EC-503), Tris-

Glycine-SDS PAGE buffer (#EC-870) and Tween 20 (#EC-607) wereall

obtained from National Diagnostics.

|

Ammonium persulphate (APS)

(#A3678), 2-mercaptoethanol (#M6250) and Ponceau S (#P7170) were

obtained from Sigma. Pre-stained broad range (#P7708S) and unstained

broad range (#P7702S) SDS-PAGE molecular weight standards were from
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New England Biolabs (NEB). PROTRAN nitrocellulose 0.45um pore-size

(BA 83, #10401465) was purchased from Schleicher & Schuell (Dassel,

Germany). Marvel skimmed milk powder was from Premier Brands (St.

Albans, UK) and bovine serum albumin (BSA) (#40-00-410) was from First

Link UK Ltd (Birmingham, UK). Mammalian protease inhibitors (#P8340)

were obtained from Sigma. Pre-cast NUPAGE Bis-Tris SDS-PAGE 4-12%

gradient gels (#WG1402BOX), NuUPAGE Antioxidant (#NP0005) and MOPS

SDS running buffer (#NP0002-02) were from Invitrogen. USP2cc

(#UW9850-0100) was purchased from Biomol (Exeter, UK).

2.2.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

The resolution ofproteinsin polyacrylamide gels was performed using

the denaturing and discontinuous system described by Laemmli (Laemmliet

al., 1970). Gels were set up in BioRad Mini-Protean® 3 cell apparatus

according to the manufacturer’s instructions. Samples were resuspendedin

1 x SDS-PAGE sample buffer containing {-mercaptoethanol. Recipes for

gels and sample buffer are given in tables 2.13 and 2.14. Samples were

boiled for 5 minutes at 98°C in a dry-heat block prior to loading onto a gel

alongside standard molecular weight standards. Typically, gels were run for

15mins at 90V and 80mins at 135V in 1x electrophoresis running buffer

(containing 50mM Tris-HCl, 0.1% SDS and 380mM glycine). Gels were then

processed for Western blotting (see section 2.2.3). Alternatively, pre-cast

NuPAGEBis-Tris SDS-PAGE 4-12% gradient gels from Invitrogen were used

for greater resolution of a range of different molecular weight proteins.

These were run in NuPAGE MOPS SDS buffer containing NuPAGE
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Antioxidant at 200V for 70 minutes in the XCell SureLock Midi-Cell system

(Invitrogen).

 

 

 

     
 

 

Table 2.14

ingredient Resolving gel

6% 8% 10% 12%

30% acrylamide (ml) 4 5.3 6.7 8

4X Resolving Buffer (ml) 5.2 5 5 5

Distilled water(ml) 10.58 9.2 7.9 6.6

TEMED(ul) 20 20 20 20

10% APS(ul) 200 200 200 200

Total volume (ml) ~20 ~20 ~20 ~20

Ingredient Stacking gel

4%

30% acrylamide (ml) 1.35

4X Resolving Buffer (ml) 2.5

Distilled water (ml) 6.1

TEMED(ul) 10

10% APS(ul) 50

Total volume (ml) ~10
     Table 2.14 Recipes for SDS-PAGE gels. Resolving gels of different

percentages were used depending onthesize of the expected bands.

 

 

 

 

 

 

Table 2.15

Sample buffer (100ml) 5x 1x Final concentration

0.5mM Tris-HCI pH 8.0 31.25ml 12.5ml 62.5mM

SDS 3g 15g 3%

10% Glycerol 50g 10g 10%

3.3% 2-mecaptoethanol 6.25ml 1.25ml 3.3%

Bromophenolblue 0.05g 0.01g 0.01%    
 Table 2.15 Recipe for SDS sample buffer. Sample buffer was made up as
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a 5x stock in a water bath at 37°C to allow the SDSto dissolve more easily.Stock wasaliquoted and stored at -20°C. Prior to use the buffer was boiledat 98°C.

2.2.3 Western Blotting

Following SDS-PAGE, proteins were transferred to nitrocellulose for

60 minutes at 24V in a Genie blotter (Research Products International Corp.,

Ill, USA) in Transfer buffer (25mM Tris-glycine, 20% methanol). Membranes

were stained with Ponceau S in order to monitor the efficiency of transfer,

then incubated in 5% Marvelfat-free milk in Tris-buffered saline (TBS; 50mM

Tris-HCl, 150mM NaCl, PH7.6) with 0.1% w/v Tween 20 (TBS-Tween)for at

least 1 hour (at room temperature) or overnight (at 4°C)in order to block non-

Specific binding. Membranes were then incubated in either blocking buffer or

a 5% BSA/TBS-Tween buffer containing specific primary antibodies for at

least 1 hour (at room temperature) or overnight (at 4°C). The incubation

buffer used for each primary antibody is listed in table 2.15. Unbound

antibodies were removed by repeated rinsing in TBS-Tween and

Subsequently incubated for 1 hour at room temperature in solutions

containing infrared secondary antibodies. Immunoreactive bands were

detected using a LI-COR Odyssey infrared imaging system according to the

manufacturer’s protocol. A completelist of primary and secondary antibodies

used in this study are represented in tables 2.15 and 2.16.
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Table 2.16

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary
Antibody Species Source Buffer

Anti-USP4 Rabbit Bethy! Laboratories Milk

Anti-USP15 Rabbit Bethyl Laboratories Milk

Anti-BRAP Rabbit (Asadaet al., 2004) Milk

Anti-phospho-
$473-Akt Rabbit Cell Signalling (4060) BSA

Anti-Akt Rabbit Cell Signalling (9272) BSA

Anti-phospho-
$217-221-
MEK1/2 Rabbit Cell Signalling (9121) BSA

Anti-MEK1/2 Rabbit Cell Signalling (9122) BSA

Anti-phospho-
T202/Y204-
ERK1/2 Mouse Cell Signalling (9106) BSA

Anti-ERK1/2 Rabbit Cell Signalling (9102) BSA

Anti-myc Mouse Upstate (4A6) Milk

Anti-GFP Sheep lan Prior Milk

Anti-FLAG Rabbit Sigma (F7425) Milk

Anti-o tubulin Mouse Sigma (T6074) Milk/BSA

Anti-a Actin Rabbit Sigma (A2066) Milk/BSA    
 Table 2.16 Primary antibodies used in this study. All primary antibodies
were used at 1:1,000 except for the Anti-a Actin antibody which wasused at
1:2,000 and anti-c. tubulin which was used at 1:50,000.
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Table 2.17

 Secondary Antibody Source Catalogue Number

 Donkeyanti-mouse IRDye 800CW|Licor Biosciences 926-32212

 Donkeyanti-mouse IRDye 680 |Licor Biosciences 926-32222

 Donkeyanti-rabbit IRDye 800CW |Licor Biosciences 926-32213

 Donkeyanti-rabbit IRDye 680 _|Licor Biosciences 926-32223

 Donkeyanti-goat IRDye 800CW_|Licor Biosciences 926-32214   
 Table 2.17 Secondary antibodies used in this study. All secondaryantibodies were used at 1:15,000.

2.2.4 Protein Assay

The protein concentrationofcell lysates used in every experiment was

quantified using the BCA protein assaykit (#23225, Pierce, UK) according to

the manufacturer’s instructions. Typically, 5yl of lysates was used forall

HeLa experiments, and 4ul for HEK 293T experiments.

2.3 Cell Biology

2.3.1 Reagents

All cell culture reagents were obtained from Invitrogen unless

otherwise stated. All plasticware used was from Corning Inc. (NY, USA). All

chemicals were from Sigma unless otherwise stated. Purified mouse EGF

was obtained from J. Smith, Liverpool, UK.

2.3.2 Cell culture

HeLa and HEK 293T were cultured in a humidified 5% CO,

atmosphere at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM,
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#41966-029 high glucose), supplemented with 10% foetal bovine serum

(FBS, #10091-148), 1% non-essential amino acids (NEAA, #10370-070), and

1% penicillin/streptomycin sulphate (#15140-163). Cells were maintained by

growing to confluency in 100mm dishes before being split at a 1:5 dilution

(HeLa) or a 1:7 dilution (HEK 293T) every 2-3 days as appropriate.

For coexpression experiments, cells were seeded in either 60mm

diameter dishes or in 6-well plates at 0.9 or 0.4 x 10° cells per dish or well

respectively. For EGF Signalling experiments, cells were seeded in 60mm

diameter dishesor in 6-well plates at 0.26 or 0.12 x 10° cells perdish or well

respectively.

2.3.3 Cell transfection and immunoprecipitation

HEK 293Tcells were usually seeded at a density suchthat they would

be approximately 50% confluent at the time of transfection. Cells were

routinely transfected with GeneJuice (#70967, Merck Biosciences) at a ratio

of 3yul transfection reagent to 1pWg total DNA according to the manufacturer's

instructions. 4 hours post-transfection, the medium was changed to

complete DMEM(including serum and supplements)for further growth. The

quantity of DNA usedin each experimentvaried depending on the conditions

used in each experiment. 24 hours post transfection, cells were washed

three times with ice-cold PBS and lysed with RIPAlysis buffer (10mM Tris-

HCI pH7.5, 15mM NaCl, 1% w/v Triton X100, 0.1% wiv SDS, 1% sodium

deoxycholate) supplemented with mammalian protease inhibitor cocktail

(#P8340, Sigma) for 15 minutes on ice. Lysates were pre-cleared by
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centrifugation at 21,000 x g and the protein yield determined as described in

section 2.2.4.

Immunoprecipitations were performed by incubating between 250-

400ug cell lysates (using the same quantity for each experimental condition)

with end-over-end rotation with 1.5yl anti-GFP antibody and 30ul protein G-

agarose (#P4691, Sigma) for 4 hours at 4°C. Resultant immunoprecipitates

were washedthree times in YP-IP wash buffer (0.1% NP-40, 25mMTris-HCI

PH7.5 and 150mM NaCl) and then once in 10mM Tris pH7.5 to remove

detergent. Bound proteins were recovered by centrifugation for 30 seconds

at 13,000 x g before preparation for SDS-PAGE by adding 30uI 1.5x sample

buffer.

For USP2cc experiments, after the three YP-IP washes, the beads

were washedtwice in USP2cc buffer (50mM HEPESpH7.3, 0.5mM EDTA,

2mM DTT) and incubated for 4 hours at 37°Cin an Eppendorf thermomixer

at 100rpm. Subsequently, beads were washed twice in 10mM Tris pH7.5 to

remove detergent, before preparation for SDS-PAGE by adding SDS sample

buffer.

2.3.4 RNAinterference

Cells were seeded as indicated above in complete DMEM medium

and allowed to adhere overnight. Immediately before transfection, the HeLa

medium was replaced with DMEM containing no serum and noantibiotics.

Cells were then transfected with 45nM small interfering RNA (siRNA)

oligonucleotides using the Oligofectamine transfection reagent from

Invitrogen (#12252-01) according to the manufacturer’s protocol. On-Target

88



Plus SMARTpool and deconvoluted siGENOME siRNA oligonucleotides

(oligos) were obtained from Dharmacon Inc. (Lafayette, CO, USA).

Experiments conductedin 6-well plates required 40nmoles of oligos per well,

experiments conducted in 60mm dishes 100nmoles was used. For USP4,

USP15, BRAP, and KSR1 knockdown a pool (Dharmacon SMARTpool)of 4

SIRNA oligos was used unless otherwise indicated at a concentration of

45nM. For details of the specific siRNA oligos used for each protein see

table 2.17. A non-specific control VII (#D-001206-07020) RNA duplex was

also purchased from Dharmacon (sense 5’-

ACUCUAUCGCCAGCGUGACUU-3’: antisense 5 -

GUCACGCUGGCGAUAGAGUUU-3’). Four hours after transfection, heat-

inactivated, foetal bovine serum was added to the medium to a final

concentration of 10%. Knockdown ofcells was performed for 72 hours and

then cells were stimulated and lysed asindicated in section 2.3.4.

 

 

 

Table 2.18

A

Protein target Accession number ON-TARGETplus

SMARTpool

BRAP NM_006768 L-006597-00

USP4 NM_003363 L-004974-00

KSR1 NM_014238 L-003570-00    
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siGENOMEoligo sequence (5’Protein target Accession number

to 3’)

USP15 NM_006313 D-006066-01

USP15 NM_006313 D-006066-02  
 Table 2.18 Pooled and individual deconvoluted oligos. A) SMARTpoololigos were originally used in all Signalling experiments. B) Twoindividualoligos targeting USP15 were usedin later experiments.

2.3.5 Growth factor stimulation andcell lysis

Following RNAi, HeLa cells were serum-starved for 16 hours in

serum-free DMEM and subsequently stimulated for the required time periods

with approximately the indicated concentration of murine EGF. Following

this, the cells underwent three washes with ice-cold PBS and were then

lysed for 10 minutes onicein lysis buffer (0.5% Nonidet P40 (NP-40, Merck

Biosciences), 25mM_ Tris-HCl PH7.5, 100mM NaCl, 50mM NaF)

supplemented with mammalian protease inhibitor cocktail (#P8340, Sigma)

and phosphataseinhibitor cocktail || (#P8340, Sigma). Lysates were pre-

Cleared by centrifugation at 21000 x g and the protein yield determined as

describedin section 2.2.4.

2.3.6 Quantitation of Western blots

All quantitations of bands on Western blots were performed on 16-bit

images acquired from the Licor Odyssey using ImageJ (rsbweb.nih.gov/ij). In

the MAPK signalling experiments described in chapter 5, bands

immunoreactive to the phospho-specific antibodies were ratioed to total

protein (for example pMAPK/total MAPK) and expressed as a percentage.
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2.4 Yeast two-hybrid screen and data analysis

2.4.1 Reagents

All plasticware was from VWR (Lutterworth, UK). pGBDU-GW bait

vector wascreated as described in section 2.1.7. The RING E3ligase preys

used in this study will be discussed more thoroughly in section 4, and are

referenced in (Marksonetal., 2009). The yeast two-hybrid host strain PJ69-

4A (MATatrp1-901 leu2-3, 112 ura3-52, his3-200 gal4A gal80A LYS2::GAL1-

HIS3 GAL2-ADE2 met2::GAL7-lacZ) was used asthe bait strain for all Y2H

experiments (provided by Phil James, University of Wisconsin, USA). PJ69-

4A carries three independent GAL4-responsive reporter genes (GAL1-H/S3,

GAL2-ADE2 and GAL7-lacZ). The PJ69-4A strain was developed to provide

a suitable mating partner with identical genotype to PJ69-4A resulting in the

yeast strain PJ69-4a (provided by Phil James). The switched mating type

Strain PJ69-4a was used as the prey strain for all Y2H experiments. Yeast

Extract and Peptone 140 (#30392-021) were from Invitrogen/Gibco (Paisley,

UK). Lithium acetate (LiOAc), PEG3350, Sodium hydroxide, salmontestis

DNA andall amino acids were from Sigma Aldrich (Poole, UK). Glucose

(#GLUO3) and yeast nitrogen base (#CYN0410 without amino acids) were

from Formedium (Hunstanton, UK). Agar (#400-050) was from Biogene

(Cambridge, UK). 3-Amino-1,2,4-triazole (3-AT, #A8056) was from Sigma

(Poole, UK).

2.4.2 Yeast media and uses

The various media used for Y2H will be more thoroughly discussedin

chapter 4. However, the recipes for the media and a brief overview oftheir

91



uses are described in the tables below. All media could be madeinto solid

media by the addition of agar (20g perlitre).

 

 

Table 2.19

YPAD(500ml) SD-X (500ml)

10g Glucose 10g Glucose

10g Peptone

5g Yeast Extract

0.05g Adenine salt

3.35g Yeast Nitrogen Base

Appropriate amount of amino acid

Salt mix (table 2.22).

10g Agar(Forsolid medium) 10g Agar(Forsolid medium)    Table 2.19 Recipes for yeast media. All media were made upwith distilledH20 and autoclaved. SD, synthetic defined.

Table 2.20

 

A/H/L/W/U DO
 

Grams
 

Arginine

Isoleucine

Lysine

Methionine

Phenylalanine

Threonine

Tyrosine

Valine

Table 2.20 Dropout (DO) amino acid mix. DO mix was addedto all SD-X
media and then the appropriate amino acids were added depending on the
selection required (see table 2.22).
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Table 2.21

SD-X
-U -L -UL -ULA -ULHAdeninesalt 0.6 0.6 0.6 0.6Histidine 0.2 0.2 0.2 0.2

Leucine 1.0 -
Uracil - 0.2
A/H/L/W/U DO 5.3 5.3 5.3 5.3 5.3
Dilution (g/l of SD) 0.71 0.63 0.61 0.55 0.59
 Table 2.21 SD-X amino acid supplement mixes for yeast transfection
and interaction studies. All SD-X medium was supplemented with 20mg/I
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Tryptophan post-autoclaving, as the high heat would result in substantialdegradation of this amino acid.

 

 

 

 

 

 

 

       

Table 2.22

SD-X
-UA -UH -LA -LH

Adeninesalt - 0.6 - 0.6
Histidine 0.2 - 0.2 -
Leucine 1.0 1.0 - -
Uracil - - 0.2 0.2
A/H/L/W/U DO 5.3 5.3 5.3 5.3
Dilution (g/l of SD) 0.65 0.69 0.57 0.61
 Table 2.22 SD-X amino acid Supplement mixes for autoactivationtesting. All SD-X media was supplemented with Tryptophan post-autoclaving to a final concentration of 20mg/l. Tryptophan was addedafterautoclaving, as the high heat would result in substantial degradation ofthisaminoacid.

 

 

 

 

 

 

 

 

Table 2.23

Name Description Usedfor

YPAD Nutrientrich yeast medium/agar Growth of yeast

Synthetic defined medium deficient in
SD-U

Bait pGBDUselection
Uracil

SD-L Deficient in Leucine Prey pACT2selection

Deficient in Uracil and Histidine and Testing for autoactivation of baitSD-UHAT

supplemented with 3-AT constructs

Deficient in Uracil and Histidine and Testing for autoactivation of preySD-LHAT

supplemented with 3-AT constructs

Testing for autoactivation of baitSD-UA Deficient in Tryptophan and Adenine

constructs

Testing for autoactivation of preySD-LA Deficient in Leucine and Adenine

constructs     
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Double selection, used to selectSD-UL Deficient in Uracil and Leucine

diploids after mating

 
Triple selection (less stringent),SD-ULH(3-

|

Deficient in Uracil, Leucine,Histidine,

used for selecting interactingAT) and 2.5mM 3-AT

partners

 

Triple selection (most stringent),
Deficient in Uracil, Adenine and

SD-ULA usedfor selecting interacting
Leucine

partners     
 Table 2.23 Description of Y2H medium used and their uses. Media could
be madeinto solid media by the addition of 20g/I agar.

2.4.3 Yeast transfections

2ml YPAD medium (for recipes see Table 2.18) was inoculated with

PJ69-4A MATa(bait) or complementary mating-type switched MATa (prey)

yeast cells and grown overnight at 30°C with shaking at 200rpm. The

following morning 8ml of YPAD medium was added to the cells and

incubated for a further 5 hours. Thecell culture was spun at 2,300 rpm for 5

minutes and the supernatant discarded. Thecell pellet was resuspendedin

Sml 100mM LiOAc. 1.5mlofthis resuspension was removed andcentrifuged

at 2,300rpm for 5 minutes. The supernatant was discarded once again and

then the pellet was resuspendedin the mixturein table 223:

 

 

 

 

  

Table 2.24

Ingredient Volume

50% (v/v) PEG3350 185ul

1M LiOAc 28ul

Distilled H20 36ul

Denatured salmon testes DNA Tul 
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 Miniprep DNAofinterest 1ul

 

 
Total 350ul

 
 Table 2.24 Typical reaction mixture for transfection of yeast with
Miniprep DNA. Transfection reactions were set up at room temperature.

The samples were incubatedin a thermal cycler as follows:

30°C for 30 minutes

42°C for 25 minutes (heat shock)

30°C for 1 minute

The resulting mixture was spread onto synthetic defined (SD) agar plates

lacking in Uracil (for bait p6BDU constructs) and in Leucine (for prey pACT2

constructs) and grown for 3 days at 30°C. Colonies were checked for

transfection by PCR using vector specific primers as specified in section

2.1.5. The same yeast colony was also added to 20ul of water and 5yl was

subsequently spotted onto selective agar plates and grown at 30°C for 5

days to test for autoactivation of the constructs (media for this described in

table 2.18). If haploid yeast colonies were autoactivators, they would exhibit

a growth phenotype on double dropout selection plates. Non-autoactivating

colonies were picked for glycerol stocks and were immediately respotted for

further experimentation.

2.4.4 Yeast mating

Yeast glycerol stocks were spotted onto appropriate selective media

and allowed to grow for 3 days at 30°C. Prey RING E3 transfected MATa

yeast colonies were resuspendedin 100uIof sterile water to a similar Opacity

and 2ul was then spotted onto a YPAD plate in a 8 x 12 grid format. Bait

DUB transfected MATa yeast colonies were resuspended in 300uIof sterile
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water to a similar opacity (assessed by eye) and spotted on top of the prey

Spots on the plate. YPAD plates were allowed to dry at room temperature

and then incubated for 24 hours at 30°C. The following day yeast spots were

transferred onto SD-UL plates using a sterilised velvet cloth. Plates were

incubated at 30°C for 2 days and spots were then transferred onto SD-

ULH(3-AT) and SD-ULA plates by the samevelvet replica plating method.

Yeast colonies were allowed to grow at 30°C for 5 days and images were

taken and growthscoredasindicatedin Chapter4.

2.4.5 lacZ assay

Asan alternative assay for interacting partners, this assay was used

to measure the level of reporter construct expression. Following growth on

SD-UL plates and selection for diploids, yeast cells were transferred by

velvet replication onto triple dropout SD media for interaction analysis. A

replica SD-UL plate was also created and diploids that were shownto be

positive interactors, as well as a selection of both positive and negative

controls were selected and glycerol stocks were made of these yeast

diploids. Subsequently, 10ul of each glycerol stock was grownfor 3 days on

SD-UL agar plates for use for both sequencing (see following section) and

lacZ reporter assays. To transfer diploid yeast growth, a dry 15 x 20cm,

3mm Whatmanfilter paper (Geneflow, Fradley, UK) was laid on top of the

growth and rubbed gently. Thefilter paper was then submergedin liquid

nitrogen for 10 secondsto lyse thecells. After thawingthefilter paper for 30

seconds,it was covered with B-gal reagent (6mls Z buffer (60MM NasHPO,,

40mM NazH2PO.4, 10mM KCI, 1mM MgSO.) 1.6mg/ml X-Gal reagent
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(100mg/mI_ in N,N-dimethylformamide), 11 Hl B-mercaptoethanol), and

checked for air bubbles. Thefilter Paper wasplaced face upin a clean

150mm dish and left at 37°C for approximately 5 hours. Colour change

(colourless to blue indicating production of B-galactosidase (B-gal)) was

monitored and recorded every hour.

2.4.6 Yeast prey sequencing

An important quality control step in our Y2H screen was sequencing

the diploid yeast for the correct prey construct, as the 96-well format in which

the mating with the bait was performed could result in well-to-well cross

contamination. Yeast diploid glycerol stocks were grown up on SD-UL media

and YC-PCRwasperformed with PGADF3,that primes upstream of the ORF

incorporation site in both the PACTBD-B and pACTBE-B vectors (see table

2.9 for pGADF3 Sequence). PCR products weresentfor sequencing with the

PGADF3 primer and the sequence information returned was analysed with

the Basic Local Alignment Search Tool (BLAST) at NCBI (Wheeler et al.,

2008). YC-PCRswere performed with BlOTaq polymerase(as indicated in

chapter 2) and therefore sequencing reactions t were used more for insert

identification purposes only.

2.4.7 Network analysis

All network analysis performed will be explained in greater detail in

section 4. Interaction data was compiled in Excel spreadsheets (Microsoft,

California, USA) and network figures and analysis was performed in

Cytoscape (Shannonetal., 2003). The known interaction network was

97



compiled from data mined from the MINT (Chatr-aryamontri et al., 2007),

HPRD (Mishra et al., 2006), IntAct (Kerrien et al., 2007), and BioGRID

(Breitkreutz et al., 2008) databases by Russell Hyde (University of Liverpool).

The phylogenetic tree in figure 4.1 was generated using the Interactive Tree

of Life (TOL, (Letunic and Bork, 2007)) by Jonathan Woodsmith (University

of Liverpool).
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CHAPTER THREE

Constructing a Human Deubiquitinating Enzyme ORF Library

3.1 Introduction

A variety of different genetic and biochemical approacheshavebeenusedin

the pastto identify proteins that exhibit deubiquitinating function encoded by

the genomesofdifferent species (Wilkinson, 1997). Sequence analysis of

these proteins has uncovered various characteristics of the amino acid

Stretches responsible for ubiquitin hydrolysis and currently five structurally

and biochemically distinct domains associated with deubiquitinating function

are known to be expressed in human cells. These are the ubiquitin-C-

terminal hydrolase (UCHs), ubiquitin-specific protease (USP), Ovarian

tumour (OTU), Machado-Joseph Disease (MJD, also known as Josephines),

and Mov34/MPN/PAD-1 (MPN) domains (See section 1 and reviewed in

(Komanderet al., 2009a)). The MPN domain has also been subdivided

depending on whetherthe structure of the domain forms a catalytically active

DUB domain. Catalytically inactive domains are known as MPN-, and

catalytically active ones are known as MPN+ or JAB1/MPN/Mov34

metalloenzyme (JAMM) domains. For the purposeof this study they will both

be grouped under the general family descriptor; MPN. Theinclusion of one

of these domainswithin the amino acid sequenceofa protein is sufficient but

also essential for this protein to be named a DUB. The specific amino acid

profiles of these distinct catalytic regions can be used as a mathematical

descriptor of each domain, and these descriptors can be used in conjunction

with the appropriate search algorithms to scan databases for protein
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sequences containing homologous domains. Since the completion of the

human genome sequencing project and the deposition of this data into

publicly available databases (Venteretal., 2001), numerousefficacious in

silico studies identified previously uncharacterized members of protein

families using homology-based searches (for example (Manninget al., 2002)

identified all the putative human kinases bioinformatically).

To undertake a systematic interaction study for all human DUBs, as

complete a set of DUB open reading frames (ORFs)as possible would have

to be acquired. The aim of the worklaid outin this chapter wasto prepare a

set of data and tools that could be used to study all the human DUBs

systematically. This would be done by 1) compiling a comprehensivelist of

consistentidentifiers (IDs) of all the putative human DUBs by literature and

database curation, 2) devising an efficient and high-throughput cloning

Strategy with the appropriate quality controls, 3) acquiring DUB ORFs by

various means, and 4) producing expression constructs of all cloned DUBs

so that they may be usedforfurther experimentation.

3.2 Acquiring IDs for all putative human DUBs

3.2.1 Literature curation

When this study was started, two important interrogations of the

publicly available databases had been performed, both attempting to retrieve

all putative DUBsby selecting by homology those transcripts that encoded

one of the five subclasses of DUB domains (Nijman et al., 2005b: Scheel,

2005). The study undertaken by Scheel employed profile searches of the

most up-to-date UniProt (Release 4.0 www.uniprot.org), GenPept (Release
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146, a translation of all the Expressed Sequence Tags (ESTs) in GenBank

(Bensonet al., 2009)), and Ensembl (data acquired from version available in

February 2005 (Hubbard etal., 2005)) databases (Scheel, 2005). This study

identified 93 distinct putative DUBs encoded by different genes. The second

study applied searches of the Ensembl human genomedatabase(Version 32

(Hubbard et al., 2005)) and identified 95 genomic entries coding proteins

containing DUB domains (Nijmanetal., 2005b). There are three important

caveats that need to be taken into accountwith both these data sets:

1)

3)

Bioinformatical analyses of protein sequences have identified new,

previously uncharacterized domains that may have DUBfunction (lyer

et al., 2004). Although bioinformatical tools predict that these domains

contain the necessary componentsto exhibit protease activity, and the

proteins in question contain other elements such as ubiquitin binding

motifs that support their role in the ubiquitin system, their catalytic

activities have not yet been characterized in vitro or in vivo. These

motifs would not have beenincludedin any homology searches used

in the previously discussed studies, and therefore have not been

includedin this study.

All searches have been performed based on consensus sequences,

so those sequences with low homology butstill representing true

family memberswill have been excluded.

Notall the catalytic domains of the putative DUBs acquired during this

study will necessarily hydrolyse ubiquitin. Indeed, one of the DUBs

identified in both analyses has since been shownto have exclusive
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activity towards the ubiquitin-like molecule ISG15, at least in vitro

(Catic et al., 2007).

More recently, a study focussing directly on the OTU domain-

containing proteins revealed a new memberthat had gone undetectedin the

two previously referenced database searches (OTUD3, (Kayagaki et al.,

2007)).

For this study, an amalgamation of the information gathered from the

three aforementioned studies was usedto acquire Entrez Gene IDs (Maglott

et al., 2007) for a total of 92 bona fide gene entries that encode proteins

containing DUB domains (shownin figure 3.1). It is important at this point to

note that the USP17 and USP17 related genes had previously been shown

to be part of the RS477 megasatellite, a region genetically described as a

highly polymorphic tandem repetitive sequence (Burrows et al., 2005).

There are many gene transcripts available for USP17 and highly related

genes in the public databases, so to simplify the issue, these genes were

treated as a block and only DUB3 (Entrez Gene ID 377630) was pursued

further. This set the tally of human DUBs at 92, and these are collected in

table 3.1.

3.2.2 DUB geneidentifier (ID) acquisition

Entrez Gene IDs are uniqueidentifiers assigned to individual genes by

the National Centre

—

for Biotechnology Information (NCBI,

http://www.ncbi.nim.nih.gov) and provide a means of connecting

chromosomallocus, sequence, expression, structure, function, citation, and

homology data. Therefore, Entrez Gene IDs for the DUBs identified in
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Figure 3.1

PSMD14

BRCc
MYSM1
MPND

STAMBP.

STAMBPL1

E\FSFP2
ElesF

psn!

