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"Trapped like rodentiol" 

"It's time we face reality, my friends. 
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ABSTRACT 

Mutations in the fission yeast genes mts5-1 and mbc]-1 were isolated in a screen for 

Schizosaccharomyces pombe (S.pombe) mutants that are both resistant to the 

microtubule destabilising drug methybenzylcarbamylate (MBCR)  and temperature 

sensitive (t.s.) for growth. This screen has so far been specific for mutations in genes 

encoding subunits of the 26S proteasome (Gordon et al., 1993). This study shows 

that these strains contain mutations in the pad1 and crm] genes respectively. Crm] 

and pad] have previously been shown to be positive and negative regulators 

respectively of the AP-1 transcription factor Papi (Toda et al., 1992, Shimanuki et 

al., 1995), the S. pombe homologue of the mammalian AP-1 transcription factors fos 

and fun, which is involved in the transcription of multidrug resistance genes 

(Shimanuki et al., 1995). The mts5-1 (pad]-]) strain has a metaphase arrest 

phenotype and an increased level of high molecular weight ubiquitinated proteins 

when incubated at the restrictive temperature. This is identical to the mts2-1 (Gordon 

et al., 1993) and mts3-1 (Gordon et al., 1996) mutants isolated in the same screen 

and which have been shown to encode subunits of the 26S proteasome. 

This study reclassifies pad]' as a subunit of the 26S proteasome, 'and data is provided 

which shows genetic interactions between Padi and three other subunits of the 26S 

proteasome, Mts3 (Gordon et al., 1996), Mts4 (Wilkinson et al., 1997) and Pus  (C. 

Wilkinson pers. comm.). A putative function for the 19S cap subunit Padi as an 

isopeptidase is also investigated. 

Crml has been implicated in MDR through Papi, since Papi is responsible for the 

transcription of genes involved in resistance to a wide variety of drugs. 26S 

proteasome mutants are also shown to be resistant to the same range of drugs as the 

mbcl-] (cnn]-I) mutant, but to a lower level, and that papli\ cells are sensitive to 

MBC (MBCS).  26S proteasome mutants are shown to have elevated levels of Papi 

when incubated at the permissive temperature indicating that this protein is not being 

degraded as efficiently as in wild type cells. A c.s. cnn] mutant has been shown to 

over-express a non-essential 25KDa protein that has been shown to be a downstream 

UV 



target of Papi (Adachi and Yanagida, 1989). This protein is also shown to be over 

expressed in S.pombe proteasome mutants and cnn]-1. paplA 26S proteasome 

double mutants are t.s. and MBCS.  This is consistent with the 26S proteasome being 

involved in the degradation of Papi and hence involved in pleiotropic multi-drug 

resistance. 
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CHAPTER 1: Introduction 



CHAPTER 1 Introduction 

1.1 ATP-dependent proteolysis and its functions 

ATP-dependent proteolysis, mediated by the ubiquitin/26S proteasome pathway, is 

conserved throughout eukaryotes. Fission yeast, Schizosaccharomyces pombe, is a 

convenient organism in which to study its structure and function as it is amenable to 

both classical and molecular genetic techniques (for a review see Zhao and 

Leberman, 1995). 

1.1.1 Overview of cellular proteolysis by the 26S proteasome 

The ubiquitin/proteasome system is a non-lysosomal ATP-dependent proteol ytic 

pathway in which covalent attachment of ubiquitin, a 76 amino acid polypeptide that 

is highly conserved in eukaryotes, marks proteins for degradation (Hershko and 

Ciechanover, 1992). It has the capacity to degrade almost any protein, and is 

involved in a wide variety of cellular processes such as DNA repair, cell cycle 

progression, signal transduction, transcription and antigen presentation (reviewed in 

Ciechanover, 1994). The ubiquitin pathway is known to account for the turnover of 

cyclins, cyclin-dependent kinase inhibitors, p53, c-jun and other oncoproteins 

(Hochstrasser, 1995; Ciechanover, 1994). Selective protein turnover offers several 

advantages over other kinds of regulatory control such as speed of turnover and 

irreversibility. Therefore selective protein degradation is almost always a component 

of regulatory mechanisms that involve timing controls. 

Although the 26S proteasome is able to degrade proteins involved in diverse 

processes the mechanism is similar in all cases, and is highly specific. This 

specificity is brought about by the attachment of poly ubiquitin moieties to a lysine 

residue on the target protein. This acts as a sorting signal targeting conjugants to the 

26S proteasome, which is the complex proteolytic machine that degrades the poly-

ubiquitinated protein into small peptides, (reviewed by Murray, 1995; Jentsch and 

Schlenker, 1995). The ability of the 26S proteasome to degrade proteins generally 

depends on tagging of the substrate with poly-ubiquitin and the requirement of ATP. 



Ornithine decarboxylase is an exception, showing that the requirement for ATP and 

ubiquitin tagging can be uncoupled as its degradation requires ATP but not ubiquitin 

(Murakami et al., 1992). 

1.1.2 The ubiquitin pathway for protein degradation 

The specificity of degradation by the 26S proteasome is brought about, in part, by the 

addition of a poly-ubiquitin chain on the target protein. The attachment of ubiquitin 

moieties to the protein and the formation of a ubiquitin chain requires a complex 

series of enzyme steps. Fig. 1.1 shows an overview of the ubiquitin system for 

protein degradation. 

1.1.2.1 Selection of proteins for degradation 

The majority of proteins in dividing cells are relatively stable, therefore those few 

highly unstable proteins must be distinguished from these in order that they can be 

degraded. How does the degradative system recognise proteins that are programmed 

for rapid degradation and avoid damaging those that are needed and should not be 

degraded? Degradation requires temporal and spatial as well as substrate specific 

control mechanisms. Proteins must contain sequences that define how and when they 

should be degraded, but this process must be complex since normally stable proteins, 

when mutated or within an abnormal environment, become unstable and are 

degraded. These proteins have primary sequences identical, or nearly identical to 

native protein. This suggests that proteolytic susceptibility is dependent on the 

secondary or tertiary properties of the protein as well. Specificity is brought about by 

tagging of the protein with a poly-ubiquitin chain to mark it as requiring degradation. 

Sequence motifs on the protein itself have also shown to be required for degradation. 

For example the amino acids at the N-terminus, can serve to target proteins for rapid 

destruction (the N-end rule ) (for a review see Varshavsky, 1996). The destruction 

box or D-box is a 9 amino acid region containing 2 invariant residues and 4 highly 

conserved residues. This motif is found in cyclins (Glotzer et al., 1991), and deletion 

of this region stabilises cyclin, preventing exit of cells from mitosis causing them to 

arrest at anaphase (Holloway et al., 1993). A third type of motif is the PEST 
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Figure 1.1 	Overview of the ubiquitin system for protein degradation 
(taken from Hochstrasser, 1996). 

Isopeptide-linked ubiquitin chains are covalently attached to a substrate molecule by the action of 
ubiquitinating (El, E2 and E3) enzymes. This action is opposed by the action of deubiquitinating 
enzymes (Ubps). Ubiquitinated substrates are degraded by a 2Mda protease called the 26S proteasome. 
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sequence. These contain stretches of amino acids enriched in proline (P), glutamic 

acid (E), serine (S) and threonine (T) and are an important determinant of rapid 

degradation (Rogers et at., 1986). These sequences have been identified in a number 

of proteins including ornithine decarboxylase (Murakami et at., 1992) and the p53 

tumour suppressor protein (Chowdhary et at., 1994). 

1.1.2.2 Ubiquitin 

Ubiquitin (Ub) is a 76 amino acid polypeptide that is highly conserved in eukaryotes. 

It is involved in at least four types of cellular functions. The first is a non-proteolytic 

modification of protein structure, such as in the attachment of mono-ubiquitin to 

certain histones in higher eukaryotes (Busche et at., 1981; Mueller et at., 1985). 

Secondly, certain ribosomal proteins are synthesised as fusion proteins with 

ubiquitin, where the amino-terminal ubiquitin moiety functions as a chaperone in 

ribosome biosynthesis (Finley et at., 1989). Thirdly, ubiquitination of a specific Lys 

residue in a membrane protein can act as a signal for endocytosis (Hicke and 

Riezman, 1996). The fourth, and the role that will be discussed in detail here, is in 

intracellular protein degradation. These 4 functions are distinctly different, but they 

share a common requirement, the necessity to release free ubiquitin to allow its 

recycling back through the system, i.e. deubiquitination (section 1.1.3.2) 

1.1.2.3 Intracellular protein degradation and Ub chains 

During ubiquitin dependent protein degradation proteins are marked for degradation 

by their covalent ligation to Ub to form conjugates of multi-ubiquitin chains in which 

the carboxyl terminal G76 of one (or more) Ub molecules in the chain are usually 

joined to one (or more) internal Ls residue of targeted proteins via an isoamide bond 

(isopeptide linkage). Lys48 of ubiquitin usually participates in these linkages, 

although other lysine residues can participate in these links e.g. Lys 63 (Finley et al., 

1994). In the same way each Ub molecule can be ubiquitinated on its own Lys48 to 

form branched poly-Ub-chains. Proteins ligated to poly-ubiquitin chains are then 

targeted for degradation by the 26S proteasome (Chau et at., 1989; Hochstrasser, 

1991). These chains are formed by the sequential action of 3 enzymes, El, E2 and E3 

(section 1.1.3.1). The specificity of the 26S complex toward poly-ubiquitinated 



substrates derives in part from the presence of a 50KDa subunit (S5a) which has a 

high affinity for branched poly-Ub chains linked by a G76-K48 isopeptide bond in 

vitro (Deveraux et al., 1994; C. Wilkinson unpublished result). 

1.1.3 Enzymes involved in ubiquitination 

There are a diverse series of enzymes required for proteolysis. Many of these define 

the specificity of the 26S proteasome and allow only the correct proteins to be 

degraded and at the appropriate time. 

1.1.3.1 Ubiquitinating enzymes 

There are 3 types of ubiquitin enzymes, El (ubiquitin activating enzyme), E2 

(ubiquitin conjugating enzyme) and E3 (ubiquitin protein ligase). There is a cascade 

of ubiquitin thioester complexes, where ubiquitin is transferred from El to E2, from 

E2 to E3 and finally from E3 to the substrate (Scheffner et al., 1995). A brief 

description of how these enzymes co-operate is described below: 

The formation of a multi-ubiquitin chain begins with the activation of the C terminal 

G1y76 of Ub and a conserved cysteine residue on the El by ATP hydrolysis to a high 

energy thiol-ester intermediate in a reaction catalysed by the Ub-activating enzyme 

El. Multiple El genes have been identified in plants, but only one yeast El gene has 

been cloned to date, UBAJ (McGrath et al., 1991). Deletion of the UBA] gene is 

lethal. ATP hydrolysis is used to form a high energy thioester bond between the C-

terminal G1y76 of the ubiquitin molecule and a conserved cysteine residue on the El. 

El-ubiquitin then reacts with one of the many E2 enzymes (Ubiquitin conjugating 

enzyme) in the cell which perform a trans-thiolation reaction with the activated 

ubiquitin and either transfer the ubiquitin directly to the target protein, onto the first 

lysine residue downstream of the recognition sequence, or interact with E3, the 

ubiquitin-protein ligase (Kong and Chock, 1992). To date 13 E2's have been isolated 

from S. Cerevisiae (Hochstrasser et al., 1996). Based on the phenotypes of mutations 

in these UBC genes it is evident that they possess substrate specificity, with different 

E2 genes being involved in the degradation of different subsets of proteins (Jentsch, 

1992). An example of a S.cerevisiae Ub-conjugating enzyme is Rad6p. Human 



homologues are hHR6A and hHR6B. These are implicated in post replication repair 

and damage-induced mutagenesis. Inactivation of the hHR6B homologue in mice 

causes male sterility (Roest et al., 1996). The E2 trans-thiolation reaction is repeated 

several times to build up a chain of ubiquitin residues on the protein, ensuring 

efficient recognition and subsequent degradation by the 26S proteasome. The 

different E2 isoforms react with various E3 enzymes, with different combinations 

likely to define the large repertoire of substrate specificity's required by the cell 

(Jentsch and Schlenker, 1995). The first evidence for interactions between E2's and 

E3's has come from work with the mammalian E2 UbcHSB and the E3 Nedd4. 

(Hatakeyama et al., 1997). Multiple E3 enzymes have been isolated. One E3 isolated 

from rabbit reticulocytes consists of 2 different subunits designated a and 3, (Hough 

et al., 1987). It recognises different protein substrates depending On the nature of the 

N-terminal residue of the protein which is recognised be the E3a subunit. E3a also 

has the binding site for E214KDa•  E3P recognises signals downstream of the N-terminus 

and is therefore an alternative mode of substrate recognition (Jentsch, 1992). The E3 

catalyses the final step in the conjugating process, isopeptide bond formation 

between the activated C-terminal Ub and e-amino groups of lysine residues of the 

protein substrate. This reaction involves the specific. binding of the substrate to E3 

prior to the reaction with the activated Ub. The specificity of the. E3/substrate 

interaction usually depends on the presence of a cis-acting ubiquitinating signal in the 

substrate, such as the 9-residue 'destruction box' of the mitotic cyclins (Glotzer et 

al., 1991). E3 therefore plays a major role in selecting proteins for conjugation and 

subsequent degradation. 

1.1.3.2 De-Ubiquitination 

De-ubiquitinating enzymes (DUB's) are a large family of cysteine proteases which 

catalyse the processing of Ub precursors (peptide bond cleavage) (reviewed in Finley 

and Chau, 1991), as well as the removal of Ub moieties from Ub-protein conjugates 

(isopeptidase bond cleavage) prior to and during 26S proteasome-catalysed 

degradation. This discussion is limited to a description of DUB's involved in 26S 

proteasome degradation. 
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When proteins are targeted for degradation by the 26S proteasome a branched chain 

of ubiquitins is attached to the protein. Ubiquitins can be joined to each other, or to 

the protein itself. These bonds all have in common that they are linked between the 

Glycine 76 residue of Ubiquitin and an c amino group of a lysine residue on the 

substrate protein or a ubiquitin. These are isopeptide bonds. 

There are two classes of DUB's 

Class I DUB's 

Also known as Ub C-terminal hydrolases 

Small, approx. 25KDa in size 

Preferentially cleave Ub from small adducts such as amide derivatives (Pichart 

and Rose, 1985) or short peptide extensions (Franklin et al., 1997) 

e.g. Drosophila UCH-D (Zhang et al., 1993) 

e.g. Yuhlp from S.cerevisiae (Miller et al., 1989) 

Class II DUB's 	 V  

Also termed Ubp's (Ub specific processing proteases) 

Subunit sizes 50-300Kda 

Cleave Ub from a range of substrates 

Relatively divergent in their protein structure, apart from several short consensus 

sequences that are likely to help form the active site of the protein. The Cys and 

His boxes are the most conserved elements common to all Ubp's with additional 

short sequences showing some conservation. 

At least 16Ubp's in S.cerevisiae (Hochstrasser, 1996) 

The Synthetic peptide a-N-valine (peptide bond) has been found to be cleaved by 

class I DUB's, but not class II (R. Layfield, pers. Comm.). This is in agreement with 

class I DUB's preferentially cleaving Ub from small peptides and small adducts 

(Pickart and Rose, 1995). The synthetic peptide substrate Ub-E-N-lysine (isopeptide 

bond) is a substrate for both class I and class II DUB's (R. Layfield, pers. comm.). 

This mirrors the proposed 'trimming' activity, removing distal Ub moieties from 
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poly-ub chains, of a class II DUB activity proposed to be performed by a subunit of 

the 19S cap of the 26S proteasome (Lam et al., 1997a). 

Table 1.1 shows that 17 DUB's have been identified in S.cerevisiae by the 

sequencing project, 16 of these are Ubp's. Fig. 1.2 shows the conserved Cys and His 

boxes within the Ubp subclass (from Hochstrasser, 1996). Little is known about the 

physiological function of the 16 Ubp's in S.cerevisiae (Hochstrasser, 1996). It is 

possible that these 16 Ubp's may act specifically to remove Ub from particular 

proteins. In this way rates of protein turnover might be differentially regulated. If this 

is the case Ubp's must possess a considerable degree of substrate specificity and/or 

be differentially compartrnentalised within the cell. Ubp mutants have no obvious 

phenotypes, but this does not rule out substrate specificity since Ubp function may be 

restricted to a subset of metabolic processes that have so far not been tested in these 

mutants. Alternatively there may be overlap between Ubp function. Studies using the 

well characterised Ubp Doa4p have supported the latter hypothesis (Papa and 

Hochstrasser, 1993; Tobias and Varshavsky, 1991; Baker et al., 1992; Amerik et al., 

1997). Deletion of the DOA4 gene is not lethal, but deleted cells grow poorly. The 

proteolysis of various ubiquitin dependent substrates were tested and found to be 

strongly inhibited in doa4 mutants. 

In higher organisms Ubp's appear to have highly specialised cellular roles. For 

example the Drosophila fat facets gene, which is required for the development of 

normal eye facets, encodes a Ubp capable of deubiquitinating proteins (Huang et al., 

1995) and which negatively regulates receptor tyrosine kinase (RTK)/Ras signalling. 

One of the predicted functions of a 19S cap subunit is a deubiquitinating activity to 

remove polyubiquitin chains from proteins once they have been targeted for 

degradation by the 26S proteasome, in order that ubiquitin can be recycled. This type 

of activity has been observed in 26S proteasomes extracted from bovine red blood 

cells (Lam et al., 1997a). This activity has been assigned to a subunit of the 19S cap 

of approximately 37KDa and has been shown to cleave isopeptide bonds. 



Table Li The S.cerevisiae deubiquitinating enzymes (taken from Hochstrasser, 1996). 

Protein kDa Function 
Ubpl 93 Cleaves ubiquitin-protein fusions, not essential 

Ubp2 145 Cleaves ubiquitin-protein fusions, not essential 

Ubp3 102 Cleaves ubiquitin-protein fusions, not essential 

Ubp4/ Doa4 105 Cleaves ubiquitin-protein fusions, required for 
resistance to stress, degradation of ubiquitin system 
substrates and maintenance of ubiquitin pools 

Ubp5 92 Cleaves ubiquitin-protein fusions, not essential 

Ubp6 57 Not determined 

Ubp7 123 Cleaves ubiquitin-protein fusions 

Ubp8 54 Not determined, mutant has slight growth defect 

Ubp9 86 Cleaves ubiquitin-protein fusions 

Ubp 10/ Str4 90 Mutant is defective in chromatin-mediated silencing 

Ubpl 1 83 Not determined 

Ubp12 143 Not determined 

Ubp13 84 Not determined 

Ubpl4 91 Cleaves ubiquitin oligomers with free C-terminus in 
vivo and in vitro. Functional homologue of mammalian 
isopeptidase-T. Required for degradation of MATa2. 