 
Figure 3.1. Dendogram of DUB catalytic domains. All 92 human DUB
catalytic domains were aligned using ClustalW
(http://www.ebi.ac.uk/Tools/clustalw2). The alignmentis visually represented
using iTOL v1.6.1 (Letunic and Bork 2007). DUBsalign well according to
catalytic domain type (see colour coding), showing that these domains,
although divergent within themselves, contain distinct profiles making them
distinguishable from the other catalytic domain.
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section 3.2.1 were acquired. For the annotation of DUBsinthis study, gene

symbols (i.e. names) are the same as those assigned on the Entrez Gene ID

card so as to remain consistent, regardless of whether otheraliases are in

more commonusewithin the scientific community. In table 3.1, the list of all

human putative DUBs identified by the collation of the data in the three

aforementioned studies is illustrated, in conjunction with the UniProt

accession numbersoriginally used to identify the DUB proteins themselves.

The predicted activity status of the DUB catalytic domain wasinitially inferred

from whether the catalytic domain contained the necessary residues for

catalysis. In the case of the Cysteine proteases (UCH, USP, OTU and MJD)

this would include the three residues required to form the catalytic triad, and

for MPNproteins this would include the residues required to appropriately

Coordinate zinc (referred to as MPN+ or JAMMs). Although USP53 and

USP54 contain the three catalytic triad residues, both lack a histidine 9

amino acids N-terminal of the catalytic H andit is believed that this residue is

essential for catalytic activity, although experimental verification remains

incomplete (Quesadaet al., 2004). Structural analysis excluded PRPF8as a

functional DUB due to evidence that an amino acid insertion occluded the

putative catalytic core, and impaired metal binding (Pena et al., 2007).

Therefore, 81 DUBs are presumed to be active, although two of the genes

(HIN1L and EIF3FP2) are annotated as pseudogenes and are therefore

unlikely to code for proteins, resulting in a more accurate prediction for the

total number of active DUBs in the human genome as 79 (reviewed in

(Komanderet al., 2009a)).
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No

|

Type Status GeneID Symbol Alias UniProt

1

|

UCH

|

ACTIVE 7345

|

UCHL1 P09936

2

|

UCH

|

ACTIVE 7347

|

UCHL3 P15374

3

|

UCH

|

ACTIVE 51377

|

UCHL5 Q9Y5K5

4

|

UCH

|

ACTIVE 8314

|

BAP1 Q92560

5

|

USP

|

ACTIVE 7398

|

USP1 094782

6

|

USP

|

ACTIVE 9099

|

USP2 075604

7

|

USP

|

ACTIVE 9960

|

USP3 Q9Y6I4

8

|

USP

|

ACTIVE 7375

|

USP4 Q13107

9] USP

|

ACTIVE 8078

|

USP5 ISOT P45974

10

|

USP

|

ACTIVE 9098

|

USP6 P35125

11

|

USP

|

ACTIVE 7874

|

USP7 HAUSP Q93009

12

|

USP

|

ACTIVE 9101

|

USP8 UBPY P40818

13

|

USP

|

ACTIVE 8239

|

USP9X FAM Q93008

14

|

USP

|

ACTIVE 8287

|

USP9Y 000507

15

|

USP

|

ACTIVE 9100

|

USP10 Q14694

16

|

USP

|

ACTIVE 8237

|

USP11 B2RTX1

17

|

USP

|

ACTIVE 219333

|

USP12 075317

18

|

USP

|

ACTIVE 8975

|

USP13 ISOT13 Q92995

19

|

USP

|

ACTIVE 9097

|

USP14 P54578

20

|

USP

|

ACTIVE 9958

|

USP15 Q9Y4E8

21

|

USP

|

ACTIVE 10600

|

USP16 Q9Y5T5

22

|

USP

|

ACTIVE 377630

|

DUB3 USP17 Q6R6M4

23

|

USP

|

ACTIVE 11274

|

USP18 QOUMW8

24

|

USP

|

ACTIVE 10869

|

USP19 094966

25

|

USP

|

ACTIVE 10868

|

USP20 VDU2 Q9Y2K6

26

|

USP

|

ACTIVE 27005

|

USP21 Q9UK80

27

|

USP

|

ACTIVE 23326

|

USP22 Q9QUPT9

28

|

USP

|

ACTIVE 23358

|

USP24 Q9UPU5
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29

|

USP

|

ACTIVE 29761

|

USP25 Q9QUHP3

30

|

USP

|

ACTIVE 83844

|

USP26 Q9BXU7

31

|

USP

|

ACTIVE 389856

|

USP27X A6NNY8

32

|

USP

|

ACTIVE 57646

|

USP28 Q96RU2

33

|

USP

|

ACTIVE 57663

|

USP29 Q9HBJ7

34

|

USP

|

ACTIVE 84749

|

USP30 Q70CQ3

35

|

USP

|

ACTIVE 57478

|

USP31 Q70CQ4

36

|

USP

|

ACTIVE 84669

|

USP32 Q8NFAO

37

|

USP

|

ACTIVE 23032

|

USP33 VDU1 Q8TEY7

38

|

USP

|

ACTIVE 9736

|

USP34 Q70CQ2

39

|

USP

|

ACTIVE 57558

|

USP35 Q9P2H5

40

|

USP

|

ACTIVE 57602

|

USP36 Q9P275

41

|

USP

|

ACTIVE 57695

|

USP37 Q86T82

42

|

USP

|

ACTIVE 84640

|

USP38 Q8NB14

43

|

USP

|

INACTIVE 10713

|

USP39 Q53GS9

44

|

USP

|

ACTIVE 55230

|

USP40 QONVE5

45

|

USP

|

ACTIVE 373856

|

USP41 Q3LFD5

46

|

USP

|

ACTIVE 84132

|

USP42 Q9H9J4

47

|

USP

|

ACTIVE 124739

|

USP43 Q70EL4

48

|

USP

|

ACTIVE 84101

|

USP44 Q9HOE7

49

|

USP

|

ACTIVE 85015

|

USP45 Q70EL2

50

|

USP

|

ACTIVE 64854

|

USP46 P62068

51

|

USP

|

ACTIVE 55031

|

USP47 Q96K76

52

|

USP

|

ACTIVE 84196

|

USP48 Q86UV5

53

|

USP

|

ACTIVE 25862

|

USP49 Q70CQ1

54

|

USP

|

INACTIVE 373509

|

USP50 Q70EL3

55

|

USP

|

ACTIVE 158880

|

USP51 Q70EK9

56

|

USP

|

INACTIVE 9924

|

PAN2 USP52 Q504Q3

57

|

USP

|

INACTIVE 54532

|

USP53 Q70EK8

58

|

USP

|

INACTIVE 159195

|

USP54 Q70EL1      
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59

|

USP

|

ACTIVE 1540

|

CYLD Q9NQC7

60

|

USP

|

INACTIVE 10208

|

USPL1 Q5W0Q7

61

|

OTU

|

ACTIVE 55611

|

OTUB1 Q9O6FW1

62

|

OTU

|

ACTIVE 78990

|

OTUB2 Q96DC9

63

|

OTU

|

ACTIVE 56957

|

OTUD7B Cezanne

|

Q6GQQ9

64

|

OTU

|

ACTIVE 161725

|

OTUD7A Cezanne2

|

Q8TE49

65

|

OTU

|

ACTIVE 54726

|

OTUD4 HIN1 Q01804

66

|

OTU

|

ACTIVE 360227

|

HIN1L Q7RTX8

67

|

OTU

|

ACTIVE 54764

|

ZRANB1 TRABID Q9UGIO

68

|

OTU

|

ACTIVE 80124

|

VCPIP1 Q96JH7

69

|

OTU

|

ACTIVE 55432

|

YOD1 Q5VVQ6

70

|

OTU

|

ACTIVE 7128

|

TNFAIP3 A20 P21580

71] OTU

|

ACTIVE 51633

|

OTUD6B Q8N6MO

72

|

OTU

|

ACTIVE 139562

|

OTUD6A Q7L8S5

73

|

OTU

|

ACTIVE 55593

|

OTUD5 DUBA Q96G74

74

|

OTU

|

ACTIVE 23252

|

OTUD3 Q5T2D3

75

|

OTU

|

ACTIVE 220213

|

OTUD1 Q5VV17

76

|

MPN

|

ACTIVE 79184

|

BRCC3 BRCC36_

|

P46736

77

|

MPN

|

ACTIVE 10987

|

COPS5 CSN5 Q92905

78

|

MPN

|

INACTIVE 10980

|

COPS6 CSN6 Q7L5N1

79

|

MPN

|

INACTIVE 8667

|

EIF3H EIF3S3 015372

80

|

MPN

|

INACTIVE 8665

|

EIF3F EIF3S5 000303

81

|

MPN

|

INACTIVE 5713

|

PSMD7 P51665

82

|

MPN

|

ACTIVE 10213

|

PSMD14 POH1 000487

83

|

MPN

|

INACTIVE 10594

|

PRPF8 Q6P2Q9

84

|

MPN

|

ACTIVE 10617

|

STAMBP AMSH 095630

85

|

MPN

|

ACTIVE 84954

|

MPND Q8N594

86

|

MPN

|

ACTIVE 57559

|

STAMBPL1 AMSH-LP

|

Q96FJO

87

|

MPN

|

ACTIVE 114803

|

MYSM1 Q5VVJ2

88

|

MPN

|

ACTIVE 83880

|

EIF3FP2 Q9BX72      
 

107

 



 89

|

MJD

|

ACTIVE 4287

|

ATXN3 P54252

 

 

 

90

|

MJD

|

ACTIVE 92552

|

ATXN3L Q9H3M9

91

|

MJD

|

ACTIVE 9929

|

JOSD1 Q15040

92

|

MJD

|

ACTIVE 126119

|

JOSD2 Q8TAC2         
 Table 3.1 List of all putative human DUBs. DUBsarelisted by catalyticdomain type. UniProt accession IDs given are the most updated identifiersfor the corresponding genesat the time of Submission of this manuscript.Entrez Gene IDs were obtained from the NCBI database (Maglott et al.,2007). Commonly usedaliases are also shown. UCH, Ubiquitin C-terminalhydrolases. USP, Ubiquitin-specific protease. OTU, Ovarian tumour domain-containing protein. MPN, JAB1/MPN/Mov34 Metalloenzymes. MJD,Machado Joseph Disease.

3.2.3 Collection ofDNA sequences and DUBexclusion criteria

Oncethese Entrez Gene IDs had been compiled it was possible tolink

each DUBto a Reference Sequence (RefSeq) (Pruitt et al., 2007). RefSeqs

represent a non-redundant, curated set of DNA sequences extracted from

GenBank (Benson et al., 2009), and were the means by which

complementary DNA (cDNA) sequenceinformation of the 92 selected DUBs

could be acquired. It is important to note that RefSeqs are sporadically

updated and annotated with a new version number. For example, the

RefSeq for USP4 was updated on the 11* of May 2009 from NM_003363.2

to NM_00363.3. Althoughthe protein coding sequences remained the same

in both RefSeqs, the newerversion includes longer 5’ and 3’ untranslated

regions. The RefSeq version for the sequencescollected in this study are

listed in appendix 3.1. Due to the need for well-annotated DNA sequences

for efficient cloning, a set of criteria were applied to all the RefSeq data

compiled to eliminate DUBs that were insufficiently well-annotated or that

wereunlikely to be expressed. The exclusion criteria were:
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1) Genes for which there is evidence that they are a

Pseudogene(i.e. non-protein coding).

2) Any sequencesfor which there is no annotated ORFstart or

Stop site (i.e. the sequence submitted is incomplete).

3) Genes that coded for ORFs longer than 7kb. Dueto their

longer length, these ORFs will be difficult to clone from

cDNAlibraries and the encoded proteins are unlikely to

function properly in the yeast-two hybrid system (Shulga et

al., 2000).

Following the application of these criteria, 7 DUBs were excluded from

the originallist of 92, therefore the numberof DUBsto befollowed up in this

Study wasat this stage trimmed to 85. The DUBs that were excluded from

the list and the reasonsfortheir exclusion are highlighted in table 3.2.

 

 

 

 

 

 

 

 

Table 3.2

Entrez GeneID Symbol Exclusioncriteria

8239

|

USP9X ORFsize 7713bp

8287

|

USP9Y ORFsize 7668bp

389856

|

USP27X No annotated ORFstart site

9736

|

USP34 ORFsize 10641bp

360227

|

HIN1IL Pseudogene

83880

|

EIF3FP2 Pseudogene

10594

|

PRPF8 ORFsize 7008bp     
 Table 3.2 Excluded DUBs. Reasonsfor gene exclusion are highlighted.
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Having acquired all the salient information for cloning 85 DUB ORFs,

a strategy was devised to provide a platform from which DUBscould be

selected for further experimentation. It is important to note at this point that

many of the aforementioned DUBs have more than one annotated variant

and therefore more than one RefSeq per Gene ID can be found. For the

purpose of this study, those variants that encode the longest isoform were

selected.

3.3 Cloning strategy

3.3.1 The Gateway® system

In an effort to accelerate the cloning process, andto facilitate cloning

of ORFsinto a rangeofdifferent expression plasmids, the Gateway® system

(Invitrogen) was employed for the generation of a DUBlibrary (summarised

in figure 3.2, and (Hartley et al., 2000)). This system exploits the highly

Specific and conservative (no net gain or loss of nucleotides) nature of the

integrase family of recombinases from bacteriophage2 to allow the shuttling

of any DNA sequence betweenvectors as long asit is appropriately flanked

by specific recombination sequences(Hartley et al., 2000; Landy, 1989). In

this study, DUB ORFs were PCR amplified with primers specifically designed

to contain the appropriate Gateway recombination sequences. The forward

primers were designed to contain 18-30 bases of ORF-specific sequence

with an extension 5’ of the ORF start site containing the so-called attB7

recombination sequence, and reverse primers were similarly designed to

contain 18-30 bases of ORF-specific sequence with a 3’ extension containing

the attB2 sequence. All primers designed contained the ORF native start
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Figure 3.2
ORF

—— GW primer

  

Gateway PCR

 

           

  

attP1 ccdB attP2

pDONR223

LO LR recombination

Mammalian
expression

  

 

   

 

  

 

Bacterial
expression

  
   

     

 

Yeast
expression  

Figure 3.2 The Gateway system. ORFs are initially amplified with Gateway
primerswith 5’ (forward) or 3’ (reverse) overhangs. The amplified ORF is now
flanked by the aftB7 and attB2 sites (in red). This PCR product can be
recombined with the atfP1 and attP2 sites (in blue) on an entry vector
(PDONR223) to produce an entry constructflanked by attL1 and attL2 sites
(not shown) in whatis called a BP reaction. This entry construct can be
subjected to further recombination with destination vectors (for bacterial,
yeast, or mammalian expression) containing the attR1 and attR2 sites (in
green) in what is called an LR reaction. Destination constructs can
subsequently be used for expression studies in a range of biological systems
as vectors with species-specific promoters are commercially available.
Yellow, orange, and purple boxes 5’ of the attR7 site represent different
N-terminal tags.
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and stop codons. These primers will be referred to as Gateway primers for

the rest of this body of work. Although restriction endonuclease mediated

cloning was not prioritised in this study, enzyme recognition sites can be

inserted in the primers between the attB sites and the ORF to permit

restriction enzymecloning.

Once a PCRproduct has been generatedit can be incubated in vitro

with the pPDONR223entry vector containing the attP7 and attP2 sites flanking

the E. coli F-plasmid-encoded ccdB gene (expression of whichis lethal to E.

coli), and an enzyme mix containing the integrase (Int) and integration host

factor (IHF) proteins (termed a BP reaction).

|

The recombination reaction

results in the ccdB gene getting flipped out of the pDONR223 vector and

being replaced by the DUB ORF, which is now flanked by the newly

recombined attL1 and attL2 sequences. It is important to note that the attB7

site only recombines with the attP7 site (similarly for attB2 and attP2) and

therefore the orientation of the ORF is maintained.

E. coli are then transformed with the BP reaction mixture, and only

PDONR223 vectors that had successfully undergone recombination were

permissive for growth; the ccdB gene will no longer be expressed in the

recombined pDONR223 vector, and positively transformed colonies can be

selected on Spectinomycin selective agar as pDONR223confers resistance

to this antibiotic (Rualetal., 2004). pDONR223 constructs, also known as

entry constructs, provide a way of storing cloned ORFsin a double-stranded

plasmid that can be amplified within bacteria and kept for future use in both

purified DNA and within transformed bacteria. From these entry clones,

ORFs can be shuttled to other expression vectors known as destination
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vectors by a similar recombination reaction. Entry clones (containing afttL1-

ORF-attL2) are incubated with a destination vector (attR1-ccdB-attR2) with a

different antibiotic selection to the entry vector, and an enzyme mixture

containing Int, IHF and bacteriophage excisionase (termed an LRreaction).

E. coli are transformed with the reaction mixture and transformants were

selected for growth on the antibiotic media selective towards destination

constructs.

The major advantagesof the Gateway system are:

1)

2)

One-step cloning reactions that can be performed in a high-

throughputfashion.

No needfor restriction endonuclease and ligation-based cloning,

a processthat can beinefficient for large ORFs containing many

commonly used sites. This reduces the bias towards small

ORFs.

Existing vectors can easily be converted to be Gateway-

compatible by insertion of a Gateway conversion cassette (attR1-

-ccdb-attR2) available from Invitrogenin all three reading frames

(see section 2.1.7 for Gateway destination vector creation).

The major disadvantage of the Gateway system is:

The presence of recombination sites both N-terminal and C-

terminal of the ORF results in linker regions between the ORF

and both N- or C-terminal tags. These extended linker

sequences could possibly interfere with production of soluble

recombinant proteins, or provide additional non-specific binding

surfaces.
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Dueto its amenability to high-throughputcloning efforts, the Gateway

system has been successfully used by various groups to clone over 10,000

human genes (Lameschetal., 2007), approximately 12,500 Caenorhabditis

elegans (C. elegans) ORFs (Lamesch et al., 2004), and 4,910

Schizosaccharomyces pombe (S. pombe) ORFs (Matsuyamaetal., 2006).

Although the cloning effort presentedin this study is much more humble,

using the Gateway system to produce a library of DUB entry clones provides

a useful platform from which DUB biology can be studied by various

methodologies.

3.4 ORF acquisition

3.4.1 DUB ORFacquisition strategy

Once the Gateway system wasselected as the cloning system to be

used throughout this study, the task of acquiring ORF templates for all the

human DUBs wastackled. Although at the start of this study no full

collection of DUB ORFs was publicly available, various DUBs had been

cloned and studied by a hostof different laboratories. These clones would

be the starting point of the collection, and any previously unstudied or

unpublished DUBs would haveto be PCR-amplified from reverse transcribed

RNA or cDNAlibraries. The following sections of this chapter (3.4.2-3.4.5)

highlight the strategy of acquisition and the quality control steps taken

depending ontheoriginal source of the DNAin question.

3.4.2 DUBs acquired from the human ORFeomev1.1
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The most complete existing set of human ORFsat the start of this

study was the National Institute of Health (NIH) Mammalian GeneCollection

(MGC), a set of cDNAs representing 11,298 human genes (Gerhard et al.,

2004). The cDNAsfound in the MGC contain 5’ and 3’ UTRsand therefore

their direct application to large-scale proteomic useislimited as the inclusion

of untranslated regions precludes expression of the encoded proteins as N-

or C-terminal protein fusions. To addressthis issue, the MGC wasusedto

create the human ORFeome v1.1 (Rual et al., 2004). Vidal and his

colleagues used the Gateway system to create a set of 8076 Gateway

compatible ORFs available from the MGC, representing a total of 7263 non-

redundant human genes,so that these could be used for high-throughput,

genome-wide proteomic analyses (for example (Rual et al., 2005)). The

ORFs in the human ORFeomev1.1 consist of mini-pools of PCR products

amplified from single, unique MGC cDNAs, rather than single sequence-

verified clones (Rualet al., 2004). This Strategy was used to reduce the cost

of the approach while still making the collection amenable for high-

throughput use. Therefore, clones within the human ORFeome v1.1 come

with three caveats:

1) Although the error rate of PCR amplification with the polymerase

used (KOD DNApolymerase from Novagen) wasfound to be low

(1 in 35,000 bases (Rualet al., 2004)), some of the PCR products

found within each pool may carry mutations.

2) Spontaneous mutations may inactivate ccdB expression or the

gene product and this could result in unrecombined pDONR223

entry vectors being selected.
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3) As with all high-throughput approaches, well-to-well cross-

contamination may have occurred due to human error.

In this study, all the DUBsincluded in the human ORFeomev1.1 were

acquired. To control for the caveats highlighted above, individual clones

were selected from the pools and Subjected to ORFfull-length sequencing.

Due to the nature ofthis Study compared to genome-wide investigations,

ORFfull-length Sequencing wasconsidered to be essential, as the aim was

to generate a verified resource not only for protein:protein interaction

analysis but also for the functional characterisation of the expressed proteins.

A full list of those entry clones acquired from the human ORFeome

v1.1 is summarised in table 3.3. A total of 53 Clones were obtained,

representing a total of 37 different genes. Upon sequencing of these clones

it was found that 17 were not full-length and did not represent known splice

variants in the public databases, and 2 contained too many point mutations

compared to the RefSeq sequenceto pass our criteria for further cloning.

Oneof the two UCHL5clones received was excluded from the full-lengthlist

because although they differed by one codon,only the longest variant was

used in further experimentation. The USP30 clone received wasoriginally

annotated at NCBI as a complete sequence. However, since then it has

been shownthat this sequence was actually shorter at the 5’ end by 9 amino

acids than the more recently characterised gene product (Nakamura and

Hirose, 2008). The longer sequence was cloned as highlighted in section

3.4.3. Therefore, the total number of full-length DUBs in Gateway entry

constructs acquired from the human ORFeomev1.1 was 32. These clones

represented the starting point of the DUB library as they were already in
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Gateway format, so no further PCR amplification would be required. ORFs

from the human ORFeomev1.1 did not have stop codonsso that proteins

could be both N- and C-terminally tagged (Rualet al., 2004). The rest of the

DUBs generatedin this body of work all contain their native stop codon.

Although this limited expression constructs to produce N-terminally tagged

proteins, the stop codon would prevent any excess amino acids being

expressed at the C-terminus that could possibly affect protein function or

expression. All sequence annotation is listed in appendix 3.1.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3

EntrezID

|

MGCID| DNAID Symbol Size Caveats
7345 8524

|

BC000332

|

UCHL1 672 -
7347 9190

|

BCO018125

|

UCHL3 693 -
51377 9314

|

BCO15521 UCHL5 987 -
91377 9314

|

BC0O15521 UCHL5 981 Duplicate
8314 1530

|

BC001596 BAP1 2190 Sequencing
7398 97511

|

BC050525 USP1 2358 -
9099 1315

|

BC002955 USP2 1818 Sequencing
8078 1586

|

BC005139 USP5 2508 -
9098 N/A BC029495 USP6 675 Notfull-length
9100 2621 BC000263 USP10 2397 -

219333 26480

|

BC026072 USP12 1113 -
9097 1453

|

BC003556 USP14 1485 -
9958 N/A N/A USP15 708 Notfull-length
 10600 26265

|

BC030777 USP16 2469 -
11274 10206

|

BC014896 USP18 1119 -
10868 48817

|

BC039593 USP20 2742 -
27005 105052

|

BC090946 USP21 1146

|

Notfull-length
29761 87147

|

BC0O75792 USP25 1353

|

Notfull-length
29761 87147

|

BC0O75792 USP25 3168 -
57646 70638

|

BC065928 USP28 1752

|

Notfull-length
84749 10702

|

BC004868 USP30 1527 -
84669 N/A N/A USP32 1173

|

Not full-length
23032 16868

|

BC016663 USP33 2487 -
57695 117261

|

BC112901 USP37 909 Notfull-length
84640 43052

|

BC039115 USP38 3129 -
10713 75069

_|

BC067273 USP39 1698 -
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84101 26981

|

BC030704 USP44 2139 -
85015 N/A N/A USP45 870 Notfull-length
64854 44970

|

BC037574 USP46 1101 -
55031 N/A N/A USP47 474 Not full-length
84196 132556

|

BC104896 USP48 765 Notfull-length
84196 132556

|

BC104896 USP48 1332

|

Not full-length
25862 20741

|

BC014176 USP49 1923 -
9924 1971 BC024043 PAN2 3597 -
94532 N/A N/A USP53 567 Notfull-length
10208 33088

|

BC038103 USPL1 3279 -
55611 4584

|

BCO07519

|

OTUB1 816 -
78990 78511_| BCO068058

|

OTUB2 222 Notfull-length
78990 78511

|

BC068058

|

OTUB2 195 Notfull-length
78990 78511

|

BC068058

|

OTUB2 705 -
7128 138687

|

BC114480

|

TNFAIP3

|

747 Notfull-length
51633 16950

|

BC029760

|

OTUD6B

|

882 -
79184 3961 BC002999

|

BRCC3 951 :
10987 15591

|

BC007272

|

COPS5 1005 -
10980 1263

|

BC002520

|

COPS6 984 -
8667 8431 BC000386 EIF3H 1059 -
8665 8365

|

BC000490 EIF3F 1074 -
5713 13607

|

BCO12606

|

PSMD7 975 -
10213 87397__| BC066336

|

PSMD14

|

288 Notfull-length
10213 87397

|

BC066336

|

PSMD14

|

933 -
57559 8774

|

BC010846

|

STAMBPL1

|

1266

|

Not full-length
4287 44934

|

BC033711 ATXN3 1113 -
9929 8997

|

BC015026

|

JOSD1 609
 Table 3.3 DUBs acquired from the human ORFeomev1.1 DUB clones
shaded grey were excluded from further processing, the reason forthis is
highlighted in the column entitled caveats. BAP1 and USP2 wereeliminated
becauseall clones sequenced contained frameshift mutations as well as
many other point mutations that were not identifiable as single nucleotide
polymorphisms. These clones were originally sourced from the MGC
collection (http://mgce.nci.nih.gov) and their MGC IDs and the MGC DNA
sequenceIDsare included in the table. ORF sizes are shown as numberof
base pairs. N/A, none available.

3.4.3  DUBs acquired from the MGC collection through |.M.A.G.E. clone

distributors

MGC cDNAsarealso available from commercialdistributors through

the Integrated Molecular Analysis of Genomes and_ their Expression
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(I.M.A.G.E) consortium (http://image.hudsonalpha.org). In the United

Kingdom, Geneservice Ltd. (http:/Awww.geneservice.co.uk/home) distribute

MGCclones and database searches highlighted 8 DUB entries in the MGC

collection that were not part of the human ORFeome v1.1. These DUBs

were purchased as sequenceverified clones to ensure the fidelity of the

Sequences acquired. Due to the presence of 5’ and 3’ UTRsin all MGC

clones, the USP30 clone purchased from the I.M.A.G.E consortium could be

used to PCR amplify the full-length ORF including the 5’ extension that was

not present in the human ORFeome v1.1 clone. All ORFs were PCR

amplified using Gateway primers and put through BPreactions to create

PDONR223 constructs of each DUB, and subsequently full-length sequenced

to ensure the quality of the ORF. Sequence annotation is highlighted in

appendix 3.1. The 8 DUBs acquired from the |.M.A.G.E. consortium are

shownin table 3.4.

 

 

 

 

 

 

 

 

  

Table 3.4

Gene ID

|

IMAGE ID

|

Symbol

|

ORFsize Construct
83844 7216887

|

USP26 2742 pUC19-USP26
57663

|

40146425

|

USP29 2739 pCR4-TOPO-USP29
84749 3833242

|

USP30 1551 pOTB7-USP30
57602

|

30345255

|

USP36 3366 pBluescriptR-USP36
84132

|

40146884

|

USP42 3951 pCR-XL-TOPO-USP42
94726

|

40036248

|

OTUD4 3147 pCR-Bluntll-TOPO-OTUD4
84954 5503607

|

MPND 1416 pCMV-SPORT6-FLJ14981
126119

|

6503623

|

JOSD2 567 pCMV-SPORT6-JOSD2     
 Table 3.4 DUBs acquired from the I.M.A.G.E. consortium. .M.A.G.E IDs
as well as Entrez Gene IDs for each DUB are included in the table. ORF
sizes are represented in base pairs. The original construct purchased is also
shown.

3.4.4 DUBs acquired from publishedor in-house sources
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Ourlaboratory has a history of working with a small subset of DUBs,

although all construct generation Steps had previously been taken using

restriction endonuclease Cloning strategies (McCulloughet al., 2004; Row et

al., 2006). Other laboratories had also investigated several other DUBs such

as CYLD or USP7 extensively, and cDNAs for these were generously

provided upon request by many laboratories (see table 3.5). As with

commercially purchased ORFs, PCR amplification using Gateway primers

and BPcloning reactions were used to create PDONR223constructs of each

DUB, and subsequently full-length sequencing was used to ensure the

quality of the ORF. 13 DUBs were acquired in this mannerand are collated

in table 3.4. Although ORFsfor both USP3 and DUB3 werecollectedin this

fashion, neither was successfully cloned into the Gateway system. USP3

was successfully sequence-verified, whereas DUB3 was not. Due to the lack

of sequencing available for DUB3, it was excluded from this study, resulting

in a total of 12 DUBs being acquired from external sources. All sequence

annotation is highlighted in appendix 3.1.

 

 

 

Table 3.5

Gene ID RefSeq Symbol Size Source

Rohan T Baker
9960 NM_006537 USP3 1563

|

(Sloper-Mould etal.,
1999)

7375

|

NM003363 UsP4

|

2892

|__

Rohan T Baker(Gilchrist et al., 1997)
Boudewijn MT

7874 NM_003470 USP7 3309 Burgering (van der
Horst et al., 2006)

In-house (Rowet al.,
2006)

James A Johnston
(Burrowset al., 2004)

 

 

9101 NM_005154 USP8 3357
 

377630 NM_201402 DUB3 1593     
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8975

|

NM 003940 USP13

|

2592

|

Erich E Wanker(Stelz!— et al., 2005)
373509

|

NM_203494 USP50

|

1020

|

Sirano Dhe-Paganon
Rene Bernards

1540 NM_015247 CYLD 2871

|

(Brummelkampetal.,
2003)

56957

|

NM_020205

|

OTUD7B

|

2532

|

Paul C Evans (Evans— et al., 2001)
Paul C Evans (Evans54764

|

NM_017580

|

ZRANB1

|

2197 etiel, 200()
In-house (McCullough10617

|

NM_006463

|

stamBpP

|

1275 etal, 2004)
57559

|

NM_020799

|

STAMBPL1

|

1311

|

Monika Chojnowska= (unpublished)
Monika Chojnowska114803

|

NM_001085487| Mmysm1_

|

2487 fanpubleues     
 Table 3.5 DUBs acquired from other laboratories previously cloned in-house. USP3 ORF was Sequence verified as a pCR4Blunt-TOPOconstructbut was not amenable to Gateway cloning. The DUB3 ORFcould not bePCR amplified from the cDNA acquired. ORF sizes are shown as basepairs. The source from which they were acquired and reference whereverapplicable is highlighted in the columnentitled “Source”.

3.4.5 cDNAlibrary amplification ofDUB ORFs

In summary, 53 out of the target 85 DUBs were sourced from the

human ORFeomecollection (section 3.3.2), from commercial repositories

(section 3.3.3) and from previously produced clones from either our own or

otherlaboratories (section 3.3.4). | decided to clone the remaining 32 ORFs

from cDNAlibraries by PCR (summarised in table 3.6). Tothis end, three

Marathon-Ready human cDNAlibraries constructed from full brain, liver, and

testis tissues were purchased from Clontech (Mountain View, CA, USA).

Marathon-Ready human cDNAlibraries were chosen as they were more

likely to contain full-length clones of the DUBs due to the longer cDNAs

contained in the libraries (see manufacturer's information). Three different

tissues were chosen to cover the different expression profiles of the

remaining DUBs as derived from the UniGene expressed sequence tag
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(EST) database at NCBI (Wheeleret al., 2008). UniGeneis a resource that

collects EST datasets and provides a more organised and useful tool to

analyse the transcriptome of various organisms. Within UniGene, all

transcripts from a particular tissue, or a specific developmental stage, and

derived from the same genomic locus are collected within one ID so that the

different expression patterns of each gene can easily be assessed. EST

data are represented numerically as transcripts per million (TPM) to

normalise expression data. Although the EST data foundin UniGene can

only be used to derive approximate expression patterns, it can certainly be

used as a guideline for the relative abundanceof transcripts within particular

tissues (Wheeler et al., 2008). The EST scores for each missing DUBin

eachofthe three tissues (Brain, Liver, and Testis) are shownin table 3.6.

 

 

 

 

 

 

 

 

 

 

Table 3.6

Symbol RefSeq UniGene Brain

|

Liver

|

Testis

BAP1 NM_004656 Hs.106674 117 33 175

USP2 NM_004205 Hs.524085 26 14 111

USP6 NM_004505 Hs.448851 2 4 48

USP11 NM_004651 Hs.171501 1336 148 742

USP15 NM_006313 Hs.434951 21 67 111

USP19 NM_006677 Hs.255596 40 14 33

USP20* NM_001008563 Hs.5452 20 19 36

USP21 NM_001014443 Hs.8015 55 23 84

USP22 XM_042698 Hs.462492 239 115 90      
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USP24 XM_942521 Hs.477009 26 28 24

USP28 NM_020886 Hs.503891 13 23 42

USP31 NM_020718 Hs.183817 34 ) 51

USP32 NM_032582 Hs.132868 42 33 96

USP35 XM_290527 Hs.531249 6 0 3

USP37 NM_020935 Hs.166068 19 4. 63

USP40 NM_018218 Hs.96513 12 14 24

USP41 XM_036729 Hs.581057 0 0 3

USP43 NM_153210 Hs.709621 8 4 9

USP45 NM_001080481 Hs.143410 12 14 27

USP47 NM_017944 Hs.577256 54 52 54

USP48 NM_001032730 Hs.467524 32 47 69

USP50** NM_203494 Hs.697079 0 0 12

USP51 NM_201286 Hs.134289 2 0 3

USP53 NM_019050 Hs.431081 14 33 42

USP54 NM_152586 Hs.657355 44 14 9

OTUD7A NM_130901 Hs.355236 6 0 12

VCPIP1 NM_025054 Hs.632066 29 19 42

YOD1 NM_018566 Hs.567533 19 38 27

TNFAIP3 NM_006290 Hs.211600 14 19 42

OTUD6A NM_207320 Hs.447381 N/A N/A N/A

OTUD5 NM_017602 Hs.496098 42 52 30

OTUD3 NM_015207 Hs.374987 10 4 15

OTUD1 XM_166659 Hs.499042 4 9 18      
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ATXN3L NM_001135995 Hs.382641 1 0 21

Table 3.6 Missing DUBsto be amplified from cDNAlibraries. RefSeq ID
and UniGene ID for each gene are both given. *USP20 was in the original
set of DUBs received from the human ORFeomev1.1. The clone that was
originally sequenced from the USP20 pool appeared to be incorrect.
However,a full-length, sequence-verifiable clone was identified upon further
retesting. A new USP20 had been cloned from cDNA library, and in all
further experimentation both clones were used as indicated. **Attempts to
clone USP50 from cDNAlibraries were unsuccessful. Late on in this study
an ORFfor USP50 waskindly donated by Sirano Dhe-Paganonasstatedin
section 3.4.4. Transcripts per million (TPM)are highlighted by tissue. N/A,
none available.

       

From examining the EST data two things became apparent:

1) Expression profiles for the different DUBs vary considerably between

tissues.

2) Manyof the DUBsare expressedat very lowlevels.

To assess the feasibility of amplifying DUBs that may be expressed at

very low levels in cDNAlibraries, a test PCR wasset up using approximately

0.5ng of testis cDNA library template and twointernal primers for the DUB

USP8. By searching USP8 in UniGene,testis tissue was identified as the

best source for USP8 mRNAdueto the relatively high levels of ESTs (120

TPM). As is shownin figure 3.3, even after 30 cycles the whole 50ul PCR

reaction contained approximately 100ng of amplified DNA (compared to the

known DNA quantities in the DNA ladder). Full-length USP8 is over 3kb in

size, suggesting that USP8 templates would have to be enriched before the

PCR product could feasibly be usedin cloning reactions. Also, in contrast to

the described experiment. that only requires amplification of a partial

sequence, for full-length DUB amplification we would require full-length

templates, which maybesignificantly less abundant in the cDNA library than
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Figure 3.3
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Figure 3.3. cDNAlibrary amplification test. Panel A and B are imagesof
the samegel, panel A wastaken at a higher exposure and therefore most of
the bandsin the gel are saturated. A fragment (bases 439-1805) of USP8
was amplified from a testis cDNA library using JM-UBPY-F2
(5’-ggcacattggctaaaggctc) and JM-UBPY-R2 (5’-ggcttgcctgaacctgaa) in a 30
cycle PCR reaction. Compared to the positive control reactions, only a weak
Signal corresponding to approximately 100ng of DNA can be seenin the
USP8test PCR. DNAstandards were from NEB (1kb DNA markers) and of
indicated size and weight.
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smaller transcripts. Although the number of PCR cycles could be increased

this would not be ideal due to the increased probability of acquiring

mutations. Finally, as is apparent from table 3.6, the value of 120 TPM is

substantially higher than the TPM for many of the other DUBsin all three

libraries. To overcomethe potential problem that low copy numbertemplates

could present, a two-stage PCR protocol was developed (experimental

details described in section 2.1.2). Firstly, a PCR reaction was set up using

sequence-specific, “nested” primers of 18-22 bases long targeting the 5’ and

3’ UTRsof the full-length ORFs in question. This reaction was called a

“nested” PCR. Nested primers did not contain the attB recombination sites

and primed only to sequence-specific bases. The advantagesofsetting up a

nested PCRasthefirst step in this two-stage PCR protocol were:

1) Using sequence-specific primers would make nested PCR

reactions more efficient as they would not contain any non-

specific overhangs such asthe attB recombination sites that are

present in Gateway primers. Therefore, they would be less

likely to prime to non-target sequences.

2) Designing primers to the UTRs meant the sequences chosen

would not have to be restricted to the ORFstart and end.

Primers could therefore fulfill criteria that would reduce

mispriming, primer dimers, or primer hairpins. Again, this

would increase the efficiency of the PCR reactions. For some

DUBsthis wasnotpossible as 5’ or 3’ UTR sequenceswerenot

recorded in the RefSeqs. Therefore, for these, thefirst or last
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18-22 bases of the ORF were used as a template for the

primers.

a) The nested PCRreaction was designed to produce an enriched

full-length ORF template for the Gateway PCR reaction,

increasing the amount of end product available for subsequent

cloning reactions.

Once nested PCR reactions had been performed, the mixture was

cleaned up using the QlAgen PCR purification kit following the

manufacturer’s instructions to remove nested primers. Subsequently, a small

quantity of this nested PCR was used as a template for a second PCR

reaction using Gateway primers (designed as described previously). This

reaction was called a Gateway PCR. An example of a DUB that was

successfully cloned from a cDNAlibrary directly into PDONR223 is shownin

figure 3.4.

Once this reaction had been completed, the resultant PCR products

were purified using QlAgen gel extraction kits following the manufacturer’s

instructions. PCR product concentration was estimated by comparing by eye

the band intensity with the intensity of known amounts of DNA in the 1kb

ladder and put through BP cloning reactions. If a clear band could be

visualised by the amount of DNA wasstill too low for a direct BP reaction, or

the PCR product to be used was larger than 3kb, PCR products were cloned

into pCR4Blunt-TOPO(Invitrogen) by a topoisomerase cloning reaction that

requires less DNA and is more efficient than a BP reaction (see section

2.1.3). All pDONR223 constructs were fully sequenced for quality control of

the DUBs amplified from the cDNAlibraries.
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Figure 3.4
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USP8 expected size: 3.4 kb
OTUD6Aexpectedsize: 0.9 kb

Figure 3.4 cDNAlibrary amplification of OTUD6A. Full-length OTUD6A
was amplified from testis cDNAlibrary by a two-stage PCRprotocol. First a
nested PCR wasperformed using primers targeting the 5’ and 3’ UTRs. The
PCR reaction was then cleaned using the QlAgen PCR purification kit
following the manufacturer’s instructions. Sul or 1yl (as indicated) of the
purified nested PCR reaction was subsequently used in a second PCR
reaction using Gatewayprimers, alongside a negative control (no template)
and a positive reaction containing USP8-specific Gateway primers and a
vector template for USP8. The whole PCR reaction was run on a 0.8%
agarose gel and bands were excised and purified using the QlAgen gel
extraction kit following the manufacturer'sinstructions for usein Gateway BP
cloning reactions. DNA markers were from NEB andofindicated size and
weight.
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A total of 20 ORFsout ofa target of 32 were clonedin this manner

(nested primers and cDNA libraries used to clone these DUBs are

highlighted in appendices 2.1 and 2.2). Although USP20 was successfully

cloned from a cDNAlibrary, a full-length, sequence-verified clone from the

human ORFeomev1.1 collection was also identified. It was decided to

continue with both clones, but to avoid redundancy the number of ORFs

acquired from cDNAlibraries will be annotated as 20 outof 32 (instead of 21

out of 33) due to USP20 duplicate ORFs. The cDNA library cloned ORFs

were subjected to BP cloning and pDONR223 constructs were sequenced

across the entire ORF. Sequenceinformation on all of the cloned DUBs can

be found in appendix 3.1.

3.4.6 Yeast two-hybrid bait cloning

The main aim of this body of work was to study the interactions

between DUBs and RING E3ligases. The yeast-two hybrid (Y2H) system

(reviewed extensively in Chapters 1 and 4) was to be employed for this

analysis, so the generation of DUB Y2Hbait constructs was essential for the

progression of this study. The generation of the full DUB collection

discussed in this section was not completed until near the cessation of this

Study. When the Y2H screen was performed, 68 ORFs representing 66

DUBswereavailable for cloning (highlighted in appendix 3.1 and discussed

further in chapter 4). These wereall successfully subcloned into the Y2H

bait vector p6BDU-GWforusein theinteraction screen.

3.4.7 Discussion
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Producing a collection of ORFs for all the members in a family of

proteins is a powerful tool for the systematic analysis of theis interaction

profiles, subcellular localisation, or biochemical properties of these proteins.

The work presented in this chapter described the processes required for

producing such a collection. Firstly, all expressed human DUB domain

containing proteins needed to be indentified, and the appropriate gene

information extracted from the publicly available bioinformatical resources.

Literature curation and database searches proved invaluable in this

endeavour.

Different predictions of the total number of human DUBs were madein

previous published studies, although the overlap between them was

substantial (Kayagaki et al., 2007; Nijman et al., 2005b; Scheel, 2005). In

this study we set our owncriteria to extract the salient data from these three

Studies, and assigned the numberof putative DUBs in the human genomeat

92. Future polishing of the curated data within the public databaseswill no

doubt augment our understanding of the properties of these genes

(Descorps-Declere et al., 2008), but working within the constraints of our

current knowledgewebelieve this to be an accurate prediction. Two of these

putative DUBs were immediately excluded from future efforts due to strong

evidence that they are pseudogenes. One DUB was excluded dueto the

lack of an annotated ORFstart site, and a further 4 due to their large ORF

size. From the original numberof 92, a reducedlist of 85 human DUBs was

compiled and becametheinitial ORF acquisition target. DNA sequences

representing 72 of these 85 DUBs were acquired, 1 of which was not

successfully cloned into the Gateway system (USP3), setting the numberof
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genes represented within our collection as 71 (summarised in figure 3.5 and

collated in appendix 3.1). Many of the ORFscollected carried single point

mutations that are mostlikely to be single nucleotide polymorphisms (SNPs).

A further 8 contain coding mutations that result in variations of the RefSeq

annotated isoforms (USP28, USP32, USP45, USP48, USP54, TNFAIP3, and

OTUDS5). Although the fact that these aberrations may comprise thus far

uncharacterised splice variants cannot be excluded, these sequence

permutations are important to bear in mind whenusing these ORFsinfurther

proteomic analyses.

The principal aim of this project was to analyse the interactions

between human DUBsand RING E3 ligases by Y2H. Therefore, a collection

of DUB ORFs in yeast expression vectors had to be constructed to

successfully carry out such an analysis. The techniques and reagents used

for the Y2H analysis, as well as the data collected, are compiled in chapter4.

However, the facile and high-throughput fashion in which the Gateway

system allows the ORFscollected in this study to be shuttled between entry

and destination vectors has stimulated various analyses of the DUB family in

a systematic way. For example, all of the DUBs cloned into the Gateway

system were subcloned into Green Fluorescent Protein (GFP) mammalian

expression constructs and the subcellular localisation of these DUBs was

analysed by confocal microscopy (Sylvie Urbé and Zehra Akerman,

unpublished data not shown). Although for some of the DUBs within the

collection these data has already been published (for example (Everettetal.,

1997; Nijman et al., 2005a; Stegmeieret al., 2007b)), the use ofthis library to

analyse subcellular localisation in a systematic way could go some wayto
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Figure 3.5
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Figure 3.5 Cloning summary flow-chart. 20 non-redundant DUBs from
cDNAlibraries, 8 DUBs from I.M.A.G.E., and 13 DUBsfrom in-house or other
sources were PCR amplified with Gateway primers and BP clonedinto
pDONR223. These 41 DUBs were joined by 32 DUBs from the Human
ORFeomev1.1 collection to produce a total of 71 DUBsasentry constructs.
66 of these were LR cloned into the pGBDU Y2Hbait vector and 70into the
pEGFP GFP-fusion tag vector.
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overcome the paucity of data regarding the biological function of some of

these DUBs.

Although predominantly full-length DUBs were usedin this study, the

ORFscollected can be used as a template for the production of truncated

ORFssothat individual domains can be analysed independently of the rest

of the protein (an example ofthis is highlighted in chapter 5). This approach

can be very powerful when expressing recombinant protein for interaction

studies, as manyofthefull-length DUBs are not amenable to most of these

techniques dueto their large size. Indeed, DUB catalytic domains have been

isolated and characterised both structurally (for example (Komander and

Barford, 2008)) and biochemically (for example (Komanderetal., 2009b)).

Other, non-catalytic domains can also be subclonedinto expression vectors

to mapinteraction sites, analyse distinct interaction profiles, and to generate

deletion mutants for use in functional studies (for example (Rigden et al.,

2009; Rowetal., 2007)).

Almost 55% of the DUB ORFsin this study contain their native stop

codons. These were maintained so that Gateway constructs would not

contain C-terminal extensions that may affect the expression orinteraction

profiles of the DUBs. Therefore, all further systematic analyses of these

DUBs would have to be performed with N-terminally tagging constructs.

However, USP30 contains an N-terminal transmembrane domain required for

its mitochondrial localisation (Nakamura and Hirose, 2008), and tagging this

DUB at its N-terminus may have adverse effects on the appropriate

localisation and folding of this protein.
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Currently, there is one published DUB collection containing 75

sequence-verified ORFs (Sowaetal., 2009). This alternative collection also

utilises the Gateway system and was predominantly constructed from

ORFeome v1.1 clones. The collection produced by Sowa and colleagues

contains six DUBsthat are not present in this study, and 3 other ORFsfor

which no DUB domain is annotated in UniProt (PARP11, TL132, and

TL132L). These three genes were originally identified as containing DUB

domains in a study produced by Nijman and colleagues (Nijman et al.,

2005b), but have been excluded by others as being true DUBs (Scheel,

2005). The overlap between the collection in this study and the published

collection is of 6 DUBs. Sowa andcolleagues used their DUB collection to

stably transfect HEK 293T cells and examine the complexes that the DUBs

formed in these cells. The data they produced, and howit comparesto the

data producedin this study will be examined in chapter 4. Five of the DUBs

in our set are not presentin the alternative collection. It is feasible to believe

that in the not-too-distant future every annotated DUB-domain containing

protein will be cloned and publicly available. Although for some well-studied

DUBsa lot of biological function has been assigned, thereis still a lot of work

that needs to be doneto fully understand the biological role of these proteins

within a cellular context, and the ability to express these DUBsin different

systemswill go far in elucidating their multiple functions.
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CHAPTER FOUR

Y2H analysis of DUB:RING E3ligase interactions

4.1 Introduction

In chapter 1, well-documented examples of DUB:RING E3 ligase pairs

and the functional relevance of these interactions have been discussed in

detail. However, to date, no study has been conducted looking at DUB:RING

E3 ligase interactions systematically to investigate whetherthis is a common

occurrence in cells. In this study | aimed to investigate the interactions

between DUBsand RING E3ligases in an unbiased, systematic fashion.

Different methodologies are employed by researchers to study

protein:protein interactions, and every method has inherent limitations.

Analysis of all the human DUBs(92) againstall the human RING E3 ligases

(309) would result in testing a total of 28,428 targeted binary interactions.

Therefore, Y2H was used in this study as it is most amenable to high-

throughput analysis.

In this chapter, | will describe the Y2H screen performed between a

panel of DUB baits and RING E3ligase preys, and the data generated will be

comparedto the existing data available in public databases to assess the

reproducibility of previously observedinteractions. The resulting data can be

used to predict possible cellular roles of the observed interactions.

Furthermore, a subset of the interactions were retested using an alternative

binding assay to reconfirm the data observed by Y2H.
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4.2 Use of a targeted Y2H assay to investigate binary DUB:RING E3

ligase interactions

4.2.1 Targeted Y2H assay

As described in Chapter 1, Y2H has beeneffectively used by many

laboratories to study protein:protein interactions, and the nature of Y2H

makes it a very useful technique for high-throughput analyses. In. this

targeted Y2H assay, the host strain PJ68-4A (MATa) was used for bait

(DUB) construct transfection, with the mating switched host strain PU68-4A

MATa harbouring the prey (RING E3ligase) constructs (Jamesetal., 1996).

A mating protocol was used instead of a double transfection protocol to

circumventthe issue of observedvariability in transfection efficiency (Garcia-

Cuellar et al., 2009).

The PJ68-4 strain was usedasit contains three reporter genes, each

driven by a different promoter: GAL1, GAL2, and GAL7. The promoters

share a minimum of sequence identity but all are induced by the Gal4

transcription activator (Bram et al., 1986), thus eliminating promoter-specific

false positives. The three reporter genes controlled by these promoters are

HIS3 under the control of the GAL1 promoter, ADE2 under the GAL2

promoter, and /acZ under the GAL7 promoter.

The HI/S3 reporter gene encodes _imidazoleglycerolphosphate

dehydratase, an enzyme that catalyzes the sixth step in histidine

biosynthesis (Fink, 1964). Historically, the H/S3 gene utilised in Y2H

experiments was reported to be “leaky”, resulting in moderately high basal

levels of expression and therefore unacceptable levels of background colony

growth on media lacking Histidine (James et al., 1996). To make the
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selection more stringent, the H/S3 product can be specifically inactivated by

the competitive inhibitor 3-aminotriazole (3-AT), and levels of 3-AT can be

manipulated so that yeast cells expressing only basal levels of H/S3 would

not grow on media lacking Histidine (Jameset al., 1996). Anyrise overthis

basal level would confer a growth advantage, and therefore this selection

process can beusedto eliminate false positives yet still select for true DUB

or RING E3 ligase interactants (Row et al., 2007; Tsang etal., 2006).

Previous experimentation within our laboratory has shownthat 2.5mM 3-AT

can effectively eliminate false positives, so for all further experiments

describedin this study that concentration was used.

The ADE2 reporter has been shown to display excellent sensitivity

and extremely low background, making it ideal for two-hybrid selection

(James et al., 1996). This gene encodes phosphoribosylaminoimidazole

carboxylase that catalyzes the sixth step in the de novo purine nucleotide

biosynthetic pathway (Dorfman, 1969). Cells without ADE2 will not grow on

plates lacking Adenine, or grow very weakly and accumulate red pigment,

whereas ADE2containing cells form white colonies (Jamesetal., 1996).

The lacZ gene wasoriginally cloned from the E. coli lac operon and

encodes B-galactosidase, an enzyme that cleaves the disaccharide lactose

into glucose and galactose (Lederberg, 1948). Yeast colonies can be

assayed for B-galactosidase expression by using a chemicalcalled X-gal (5-

bromo-4-chloro-3-indolyl-B-D-galactopyranoside) that is cleaved into

galactose and a blue insoluble product. This allows for a colorimetric method

for assessing interactions by Y2H, and has in the past been used to more
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quantitatively assess reporter expression levels (de Almeida et al., 2008).

However,in this study the lacZ assay was usedin a qualitative fashion.

4.2.2 The RING E3ligase prey collection usedin this study

The most recent database analysis predicts 309 genes to encode

single subunit RING E3ligases (Li et al., 2008). Previous researchin our

laboratory had useda collection of RING E3 ligases subcloned into Y2H prey

vectors to study the interactions between E2 conjugating enzymes and RING

E3 ligases (Marksonet al., 2009). This provided an enormous resource for

this study and precluded the needfor furthertool generation on this subset of

proteins. The collection consisted of 133 unique genes(afull list of RING E3

ligase genes was assembled in appendix 4.1), representing 43% of all

human RING E3 ligase domain-containing proteins. Originally, these RING

E3 ligase ORFs were obtained from two sources: a set of 90 ORFs

representing 69 human genes were amplified from Matchmaker humanfoetal

brain or K652 cDNAlibraries (Clontech, (Marksonetal., 2009)), and a further

79 ORFsrepresenting 64 genes were obtained from the human ORFeome

v1.1 (Rual et al., 2004). These ORFs were PCR amplified with primers

containing forward or reverse flanking sequences and PCR product pools

were utilised for in vivo recombinant gap repair cloning into the pACTBD-B

and pACTBE-B Y2Hprey vectors as previously described (Semple etal.,

2005). Positively transfected yeast cells were selected for growth on

synthetic defined agar plates lacking leucine (SD-L), as the pACTBD-B and

pACTBE-B vectors contain the LEU2 genethat allows for growth on this

medium (Andreadis et al., 1984). The resultant collection of 169 Y2H prey
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clones containing 133 unique human genes encoding RING E3 ligases was

used in the Y2H directed studies presented in this chapter. Although a high

fidelity proofreading PCR enzyme (KOD polymerase, Novagen) to generate

ORFsusedfor in vivo gap repair reactions, it was possible that some PCR

products may harbour point mutations or base pair deletions which could

adversely affect interaction profiles detected in subsequent Y2Hstudies.

Previous work in our laboratory had already assessed whether the

mutations generated by in vivo gap repair would be a limiting factor in Y2H

screens. To do this, a collection of prey RING E3 ligase constructs was

generated,in parallel to the in vivo gap repair set, by Gatewaycloning into

the Gateway converted pGAD prey vector. pGAD is an extremely high

stringency prey vector (James et al., 1996), which proved to be of only

limited use for studying all RING E3ligase protein interactions. However, a

set of reproducible, specific E2:RING E3ligase interactions were identified

using the Gateway generated prey RING E3ligase collection (Marksonetal.,

2009). As such, this produced a reference set against which comparable

published methods could be directly compared. Systematic testing of

E2:RING E3 ligase interaction profiles generated by the in vivo gap repair

clone set showed very strong correlation in interaction patterns and also

demonstrated that the use of the pACTBD-B and pACTBE-B vectors

significantly increased the potential of detecting RING E3 ligase interactions.

Therefore, the gap repair generated RING E3 ligase prey clone set was

selected for this study.

To assess whetherthere wasaninherent bias in the RING E3 ligases

in our collection towards a particular subfamily of RING E3 ligase proteins,
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an alignmentof all known human RING E3ligase-domain containing proteins

with ClustalW (Larkin et al., 2007) was produced, followed by the generation

of a phyologenetic tree (figure 4.1 generated by Jonathan Woodsmith using

iTOL, (Letunic and Bork, 2007)). As highlighted in figure 4.1, the RING E3

ligases found within our Y2H prey collection demonstrate a wide coverage

across the RING E3 ligase phylogenetic tree, indicating that there is no

inherent bias towards any particular subfamily of RING E3 ligases.

4.2.3 Generation of a Gateway compatible Y2H bait vector

To test binary interactions with the set of RING E3 ligase Y2H

prey clones, a set of DUB Y2H bait constructs had to be generated.

Previous workin our laboratory had utilised restriction endonuclease cloning

for the generation of DUB bait constructs (Rowetal., 2007). However, the

generation of a DUB Gatewayentry clonelibrary (see chapter 3) allowed for

expedient recombination cloning in the process of producing bait constructs.

To generate a bait vector that can be used in LR reactions, the pGBDU-C1

vector (Jameset al., 1996) was converted into a Gateway compatible vector

as described in Chapter 2. The pGBDU-GWvector contains the URA3 gene

under control of a truncated and less active form of the ADH1 promoter,

therefore allowing stringent selection for pGBDU-transfected yeast on

synthetic defined agar plates lacking Uracil (SD-U). To test the fidelity of this

new pGBDU-GW vector, subcloning by LR reaction of a fragment of USP8

containing the N-terminal 133 amino acids (U8N) was performedto be tested

alongside a conventionally cloned construct (Rowet al., 2007). This protein

fragment had previously been characterised as interacting with a subsetof
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Figure 4.1

 
ee RING E3 ligases tested

Figure 4.1 RING E3 ligases tested by Y2H. Amino acid sequencesof the
longest isoforms of all RING E3 domain containing proteins in the human
genome werecollected and aligned using ClustalW. Sequence alignment
data was usedto generate a phylogenetic tree using iTOL (Letunic and Bork
2007). RING E3stested in the Y2H screenin this study are highlighted in red,
showing the broad spectrum of RING E3sincludedin the screen. Alignments
and phylogenetic tree were generated by Jonathan Woodsmith (University of
Liverpool).
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the charged multivesicular proteins (CHMPs) that make up the endosomal

sorting complex required for transport (ESCRT)-IIl complex (Row et al.,

2007). Following transfection into yeast, pGBDU-GW-U8N was tested

alongside the pGBDU-C1-U8Nforits ability to interact with prey constructs of

CHMPs1A,1B, 2A, 2B, 3, 4A, 4B, 4C, 5 and 6. Both constructs generated

the sameinteraction profile with the CHMP proteins tested (figure 4.2 A),

confirming that the Gateway converted pGBDU-C1 vector would act with

similar efficiency and fidelity as the original pGBDU-C1 vector. The pACT2-

GW (chapter2) wastested in a similar fashion (figure 4.2 B) and was usedin

the studies conducted in chapter 5. Following this test, DUB ORFs were

subcloned by LRreaction into pGBDU-GWfor use in the Y2H screen.

4.2.4 Generation of DUB Y2H bait constructs

As described in chapter 3, the DUB cloningefforts ultimately resulted

in the generation of a library of ORFs representing 71 human DUBs.

However, the cloning effort was an ongoing process, and some of the DUB

ORFswere not obtained until near the completion of this study. ORFs for 5

of the 71 DUB werenot available for cloning when the panel of DUB baits

wasbeing constructed. 68 ORFs representing the remaining 66 DUBs were

effectively subcloned by LR reaction (two clones for USP20 and USP30 were

cloned and usedin the screen, details in appendix 3.1). It should also be

noted that for USP6 and USP54 truncated versions of the full-length proteins

were cloned as the longer isoforms shown in appendix 3.1 were not available

for cloning at the time (variants used highlighted in bold in appendix 3.1).
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Figure 4.2
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Figure 4.2 Y2H Gateway vector validation. pGBDU-C1 and pACT2-C1
were converted to Gateway compatible vectors as described in chapter 2. To
test whether BD- and AD- chimeras produced by these Gateway converted
vectors would behavein a similar fashion to those derived from equivalent
non-Gateway vectors, the interaction profiles of the USP8 N-terminal 133
amino acids (U8N) and STAMBPweretested against a panel of human CHMP
protein preys and baits respectively. A) Gateway converted (GW)
pGBDU-U8Nproducesthe sameinteraction profile with the human CHMPs as
the restriction endonuclease cloned construct. B) Similarly, Gateway
converted (GW) pACT2-STAMBPproduces the samebinding profile as the
restriction cloned construct. Conventially cloned STAMBPexhibits very weak
interactions with CHMP4B and CHMP4C on the -ULA plate. These
interactions were not observed on the less stringent -ULH(AT) plates.
Therefore, these interactions are likely to be due to spontaneous mutationsin
the yeastcells, or experimentalfalse positives. Experiments were performed
in duplicate. U, Uracil. L, Leucine. H, Histidine. A, Adenine. (3-AT),
3-aminotriazole.
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Following this process, MATa haploid yeast cells were transfected with the

pGBDU-GWconstructsasindicated in Chapter2.