Ubp15 143 Mutant has slight growth defect 
Ubp 16 57 Not determined 
Yuh 1 26 Cleaves ubiquitin from small peptide adducts 
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Cys Box 	 His Box 

tThpl 102 QL.VDOWrCP)OTSVLQSL 119 681 
Ubp2 729 OINNIONTCYLNSLLQYY 746 1185 
Ubp3 460 GIIWRANICMSSVLQVL 478 844 

Doa4IThp4 563 OL2I,ONSCYCItQCI 580 864 
Ubp5 447 0IIO)CYCIL0CL 464 745 
Ubp6 3.10 QF)aIMOMTCTLNATLQAL 127 430 
tihp7 610 0LRNLOWrCYISXrQCL 627 998 
Uhp8 138 GLINMGS'IVFNSSILQCL 155 411 
Ubp9 135 QYIFGWr'CYCNSVLQCI 152 601 

UbplO 363 QLLNEGVTCYTNAAVQAM 380 674 
Ubpll 299 GLQNPCNTCTINSIIQCL 316 633 
Ubp12 365 CL.VNLONTCTMSALQCL 382 1052 
Ubpl3 141 OYIFONTCTCNSVLQCL 158 602 
tibpl4 346 GLINLONSCYLUSVIOSL 363 742 
UbplS 206 OFRNQOATCfLNSLLQSY 223 449 
Ubpl6 54 OLINRONDCPITSSL,QGL 71 391 

Cons CIJ-N-GNTCThNShL.QCI. Cons 

YSLRSVIVHYGTHN. YGHYIAFR. IYRO.........CW4RIETF......YWDEAEVL.......STPGVflFT 735 
YSSVPIHROEAS. YORTWIYI . XDRNR......NCIWRxYRTISEVQEEEVPNFNEGU........TATPYPLVY 1247 
TKLTGVIYHHGVSSDGOHYTADVYHSEHN ........ KIrRIDDVNITELEDDDVLKGGEEA  ...... SDSR?AYILMT 908 
TELYGVAcFQTLT. GGUYTAYVXRCLKK........!LYFDDTKY.....KPVKNK).DAI........NSNATVLPT 920 
YRMGVAcSGSLY . GOflYTSYVYKGPKK........GIIYFFDDSLY.....RPITPSTEFI........TPSATVLFY 801 
YNLIGVITBQGANSESORTQAPI . RDELD......ENXVYKF1DxV.....SVVEKEXIES. . LAGGGESDSALXLMY 494 
YKLPGWNHTaTLI . SOHY?SLV 4KLEVNIGRSKWyypDvEW.....KADRXHGSDX. . . NLKISSSDvTvLFY 1066 
YIIGIVSHKQTVN . BGEYIAFC. XI 600 ........QWPKFNDS?IV.....SSISQEEVL.X.........EQATTJLFY 465 
TELSGVVIHXOSGPQMQHYVcIC. RNEXF........GWLLYDDE'W.....ESIKEEWLQ. FTGHP0D?PATVLFy 664 
YQLLSEEORSSSOHYIj.Jc . XQPDG........SITYDDEYI .....NIXSERDVLK........EPNATYLLY 730 
YXLYGTVNRSONLI . NGHrPSVVNX2KSH • EIGLNRQVWV'1FDDDYI .....QQHRKDRNNFEKTJ4SSDEVTVTFY 704 
tDLYAVDNHYOG, GO1!Y!rAYV. EJFAD.......NKWYYFDDSRV.....TETAPENSIA.........aSAYLLPY 1107 
TELAGIVVXMQOGPQHGHTVSLC. XHEXF........GWLLIPDDETV.....EAVKEBIVLE. FTOESPNNATAYVLPT 665 
YALTAVIcHKGNSVHSOHTVVI .RKLVA.....DKWKIPVLYtEKL.......VAADSIED.......MXKNGYIYPY 800 
YNLHGVLVESODIS. TORTYTLI . XPGVE.......D!YRFDDERV RVTXXQVFQEFGCYQNYIIQRHTSAY)Vy 533 
YNLKSVVXETOSHS. SQHYMCYRRXTEIR..........FOESSFRRA P NEVNKNTASTVLNEQKYATMLYT 493 

A 

Y-L-GVh-H-G ----- OHT-nh--X ------------- Wb-PDDE-V -------- V--E --------------- AThLFT 

Figure 1.2 Alignment of the Cys and His box sequences for the yeast Ubp family. Amino acids are drawn in bold if the same residue is present in at 
least 12 of the 16 Ubps. The amino acid is written in the consensus sequence if present in at least f:of the Ubps. h, hydrophobic; n, small uncharged 
residue. The dots over the consensus sequence mark the apparent active site Cys and His residues, which are absolutely conserved in all Ubps." position 
of deletions of 15 and 34 residues in Ubpl5 and Ubpl6, respectively, made to simplify the figure. 



1.2 The 26S proteasome 

The 26S proteasome is abundant in the nucleus and cytosol, constituting up to I % of 

cellular proteins. It consists of two multi-protein particles, each with different 

sedimentation coefficients, 20S and 19S (Fig. 1.3). The 26S proteasome is made up 

of two parts, the 20S enzymatic core (section 1.2.1), and two 19S caps. In the 

presence of ATP, the caps attach to either end of the 20S barrel, to form a dumbbell 

shaped complex (Hochstrasser, 1995) and conferring ATP-dependent protein 

degradation on the complex. 

1.2.1 The 20S proteasome 

The 20S proteasome is the enzymatic active core of the larger particle. It is barrel 

shaped and consists of 4 stacked rings each consisting of 7 polypeptides (Chen and 

Hochstrasser, 1995). It is as yet unclear whether this exists as a discrete particle 

within the cell or is a product of the extraction procedure (Ganoth et al., 1988). 

The 20S proteasome or multicatalytic proteinase complex (MCP), was first described 

in bovine pituitaries as a high molecular weight proteinase (700kDa) comprising low 

molecular weight (20-34kDa) non-identical subunits (Orlowski and Wilk, 1981). 

This abundant complex, found in all eukaryotes as well as in the archaebacterium 

The rmoplasma acidophilum (Dahlmann et al., 1992), in the eubacterium 

Rhodococcus (Tamura et al., 1995) and S.cerevisiae in which the crystal structure of 

the 20S proteasome has been solved (Groll et at., 1997). The 20S proteasome 

comprises 0.5-1% of total protein in tissue homogenates (Orlowski, 1990). 

1.2.1.1 Structure, biogenesis, enzymatic properties 

Clarification of the molecular organisation of the 20S proteasome has benefited from 

the discovery that a highly related protein complex, but of much simpler subunit 

composition, is found in the archaebacteria of the genus Therinoplasma (Dahlmann 

et al., 1992). In this organism 20S proteasomes are composed of 2 different types of 

subunits, a and P, but are nearly indistinguishable in their ultra-structure from other 

eukaryotic 20S particles as seen from electron microscopic studies (Lowe et al., 
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Figure 1.3 	Structural features of the 26S proteasome 
(taken from Rubin and Finley, 1995). 

Left, contour plot of the 26S proteasome derived from electron microscopy and image analysis. Top 
right, schematic cross-section of the proteasome, showing the location of a subunits (red) and I 
subunits (blue) and peptidase active sites (yellow). Bottom right, schematic view of subunit arrangement 
in the 20S proteasome. 
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1995). The two outer rings of the 20S are composed of 7 a subunits and the two 

inner rings of 7 0 subunits (Phuler et al., 1992) Fig. 1.3. Thus the organisation of the 

particle is described as COIPAI  (reviewed in Seemhuller, 1995). The a subunits 

form the pore of the 20S proteasome into which unfolded proteins pass to be cleaved 

by the P subunits which posses the catalytic activity. 

Higher eukaryotes comprise a similar subunit organisation to the archaebacterial 20S 

(Flochstrasser, 1995). The major difference is the number of a and 3 subunits. 

Human 20S proteasomes consist of 7 different a type and 7 different 3 type subunits. 

The a type and f3 type subunits assemble to form the classic stack of 4 seven 

membered rings observed in Thermoplasnia. The individual positions of the different 

subunits have been defined by chemical cross linking and immunoelectron 

microscopy (Kopp et al., 1997). The positions of subunits is not always constant 

however. Upon stimulation of human cells with the regulatory cytokine interferon-y, 

3 alternative 20S subunits, LMP2, LMP7 and MECL1 are incorporated in to the 

complex in place of their human proteasomal homologues, subunit X (s), Y(MB 1) 

and Z(MB2) respectively (Goldberg and Rock, 1992; Akiyama et al., 1994). These 

subunits function to alter the proteolytic activity and composition of the proteasome 

and the nature of the peptides produced by proteolytic cleavage (Eggers et al., 1995; 

Groettrup et al., 1995). Unlike their normal counter parts the interferon-y induced 

subunits are not essential (Fruh et al., 1994). 

Crystal structure studies of Thermoplasma 20S complexes have shown that it has 2 

entry points of --30A at the ends of the cylindrical particle which are open. In 

contrast, the hydrolytic chamber of the yeast 20S proteasome is inaccessible (Groll et 

al., 1997). It is thought that binding of the 19S particle, which confers ATP and poly-

ubiquitin dependence on proteolysis, may open the entry ports in a controlled manner 

in vivo. The 20S proteasome degrades unfolded proteins, therefore the 19S cap 

provides a mechanism to unfold proteins in order that they can be degraded in the 

catalytic core of the 20S complex. Thus, the energy produced by nucleotide 

hydrolysis may be used for the unfolding of potential ubiquitinated substrates. 
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1.2.1.2 Localisation of the 20S proteasome 

Studies using EM and immunocytochemistry have localised the proteasome to both 

the nucleus and the cytoplasm in eukaryotes (Akhayat et al., 1987; Arrigo et al., 

1988). It has been found associated with the ER, and cytoskeleton in Drosophila 

melanogaster (Kloetzel et al., 1987) and with the intermediate filament (IF) network 

in avian erythroblasts (Martins de Sa et al., 1988; Olink-Coux et al., 1992). Using 

EM, the proteasome from rat liver was observed to be associated with the nucleus, 

and diffusely distributed in the cytoplasm, where it was associated with the ER 

(Rivett et al., 1992). 

Several groups have observed a change in distribution of the proteasome during 

different stages of the cell cycle or during development. Cytoplasmic proteasomes in 

immortalised ovarian granulosa cells during interphase, were transferred rapidly from 

the cytoplasm to the nucleus during prophase (Amsterdam et al., 1993). In 

metaphase, these proteasomes were concentrated in the vicinity of spindle 

microtubules. This phenomenon occurred during oogenesis in the newt, suggesting 

that rapid transfer is an important facet in proper proteasome function (Gautier et al., 

1988). 

The ability to undergo rapid nuclear localisation suggests a requirement for a nuclear 

localisation signal (NLS). Indeed, at least 4 subunits, 2a-type and 23-type, are known 

to possess a putative (NLS) (Rivett and Knecht, 1993; Heinemeyer et al., 1994). 

1.2.1.3 In vivo functions 

The 20S proteasome has three well characterised catalytic activities, chymotrypsin-

like, trypsin-like and capspase-like. Lactacystin has been shown to inhibit the 

peptidase activities of the mammalian 20S complex by binding covalently to subunit 

X (MB 1) (Fenteany et al., 1995). It has been used to implicate proteolysis by the 

proteasome in a number of fundamental processes from cellular differentiation and 

apoptosis to the degradation of proteins normally residing in the endoplasmic 

reticulum. 
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The 20S proteasome is required for thymocyte cell death. Specific inhibitors of the 

20S have been found to block cell death induced by ionising radiation, 

glucocorticiods or phorbol ester. Overall rates of protein degradation are not altered 

significantly by these treatments which result in thymocyte cell death, suggesting that 

the proteasome may either degrade regulatory proteins that normally inhibit the 

apoptotic pathway or may proteolitically activate proteins that promote cell death 

(Grimm et at., 1996). 

The immune response in mammalian cells relies on the identification of foreign 

antigens by cytotoxic T-cells, and their subsequent phagocytosis. The recognition of 

these antigen-presenting cells is now known to be facilitated by the production of 

antigenic peptides by the eukaryotic 20S proteasome (Mott et at., 1994; Hoffman and 

Rechsteiner, 1994). Antigenic peptides are transported to the ER by the MHC class II 

encoded TAP transporter proteins which are members of the ABC family of 

transmembrane transporters (Deverson et at., 1990, Trowsdale et at., 1990). Here 

they are complexed with a major histocompatability complex (MHC) class I 

molecule. From the ER, they are translocated out, through the secretary pathway, to 

the cell surface, where they are presented on the surface of an antigen presenting cell. 

Although the 20S proteasome per se is not responsible for the degradation of 

ubiquitinated substrates, it plays a central role in this degradation pathway. A 

mutation in the budding yeast PRE] gene results in a decreased chymotrypsin-like 

activity and a concomitant increase in the accumulation of ubiquitin-protein 

conjugates (Heinemeyer et at., 1991). Mutations in other proteasomal subunit-

encoding genes have pleiotropic effects ranging from slow growth to inviability. A 

mutation in the gene PRGJ/PRE2 in S.cerevisiae, leads to a defect in nuclear division 

at the restrictive temperature (Friedman and Snyder, 1994). Yeast mutants defective 

in PRE3 and PRE4 gene function lose the PGPH hydrolysing activity. All of these 

mutations give rise to an increase in ubiquitin-protein conjugates, indicating that the 

function of the proteasome is central to this pathway. 
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1.2.2 PA700 the 19S regulatory complex 

At each end of the 20S proteasome is a regulatory complex, the 19S cap, made up of 

between 15 and 20 subunits from SDS-page gels (Dubiel et al., 1992). In S.cerevisiae 

17 subunits of the 19S cap have now been defined (Glickman et al., 1998), there are 

6 ATPases (Rptl-6) and 11 non-ATPases .(Rpnl-11). A number of these subunits 

have also been identified genetically in S. pombe. S. pombe and S. cerevisiae subunits 

are shown in Table 1.2. The 19S complex comprises 2 types of subunits. Those 

which possess ATPase activity, ATPases, and those which do not, non-ATPases. 

1.2.2.1 ATPase subunits 

There are 6 ATPase subunits thought to be arranged as rings at either end of the 20S, 

but their exact interactions are unknown. Subunits encoding proteins with putative 

ATPase activity identified to date include mts2, YTA2, YTA3 and letFiSUG1/cim3 

(Table 1.2) in yeast and MSS1 from mouse. The exact arrangement of the ATPase 

subunits is unclear, but mts2 has been shown to interact with both letF and MSS] by 

2 hybrid data. This indicates that this interaction may occur in S.pombe in vivo (G. 

McGurk, Ph.D. thesis, 1997). One possible arrangement of the ATPases is a 6 

membered ring which lies on top of the 20S catalytic complex. Genetic evidence for 

this model comes from the mutation cr11-1 in an cc-type 20S subunit which rescues a 

cycloheximide resistant t.s. lethal mutation in crl3/sugi, an ATPase subunit 

(Gerlinger et al., 1997) (section 4.1.1). All 6 ATPases share homology and are part of 

a conserved family of ATPases called the AAA family. 

1.2.2.2 Non-ATPase subunits 

On top of the ATPase ring there is thought to be a ring of non-ATPase subunits 

which in S.pombe include the products of the mtsf (C. Gordon, pers. comm.), mts3 

(Gordon et al., 1996) and mts4 (Wilkinson et al., 1997) genes. The exact 

arrangement and function of the non-ATPase subunits is also unknown, however 

subunit 5a of the 19S cap binds polyubiquitinates proteins in vitro (Deveraux et al., 

1994; Baboshina and Haas, 1996) section 4.1.2. 

An Isopeptidase activity has also been shown to be associated with a 19S cap 
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Table 1.3 Subunits of the 19S regulatory complex 

Human kDa S.cerevisiae 	S.yombe/Ot her References 

Si 112 Sen3fRpn2 de Marini etat., 1995 
Yokota et at., 1996 
Glickman et at., 1998 

S2 97 Nash Hrd2fRpni Mts4 Tsurumi et at., 1996 
Hampton et at., 1996 
Wilkinson et at., 1997 
Glickman et at., 1998 

S3 58 Sun2/Rpn3 de Martino etat., 1994 
Kawamura et at., 1996 
Kominami et at., 1997 
Glickman et at., 1998 

*S4 56 Yta5/Rpt2 Mts2 Dubiel et at., 1992 
Gordon et at., 1993 
Schnall et al., 1994 
Glickman et at., 1998 

55a 50 Sunl/RpnlO Mcbl/Mbpi Deveraux et at., 1994 
van Nocker et at., 1996 
Kominami et at., 1997 

Pus  C.Wilkinson 
unpublished result 
Glickman et at., 1998 

S5b 50 RpnS Deverauxetat., 1995 
Glickman et at., 1998 

*S6/ TBP7 47 Tbp7/ Yta2/Rpt3 Ohana et at., 1993 
Dubiel et at., 1994 
Schnall et at., 1994 
Glickman et at., 1998 

*S6' 46 Ytal/RptS Tbpl Nelbock et at., 1990 
Ohana et at., 1993 
Glickman et at., 1998 

*S7/MSS1 47 CimS/Rptl Apsl/Mssl Irie et al., 1991 
Shibuya et at., 1992 
Dubiel et al., 1993 
Ghislain et at., 1993 
Glickman et at., 1998 

*S8/ p45/ Tripi 45 Cim3/Sugl/Rpt6 Leti Swaffield et at., 1992 
Ghislain et at., 1993 
Michael et at., 1994 
Akiyama et at., 1995 
Lee et al., 1995 
Glickman et at., 1998 

Centractin Richmond et at., 1997 
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42 	Sug2fRpt4 

Sli 

S12 	40 	Rpn8 

S13 	35 	Rpnii 

S14 
	

NinlfRpnl2 

S? 
	

Rpn9 

Other proteasomal proteins 

p37 	 Isopeptidase/Rpnl 1 

SoniIRpn4  

Hoffman et at., 1997 
Glickman et al., 1998 
Richmond et at., 1997 
Glickman et at., 1998 

Bauer et at., 1996 
Fujiwara et at., 1996 
Russell et at., 1996 
Glickman et at., 1998 

Dubiel et al., 1993 

Dubiel et at., 1993 
Glickman et al., 1998 

Padi/POH1 	Spataro et at., 1997 
Shimanuki et at., 1995 
This study 
Glickman et at., 1998 

Mts3 	Nisogi et al., 1992 
Kominami et al., 1995 
Gordon et at., 1996 
Glickman et at., 1998 

Mtsl 	Dubiel et at., 1995 
C. Gordon, unpublished 
Glickman et at., 1998 

Lam et al., 1997a 
Glickman et at., 1998 

Fujimuro et at., 1998 
Glickman et at., 1998 

= 19S subunit with ATPase domain 
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subunit. This activity would remove the ubiquitin moieties that form the poly-

ubiquitin chain on the protein in order that the protein can be degraded by the 26S 

proteasome. This activity has been identified in 26S proteasomes isolated from 

bovine red blood cells (Lam et al., 1997a; 1997b). A second candidate 

deubiquitinating enzyme, the product of the S.cerevisiae DOA4 gene (Chen and 

Hochstrasser, 1995), has also been proposed to perform this function. Mutations in 

this accumulate multi-ubiquitinated substrates that appear partially degraded (Papa 

and Hochstrasser, 1993). 

A third function which the 19S cap must perform is to unfold substrates in order that 

they can fit into the pore of the 20S proteasome. This is brought about by putative 

'unfoldases' among the non-ATPase subunits. 

1.2.2.3 Function of the 19S regulatory complex 

Degradation of ubiquitinated proteins therefore requires 4 integrated steps, substrate 

binding, removal and cleavage of poly-ubiquitin chains to release free ubiquitin, 

unfolding of the substrate and its translocation into the 20S complex and release of 

small peptide products. 

Subunit SSa was originally thought to be the 19S cap subunit responsible for 

recognition of poly-ubiquitin chains since this subunit will bind to poly-ubiquitin 

chains in vitro (Deveraux et al., 1994). However, deletion of the gene encoding the 

S5a subunit, mbpF in S.cerevisiae, pus] in S.pombe, is not lethal (Van Nocker et 

al., 1995; C.Wilkinson, unpublished result). This suggests that other subunits, or a 

second binding mechanism is also an intrinsic property of the 19S cap. 

Degradation of ubiquitinated proteins involves the removal of the poly-ubiquitin 

chain and its de-polymerisation by isopeptidase(s) to release free ubiquitin. A 19S 

cap subunit of molecular weight —37KDa has been proposed to perform this function. 

Isopeptidase assays have shown that this activity is present in 19S complexes isolated 

from bovine red blood cells (Lam et al., 1997a; 1997b). 
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The 20S proteasome requires polypeptides to be in an extended, unfolded form to be 

hydrolysed (Lowe et al., 1995) and it is likely that the 19S cap aids unfolding of 

globular or partially unfolded proteins. The ATPases may serve as molecular anti-

chaperones that unfold poly-ubiquitinated substrates (Wickner et at., 1994; 

Wawrzynow et at., 1995). Presumably the anti-chaperones are required to maintain 

certain ubiquitinated proteins in a conformation that allows their degradation by the 

26S complex. 

1.2.3 Cellular functions of proteolysis by the 26S proteasome 

1.2.3.1 Ubiquitinated substrate degradation 

The association of the 19S regulatory complex with the 20S proteasome confers the 

requirement for ATP hydrolysis and in most cases, ubiquitin conjugation, for 

substrate degradation. There are a large number of substrates whose degradation is 

known to proceed by this pathway. These include short-lived regulatory molecules 

such as cyclin B (Murray et at., 1989) and the cyclin-dependent kinase inhibitor 

40SIC1 (Nugroho and Mendenhall, 1994), the precursor of the NFKB transcriptional 

activator (Palombella et al., 1994) and its inhibitor IicBa (Chen et at., 1995) and the 

tumour-suppressor protein p53 (Chowdhary et at., 1994). In addition, a number of the 

cellular oncoproteins such as c-Mos (Ishida et at., 1993), c-Jun (Treier et at., 1994), 

c-Fos (Wang et at., 1996) and c-Erb (Mimnaugh et al., 1996) are also degraded by 

the ubiquitin proteasome pathway. 