4.2.5 Yeast transfection and quality controls

Once positive clones had been identified for pGBDU-GW-DUB

constructs, MATa yeast were transfected with individual DUB constructs as

described in chapter 2. Three quality control steps were taken at the

transfection stage to ascertain correct yeasttransfection:

1)

2)

Yeast colonies were grown on SD-U agar plates, selecting for

pGBDU-GWtransfected yeast as cells not expressing the URA3

gene product would be compromisedfor growth.

YC-PCRwasperformedto ascertain that the yeastcells had been

effectively transfected with the pGBDU-GW vector and that this

vector contained the correctsized insert.

Previous studies have shownthat most mutations that inhibit Gal4

function in S. cerevisiae were found in the DNA binding region of

the protein, and therefore spontaneous mutationswithin this region

could lead to false-negative results (Johnston and Dover, 1987).

Therefore, a pool of yeast colonies that tested positive by YC-PCR

were used for subsequent experimentation to compensate for

possible spontaneous inactivation mutations that could inhibit

either BD-DUB chimera expression or the DNA binding properties

of the BD domain.

67 of the 68 ORFs were successfully transfected by this methodology.

USP18 wasdropped atthis stage as no transfected yeast could be detected
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by YC-PCR, suggesting that the DB-USP18 chimera maybelethal to MATa

hostcells.

4.2.6 Autoactivation tests

Y2Hfalse positives can be generated in haploid yeastcells if the BD-

ORFchimera can activate the transcription of the reporter genes without the

need of an AD-ORF chimera, an aberration that has been termed

“autoactivators”. To assess whether any of the DB-DUB chimeras could

induce reporter gene transcription within haploid MATa yeast, individual

colonies were grown on SDagarplates lacking Uracil, histidine, and with

2.5mM 3-AT (SD-UH(3-AT)) and on SD agar plates lacking Uracil and

Adenine (SD-UA) agarplatesprior to making glycerol stocks (SD media and

glycerol stock methodology described in chapter 2). Haploid yeast cells

growing on these plates would have active H/S3 and ADE2 reporter genes

and were therefore excluded from further studies. We found that bait

constructs of 7 DUBs independently induced reporter gene expression.

These were USP10, USP29, USP53, CYLD, USPL1, ZRANB1, and ATXN3.

This reduced the numberof ORFsto 60, representing 58 unique DUBs.

Similarly, diploid yeast expressing BD-ORFchimerasthat can activate

transcription when the AD domain is expressed as anisolated peptide and

not as a fusion protein are also termed autoactivators. To test for this, MATa

yeast weretransfected with Gateway converted pACT2 (Clontech, converted

to Gatewayfollowing a similar protocol as for pGBDU-C1, comprehensively

explained in Chapter 2 and tested in figure 4.2), and used as a negative

control for all the pGBDU-GW-DUBtransfected MATa yeast. Following this
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test, 3 DUBs wereidentified as being autoactivators in diploid cells, and

these were excluded from the screen. These were USP13, USP25, and

STAMBP. Thefinal collection of DUB baits tested in this study included 57

ORFsrepresenting a total of 55 unique DUBs. These are highlighted in bold

in appendix 3.1.

4.3 Y2H Results

4.3.1 The Y2H screen reveals 163 binary DUB:RING E3 ligase interactions

The methodology adopted in the DUB:RING E3ligase Y2H interaction

screen is described in figure 4.3. Rich medium (YPAD)plates were set up

with spots of MAT«. haploid cells harbouring the prey constructs in a 96-well

format. MATa yeast transfected with a DUB bait construct were spotted on

top of these, and were allowed to mate for 24 hours. Following velvet

replication onto SD-UL agar plates for diploid yeast selection, yeast cells

were velvet replicated onto the SD-ULH(3-AT) and SD-ULAselection plates

for interactor identification. Following 5 days of growth, images were taken

and interactions were annotated and scored as being weak (+), medium

Strength (++), or strong (+++) activators of reporter expression evaluated by

yeast colony growth. A previously defined positive control was added to

each grid to identify efficient mating (UBE2N bait and TRAF6 prey (Markson

et al., 2009)). The screen was repeated twice, and only interactions that

were observedin both screens were annotated aspositive.

55 unique DUB baits were screened against 133 unique RING E3

ligases. 7315 binary interactions were tested, and the 163 positive

interactions observed in both screens are presented in table 4.1 (see
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Figure 4.3
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Figure 4.3 Mating Y2H schema. MATa yeast were transfected with
pGBDU-GWbait constructs and MATa yeast with pACTBD-B or pACTBE-B
prey constructs, and positive colonies tested by YC-PCR were pooled for
further experimentation. Different preys were spotted into a 96-well plate
format on rich medium and yeast transfected with one bait construct was
spotted on top of each individual prey spot. Mating on rich medium resulted in
diploid yeast formation that were selected for on SD-UL medium (-UL).
Following selection of diploids, yeast on SD-UL plate were replicated onto
triple dropoutselection plates (-ULH(3-AT) and -ULA), that positively select for
interacting partners. Time of growth at each stageindicated in days. Reporter
activation levels scored asindicated(*).
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appendix 4.2 for raw data, and appendix 4.3). RING E3 ligase ORFsthat

tested positive were PCR amplified from yeast diploids using YC-PCR and

sent for sequencing as indicated in chapter 2 to eliminate the possibility of

well-to-well cross contamination and resultant misannotation. 86 of the

interactions were observed on both selective media, whereas the remaining

77 interactions only activated the H/S3 reporter gene. All true positive

interactions observed on SD-ULAplates should also be detected underless

stringent selection conditions on SD-ULH(3-AT) plates. Therefore,

interactions detected only on SD-ULA plates were considered to be false

positive interactions and were therefore excluded from ourfinal list of

interactions. In addition, /acZ reporter activity assays were performed on

diploid yeast cells that were positive for growth as indicated in chapter 2.

Data from these assays wasincorporated into table 4.1 (see appendix 4.4).

Thefinal interaction data represents 68 interactions seen on onereporter, 78

seen on two, and 17 onthree.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1

Bait Gene Prey Gene

Bait GenelD Name Namie Prey GenelD HIS3 ADE2 lacz
7347 UCHL3 LONRF1 91694 ++
7347 UCHL3 TRIM27 5987 +
51377 UCHLS5 TRIM27 5987 +
51377 UCHLS5 RBCK1 10616 ++ ++
51377 UCHLS5 TRIM46 80128 +
9099 USP2 BRCA1 672 ++ +++
9099 USP2 MNAT1 4331 ++ ++
9099 USP2 TRIM21 6737 + +
9099 USP2 TRAIP 10293 + +
9099 USP2 RBCK1 10616 + +
9099 USP2 UBOX5 22888 ++ ++
9099 USP2 TRIM35 23087 ++ ++
9099 USP2 TRIM27 5987 + ++
9099 USP2 TRIM34 53840 ++ ++ +44
9099 USP2 RNF125 54941 ++ ++ e+
9099 USP2 RNF126 55658 ++ ++ +e
9099 USP2 TRIM39 56658 ++
9099 USP2 TRIM46 80128 ++ ++ e+
9099 USP2 TRIM8 81603 ++ ++ +44        
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9099 USP2 PCGF6 84108 +++ +++ +++
9099 USP2 TRIM5 85363 ++
9099 USP2 LRSAM1 90678 ++ ++
9099 USP2 LONRF1 91694 ++ ++
9099 USP2 TRIM9 114088 ++
9099 USP2 RNF166 115992 + +
9099 USP2 DTX3 196403 ++ ++
9099 USP2 LNX2 222484 + +
9099 USP2 RNF144B 255488 +++ +++ +++
9099 USP2 TRIM74 378108 ++ ++ +++
9099 USP2 TRIM23 373 + ++
9099 USP2 CBLC 23624 ++ ++
7375 USP4 TRIM21 6737 ++
7375 USP4 BRAP 8315 ++
8078 USP5 TRIM26 7726 ++
8078 USP5 TRIM39 56658 ++
8078 USP5 TRIM5 85363 ++
7874 USP7 TRIM27 5987 +++ +++
7874 USP7 RBCK1 10616 +++ +++
7874 USP7 TRIM31 11074 ++
7874 USP7 MARCH7 64844 +++ ++
7874 USP7 TRIM8 81603 +++ +++ +++
7874 USP7 UHRF2 115426 ++
8237 USP11 TRAF6 7189 +
8237 USP11 PHF7 51533 ++ ++
8237 USP11 TRIM46 80128 +++ ++
8237 USP11 DTX3 196403 ++ ++
9958 USP15 TRIM21 6737 ++ ++
9958 USP15 BRAP 8315 +++
9958 USP15 RBCK1 10616 + +
9958 USP15 TRIM17 51127 +
9958 USP15 PHF7 51533 ++ ++
9958 USP15 RNF126 55658 + ++
9958 USP15 TRIM46 80128 ++ ++
9958 USP15 TRIM5 85363 ++
9958 USP15 RNF144B 255488 ++ ++
9958 USP15 TRIM74 378108 + ++
27005 USP21 CBLC 23624 ++ +
27005 USP21 CCBL 867 ++
27005 USP21 TRIM23 373 + +
27005 USP21 RNF144A 9781 ++
27005 USP21 LRSAM1 90678 +
27005 USP21 RBCK1 10616 + ++
27005 USP21 TRIM8 81603 ++ ++
27005 USP21 PCGF6 84108 +++ +++
27005 USP21 TRIM5 85363 ++
27005 USP21 RNF185 91445 ++
27005 USP21 TRIM9 114088 ++
27005 USP21 DTX3 196403 ++
27005 USP21 RNF144B 255488 +++ +++
84669 USP32 RBCK1 10616 ++ ++
84669 USP32 TRIM46 80128 ++ ++
84669 USP32 RNF144B 255488 ++ ++
84669 USP32 TRIM74 378108 ++ ++
57602 USP36 TRIM26 7726 ++
10713 USP39 TRAF6 7189 +
10713 USP39 TRIM25 7706 +
10713 USP39 TRIM26 7726 +
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10713 USP39 TRIM39 56658 +
10713 USP39 TRIM8 81603 ++
10713 USP39 TRIM5 85363 +
25862 USP49 TRIM35 23087 ++
25862 USP49 RBCK1 10616 + +++
9924 PAN2 RBCK1 10616 + ++
9924 PAN2 TRIM35 23087 ++ ++
9924 PAN2 RNF144B 255488 + ++
55611 OTUB1 RNF126 55658 + ++
78990 OTUB2 TRIM27 5987 +
78990 OTUB2 TRAF6 7189 ++
78990 OTUB2 TRIM25 7706 ++
78990 OTUB2 TRIM26 7726 ++
78990 OTUB2 RBCK1 10616 +
78990 OTUB2 TRIM2 23321 +
78990 OTUB2 RNF126 55658 +
78990 OTUB2 TRIM39 56658 ++
78990 OTUB2 TRIM8 81603 +++ +
78990 OTUB2 TRIM5 85363 +++
139562 OTUD6A RNF2 6045 ++ ++
139562 OTUD6A RBCK1 10616 + +
139562 OTUD6A CBLC 23624 ++
139562 OTUD6A TRIM39 56658 ++ ++ ttt
139562 OTUD6A TRIM46 80128 ++ ++ +++
139562 OTUD6A TRIM5 85363 ++
7128 TNFAIP3 TRIM23 373 ++ ++
7128 TNFAIP3 RNF5 6048 ++
7128 TNFAIP3 TRAF6 7189 ++ tt+
7128 TNEFAIP3 TRIM25 7706 +
7128 TNEFAIP3 TRIM26 7726 +
7128 TNEFAIP3 RNF144A 9781 ++ ++
7128 TNEFAIP3 RBCK1 10616 ++ ++
7128 TNFAIP3 RNF126 55658 ++
7128 TNEFAIP3 TRIM39 56658 +
7128 TNFAIP3 TRIM8 81603 +++ E+
7128 TNEFAIP3 TRIM5 85363 t++ +
7128 TNFAIP3 RNF185 91445 ++
80124 VCPIP1 TRAF6 7189 ++ +++
80124 VCPIP1 TRIM46 80128 ++ ++ ++
80124 VCPIP1 DTX3 196403 ++
55432 YOD1 RNF5 6048 +
55432 YOD1 TRAF6 7189 ++ +++
95432 YOD1 TRIM25 7706 ++ +++
55432 YOD1 TRIM26 7726 ++
55432 YOD1 TRIM39 56658 et +++
55432 YOD1 TRIM8 81603 +++ +++ tt+
55432 YOD1 TRIM5 85363 +++
55432 YOD1 DTX3 196403 ++
5713 PSMD7 TRIM34 53840 +++ +++
5713 PSMD7 RNF32 140545 ++
57559 STAMBPL1 TRAF6 7189 ++ +++
57559 STAMBPL1 TRAIP 10293 ++
57559 STAMBPL1 RBCK1 10616 ++ ++
57559 STAMBPL1 UBOX5 22888 ++
57559 STAMBPL1 TRIM35 23087 ++
57559 STAMBPL1 MKRN1 23608 ++
57559 STAMBPL1 ANAPC11 51529 +
57559 STAMBPL1 TRIM39 56658 ++
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57559 STAMBPL1 TRIM46 80128 ++
57559 STAMBPL1 TRIM74 378108 ++
79184 BRCC3 TRAF6 7189 ++ +++
79184 BRCC3 RBCK1 10616 ++ ++
79184 BRCC3 TRIM35 23087 ++ ++
79184 BRCC3 MKRN1 23608 ++ ++
79184 BRCC3 RNF126 55658 ++ ++ +++
79184 BRCC3 TRIM46 80128 ++ ++
79184 BRCC3 RNF144B 255488 +++ +++
79184 BRCC3 TRIM74 378108 + ++
10980 COPS6 MNAT1 4331 + +
10980 COPS6 RBCK1 10616 ++ ++
10980 COPS6 TRIM31 11074 + ++
10980 COPS6 TRIM35 23087 + ++
10980 COPS6 TRIM34 53840 ++ ++
10980 COPS6 RNF126 55658 ++ +t
10980 COPS6 TRIM46 80128 ++ tt +t
10980 COPS6 RNF144B 255488 ++ ++
10980 COPS6 TRIM74 378108 ++ ++
8667 EIF3H TRIM46 80128 ++ ++
8665 EIF3F RBCK1 10616 +++ t++ +++
8665 EIF3F RNF126 55658 ++ ++
8665 EIF3F TRIM46 80128 ++ tt++
8665 EIF3F RNF144B 255488 +++ +++ +++
92552 ATXN3L TRAF6 7189 +
92552 ATXN3L BFAR 51283 ++
92552 ATXN3L RFWD3 55159 ++
92552 ATXN3L TRIM36 55521 +        

Table 4.1 DUB:RING interaction summary. Bait DUB and prey RING E3
ligase GenelDs and Gene Symbols are indicated. Interactions were scored
as weak(+), medium strength (++), or strong (+++). These descriptive words
refer to the level of reporter activation, assessed by the levelof yeast colony
growth (see figure 4.3). The three reporters used are indicated (HIS3, ADE2,
and /acZ).

4.3.2 Graphical representation of Y2H data reveals relationships between

sequence homology and network connectivity

Figure 4.4 showsa graphical representation of data compiled in table

4.1. From this figure, we can see that 49% (27/55) of DUBsinteracted with

at least one RING E3 ligase, whereas 37% (47/133) of RING E3 ligases

interacted with one or more DUB. Furthermore, 11% (3/27) of interacting

DUBsbound to one RING E3ligase, while 15% (4/27) interacted with only

two RING E3 ligases. Conversely, 32% (15/47) of interacting RING E3

ligases bound to one DUB,and

a

further 30% (14/47) interacted with only
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Figure 4.4
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Figure 4.4 DUB and RINGE3ligase interaction network. A) DUBs are
coloured according to the numberofinteractions (degree) formed with RING
E3 ligases (as indicated in panel B). RING E3ligases are displayedin green.
USP2 is the most highly connected DUB forming 26 interactions, twice the
numberofinteractions seen with the next most connected DUB, USP21(13).
3 DUBsinteracted with only one RING E3ligase, namely USP36, OTUB1,
and EIF3H. C) RING E3 ligases are coloured according to the numberof
interactions (degree) formed with DUBs(as indicated in panel D). All DUBs
are displayed in green. RBCK1 had the highest degreeasit interacted with
15 DUBs. 15 RING E3 ligases interacted with only one DUB,and a further
14 interact with 2. Figures were generated using Cytoscape (Shannonetal.,
2003).
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two DUBs. These data show that 26% of DUBsinteracted with either one or

two RING E3ligases, and that 62% of RING E3ligasesinteracted with either

one or two DUBs.

The Y2H data were also compiled into a tabular format in which DUBs

and RING E3 ligases were arranged either phylogenetically (by amino acid

sequence similarity, figure 4.5, panel A) or by degree (the numberof

interactions they form in this screen, figure 4.5, panel B). From the

phylogenetic alignmentit is apparent that some closely related DUBs show

similar RING E3 ligase binding profiles, and that closely related RING E3

ligases also share common DUB interactors. For example, USP5 and

USP39 both interact with TRIM26 and TRIM39 (figure 4.5 A, yellow box).

Degree sorting results in a cluster at the top left corner where the most

connected DUB and RING E3ligase reside (highlighted in figure 4.5, panel

B). USP21 and USP2 are phylogenetically closely related, sharing 37%

sequence homology, and are also the two most connected DUBs. They

share 10 commoninteractors and these are predominantly RING E3 ligases

that also have a high degree of connectivity in this network. USP4 and

USP15 are highly similar DUBs, sharing 57% amino acid sequence

homology. USP4interacts with two RING E3 ligases, BRAP and TRIM21,

and these alsointeract with USP15 (figure 4.5 A, red boxes). This suggests

that these interactions are probably mediated through phylogenetically close

sequencesthat have not diverged enough to changetheir interaction profile.

Enlarged versions of both tables are presented in appendix 4.5.
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4.3.3 Reconfirmation ofpreviously described interactions

Interaction data produced from published interaction studies are

compiled in a number of manually or automatically curated, publicly available

databases. For the purpose of this study, the human interaction data

available in the MINT (Chatr-aryamontri et al., 2007), HPRD (Mishra etal.,

2006), IntAct (Kerrien et al., 2007), and BioGRID (Breitkreutz et al., 2008)

databases were mined by Russell Hyde (University of Liverpool) and a

“KnownInteraction Network” was generated in Cytoscape (Shannonetal.,

2003). All previously known DUB:RING E3 ligase interactions were

extracted from this dataset, and represented in cartoon form in figure 4.6.

Out of the 44 previously known DUB:RING E3 ligase interactions, 22 were

retested in this study and 4 were reconfirmed. Furthermore, 6 of the retested

knowninteractions were observed in Y2H experiments, and 50% (3/6) were

reconfirmed in this study. Only 6% (1/18) of retested interactions from non-

Y2H experiments (such as coimmunoprecipitation orin vitro binding assays)

were reconfirmed (see table 4.2). This was the well-characterised interaction

between TNFAIP3 and TRAF6 (Heyninck and Beyaert, 1999).

 

 

 

 

 

Table 4.2

Interaction Y2H Non-Y2H

Previously known 19 25
Retested 6 18

Reconfirmed 3 1

Reconfirmation rate 50% 6%     
 

Table 4.2 DUB:RING E3 ligase retested interactions. Previously known
DUB:RINGE3ligase interactions were extracted from the KnownInteraction
Network. Interaction reconfirmation rates from my Y2H experiments are
compared to data from the KnownInteraction Network sourced from Y2H or
non-Y2H experiments.

The reconfirmed interactions are highlighted with red circles in figures 4.7-

4.10 that show representative SD-ULH(3-AT) and SD-ULAplate images for
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Figure 4.6
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Figure 4.6 DUBinteractions deposited in public interaction databases.
All knowninteraction data was extracted from MINT (Chatr-aryamontri, Ceolet
al. 2007), HPRD (Mishra, Suresh et al. 2006), IntAct (Kerrien, Alam-Faruque
et al. 2007), and BioGRID (Breitkreutz, Stark et al. 2008) databases by Russell
Hyde (University of Liverpool). A) Graphical representation of known DUB
interactions. Nodes (interactors) were coloured according to whether they
were components of the ubiquitome (DUBs in green, RING E3ligases in
yellow, E2 conjugating enzymesin blue) or not (pink). The network comprises
424 nodes and 492 edges(interactions). B) Graphical representation of
known DUB:RINGE3ligaseinterations. A total of 44 interactions between 24
DUBs and 25 RING E3ligases had been deposited in the databases. C)
Union of B andthe interactions observed in this study. Edges were coloured
according to the type of interaction study used to determine the interaction:
Y2H interactions are represented in green, non-Y2Hin red, and interactions
found in both Y2H and non-Y2H experiments in black. Interactions from this
study are depicted in blue.

156



the interaction data for USP4, USP7, TNFAIP3, and COPS6 respectively. A

union of the DUB:RING E3ligase interaction from the Known Interaction

Network and my data is presented in figure 4.6 C. This new network is

composed of 203 interactions between 40 DUBs and 66 RING E3 ligases,

representing an increase of 116% in interactor number (nodes) and of 361%

in the numberof interactions (edges) compared to the previously known

DUB:RING E3ligase network.

4.3.4 Commoninteractors of DUB:RING E3 ligase pairs

Using the DUB:RING E3 ligase interaction data generated in this

study, the KnownInteraction Network wasinterrogated for common binding

partners betweeninteracting DUB and RING E3ligase pairs. 10 pairs were

identified as sharing commoninteractors and these are summarised in table

4.3 (and in Cytoscape format in appendix 4.6). Identifying commonpartners

is a way of predicted putative DUB and RING E3 ligase substrates as well as

cellular pathways in which these proteins may act (following the

aforementioned hypothesis of “guilt-by-association’).

 

 

 

 

 

 

 

 

 

 

 

Table 4.3
DUB RING E3 Commonbinding partners
USP2 TRIM27 BEGAIN
USP2 UBOX5 CCDC85B
USP7 UHRF2 UBB
USP7 RBCK1 UBB
OTUB2 TRIM27 MAGEA(11
TNFAIP3 TRAF6 IKBKG

TAX1BP1
TICAM1
TRAF2
ZFAND5

VCPIP1 TRAF6 VCP
BRCC3 RNF126 UBE2D1
BRCC3 TRAF6 UBE2D1
COPS6 MNAT1 p53   
  
Table 4.3 DUB:RING E3 ligase commonbinding interactors. The Known
Interaction Network compiled with data mined from the MINT (Chatr-
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aryamontri et al., 2007), HPRD (Mishra et al., 2006), IntAct (Kerrien et al.,
2007), and BioGRID (Breitkreutz et al., 2008) databases was interrogated for
commoninteractors between the DUB:RING E3 ligase binding partners
identified in the Y2H screen presentedin this study. 10 networks were
identified, and are shown in the table above. The TNFAIP3:TRAF6
subnetwork is the most populated, consisting of 7 proteins that are all
involvedin cytokine signalling.

The TNFAIP3:TRAF6 subnetwork comprises 5 other proteins, all of

which have well-characterised roles in cytokine signalling (IKBKG (Rothwarf

et al., 1998), TAX1BP1 (De Valck et al., 1999), TICAM1 (Yamamoto etal.,

2002), TRAF2 (Song and Donner, 1995), ZFAND5 (Huang et al., 2004)).

The interaction between TNFAIP3 and TRAF6 has been extensively

characterised and therefore this subnetwork wasnotfurther analysed.

In the Known Interaction Network, OTUB2 is reported to have only

one interacting partner, MAGEA11 (see figure 4.11). Interestingly, in our

study TRIM27, a RING E3ligase that interacts with OTUB2,also interacts

with MAGEA11. MAGEA11 has been shownto increase androgen receptor

mediated transcriptional activity (Bai et al., 2005), and an increase in

MAGEA11 expression has been linked to prostate cancer (Karpf et al.,

2009). TRIM27 also interacts with 14 other proteins involved in

transcriptional regulation, strongly suggesting a role for TRIM27 in

transcriptional control. Curiously, TRIM27 also interacts with two SUMO

ligases, as well as SUMOitself, suggesting a mechanism of cross-talk

betweenboth these post-translational modifications. Throughits interactions

with TRIM27 and MAGEA11, OTUB2 could have an effect on the

transcriptional activity of the androgen receptor.

Another compelling subnetwork comprises the interaction between the

DUB COPS6 and the RING E3 ligase MNAT1, both of which share an
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Figure 4.7
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Figure 4.7 USP4:RING E3 ligase interaction data. pGBDU-GW-USP4
transfected MATa yeast was mated against our collection of MATa yeast
transfected with pACTBD-B-RING 3 ligases (top panel) and
pACTBE-B-RINGE3ligases (bottom panel) in a matrix format. Yeast diploids
were allowed to grow for five days at 30°C and then scored for growth on
SD-ULA(stringent) and SD-ULH(3-AT) (less stringent) agar plates. * denotes
preys that are not RING E3 ligases. The previously reported USP4:TRIM21
interaction is highlighted with a redcircle.
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Figure 4.8
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Figure 4.8 USP7:RING E3 ligase interaction data. pGBDU-GW-USP7
transfected MATa yeast was mated against our collection of MATa yeast
transfected with pACTBD-B-RING £3 ligases (top panel) and
pACTBE-B-RINGE3ligases (bottom panel) in a matrix format. Yeast diploids
were allowed to grow for five days at 30°C and then scored for growth on
SD-ULA(stringent) and SD-ULH(3-AT) (less stringent) agar plates. * denotes
preys that are not RING E3ligases. The previously reported USP7:MARCH7
interaction is highlighted with redcircles.
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Figure 4.9
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Figure 4.9 TNFAIP3:RING E3 ligase interaction data.pGBDU-GW-TNFAIP3 transfected MATa yeast was mated against ourcollection of MATa yeast transfected with PpACTBD-B-RING E3ligases (toppanel) and pACTBE-B-RING E3 ligases (bottom panel) in a matrix format.Yeastdiploids were allowed to grow forfive days at 30°C and then scoredforgrowth on SD-ULA(stringent) and SD-ULH(3-AT)(less stringent) agarplates.* denotes preys that are not RING E3 ligases. The previously reportedTNFAIP3:TRAF6interactionis highlighted with red circles.
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Figure 4.10
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Figure 4.10 COPS6:RING 3 ligase interaction data.
PGBDU-GW-COPS6 transfected MATa yeast was mated against our
collection of MATa yeast transfected with pACTBD-B-RINGE3ligases (top
panel) and pACTBE-B-RING E3 ligases (bottom panel) in a matrix format.
Yeastdiploids were allowed to grow forfive days at 30°C and then scored for
growth on SD-ULA (stringent) and SD-ULH(3-AT)(less stringent) agarplates.
* denotes preys that are not RING E3 ligases. The previously reported
COPS6:MNAT‘interactionis highlighted with red circles.
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interaction with p53 (figure 4.11 B). COPS6is one of the eight subunits that

make up the COP9-signalosome, a highly conservedprotein complex that

functions as an important regulator in multiple signalling pathways (reviewed

in (Wei et al., 2008)). Recently, another DUB component of the COP9

signalosome, COPS5, has been shown to regulate p53 function (Zhang et

al., 2008), and p53 has also been shown to bind the native COP9-

Signalosome with high affinity through COPS5 (Bech-Otschir et al., 2001).

The observed interaction between COPS6 and MNAT1 could therefore

represent a mechanism by which p53 activity or stability could be regulated.

4.4 Validation of Y2H interactions by coimmunoprecipitation

4.4.1 Generation of tagged DUB and RING E3 ligase constructs for

expression in mammalian cells

To validate the interactions observed in section 4.3,

immunoprecipitation experiments were performed by coexpressing the DUBs

and the RING E3ligases in mammaliancells. For this study, a selection of

DUBsand RING E3ligases were transferred from pDONR223 entry vectors

into N-terminally tagging mammalian expression constructs.

Ashighlighted in chapter3, efforts had already been madeto produce

GFP-tagged constructs of all the human DUBs cloned in this study. A

selection of DUBs that interacted with RING E3 ligases as well as a non-

interacting DUB (USP14) were selected and expressed in HEK 293Tcells.

These were USP2, USP5, USP7, USP11, USP15, USP21, USP39, OTUB2,

YOD1, and COPS6 (see figure 4.12). These DUBs were chosen as they
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Figure 4.11
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Figure 4.11 DUB:RING E3 commoninteractor subnetworks. The Known
Interaction Network was analysed for common partners of DUB:RING E3
ligase pairs identified by the Y2H screen describedin this chapter. A) OTUB2
interacts with TRIM27 and MAGEA11. TRIM27 and MAGEA11 have been
shownto have a function in transcriptional regulation, suggesting a possible
role for OTUB2inthis cellular process. B) COPS6interacts with MNAT4 and
p53. COPS6is a subunit of the COP9-signalosome, as is COPSS5, another
DUB. COPSS5haspreviously been described as an interactor of p53, and the
role of the COP9 signalosome in ps3 function has been previously
characterised. This suggests a possible role for MNAT1 and COPS6in this
cellular pathway. C) Literature curated cellular function assignments for
networks A and B. C) Edgecolours representthe type of experiment used to
identify the interactions in networks A and B.
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represented three of the five families of DUBs, and together comprised 58%

of the DUBinteractors observedin this chapter. First, titration assays were

performed to assess expression levels of the GFP-DUBfusion proteins and

also to establish that the full-length protein was being expressed, with no

aberrant cleavage byintracellular proteases. Showninfigure 4.12, all of the

GFP-DUB chimeras were expressed at high levels with no signs of

proteolytic cleavage. Doubling the concentration of DNA used to transfect

the cells did not have a Significant effect on the levels of protein expression

of the DUBs. In addition, when a catalytically inactive mutant of USP21 with

a mutated active site Cysteine (USP21 C221S) was expressed, higher

molecular weight bands could be observed that were not seen in samples

expressing the wild-type protein, Suggesting that this protein is post-

translationally modified (discussed in further detail later, highlighted in figure

4.12 with arrows).

In parallel, a panel of RING E3 ligases, comprising 8% of the Y2H

RING E3ligase interactors, were subcloned by LR reactioninto pcDNA3-myc

converted for Gateway cloning (pcDNA3-myc-GW,(Tsang et al., 2006)).

These constructs were expressed in HEK 293Tcells to assess expression

levels and intracellular proteolysis. The expression levels of the RING E3

ligases were much more varied than observed for GFP-tagged DUB

constructs (figure 4.13). Specifically 57% (4/7) of RING E3 ligases

expressed poorly, and doubling the DNA construct concentration could not

increase protein expression. For the three RING E3ligases that did express

at high levels (TRIM2, TRIM31, and RNF185), higher molecular weight
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Figure 4.12
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Figure 4.12 GFP-GW-DUB expression levels. HEK 293T cells were
transfected with 0.75, 1.0 or 1.5 ng of pEGFP-GW-DUB DNAasindicated for
24 hours and subsequently lysed with RIPA lysis buffer. Protein
concentrations were assessed using a BCAprotocol, and equal amounts of
protein were run by SDS-PAGE. Blots were immunoprobed with a sheep
anti-GFP antibody (A and B). This figureillustrates the fact that bands of the
appropriate molecular weight (MW, C) can be observed when each GFP-DUB
fusion protein is expressed, and that levels of the overexpressedproteins are
constant even whenthe quantity of DNA is doubled. Higher molecular weight
bands can be observed for USP21CS compared to the wild-type mutant,
suggesting that this protein may be ubiquitinated (see arrow). U21CS, USP21
C221S mutant.
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Figure 4.13
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Figure 4.13 myc-RING E3 ligase expressionlevels. A) HEK 293Tcells
were transfected with 0.75, 1.0 or 1.5 ng of pcDNA3-myc-GW-RING E3ligase
DNAasindicated for 24 hours and subsequently lysed with RIPAlysis buffer.
Protein concentrations were assessed using a BCA protocol, and equal
amountsof protein were run by SDS-PAGE.Blots were immunoprobedwith a
mouseanti-myc and a rabbit anti-actin antibody (higher intensity of exposure
in B). Thisfigureillustrates the fact that bands of the appropriate molecular
weight (MW, C) can be observed when each myc-RING E3 ligase fusion
protein is expressed, and thatlevels of the overexpressedproteins are pretty
constant even when the quantity of DNA is doubled (except RNF125 and
RNF5). TRIM5, RNF125, and RNF5 are expressedat very low levels in these
cells. Bands immunoreactive to the anti-myc antibody can be observedin the
lysates expressing TRIM2, TRIM31, and RNF185 (indicated with arrows).
These bandswerenotobservedin the other lysates, indicating that these may
represent ubiquitinated forms of these RING E3 ligases. Probing with actin
was used to compareprotein levels in each lysate.
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bands were seen which may represent ubiquitinated forms of these proteins

(figure 4.13, arrows).

Given the low levels of protein expression of myc-tagged TRIM5,

RNF125, and RNF5,work onthese wasdiscontinued. The remainderof this

section will focus on reconfirming the interactions observed by Y2H between

USP7 and COPS6 with TRIM31, USP21 with RNF185, and OTUB2 with

TRIM2.

4.4.2 USP7 coprecipitates with TRIM31 and coexpression of USP7 increases

TRIM31 protein expression levels

The Y2Hinteraction data presentedin table 4.1 indicates that TRIM31

interacted with two DUBs, USP7 and COPS6,but not with USP14 or USP15.

Coexpression experiments were performed to assess the levels of N-

terminally myc-tagged TRIM31 protein expression in HEK 293Tcells when

coexpressed with N-terminally GFP-tagged USP7, USP14, and COPS6, as

well as the GFP protein on its own. Oncecell lysates were harvested,

protein assays were used to determine protein concentrations. Equal

amountsto total protein were resolved by SDS-PAGE,andfollowing transfer

to nitrocellulose, were probed with both anti-GFP and anti-myc antibodies.

GFP, and GFP-tagged USP14, USP7, and COPS6 protein levels remained

constant independent of the concentration of myc-tagged TRIM31 DNA

construct used in the transfection mixture (figure 4.14, A). Myc-tagged

TRIM31 was poorly expressed when coexpressed with GFP, and doubling

the concentration of DNAin the transfection mixture of the TRIM31 construct

only moderately increased protein expression. A similar increase was
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Figure 4.14 GFPconstructs
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Figure 4.14 USP7 coprecipitates with TRIM31. A) HEK 293T cells were
transfected with pEGFP-GW-DUB DNA or pEGFP-GW vector DNA as
indicated, and 1.0, 1.5, or 2.0ng pcDNA3-myc-GW-TRIM31 DNAconstructs
as indicated and lysed with RIPA buffer 24 hours post-transfection.
myc-GW-TRIM31 protein levels vary depending on which DUB it is
coexpressed with. GFP, USP14, and COPS6 coexpression results in
relatively low levels of TRIM31 expression, and increasing the amount of DNA
used did not increase TRIM31 levels when it was coexpressed with GFP.
USP7 coexpression results in an increase in TRIM31 expression. B) Cells
were transfected with pEGFP-GW-DUBs as above and 1.0ng of
pcDNA-myc-GW-TRIM31. C) Immunoprecipitations (IPs) were performedin
duplicate with sheep anti-GFP antibody. Variable levels of TRIM31 were
observed as in A. Myc-TRIM31 coprecipitates with GFP-USP7, but
myc-TRIM31 protein levels were significantly lowerin the cell lysates except
for when coexpressed with GFP-USP7. GFP (negative control) coexpression
resulted in negligible myc-TRIM31 expression levels. /B, immunoblot. Fd
USP. C6, COPS6.
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observed when myc-tagged TRIM31 was coexpressed with different amounts

of GFP-tagged USP14 DNA, although myc-tagged TRIM31 was expressed to

a higher level under these conditions. Protein levels of myc-tagged TRIM31

appeared relatively unaffected by DNA construct concentration when

coexpressed with both GFP-tagged USP7 and COPS6, although

coexpression with GFP-tagged USP7resulted in much higher protein levels

of myc-tagged TRIM31 compared to GFP-tagged COPS6 coexpression

experiments.

Cotransfection experiments were set up in duplicate as indicated in

figure 4.14 B and C. As with the myc-TRIM31 titration experiment

represented in figure 4.14 A, expression of myc-TRIM31 was greatly

enhanced when coexpressed with USP7, and almost undetectable when

coexpressed with GFP(figure 4.14, B). TRIM31 did coprecipitate with USP7,

but the levels of expression for the negative controlof this experiment (GFP)

were so low that the experiment was no longer appropriately controlled. Due

to the greatly varied expression levels a qualitative description of

immunoprecipitation was_ invalid. Therefore, to assess protein band

intensities from the immunoblot, quantitation of the gels was produced using

ImageJ (http://rsbweb.nih.gov/ij/). The numerical data collected was used to

generate a ratio of myc-TRIM31 protein levels that coprecipitated, normalised

to the amount of GFP-tagged protein precipitated (IP myc). Subsquently, a

ratio of myc-TRIM31 protein levels in the input, normalised to the amountof

GFP-taggedprotein in the input was calculated (Input myc), and these data

were combined in the following formula to generate a percentage oftotal

protein that coprecipitated (% IP):
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% IP = (IP myc

/

IP GFP) / (Input myc / Input GFP) x 100

The meanof both samples was taken, and Y2H, expression, and the

percentageof coprecipitated protein (% IP) data are summarisedin table 4.4.

 

 

 

 

 

 

Table 4.4
DUB RING E3

|

HIS3] ADE2

|

LacZ

|

Expression % IP

*“USP7

|

TRIM31

|

++ - - +++ 51.6

*COPS6

|

TRIM31 + +e - + 91.1

USP14

|

TRIM31 - - - ++ 78.2

USP15

|

TRIM31 - - - + 43.2

GFP TRIM31

|

N/AA| N/A

|

N/A * 34.9         
 Table 4.4 TRIM31 interaction data summary. The percentage of myc-
tagged TRIM31 that coprecipitated with each respective GFP-tagged protein
or untagged GFP (% IP) and myc-TRIM31 expressionlevels are represented
in this table. Y2H interactions and expression levels are annotated as not
observed (-), weak (+), medium Strength (++), or strong (+++). This table
presents interaction data for TRIM31 with USP7, COPS6, USP14, USP15,
and GFPfor both Y2H and coimmunoprecipitation assays. Asterisks denote
highlight those DUBsthat were seento interact with TRIM31 by Y2Hin this
study. N/A, not available. IP, immunoprecipitation.

Although myc-TRIM31 does coprecipitate with GFP-USP7, the

amount of protein input in the experiment was much higher than in the

negative controls, and therefore the % IP value of myc-TRIM31 was not

significantly higher than for the negative controls. Similarly, although GFP-

COPS6 gives the highest % IP value of myc-TRIM31, the data is

inconclusive due to the high values obtained for the negative controls. Myc-

TRIM31 expression was almost negligible when coexpressed with GFP, so

the % IP value is high due to the low denominator.

This experiment does show that coexpression of USP7, and not GFP

or any of the other DUBs,significantly stabilises myc-TRIM31in thesecells.
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However, without further experimentationit is impossible to say exactly what

role USP7 mayplay in TRIM31 stabilisation. A similar coimmunoprecipitation

experiment could be set up with a catalytically inactive mutant of USP7 to

see whether the observed stabilisation effect was due to DUB catalytic

activity.

4.4.3 USP21 coprecipitates with RNF185 and coexpression of the DUB

increases RING E3 ligase protein expression levels independently ofits

catalytic activity

The Y2Hinteraction data presented in table 4.1 indicates that the

RING E3 ligase RNF185 interacted with two DUBs, USP21 and TNFAIP3,

and not with USP14. A similar methodology for assessing theseinteractions

by coimmunoprecipitation was employed as described in the previous

section. As opposed to TRIM31, myc-tagged RNF185 protein expression

levels appear to be sensitive to increasing concentrations of myc-construct

DNA employed (figure 4.15). However, as seen before, coexpression of the

myc-tagged RING E3 ligase with GFP results in a reduction of the protein

levels observed. Coexpression of GFP-tagged USP14, USP21, or the

catalytically inactive mutant USP21 C221S resulted in an increase in myc-

tagged RNF185 protein expression compared to coexpression with the GFP

protein, and the effect appeared enhanced with wild-type USP21 (figure 4.15

A).

Immunoprecipitation of the GFP-tagged DUBs with an anti-GFP

antibody as stated previously resulted in the coprecipitation of myc-tagged

RNF185 with the wild-type and mutant USP21, but not with USP14 or GFP
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Figure 4.15
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Figure 4.15 USP21 coprecipitates with RNF185. A) HEK293T cells were
transfected with pEGFP-GW-DUBsand pEGFP-GWasindicated and 1.0, 1.5,
and 2.0ng pcDNA3-myc-GW-RNF185 DNAconstructs as indicated and lysed
with RIPA buffer 24 hours post-transfection. myc-RNF185 levels vary
depending on which DUBit is coexpressed with. GFP and USP14
coexpression results in relatively low levels of RNF185 expression, and
increasing the amount of DNA useddid not increase RNF185 expression
when it was coexpressed with GFP. USP21 coexpression results in an
increase in RNF185 expression, similar to USP21CS catalytic inactive mutant.
B) Cells were transfected with pEGFP-GW-DUBsasin A, and with 1.0ng
pcDNA-myc-GW-TRIM31. IPs were performed in duplicate with sheep
anti-GFP antibody. Variable levels of RNF185 were observed as in A.
RNF 185is pulled downto a similar degree by both USP21 and USP21CS and
weakly by USP14. This data reconfirms the USP21:RNF185 interaction, and
highlights that the interaction does not require USP21catalytic activity. U714,
USP14. U21, USP21. U21CS, USP21 C2218.
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(figure 4.15). These data reconfirm the interactions seen by Y2H, but also

indicate that the interaction between USP21 and RNF185 does not require

USP21catalytic activity (table 4.5).

 

 

 

 

 

Table 4.5
DUB RING E3

|

HIS3

|

ADE2

|

LacZ

|

Coexpression % IP

USP21 RNF185

|

++ - - +++ 93.1

USP21CS

|

RNF185/ N/A

|

N/A

|

N/A PEt 99.0

USP14

|

RNF185|_ - - - + 36.2

GFP RNF185

|

N/A

|

N/A

|

N/A + 12.3         
 Table 4.5 RNF185 interaction data summary. The percentage of myc-
tagged RNF185 that coprecipitated with each respective GFP-tagged protein
or untagged GFP (% IP) and myc-RNF185 expressionlevels are represented
in this table. Y2H interactions and expression levels are annotated as not
observed (-), weak (+), medium Strength (++), or strong (+++). This table
presents interaction data for RNF185 with USP21, USP21 CS, USP14, and
GFP for both Y2H and coimmunoprecipitation assays. RNF185 interacts
with USP21 on one reporter only but strongly in coimmunoprecipitation
experiments, and the interaction is independent of USP21 catalytic activity.
USP14 does not interact with RNF185 in either Y2H or
coimmunoprecipitation assays. The GFP protein does not coprecipitate with
RNF185, although expression of the RING E3 ligase protein is very low in
GFPcotransfected cells. N/A, not available.IP, immunoprecipitation.

The calculated percentage coprecipitated myc-RNF185 is

approximately 2.5 times greater for USP21 and catalytically inactive USP21

than for USP14, and approximately 8 times greater than GFP, indicating a

reconfirmation of the Y2H interaction observedin this study between USP21

and RNF185byanalternative binding asSay.

4.4.4 OTUB2 coprecipitates with TRIM2

The Y2Hinteraction data presented in table 4.1 indicates that the

RING E3 ligase TRIM2 interacted with one DUB, OTUB2, and not with
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YOD1. As with TRIM31 and RNF185, a coexpression analysis was

performed between myc-tagged TRIM2 and GFP-tagged OTUB2, YOD1 and

the untagged GFPprotein(figure 4.16, panel A). As opposed to TRIM31 and

RNF185, myc-tagged TRIM2 expressed equally well when coexpressed with

all the GFPfusion proteins or the untagged GFPprotein, and as with TRIM31

protein expression levels appeared to be relatively insensitive to increasing

amounts of DNA used in the transfection. Coimmunoprecipitation

experiments performed with an

_

anti-GFP antibody showed weak

coprecipitation of myc-tagged TRIM2 with YOD1 and strong coprecipitation

with OTUB2 (figure 4.16, panel B). TRIM2 protein does not coprecipitate

with untagged GFPprotein to a significant level. These interaction data are

summarised in table 4.6.

 

 

 

 

Table 4.6

DUB RING E3

|

HIS3

|

ADE2

|

Lacz Coexpression % IP
OTUB2 TRIM2 + : : +++ 116.0
YOD1 TRIM2 - - - t 67.0
GFP TRIM2

|

NA

|

N/A

|

N/A +++ 27.8        
 Table 4.6 TRIM2 interaction data summary. The percentage of myc-
tagged RNF185that coprecipitated with each respective GFP-tagged protein
or untagged GFP (% IP), myc-RNF185 expression levels, are representedin
this table. Y2H interactions and expression levels are annotated as not
observed (-), weak (+), medium Strength (++), or strong (+++). This table
presents interaction data for TRIM2 with OTUB2, YOD1, and GFPfor both
Y2H and coimmunoprecipitation assays. TRIM2 interacts weakly with
OTUB2 on onereporter but strongly in coimmunoprecipitation experiments.
YOD1 does notinteract with TRIM2 in either Y2H but interacts weakly in
coimmunoprecipitation assays. The GFP protein does not coprecipitate with
TRIM2. N/A, notavailable.

The calculated

_

percentage coprecipitated myc-TRIM2 is

approximately 2 times greater for OTUB2 than for YOD1, and approximately

4 times greater than GFP, indicating a reconfirmation of the Y2H interaction
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Figure 4.16
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Figure 4.16 OTUB2:TRIM2 interaction reconfirmation colP experiments.
A) HEK293T cells were transfected with a standard amount of
pEGFP-GW-DUBs and GFP alone and 1.0, 1.5, and 2.0ng
pcDNA3-myc-GW-TRIM2 DNAconstructs as indicated and lysed with RIPA
buffer 24 hours post-transfection. myc-GW-TRIM2 levels were consistent
when coexpressed with GFP and both YOD1 and OTUB2, regardless of the
amount of DNA used. B) IPs were performed equal amounts of TRIM2 DNAto
give comparable protein expression. IPs were performed in duplicate with
sheep anti-GFP antibody. TRIM2 was seento bind weakly to YOD1 and GFP.
TRIM2 was much more enriched when OTUB2 was pulled down,reconfirming
the interaction see by Y2H. Arrow indicates a rip in the SDS-PAGE gel.
Asterisks indicate higher molecular weight bands that may represent
ubiquitinated forms of TRIM2.
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observedin this study between OTUB2 and TRIM2 by an alternative binding

assay.

4.5 Discussion

4.5.1 Are DUB:E3ligase pairs a commonfeature in cells?

As demonstrated by the DUB:E3 ligase interacting pairs in chapter1,

the intimate relationship between both ubiquitin conjugating and

deconjugating activity can result in tight spatio-temporal control of substrate

activity or stability. However, although someof these binary pairs are well

characterised, it remains to be seenif this is a common occurrencein cells.

Unbiased, large-scale protein:protein interaction analyses have beencarried

out for S. cerevisiae, C. elegans, and D. melanogaster, and humans. This

interaction data has been deposited in protein interaction databases,

providing an invaluable resource for the relative occurrence of inter-family

interactions. From the KnownInteraction Network, a network comprising 59

DUBs and 365 other proteins was extracted, forming a total of 492

interactions (data available in appendix 4.6). To assess whether DUB:E3

ligase interactions are more common than would be predicted by random

chance, the number of DUB:E3 ligase interactions were compared to the

number of DUB:kinase interactions as there are a comparable numberof

kinases encoded by the human genome(518 kinases, 617 E3 ligases)(Li et

al., 2008; Manning et al., 2002). In the Known Interaction Network 458

kinases and 215 E3 ligases are represented, forming 28 DUB:kinase

interactions, 4 DUB:HECT E3 ligase and 44 DUB:RING E3 ligase

interactions. This proportionally larger number of DUB:E3 ligase interactions

177



indicates that in this network they are more common than DUB:kinase

interactions. A parallel analysis could have been performed bytaking a set

of 215 proteins (equivalent to the number of E3 ligases) and assessed the

numberofinteractions these made with DUBs,as there may bea functional

bias within the kinase family.

4.5.2 Y2H data confidence assessment

Y2His a relatively well-established technique in our laboratory, with

previously characterised conditions and criteria used to collect data having

been used successfully in the past for both small- and high-throughput

interaction analyses (Marksonetal., 2009; Rowetal., 2007). In these two

studies, the data collected from the Y2H assay was comparedto data from

alternative binding assayseither performed in-house (such as in vitro binding

assays as in (Row et al., 2007)), or collected from publicly available

interaction databases (Markson et al., 2009)). In the small-throughput

analysis, a set of 18 putative interacting partners was evaluated by Y2H and

an in vitro binding assay (Rowetal., 2007).

A

total of 6 interactions were

detected by Y2H. Only 4 of these interactions were also observed by an in

vitro binding assay, and a further 4 were observed that were not detected by

Y2H, resulting in an overlap between these two assays of 40% (Rowetal.,

2007). Comparison of a high-throughput screen with publicly available

interaction data showed a reconfirmation rate of 53% (Marksonetal., 2009),

a number comparable to previously published high-throughput Y2H studies

(Rual et al., 2005; Stelzl et al., 2005). The use of comparative analyses of

interaction detection rates indicated that the Y2H technique employed in our
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laboratory can: a) detect interactions that can later be verified by alternative

techniques, and b) result in a reconfirmation rate of literature derived

interactions comparable to that seenin otherstudies.

This study identified 163 DUB:RING E3 ligase interactions, 159

of which were novel. Analysis of the KnownInteraction Network revealed 44

DUB:RING E3ligase interactions, and 22 of these were retested in this

study, 4 of which were reconfirmed. Although this number may appear very

low, 50% (3/6) of the previously knowninteractions identified by Y2H were

reconfirmed. The interaction between USP4 and TRIM21 has been

characterised biochemically in vitro and in cells (Wada et al., 2006), and in

this study it was only observedto activate the less stringent H/S3 reporter. In

conjunction with low observed background colony growththis result indicates

that reproducible selective interactions observed on SD-ULH(3-AT) maystill

represent physiologically relevantinteractions.

High-throughput interaction screens on human proteins have in the

last few years generated thousands of novel interactions, but there arestill

large gaps to befilled in the human interactome (for good comparative

publications of this see (Cusick et al., 2009: Venkatesanet al., 2009)). In an

attempt to further complete the interactome, databases are being

supplemented with interologs, which are defined as being in silico predictions

of protein interactions in one species between a pair of proteins whose

orthologs are knownto interact in another species (Cusick et al., 2009). The

full S. cerevisiae and C. elegans interactomes have been assessedin large-

scale Y2H and AP/MSanalyses (Boxem etal., 2008; Gavin et al., 2006; Ito

et al., 2001; Uetz et al., 2000), and therefore much data can be addedto the
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human network from these studies. However, the DUBfamily of proteins has

expanded significantly throughout evolution (see appendix 4.7). The S.

cerevisiae genome encodes 25 DUBs, 15 of which have human orthologs

(Scheel, 2005), and the C. elegans genome encodes 49 DUBs, 26 of which

have humanorthologs. Combined, studies in S. cerevisiae and C. elegans

could provide interaction data for 32 human DUBs (9 DUBsare also

orthologous between S. cerevisiae and C. elegans), representing

approximately a third of the DUBs encodedin the human genome. However,

as is evident from this study, human DUBsthat are highly homologous may

have different binding profiles. For example, the yeast DUB UBP12 has

three human orthologs, USP4, USP11 and USP15 (Scheel, 2005). USP4

and USP15 share 57% amino acid sequence homology, and in this study

they both interact with two RING E3 ligases, BRAP and TRIM21. However,

USP15 interacts with eight other RING E3 ligases that do notinteract with

USP4. Similarly, USP11 and USP15 share 42% amino acid sequence

homology, and in this study both interact with TRIM46 and PHF7. However,

USP11 has a further 2 binding partners and USP15 a further 8 that they do

not have in common. USP4 and USP11 share 43% sequence homology and

have no commonbinding partners.

The data obtained in this study substantially enriched the previously

known DUB:RING E3 ligase network by almost doubling the numberof

interactors and a four and a half-fold increasein the numberof interactions.

In this study 25% of all the possible DUB:RING E3 ligase pairs were tested,

Suggesting that DUBs and RING E3 ligases may be underrepresented in

large-scale interaction studies. Although DUB:RING E3ligase interactions
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may be common in human cells, further experimentation is required to

elucidate the full DUB:RING E3ligaseinteraction network.

4.5.3 Common partner network analysis

The KnownInteraction Network was used to identify commonpartners

of DUB:RING E3 ligase pairs observed in this study. The OTUB2 and

TRIM27 both interact with MAGEA11. To date thereis nothing known about

the cellular role of OTUB2, but throughits interaction with TRIM27 forms part

of a subnetwork with many proteins involved in transcription regulation,

proposing a role for OTUB2 in this cellular process. Interestingly, TRIM27

also interacts with 5 other RING E3 ligases (TRIM23, PML, TRIM32,

TRIM29, and TRIM11) and two SUMO ligases (PIAS1 and PIAS4). As

described in chapter 1, there are some examples of RING E3 ligases that

form homo and heteromeric complexes, and that this multimerisation is

critical for their activity (Hashizumeet al., 2001: Yin et al., 2009). The DUB

BAP1 hasalso been showntointeract with the RING E3 ligase BARD1 and

displace the RING E3 ligase BRCA1, resulting in a decrease of ubiquitin

ligase acitivity (Nishikawa etal., 2009). Further bioinformatical analysis

could be performed to find more subcomplexes containing multiple RING E3

ligases, and any binding partnersthat they mayshare.

Y2H is a powerful tool to assess binary protein:protein interactions,

and in conjunction with other interaction data can provide a means of

predicting cellular function following the principal of “guilt-by-association.

However, many of the DUBs and RING E3 ligases in this study are very

poorly annotated in both literature and interaction databases,resulting in an
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increased level of difficulty in generating hypotheses. In contrast, AP/MS

data can at times provide a much better insight into a subsetof the cellular

roles of a protein that is underrepresented in the literature, as it identifies

Stable protein complexes formed in a cell. For example, in a recent AP/MS

Study performed with a large set of human DUBs, USP13 was found in a

complex containing a number of VCP associating proteins involved in the

ERAD pathway (described in chapter 1, (Sowa etal., 2009)). Sowa and

colleagues wenton to describe a role for USP13 in the regulation of ERAD,

as knockdown of USP13 by RNAiresulted in the accumulation of a model

ERADsubstrate (Sowaetal., 2009).

4.5.4 Validation of Y2Hinteractions by coimmunoprecipitation assays

In this chapter, an attempt was madeto increase our confidence in 4

interactions between DUBs and RING E3 ligases observed in the Y2H

screen by assessing whether these proteins would coimmunoprecipitate. To

this end a set of 12 DUB ORFs were subcloned by LR reactions into an N-

terminally, GFP-tagging expression vector and a selection of 7 RING E3

ligases were subcloned into an N-terminally, myc-tagging expression vector.

Protein expression levels of these constructs were assessed when

transfected into HEK 293T cells with varied results. The GFP-tagged DUBs

all expressed at comparable, high levels in cells. However, 4 out of the 7

myc-tagged RING E3 ligases expressed very poorly, which could reflect a

high protein turnoverrate. Manycases of RING E3ligase autoubiquitination

are describedin theliterature (reviewed in (Deshaies and Joazeiro, 2009)),

and this processis of great importance,for example for MDM2turnoverthat
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occurs at a fast rate and limits MDM2protein levels within cells (Fang etal.,

2000). The RING E3ligases that were seen to expressat low levels may be

destabilised by autoubiquitination, although this remains to be shown

formally. For the 3 RING E3ligases that expressed at high levels (TRIM31,

RNF185, and TRIM2), higher molecular weight bands were observed when

these proteins were resolved by SDS-PAGE, suggesting that these RING E3

ligases may be post-translationally modified with ubiquitin when

overexpressed in HEK 293Tcells.

Myc-tagged TRIM31 protein levels were severely reduced when

coexpressed with the GFP protein in mammalian cells, compared to when

expressed with USP7, USP14, USP15 or COPS6 (figure 4.14). A similar

reduction of protein expression was also observed when myc-tagged

RNF185 was coexpressed with the GFP protein compared to coexpression

with GFP-tagged DUBs(figure 4.15). This was problematic when assessing

coprecipitation of myc-tagged TRIM31 or RNF185 with GFP-tagged

constructs, as the untagged GFP protein was used as a negative control to

assess background binding of these proteins. The expression of myc-

TRIM31 was almost negligible when coexpressed with untagged GFP, so no

conclusions can be drawn regarding the interaction between USP7 and

TRIM31, even though theseproteins were seen to coprecipitate (figure 4.14).

However, the increase in TRIM31 stabilisation with USP7 coexpression

suggests not only that these two proteins interact, but also that the

interaction may in some waystabilise TRIM31 in mammalian cells. Similarly,

USP7 has been shownto stabilise two RING E3 ligases, MARCH7 and

MDM2, through the removal of ubiquitin from these E3 ligases (Li et al.,
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2004a; Nathanet al., 2008). A similar coexpression study using a catalytic

mutant of USP7 could be used as an assay to determine whether USP7

directly regulates TRIM31 protein levels through its isopeptidase activity.

TRIM31 has been reported to be predominantly expressed in the gut (in

mice, (Watanabeetal., 2009)), and upregulation of its expression has been

observed in gastric adenocarcinoma (Sugiura and Miyamoto, 2008). USP7

may be able to stabilise TRIM31 in gastric cells, and this DUB could

representa potential drug target for the treatment of gastric cancer.

As shownin figure 4.15, the interaction between USP21 and RNF185

observed by Y2H was

_

reconfirmed by coimmunoprecipitation. This

interaction appeared to be independent of USP21 catalytic activity, as the

catalytically inactive USP21 mutant was also able to interact with RNF185.

USP14 was not seen to interact with RNF185 by Y2H and also did not

interact with this RING E3ligase by coimmunoprecipitation assay. RNF185

higherrelative protein levels were observed when coexpressed with USP21

or catalytically inactive USP21, suggesting that USP21 binding somehow

regulates the stability of RNF185. However,it is unlikely to be due to DUB

catalytic activity, as this phenotype was also observed with the catalytically

inactive USP21 mutant. There is some evidencein the literature that USP21

has both deubiquitinating and deneddylating activity, although its cellular

roles are yet to befully investigated (Gongetal., 2000). An AP/MS study

indicated that USP21 forms a stable complex in HEK 293Tcells with all four

of the microtubule-associated proteins/microtubule affinity-regulating kinases

(MARK1-4) (Sowaet al., 2009). The MARK protein kinases were originally

identified as being able to phosphorylate a serine motif in the tubulin-binding
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domain of tau, microtubule-associated protein (MAP) 2, and MAP4, causing

their dissociation from microtubules (Dreweset al., 1997), and are therefore

key regulators of microtubule dynamics. This suggests that USP21 could

play an active role in regulating microtubule dynamics by controlling MARK

Stability or activity. Whether RNF185 has a role in microtubule dynamics

would need to befurtherinvestigated.

Finally, the interaction between OTUB2 and TRIM2 was reconfirmed

by coimmunoprecipitation (figure 4.16). myc-tagged TRIM2 was expressed

highly whentransfected into HEK 293T cells, and its stability appeared not to

be affected by either GFP, YOD1, or OTUB2 coexpression. TRIM2

coprecipitated with OTUB2 and weakly with YOD1, another OTU-domain

containing protein that did not interact with TRIM2 by Y2H.

Counterintuitively, TRIM2 higher molecular weight bands were observed

when coprecipitated with OTUB2, Suggesting that it is ubiquitinated and

therefore not a substrate of OTUB2 isopeptidase activity. TRIM2 has

recently been shownto interact with neurofilament light subunit (NF-L) and

regulates NF-L ubiquitination. Deficiency of an active TRIM2 in mice results

in the accumulation NF-L fibres in axons and early onset ataxia (Balastik et

al., 2008). UniGene EST data shows expression of OTUB2 in human brain

tissue, as well as many othertissues. However, there is a paucity of both

functional andinteraction data for this DUBin both literature and interaction

databases,so the cellular roles of this DUB remain to be elucidated.