1.2.3.2 Programmed cell death, apoptosis and the 26S proteasome 

During vertebrate development, the formation of digits and of the nervous system, 

requires selective death of a large proportion of cells and neurons by a process known 

as programmed cell death (PCD). During PCD, the up-regulation of a number of 

genes, including polyubiquitin, has been observed. This occurs with the concomitant 

repression of the genes encoding actin, myosin heavy chain and the 28kDa subunit of 

the 20S proteasome (Jones et at., 1995). The mechanism by which PCD occurs 

shares common elements with another pathway which results in cell death following 
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such insults as ionising radiation, nutrient deprivation or treatment with 

glucocorticoids or certain chemicals such as dexamethasone. These cells undergo 

characteristic conformational changes resulting in cell death. This phenomenon, 

known as apoptosis, is common to all higher eukaryotes and is a means by which 

selected cells can be removed from the general cell population so as to prevent the 

formation of malignancies from cells which have been damaged. 

The involvement of the 26S proteasome in PCD has been demonstrated in the 

tobacco hawkmoth Manduca sexta where the intersegmental muscles undergo 

degeneration during development of the pupa (Dawson et at., 1995; Jones et at., 

1995; Sun et at., 1996). Up-regulation of a number of ATPase subunits and a 20S 

proteasome subunit is seen immediately prior to eclosion. This represents a situation 

whereby developmental reprogramming results in a modified form of the 26S 

proteasome. Alternatively, one of the subunits whose high level of expression is 

constitutive, may have an alternative role. The destruction of the ISMs has a 

morphology distinct from that observed during apoptosis (Sun et at., 1996), 

suggesting that this case may represent an isolated phenomenon of PCD. 

The induction of the ubiquitin system in apoptosis and programmed cell death is not 

absolute. This is because it has not been observed in at least one model for a neuronal 

disorder (D'Mello and Galli, 1993). Furthermore, experiments have shown that 

apoptosis can be induced by the inhibition of 26S proteasome activity in proliferating 

cells. In these cases, apoptosis may be mediated by a p53-dependent pathway 

(Shinohara et at., 1996; Fujita et at., 1996). By contrast, inhibition of the proteasome 

in non-proliferating cells such as thymocytes prevents apoptosis (Grimm et at., 

1996). Thus the proteasome can function to promote either cell survival or cell death, 

depending on both proliferative state and other factors that may be cell type specific. 

1.3 Control of the eukaryotic cell cycle 

The cell cycle requires an orderly, rapid transition through each stage (Forsburg and 

Nurse, 1991). One of the ways that the cell can achieve this is by 
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ubiquitin/proteasome degradation of cell cycle proteins. Examples include the 

degradation of cyclin B to allow exit from mitosis (Hershko et at., 1994; Glotzer et 

at., 1991), see section 1.1.2.3; and in budding yeast the GI to S phase transition 

requires ubiquitin-mediated proteolysis of SIC] which inhibits the activity of 

complexes between CDC28 and S phase cyclins (Schwob et al., 1994; Schneider et 

al., 1996). 

Fission yeast with temperature sensitive (t.s.) mutations in 19S cap subunits of the 

26S proteasome have been shown to arrest at the metaphase stage of mitosis (Gordon 

et at., 1993;1996; Wilkinson et at., 1997). This indicates that this is an important 

limiting step in the cell cycle, where an essential protein must be degraded by the 26S 

proteasome in order that cells can progress through metaphase into anaphase (e.g. 

Cut2/Pdslp section 1.3.2.2). 

1.3.1 The fission yeast cell cycle 

Progression through the cell cycle requires regulation since there are complex 

functions that must be performed at different stages as defined by DNA, spindle pole 

body (SPB) and microtubule distributions. Microtubules constitute part of the 

cytoskeleton and are essential for division, forming the mitotic spindle. Using 

indirect immunofluorescence microscopy with anti-tubulin and SPB antibodies in 

fission yeast it is possible to relate particular microtubule arrays with the position of 

a cell within the cell cycle (Fig. 1.4) (Hagan and I{yams, 1988), and is summarised 

below: 

Interphase- Cytoplasmic microtubules are aligned along the axis of the cell. The 

majority of these run between the cell poles. 	- 

Interphase/mitosis transition- is signalled by the appearance of two anti-tubulin 

staining dots on the edge of the nucleus (the two SPB's) and the concomitant 

disappearance of the cytoplasmic interphase microtubules. 

Entry into mitosis (metaphase)- Cytoplasmic micotubules are replaced by an 

intranuclear mitotic spindle within the nucleus, cells at this point are undergoing 

metaphase and have condensed chromosomes. In an exponentially growing wild-type 
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Figure 1.4 
A schematic representation of the changes in microtubule distribution of tubulin during the 
cell cycle of S. pombe. The figures give the relative percentage of cells displaying each class 
of staining (From Hagan and Hyams, 1988). 

24 



population about 2.1% of cells are in metaphase. As the spindle elongates, during the 

critical metaphase to anaphase transition, extranuclear microtubules become 

associated with the spindle poles. 

End of Anaphase- Microtubules emanate from 2 foci at the cell equator. 

Early Telophase- Nuclei reach opposite poles and 2 dots of fluorescence are seen at 

the cell equator, predominantly in a different focal plane to each other. These are 

followed by a microtubule network that can be traced back to 2 points presumed to 

be equivalent to the two dots seen at an earlier stage. 

Late Telophase- As this progresses the focal points for the microtubules of the 'post 

anaphase array' appear to move to the centre of the cell and become a single staining 

body just prior to division. This is consistent with the existence of 2 MTOC's 

(mirotubule organising centres) in the centre of the cell at the end of mitosis. Fig. 1.5 

shows immunofluorescence pictures of wild type S.pombe cells at different points in 

the cell cycle. 

1.3.2 The metaphase to anaphase transition 

At metaphase, the chromosomes condense and associate with the kinetocore 

microtubules. Mitotic cyclin-dependent kinases (CDK's) and cyclins are active 

during this stage, but are rapidly inactivated in anaphase. During anaphase, which can 

be divided into two stages, the chromosomes duplicated in S phase are segregated 

into two daughter nuclei. In anaphase A the distance between the spindle poles stays 

constant and separated chromosomes move towards opposite poles, drawn by 

shortening kinetocore microtubules. During anaphase B spindle extension increases 

the pole to pole distance, drawing separated chromosomes towards the poles of the 

cell. 

Ubiquitin-mediated proteolysis is known to be a crucial event for the m&aphase to 

anaphase transition (see for example Ghislain et at., 1993; Gordon et at., 1993; King 

et al., 1995; Irniger et at., 1995; Holloway et at., 1993). A protein(s) apart from 

cyclin B (section 1.3.2.1) needs to be degraded for the onset of anaphase. Cyclin B is 

not the protein responsible for sister chromatid cohesion since undestructable forms 

of cyclin B can still undergo the metaphase to anaphase transition (Holloway et al., 
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Figure 13 	Cytology of S.poinbe cells during mitosis. (taken from Gordon eta!, 1996) 

Wild type cells were stained with the anti-tubulin antibody TAT] (shown as green) and DAPI (shown as red). 
The two images were merged on the computer to give the image shown. The DAPI signal was changed 
on the computer from blue to red to increase the resolution of the desired structures. 
A, interphase cells; B, mitotic metaphase cell; C, late anaphase cell; D, postanaphase. 
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1993, section 1.3.2.1) 

1.3.2.1 Control of the metaphase to anaphase transition 

Frog extracts have been used to assemble mitotic spindles in an attempt to identify 

the event that triggers sister chromatid separation at the metaphase to anaphase 

transition. Destruction of Cyclin B was originally thought to be this trigger, based on 

the observation that deletion of a degenerate 10 amino acid motif RxxLxxxxxN 

within the N-terminus of B-type cyclins (the destruction box or D-box) prevents 

proteolysis and causes cells to arrest in a state resembling metaphase (Glotzer et at., 

1991). Subsequent work however showed that B-type cyclin degradation is required 

not for entry into, but exit from anaphase (Holloway et at., 1993). Ubiquitination of 

cyclin B protein with a destruction box is specific to extracts from mitotic cells, 

suggesting that cell cycle control by proteolysis could be due to the activity of 

specific ubiquitin conjugating enzymes and not simply due to changes in the state of 

the cyclin substrate (Hershko et at., 1994). Cyclin ubiquitination is unusual in that it 

exhibits specificity at two levels: substrate recognition (reflected in the requirement 

for an intact D-box) and temporal control in the limitation of its activity to a specific 

phase of the cell cycle. Fractionation experiments show that destruction box 

dependent ubiquitination requires El, a specific E2 and an E3 (section 1.2.4.1). 

Cdcl3, the S.pombe homologue of cyclin B, and Cut2 must be inactivated for proper 

entry into anaphase in fission yeast. A cut2 mutant was isolated in a screen for t.s. 

S.pombe which undergo cell division in the absence of nuclear division (Hirano et 

at., 1986). The product of the cut2 gene was later shown to encode a protein of 301 

amino acids as shows a genetic interaction with the product of the cut]' gene (Uzawa 

et at., 1990). Cut2 localises to the interphase nucleus and along the metaphase 

spindle. Cut2 and cyclin B possess destruction boxes which target them for 

degradation by the 26S proteasome at anaphase, resulting in the disappearance of 

Cut2 staining from the nucleus (Funabiki et at., 1997). Jmmunoprecipitations have 

shown that Cut2 forms a complex with Cuti, which is essential for sister chromatid 

separation. Although Cuti and Cut2 have similar cellular localisation patterns, Cuti 

exists throughout the cell cycle while Cut2 is degraded at anaphase (Funabiki et at., 
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1996). Proteolysis of Cut2 is dependent on the Anaphase Promoting Complex (APC) 

which possesses a ub-ligase (E3) activity. The Cut 1-Cut2 complex is required for the 

onset of anaphase, with the phenotype of t.s. cut2 mutants, complete block of 

anaphase, being caused by impaired complex formation between Cuti and Cut2. In 

addition Cuti has been shown to be loaded onto the spindle by binding to Cut2 

which promotes anaphase spindle movement upon Cut2 proteolysis (Kumada et at., 

1998). 

1.3.2.2 Initiation of anaphase 

Anaphase is therefore initiated by proteolysis of other proteins apart from cyclins. 

These proteins, or their regulators, need to be degraded to dissolve the linkage 

between the sister chromatids (Holloway et at., 1993). One such protein must hold 

the sister chromatids together. One candidate is the Drosophila pimples gene product 

which encodes a novel protein that is rapidly degraded in mitosis. It is specifically 

required to release sister chromatid cohesion during mitosis (Stratmann and Lehner, 

1996). However, whether this is the protein which holds the sister chromatids 

together or is a protein involved in its degradation is still unknown. Several genes 

involved in the degradation of proteins involved in chromatid cohesion have been 

identified such as the anaphase promoting complex (APC) (section 1.3.2.3). 

Mutations in these genes prevent the onset of anaphase, resulting in an inability to 

separate sister chromatids. 

Since different substrates of the APC are degraded at different points in the cell cycle 

a mechanism for temporal degradation of proteins must exist. Cdc20p and Cdhlp in 

S. cerevisiae have been identified as substrate specific activators of APC-dependent 

proteolysis (Visintin et al., 1997). cdc2O mutants arrest in metaphase before 

activation of the APC-dependent proteolytic program. Clb2p, Clb3p, Pdslp and 

Ase ip are substrates of the APC which are potential targets for these substrate 

specific activators. The cdc20 mutation had little effect on the half lives of Clb2p or 

Aseip. In contrast the half life of Pdslp was prolonged in the cdc2O mutant. 

Therefore cdc20 mutants are defective in degradation of Pdslp but not Clb2p or 

Aseip (Visintin et at., 1997). Overexpression of Cdc20p will also induce APC- 
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dependent degradation of Pdslp in stages of the cell cycle where Pdslp is normally 

stable. Overexpression of Cdc20p does not effect the proteolysis of Clb2p or Aseip 

(Visintin et al., 1997). 

Investigations in to the functional relationship between the APC and Cdc20p showed 

that Cdc20p is an essential regulator of APC-dependent proteolysis. Cdc20p also 

localises to the nucleus and co-immunoprecipitates with the APC component 

Cdc23p. In the absence of Cdc20p cells are unable to degrade Pdslp at the onset of 

anaphase or Clb2p during telophase (Lim et al., 1998). Therefore Cdc20p function is 

essential for the metaphase to anaphase transition and is linked to the APC mediated 

destruction of Pdsl, and as such Cdc20p is a substrate specific activator of APC-

dependent proteolysis. 

The S.cerevisiae PDSJ gene, the homologue of S.pombe cut2, encodes a 42KDa 

nuclear protein with basic and acidic domains. The level of PDS1 mRNA varies with 

the cell cycle with a maximum accumulation around the GUS boundary (Yamomoto 

et al., 1996a). Pdslp has been shown to be an inhibitor of anaphase and is degraded 

in an APC-dependent manner, being directly ubiquitinated by Xenopus APC. In 

S.cerevisiae Pdslp is degraded at the time of anaphase initiation, with non-

degradable derivatives of Pdslp inhibiting the onset of anaphase (Cohen-Fix et al., 

1996). Therefore Pdslp has been proposed to be an anaphase inhibitor whose APC 

dependent degradation is required for the initiation of anaphase. Pdslp has also been 

proposed to be required for the inhibition of cytokinesis and DNA replication as well 

as anaphase. Anaphase is inhibited in wild type cells but not PDS] mutants after 

treatment with y-irradiation or inactivation of Cdc l3p, which induce a DNA damage 

checkpoint (Yamomoto et al., 1996b). Therefore Pdslp is an important regulator of 

the onset of anaphase both for the APC and checkpoint pathway and is degraded in 

an APC dependent manner at anaphase. 

A further group of proteins have been proposed to be involved in sister chromatid 

cohesion in S.cerevisiae, being termed 'cohesins'. These are Smclp, Smc3p, 

Scclp/Mcdlp. Scclp has been shown to bind chromosomes during S phase and to 
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dissociate from them during the metaphase to anaphase transition, being degraded by 

the APC. This property alone could explain the loss of cohesion between sister 

chromatids and is thought to trigger their separation (Michaelis et at., 1997). 

Association of Scclp with the chromatids has been shown to depend on the presence 

of Smclp, a putative ATPase with coiled coil domain (Michaelis et at., 1997). The 

SCCJ gene was independently isolated and termed MCD] (Guacci et al., 1997). 

MCD] is a high copy number suppresser of an smcl mutation and co-

immunoprecipitation of Smclp and Mcdlp indicate that they interact. mcdl mutants 

have a chromosome segregation defect and FISH analysis showed that Mcdlp was 

required for the maintenance of sister chromatid cohesion (Guacci et al., 1997). 

1.3.2.3 The Anaphase Promoting Complex 

The S.cerevisiae APC consists of 12 subunits, including Apclp, Cdcl6p, Cdc23p, 

Cdc26p and Cdc27p. 5 additional subunits have been identified by mass 

spectrometric sequencing including Apc2p, Apc5p and Apc lip (Zachariae et at., 

1998). Mutations in the APC2 gene arrest cells at metaphase and cells are defective 

in the degradation of Pdslp (Yu et al., 1998) (1.1.2.4). 

The APC in S.cerevjsjae has a sedimentation coefficient of 36S, (Zachariae et at., 

1996), and acts as a regulated ubiquitin-protein ligase (an E3). It is required for the 

ubiquitination of cyclin B and separation of sister chromatids and is therefore called 

the anaphase promoting complex (APC). Cdcl6p, Cdc23p and Cdc27p are 

structurally related, having blocks of tandemly repeated 34 amino acid repeats known 

as tetratrico peptide repeats (TPR's) which are proposed to mediate protein-protein 

interactions (Iringer et al., 1995; Tugendrich et at., 1995; King et at., 1995). Cdcl6p 

and Cdc23p may orchestrate the proteolysis during anaphase of not only mitotic 

cyclins, but also of proteins whose degradation is needed for sister chromatid 

separation (i.e. to degrade the protein responsible for sister chromatid cohesion, 

1.3.2.2) (Irniger et al., 1995). CDC16 and •CDC23 are not required for the proteolysis 

of Swilp, N-end rule proteins or ClbSp, therefore they are not part of a general 

proteolytic pathway. ubc4-cdc23 double mutants are lethal, indicating that Cdc23p 

promotes ubiquitin-mediated proteolysis and supports the fact that Ubc4p (a 
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ubiquitin conjugating enzyme) and at least one other ubiquitin-conjugating enzyme 

can support cyclin B ubiquitination (King et at., 1995). 

The Cdcl6p-Cdc23p-Cdc27p protein complex is highly conserved in eukaryotes, as 

CDC16 and CDC27 homologues exist in S. pombe, Aspergillus and humans. The 

S.pombe APC complex has a sedimentation value of 20S, the homologues of CDC16, 

CDC23 and CDC27 are cut9, nuc2 and cut4, mutations in which arrest cells with a 

morphology consistent with a defect in the metaphase to anaphase transition 

(Samajima and Yanagida, 1994; Hirano et at., 1988; Yamashita et at., 1996). Cut9 is 

the APC subunit which is the target for regulating APC function through protein-

protein interactions and phosphorylation (Yamada et al., 1997). 

Mutations in Cut4 render S.pombe hypersensitive to Co', Ni', Cd2  and canavanine 

(Yamashita et at., 1996). cut4 mutants show a long delay in exit from mitosis when 

these compounds are present. Under such conditions the 20S APC is disrupted and 

Cdc 13 is not polyubiquitinated. This suggests that stress and/or the protein kinase A 

(PKA) pathway might be involved in anaphase proteolysis (Yamashita et at., 1996). 

Cdc26p has been shown to associate with Docip, Cdcl6p, Cdc23p and Cdc27p in 

vivo. The majority of Docip co-sediments at 20S with Cdc27p in a sucrose gradient, 

in addition mutations in Cdc26p and Docip prevent mitotic cyclin proteolysis in 

S.cerevisiae. Mutations in these genes cause cells to arrest as large budded cells with 

high levels of mitotic cyclin (Hwang and Murray, 1997). Therefore Cdc26p and 

Doc ip are a further two components of the APC (Hwang and Murray, 1997). 

Antibodies raised against the human homologues of Cdcl6p and Cdc23p (CDC16Hs 

and CDC27Hs) have shown that these proteins are novel components of the 

mammalian spindle and centrosome, and at least CDC27Hs protein is essential for 

the metaphase to anaphase transition (Tugendrich et at., 1995). The cellular 

localisation of the APC and its involvement in the degradation of cyclin B suggest 

that it may be important for controlling localised cyclin dependent kinase activity. 

Purified Cdc2p kinase triggers cyclin degradation in interphase extracts, but there is a 
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lag period preceding activation suggesting that activation of the APC by Cdc2p 

kinase may not be direct. The association of the APC with the spindle may be 

important for the proper regulation of anaphase, perhaps by restraining APC activity 

until the chromosomes are aligned on the metaphase plate. Only then would the 

spindle signal the activation of the APC, initiating both cyclin proteolysis and the 

segregation of sister chromatids. 

1.4 S.pombe MBCR  t.s mutant screen 

A screen for S.pombe mutants resistant to the microtubule destabilising drug MBC 

(methyl benzimidazol-2-yl carbamate) which were also temperature sensitive for 

growth (Gordon et al., 1993) isolated a number of mutants that fell into at least 6 

different complementation groups. Five of these complementation groups exhibited a 

low level of resistance to MBC, 20tg/ml, and were named mtsl-5 (MBC resistant 

temperature sensitive). Four of these mutants have currently been analysed and the 

corresponding mutant genes have been shown to encode subunits of the 26S 

proteasome, as shown in Table 1.2. 

mtsl 1 alleles 	subunit? 

mts2 3 alleles 	subunit 4 

mts3 1 allele 	subunit 14 

thts4 4 alleles 	subunit 2 

mts5 1 allele 

C. Gordon pers. comm. 

Gordon et al., 1993 

Gordon et al., 1996 

Wilkinson et al., 1997 

This study (Penney et al., 1998 in press) 

The 6th complementation group showed a much higher level of resistance to MBC. 

Two alleles were found in this complementation group, that were able to grow at 

MBC concentrations in excess of 10Otg/ml. This mutation was named mbcl to 

distinguish it from the other 5 complementation groups. 

It was hypothesised that there were therefore two different classes of mutant isolated 

in the screen. The low level MBC resistant mutants being subunits of the 26S 

proteasome, whilst the highly resistant mutant defined a separate class of mutant 
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which were resistant to MBC for an entirely different reason. The mechanism behind 

the resistance found in the 26S proteasome mutants was unknown as was the identity 

of the mutations in mts5-1 and mbcl-1. 