Coimmunoprecipitation assays have been used successfully in this

chapter to reconfirm two of the positive interactions seen by Y2H, and a

further two will be validated using the same technique in the following
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chapter. However, this methodology presented difficulties in positively

assessing interactions due to the observed instability of some RING E3

ligases when overexpressed in HEK 293Tcells. Various other cell-based

binding assays have beenusedto study protein:protein assays (experimental

comparison of many of these can be seenin (Venkatesanetal., 2009)), but

these would again suffer from the same problem of low RING E3ligase

expression levels. The problem may be circumvented with the use of

synthetic proteasomeinhibitors such as MG132 or lactacystin. Conversely,

an alternative in vitro binding assay could be established using recombinant

protein expressed in bacteria or in vitro using purified wheat germ extract

containing all necessary components for transcription and translation (see for

example (Rowet al., 2007)).

4.6 Conclusion

In this study, 163 interactions between DUBs and RING E3ligases

wereidentified by Y2H analysis, of which 159 are novel. Membersofall 5 of

the DUBfamilies were foundto interact with RING E3 ligases. Also, analysis

of DUB:RING E3 ligase interaction profiles reveals evidence of both

conserved and convergent evolutionary trends. Interrogation of publicly

available interaction data exposed subnetworks in which DUB:RING E3

ligase pairs could function, providing data which can be used to generate

several new hypothesesfor future experimentation.

Ashighlighted in chapter 1, studies comparing different methodologies

found that the overlap of detected protein:protein interactions was substantial

but not complete (Braun et al., 2009). Although | have successfully
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reconfirmed a subset of selected Y2H interaction, further studies may be

required to establish the true confidence limits of the Y2H data as a whole.

Furthermore, Combining data from different binding assays with Gene

Ontology data or colocalisation confocal microscopy experiments it may

ultimately be possible to assign more meaningful confidence scores to the

observed novel interactions: thereby provide a framework from which to

prioritise the interactions for future studies.
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CHAPTERFIVE

Functional characterisation of a DUB:RING E3 ligase pair

5.1 Introduction

5.1.1 Selection of candidatesfor further analysis

Part of the scope ofthis Study wasto further characterise a selected

DUB:RING E3ligase pair from the Y2H dataset described in Chapter 4. To

this end, a set of criteria was applied to the dataset, and only those

interactions that met all of them would be considered as candidates for

further analysis. Thecriteria were:

1) The interaction must be novel.

2) The RING E3ligase mustinteract with a single DUB or multiple

highly homologous DUBs. Highly homologous DUBs were

defined as those that shared over 50% homology or shared very

similar domain architectures. | decided to follow up DUBs and

RING E3 ligases with a restricted interaction pattern, as this

would help simplify subsequent functional analyses.

3) There should be somereliable evidence within the literature to

implicate the RING E3 ligase in a distinct cellular process,

perturbation of which could lead to a quantifiable phenotype.

Many of the DUBs and RING E3 ligases tested in the Y2H

screen are very poorly characterised.
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After all 163 interactions were scrutinised, a total of 8 RING E3ligases

and the interacting DUBs were selected, and these are summarisedin table

 

 

 

 

 

 

 

 

 

5.1.

Table 5.1

RING E3 cellularRING E3 DUB function Ref.

ANAPC11 STAMBPL1
Cell cycle regulation ema(APC11) (AMSH-LP) al., 2000)

BRAP (Matheny
USP4/USP15 MAPKsignalling et al.,(IMP)

2004)

: (Mullan etBRCA1 USP2 DNArepair al., 2006)

Receptor Tyrosine (Lupheret
CBL USP21 kinase endocytosis al., 1998)

T-cell receptor (Zhao etANFI25 mene stimulation al., 2005)
Transcription factor (Choi et

RNF2 OTUDGA suppression al., 2008)

(MiyajimaTRIM36 ATXN3L Chromosome et al.
greg 2009)

. (Li et al.,UHRF2 USP7 (HAUSP) Cell cycle regulation 2004b)      
Table 5.1 Candidate DUB:RING E3interactions to further characterise
functionally. Only interactions that metall the criteria laid out in the main
text were selected. Commonly used aliases are shown in brackets. The
cellular process functionally linked to the RING E3 ligase is highlighted,
alongside the relevant reference (Ref.).

Althoughall of the candidate interactions mentioned above may yet

prove to be biologically relevant, the focus of the remainderofthis chapter

was on the analysis of the interactions between BRAP and the two DUBs
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USP4 and USP15. The reasons for choosing these candidates were as

follows:

1) USP4interacts with two RING E3ligasesin this study: BRCA1-

associated protein (BRAP)andtripartite motif containing protein

21 (TRIM21), and the interaction with TRIM21 has been

described previously (Wada and Kamitani, 2006; Wadaetal.,

2006). USP4 and USP15 are 57% identical at the amino acid

level, and they share very similar domain architectures (see

figure 5.3). | show in this study that USP15 also interacts with

both TRIM21 and BRAP(as well as various other RING E3

ligases), suggesting that these two highly related DUBs may

share various interactors in cells. This argumentis supported

by a previously published affinity purification study reporting

that USP4 and USP15 form stable complexes with a numberof

commonproteinsin cells ((Sowaet al., 2009), data specifically

reviewedlaterin this chapter).

BRAP has been described as a negative regulator of MAPK

signalling (Chen et al., 2008; Matheny et al., 2004).

Perturbations to the MAPKsignalling cascade can be readily

assessed with commercially available antibodies that

specifically recognise the phosphorylated components of the

cascade (see Chapter2).

Antibodies immunoreactive to the two DUBs and BRAP had

been published or were commercially available, and could be

used to assess the efficiency of knockdown of endogenous
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proteins in RNAi experiments (Li et al., 1 998; Soboleva etal.,

2005).

5.1.2 The characterisation process

The aim of the work laid out in this chapter was to characterise the

interactions between the two highly homologous DUBs, USP4 and USP15,

and the RING E3 BRAP. Thecharacterisation ofthis interaction would take

a double-headed approach:

In the first part of this chapter, | will focus on the physical interaction

itself. Unlike the well defined interactions between E2 conjugating enzymes

and RING E3 ligases that occur through the RING domain, interaction

Surfaces between DUBsand E3sare varied and differ between DUB:RING

E3 pairs (for example (Hu et al., 2006: Nishikawa et al., 2009; Song etal.,

1996)). Truncated forms of the two DUBs and BRAP were generated to

determine by Y2Hthe regions within the full-length proteins that mediated the

interactions between the DUBs and BRAP.,andthis technique was also used

to determine whether these proteins could form homodimers. | postulated

that the surfaces on both USP4 and USP15 thatinteract with BRAP would be

within the same subdomain due to the highly homologous nature of the two

DUBs. Theinteractions were retested with an alternative binding assay, as

all interaction detection techniques are subject to false-positive results. For

this, immunoprecipitations of GFP-tagged DUBs coexpressed with myc-

tagged BRAP in HEK 293T cells were performed to assess whether the

interaction could be reconfirmed when tagged, full-length proteins were

overexpressed in mammaliancells.
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Secondly, | will analyse and discuss the possible biological

significance of the interaction between the DUBsand the RING E3 ligase. |

investigated whether USP4 and USP15 were substrates of BRAP, and

whether BRAP was deubiquitinated by USP4, USP15, or both. Forthis,

catalytically inactive mutants of the DUBs were produced, as well as a

putative E2-binding deficient mutant of BRAP. Finally, given that BRAP has

been implicated in the MAPK signalling pathway, the potential role of the

DUBs within this signalling cascade was examined using an RNAi

knockdownapproach.

5.2 Mutagenesis of USP4, USP15, and BRAP

5.2.1 Generation of catalytically inactive DUBs

Whenstudying the function of enzymes,the generation of catalytically

inactive mutants can be a powerful tool. Indeed, catalytically inactive

mutants of various USPs have successfully been usedto studytheir function

(Nathanet al., 2008; Naviglio et al., 1998; Zhaoetal., 2009). Substitution of

the active site Cysteine (Cys) has been shownto ablate the deubiquitinating

activity of the USP family of enzymes. Sequence alignment was used to

identify USP4 Cys at position 311 (C311) and USP15 Cys at position 269

(C269) as the catalytic Cys for these twoproteins. Quikchange mutagenesis

wascarried out as described in chapter 2 and single point mutations were

made that encoded an amino acid substitution from Cys to Serine (Ser). In

previously published work, the catalytic Cys is sometimes substituted with

Alanine (Ala) (for example, (Naviglio et al., 1998: Wada and Kamitani,

2006)). However, Seris a better substitution as both Cys and Ser are polar,
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uncharged amino acids, and the mutationis less likely to cause a significant

conformational changeto the tertiary structure ofthe protein. Therefore, any

differences observed between the wild-type and the catalytically inactive

mutant can be expected to be due to mutant’s inability to remove ubiquitin

from its substrates and not mere changesto its binding profile. Indeed,

USP4 Cys311 to Ser mutant has already been shown to be catalytically

inactive in vitro, yet retain its ability to bind T-cell factor 4 (TCF4) when

coexpressedin cells (Zhao etal., 2009).

5.2.2 Generation of an E2-binding deficient mutant of BRAP

RING E3ligases do not possess any catalytic activity themselves, but

function by facilitating the transfer of ubiquitin from a charged E2 to a

Substrate protein by acting as an adaptor protein. The interaction with E2

conjugating enzymes occurs through the conserved RING domain.

Therefore, creating point mutations within the RING domain that inhibit its

ability to bind an E2 conjugating enzyme could be considered as generating

a “catalytically-impaired mutant” of a RING E3 ligase (Joazeiro et al., 1999).

Previously published work had utilised a BRAP mutantin which thefirst Cys

residue involved in coordinating one of the two zincions in the RING domain

was mutated (figure 5.1 (Matheny etal., 2004)). Although this mutation

results in the loss of ubiquitin transfer to BRAP substrates, mutating any of

the residues involved in Coordinating zinc ions is likely to result in a large

conformational changein the tertiary structure of the RING domain, as zinc

binding is essential for appropriate folding. Indeed, mutation of zinc-

chelating Cys and His residues in the virally encoded atypical RING E3
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ligase K3 results in destabilisation of the protein (Hewitt et al., 2002).

Therefore, this kind of mutation was not the most favourable to use.

As described in chapter 1, the interaction surfaces between E2

conjugating enzymes and RING E3 ligases have beenstructurally defined

(Zheng et al., 2000). This intimate understanding of the residues required for

the interaction has in the past been exploited to create a RING E3 ligase

mutant that cannotbind its cognate E2 conjugating enzymes (Joazeiro etal.,

1999). Joazeiro and colleagues were able to create a mutant that was

severely impairedin its ability to mediate the in vitro transfer of ubiquitin from

the E2 conjugating enzyme to CBL substrates by mutating a conserved

Tryptophan (Trp) residue within the RING domain of CBL, (Joazeiro etal.,

1999). This approach has also been usedin a yeast two-hybrid screen as a

means of validating E2:RING E3 ligase interactions, as mutation of this

conserved residue results in the abolition of binding between bona fide

interacting partners (Marksonetal., 2009). Importantly, this residue is less

likely to be involved in maintaining the structural integrity of the RING

domain. For this study, the RING domains of three BRAP homologs and

CBLwerealigned using ClustalW (figure 5.1), and the equivalent Trp residue

in BRAP wasidentified at position 295. This residue was mutated to an Ala

by Quikchange mutagenesis to create a putative E2-binding deficient form of

BRAP.
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Figure 5.1

10 20 30 40 50
* | | | - | |HSBRAP 259 TELPKCTVCLERMDESVNGILTTLCNHSFHSQCLORWDDTT---CPVCRYCOT

MmBRAP 258 TELPKCTVCLERMDESVNGILTTLCNHSFHSQCLORWDDTT---CPVCRYCOT
ScCBRAP 235 VELPTCPVCLERMDSETTGLVTIPCQHTFHCQCLNKWKNSR---CPVCRHSSL
HsCBL 377 ~TFQLCKICAEN-DKDVK-~-~ IEPCGHLMCTSCLTSWQESEGQGCPFCR-CEI

Figure 5.1 BRAP mutagenesis. The single letter amino acid code was
used in this alignment. Sequences of the RING domains of human (Hs),
mouse (Mm), and yeast (Sc) BRAP and human CBL were aligned using
ClustalW. Residues involvedin zinc chelation are highlighted in red, and the
conserved Trp residue involved in E2 binding is highlighted in green and
indicated with a dot. This residue was mutated to an Ala by Quikchange
mutagenesis. The asterisk highlights the Cys residue mutated in (Mathenyet
al., 2004),

5.3 Confirmation of the DUB:BRAPinteraction and dissection of the

domainsinvolvedin the interaction

5.3.1 Reconfirmation of the interactions observed by Y2H

The first step taken in the characterisation of the interactions between

USP4 and USP15 with BRAPwasto set up a directed Y2H assay performed

using a newly cloned BRAP ORFfrom a testis cDNA library (methodology

described in chapters 2 and 3). The sequenced, full-length ORF was

subcloned using the Gateway system by BP reaction into the entry vector

(PDONR223) and then by LR reaction into Y2H bait (PGBDU-GW)andprey

(pACT2-GW) vectors. pGBDU-GW and pACT2-GW constructs for USP4,

USP4CS, USP15, and USP15CS were created by LR reaction and

transfected into MATa or MATa yeast as appropriate following the

methodology described in chapters 2 and 4. Following the same protocol as

for the Y2H screen, a matrix was set up to directly assess the interactions

between the two DUBs and BRAP. pGBDU-GW wasused as a negative
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control for the preys in this experiment, as the pGBDU-GW vector would

express the GAL4 DNAbinding domainin isolation and should therefore not

interact with any prey constructs. Although USP11 shares very similar

domain architecture with USP4 and USP15 and significant levels of

sequence homology (43% with USP4 and 42% with USP15), it was not seen

to interact with BRAPin the screen and therefore pGBDU-GW-USP11 was

also used in the screen as a negative control. Similarly, pACT2-GW and

pACT2-GW-RNF25 were used as negative controls for the baits as the

pACT2-GWvector would express the GAL activating domainin isolation and

should therefore not interact with any bait constructs, and RNF25 was not

seen to interact with either USP4 or USP15 in our screen (RNF25 shares

12% sequence homology with BRAP). The results of this experiment are

shownin figure 5.2. BRAP interacts with USP15 andthis interaction was

independent of USP15 catalytic activity as the interaction was also observed

with the catalytically inactive USP15 bait (USP15 CS). However, this

interaction only occurred in one direction, as the BRAP bait did not interact

with either USP15 or USP15CSprey. This interaction was only observed on

the less stringent -ULH(3-AT) selection plate, consistent with the interaction

seenin the screen in chapter 4. The interaction between the USP4 bait and

the BRAPprey wasnotobserved,which conflicts with the interaction seen in

the screen. The reasonsfor this discrepancy could be asfollows:

1) Although the prey vector used to express BRAP in chapter 4

(pACTBD-B, (Semple et al., 2005)) and the pACT2-GW prey

vector used in this matrix are derived from the same vector

backbone, there are slight differences in the linker regions
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between the GAL4-AD and the BRAP ORFthat could affect its

interaction profile.

2) The BRAP MATa yeast used in the screen in chapter 4

comprised a pool of PCR products clonedinto the prey vector by

gap repair. Therefore, some of the yeast colonies may contain

BRAP ORFsharbouring point mutations or base deletions that

would encode amino acid substitutions or frame-shift mutations.

These mutations could result in an enhancementof the binding

to USP4 that could push the transcription rate of the selection

markers beyond the threshold required for growth on selective

media.

3) Yeast diploids expressing USP4 bait and BRAP prey constructs

in the screen in chapter 4 only grew onthe less stringent -ULH(3-

AT) plates. This suggests that in this system the interaction

between USP4 and BRAP doesnotresult in a robustlevel of

selection marker expression. Although the threshold for growth

was surpassed in the screen, the level of selection marker

expression in this experiment may not sufficient have been

sufficient for growth. However, the interaction with USP15 was

also only seen on the less stringent selection plate, yet it was

reconfirmed in the directed screenin this chapter.

5.3.2 Generation of DUB and BRAPtruncations

A protein domain is an amino acid sequence that can evolve and

function independently of the rest of the protein chain (Janin and Chothia,

197



Figure 5.2
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Figure 5.2 USP4, USP15, and BRAP Y2H interaction. pGBDU-GWbait
constructs constructs transfected into MATa yeast were mated with
pACT2-GW preyconstructs in MATa yeast as indicated. Yeast diploids were
allowed to grow for five days at 30°C and then scored for growth on -ULA
(stringent) and -ULH(3-AT)(less stringent) agar plates. The empty pGBDU
and pACT2 vectors were used as negative controls for interactions. USP15
andcatalytically inactive USP15 (USP15 CS)baits interact on the His reporter
plate with the BRAPpreybutthis interaction is not bidirectional.
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1985). Bearing this definition in mind, | decided that to further characterise

the protein regions mediating the interactions between the DUBs and BRAP,

any clearly annotated domains within the proteins in question should be

isolated and analysed independently of the rest of the protein. Truncations

were designed using domain boundaries within these proteins determined by

analysis of the Conserved Domain Database (CDD,

(www.ncbi.nim.nih.gov/Structure/cdd/cdd.shtml) at NCBI (Marchler-Baueret

al., 2009). The Conserved Domain Database consists of a curated collection

of conserved domain models predicted by multiple sequence analyses of

related proteins spanning a variety of organisms. The models within the

Conserved Domain Databasealso include data from external sources such

as SMART(Letunic et al., 2009), Pfam (Finn et al., 2008), and TIGRFAM

(Haft et al., 2003), making it the most accurate publicly available depository

of domain predictions (Marchler-Bauer et al., 2009). USP4, USP15, and

BRAP CDDdata wascollected and illustrated in table 5.2.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Table 5.2

Protein Start End Name Function
USP4 28 124 DUSP Unknown
USP4 82 216 DUF1055 Unknown
USP4 310 479 Peptidase C19 Ub hydrolysis
USP4 776 921 Peptidase_C19 Ub hydrolysis
USP11 96 186 DUSP Unknown
USP11 144 275 DUF1055 Unknown
USP11 309 502 Peptidase C19 Ub hydrolysis
USP11 777 928 Peptidase C19 Ub hydrolysis
USP15 24 120 DUSP Unknown
USP15 78 212 DUF1055 Unknown
USP15 260 448 Peptidase C19 Ub hydrolysis
USP15 755 902 Peptidase_ C19 Ub hydrolysis
BRAP 148 257 BRAP2 Unknown
BRAP 263 304 RING E2 Binding
BRAP 317 388 ZnF-UBP Zn-finger — Ub binding
BRAP 397 564 SMC_N Protein-protein interactions 
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Table 5.2 Conserved Domain Database annotated domains for USP4,
USP11, USP15, and BRAP. The domains contained within USP4 (Q13107),
USP11 (B2RTX1), USP15 (Q9Y4E8), and BRAP (Q59H81) were collected
from the Conserved Domain Database
(www.ncbi.nim.nih.gov/Structure/edd/cdd.shtml). The predicted start and end
sites of the domains are highlighted, as well as the domain names and
predicted functions. DUF, domain of unknown function, DUSP, domain in
USPs. ZfUBP, zinc-finger found in USPs. SMC_N, RecF/RecN/SMC N-
terminal domain.

Although the Conserved Domain Database provided a valuable tool

for domain identification, the use of linear amino acid sequence alignments

can haveits limitations. This is exemplified by the work conducted by Zhu

and colleagues who used a structural bioinformatic approach to scan the

human USPs, and discovered a high incidence of ubiquitin-like (UBL)

domains within these proteins (Zhu et al., 2007). These domains were

initially missed by database scans as they are generally divergent at the

amino acid level. However, by applying a set of high quality fold recognition

bioinformatical methods, they were able to identify UBL domains within the

sequences of many USPs,including USP4, USP11, and USP15. As is

illustrated in figure 5.3, USP4, USP11, and USP15 each have two UBL

domains: one just C-terminal of the DUSP domain, and onein the linker

region between the two catalytic domain portions, a feature that is not

uncommon amongst USPs (Zhu et al., 2007). The original Conserved

Domain Database data suggested that a domain of unknown function

(DUF1055, Pfam ID 06337) was present in the N-terminal half of all three

DUBs, however, these are likely to correspond to UBL domains and will

henceforth be referred to as such.

Similar controversy surrounds the C-terminal SMC_N domain found

within BRAP. SMC_N domains (Pfam ID 02463) are annotated as being
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Figure 5.3 BRAP-binding
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Figure 5.3 USP4, USP15 and USP11 truncations. Fragments of USP4 (U4),
USP15 (U15), and USP11 (U11) were PCR amplified using internal primers
and cloned into the Gatewayentry vector PDONR223. Thecatalytic domains
of USP4 and USP15 Cys to Ser mutants (U4CS and U15CS) were also
amplified using the sameprimers as the wild-type catalytic domains. Asterisks
denote residues that make up the catalytic triad of these hydrolases, and
mutated residues are highlighted in red. Domain annotation and boundaries
were extracted from the Conserved Domain Database
(http://www.ncbi.nim.nih.gov/Structure/edd/cdd.shtml) and taken from
reference (Zhu, Menard et al. 2007). The ability of each fragment to interact
with any part of BRAPislisted.
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found at the N-terminus of a family of proteins involved in the structural

maintenance of chromosomes (SMC_N). Further scrutiny of the domain

suggests that this annotation was bestowed upon BRAPdue to the presence

of a leucine heptad repeatthat is predicted to form a coiled-coil domain (CC)

between amino acids 431-536 (determined using the Coils2 program (Lupas

et al., 1991)). The C-terminus of BRAP also contains a region of low

compositional complexity (LCC) between amino acids 567 and 579,

predicted by the SEG bioinformatical tool (Wootton and Federhen, 1996).

Therefore, the C-terminal region of BRAP will henceforth be referred to as

containinga coiled coil domain and a region of low compositional complexity.

The domains found within BRAPareillustrated in figure 5.4.

Truncations of the proteins were produced using a_ similar

methodology as used for cloning full-length ORFs. Gateway PCRs were

used to amplify fragments of the full-length proteins from the sequence

verified pDONR223 constructs produced in chapter 3 (for the DUBs) and

section 5.3.1 (for BRAP). All Gateway primers used for the cloning

procedures are shownin appendix 2.2.

pDONR223 entry constructs were used in LR reactions to produce

Y2H bait and prey constructs (pGBDU-GW and pACT2-GW)for interaction

analysis, following the same procedure as described previously in chapter4.

5.3.3 Mapping of the USP4, USP15, and BRAPinteractions by Y2H

Firstly, the USP4 and USP15 bait constructs were screened against

the DUB and BRAP prey constructs (figure 5.5). USP4 and USP15

truncations appear not to interact with each other, which is consistent with
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Figure 5.4
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Figure 5.4 BRAPtruncations. Peptide sequences of BRAP were PCR
amplified using internal primers and cloned into the Gateway entry vectorPDONR223. The RING domain of the BRAP W295A mutant wasincluded.
Domain annotation and boundaries were extracted from the ConservedDomain Database (http:/Awww.ncbi.nim.nih.gov/Structure/cdd/cdd.shtml)
and from SMART (http://smart.embl-heidelberg.de). ORFs were fully
sequenced. These fragments were used for further mapping of the
interaction with USP4 and USP15, as well as the potential dimerisation of
BRAP. Thoseregionsthat interacted with either USP4, USP11, or USP15
are indicated. The red box indicates a region of low compositional
complexity (LCC).
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the data collected from the full-length interaction study presented in figure

9.2. From figure 5.5 it is evident that the N-terminal regions of USP4 (1-227)

and USP15 (1-223) interact with two of the BRAP fragment preys strongly

(that is, on both reporters) and with the full-length BRAP prey weakly (thatis,

only on —-ULH(3-AT)). Curiously, the N-terminal 218 amino acids of USP11

also interact with a fragment of BRAP (aminoacids 142 to 592), even though

an interaction between full-length USP11 and BRAP wasnot observedin the

screen orin the repeat Y2H experiment described in this chapter. The BRAP

fragments that interact with USP4 and USP15 encompass the N-terminal

DUSP domain and the UBL domain C-terminal of the DUSP, whereas for

USP11 the fragment encompasses the DUSP domain and a portion of the

UBL(seefigure 5.3). The shorter fragments of USP4 (1-125) and USP15 (1-

121) that only encompass the DUSP domain alone do not interact with any of

the BRAP fragments or the full-length protein, and neither do the UBL

domain containing fragments (USP4 (125-227) and USP15 (121-223)). Two

possible conclusions can be drawnfrom these data: 1) the DUSP domain or

the UBL domainis sufficient to mediate the interaction on its own but the

protein fragment produced in

_

this study is misfolded or somehow

compromised for binding BRAPin the Y2H system, or 2) the interaction with

BRAPis mediated by residues within both domains. However, the fragment

of USP11 that interacts with BRAP (USP11 amino acids 1-218) contains a

full DUSP domain but not a complete UBL domain (60 out of 85 residues),

suggesting thatif the interactionis evolutionarily conserved betweenall three

DUBsthenitis unlikely to require a full UBL domain.
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Figure 5.5 USP4, USP15, and BRAPinteraction surface mapping. Bait
(PGBDU) and prey (PACT2) constructs were tested as indicated. Yeast
diploids were allowedto grow forfive days at 30°C and then scoredfor growth
on -ULH(3-AT)(less stringent) and -ULA (stringent) agar plates. A) USP4 and
USP15 do notinteract with themselves or each other. B) USP4 (1-227) and
USP15 (1-223) interact with the C-terminal 200 amino acids of BRAP
(393-592). USP15 (1-223) also interacts with full-length BRAPalbeit weakly.
Splitting the BRAP-interacting fragments of USP4 and USP15 into DUSP
(USP4 (1-125) and USP15 (1-121)) and UBL domains (USP4 (125-227) and
USP15 (121-223)) resulted in a loss of BRAP binding, suggesting that: 1) the
interaction requires cooperative binding to both subdomains, or 2) the
subdomain (DUSPor UBL)required for binding does notfold appropriately in
yeast and therefore cannot bind BRAP. USP11 (1-218) also interacts with
BRAP (142-592) but not the N-terminal fragment (BRAP (393-592)). The
empty pGBDU and pACT2 vectors were used as negative controls for
interactions. U, USP. FL, full-length.
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The two fragments of BRAPthat interact with USP4 and USP15

encompassregions from amino acids 142-592 and 393-592. Therefore, only

BRAPtruncationsthat include amino acids 393 to 592 interact with the USP4

and USP15, suggesting that this region is sufficient and essential for the

interaction. However, only the longer of the two interacting fragments of

BRAP (amino acids 142-592) interacts with USP11, and therefore the C-

terminal fragment (amino acids 393-592) is not sufficient to mediate the

interaction between BRAP and USP11.

Secondly, the BRAP bait constructs were screened against the DUB

and BRAPpreyconstructs (figure 5.6). None of the BRAP fragmentbaits

interact with the DUB preys, which again is consistent with the data collected

from the full-length screen (figure 5.2). The BRAP2 domain of BRAP

interacts with a region from BRAP2to the C-terminus of BRAP,although the

exactinteracting surface is unknown. The RING domain interacts with itself,

and many other fragments containing the RING domain, but not those

fragments lacking the RING domain. When the Trp at position 295 in the

RING domain was mutated to an Ala (BRAP WA), the interaction could still

be detected, but only on one reporter comparedto two asfor the wild-type.

The C-terminal fragmentinteracts with itself, and only truncations expressing

the C-terminal 200 amino acidsinteract with the full-length BRAPprotein. In

summary, it would appear that BRAPcaninteract with itself though various

different contacts. From the data collected in this analysis there are three

distinct regions that appear to be important in the BRAP:BRAPinteraction.

Theseinteractions, plus those collected from figure 5.5, are summarised in

figure 5.7.
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Figure 5.6 USP4, USP15, and BRAPinteraction surface mapping. Bait
and prey constructs were tested as indicated. Yeast diploids were allowed to
grow forfive days at 30°C and then scored for growth on -ULH(3-AT)(less
Stringent) and -ULA(stringent) agar plates. A) BRAP fragmentbaits do not
interact with USP4 or USP15 fragment preys. B) Multiple BRAP fragment
baits interact with multiple BRAP fragmentpreys, indicating that BRAP may
binditself through more than one surface. PGBDUand pACT2 empty vectors
were used as negative controls. BRAP (261-393) bait (comprising the RING
and ZnF-UBP subdomains) displays a mild autoactivation phenotype on
-ULH(3-AT) selction plates, therefore any apparentinteractions with this bait
were excluded. WA,tryptophan at position 295 mutatedto alanine.
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Figure 5.7
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Figure 5.7 USP4, USP15, and BRAPtruncation interaction summary.
Domain boundaries annotated in figures 5.3 and 5.4. A) USP11 residues
1-218 interact with BRAP 142-592. USP4 residues 1-227 and USP15 1-223
interact with BRAP residues 393-592, and

_

this fragment of BRAPis
necessary and sufficient for binding. Individual DUSP and UBL subdomains
of USP4 and USP15 do notinteract with BRAP. B) The BRAP2 domain
interacts with a fragment comprising amino acids 142-592 of BRAP. The
RING domain only interacts with framents of BRAP that contain the RING
domain, suggesting a RING:RINGinteraction. The C-terminal 200 amino
acid fragment specifically interacts with the same region within BRAP,
suggestion a coiled coil domain interaction. DUSP. domain in USP UBL,
ubiquitin-like domain. ZnFUBP. zinc-finger in UBP. CC,coiled coil.
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9.3.4 Reconfirmation of the interactions by an alternative method

Protein:protein interaction identification assays are all susceptible to

generating false-positives (Braun et al., 2009). Therefore,it is good practice

to reconfirm any interaction identified by analternative binding assay. In this

Study, a coimmunoprecipiation approach wastaken, in which N-terminally,

GFP-tagged proteins were coexpressed with N-terminally, myc-tagged

proteins in HEK 293Tcells (methodology described in chapter 2). Lysates

were incubated with an affinity purified sheep anti-GFP antibody and Protein

G agarose beads, and bound material was recovered and analysed by SDS-

PAGE and Western blotting. _GFP-tagged USP4, USP15, and BRAP

coprecipitated with myc-tagged BRAP, reconfirming the result collected from

the Y2H screen in chapter 4 (figure 5.8). The negative control for the

experiment was free GFP, which pulled down negligible amounts of myc-

BRAP. As with the directed Y2H experiment described in this chapter,

USP11 was used as a second negative control, as the full-length protein was

not seen to interact with BRAP by Y2H. Myc-BRAP was pulled down by

GFP-USP11, however the amount of myc-BRAP that coprecipitated was

Significantly lower compared to USP4 and USP15.

5.4 BRAP ubiquitinates USP15, and is deubiquitinated by USP4 and

USP15

9.4.1 USP4 and USP15 deubiquitinate BRAP

Part of the focusofthis Study was to assess whether USP4 or USP15

could remove ubiquitin from BRAP, and whether BRAP could ubiquitinate

USP4 and USP15. When myc-BRAP was coexpressed in HEK 293Tcells
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Figure 5.8
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Figure 5.8 DUB and BRAPcolP experiment. GFP-tagged constructs and
GFP alone were coexpressed with myc-tagged BRAPin HEK 293Tcells for
24h then lysed with RIPA lysis buffer. Samples were incubated with an
in-house sheep anti-GFP antibody and protein G agarose beads. IPs were
run alongside 5% of the input. Blots were probed as indicated. Myc-BRAP
coprecipitates with GFP-USP4 and USP15. Theinteraction is not dependent
on DUB catalytic activity. GFP alone does not coimmunoprecipitate with
BRAP, and USP11 showsa lowerlevel binding to BRAP. _GFP-BRAPalso
interacts with myc-BRAP. When myc-BRAPis coexpressed with GFP orwith
GFP-BRAP, higher molecular weight bands can be seen, suggesting that
myc-BRAPis ubiquitinated (indicated with arrows). These higher molecular
weight species of myc-BRAP cannot be seen when myc-BRAP_ is
coexpressed with GFP-USP4 or GFP-USP15, Suggesting that these DUBs
can remove ubiquitin chains from BRAP. Furthermore, coexpression with
catalytically inactive USP4 and USP15 promotesanincreasein the levels of
ubiquitinated BRAP, and USP11 is unable to deubiquitinate BRAP (higher
intensity panel, lanes indicated with asterisks). U, USP. CS, catalytically
inactive mutant.
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with GFP or with GFP-BRAP, higher molecular weight bands can be seen,

Suggesting that myc-BRAP is ubiquitinated (figure 5.8). These higher

molecular weight species of myc-BRAP cannot be seen when myc-BRAPis

coexpressed with GFP-USP4 or GFP-USP15, suggesting that these DUBs

can remove ubiquitin chains from BRAP. Furthermore, coexpression with

catalytically inactive USP4 and USP15 promotesan increasein the levels of

ubiquitinated BRAP. Interestingly, USP11 is unable to deubiquitinate BRAP.

9.4.2 Coexpression with FLAG-Ub reveals USP15 as a substrate of BRAP

ubiquitination

To strengthen the hypothesis that the higher molecular weight bands

observed in these coexpression experiments were caused by ubiquitin

modification of the DUBs and wild-type BRAP (wtBRAP), similar

coimmunoprecipitation experiments were performed with coexpression of N-

terminally FLAG-tagged ubiquitin (FLAG-Ub). Overexpression of tagged

formsof ubiquitin have in the past been usedas

a

tool to study ubiquitination,

as it allows easy visualisation of ubiquitinated proteins by Western blotting

due to the highly specific and sensitive nature of commercially available

antibodies directed against these tags (for example (Takahashietal., 2009)).

Representative blots from the experiments performed are shown in figures

5.9A and 5.9B. Using the Licor Odysseyinfrared visualisation system, blots

could be probed with secondary antibodies directed to different primary

antibodies and tagged with two different infrared dies (680 and 800nm

wavelengths). The visualisation of two subpopulations of bands captured in

the same digital image allows overlays of both infrared channels to be
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Figure 5.9A IP: GFP (DUBs)
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Figure 5.9A Coexpression with catalytically inactive DUBs results in the
enrichment of mono- and polyubiquitinated BRAP. Higher molecular weight
bands reactive to anti-myc (BRAP) and anti-FLAG (Ub) antibodies are clearly
visible in IP samples were wild-type BRAP (wtBRAP) has been coexpressed with
catalytically inactive USP4 and USP15 (black arrows on anti-myc blot). The
monoubiquitinated bandis still present but severly reduced when the E2-binding
deficient BRAP (BRAP WA) mutant is coexpressed with catalytically inactive
bands(a), and band 1 is almost totally ablated. 10% of the input shownbelow. U4,
USP4. U15, USP15. CS, Cys to Ser. WA, Trp to Ala.
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produced, thusallowing identification of bands that were immunoreactive to

both primary antibodies. Coexpression of wtBRAP with catalytically inactive

USP4 (U4 CS) and USP15 (U15 CS) reveals two distinct higher molecular

weight bands that are immunoreactive to both the anti-myc antibody (red

channel) and the anti-FLAG antibody (green channel), indicating that these

bands comprise both myc-BRAP and ubiquitin (arrows 1 and 2). Band

1

is

more strongly reactive to the anti-FLAG antibody, suggesting that this band

was due to the modification of BRAP with two ubiquitin molecules, a

hypothesis supported by the corresponding molecular weight shift.

Coexpression of wild-type BRAP with wild-type USP4 or USP15 results in a

loss of the higher molecular weight bands, indicating that ubiquitinated BRAP

may be a substrate of these DUBs. The same coimmunoprecipitation

experiment was performed using the putative E2-binding deficient BRAP

mutant (BRAP WA), and analysedin a similar fashion. In these samples, the

lowerof the bandshifts wasstill observed when BRAP WA was coexpressed

with catalytically inactive USP4 or USP15, although reduced in comparison

to when wild-type BRAP was expressed (figure 5.9A, a). The higher

molecular weight band (1) was completely absent. These two observations

further support the literature evidence that BRAP is subject to

autoubiquitination (Matheny et al., 2004), and that mutating Trp at position

295 to Ala (W295A) results in the generation of a RING mutantthat is

deficientin its ability to bind its cognate E2.

A very distinct and strongly immunoreactive band of around 145kDa

wasalso seenin the anti-FLAG blot in these blots when catalytically inactive

USP15 was coexpressed with wild-type BRAP but not when catalytically
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inactive USP15 was expressed with the myc expression vector. When these

blots were reprobed with an anti-GFP antibody, and overlays produced

between the anti-GFP (red channel) and the anti-FLAG blots (green

channel), it became apparent that this band is immunoreactive to both anti-

GFP and anti-FLAG (figure 5.9B, lane a). This bandis also greatly enriched

in immunoprecipitates of lysates from cells expressing wtBRAPand not from

cells expressing myc-vector alone (figure 5.9B, a and b respectively),

indicating that catalytically inactive USP15 may be a substrate for ubiquitin

modification by BRAP. Indeed, when the E2-binding deficient BRAP (WA)

mutant was coexpressed instead of the wild-type RING E3 ligase, the

intensity of this band was dramatically reduced and appeared equal to the

band intensity in immunoprecipitates from cells expressing vector alone

(figure 5.9B, d).

Combined, these data support three statements:

1) In cells under standard culture conditions, BRAPis prone to

autoubiquitination, and overexpressed USP4 and USP15

can both remove ubiquitin from BRAP.

2) USP15 is a substrate of BRAP, and mutating the catalytic

Cys of USP15 results in the enrichment of ubiquitinated

USP15 in cells.

3) The W295A mutation in BRAP results in its inability to

mediate the ubiquitination of USP15, and results in a

marked reduction of BRAP autoubiquitination.
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Figure 5.9B IP: GFP (DUBs)
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Figure 5.9B Coexpression of wild-type but not mutant BRAPresults in
the enrichment of mono- and polyubiquitinated catalytically inactive
USP15. The sameblots shownin figure 9A were reprobed with an anti-GFP
blot and a new overlay was made. Higher molecular weight bands
immunoreactive to both anti-GFP (DUBs) and anti-FLAG (ubiquitin) were
enriched whencatalytically inactive USP15 was coexpressed with wild-type
BRAP(arrows, a) compared to without BRAP (b). Coexpression of mutant
BRAPinstead of wild-type resulted in the loss of the enrichment of higher
molecular weight bands (c and d), strongly suggesting that these correspond
to ubiquitinated forms of catalytically inactive USP15. U, USP. wt, wild-type.
CS, Cys to Ser mutant. WA, Trp to Ala mutant.
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5.4.3 Ubiquitinated BRAP is not susceptible to in vitro deubiquitination by

USP2

In an attempt to further bolster the evidence that the observed band

shifts were proteins modified by ubiquitin, the coimmunoprecipitation

experiments were repeated, but before elution of the precipitate, samples

were incubated with the catalytic domain of rat USP2 (USP2cc). This

catalytic domain has previously been shown to be highly non-selective jin

vitro towards ubiquitin-conjugated substrates such as a GroES-ubiquitin

fusion protein (Shahnawaz et al., 2007) or polyubiquitinated ERBB2 (Liu et

al., 2009a), and also highly efficientjn vitro at converting complexed ubiquitin

to free monoubiquitin in cell lysates (Ryu et al., 2006). However, as

demonstrated in figure 5.10, the strongly immunoreactive higher molecular

weight bands of BRAP were not susceptible to USP2cc treatment. If this

band shift is caused by the monoubiquitination of BRAP,it is possible that

this ubiquitin molecule was not accessible to the USP2cc. However, it is

importantto note that this experiment lacks a bonafide ubiquitinated positive

control such as synthetic ubiquitin chains, so the possibility that the USP2cc

wasinactive in these particular experiments cannot be excluded.

5.5 USP15 knockdownresults in a decrease in EGF-stimulated MAPK

signalling

9.5.1 BRAPis a negative regulator of EGF-stimulated MAPKsignaling

BRAPacts as a negative regulator of EGF-mediated MAPKsignaling

(see chapter 1, and figure 1.6), and this section will describe the
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Figure 5.10
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Figure 5.10 Ubiquitinated forms of BRAP are not susceptible to
deubiquitination by USP2. N-terminally GFP-tagged USP4, USP4
catalytic mutant (USP4CS), USP15, and USP15 catalytic mutant
(USP15CS) were co-expressed with N-terminally myc-tagged BRAP
in HEK 293Tcells for 24h, then lysed with RIPAlysis buffer. Conditions
weresetupintriplicate, immunoprecipiation was performed using an
in-house sheep anti-GFP antibody. Immunoprecipitates (IPs) were
then incubated with recombinant rat USP2 catalytic domain as
indicated at 37°C for 4 hours. IPs were run on a 10% gel alongside
10% of the IP input. Blots were probed with sheep anti-GFP 1:1000
and mouseanti-myc 1:500 in blocking buffer. The higher molecular
weight bands seen for BRAP were not sensitive to incubation with
USP2catalytic domain(cc), indicated with arrows.

217



experimental evidence in greaterdetail (Chen et al., 2008; Mathenyetal.,

2004). A fragment comprising amino acids 273-377 of BRAP was identified

in a Y2H assay with the Ras effector loop as a bait and this interaction was

subsequently shown,in an in vitro binding assay and in cells, to be selective

for GTP-bound wild-type Ras (Mathenyet al., 2004). The interaction was

demonstrated to stimulate BRAP £3 ligase activity promoting its

autoubiquitination in vitro, and constitutively active Ras12V (mutated at

glycine 12 to valine) enhanced BRAP autoubiquitination when coexpressed

in cells (Mathenyetal., 2004). Overexpression of BRAP in NIH3T3 mouse

cells specifically inhibited constitutively active mutant Raf-induced

phosphorylation of MEK and ERK but did not inhibit Raf phosphorylation

itself. Furthermore, overexpression of BRAPresulted in a loss of complex

formation between exogenously expressed FLAG-tagged RAF1 and MEK1/2

in an anti-FLAG immunoprecipitation assay. BRAP depletion by RNAi in

humanfibroblast and epithelial cells caused an increase in the levels of MEK

and ERK phosphorylation in response to acute EGF treatment, leading

Matheny and colleagues to rename BRAP as “Impedes Mitogenic

Propagation” (IMP) (Mathenyet al., 2004).

BRAPwasfoundto coprecipitate with the molecular scaffold KSR1, a

protein that associates with Raf, MEK1/2, and ERK1/2 to enhance MAPK

signaling (described in chapter 1). Overexpression of BRAP and KSR1

resulted in the hyperphosphorylation of KSR1 on Ser at position 392

(Mathenyet al., 2004). Phosphorylation at this site is mediated by the kinase

C-TAK1, andit promotes binding to 14-3-3 and cytoplasmic sequestration of

KSR1 in unstimulated cells so that KSR1 cannot form functional signaling
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modules at the plasma membrane (Muller et al., 2001). A KSR1 depletion

experiment conducted on mouse embryonic fibroblasts showed that the

inhibitory effects of BRAP were contingent on KSR1 and could be rescued by

reintroducing KSR1 (Matheny etal., 2004). Finally, overexpression and

coimmunoprecipiation assays demonstrated that BRAP competes with RAF1

for KSR1 binding and also inhibits KSR1 homo-oligomerisation, processes

that are required for functional BRAF and RAF1 coupling and subsequent

downstream signaling (Chen etal., 2008). The proposed model of BRAP

action by these two publicationsis illustrated in figure 5.11. BRAPinteracts

with KSR1 and promotesits phosphorylation on Ser 392 whichresults in the

sequestration of KSR1 to the cytosol and its interaction with 14-3-3.

Following mitogenic activation, Ras recruits BRAP to the plasma membrane

whereit induces its autoubiquitination, resulting in dissociation of BRAP from

the KSR1 complex, and promoting KSR1 homo-oligomerisation and

competent signaling module formation. Curiously, an E2-binding deficient

mutant of BRAP acts as a “superinhibitor” of MAPK signaling (Mathenyetal.,

2004), indicating that autoubiquitination of BRAPiscritical in releasing KSR1

to form signaling complexes. However, the functional role of the

autoubiquitination remains to be elucidated. Although Chen andcolleagues

suggest that autoubiquitination of BRAP results in its degradation there is no

experimental evidence to support this statement (Chen et al., 2008). No

other substrates for BRAP ubiquitination have as yet beenidentified within

the signaling cascade.

In the following sections, coimmunoprecipitation assays were

performed to evaluate whether USP4 and USP15 coprecipitate with KSR1
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Figure 5.11

 No EGF

EGFR     

  

 EGF stimulation

EGF

   
 

Figure 5.11 Reported role for BRAP in MAPK signalling. BRAPinteracts
with KSR1 and promotesits phosphorylation at Ser 392, resulting in binding to
14-3-3 proteins and sequestration to the cytosol (Matheny, Chenetal. 2004:
Chen, Lewis et al. 2008; Miller et al., 2001). BRAPalso inhibits KSR1
homo-oligomerisation, and BRAP Overexpression outcompetes RAF1
binding. Upon mitogenic stimulation, GTP-bound Ras mediates bipartite
activation of MAPKsignalling by:1) stimulating the translocation of BRAF to
the plasma membranewhereit is activated, and the homo-oligomerisation of
KSR1that promotes the functional association of BRAF, RAF1, MEK1/2 and
ERK1/2 facilitating signal propagation down the cascade, and 2) promoting
the autoubiquitination of BRAP resulting in its dissociation from KSR1
complexes (Chenet al., 2008, Mathenyet al., 2004). U, ubiquitin.
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when coexpressed in HEK 293T cells, and catalytically inactive mutants of

USP4 and USP15 were also coexpression with KSR1 to see whetherthis

results in the accumulation of higher molecular weight ubiquitinated species

of KSR1. Finally, endogenous USP4, USP15, BRAP, and KSR1 were

knocked down by RNAi in HeLacells to examine whetherdepletion of these

proteins would havean effect of EGF-stimulated MAPKsignaling.

9.5.2 KSR1 coprecipitates with both USP4 and USP15

Previous work had shown that BRAP and KSR1interact through both

their respective N-terminal halves by coimmunoprecipitation, and that an

endogenous complex could be detectedin rat brain lysates (Mathenyetal.,

2004). To examine whether USP4 and USP15 could also coprecipitate with

KSR1, human KSR1 wascloned from a brain cDNAlibrary following the

techniques described in chapters 2 and 3.

_

The RefSeq for KSR1 was

acquired from NCBI (NM_0142381), and the nested and Gateway primers

used are highlighted in appendices 2.1 and 2.2. A panel of pDONR223

Gateway entry clones were fully sequenced, and the longest ORF was used

for further experimentation. This ORF was missing exon 13 and had two

point mutations resulting in Asparagine 389 being mutated to Aspartate and

Leucine 514 being mutated to Valine (KSR1 sequence and amino acid

alignment with other isoforms represented in appendix 5.1). Subsequently,

this ORF was subclonedinto Gateway compatible pcDNA3-myc-GW by LR

reaction. N-terminally GFP-tagged USP4 and USP15 were coexpressed with

N-terminally myc-tagged KSR1 in HEK 293T cells, and immunoprecipitations

were performed with an anti-sheep antibody. GFP-BRAP was used as a
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positive control of KSR1 binding, and free GFP was used as a negative

control. A representative blot of this experimentisillustrated in figure 5.12.

Consistent with the previously published data, GFP-BRAP coprecipitated

with myc-KSR1. USP4 and USP15 also pulled down KSR1, and the

observed interactions were independent of DUB catalytic activity.

Interestingly, when KSR1 was pulled down with the catalytically inactive

mutant of USP4 (U4CS), higher molecular weight bands immunoreactive to

the anti-myc antibody could be observed (highlighted with an asterisk in the

higher intensity panel). The presence of this band would suggest that

coexpression of catalytically inactive USP4 and KSR1 trapped a

subpopulation of KSR1 in a ubiquitinated form, and that KSR1 may be a

Substrate of USP4 deubiquitination. These bands were not observed when

KSR1 waspulled down by catalytically inactive USP15. Higher molecular

weight bands of KSR1 were also absent in cells overexpressing BRAP,

indicating that KSR1 is unlikely to be a substrate of BRAP E3 ligase activity,

at least under steady state conditions. KSR1 was also pulled down by

USP11. Previously published work reports a strong cytoplasmic localisation

for KSR1 (Therrien et al., 1996) and a strong nuclearlocalisation for USP11

(Ideguchi et al., 2002), which may preclude these two proteins interacting

under physiological conditions due to

_

their very distinct

compartmentalisations.

5.5.3 Development of an EGF signalling assay

The coimmunoprecipitation data presented in sections 5.3.4 and 5.5.3

demonstrate that USP4 and USP15 can form complexes with BRAP and
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Figure 4.12
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Figure 4.12 GFP-GW-DUB expression levels. HEK 293T cells were
transfected with 0.75, 1.0 or 1.5 ng of pEGFP-GW-DUB DNAasindicated for
24 hours and subsequently lysed with RIPA lysis buffer. Protein
concentrations were assessed using a BCAprotocol, and equal amounts of
protein were run by SDS-PAGE. Blots were immunoprobed with a sheep
anti-GFP antibody (A and B). This figureillustrates the fact that bands of the
appropriate molecular weight (MW,C) can be observed when each GFP-DUB
fusion protein is expressed, and that levels of the overexpressed proteins are
constant even whenthe quantity of DNA is doubled. Higher molecular weight
bands can be observed for USP21CS compared to the wild-type mutant,
suggesting that this protein may be ubiquitinated (see arrow). U21CS, USP21
C221S mutant.
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KSR1 when coexpressed in human cells, suggesting that USP4 and USP15

may also play a role in the MAPK signaling cascade. Recent work has

revealed a role for KSR1 in determining the sensitivity of the MAPK signaling

cascade to different extracellular stimuli in T-cells (Lin et al., 2009). In an

elegant study conducted in rat PC-12 cells, EGF-stimulated MAPK signaling

was shownto be a graded response as opposedto a digital response (figure

5.13 A and B (Santos etal., 2007)). Graded signaling refers to dose-

dependentstimulus sensitivity in the specific activity of the constituents of the

signaling cascade, whereas a digital responseis often referred to as being

an “all-or-nothing” response: once the activation threshold has been

surpassed the signaling constituents switch from their resting “off state to

their active “on” state (Figure 9.13, A and B, and (Lin et al., 2009)).

Assuming a similar graded responsein HeLacells, the ideal concentration to

use in further experimentation would be a concentration that would produce

an output signal somewherewithin the dynamic range of the response curve,

as this would allow both increases and decreasesin signal propagation to be

assessed. Therefore, to assess the responsiveness of the MAPK signaling

pathway in HeLa cells, a dose-dependent EGF stimulation curve was

produced by measuring the levels of MEK and ERK specific activity in

response to increasing amounts of EGF (figure 5.13, D and E). Theeffects

on the Akt (also known as PKB) signaling cascade was also assessed.

Experiments were performed in duplicate, and the average values were

expressed as a percentage of maximal stimulation taken at 5 minutes post-

Stimulation. Maximal activation of MEK and ERK was achieved at 25 and

10ng/ml EGF respectively, although for ERK near-maximal stimulation was
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Figure 5.13 Dose-dependent stimulation of MEK and ERK by EGF.
Hypothetical dose response curves for graded (A) and digitial systems (B).
HeLa cells were subjected to mock siRNA knockdown for 72 hours and
Starved overnight. Subsequently, different concentrations of mouse EGF were
usedto stimulate the cells for 5 mins and lysed with NP40 lysis buffer. Akt (C),
MEK (D) and ERK (E) specific activities were assessed by immunoblotting
with antibodies against phosphospecific and total proteins. Quantitation was
performed using ImageJ. Experiments were performedin duplicate. Maximal
levels of pAkt, pMEK, and pERKwere observed at EGF concentrations of 10,
25, and 10 ng/ml respectively. At higher concentrations the ratio of
phospho-protein to total tended to decrease.
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achieved at a concentration of 2.5ng/ml (figure 5.13). Akt maximal

stimulation was also achieved at a concentration of 10ng/ml. For the

purposeofthis study, the concentration of 2ng/ml was chosenasit lay within

the dynamic range of both MEK and ERKactivation (figure 5.13).

5.5.4 USP15 knockdownresults in a decrease in MEK specific activity 30

minutes post stimulation

To assess the effects on MAPK signalling of our proteins ofinterest,

siRNA knockdowns of USP4, USP15, BRAP, and KSR1 were performed on

HeLacells for 72 hours. Cells were serum-starved overnight (approximately

16 hours) and then stimulated with 2ng/ml recombinant mouse EGFfor 5, 10,

or 30 minutes. Three different timepoints were chosen because both the

amplitude and duration of signalling cascadesarecritical determinants of the

biological response (Ramanetal., 2007). After stimulation, cells were lysed

with NP40 lysis buffer and equal amounts of total protein (determined by

BCA protein assay) were loaded onto a gradientgel. Following SDS-PAGE

and Western blotting, the relative levels of pAkt, pMEK, and pERK were

comparedatall three timepoints after subtracting levels of activation of these

proteins in unstimulated control cells (full details of experimental procedures

in chapter 2). This particular experiment was performed once (figure 5.14),

although two similar time-course experiments performed with 10ng/ml EGF

yielded similar results. Western blotting with antibodies against BRAP,

USP4 and USP15 demonstrated that the siRNA pools were effective at

knocking down these proteins. The unavailability of an antibody against

human KSR1 precluded our ability to measure the levels of knockdown of
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Figure 5.14 Effects of USP4, USP15, BRAP, and KSR1 knockdown on
EGFsignalling. siRNA knockdownfor 72 hours was performed on HeLa
cells. After overnight serum starvation, cells were stimulated with 2ng/ml
mouse EGFfor 0, 5, 10, and 30 minutes and lysed with NP40 lysis buffer.
Blots were probedasindicated and quantitation was performed using ImageJ.
A) All lysates ran as indicated. B) Significant differences in EGF signalling
were observed at 30 minutes where BRAP knockdown resulted in an
increase, and USP15 and KSR1 knockdownresulted in a decrease in both
PMEKand pERK comparedto total MEK or ERK proteins. C) and D) The 30
minute timepoint data was quantified and expressed as a percentageof the no
oligo control (NO). U4, USP4. U15, USP15. U4/15, USP4 and USP15.
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KSR1 in these experiments. However, given that the other siRNA pools

were effective, our assumption was that KSR1 was knocked downto a high

degree. This will have to be shown formally at a later date by RT-PCR. Two

negative controls were used in this experiment: 1) a mock siRNA

transfection, using only the transfection reagent, was performed (termed “no

oligo” or NO), and 2) a non-targeting oligo (Scr7) provided by Dharmacon

was used in paralell. However, the Scr7 oligo appeared to cause large

perturbations to the MAPK signalling pathway compared to the no oligo

control, and therefore this data was not used as a baseline for quantitation as

this oligo may target an effector or a constituent of this signalling cascade.

Instead, all values were ratioed to the no oligo samples.

The most notable effects on the MAPK cascade were observed 30

minutes post stimulation (highlighted in figure 5.14, B-D). Consistent with the

previously published data, BRAP knockdown appeared to increase the

specific activities of MEK and MAPK compared to the “no oligo” control

(Chenetal., 2008; Mathenyetal., 2004). USP15 and KSR1 knockdown, but

not USP4 knockdown,resulted in a decrease of approximately 60% and 40%

respectively of the MEK and ERK specific activity compared to the no oligo

control. Knocking down USP4 together with USP15 did not yield a further

decrease in MAPK signalling, and was comparable to knockdown of USP15

alone.

Having established an optimal timepoint and amount of stimulant

required to observe perturbations to the cascade caused by knockdown,the

next experiment wasset upin triplicate to assess the reproducibility of the

results. A representative blot and the combined quantitation of these
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experiments areillustrated in figure 5.15. From this repetition we can see

that although the increase in MEK and ERK specific activities appear slightly

raised in the BRAP knockdown cells, the variation between these triplicate

samplesis large. Importantly, as observed previously, knockdown of USP15

results in a decrease of both MEK and ERK specific activity. In particular,

the lower of the two pMEK bands (corresponding to the pMEK1 isoform)

appears more substantially reduced when USP15 is knocked down (more on

this in figure 5.16). KSR1 knockdowndid not result in a significant changein

MAPKsignalling.

5.5.5 Deconvolution of USP15 oligos

We obtained andtested two individual oligos of the USP15 pool used

in the previous experiment to accountfor the possibility of off-target effects

caused byanyofthe oligos within the pool. Experiments were performed as

before, and pools of BRAP and KSR1 oligos were usedin parallel with the

two USP15-targeting oligos. The experiment wascarried out in duplicate,

and a representative blot and quantitation of both experiments areillustrated

in figure 5.16. From these experiments, the decrease in MEK and ERK

specific activities was observed with both oligos, although not to the same

degree. Oligo 1 knockdownresulted in a mean decrease in both MEK and

ERKspecific activity by approximately 40%. Oligo 2 knockdown showed a

reduced effect, resulting in an average decrease of approximately 15%.

Again, the specific activity of the MEK1 isoform appeared dramatically

reduced when USP15 was knocked down with either oligo (Figure 5.16,

panel B, peak 1), suggesting a role for USP15 in controlling the EGF-
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Figure 5.15 Effects of USP4, USP15, BRAP, and KSR1 knockdown on
EGFsignalling. siRNA knockdown for 72 hours was performed on HeLa
cells. After overnight starvation, cells were stimulated with 2ng/m! mouse
EGFfor 30 minutes and lysed with NP40 lysis buffer. Blots were probed as
indicated and quantitation was performed using ImageJ. A) Representative
blot. B) and C) Quantitation of MEK and ERK specific activity reveals a
decrease in both when USP15 is knocked-down. BRAP and USP4
knockdown show an average increase in both specific activities, although
there is great variability between Samples. Error bars are indicative of
standard deviation.
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dependent phosphorylation of this protein in cells.

5.6 Discussion

9.6.1 USP4 and USP15: Two related DUBs with common or distinct

functions?

The worklaid outin this chapter examinesin greater depth two of the

interactions seen in the DUB:RING E3 screen presented in chapter 4. The

interactions detected between the two DUBs USP4 and USP15 and the

RING E3 BRAP were considered an attractive target due to the highly

homologous nature of the two DUBs and the selectivity of BRAP towards

these two DUBsas binding partners. BRAP has been characterised as a

downstream effector of Ras and a negative regulator of MAPKsignalling

(Chen et al., 2008; Matheny etal., 2004), suggesting a possible role for

USP4 and USP15 in this pathway.

USP4 was originally identified as an oncogene with the ability to

transform NIH3T3 cells when expressed with a highly active promoter (Gupta

et al., 1994; Gupta et al., 1993). Subsequently it was shownto interact with

the tumour suppressor Rb (Entrez Gene Symbol RB1), although the exact

function of this interaction is not fully understood (Blanchette et al., 2001;

DeSalle et al., 2001). Endogenous USP4 has both cytosolic and nuclear

localisation and encodes a nuclear localisation and a nuclear export signal

that mediate its shuttling in and out of the nucleus (Soboleva et al., 2005).

As mentioned previously in this chapter, USP4 has been identified as

interacting with TRIM21. A series of coexpression experiments indicated that

USP4 can reverse TRIM21 autoubiquitination, and that USP4 has
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Figure 5.16 Deconvolution of USP15 oligo pool and effects of knockdown on
EGFsignalling. siRNA knockdown was performed on HeLacells as indicated in
figure 5.14, and subsequently stimulated for 30 minutes with 2ng/ml mouse EGFfor
30 minutes. A) Blots were probedasindicated. B) Examination of the doublet traces
of pMEKcaptured by ImageJ showsa specific loss of the lower molecular weight peak
of pMEK1 (MAP2K1, highlighted at 1) in USP15 knockdown samples. C) Both USP15
oligos show good knockdown of USP15, and knockdownwith both oligos resulted in
a decrease in MEKspecific activity compared to control (NO), although the effect of
Oligo1 was morerobust. D) A similar effect was observed on ERK specific activity.
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autocatalytic DUB activity and can remove TRIM214 mediated ubiquitination

(Wada and Kamitani, 2006; Wada et al., 2006). The cellular function ofthis

interaction is yet to be characterised.