1.4.1 MBC 

MBC acts as an anti-mitotic agent, and is a common constituent of fungicides as it 

inhibits both cytoplasmic and mitotic spindle microtubule assembly of fungal 

tubulins without significant impairment to microtubules of the host organism. In 

yeast MBC inhibits microtubule assembly in vitro (Kilmartin, 1981). Screens to 

isolate mutations conferring MBC super-sensitivity in yeast have successfully lead to 

the cloning of the a-tubulin gene nda2 (Toda et al., 1984). The -tubulin gene nda3 

was cloned from a genomic library made from the MBC sensitive strain ben] 

(Hiraoka et al., 1984). 

1.4.2 General drug resistance 

The development of drug resistance to toxic compounds is a common phenomenon 

observed in diverse organisms. Resistance to toxic compounds can be due to a 

number of mechanisms including increased extrusion of the toxic substance from a 

cell, or decreased uptake. One mechanism for drug resistance involves the expression 

of membrane pumps which transport toxic compounds out of the cell or into the 

vacuole thus preventing inactivation of the drugs target. 

1.4.3 Multidrug resistance 

Resistance to a wide range of structurally and functionally unrelated drugs has been 

termed multidrug resistance (MDR) or pleiotropic drug resistance in S.cerevisiae. 

The development of resistance to anticancer agents during treatment is a major 

obstacle in the chemotherapy of cancer. Tissue culture studies have shown that 

resistance is caused by decreased accumulation of drugs in cells because of an energy 

dependent drug transport protein (for a review see Gottesman and Pastan, 1993). The 

usual pattern of cross resistance includes a large variety of cytotoxic agents that do 

not have a common structure or a common cytotoxic intra-cellular target. Reduced 

accumulation of drugs within the cell is achieved in most cell lines by a combination 
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of both increased drug efflux and decreased cell permeability (influx). It has been 

shown that increased expression of a cell surface phospho-glycoprotein, P-

glycoprotein, encoded by the mdr gene in humans and rodents, is necessary and 

sufficient for MDR in both cultured cells and animals, since it codes for the 

multidrug transporter which is responsible for both the increased drug efflux and 

decreased influx seen in MDR cells (for a review see Srivastava et al., 1996). Other 

non P-glycoprotein resistance mechanisms exist but the molecular basis and 

physiological significance of these mechanisms are not known. One question which 

has still to be fully answered is how a single integral membrane protein, the product 

of a single gene, can transport drugs and hydrophobic peptides with such a wide array 

of structures. 

The genetic determinants identified to date that are associated with MDR encoded 

gene products that can be arranged into 3 major classes. Interactions between the 

different classes are becoming apparent: 

Membrane proteins of the ATP-binding cassette (ABC) family 

Membrane proteins of the major facilitators superfamily (MFS) 

Factors involved in transcription regulation 

1.4.3.1 ABC Transporters 

This is a large family of membrane proteins which are conserved from bacteria to 

man. They all share a common architecture, possessing 2 hydrophobic domains each 

consisting of 6 trans-membrane spans; and 2 hydrophobic domains including a 

conserved cassette of —200aa's with an ATP binding motif. The energy for substrate 

transport comes from the hydrolysis of ATP. Examples include Mammalian P-

glycoprotein, CFTR chloride channel protein and Ste6p. Ste6p was the first ABC 

transporter described in S.cerevisiae. It is involved in the secretion of the pheromone 

a factor and involved in resistance to cycloheximide, oligomycin, chioramphenicol, 

benomyl, nocodazole, doxorubicin and trichoderm (Kuchler et al., 1989). Snq2p is 

another S.cerevisiae ABC transporter. This was the first one that had an established 
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role in MDR, conferring resistance to triaziquine and sulfomethuron (Mahe et al., 

1996). 

Pdr5p is the best characterised yeast pleiotrophic drug resistance ABC transporter, 

conferring resistance to cycloheximide and sulfomethuron methyl. A deletion of 

Pdr5p renders this strain sensitive to these drugs. Pdrlp And Pdr3p are transcription 

factors which transcriptionally control Pdr5p expression (Balzi et al., 1994) section 

1.4.3.3. 

1.4.3.2 MFS-type transporters 

These transporters share a common topology consisting of 2 6-transmembrane - 

helical segments separated by a dispensable central cytoplasmic loop which does not 

contain an ATP-binding cassette. So far the MFS drug transporters have been 

predominantly studied in prokaryotes (for a review see Lewis, 1994). Energy for 

substrate transport is produced by proton-motive force. Screening of the complete 

genome sequence of S.cerevisiae has revealed 28 open reading frames (ORF's) 

which are homologous to each other and to established bacterial members of the 

drug-resistant subfamily of the MFS. 5 of these ORF's have previously characterised 

functions as MDR pumps in S.cerevisiae and other yeasts (Goffeau et al., 1997). 

These 5 drug transporters have been characterised genetically and physiologically. 

All transport multiple drugs with different specificities (Paulsen and Skurray, 1993) 

and are outlined below: 

Atrip from S.cerevisiae transports aminotriazole and 4-nitroquinoline-N-oxide 

(Kanazawa et al., 1988; Gompelklein and Brendel, 1990). 

Sgelp renders S.cerevisiae resistant to crystal violet and ethidium bromide. 

Overexpression also confers resistance to acridine orange (Jacquot et al., 1997). 

The gene was originally isolated as a partial multicopy suppressor of the gall] 

mutation which also confers crystal violet resistance to a supersensitive strain 

(Ehrenhofer-Murray et al., 1994). This paper demonstrates that the SGEJ gene 

product is a member of the MFS family and confers pleiotropic drug-resistance 
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phenotype when present in high copy. The transporter has specificity to dye 

molecules possessing a large unsaturated domain. 

CYHR protein from Candida maltosa transports cycloheximide and other 

hydrophobic drugs (Ben-Yaacov et at., 1994). 

Bmrl protein from C.albicans transports benomyl and methotrexate (Fling et al., 

1991). 

Carl protein from S.pombe transports amiloride, an inhibitor of various sodium 

transporters, and cycloheximide. Disruption of this gene causes resistance, 

therefore it has been proposed to carry out an uptake function of an unknown 

substrate (Jia et al., 1993). 

1.4.3.3 Transcription regulators 

Multicopy overproduction of transcriptional regulatory proteins or gain of function 

mutations in their genes also result in resistance to a variety of toxic compounds. 

The PDR network is a complex series of interactions between transcription factors 

and drug transporters in S.cerevisiae. PDRJ and PDR3 encode transcription 

regulators, which were first shown to regulate the expression of the ABC transporter 

Pdr5p (Mahe et at., 1996). Pdrlp and Pdr3p responsive elements have also been 

found to control the transcription of the ATP-binding cassette transporter gene YOR] 

in S.cerevisiae (Halistrom and Moye-Rowley, 1998). Pdrlp and Pdr3p also control 

the expression of the transporter Pdr5p (Meyers et al., 1992). A further member of 

the PDR gene family encodes a member of the Hsp70 family of proteins and has been 

designated Pdrl3p. Overexpression of Prdl3p leads to increased YOR] and PDR5 

gene expression and a corresponding increase in drug resistance (Halistrom et at., 

1998). Pdrl3p requires the presence of both the PDRJ structural gene and Pdrlp 

protein. Data supports the hypothesis that Pdrl3p excerts its effect on Pdrlp at a post 

translational step, supporting the view that Pdrl3p influences drug resistance by 

enhancing the function of the transcriptional regulator protein Pdrlp. 

A second family of transcription regulators implicated in drug resistance is 

represented by proteins related to the mammalian proto-oncoprotein c-jun. (Vogt et 
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al., 1987) which is part of the mammalian transcription factor complex AP-1. Other 

members of the family are 3 S.cerevisiae regulators Gcn4p, Yaplp and Yap2p. 

Yaplp is the S.cerevisiae homologue of S.pombe Papi. 8 YAP proteins have been 

identified in S.cerevisiae. Members of the YAP family carry out overlapping but 

distinct biological functions (Fernandes et al., 1997). 

Yapip has a central role in the metabolic stress response and the acquisition of stress 

tolerance (Gounalaki and Thireos, 1994). Yap2p has homology to Yaplp. 

Overexpression of both Yaplp and Yap2p results in a drug resistant phenotype 

(Bossier et al., 1993). 

Recently a Candida albicans gene, CAP], has been identified which confers 

resistance to the azole derivative fluconazole (FCZ) when overexpressed in 

S.cerevisiae. CAP  is homologous to Yap ip, (1.4.4.1). Overexpression of CAP  in a 

Yap]z\ partially restores its ability to grow on certain drugs (Alarco et al., 1997). It 

was also shown that expression of a protein, Firip, predicted to be a multidrug 

transporter of the major facilitator superfamily is dramatically induced in S.cerevisiae 

overexpressing CAP! suggesting that this is a drug transporter target of 

CAP1/Yapip. Flrlp is therefore a new Yaplp controlled MDR molecular 

determinant in S.cerevisiae, and a similar pathway is likely to operate in C.albicans 

and S.pombe. 

Overexpression of Yaplp leads to diazaborine resistance in S.cerevisiae. This 

resistance is dependent on the presence of functional PDR] and PDR3 genes 

demonstrating for the first time a functional interaction between YAP-mediated gene 

regulation and the yeast PDR network (Wendler et al., 1997). Yaplp may act with 

Pdrlp and Pdr5p or activate an unknown target which acts on Pdrlp and Pdr3p. 

Yeast cells relocalise Yaplp from the cytoplasm to the nucleus after exposure to 

reactive oxygen (Kuge et al., 1997). This is consistant with Yaplp acting as a 

transcription factor since after stress it needs to be in the nucleus to transcribe genes 

important in resistance to stress. 
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1.4.4 Drug resistance in S.pombe 

For a good review of drug resistance in fission yeast see Baizi and Goffeau, (1994). 

1.4.4.1 The pap]' gene 

pap] was originally isolated as a plasmid capable of conferring staurosporine 

resistance when present in multiple copies in wild type S.pombe (Toda et at., 1991). 

pap] +, pombe AP-1 -like gene 1, contains a "leucine zipper motif' and a basic region 

which is similar to c-fos, and Gcn4p (Landschulz et at., 1988). The basic region of 

Papi resembles S.cerevisiae Yapip (yeast AP-1-like gene; Harshman et al., 1988; 

Moye-Rowley et al., 1989). Deletion of the pap] gene is not lethal, however pap] 

deleted cells grow slower than wild type cells and are sensitive to staurosporine 

(Toda et al., 1991). The activity of Papi has been shown to be controlled by the 

action of two genes, pad] and crmT'. 

1.4.4.2 The pad1 gene 

pad1 was isolated as a multicopy plasmid capable of conferring staurosporine 

resistance (Shimanuki et at., 1995). High copy levels of pad] were shown to induce 

transcriptional activation of the apt] gene which encodes for the p25 protein, and 

that the induction by pad]' is dependant on the presence of paplt The pad] gene 

isolated in this screen was shown to be truncated lacking amino acids at its C 

terminal end. This paper postulates that Padi can positively regulate Papi activity. 

The pad1 gene is essential, heterozygous pad] deletion diploids were sporulated and 

pad1::ura4 spores germinated and observed after 36 hours. Cells were elongated 

and had aberrantly folded chromosomes. This led to the hypothesis that Padi may 

play an important role in chromosome structure. 

1.4.4.3 The crm1 gene 

The crint gene was first isolated by Adachi and Yanagida, (1989) as a c.s. mutation 

which conferred deformed nuclear domains at the restrictive temperature. DNA, 

RNA and protein synthesis were shown to be reduced at the restrictive temperature 

while at the permissive temperature the amount of one particular protein, p25, greatly 

increased. This c.s. mutant was found to be resistant to protein kinase inhibitors 
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which was the first clue that Crml was involved in drug resistance. Crml was later 

shown to negatively regulate the S.pombe AP- 1 transcription factor Pap! (Toda et at., 

1992), where the drug resistance seen in c.s. crml mutations are suppressed by the 

deletion of the papt gene. 

Crml was isolated independently in a screen to isolate genes involved in resistance to 

leptomycin B (LMB). A genomic library made from a leptomycin B resistant strain 

was screened for plasmids capable of conferring LMB resistance (Nishi et al., 1994). 

Low concentrations of LMB were found to induce the accumulation of a 25KDa 

protein in wild type cells, identical to the c.s. crml mutant. This suggested that LMB 

primarily inhibits the function of the cnz1 gene. 

Crml has also been implicated in resistance to caffeine (Kumada et at., 1996) and 

Brefeldin A (Turi et at., 1994). The mechanism of this resistance is through Pap]. 

Crml is a negative regulator of Pap 1, therefore a mutation in the crml' gene 

enhances the activity of Pap!, but not expression levels (Shimanuki et at., 1995). 

The crml mutant isolated by Turi et at., (1994) in a screen for BFA resistance 

determinants was found to overexpress the Hba2 protein. Hba2 has significant 

homology to members of ATP-binding cassette super family of transport proteins 

such as Pdr5p and Snq2p. However the increased Hba2 expression is independent of 

the Papi transcription factor, therefore this is not the transcription factor that 

modulates hba2. This is evidence that multiple transcription factors are regulated by 

Crml (Turi and Rose, 1995). 

pap]' and crml' were also cloned in a screen for Brefeldin A (BFA) resistant and 

sensitive mutants in S.pombe (Turi et at., 1994). crml was identified as a dominant 

mutation in a screen for spontaneous BFA resistant mutants. Libraries were made 

from the BFA resistant strains identified in the spontaneous screen and these 

transformed into wild type S. pombe to identify genes that would confer BFA 

resistance when present in high copy. As both Papi and Crml were identified in 2 

screens which were both looking for genes involved in resistance, but to different 
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drugs this suggests that both genes are involved in a general drug resistance 

mechanism, possibly a multidrug resistance mechanism. It can also be hypothesised 

from this that there are likely to be multiple downstream targets of Pap 1 capable of 

conferring resistance to this variety of drugs. 

The Crml protein has recently been shown to be a component of the nuclear pore 

complex and to function as a nuclear exportin (Fernerod et al., 1997a; 1997b; 

Ossarren-Narzari et al., 1997; Stade et al., 1997), this will be discussed in more 

detail in the discussion. 

1.4.4.4 Drug transporters in S.pombe 

The hmt1 gene (Ortiz et al., 1995) was identified as a gene capable of rescuing a 

Cadmium sensitive S.pombe mutant. In vitro transport of radiolabeled substrates by 

the vacuoles indicated that HMT is an ATP-dependent transporter of phytocheletins, 

metal-chelating peptides involved in heavy metal tolerance of plants and certain 

fungi. The hmtl cDNA exhibits similarity to ABC transporters and has been shown 

to be localised to the vacuolar membrane (Ortiz et al., 1995). 

Amiloride resistant mutants identified in S.pombe at the car1 locus (Jia et al., 1993) 

contain mutations in a gene involved in amiloride transport. Amiloride inhibits 

sodium transport and the Carl protein belongs to a class of 12-transmembrane 

domain transport proteins which has sequence similarity to proteins from Candida 

albicans associated with resistance to methotrexate, benomyl and cycloheximide. 

Carl has been proposed to serve an uptake function perhaps transporting amiloride 

into the cell. 

A screen for Leptomycin (LMB) resistant mutants using a library constructed from an 

LMB resistant S.pombe strain, when present in high copy, isolated the pmd] gene. 

The Pmdl protein shares similarity with mammalian p-glycoprotein encoded by the 

MDR gene, mdr and S.cerevisiae Ste6p. Computer analysis showed that it has an 

intramolecular duplicated structure containing 6 trans-membrane regions as well as 2 

ATP domains, as observed in Ste6p and other members of the ABC transporter 
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family. S.pombe expressing high levels of Pmdl protein showed resistance to several 

cytotoxic agents. pmdl + deletions are viable but are sensitive to these agents (Nishi et 

at., 1992). 

The sts] gene was identified by supersensitivity mutations to staurosporine. sts1 

encodes a putative membrane associated protein 26% similar to the chicken lamin B 

receptor which contains a similar hydrophobicity pattern consisting of 8-9 putative 

transmembrane domains. The sts1 gene is non-essential for cell viability but 

disruptants are sensitive to staurosporine, caffeine, chloramphenicol, sorbitol and 

SDS (Shimanuki et at., 1992). 

NO is an ABC transporter in S.pombe which has homology to Ste6p and 

mammalian p-glycoprotein. It confers resistance to Leptomycin B, cycloheximide, 

valinomycin and staurosporine (Nishi et at., 1992). 

The bfr1 gene was isolated as a multicopy plasmid capable of conferring resistance 

to brefeldin A (BFA). The protein displays a similar structure to mammalian p-

glycoprotein, Snq2p and Pdr5p having an intramolecular folded structure, each half 

containing a single ATP-binding consensus sequence and a set of 6 trans-membrane 

segments. S.pombe expressing a multicopy bfr1 gene are resistant to actinomycin D, 

cerulenin, cytochalasin B and BFA. bfr] is not essential, but a deletion of this gene 

renders S.pombe sensitive to the above drugs (Nagao et at., 1995). 

1.5 	Project aims 

1.5.1 Characterisation of mts5-1 

The screen for fission yeast resistant to the microtuble destabilising drug MBC and 

temperature sensitive for growth has isolated mutations in genes encoding the 26S 

proteasome subunits Mtsl (C. Gordon pers. comm.), Mts2 (Gordon et at., 1993), 

Mts3 (Gordon et at., 1996) and Mts4 (Wilkinson et al., 1997). A fifth mutant, mts5-

1, was available for further study. Analysis of this mutant would involve assessing 

whether it could contain a mutation in an as yet unidentified 26S proteasome subunit. 
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Phenotypic analysis of mts5- 1, would reveal whether it has a similar phenotype to 

other the t.s. 26S proteasome mutants, indicating that it may have a mutation in a 26S 

proteasome subunit, for example a metaphase arrest phenotype and increased 

ubiquitin conjugates. If this should prove to be the case the gene mutated in this 

strain would be cloned and the gene isolated shown to be the gene mutated in mts5-1 

by homologous integration. In vitro experiments would then be undertaken to 

formally show that the product of this gene is a subunit of the 26S proteasome. 

1.5.2 Characterisation of mbcl-1 

A second mutant isolated in the MBC resistant t.s. screen, mbcl-1, was available for 

further study. This mutant had been identified in the same way, but was later shown 

to be resistant to higher levels of MBC than the other mutants which had been shown 

to contain mutations in 26S proteasome subunits. The mechanism behind the drug 

resistance of the proteasome mutants was unknown, and it was thought that this 

mutant may define a separate class of mutant which may reveal why 26S proteasome 

mutants are resistant to MBC. 
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CHAPTER 2 Materials and Methods 

2.1 	Commonly used reagents and buffers 

Most of the methods used in this work are described (Sambrook et at., 1989). All 

chemicals were of analytical grade and were bought from Sigma, British Drug 

Houses (BDH), Gibco-BRL, Fisons or Pharmacia. H20 refers to distilled autoclaved 

water. Eppendorf tube refers to a 1 .5rnl centrifuge tube, except where stated. High 

speed centrifugation in eppendorf tubes refers to a bench-top eppendorf centrifuge 

5415C at 14000rpm. 

Tris.Cl 

Tris base (tris[hydroxymethyl]aminomethane, Sigma T-1503) was dissolved in H20 

and the pH adjusted to the required value by the addition of HC1. 

EDTA 

A stock solution of 0.5M EDTA (ethylenediaminetetra-acetic acid di-sodium salt, 

Fisons D-0452) was made by dissolving solid EDTA in H20, adjusting the pH to 8.0 

with NaOH and adding water to the required volume. 

TE 

A buffer solution comprising 10mM Tris.Cl (pH7.5) and 1mM EDTA. 

Phenol 

For work with DNA and proteins, phenol (Fisons, P-2360) was pre-equilibrated with 

1M Tris.Cl (pH7.5), followed by equilibration with TE buffer. In order to retard 

oxidation of the phenol solution, 0.1% (w/v) hydroxyquinoline (Sigma, H-5876) was 

added. The equilibrated phenol was stored at 4°C in the dark. 

Chloroform 
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Chloroform (BDH 10077) refers to a 24:1 (V/V) mixture of chloroform and isoamyl 

alcohol (Sigma, 1-1381). 

Sodium acetate 

Sodium acetate was dissolved in 1120, the pH adjusted to 5.2 with acetic acid and 

1120 added to a final concentration of 3M. 

Ethidium bromide 

Ethidium bromide (Sigma, E-875) was dissolved as a stock solution of 10mg ml-1  in 

1120 and stored at 4°C in the dark. For use in agarose gels, 5jt1 was added to lOOmi of 

molten agarose. 

Loading buffer 

A lOx stock of loading buffer for gel electrophoresis of nucleic acids was prepared 

and stored at room temperature: 

40% glycerol, 1% (w/v) orange G (Sigma, 0-1625), 10mM EDTA 

TBE 

TBE was made up as a 20x stock, autoclaved and stored at room temperature: 

stock 

1.78M Tris base 

1.78M boric acid 

20mM EDTA 

H20 

216g 

1 lOg 

0.5M 	40m1 

to 1 litre 

TAE 

TAE was made up as a 20x stock solution and stored at room temperature: 

stock 

0.8M Tris base 
	

96.4g 
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HOAc 
	

22.8m1 

0.5MEDTA 	 40m1 

H20 
	

to 1 litre 

2.2 	Nucleic acid manipulations 

2.2.1 Dissolving and storage 

All DNA was dissolved in H20 and stored at -20°C. 

2.2.2 Extraction with phenol-chloroform 

Proteins were removed from solutions containing DNA and RNA by extraction with 

an equal volume of a 1:1 mixture of phenol and chloroform. Traces of phenol were 

removed by an extraction with chloroform. Extractions were carried out by adding a 

volume of phenol-chloroform equal to that of the nucleic acid solution. The two 

solutions were mixed thoroughly by vortexing to form an emulsion and then 

separated by high speed centrifugation for 2 minutes at room temperature. The 

aqueous phase was then transferred to a fresh tube, carefully avoiding protein at the 

interface of the two phases, and the nucleic acids recovered by precipitation. 

2.2.3 Precipitation of nucleic acids 

DNA was precipitated by the addition of 1/10th volume of 3M sodium acetate 

(pH5.2) and 2 volumes of ice cold ethanol. The solution was mixed thoroughly by 

vortexing, cooled at -70°C for 15 minutes and the nucleic acids pelleted by 

centrifugation for 15 minutes at 4°C. Following precipitation, salt was removed by 

washing the nucleic acid pellet in lOOp! of 70% (v/v) ethanol. The pellet was air 

dried and then redissolved in H20- 

2.2.4 Quantification of nucleic acids 

DNA prepared by bulk methods was quantified by spectrophotometry. This involved 

taking an absorbance reading at a wavelength of 260nm. An A260  of 1.0 corresponds 

to approximately 50jig m1' for double-stranded DNA, 40pg m1 1  for RNA and 33.tg 
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ml-1 for single-stranded DNA such as oligonucleotides. DNA prepared by polymerase 

chain reaction (PCR) or by purification following restriction enzyme digestion can be 

quantified by ethidium bromide staining after agarose gel electrophoresis. Ethidium 

bromide binds proportionately to DNA by intercalation, and fluoresces under UV 

light. The nucleic acid sample is run through an agarose gel containing ethidium 

bromide at 0.5pg m1 1, in parallel with a nucleic acid of known concentration (usually 

molecular weight markers), and visualised on a UV trans-illuminator. The amount of 

DNA present can calculated from the relative staining intensities of the bands. 

2.2.5 Plasmid vectors 

pREP1/pREP41/pREP81/pREP3X 

These belong to a family of yeast shuttle vectors based on the thiamine repressible 

nmtl promoter from fission yeast (Maundrell, 1990). The promoter and 

polyadenylation signal of the nmtl gene are used to permit thiamine-mediated control 

of transcription of cloned genes (Maundrell, 1993). These vectors contain the 

S.cerevisiae LEU2 gene and the S.pombe ars origin of replication. They are 

maintained extrachromosomally at a high copy number. The polylinker contains 

Nde1, Sail, Bamifil and Smal. In minimal medium containing no exogenous thiamine, 

the nmtl promoter is fully de-repressed allowing high levels of expression of cloned 

genes. Thiamine added to the medium is sequestered in the cells resulting in a rapid 

rise in the intracellular thiamine concentration and concomitant repression of nmtl 

transcription (Tommasino and Maundrell, 1991). Despite repression in the presence 

of 4tM thiamine, there is still some residual activity from this promoter (Maundrell, 

1993). The pREP41 and pREP81 vectors are identical to pREP1 except that they 

carry TATA box mutations which result in lower levels of expression from the nmtl 

promoter (Basi et al., 1993) (see Table 2.1). pREP3X was used in the construction of 

the cDNA libraries used in this work, and was a gift from Chris Norbury. 

pUC based plasmids 

The pUC-based plasmids are used for the manipulation of foreign genes in E.coli 

(Vieira and Messing, 1982). They contain the pBR322 derived ampicillin resistance 
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TABLE 2.1 (adapted from Basi et al., 1993) 

Characteristics of the pREP 1, pREP41 and pREP8 1 vectors and their relative 

promoter strengths under inducing and repression conditions. 

Characteristics of the pREP!, pREP41 and pREP81 vectors and their relative 

promoter strengths under inducing and repressing conditions 

Vector 	 TATA box 	Relative promoter activity' 

-thiamine 	+thiamine2  
pREPI 	 ATATATAAA 	 80 	 1 

pREP41 	 ATAAA 	 12 	 0.06 

pREP8I 	 AT 	 1 	 0.004 

1  Relative promoter activity was measured as chioramphenicol acyl transferase 

(CAT) activity. 	 . 
2  Thiamine was prepared in H20 and stored in the dark. It was added to a final 

concentration of 4pM. 
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gene and origin of replication and a polylinker inserted into the E.coli lacZ gene. 

Non-recombinant plasmids are able to synthesise the enzyme 13-galactosidase which 

breaks down the X-gal to release a blue pigmented derivative. In recombinant 

plasmids the lacZ gene is interrupted by foreign DNA resulting in a failure to 

produce this blue pigment, resulting in white colonies. The vector pBluescript KS 

(pKS) (Stratagene, 212208) is a pUG based plasmid used in this project. 

pASI-CYH (pAS2) 

This vector was used extensively for work with the yeast 2-hybrid system (Fields and 

Song, 1989). It contains the N-terminal (amino acids 1-147) DNA-binding region of 

the S.cerevisiae GALA transcription factor fused to the haemaglutinin (HA) epitope 

under the control of the ADH promoter: In addition it contains the TRPJ gene as an 

auxotrophic marker, and the CYH2 gene which confers susceptibility to the protein 

synthesis inhibitor cycloheximide. Genes can be cloned in frame with the HA epitope 

and expressed as fusion proteins. Fusion proteins can be detected on western blots 

using the 12CA5 anti-HA antibody (Boehringer). 

pACTII 

pACTII was also used for the 2-hybrid system. This vector contains the S.cerevisiae 

GALA activation domain (amino acids 768-881) expressed from the ADH promoter 

and fused to the HA epitope. Genes can be cloned in frame downstream of this 

epitope. Instead of the TRP2 gene, pACTII contains the LEU2 marker. 

pET6H 

This vector is derived from the expression vector pET1 1D and contains 6 copies of 

the histidine codon which, when fused in frame to the gene of interest and expressed 

in bacteria, results in the addition of a histidine tag. This can then be used for 

purification of the protein through a nickel agarose column. 

pGEX 
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The expression of polypeptides in frame with glutathione S-transferase (GST) allows 

the purification of fusion proteins from crude bacterial extracts under nondenaturing 

conditions by affinity chromatography on glutathione agarose. The vector used 

routinely in this work to express GST fusion proteins is pGEX-KG (Guan and Dixon, 

1991). It has a modified glycine rich linker to facilitate the cleavage of the fusion 

protein from GST by thrombin. This allows the cleavage of fusion proteins while 

they are still attached to the affinity resin, resulting in a single step purification of the 

recombinant protein. pGEX-KG has a multiple cloning site allowing the protein to be 

inserted in frame 3' to the GST tag, to produce a fusion protein with the GST tag at 

the N terminus of the protein. The vector also incorporates the T7 IPTG inducible 

promoter to allow regulated expression of the fusion protein. 

pALTER-1 

pALTER-1 is part of the Altered sites in vitro Mutagenesis system (Promega Q6210) 

which allows the mutagenesis of single bases within genes cloned into the multiple 

cloning site of this vector. pALTER contains two genes for antibiotic resistance. One 

of these genes, for tetracycline resistance, is always functional. The other, for 

ampicillin resistance, has been inactivated. An oligonucleotide is provided which 

restores ampicillin resistance to the mutant strand during the mutagenesis reaction. In 

the mutagenesis reaction two oligos are used, the first is designed to complement the 

cloned gene, but with a few mismatch bases which will create the desired mutation, 

and the second is the ampicillin repair oligo. Using these two oligos in a synthesis 

and ligation reaction, using single stranded pALTER as a template, a mutant strand is 

synthesised. This mutant strand has a mutation in the cloned gene and a restored 

ampicillin resistance gene. This second feature allows the identification of these 

mutant vectors after transformation into E.coli since they will be ampicillin resistant 

unlike the original unmutagenised template PALTER. 

rwiu 
This vector is convenient for the construction of gene libraries since it has a XcI 

repressor gene into which DNA fragments can be cloned. Positive selection for 
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insertion of cloned DNA is possible since inactivation of Xci allows expression of the 

tetracycline resistance gene which is fused to the XPR promoter (Wright et al., 1985). 

pWH5 also carries the S.cerevisiae LEU2 gene to select for uptake of the plasmid in 

S.pombe leul.32 strains. 

pQE6O 

High level expression of 6xllis-tagged proteins in E.coli was achieved using the 

QiAexpress vector pQE60 (Qiagen). Fusion proteins can be easily purified using 

nickel-nitrotriacetic acid (Ni-NTA) metal affinity chromatography matrices which 

have a high affinity for fusion proteins which have been tagged with 6 consecutive 

histidine residues (6xHis tag). pQE60 produces a 6xllis-tag fusion at the C-terminus 

in-frame with the translated protein. 

2.3 	Molecular analysis of nucleic acids 

2.3.1 Restriction enzyme analysis 

Restriction enzymes were used to cut DNA according to the manufacturer's 

instructions. The Boehringer restriction enzyme buffer system was used. Routinely, 

1-5 jig of DNA was incubated with 10 Units of restriction enzyme and the appropriate 

buffer in a final volume of 20jil at 37°C for 1-15 hours. 

2.3.2 Dephosphorylation of DNA 

In order to prevent the self-ligation of vectors, the 5' phosphate was removed by 

alkaline phosphatase treatment. Linearised vector DNA was cleaned by extraction 

with phenol-chloroform followed by ethanol precipitation. The pellet was 

resuspended in TE and treated with calf intestinal alkaline phosphatase (CIP) 

(Boehringer) according to the manufacturer's instructions. 

2.3.3 Ligations 

Ligation of DNA with cohesive termini was performed using T4 DNA ligase 

(Boehringer. 862509) and ligation buffer. Routinely between lOOng-ijig DNA was 

(LV. 
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ligated with lunit of ligase (lunit/jil) in a total volume of 20tl. Ligation reactions 

were incubated for 1 6hrs at room temperature. Ligation of blunt-ended termini was 

achieved by incubation with a ten-fold excess of DNA ligase and was carried out at 

16°C. 

2.3.4 Agarose gel electrophoresis of DNA 

Electrophoresis of DNA through 0.8%-1.2% agarose gels was used to separate DNA 

fragments ranging in size from lOObp to 20kb. The appropriate amount of agarose 

was dissolved in 1xTAE or TBE buffer. Once the gel had cooled sufficiently, 

ethidium bromide was added to a final concentration of 0.5jtg ml-1. The length of 

time for which the gel was run was dependent on the size of the DNA fragments to 

be separated. Size markers were used on all gels and were either bacteriophage 

lambda DNA digested with Hindffl, OX174 DNA digested with Haeffl or a 1kb 

ladder (Gibco-BRL, 5615SA). 

2.3.5 Purification of DNA fragments 

DNA fragments of between 300bp and 3kb were purified from agarose gels by means 

of two commercially available kits: Wizard Clean-up kit (Promega) and QlAquik gel 

extraction kit (Quiagen). Manufacturer's instructions were followed routinely. 

2.4 	Polymerase Chain Reaction 

2.4.1 General PCR methodology 

The polymerase chain reaction (PCR) is a technique for the amplification of DNA 

fragments from genomic or plasmid DNA. Amplification was performed for 35 

cycles using bOng of chromosomal DNA or 1-10ng of plasmid DNA with the 

Promega Taq polymerase and buffer system (M1861) in a Hybaid omnigene 

machine. Programmes were as follows: 

94°C 	3 minutes 	(initial denaturation) 1 cycle 

510C* 	30 seconds 	(annealing) 
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72°C 1-2 minutes (elongation) 	35 cycles 

92°C 30 seconds (denaturation) 

5 1°C 30 seconds (annealing) 	1 cycle 

72°C 5 minutes (final extension) 

* Annealing temperatures varied depending upon the melting temperatures (Tm) of 

the primers. Details of all primers used throughout this project and the conditions for 

each individual reaction are shown (Appendix A). 

Reaction mixtures were as follows: 

Template DNA 1-10ng 

'Primer 1 ijil of lOOng/pi 

Primer 2 1tl of lOOng/pi 

lOx reaction buffer 5pi 

M902 (25mM) 4.pi 

dNTPs (10mM) 2il 

Taq. polymerase 0.5jtI 

1120 to 5Opi 

Each reaction was overlaid with 50jtl of PCR grade mineral oil (Sigma, M-3516) to 

prevent evaporation. 

10ligonucleotides used as primers in PCR reactions were synthesised by the MRC 

oligonucleotide synthesis service. Prior to use they were purified from ammonium 

stock, eluted in water and the DNA concentration measured by spectrophotometry 

(section 2.2.4). 

2.4.2 PCR from bacterial colonies 

This was based on the method of Maskell et al., (1993) and involved the boiling of a 

bacterial colony in 50pi H20 for 5 minutes, rapid cooling on ice for 5 minutes and 
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spinning to remove cellular debris. 10111 of the supernatant was then used in a 50jil 

PCR reaction. 

2.4.3 PCR from yeast patches 

The procedure, based on the method of Ling et al., (1995), was used. Zymolyase was 

utilised as a means of degrading the cell wall of the yeast cells. The colony or patch is 

touched with the tip of a disposable pipette and rinsed in lOtl of incubation solution: 

1.2M sorbitol, 100mM NaPO4  (pH7.4), 2.5mg/mi' Zymolyase. This is incubated at 

37°C for 5 minutes after which 2tl of this mix is used in a 50tl PCR reaction. 

2.5 	DNA sequencing 

DNA sequencing was carried out using the chain termination method (Sanger et al., 

1977). 

2.5 .1 35S dATP sequencing 

This was performed on two types of template: 

Double-stranded plasmid DNA 

PCR-generated double-stranded DNA fragments 

2.5.1.1 Sequencing of double-stranded plasmid DNA 

This was carried out using the Sequenase version 2.0 kit (USB). 4jig of plasmid 

DNA in 20jil of H20 was denatured by adding an equal volume of 0.2M 

NaOH/0.02M EDTA (pH8.0) and incubating at 37°C for 5 minutes. The DNA was 

precipitated by the addition of 4t1 of 3M NaOAc (pH 5.2) and 80p.l  of ice cold 

absolute ethanol followed by cooling at -70°C for 15 minutes and centrifugation at 

4°C for 15 minutes. The pellet was washed with 70% ethanol, air dried and 

resuspended in 7111  H20. To this was added 2111  of 5x sequenase buffer and 1111  of 

primer (lOng/j.tl). After incubation at 37°C for 10 minutes, the following was added: 

0.1MDTT 	1111 

1[a-35S] dATP 	0.5111 
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labelling mix 	2t1 (USB kit stock diluted 1:8 in H20) 

T7 polymerase 	2p1 (diluted to 1.5U/pl in dilution buffer) 

1  [a-35S] dATP: Amersham 37.0 Mbq 1 .00mCi; 10pCi / p1 

The mixture was incubated at room temperature for 5 minutes. 3.5 p1 was then added 

to 2.5tl of each termination mix (pre-warmed at 37°C) and incubated at 37°C for 5 

minutes. 4t1 of formamide stop mix was added and the samples left on ice until 

ready to run on the gel. 

2.5.1.2 Sequencing of PCR-generated double-stranded DNA 

This method was adapted from Winship et al., (1989) and the standard Sequenase 

protocol. It allows direct sequencing of PCR amplified DNA by using one of the pair 

of primers, used for the PCR reaction, as a primer for the sequencing reaction. The 

appropriate PCR reaction was carried out to generate sufficient DNA (1tg/reaction). 

The reactions were purified as described (section 2.3.5). The DNA was resuspended 

in 6jil of H20. To the DNA was added ipi DMSO, ipi primer (3.2pmol/pi) and 2t1 

5x Sequenase buffer (200mM Tris.C1 pH7.5, 100mM M902,  250mM NaCl). The 

mixture was boiled for 3 minutes and snap-frozen in liquid N2. The 4 termination 

mixes were prepared by adding 0.5t1 DMSO to 2p1 of each ddNTP mix in separate 

eppendorf tubes. The labelling mix was prepared by the addition of ijil 0. 1M DTT, 

2j.il labelling mix (7.5pM dCTP, dGTP and dTTP), ipi U_[35S]  dATP and 3 Units T7  

DNA polymerase to the denatured DNA as it was thawing from the liquid N2. The 

reaction was mixed and immediately evenly divided evenly between the four 

termination mixes. Following incubation of the termination mixes at 37°C for 5 

minutes, 4p1 of formamide 'Stop' solution was added and the reactions were left on 

ice or stored at -20°C until required. 

2.5.1.3 Polyacrylamide gel electrophoresis of 35S labelled DNA samples 

This was carried out using the BRL sequencing system. The plates were cleaned 

thoroughly with a mild detergent, rinsed with distilled water and wiped with 70% 
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ethanol. One of the plates was treated with di-chioro di-methylsilane (BDH, 63216 

4J) to facilitate easy removal of the gel. Spacers were inserted between the plates and 

the apparatus was clamped and laid almost horizontally. 

The gel was made by measuring lOOmi sequencing acrylamide (40%: 0.8% 

mono:bis-acrylamide) (National Diagnostics, 13456) and adding 0.5m1 freshly made 

10% Ammonium persulphate (Sigma, A-9164) and 50pi of TEMED (N,N,N',N'-

tetramethylethylenediamine (Sigma, T-8133) and mixed. The rapidly polymerising 

solution was poured into the gap between the plates until the acrylamide began to 

drip from the bottom. At this point the gel was laid flat, the comb inserted to form a 

loading well and the gel then left to set for 30 minutes. Once set, the gel was clamped 

in place, and both top and bottom tanks were filled with TBE buffer. The loading 

well was flushed out, and the denatured DNA samples (90°C for 3 minutes) were 

loaded. The gel was then left to run at a constant power setting of 65 Watts for 3 

hours. Once run, the gel was transferred to a pre-cut sheet of 3MM Whatman paper, 

covered with Saran Wrap and dried on a vacuum gel dryer. When dry, the gels were 

exposed to X-ray film for between 2-24 hours at room temperature then processed. 

2.5.2 Fluorescent dye sequencing 

A more convenient approach to sequencing was to label plasmid or PCR-generated 

DNA with fluorescent dNTPs and sequence it automatically using an Applied 

Biosystems automated sequencing machine 373A. The method was performed 

according to the manufacturer's instructions. Typically, lOOng PCR-generated 

double-stranded DNA or ljig of double-stranded DNA was labelled using an ABI 

Dydeoxyterminator cycle sequencing kit (ABI 401113). This was carried out in a 

PCR machine. Since only a single primer is used, DNA templates are linearly 

amplified. Each of the dideoxynucleotides was labelled with a different fluorescent 

dye and so the four chain termination reactions were carried out in the same tube and 

electrophoresed simultaneously. Once run, the data was analysed using Applied 

Biosystems 373A software. 

56 



2.6 Protein manipulations 

2.6.1 SDS-PAGE analysis of proteins 

Discontinuous SDS-polyacrylamide gels (Laemmli, 1970) were used for the 

separation of proteins under denaturing conditions. Gels were poured using the Mini-

Protean II dual slab cell for miniature polyacrylamide gels (BioRad, 165-2940). The 

gel comprised a resolving (lower) gel and a stacking (upper) gel, the latter of which 

acts to concentrate large sample volumes, resulting in better resolution. The gel 

apparatus was set up and filled with resolving gel monomer solution'. This was 

immediately overlaid with H20 and allowed to polymerise. Once this had been 

achieved, the 1120 was removed and the stacking gel monomer solution  was 

immediately poured on top, the comb was fitted and the acrylamide was left to 

polymerise. Once polymerised, the gel apparatus was fitted into the buffer tank which 

was filled with Tris-glycine running buffer3. 