A recent systematic study knocking down the majority of human DUBs

identified USP4 as a regulator of the Wnt signalling pathway, as knock down

of USP4 results in a hyperactivation of B-catenin mediated reporter activation

(Zhao et al., 2009). USP4 interacts with NEMO-like kinase (NIk) and the

kinase activity of NIk promotes the nuclear accumulation of USP4. USP4

wasalso shownto deubiquitinate T-cell factor 4 (TCF4), another component

of this signalling cascade, although the exact mechanism by which USP4

negatively regulates Wnt signalling was not determined (Zhaoet al., 2009).

Finally, USP4 has also beenidentified as an interacting partner of the

C-terminus of G-protein coupled A2A Receptorat the endoplasmic reticulum

(ER). Coexpression of USP4 and A2A receptor resulted in the accumulation

of A2A receptor on the cell surface (Milojevic et al., 2006). The majority of

A2A receptors found at the plasma membrane in coexpressing cells were

resistant to endoglycosidase H cleavage, demonstrating that these receptors

were the product of de novo synthesis in the ER and not receptors that had

undergoneinternalisation and recycling to the plasma membrane. The

current model for USP4 activity is that deubiquitination of A2A receptor at the

ER rescuesit from the ERAD pathway and promotesreceptor exit from the

ERto the plasma membrane (Milojevic et al., 2006).

USP15 was copurified from human erythrocytes with the COP9-

signalosome, a multi-subunit protease that has been shown to regulate the

activity of SCF E3 ligase complexes (reviewed in (Wei et al., 2008)). The
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core complex of the COP9-signalosome comprises eight subunits, two of

which have MPN domains (COPS5 and COPS6). COPS5 has been shown

to regulate the activation of SCF complexes by removing the ubiquitin-like

molecule NEDD8from the cullin subunit of the SCF complex, resulting in a

large conformational change that allows Substrate and RING E3ligase to

comeinto close enoughproximity to mediate the transfer of ubiquitin from the

E2-conjugating enzyme to the substrate protein (Duda et al., 2008). Ina

coexpression study in mammalian cells, USP15 was shown to deubiquitinate

and stabilise the SCF complex-associated RING E3 ligase Rbx1 (Hetfeld et

al., 2005). USP15 is also proposed to be the human homolog of the yeast

COP9-signalosome-associated DUB, Ubp12, which is associated in the

deubiquitination and stabilisation of COP9-signalosome adaptor proteins

(Wee et al., 2005; Zhou etal., 2003). In contrast to USP4, endogenous

USP15 appears to be exclusively cytosolic (Soboleva etal., 2005).

Recent studies using the catalytic domains of USP4 and USP15 in jn

vitro DUB assays have revealed that USP4 and USP15 showlittle specificity

towardslinear, Lys48-, and Lys63-linked tetraubiquitin chains, cleavingall of

them equally well to produce mono,tri-, di-, and monoubiquitin molecules, a

feature common among manyof the USPs tested (Komanderetal., 2009b;

Zhaoet al., 2009).

An AP/MS experiment conducted on HEK 293T cells stably

transfected with almost all human DUBs has made a start in defining the

protein complexes that the tested DUBs associate with in cells (Sowaetal.,

2009). In this study, USP4 was found to have 18 high confidence

interactions, and 14 of those interactions were with mRNA processing-
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associated proteins, whereas USP15 wasfound to have 31 high confidence

interactions, and 9 of these were with mRNAprocessing-associated proteins

(appendix 5.2). Indeed, all 11 of the interactors commonto these two DUBs

were MRNAprocessing-associated proteins. Noneofthe proteins found in

these complexeswererelated to any of the previously described functions of

USP4 or USP15, and neither DUB pulled down BRAP or any MAPK

signalling component (Sowaetal., 2009).

9.6.2 The USP4 and USP15 DUSP-UBL module interacts with the C-

terminus of BRAP

The interaction of USP4 and USP15 with BRAP requires the C-

terminal 200 amino acids of BRAP, which contains a region of low

compositional complexity and a coiled coil domain. Regions of low

compositional complexity are predominantly involved in protein:protein

interactions, and scanning a region of BRAP encompassing this C-terminal

LCC in the Eukaryotic Linear Motif resource (ELM, { (Puntervoll etal., 2003))

reveals two motifs functionally classed as USP7-binding (sequences 565-

AMASA-569 and 567-ASASS-571). These motifs are purported to interact

with the USP7 N-terminal domain and have been characterised structurally in

the RING E3 MDM2 and the USP7 substrate p53 (Hu et al., 2006).

However, BRAPis unlikely to interact with USP4 and USP15 through the

same motifs as MDM2interacts with USP7, and USP4 and USP15 are highly

dissimilar to USP7at their N-termini.

The sequential arrangement of a RING domain, a zinc-finger domain

(ZnF-UBP), and a coiled coil domain found in BRAP resembles that of the
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tripartite motif (TRIM) family of E3 ligases (Matheny and White, 2009). The

coiled coil domain of TRIM proteins have been shownin somecasesto

mediate the interactions between TRIM family members (Kim et al., 2005:

Uranoet al., 2009), and the Y2H data presented in this chapter would seem

to indicate a similar method of BRAP dimerisation (figures 5.6 and 5.7).

Further experimentation to determine whether USP4 or USP15 binding to

BRAPcould disrupt BRAP dimerisation could present an interesting model of

DUB:RINGE3ligase regulation.

In contrast to BRAP, most TRIM family members contain one or two

B-Box zinc-finger domains instead of a ZnF-UBP domain. The ZnF-UBPof

the yeast homolog of BRAP, YHLO010c, shares 65% homology with the

humanprotein, and has been shown in vitro to bind the unanchored C-

terminus of ubiquitin in a similar fashion to the ZnF-UBP domain of USP5

(Reyes-Turcu et al., 2006). As described in chapter 1, binding of the C-

terminus of ubiquitin to the ZnF-UBP domain of USP5 has been shownto be

critical for USP5 activity towards the linear precursors of ubiquitin Reyes-

Turcu2008£. However, the role for the ZnF-UBP domain in BRAPactivity

remainsto be elucidated.

BRAP was originally discovered in a Y2H library screen as an

interactor of the nuclear localisation signal (NLS) of the breast cancer 1

(BRCA1) protein (Li et al., 1998). Li and colleagues found that BRAP was

expressed at the mRNAlevelin various tissues (consistent with the UniGene

entry Hs.530940), and by cell fractionation and immunofluorescence

experiments established that BRAP was predominantly localised in the

cytosol. They went on to show that BRAPalsointeracts with the NLS motif
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of the SV40 large T antigen and the bipartite NLS motif of mitosin. They

speculated that the role of BRAP was to occlude the NLS motifs of these

proteins and thereby, serving as a cytoplasmic retention protein, exclude

newly synthesised BRCA1 from the nucleus (Li et al., 1998). Although they

did not formally show this to be the case for BRCA1, this hypothesis was

supported by a study on monocyte differentiation that showed BRAP

interacting with p21 (NCBI Gene Symbol CDKN1A) and acting as a

cytoplasmic retention protein for p21 (Asada et al., 2004). Asada and

colleagues showedthat p21 localisation was dependent on a C-terminal NLS

motif, which in haematopoietic cells conferred p21 a nuclear localisation.

Upondifferentiation of haematopoietic cells down the macrophage-monocyte

pathway, p21 wastranslocated to the cytoplasm, and they suggested that

this was due to the interaction of p21 with BRAP. Upon monocyte

differentiation, BRAP mRNAlevels were modestly increased concomitantly

with p21 levels. However, siRNA depletion of BRAP did not significantly

affect monocyte differentiation, casting doubt upon the role of BRAPin this

cellular context (Asadaet al., 2004).

USP4 has previously been shown to contain an NLS motif between

residues 766 and 772 that, in conjunction with a nuclear export signal (NES)

between residues 133 and 142, mediates the shuttling of USP4 between the

nucleus and the cytoplasm (Soboleva etal., 2005). From the Y2H data

presentedin this chapter, it appears that the interaction between BRAP and

USP4 does not require an NLS motif, as the N-terminal fragment of USP4

that interacts with BRAP does not contain the annotated NLS motif or any

sequences that may resemble such a motif. Indeed, USP15 has not been
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reported to contain an NLS, and the sequence equivalent to the NLS motif in

USP4 is divergent (see figure 5.17). Indeed, in silico analysis does not

predict an NLS in USP15 (PredictNLS at the Columbia University

Bioinformatics Centre http://cubic. bioc.columbia.edu/cgi/var/nair/resonline.p|

(Nair and Rost, 2003)).

Figure 5.17

HsUSP4 760 EKHVSMLOPOKKKKTTVALR
HsUSP15 742 EKHESVEYKPPKK-PFVKLK

Figure 5.17 The USP4 NLSis not conserved in USP15. The characterised
NLS of USP4 is highlighted in red. As can be seen by this sequence
alignment performed with ClustalW, the sequence in USP15 diverges from
that of USP4, andis not predicted to contain an NLS.

The region of USP4 and USP15 involvedin the interaction with BRAP

encompasses a DUSP domain and a UBL domain (see figure 5.7). Seven

human DUBscontain DUSP domains (Komanderetal., 2009a), and the two

highly related DUBs USP20 and USP33 contain two tandem DUSP domains

at their C-termini that may mediate their interaction with two substrate

proteins, Von-Hippel Lindau protein (VHL, (Li et al., 2002b:Li et al., 2002c))

and lodothyronine deiodinase D2 enzyme (Curcio-Morelli et al., 2003). The

structure of the USP15 DUSP domain has been solved by NMR,but this has

not provided anyinsight into the function of this domain (de Jong et al.,

2006). Eighteen human DUBscontain UBL domains, although the molecular

function of most of these domains remains to be determined (Komanderet

al., 2009a).
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5.6.3 Possible molecular and cellular outcomes of USP4 and USP15

interacting with BRAP

To further examine the observed interaction between USP4 and

USP15 with BRAP, catalytic mutants of both USP4 and USP15 were

generated, as well as a putative E2-binding deficient mutant of BRAP. Y2H

and coimmunoprecipitation analysis revealed that USP4 and USP15 both

interact with BRAP, and that BRAP appears to be a substrate of both USP4

and USP15 DUB catalytic activity. Coimmunoprecipitation experiments with

FLAG-tagged ubiquitin also revealed that USP15, but not USP4, may be a

target of BRAP mediated ubiquitination.

Although someevidence exists for a role for BRAP in MAPK signaling,

the exact function of BRAP E3 ligase activity remains to be fully

characterised. A recent study reports that BRAP promotesthe formation of

K63-linked chains on CDC14A (Chenet al., 2009). This would suggest a

role for BRAP ubiquitination in nondegradative functions. However, the in

vitro study originally reporting BRAP autoubiquitination was performed with

the E2 UBE2D1, an E2 that has been shownin vitro to modify substrates

with both monoubiquitin and polyubiquitin chains containing all possible

linkages (Kim et al., 2007). BRAP may therefore interact with numerous E2s

to mediate different ubiquitin modifications, although recent interaction

screens have proved inconclusive at this point (Markson et al., 2009; van

Wijk et al., 2009). Interestingly, a Cys 264 Ala mutant of BRAP (described in

section 5.2.2) that is unable to function as an E3 ligase acts as a

“superinhibitor’ of MAPK signaling. It has also been suggested that

autoubiquitination of BRAP mediatesit degradation but this remains to be
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demonstrated experimentally (Chen et al., 2008). Therefore, the exact

function of ubiquitination in this cascade has yet to be fully examined, as

BRAP may have more Substrates, and ubiquitin modification could have both

degradative or nondegradative effects.

In this study, we found that the scaffold protein KSR1 may be a

substrate of USP4 DUB catalytic activity, as higher molecular weight species

of KSR1 were observed whenit was coexpressed with catalytically inactive

USP4, but not catalytically inactive USP15. However, overexpression of

catalytically inactive USP4 could displace both endogenous USP4 and

USP15. It is unclear whether the ubiquitin modification of KSR1 would be

degradative or not. A study published this year on the yeast scaffolding

protein, Ste5, reveals that activation of the pheromonereceptorresults in the

translocation of Ste5 from the nucleus to the tip of the yeast mating

projection concomitantly with a decrease in Ste5 turnover (Garrenton et al.,

2009). Preventing nuclear export of Sted in cells lacking the exportin Msn5

results in the destabilisation of the protein, and the ubiquitination of Ste5 was

found to be dependent on an SCF E3 ligase complex. These data

demonstrate a compartment specific degradation of Ste5 that is also

controlled in a cell cycle dependent manner (Garrenton et al., 2009).

Although coexpression of catalytically inactive USP15 did not result in the

accumulation of ubiquitinated species of KSR1, USP15 has been shownto

affect SCF E3 ligase function in mammalian cells, and therefore may play a

role in KSR1 stability. A recent AP/MS study using FLAG-tagged KSR2

identified USP7, USP9X, and the HECT E3 ligase HECW2asinteractors of

KSR2in unstimulated cells, suggesting that association of ubiquitin system
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components may be a feature common to KSR family proteins (Liu et al.,

2009b).

siRNA mediated BRAP knockdownresults in an upregulation of MAPK

signaling in HeLa cells 30 minutes after being stimulated with 2ng/ml EGF.

However,the level of upregulation was quite variable between experiments.

Underthe same conditions, USP15 knockdown resulted in a significant and

consistent reduction of the specific activities of both MEK and ERK by

approximately 40%. This result was reconfirmed by knockdown with two

individual oligos, although one oligo shows a more marked reduction in MEK

and ERK specific activity even though knockdown appears similar.

Interestingly, USP15 knockdown with two individual oligos reduces the

specific activity of the smaller isoform of MEK (MEK1) most dramatically,

suggesting a possible isoform-specific effect.

The downregulatory effect of USP15 knockdown suggests that the

effect of USP15 on MAPK signaling is not through directly antagonizing

BRAP autoubiquitination and inactivation or degradation. If this were the

case, then USP15 knockdown would result in an accumulation of

ubiquitinated BRAP and an increase in MAPK signaling, not a decreaseasis

observed. Therefore, USP15 mustaffect this signaling cascade through a

different mechanism.

As well as promoting the signal propagation down the MAPKcascade,

KSR1 complexes also facilitate negative feedback mechanisms from the

MAPKsignaling constituents themselves. Indeed, activated ERK can dock

onto the KSR1 complex and phosphorylate both KSR1 and BRAF on

feedbacksites and promote complex dissociation (McKayet al., 2009). Loss
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of USP15 mayresult in an increase of the negative feedback mechanism,

Specifically towards MEK1. Mouse MEK1 and MEK2 wererecently found to

form a heterodimerthat was importantin the negative regulation of MEK2 by

MEK1, suggesting that MEK1 specific inactivationis critical for regulating the

Signaling cascade (Catalanotti et al., 2009). However, USP15 knockdown

had a downregulatory effect on both MEK1 and ERK1/2 specific activity.

This suggests that rather than affecting negative regulation of the signaling

components, USP15 knockdown inhibits prolonged activation of MEK‘

resulting from a decoupling of MEK1 from upstream activators such as BRAF

and RAF1.

To date, little is known about the function of ubiquitination in the

control of the MAPKsignaling cascade. Although the data presentedin this

chapter suggesta role for USP4 and USP15in the MAPKsignaling cascade,

the exact molecular function of these two DUBs remains to be examined

fully. A working model for USP4, USP15, and BRAPactivity in the control of

MAPKsignaling is put forward in figure 5.18.

5.6.4 Further experimentation

A keyissue in understanding the role of USP15 in MAPK signaling is

determining whether the observed effects are either BRAP or KSR1

dependent. Double knockdown experiments cotransfecting cells with oligos

targeting USP15 and BRAP, or USP15 and KSR1 will go some way to

answering that question. Furthermore, a much closer look at the

ubiquitination of KSR1 and the inherent Stability of the protein will provide an

insight into its mechanism of action. Equally it will be important to
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Figure 5.18

 No EGF

 

 
EGFstimulation    
 

Figure 5.18 Model for USP4, USP15 and BRAPfunction. 1) USP4interacts
and deubiquitinates BRAP under standard culture conditions. 2) USP4 also
coprecipitates with KSR1, and may deubiquitinate it. 3) USP15
deubiquitinates BRAP, and BRAP ubiquitinates USP15, although USP15
appears to have autocatalytic activity. 4) EGF-stimulation of Ras promotes
BRAPautoubiquitination and detachment from KSR1 complexes, permitting
the coupling of the MAPK signalling modules. 5) USP15 is unlikely to
deubiquitinate BRAP during stimulation, as knockdown of USP15 would result
in an increase in MAPKsignalling instead of a decrease as seenin this study.
6) USP15 knockdownresults in a reduction of MEK and ERK phosphorylation,
with a particularly strong effect on MEK1, Suggesting that USP15 can
positively regulate the MAPK signalling cascade upstream of MEK. U,
ubiquitin.
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understand whether BRAP autoubiquitination results in proteasomal

targeting, or merely in its inactivation. The generation of an antibody

immunoreactive to endogenous KSR1 (and not cross-reactive with KSR2)

would provide a useful tool to determine KSR1 function. Finally, recombinant

protein production of the N-terminal DUB domains and the C-terminal BRAP

domain could be usedin crystallographic or NMRstructure determination

experiments to fully assess the surfaces involved in the interaction, and be

used in in vitro binding assays to determine whether BRAP oligomerises

through the samesurface that binds the DUBs.

5.6.5 Summary

* Full-length USP15 interacts with BRAP, as observedin chapter4.

* The N-terminal regions of USP4 and USP15 interact with the C-

terminal 200 amino acids of BRAP.

* BRAPinteractswith itself through multiple regions.

* The N-terminal region of USP11 can also interact with full-length

BRAP,albeit more weakly.

¢ BRAP coimmunoprecipitates with USP4 and USP15, and weakly with

USP11, but not with free GFP.

¢ USP4 and USP15 deubiquitinated autoubiquitinated BRAP, and BRAP

ubiquitinates catalytically inactive USP15, but not USP4.

¢ USP4, USP15, USP11 and BRAP coimmunoprecipitate with KSR1.

* Coexpression of catalytically inactive mutant USP4, but not USP15,

results in the accumulation of ubiquitinated KSR1, suggesting that

USP4 may deubiquitinate KSR1incells.
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* Knockdown of USP15, but not USP4, results in a reduction in EGF-

Stimulated MAPKsignaling, with a particular inhibitory effect of MEK1

phosphorylation.
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CHAPTERSIX

Conclusion

6.1 Systematic analysis increases the known network of DUB:RING E3

ligase interactions by four and a half-fold

This chapter will summarise the key findings of the work presented in

this thesis in the context of the current literature, as well as any important

issues that remain to be addressed. The work described in this thesis was

performedin two different laboratories that share a commoninterest in the

ubiquitin system. One laboratory had a particular interest in the

deubiquitinating enzymes (DUBs) stemming from previous work focussed on

the role of two DUBs, USP8 (also known as UBPY) and STAMBP (also

known as AMSh),in the regulation of growth factor receptor trafficking. The

other laboratory utilises yeast two-hybrid (Y2H) to examine binary

interactions between proteins, and has recently published work on the

interactions between the E2-conjugating enzymes and the RING E3 ligases

(Markson et al., 2009). In chapter 1 | discussed the published scientific

literature regarding the interactions between DUBsand E3ligases, and how

this functional coupling can result in the tight spatio-temporal control of

substrate ubiquitination and deubiquitination. The primary aim of this study

wasto systematically identify DUB:RING E3 ligase interactions.

To achievethis aim, a collection of human DUB open reading frames

(ORFs) was generated. In chapter3, | highlight the database searches and
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literature curation undertaken to establish bona fide DUB-encoding genes,

and a final list of 90 putative DUBs with unique gene identifiers was

compiled. A final panel of 71 unique DUB ORFswas produced using the

Gateway cloning system (Invitrogen). Whenthis study wasstarted, no other

extensive human DUB ORFcollection had been published. Recently, a large

affinity purification experiment followed by identification of protein complexes

by mass spectrometry (AP/MS) was performed with a collection of 75

putative DUBs (Sowaet al., 2009). The overlap between these two DUB

collections is of 66 unique ORFs, and neither contains

a

full set of DUBs.

These ORFsets provide a powerfultool for identifying DUB cellular function:

the large-scale AP/MS study conducted by Sowa and colleagues vastly

enriched previous Gene Ontology resources and generated a wealth of

information regarding the stable protein complexes formed by DUBsin cells.

Similarly, ORFs collected in this Study have also been used to generate

GFP-tagged DUB constructs, and these have been used to investigate

subcellular localisation (Sylvie Urbé, unpublished data). In conjunction with

commercially available RNAi tools, unbiased, family-wide screening is

revealing the cellular functions of many of the previously uncharacterised

DUBs(Buusetal., 2009).

However, one of the major caveats of these collections is that they

predominantly comprise full-length ORFs of the longest annotated variant,

and do not include any of the possible shorter variants. Currently,

approximately 74% of human multi-exon genes are predicted to undergo

alternative splicing, resulting in the generation of multiple polypeptides from a

single human gene (Johnsonetal., 2003). Efforts are being made to identify
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Coding isoforms in a genome-wide fashion (Salehi-Ashtiani et al., 2008), but

until this information becomes widely available many of the isoform-specific

functions of the human DUBswill remain to be understudied.

In chapter 4, | described how the set of DUB ORFs was used to

generate a collection of 55 unique Y2H bait constructs to analyse the

interactions between DUBbaits and an existing collection of RING E3ligase

prey constructs (Markson et al., 2009). Using a targeted Y2H binary

interaction assay, | identified 163 DUB:RING E3 ligase interactions, 159 of

which were novel. This represented a four and a half-fold expansion of the

DUB:RING E3ligase interactions annotated in publicly available databases.

Taking into account that the total number of human protein:protein

interactions tested in one of the largest high throughput Y2H studies was

estimated to be approximately 10% ofall possible protein:protein pairs (Rual

et al., 2005), my interaction data highlights the paucity of data in the known

interactome. Out of the 163 interactionsidentified in this study, 50% (3/6) of

the previouslyidentified interactions by Y2H were reconfirmed, while only 6%

(1/16) of interactions identified by in vitro binding or coimmunoprecipitation

assays were seenin this study. This low degree of reconfirmation of non-

Y2H interactions may in part be due to someof the interactions in the

databases being acquired from co-complex studies that do not necessarily

constitute direct binary interactions. To increase our confidence in the

interaction data acquired in this study, a subset of the interactions observed

by Y2H were reconfirmed using a coimmunoprecipitation method.

Overexpression of RING E3 ligases in HEK 293T cells proved difficult, as

many of the proteins appeared destabilised when coexpressed with
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untagged GFP protein, which was used as a negative control in these

experiments. When coexpressedin cells, GFP-tagged USP7 appeared to

stabilise myc-TRIM31, but due to low protein expression levels in the

negative control it was impossible to determine whether the observed

coprecipitation of these two proteins was specific. Two other DUB:RING E3

ligase interactions were positively reconfirmed by coimmunoprecipitation, but

this only represents a small fraction of the total numberof interactions seen

by Y2H that were also observed by analternative binding assay. Further

experimentation would be required to establish the true confidencelimits of

the Y2H data as a whole.

The interaction data producedin this study, in conjunction with known

interaction network analysis, can be used to generate hypothesis driven

research. Identifying common binding partners of DUB:RING E3 ligase pairs

could be used to determine putative substrates, and implicate the interacting

DUBs and RING E3ligasesin particular cellular processes. However, for

most of the DUB:RINGE3ligase pairs identified in this screen there were no

known commoninteractors in the knowninteraction network, highlighting the

currentlimitation of this approach.

6.2 USP4 and USP15 regulate BRAPin a non-redundant manner

In chapter 5, | selected a pair of binary DUB:RING E3 ligase

interactions between two highly homologous DUBs, USP4 and USP15, and

the RING E3 ligase BRCA1-associated protein (BRAP, also known as IMP).
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These interactions were chosen because they were novel, BRAP had a

highly selective interaction profile, and there was reliable evidence in the

literature of the role of BRAP in the MAPK signalling pathway (Chenetal.,

2008; Mathenyet al., 2004). Previously published work demonstrated that

BRAPnegatively regulates MAPK signalling by sequestering KSR1 sothatit

cannot form functional oligomers required for efficient MAPK signalling.

Upon Ras activation, BRAP autoubiquitinates and dissociates from KSR1,

resulting in a relief of the inhibition of oligomerisation and promoting MAPK

signalling (Chen et al., 2008; Mathenyetal., 2004).

In the Y2H screen presented in this study, | identified USP4 and

USP15 as being the only DUBs tested that interacted with BRAP. This

interaction was reconfirmed by coimmunoprecipitation, and coexpression

Studies revealed higher molecular weight bands for BRAP underall

conditions except when coexpressed with wild-type USP4 and USP15.

Similarly, expression of catalytically inactive USP15 presented with higher

molecular weight bands when coexpressed with wild-type but not an E2-

binding deficient mutant of BRAP. These data strongly suggest that BRAP

can be deubiquitinated by both USP4 and USP15, and that USP15 is

ubiquitinated by BRAP(figures 5.8, 5.9A, and 5.9B).

Truncations of USP4, USP11, USP15, and BRAP were generated to

map the regions required for the observedinteraction (figures 5.5-5.7). The

N-terminal region of the USPs, encompassing a conserved DUSP domain,

wassufficient for BRAP-binding (figure 5.3). A solution NMRstructure of the

DUSP domain of USP15 has been solved, but this has not provided any

insight into the function of this domain (de Jongetal., 2006). Y2Hlibrary
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screens utilizing VHL (Li et al., 2002b) and lodothyronine deiodinase D2

enzyme (Curcio-Morelli et al., 2003) as baits identified cDNA clones

encoding partial sequences of USP33, and both the identified sequences

contained, but did not solely comprise, DUSP domains. These data suggest

that DUSP domains may be important in mediating protein:protein

interactions, but this remains to be determined experimentally. The

interacting N-terminal fragments of USP4 and USP15 also contain a

predicted UBL domain, another subdomain commonly found in USPs but

with no described function (Komanderet al., 2009a). However, the N-

terminal fragment of USP11 used in this screen did not contain a full UBL

domain yet wasstill able to interact with BRAP, whereas the isolated UBL

domains of USP4, USP11, and USP15 were not, suggesting that if the

interaction region is phylogenetically conserved thenit is likely to be found

either in the N-terminus or within the DUSP domain of these proteins (figure

5.7).

Truncation analysis also identified BRAP:BRAPinteractions between

different regions within BRAP, and three regions appear to be keyin

mediating the interaction: the BRAP2, RING, and C-terminal subdomains.

The C-terminal 200 amino acids of BRAP contain a coiled coil motif and a

region of low compositional complexity (figure 5.4), and this region appears

to be essential and sufficient for USP4 and USP15 binding (figure 5.5).

Intriguingly, in vitro studies identified this region of BRAP asbeing required

for the interaction with KSR1, and KSR1 binding could be outcompeted by

the Epstein-Barr Virus immediate-early protein Rta (Lee et al., 2008). These

data suggest that USP4 and USP15 may share an overlapping binding site

251



with KSR1, and could compete for BRAP-binding with KSR1. However, the

binding site would have to be mappedata higherresolution. Further work in

this regard is currently being undertaken to produce an NMR structure of

these proteins in complex.

In this study, | found that coexpression of KSR1 with catalytically

inactive USP4 resulted in the accumulation of higher molecular weight

species of KSR1 that were not seen when coexpressedwith wild-type USP4,

Suggesting that KSR1 is deubiquitinated by USP4 (figure 5.12). USP4

knockdownin HeLacells appeared to show a small increase of MEK1/2 and

ERK1/2 specific activity, but the effect was highly variable. Whether USP4

plays an active role in MAPK signalling requires further investigation.

To date, the role of ubiquitination in KSR1 stability or function has

been overlooked, although for the yeast scaffolding protein Ste5

compartment-specific degradation by the proteasome has very recently been

identified as a mode of controlling MAPK signalling in a cell cycle dependent

manner (Garrenton et al., 2009). A homolog of KSR1, KSR2, was recently

identified in an AP/MS study as forming stable complexes with USP7,

USP9X, and the HECT E3 ligase HECW2 (Liu et al., 2009b), suggesting that

ubiquitin conjugation and deconjugation may be important in regulating the

function of KSR scaffolding proteins.

Consistent with previously published data, | showed that knockdown

of BRAPresulted in an increase in the specific activity of MEK1/2 and

ERK1/2 in response to EGF stimulation (Mathenyet al., 2004). Furthermore,

| also demonstrated that knockdown of USP15 in cells resulted in a marked

decrease in the specific activity of both MEK1/2 and ERK1/2, with a
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particularly noticeable decrease in the MEK1 isoform (figure 5.16). This

suggests that USP15 may regulate the MAPK signalling cascadeat the level

of MEK1. MEK‘ (Catalanotti et al., 2009) and MEK2(Belangeretal., 2003)

knockout embryos and mice have revealed that MEK isoform function is not

redundant, and a recent study has demonstrated that MEK2 phosphorylation

is prolonged in MEK1 knockout cells due to aberrant negative feedback

signalling (Catalanotti et al., 2009).

The role of ubiquitination in the regulation of the MAPKsignalling

Cascadeis very poorly understood. Most of the known components involved

in the propagation of the signal are protein kinases, and the focus of previous

work has predominantly been on the role of phosphorylation in this pathway.

In comparison, other signalling cascades such as the tumour necrosis factor

(TNF) a-stimulated NF-KB cascade are highly regulated by ubiquitin

conjugation and deconjugation processes (described in detail in chapter 1).

Although TNFa stimulation ultimately results in the recruitment of kinases to

the receptor and a subsequent phosphorylation cascade,theinitial activation

step is regulated by the action of the TNF receptor associated factor (TRAF)

family of RING E3 ligases, such as TRAF6. Indeed, the DUBs CYLD and

TNFAIP3 (also known as A20) are heavily involved in the negative feedback

control of the cascade; highlighting the fact that tightly regulated

ubiquitination events are required for effective signalling (reviewed in (Skaug

et al., 2009)). Very recently, TRAF6 wasalso found to ubiquitinate Akt, and

this modification was important for efficient membrane localisation, activation,

and signalling of Akt in response to growthfactor stimuli (Yang et al., 2009).

The discovery of possible non-redundant roles of USP4 and USP15 in the

253



MAPKpathway could pave the wayfor future investigations into the role of

ubiquitome componentsinthis critical signalling cascade.
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