Protein samples which had been denatured by boiling in 2x SDS loading buffer4, 

were loaded onto the gel along with 3il pre-stained molecular weight 'Rainbow 

markers' (Amersham RPN796). The gel was run at 150-200 volts. The gel was 

removed from the glass plates and stained with Coomassie brilliant blue dye (Bio-

Rad, 161-0400)5 for 10 minutes. Excess stain was discarded and the gel was 

destained overnight in methanol destain solution 6. The destained gel was dried onto a 

piece of 3MM Whatman paper at 80°C under vacuum. 
1  Resolving gel monomer solutions 

7.5% 10% 12% 

distilled water 4.85m1 4.05m1 3.35m1 

1.5M Tris.Cl pH 8.8 2.5m1 2.5ml 2.5m1 

10% SDS lOOpi lOOpi 100RI  

30/0.8% acrylamide 2.5m1 3.3m1 4.Oml 

10% APS 50pi 50pi 50pi 

TEMED 5pi 5Ll 

Total Monomer lOmi lOml lOmi 
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2 Stacking gel monomer solution 3 Tris glycine buffer, pH 8.3 

4% 25mM Tris 

Distilled H20 	6.lnil 250m1v1 glycine 

0.5M Tris.C1 pH6.8 	2.5m 0.1% SDS 

10% SDS 	 100iI 

30%/0.8% acrylamide 	1.3m1 

10%APS 	 50il 

TEMED 	 10.il' 

Total monomer 	lOml 

'SDS-loadlng buffer (2X) stock 50m1 

62.5mM Tris.Cl pH 6.8 0.5M 6.25m1 

2% (w/v) SDS 10% lOmi 

2% (v/v) 3-mercaptoethano1 imi 

10% 	glycerol 50% lOml 

0.1% 	bromophenol blue 1% 5m1 

1120 17.75m1 

Coomassie brilliant blue dye solution 	6 Methanol  destain solution 

0.1% (w/v) Coomassie blue dye 	 5% methanol 

50% methanol 	 7% acetic acid 

10% acetic acid 

2.6.2 Western blot analysis 

Western blotting was carried out using the Millipore graphite electroblotter system-

type H (MBBDGE002). 

2.6.2.1 Transfer 

Samples to be blotted were separated by SDS-PAGE and the gel was equilibrated in 

cathode buffer'. The gel was laid on a piece of nitro-cellulose (Schleicher and 

Schuell, BA83 0.2jim, 401396), which had been cut to the same size and soaked in 
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No.23. This was laid on top of three sheets of Whatman 3MM paper. The bottom two 

of which had been soaked in anode buffer No. 12  and the third soaked in anode buffer 

No.23. On top of this was placed 3 sheets of 3MM paper which had been cut to the 

same size as the gel and also soaked in cathode buffer. Air bubbles were removed 

from the 'sandwich' by rolling with a glass pipette. Any trapped air bubbles would 

affect transfer of the proteins. A current of 2.5mA/cm2  of filter paper was passed 

through the apparatus for 40 minutes. Transfer was shown to be complete by 

observing that the molecular weight markers had transferred to the membrane. 

1  cathode buffer 	0.025M Tris pH9.4 

0.04M glycine 

20% methanol 

2  anode buffer No.1 0.3M Tris p1110.4 

20% methanol 

3 anode buffer No.2 0.024M Tris, pH 10.4 

20% methanol 

2.6.2.2 Blotting, standard protocol. 

The filter from 2.6.2.1 was blocked by immersion in blocking solution' for lhr at 

room temperature. The primary antibody was added at the appropriate dilution in 

blocking solution containing 0.02% sodium azide, and the filter was incubated 

overnight with agitation at room temperature. The next day the 1°  antibody was 

removed and stored, and the filter was washed three times in TBST2  for 10 minutes 

each time. The horse-radish peroxidase-conjugated (HRP) 2° antibody was added at a 

1/2000 dilution in TBST and the filter was incubated for 1 hour at room temperature. 

The filter was again washed three times for 10 minutes each time with TBST. The 

filter was developed using the ECL system (Amersham, RPN190) according to 

manufacturer's instructions. 
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1 Blocking Solution Dried milk 	5% 

Tris.Cl pH 7.5 	25mM 

NaCl 	 50mM 

(NaN3 	 0.02%) 

2 TBST 	 NaCl 	 150mM 

Tris pH 8.0 	20mM 

Tween-20 	0.05% 

2.6.2.3 Blotting, alternative protocol for use with anti-His antibody (Qiagen). 

The protocol is identical to 2.6.2.2 with the following alterations: 

Blocking was performed in 3% Bovine serum albumin in TBS1  and incubation with 

the primary antibody was performed in this. The secondary antibody was added in 

10% milk TBS1  and filters were washed once in TBST and twice in TBS for 15 

minutes each. 

2  TBST 	 NaC1 150mM, Tris pH 8.0 20mM 

2.6.2.4 Antibodies Used 

Anti Mts4 polyclonal (Wilkinson et al., 1997) 1:10,000 

Anti Ubiquitin (Daco Z0658) 1:2000 

Anti p25 (Toda etal., 1992) 1:2000 

Anti Pap 	(Toda etal., 1992) 1:500 

Anti His (Qiagen 34660) 1:2000 

Anti HA (monoclonal cell lysate) 1:100 

Anti actin (Amersham N350) 1:2000 

Anti Mts2 (Gordon et al., 1993) 1:2000 
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2.6.3 Protein Purification 

2.6.3.1 Purification of GST fusion proteins from E.coli 

An 800m1 culture of BL21pLysS containing the GST protein fusion construct were 

grown to an 0D595  of approximately 0.7 at 30°C. The culture was induced with 

0.5niM IPTG at 20°C for 4 hours. Cells were subsequently harvested and 

resuspended in 30 ml resuspension buffer'. Cells were frozen on dry ice and thawed 

at room temperature and sonicated (2-3 15 second bursts) to lyse cells. Proteins were 

allowed to solubilise for 60 mins on a rotary wheel at 4°C. Insoluble proteins were 

spun out and the supernatant was subsequently mixed with 800jil of a 50% slurry of 

glutathione sepharose beads (Pharmacia) which had been prepared by washing beads 

once in TBS and resuspended to make a 50% slurry in buffer'. GST fusion proteins 

were allowed to bind to the beads by incubating at 4°C for 60 mins on a rotary wheel. 

Beads were recovered by spinning at 300rpm on a bench top centrifuge and the 

supernatant carefully removed without disturbing the beads. Beads were washed 3 

times in buffer' in the same manner. 

The GST fusion protein was either removed from the beads by either: 

cleavage of the GST by thrombin: 10il thrombin plus 190j.ii TBS was added to 

the GST-protein beads and incubated on a rotary wheel at room temperature for 2 

hours. Beads were spun down and the supernatant containing pure cleaved protein 

was removed 

Elution with Glutathione: 200i1 of glutathione elution buffer (10mM Glutathione, 

50mM Tris HCl pH8.0) was added to the beads and incubated at room 

temperature for 10 mins on a wheel. This was repeated a number of times to elute 

as much GST fusion protein as possible. 

1 	Tris pH7.5 50mM 

NaCl 100mM 

Glycerol 10% 
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Triton 	1% 

Complete Tablet (Bohringer 1697498) 

2.6.3.2 Purification of insoluble 6xHistidine fusion proteins from E.coli 

An 800m1 culture of BL21pLysS was grown to an 0D595  of approximately 0.7 at 

30°C. The culture was induced with 0.5mM JPTG at 20°C for 4 hours. Cells were 

subsequently harvested and resuspended in 30 ml resuspension buffer'. Cells were 

frozen on dry ice and thawed at room temperature and sonicated on ice to lyse cells. 

This lysate was spun down and insoluble proteins in the pellet solubilised in 30ml 

1M urea buffer2. The pellet was solubilised overnight at 4°C. Soluble 6xllistidine 

fusion proteins were subsequently purified by binding to Ni2tNTA agarose beads 

(Qiagen 30210). Beads were prepared by washing once in dH20 and once in buffer2. 

The beads were resuspended in buffer2  to make a 50% slurry, and 400.t1 added to the 

solubilised protein. Beads were bound to the tagged protein for 4 hours rotating at 

4°C. Beads were subsequently washed twice in buffer2  to remove unbound protein 

and then eluted using 200 j.il buffer3. 

Purified protein was then dialysed, to remove urea and imidazole, against buffer4. 

The concentration of urea was reduced in 0.2 increments every 4 hours. Purified 

protein was placed in 0.5mm dialysis tubing which had been boiled. Dialysis was 

performed in ilitre of buffer stirring in an ice bucket at 4°C. 

The concentration of purified dialysed protein was determined on a coomassie gel 

and concentrated to desired concentration using microcon microconcentrators 

(amicon 42407). 

1 	Tris pH 8.0 	50mM 

NaCl 	 300mM 

Imidazole 	20mM 

PMSF 	 0.5mM 
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2 	Urea 1M 

Tris pH 8.0 50mM 

NaCl 300mM 

Glycerol 10% 

Triton 1% 

Imidazole 20mM 

DTTa 0.5mM 

Urea 1M 

Tris pH 8.0 50mM 

NaC1 300mM 

Glycerol 10% 

Triton 1% 

Imidazole 300mM 

DTTa 0.5mM 

Urea 	 0.8mM-OmM 

Tris pH 8.0 	50mM 

NaCl 	 300mM 

DTTa 	 0.5mM 

a 	DTT was dissolved in 1120 and stored at -20°C. 

2.6.3.3 Preparation of protein extracts from fission yeast 

This method produces total non-denatured fission yeast protein extracts which were 

used for western blots. 200ml cultures in mid-exponential phase (0D595  0.5 - 1.0) 

were harvested in four tubes (2500rpm for 5 minutes). The supernatants were 

discarded and each cell pellet was resuspended in 100p 1 of cell lysis buffer' and 

transferred to an eppendorf tube. Acid washed glass beads (0.5mm, Sigma G-9268) 

were added to just below the meniscus of the liquid. Cells were broken by vigorous 

vortexing for 30 seconds followed by 30 seconds on ice, over a 15 minute period. 
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Cells were pelleted by centrifugation at high speed for 5 minutes at 4°C. The 

supernatant was removed to another eppendorf tube and the insoluble debris pelleted 

by centrifugation for 15 minutes at 4°C. Supernatants were transferred to a clean 

eppendorf tube and stored at -70°C. Protein concentrations were assayed using the 

Bio-Rad assay kit (500-0002). Prior to loading samples on an SDSIPAGE gel, an 

equal volume of 2xSDS-sample buffer was added and the proteins boiled for 2 

minutes then cooled rapidly on ice. 

1 	Tris pH7.8 	10mM 

Glycerol 	10% 

NaCl 	50mM 

Triton 	0.1% 

Complete Tablet (Boehringer 1697498) 

pMsFa 	0.5mM 

apMsF was stored at 4°C and added to the buffer just before use. 

2.6.4 Immunoprecipitations 

S.pombe protein extracts were made as described (2.6.3.3) but using extraction 

buffer'. 2mg of protein was incubated with 4il of antibodies in a total volume of 1 

ml rotating for 2 hours at 4°C. 

Protein A sepharose (Pharmacia 17-0780-01) was made as follows, 0.3g was 

rehydrated in 30mis water for 1 hour rotating at room temperature. Beads were spun 

down and washed once in H20 and once in TBS. Beads were resuspended in 900jil 

TBS to make a 50% slurry. 

100 jil 50% protein A sepharose slurry was added to the protein extracts rotating for 2 

hours at 4°C. Beads were spun down and washed 5X in buffer 1. 

1 	Tris pH 7.5 	10mM 
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NaCl 50mM 

Glycerol 10% 

PMSF 0.5mM 

2.7 	E.coli manipulations 

2.7.1 Strains 

The following strains were used for plasmid and library propagation throughout this 

work: 

XL 1-Blue: supE44DUl69(F801acZDMI)hsdRl 7recAl endAlgyrA96 

thi-relAl 

JA226: recBC leuB6 trpE5 hsdKM lacY600 

DHScc: F-endAl hsdRl 7(r-k, mk) supE44 thi-1 ? recAl gyrA96 

relA] iX(argF-IacZYA)U169 480d lacZ AM15 

BNN132: endAl gyr96 hsdRl7 relAl supE44 thiz(lac-proAB) 

[F' traD36 proAB lac!'Z AM15] XKC (kan-cre) 

JM109: recAl supE44 endAl hsdRl7 gyrA96 relAl thi zX(lac- 

proAB) F [traD36 proAB lact lacZAMl5] 

BL21 DE3: pLysS: F, ompT, hsdSB  (rB-, mB-), dcm, gal, (DE3), pLysS, 

Cmr 

MutS lacZ53, inuiS20l::Tn5, thyA36, tha-5 metBl, deoC, IN(imD-nnE) 

JM109 endAl, recAl, gyrA96, thi, hsaR17 (rk , Mk),  relAl, supE44, 

A(lac-proAB), [F' traD36proAB laqr'ZAM15] 

2.7.2 Media and growth conditions 

Luria-Bertani Broth (LB): This was used for routine bacterial growth 

Bacto tryptone 	lOg 

NaCl 	 lOg 

Yeast extract 	5g 



H20 	 to 1 litre 

For solid media, 15g/litre Bacto agar (Difco, 0140-01) was added. Following 

electrotransformation of bacterial cells (section 2.7.4.1), the cells were resuspended 

in imi of LB containing 10mM M902- 

Terrific Broth: Used for large scale preparation of plasmid DNA 

B acto-tryptone 	12g 

Bacto yeast extract 24g 

Glycerol 	 4ml 

H20 	 to 1 litre 

After autoclaving lOOml of salt solution was added. 

KH2PO4 	 2.31g 

K2HPO4 	 12.54g 

H20 	 to lOOm! 

Selective antibiotics 

Antibiotic stock solutions were stored at -20°C and were added to autoclaved media. 

Ampicillin 

A x1000 stock solution of 50mgnif' was dissolved in 1120. 

Chioramphenicol 

A x1000 stock solution of 34mg ml-' was dissolved in ethanol. 

Tetracycline 

A x500 stock of 5mgmi' was dissolved in ethanol. 

Growth conditions 

All bacteria were grown at 37°C in an orbital shaker. 



Storage conditions 

All bacteria were stored on LB plates for up to 4 weeks at 4°C. Long term storage 

was in LB medium containing 25%(v/v) glycerol frozen at -70°C. Bacteria were 

revived from long term storage by removing a small scraping with a disposable 

inoculating loop, streaking onto selective LB media and incubating at 37°C. 

2.7.3 Plasmid DNA extraction and preparation 

2.7.3.1 Small scale protocols 

Three approaches to small scale plasmid preparation were used. All of these yielded 

between 5-lOj.tg of DNA. TELT mini-preps and 'Quick' mini-preps provided DNA 

that could be digested with restriction enzymes but which was not suitable for use as 

a template for sequencing. In this case, small scale CsC1 mini-preps were used. The 

use of kits such as 'Wizard Minipreps' (Promega) and 'Qiagen spin plasmid' kit 

(Qiagen, 27104) provided very clean DNA which was suitable for cloning, 

sequencing and transformation. 

2.7.3.1.1 	'Quick' mini-preps 

5m1 of bacteria grown overnight at 37°C in LB or terrific broth was spun down and 

resuspended in 200 jil of Solution I. Immediately, 200p1 of Solution II was added and 

the tube was inverted several times until the mixture had cleared. At this point 200 j.il 

of Solution III was added and the tube was inverted several times. The tube was spun 

for 10 minutes at room temperature following which the supernatant was removed to 

a fresh tube and precipitated by the addition of 1/10th volume of 3M NaOAc (pH 

7.4) and 2 volumes of ice-cold absolute ethanol. After cooling the tube at -70°C for 

15 minutes it was spun for 15 minutes at 4°C. The pellet was washed in 70% ethanol, 

air dried and resuspended in 50tl of H20. 

Solution I: 50mIVI glucose 

25mM Tris.Cl pH 8.0 
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10mM EDTA pH 8.0 

Solution II: 0.2M NaOH, 

1% SDS 

Solution III: 3M KU Ac 

2M acetic acid 

2.7.3.1.2 Small scale CsC1 mini-preps 

These were based on the method of Saunders and Burke, (1990) and essentially, the 

DNA was made in the same way as for the 'Quick' mini-preps (2.7.3.1.2) except, that 

following removal of the supernatant (380tl), it was precipitated by the addition of 

720t1 of isopropanol and centrifuged for 5 minutes at room temperature. Once the 

pellet was washed and dried it was redissolved in 100.t1 TE. 100mg CsC1 was added 

and dissolved then lOjil of ethidium bromide (10mgml1) was added. The tube was 

spun for 2 minutes to pellet out cell debris and the supernatant was carefully removed 

to a fresh tube whereupon the ethidium was removed by extracting three times with 

501.11 of isopropanol. Following this, 400p.1 TE was added to the cleared solution. The 

DNA was precipitated by the addition of 50tl of NaOAc and 720tl of isopropanol 

and centrifuging for 5 minutes at room temperature. The pellet was washed in 70% 

ethanol, air dried and resuspended in 20111 of TEl H20- 

2.7.3.1.3 Small scale plasmid preparation using commercially available kits 

The two kits used were the Wizard Mini-prep kit (Promega) and the Qiagen Spin 

Plasmid kit (Qiagen, 27104). DNA prepared by these kits was done so according to 

the manufacturer's instructions. 

2.7.3.2 Large scale plasmid preparation 

In order to make large amounts of plasmid DNA the methods described earlier were 

not suitable and consequently had to be scaled up. One of these methods is a scale-up 

of the alkaline lysis method (Birnboim and Doly, 1978) followed by CsCl gradient 
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centrifugation. This method of plasmid preparation is more suitable for the 

preparation of DNA libraries due to its high yield and purity. The second method 

involved the use of commercially available kits. 

2.7.3.2.1 Caesium chloride plasmid preparation 

A 400m1 culture of E.coli cells carrying the plasmid of interest was grown overnight 

at 37°C in terrific broth containing the appropriate antibiotic. The cells were placed 

on ice for 30 minutes then spun down in 200m1 bottles in a Sorvall GSA rotor at 

8000rpm for 10 minutes. The cell pellets were pooled and thoroughly resuspended in 

20m1 of Solution I containing lomgmr' lysozyme. 40ml of Solution II was added, 

mixed and the solution left on ice for 10 minutes. 30m1 of cold solution ifi was 

added, the suspension was mixed well and left on ice for 30 minutes. The cell debris 

was then spun out at 8000rpm for 10 minutes. The supernatant was filtered through 

muslin into a clean centrifuge bottle. The DNA and any residual protein was 

precipitated by the addition of 0.6 volumes of isopropanol. After mixing thoroughly, 

the DNA was pelleted by centrifuging as before. The pellet was washed in 70% 

ethanol and air-dried. Prior to ultracentrifugation in a Beckmann T-100 rotor, the 

DNA pellet was resuspended in 2.2ml TE along with 2.4g CsCl and 200tl of 

ethidium bromide (lOmgml'). This mixture was injected into heat sealable tubes to 

just below the neck of the tube. The tube was balanced to within 5mg against a blank 

or against another sample which was to be centrifuged. The tubes were sealed and 

spun overnight at 80000rpm at 16°C. After centrifugation the plasmid band was 

removed using a sterile needle and syringe and placed in an eppendorf tube. The 

ethidium was extracted by addition of an equal volume of water-saturated butan-1-ol. 

This step was repeated until all traces of ethidium had been removed. Once done, the 

DNA was precipitated by adding 2.5 volumes of 75% ethanol and centrifuging for 15 

minutes at room temperature. The pellet was washed with 70% ethanol, air-dried and 

resuspended in 2m1 TE. The DNA was then re-precipitated by adding 0.1 volumes of 

NaOAc, 2 volumes of ethanol and centrifuging as before. The pellet was washed in 

70% ethanol, dried and resuspended in an appropriate volume of H20 (100p1-500tl). 

The DNA concentration was measured using a spectrophotometer. 
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2.7.3.2.2 Large scale plasmid preparation using commercially available kits 

The 2 kits used in this instance were the 'Wizard Maxiprep' kit (Promega) and the 

'Qiagen Maxiprep' kit (Qiagen, 28104). Although quicker than the previous method, 

the yield of DNA obtained by this method was variable. 

2.7.4 Bacterial transformation 

2.7.4.1 Electro-competent cells 

2.7.4,1.1 Competent cell preparation 

1 litre of LB was inoculated with 1/10th of the volume of a fresh overnight culture of 

the cells of interest. This was grown at 37°C with vigorous shaking until the culture 

had reached an 0D600  of 0.5-1.0. At this point the flask was chilled on ice for 30 

minutes then centrifuged in a Sorvall GS3 rotor for 10 minutes at 8000rpm. The cells 

were washed with an equal volume of ice-cold 1120, centrifuged as before, washed 

with 1/2 the volume of 1120 and re-centrifuged. The cell pellets were pooled, 

resuspended in 20m1 of 10% glycerol and centrifuged as before. The pellet was then 

resuspended in 3m1 of 10% glycerol such that the cell concentration was about 

3x1010  cells/mi. This suspension was aliquoted into cryotubes (200il/tube), frozen in 

liquid N2  and stored at -70°C until required. Cells prepared in this manner can be 

stored for up to 6 months. 

2.7.4.1.2 Electrotransformation 

50jiJ of the cells to be transformed were placed in an eppendorf tube on ice. 1-2tl of 

the DNA to be transformed was mixed with the cells and the suspension was pipetted 

into a cold 0.2cm elctroporation cuvette (Bio-Rad) on ice. The Gene Pulser apparatus 

(Bio-Rad) was set to 25j.tF, 2000 and 2.5kV and the cuvette containing the DNA and 

cells was placed in the chamber. Following pulsing, lml of pre-warmed LB-Mg2  

was added and the cuvette incubated at 37°C for lhr. The cells were then plated onto 

selective media, and incubated overnight at 37°C. 
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2.7.4.2 Chemically competent cells 

2.7.4.2.1 Preparation of competent cells 

A 500m1 culture of LB was inoculated with lOmi of a fresh overnight culture of cells 

under appropriate selective conditions. Cells were grown at 37°C to an 0D595  of 

approximately 0.7. Cells were harvested and washed in 250m1 cold 0.1M MgCl2. 

Cells were pelleted again and resuspended in 250ml cold MM CaC12. Resuspended 

cells were incubated on ice for 20 minutes before pelleting and resuspending in 

42.5ml cold 0.1M CaC12  7.5m1 sterile glycerol. Competent cells were aliquoted, 

frozen on dry ice ethanol and stored at -70°C. 

2.1.4.2.2 Transformation 

Competent cells were thawed on ice for approximately 15 minutes. 1001.11  of cells 

were used per transformation and mixed with an appropriate amount of DNA. Cells 

and DNA were vortexed and incubated on ice for 30 minutes. Cells were heat 

shocked for 2 minutes at 37°C and incubated on ice for a further 15 minutes. imi 

prewarmed LB was added and cells incubated at 37°C for 1 hour before plating out 

on to appropriate selective media. 

2.8 Fission yeast manipulations 

2.8.1 Fission yeast strains. 

All strains were derived from 972 	and 975 h (Leupold, 1950). The pad]HA 

strain was made by adding a Nod site to the 3' end of pad] just before the stop codon 

using nmt-84 5' oligo CCI'GGCATATCATCAATF and 3' oligo 

AAGGCCFAGCGGCCGCAGAAGGCAACGGAATCAAGCATACAAGC. 	The 

resulting PCR product was cut with XhoIJSmaI and cloned into pREP3X. A 11 lbp 

3xHA Nod fragment cut from pBSK-3xHA was cloned into the Nod site of 

pREP3Xpad] to create plasmid pREPpad]HA which has a HA tagged pad]' gene 

under the control of the nmt] promoter. This construct was shown to complement the 
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t.s. phenotype of padl-1. Finally a 909bp EcoRTJScaI fragment was excised from 

pREPpad1HA (the whole 5' end of the padF tagged cDNA) and cloned into 

pUCl9ura4SphI(pUC19 carrying ura4 at the SphI site). The construct was linearised 

using the remaining Smal site and transformed into SP813(leul.32ade6-2lOura4D-

18) and ura4 transformants selected. This created strain pad1HA(1eu1.32ade6-

210ura4D-18padf::HA) which has a HA tagged padf gene under the control of the 

endogenous promoter (J-P. Javerzat, pers. Comm.). 

2.8.2. Media and growth conditions 

Complete media 

Fission yeast strains were routinely grown in or on complete Yeast Extract (YE, 

Difco 0127-01-7) media at 25°C. This temperature is suitable for growth of both 

temperature-sensitive (t.s.) strains. Cold-sensitive (c.s.) strains were grown at 300C. 

YE contains the following ingredients per litre:- 

yeast extract 	5g 

glucose 	 20g 

(Difco-Bacto agar 	20g) 

Difco peptone 	5g 

adenine 	 75mg 

H20 	 to 1 litre 

Minimal media 

In order to select for nutritional prototrophs, EMM (Moreno et al., 199 1) was used as 

a minimal medium. This is a modification of EMM2 (Nurse, 1975) and contains the 

following per litre:- 

glucose 	 20g 

(Difco-Bacto agar 	20g) 
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NH4C1 	 5g 

KH phthalate 	3g 

Na2HPO4 	1.8g 

(KOH 1M 	imi) 

salts 	 20m1 

vitamins 	 imi 

minerals 	 100g! 

Salts (per litre):- 	NaSO4, 5g; CaC12, 750mg; MgCl2,  50g 

vitamins (per litre):- inositol, lOg; nicotinic acid, lOg; calcium pantathenate, ig; 

biotin, 10mg. 

minerals (per litre):- H3B03, 5g; MnSO4.4H20, 5.2g; ZnSO4.7H20, 4g; 

FeC13.6H20, 2g; H2MoO4, 1 .44g; CuSO4.51120, 400mg; 

Citric acid, lOg and KI, 100mg. 

The salts, vitamins and minerals were made up in distilled H20, autoclaved and 

stored at 4°C. 

Additional growth supplements such as adenine, leucine and uracil were added to a 

final concentration of 75jigml' after autoclaving. Thiamine was made up as a 

100mM stock solution in H20, filter-sterilised and stored in the dark at 4°C. It was 

used at a final concentration of 2-4tM. 

Malt extract (ME) media 

In order to induce sporulation and meiosis in diploid cultures, malt extract media was 

used. Liquid media contained 30g1' malt extract (Difco), supplemented as necessary, 

whereas the solid media also contained 20gF' agar. 

Phioxin B 

In order to visualise dead or diploid cells on solid media, the vital stain phioxin B 

was added to a final concentration of lOmgl'. Phloxin accumulates in dead cells 

which become dark red in colour. Since colonies of diploid cells contain more dead 
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cells than haploid colonies, it can be used to distinguish haploid colonies from 

diploid colonies. 

MBC 

The microtubule destabilising drug methyl benzimidazol-2-yl carbamylate (MBC) 

was used to check the drug-resistance of different strains. The drug was dissolved in 

DMSO, and added to complete media at the required concentration after autoclaving. 

BrefeldinA 
This antibiotic disrupts protein secretion and causes redistribution of golgi complex 

to endoplasmic reticulum. A 5mg/ml stock was created in 100% Ethanol and stored 

at -20°C until use. The antibiotic was added to YPD plates at the desired 

concentration after the media was autoclaved and cooled slightly. 

Staurosporine 

This antibiotic is a potent inhibitor of phospholipidlcalcium-dependent protein 

kinases. A 0.1 mg/mi stock was made in H20and the drug added at the desired 

concentration to YPD plates just before pouring. 

Strain isolation 

Strains were isolated from frozen stocks by scraping the surface of the frozen stock 

with a plastic loop and streaking the cells onto a plate containing complete or 

selective media. The plate was then incubated at the appropriate temperature until 

large colonies had formed. 

Growth conditions 

Following the isolation of fission yeast strains from frozen stocks they were grown at 

25°C or 30°C, depending on their genotype, on the appropriate solid YE media. The 

same temperatures were used for growth in liquid media. 

Storage 
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Fission yeast strains can be kept for up to 2 weeks in liquid media or for up to 4 

weeks on solid media, without phioxin B, at 4°C. Following this, viability decreases 

rapidly and consequently the strains must be stored at -70°C in media containing 15% 

(v/v) glycerol. 

2.8.3 Genetic analysis 

Crossing strains 

Strains were crossed by mixing together freshly isolated cells of opposite mating 

types (h and h) on a ME plate. A loopful of sterile H20 is then used to thoroughly 

mix the cells. The plate was incubated at 25°C for two days to allow formation of 

zygotic asci. sporulation was confirmed both by microscopic examination and by 

exposure of the crosses to iodine vapour which reacts with the starch in the cell wall 

of sporulating diploid cells and turns blue black. The progeny of the crosses were 

examined either by tetrad analysis or by random spore analysis. 

Tetrad analysis 

A loopful of a two day old cross was streaked in a line onto a YE plate. The asci of 

crossed strains were pulled using a micromanipulator (Singer instruments, UK) and 

the plate was incubated for 4 hrs at 35°C or overnight at 20°C to allow the walls of 

the asci to break down. Each ascus was then dissected to liberate the 4 spores which 

were then placed in line 6mm apart using the micromanipulator. This was performed 

for 18-20 asci. The spores were incubated at 25°C until they had grown, then patched 

for further analysis. 

Random spore analysis 

A loopful of a three day old mating mix was resuspended in lml sterile distilled H20 

containing 5jil of 3-g1ucuronidase (Glusulase) and incubated at room temperature for 

12-16hrs. The mix was examined to check for complete breakdown of the asci walls. 

The spore concentration was counted using a haemocytometer and then 200-1000 

spores/plate were plated on YE or selective medium. 
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Diploid construction 

This was based on the use of the two complementing ade6 alleles: ade6-M210 and 

ade6-M216. A heterozygous diploid carrying both alleles is prototrophic for adenine 

whereas haploids carrying either of these alleles are adenine auxotrophs. In addition, 

haploids and the allele which they carry can be distinguished by the red/pink colour 

they turn when plated on media lacking adenine. The strains of interest which carry 

the adenine alleles were crossed in the normal way, incubated overnight at 25°C to 

facilitate conjugation then streaked onto media without adenine. Colonies were tested 

for their ability to sporulate. 

Stability test 

Following transformation of a diploid strain with a piece of linear DNA carrying a 

gene disrupted with a nutritional marker, usually uracil, this test was used to check 

for the integration as opposed to episomal maintenance of the exogenous DNA. If 

integration has occurred, the acquired phenotype will not be lost whereas if the DNA 

is replicating autonomously, the phenotype will be lost in the absence of selection. 

Transformants carrying the nutritional marker were replica-plated onto selective 

media to reduce background growth. Once grown, they were replica-plated onto YE 

four successive times with an overnight incubation of 25°C between each plating. 

These were replica-plated to selective media, grown and then streaked to single 

colonies on YE. The colonies were replica-plated to selective media. Transformants 

from which all colonies grew were considered to be stable. 

2.8.4 Lithium acetate transformation of S.pombe 

The lithium acetate procedure (Moreno et al., 1991) resulted in a transformation 

frequency of iO3- 3x103  transformants/jig of pRS305 DNA. lOOml of cells were 

grown overnight at 25°C to an OD600  0.5-1.0 (10- 2x107  cells/ml) in YE or EMM 

with supplements. The cells were harvested, washed in 20m1 H2O then in 20ml 0. 1M 

LiOAc pH 4.9, then resuspended in lml of 0.1M LiOAc. To 10Op1 of cells in an 

eppendorf tube was added 0.5ig-1.O.1g of DNA, 50pg denatured salmon sperm DNA 
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or tRNA and 370g1 of filter- sterilised 50% PEG3350 (Sigma, P-3640) which had 

been pre-warmed at 25°C. The cells were mixed well and incubated at 25°C for lhr. 

The cells were then heat-shocked at 46°C for 30 minutes, spun down, resuspended in 

Imi YE and incubated at 25°C for 1-3 hrs. Following this, 300tl of the mix was 

plated onto selective media and incubated at 25°C until colonies had formed. 

2.8.5 Preparation of nucleic acids from fission yeast 

2.8.5.1 Recovery of plasmid DNA 

This is based on the method of Winston (1987). Plasmids can be extracted from 

overnight cultures or from patches on solid media. Either a imi overnight culture is 

centrifuged and resuspended in 200tl of extraction buffer1, or a loopful of cells from 

a 2-3 day old patch is resuspended in the same buffer. To this suspension was added 

0.2ml of phenol-chloroform-isoamyl alcohol (25:24:1) and 0.2m1 of acid washed 

glass beads (0.5cm, BDH). The cell suspension was vortexed for 2 minutes then spun 

for 5 minutes in a microcentrifuge. The supernatant was removed and ethanol 

precipitated and the DNA pellet was resuspended in 20111 of H20. 5t1 was then used 

to transform either JA226, the use of which prevents plasmid rearrangement due to 

the recBC genotype, or XL 1-Blue. Transformants were selected on media containing 

ampicillin. 

1Plasmid extraction buffer 

triton X-100 2% 

SDS 1% 

NaCl 100mM 

Tris.Cl pH 8.0 10mM 

EDTA 1mM 

2.8.5.2 Preparation of genomic DNA 

lOmi of a stationary phase culture was harvested in a lSml Falcon tube (5 minutes at 

2500rpm). The supernatant was discarded, the cells were resuspended in 1 .5m1 CPS' 
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containing 2.5mgmF1  Zymolyase lOOT (ICN Biornedicals, 32093 1) and incubated for 

lhr at 37°C. The cells were then harvested (2 minutes at 2500rpm and resuspended in 

300j.il of 5xTE. 35111 of 10% SDS(w/v) was added and the mixture was incubated at 

65°C for 5 minutes. Following addition of lOOjil of 5M potassium acetate (pH 5.6) 

the mixture was incubated on ice for 30 minutes. Cell debris was pelleted by 

centrifuging at high speed for 15 minutes at 4°C. The supernatant (--400tl) was 

removed and added to imi of ice cold ethanol. This was centrifuged for 10 minutes at 

4°C. The pellet was washed in 70% ethanol, resuspended in 400pJ of 5xTE 

containing 100 tg ml-1  RNAse (Sigma, R-5000) and incubated at 37°C for 2-4 hours. 

Proteins were removed by extracting once each with an equal volume of phenol, 

phenol-chloroform and chloroform. The remaining aqueous phase was removed to 

another tube, precipitated and washed with 70% ethanol. The pellets were air-dried 

and dissolved in 1001.11 of TE. A lOmi culture yielded 50-100 jig of genomic DNA. 

'CPS 50m1v1 citrate-phosphate buffer pH 5.6 

1.2M sorbitol 

0.1% (v/v) f3- mercaptoethanol 

2.9 Budding yeast methods 

During the course of this work, S. cerevisiae was used to look for protein interactions 

using the yeast 2-hybrid system. Although some methods, such as the extraction of 

protein, are identical to those used with fission yeast, others differ greatly. 

2.9.1 Budding yeast strains 

Y187 MATa gal4 ga180 his3 trpl-901 ade2 -101 ura3-52 leu2-3, -112 mel 

URA3: :GAL---lacZ 

Y190 MATa gal4 ga180 his3 trpl-901 ade2-101 ura3-52 leu2-3, -112 + URA3:: 

GAL --- lacZ, LYS2: :GAL(UAS)---HIS3 cyhr 
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2.9.2 Media and growth conditions 

Synthetic complete (SC) media 

The strains shown above, were routinely grown on solid SC media, containing 

additional nutrients, at 30°C. SC media contains the following ingredients per litre: 

glucose 20g 

Bacto-agar 20g 

Yeast nitrogen base 6.7g 

supplements 0.4g (Bio 101 inc.) 

adenine 40mg 

(histidine 	' 40mg) 

In order to select for protein interactions, 3-aminotriazole (3-AT, Sigma A-8056) was 

included at concentrations of 25mM or 50rnIVI. In this case, histidine was not added 

to the media. 

2.9.3 Transformation 

lOOml of cells to be transformed were grown overnight in YEPD media to an 0D600  

of 0.5-1.0. The cells were harvested at 5K for 10 minutes in a Sorvall centrifuge, 

washed with 40m1 of distilled H20 and resuspended in 20ml of LiAcTE'. The cells 

were pelleted and resuspended in 1 ml LiAcTE. This step was repeated twice. To 50p1 

of cells was added 50pg of salmon sperm DNA, 0.5-1.0tg of plasmid DNA and 

300pJ of 40% PEG 3350 in LiAcTE. The cells were mixed thoroughly and incubated 

at 30°C for 30 minutes followed by an incubation at 42°C for 30 minutes. Cells were 

allowed to recover from the heat shock by being resuspended in lml of SC-Leu, Trp 

for 1-3 hrs at 30°C. 50 j.tl of cells were plated onto solid selective media and 

incubated at 30°C for 3-5 days. 
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1LiAcTE 	100mM lithium acetate, 10mM Tris pH 8.0, 1mM EDTA 

2.9.4 X-GAL filter lift assay 

Colonies which grew on selective media were tested for the interaction of plasmid-

encoded proteins by assaying the 3-ga1actosidase activity on solid media. Whatman 

3MM paper was cut to the same size as a petri dish then overlaid onto the patches 

which had been grown for 2 days at 30°C. Once the filter paper was saturated it was 

removed from the plate and immediately immersed in liquid nitrogen for 10 seconds 

in order to permeabilise the cells. Once thawed it was laid cells upwards in a petri 

dish on top of a second 3MM disc which had been soaked with 0.3ml/square inch of 

Z-buffer1  containing lmg/ml X-Gal. The filters were incubated at 30°C to allow 

colour to develop. 

'Z-Buffer per litre (pH. 7.0) 

Na2HPO4 	16.lg 

NaH2PO4 	5.5g 

KC1 	 0.75g 

MgSO4.7H20 	0.25g 

2-mercaptoethanol 2.7m1 

2.9.5 3-galactosidase liquid assay 

lOmi of an exponentially growing culture (0D600  0.5-1.0) was spun down and 

resuspended in 0.3ml of cell lysis buffer1  and transferred to an eppendorf tube. The 

tube was immersed in liquid nitrogen for 5 minutes then thawed slowly. This freeze-

thawing step was repeated 3 times to ensure maximum cell lysis. Once lysis was 

complete, 0.2m1 of the cells were transferred to a fresh eppendorf tube. To these cells 

was added 0.8m1 of Z-buffer, 0.2ml of ONPG (4mg/mi) and 801i1  of X-Gal 

(20mg/ml). The suspension was mixed and incubated at 30°C to allow the cleavage 

of the ONPG to take place. This was visualised as the appearance of a yellow colour 

and was quantified by measurement of the 0D420. Calculation of the f3-galactosidase 



activity as a measure of the interaction of 2 proteins in the 2-hybrid system was made 

by application of the following formula: 

1000 x OD420 	 v= volume of cells (0.2m1) 

V x T x [protein] 	I = time taken for yellow 

colour to develop 

2.10 Cytological methods 

2.10.1 Staining of cells 

2.10.1.1 Propidium Iodide (P1) staining 

Staining with propidium iodide was used prior to analysing the DNA content of cells 

by FACS analysis. Since PT binds to DNA and RNA, the RNA has to be removed 

prior to analysing the cells. 5m1 (or approximately 2x108  cells) of an exponentially 

growing culture was centrifuged and the pellet resuspended in imi of ice-cold 70% 

ethanol. This suspension can be kept at 4°C until required and is left for at least 12 

hours. The cells were pelleted, the supernatant aspirated and the cells washed in lml 

50mM sodium citrate pH 7.0. The cells were pelleted again, resuspended in imi of 

50mM sodium citrate containing 25tl lOmg/ml RNAse A (Boehringer) and 

incubated at 37°C for 2 hrs. A small sample of cells was taken and stained by 

addition of an equal volume of 2.5tg/ml PT (Sigma, P-2804) in sodium citrate. 

Complete degradation of RNA was confirmed by visualisation of PT staining using a 

Zeiss fluorescence microscope prior to analysing the DNA content. 

2.10.1.2 Staining of septal material with aniline blue 

This is based on the method of Kippert et al. (1995) and is a useful way in which to 

stain the septa of both live and fixed S.pombe cells. Cells to be stained, whether fixed 

in ethanol or paraformaldehyde, were washed once with PBS and mounted in dye 

solution (0.5mg/ml in PBS) for 10 minutes at room temperature. Staining was 

visualised under a Zeiss Axioplan fluorescence microscope. 
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2.10.1.3 DAPI staining of S.pombe cells 

4', 6'-diamidino-2-phenylindolole (DAPI) is used as a flouochrome to stain the 

nuclei of live and fixed cells. Cells to be stained were dried onto a glass slide then a 

drop of DAPI, diluted in Vectashield to a final concentration of 0.2Lg/jil, was placed 

on top. 

2.10.1.4 paraformaldehyde fixation and anti-tubulin staining of cells 

Dissolve 15.2g paraformaldehyde in 40m1 PEMS' + imi of 5M NaOH at 

70°C to make a 38% solution. 

Cells to be stained are grown in YEPD ( haploid cells, 25°C) or EMM+ 

supplements (spores at a concentration of 3x106/ml, 20°C) overnight. 

At the first time point lOmi of cells are removed from the culture into a 50m1 

falcon tube. To this is added lOml of YEPD/EMM + 2.4M sorbitol and 2.2 ml 

of 38% paraformaldehyde. 

Incubate sample at 36°C for 30 minutes. 

Spin down cells and wash in 5ml of PEMS. 

Spin down cells and resuspend in Imi PEMS. Cells can be stored until 

required. 

Spin down cells and resuspend in lml PEMS + 0.5mg/ml zymolyase T100. 

Incubate at 36°C for 90 minutes. 

Spin cells and wash in lml PEMS. 

Resuspend cells in imi PEMS + 1% triton X- 100. Leave at room temperature 

for 	5 minutes. 

Wash cells in imi PEM2. Repeat 3 times. 

Resuspend cells in 0.5m1 PEMBAL3. 

Spin cells and resuspend in 0.25m1 of PEMBAL. Incubate at room 

temperature or 30 minutes. 

Remove 50 tl of cells to a fresh eppendorf. Spin for 10 seconds, rotate tube 

180°  and repeat. 
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Metaphase arrested cells were imaged using a cooled CCD camera fitted with a 

KAF400 chip (Photometrics). Separate images of nuclear staining and tubulin 

staining were pseudocoloured using an Apple Macintosh Quadra 900 computer. 

These images were stored on portable hard discs (SyQuest) and were printed using a 

Colour Ease dye sublimation printer. 

2.12 Assay for 26S proteasome function 

2.12.1 Purification of 26S proteasomes from S.pombe 

The 26S proteasome was purified from a wild type strain containing a 

haemagglutinin tagged pad]' gene (a gift from J-P Javerzat) at 4°C. Yeast cells were 

washed twice in TD buffer', before resuspending in the same buffer with the addition 

of glass beads (425 to 600pm, Sigma) and vortexing to lyse the cells. The lysate was 

then centrifuged for 1 hour at 12,500 rpm to separate cell membranes. Glycerol was 

then added to a final concentration of 20% and the supernatants incubated for 14 

hours with 25m1 of DEAE-cellulose (whatman) equilibrated in TD buffer. After 

washing the resins with at least ten volumes of TSGD buffer', the suspensions were 

loaded onto a column and proteins eluted with a 50mM to 350mM linear KC1 

gradient. 

Fractions containing MgATP-stimulatable sucLLVY-MCA cleavage activity were 

pooled and diluted down to 7% glycerol and concentrated on a Centriprep 100 

(amicon) before protein quantification and loading of 100mg of protein onto 10-40% 

glycerol gradients. Density gradients were centrifuged for 24 hours at 27,000rmp 

(SW28 rotor, Beckmann) and fractionated into 2ml aliquots from the bottom of the 

tube. Fractions containing the highest 26S proteasome activity as assayed by the 

cleavage of the fluorogenic synthetic peptide sucLLVY-MCA (see below) were run 

on an SDS gel as described (Seeger et al., 1997). 

2.12.2 SucLLVY-MCA cleavage assay 
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15. 	Remove supernatant and add 100t1 of a 1/15 dilution of TAT  a-tubulin 

antibody in PEMBAL. 

Rotate overnight at room temperature. 

Wash cells x3 in PEMBAL. 

Add lOOjil of CY3-anti mouse IgG (diluted 1/100 with PEMBAL). Incubate 

overnight at room temperature. 

Wash cells x 3 in 150p1 of PEMBAL 

Wash cells in 150jil of PBS. Resuspend cells in this and store until required. 

'PEMS 	PEM, 1M sorbitol 

2PEM 	100mM PIPES pH 6.9, 1mM EGTA, 1mM MgSO4  

3PEMBAL PEM, 1% (w/v) BSA, 0.1% (w/v) sodium azide, 0.1M lysine 

2.11 Analysis of stained cells 

2.11.1 FACS analysis of P1 stained cells 

The DNA content of cells stained with PT was measured using a Becton Dickinson 

Fluorescence Activated Cell Sorter (FACS). Stained cells were sonicated for 5 

seconds to obviate any clumping which may have occurred, then analysed using 

Ceilfit and Lysys software. Data was stored on floppy disk. Since the only parameter 

being measured was that of the PT staining, which fluoresces in the FL2 channel, all 

other detectors were switched off to minimise file size. The FL2 detector was 

regularly set at an amplitude of 900 and the amplifier at a level of 1.5. A cell flow 

rate of 300-700 was regarded as optimal. 

2.11.2 Image capture and analysis of stained cells 

Stained cells, on poly-lysine coated slides, were screened with a Zeiss Axioplan 

fluorescence microscope equipped with a triple band-pass filter set (Chroma). This 

allowed sequential visualisation of FITC, Texas Red and DAPI images using a 

computer-driven excitation filter wheel. As the polychroic filter and emission filter 

remained in place while acquiring the images, image registration was perfect. 
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Assays were performed in black 96-well microtitre plates (DYNATECH). The final 

concentration on sucLLVY-MCA (Bachem) concentration was 0. 1mM in a final 

volume of lOOj.il. Fluorescence was measured with a microtitre plate reader 

(Fluorscan II, labsystems) at 355nm excitation and 460nm emission after a 5 minute 

lag time over 2 hours in five minute intervals to ensure linearity. The assay was 

calibrated with free MCA (Bachem) and rates are expresses as nmol released MCA 

per mg protein per minute (Seeger et al., 1997). 

a 	10mM Tris.HC1 pH 7.5 

1mM DTT 

b 	10mM Tris HC1 pH 7.7 

1mMDTT 

20% Glycerol 

50mM KC1 

2.13 Site directed Mutagenesis 

Site directed mutagenesis of the pad]' gene was performed using the Altered Sites TM 

in vitro Mutagenesis System (Promega). Pad1 was subcloned into pALTER and 

transformed into JM 109 using Tetracycline selection. 

Mutagenesis was performed using an oligo that would restore Ampicillin resistance 

to pALTER and an oligo that would mutagenise the conserved cysteine at nucleotide 

1155 of Padi to a Serine (N160) and also would introduce a Bglll site for ease of 

selecting colonies containing plasmids with the mutated sequence. 

2.13.1 Phosphorylation of oligos 

Dephosphorylation was performed using the reaction mix below and incubating at 

37°C for 30 mins. T4 kinase was denatured by incubation at 70°C for 10 minutes. 

Oligonucleotide 	 1 OOpmol 
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Kinase buffer 	 lox 

T4 kinase (Boehringer 174645) 	5Units 

ATP 	 10mM 

2.13.2 Denaturation of template DNA 

dsDNA 	Wong 

NaOH 	0.2M 

EDTA 	0.2mM 

The reaction mix was incubated at room temperature for 5 minutes before the 

addition of, 

lO.tg Glycogen 

2j.ii NH4Ac pH4.6 

75tl 10% Ethanol 

and incubation at -70°C for 30 minutes. The DNA was subsequently spun for 15 

minutes at 4°C and washed in 70% ethanol. The pellet was air dried and resuspended 

in H20- 

2.13.3 Annealing reaction 

Mutagenesis Annealing reaction: 

Recombinant denatured pALTER DNA 	0.05pmol 

Ampicillin repair oligonucleotide 	0.25pmol 

Mutagenic oligonucleotide 	 1 .25pmol 

Annealing lOX buffer 	 2tl 

Milli Q water 	 to 20tl 

Control Annealing reaction: 

pALTER-Control denatured DNA 	0.05pmol 
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Ampicillin repair oligonucleotide 	0.25pmol 

Annealing lox buffer 	 2tl 

Milli Q water 	 to 20pi 

Reactions were incubated at 70°C for 5 minutes in a hot block. The block was 

removed and allowed to cool at room temperature to approximately 45°C. The block 

was then placed on ice and cooled rapidly to room temperature. 

2.13.4 Synthesis reaction 

Synthesis Buffer: 100mM Tris pH7.5 

5mM dNTP's 

10mM ATP 

20mM DTT 

The annealing reaction was placed on ice and the following reaction mix was added: 

Synthesis lOX buffer 
	

3il 

T4 DNA polymerase 
	

10 Units 

T4 DNA ligase 
	

2 Units 

Milli Q water 	 to final volume 30t1 

The reaction was heated at 37°C for 90 minutes. 

The reaction was subsequently transformed into chemically competent MutS cells 

and ampicillin resistance selected. 

2.13.5 Identification of mutagenised plasmids 

Single MutS colonies were selected and DNA minipreped. This was subsequently 

transformed into JM109 cells, from which further minipreps were made from 

individual colonies. Digestion with Bglll identified those clones which contained a 

mutated version of the pad]' gene pad] (Cl 19S). 
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2.14 Synthetic Ubiquitin peptide cleavage Assay 

All experimental procedures described in this section were performed by R. Layfield 

Laboratory of Intracellular Proteolysis, School of Biomedical Sciences, University of 

Nottingham Medical school, using pQE60 vector constructs expressing wild type 

Pad  protein and Mutant Pad  protein supplied by myself. 

2.14.1 Synthesis of Synthetic Peptides 

The synthetic peptides Ubiquitin-((xN)-valine and Ubiquitin-(F-N)-lysine were 

synthesised using Fmoc based procedures with an Applied Biosystems 430A peptide 

synthesiser, starting with the appropriate resins: Ubiquitin-((N)-valine, 

Fmoc.Val.Wang resin and Ubiquitin-(P-N)-lysine Boc.((xN)lys.Wang resin. A primary 

purification using TbFmoc methodology was included (Brown et al., 1996). 

2.14.2 MALDI Cleavage assay 

Cleavage of the synthetic Ubiquitin peptides Ubiquitin-((xN)-valine and Ubiquitin-

(P-N)-lysine was monitored by matrix-assisted laser desorption ionisation mass 

spectrometry (MALDI) using a Perspective Biosystems Voyager Biospectrometry 

Workstation. The synthetic Ubiquitin substrates were dissolved in TED buffer at a 

concentration of 2mg/mi. Approx lOjig of E.coli protein extracts expressing Wild 

type Padi, mutant Padi and pQE60 vector alone were incubated with synthetic Ub 

substrates (1Opg) in a final volume of lOjfl at 37°C overnight. 

TED buffer pH 7.5 	50mM Tris.HC1 

5mM EDTA 

1mMDTT 

2.15 Radiation Sensitivity Tests on S.pombe. 

2.15.1 Analysis of Ultra-Violet Sensitivity 
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S.pombe cells were grown overnight in rich media to mid log phase. Cells were 

plated out onto YPD and irradiated with 5mJ or 8mJ UV in a stratalink oven. Plates 

were wrapped in aluminium foil to prevent light induced repair of damaged DNA. 

Plates were incubated at 25°C until colonies had formed. 

2.15.2 Analysis of X-ray Sensitivity 

S.pombe cells were grown overnight in rich media to an 0D595  of approximately 0. 1. 

imi samples were taken and treated with 500 Gray (500Krad) from an X-ray source. 

The 0D595  was calculated for an equivalent sample left at room temperature for the 

same length of time, in order that an approximation of cell doubling could be 

calculate to allow a suitable number of cells to be plated out onto YPD media. 

Irradiated cells were plated out and incubated at 25°C until colonies had formed. 
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Chapter 3 Padi is a subunit of the 26S proteasome 

	

3.1 	Introduction 

A screen for S.pombe mutants which are both resistant to the microtubule 

destabilising drug MBC and temperature sensitive for growth (Gordon et al., 1993), 

has been used to isolate, to date, four genes encoding subunits of the 26S proteasome. 

mts1 (C. Gordon pers. comm.), mts4 (Wilkinson et al., 1997), mts3 (Gordon et al., 

1996) encode non-ATPase subunits of the 19S cap, whilst mts2 (Gordon et at., 

1993) encodes an ATPase subunit. A fifth mutant isolated in this screen, designated 

mts5-1, was available for further study. This chapter describes the cloning of the 

mts5 gene and, since mts5-1 had been isolated in a screen that had so far been 

specific for subunits of the 26S proteasome, experiments to ascertain whether the 

mutation was in a gene encoding a subunit of the 26S proteasome. 

Temperature sensitive mutations in genes encoding 19S cap subunits result in a series 

of distinctive phenotypes. An increased number of cells at metaphase is seen when 

strains are incubated at the restrictive temperature (Gordon et al., 1993; 1996) and 

increased high molecular weight ubiquitin conjugates, due to decreased degradation 

of ubiquitinated proteins, is seen at the restrictive temperature (Gordon et at., 1993). 

26S proteasomal subunits are found in specific fractions when cellular extracts are 

subjected to anion exchange chromatography and glycerol gradient centrifugation. 

These are the fractions in which the highest 26S activity is found (Seeger et at., 1996; 

Wilkinson et al., 1997). This allows verification that proteins are subunits of the 26S 

proteasome. 

	

3.2 	mts5-1 is rescued by a eDNA encoding pad]'  

The production of t.s. mutations in genes and the use of auxotrophic markers 

facilitates the cloning of mutations. Transformation of a t.s. strain with a plasmid 

DNA library can be selected for using an auxotrophic marker, such as LEU2, on the 

plasmid and a strain auxotrophic for the corresponding gene. Complementation of the 
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t.s. phenotype, by growing transformed cells at the restrictive temperature, is used to 

ascertain which plasmids contain a gene complementing the t.s. mutation. 

The approach used to isolate cDNAs capable of complementing the mts5-1 t.s. 

mutation was to use a S.pombe cDNA library cloned into the vector pREP 1 (a gift 

from B. Edgar and C. Norbury). pREP1 contains cDNAs under the control of the 

nmtl promoter (Maundrell, 1990; 1993). This is a thiamine repressible promoter 

which enables either low or high expression of genes cloned downstream, depending 

on whether thiamine is present or absent in the media respectively. This allows the 

cloning of genes which may be lethal when overexpressed. The screen was carried 

out in a strain auxotrophic for leucine, allowing the use of pREP 1 carrying the 

S.cerevisiae LEU2 gene (which can complement the S.pombe leul.32 mutation) to 

select for uptake of the vector. 

The mts5-1 strain was transformed with the library and uptake of plasmids was 

selected for by growth on minimal media (section 2.8.4). Cells were incubated at 

25°C overnight before shifting to 35°C, the restrictive temperature, in order that only 

colonies containing a cDNA capable of rescuing the mts5-1 mutation would grow. 

20,000 transformants were screened, one colony was found to be growing after 5 

days. The plasmid responsible for the complementation was isolated from this colony 

(section 2.8.5.1) and the cDNA insert sequenced. The plasmid was found to contain 

the pad1 gene (Shimanuki et al., 1995). Upon re-transformation of mts5-1 with 

pREPlpadF cDNA, colonies were able to grow at 35°C, whereas mts5-1 containing 

pREP 1 alone would not grow at the restrictive temperature of 35°C (Fig. 3.1). mts5-1 

containing pREP1 was also grown at temperatures between 25°C and 35°C to 

determine the temperature at which the t.s. mutation becomes lethal. mts5-1 

containing pREP 1 will grow at 30°C but not at the intermediate temperature of 32°C 

(Fig. 3.1) indicating that this is the temperature at which the heat labile product of the 

mts5-1 gene is no longer able to function sufficiently for cells to form colonies. 

3.3 	MtsS contains a mutation in the pad]' gene 



35°C 

25°C 
	

30°C 

....,7. 

r 
32°C 

/• 
"'•': 

padl-1 	padl-1 
+pREPpadI +pREP 

Figure 3.1 Isolation of a cDNA that is able to rescue pad]-] at 35°C. 

pad]-] is able to grow at 35°C when transformed with pREP1padI, but not when transformed with 
pREP I alone, pad]-] is also unable to grow at an intermediate temperature of 32°C. When transformed 
with pREP I alone colonies do not form, but with pREP lpad]+  temperature sensitivity is lost. 
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To ascertain that the pad]'  gene isolated in the cDNA screen was the authentic gene 

mutated in mts5-1 and responsible for the t.s phenotype the pad] gene was 

sequenced. The pad] gene in pad]-] and a parental strain were sequenced using 

oligos directed against the 5' and 3' ends of the gene (1,728 and K866 respectively), 

and two internal oligos (K971: 3' to 5'; K899 5' to 3'). DNA was made from both 

strains (section 2.8.5.2) and this was used as a template in a PCR reaction to generate 

a full length pad] PCR product. This template was subsequently used for fluorescent 

dye terminator cycle sequencing. Three separate PCR reactions were performed for 

both strains and sequenced separately. All three gave identical sequencing results. 

The mutation in pad]-] tentatively shows that this is the authentic gene mutated in 

pad]-] causing the t.s. phenotype. 

The mutation in pad] -1 was found to be a G to A transition at position 160. This 

changes the corresponding codon from GGT to AGT, substituting serine for glycine 

at position 54 in the protein sequence (Fig. 3.2). This amino acid is within a highly 

conserved region of the Padi protein (Fig 3.4). In addition, an error in the pad] 

sequence present in the database was identified at amino acid position 335. The base 

at this position should be C not A. This changes the amino acid at position 92 from N 

(Asparagine) to H (Histidine) (Fig. 3.3). The amino acid at this position in other Padl 

homologues in the database (Fig. 3.4) is also Histidine. 

3.4 pad]-] has an increase in cells at metaphase when incubated at the 

restrictive temperature 

Analysis of DNA and microtubule distribution by fluorescence microscopy of other 

26S proteasome mutants isolated in the same screen as pad]-] has revealed an 

interesting phenotype when cells are incubated at the restrictive temperature. Cells 

arrest transiently at metaphase, presumably due to the inability to degrade a protein 

essential for the metaphase to anaphase transition. An experiment was undertaken to 

determine if pad]-] had a metaphase arrest phenotype, and to quantify the percentage 

of cells displaying this phenotype with increasing length of incubation at the 

restrictive temperature. In addition, the DNA content of cells at these time points was 
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Coding 
sequence 

Wild type sequence. 

5 CAT CAA ACC CAT AAC 3' 
3 GTA GTT TGG GTA TTG 5' 

Met Leu Gly Met Val 
160 

C A I C /' C T C,,% TA A C 

Coding 
sequence 

5 CAT CAA ACT 

3 GTA GTT TGA 

Met Leu Ser 
160 

CAT AAC 3' 

GTA TTG 5' 

Met Val 

Figure 3.2 pad]-] contains a mutation at position 160. 

Panel A shows the wild type padi gene, and panel B the padl gene in pad!-!. The 0 to A transition 
at position 160 changes the corresponding amino acid (54) from serine to glycine. Sequencing used 
oligo K899 which sequences the bottom strand so that the sequence shown is in the 3' to 5' direction. 



Wild type sequence. 

51GTG AGA ATG ATA' COT 3' 
Coding 

sequence 	31  CACTOT I TAO I 	I TAT I GGA 5' 
His I 	Ser I 	His I Tyr I Trp 

334 

B 	Sequence in data base. 

5 GTGI AGA I ATT ATA COT 3' 
Coding 

sequence 	31CA0 I TOT  I TAA TAT GGA5' i 	I 	I 	I 
His I Ser I Asn I Tyr I Trp 

334 

Figure 3.3 The pad] gene in the Genebank database contains a sequencing error. 

Pane! A shows the wild type padl+  gene, and panel B shows the sequence of the pad/+ gene in the 

Genbank database. At position 335 should be C not A, this changes the corresponding amino acid (92) 

from asparagine to histidine. Sequencing used oligo K866 which sequences the bottom strand so that 

the sequence shown is in the 3' to 5' direction. 
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251 
PAD1QAH LLENFNSAAE 

MAD1PWNKIVNTL

KME TLQDYSEHCK 
POH1KME TLQDYSEHCK 
MPR1EQS KI'IYDYEEKEE 
JAB1 	SSSSLLTNAO 

301 
PAD1 NVTLSP Q RIQYVGKQDP 
MAD1 E DKMT Q AIKNVGKQDP 
POH1 E DKMTP Q AIKNVGKQDP 
MPR1 E KELT E TRYVGRQDPK 
JAB1 THDRKSEDK A... KATRDS 

250 
TEL El 
NEL QK L 
NEL QK L 
TAK TK 
SSLDRKL EL 

300 

NKAVE 

.TERVQ  

NKAVE 
SKRIE 

GRGSFMLGLE 

350 
KHLDAEVQK CIDNNISSMLCMLDS AF. 
RHLEEHVDV LMTSNIVQCLIGVNS AMLDT VFK 
RHLEEHVDV LMTSNIVQCLAMLDT VFK 
HLSETADET LENNIVSVLT 	AIK 

CKTTIEAIHG LMSQVIKDKL FNQINIS. 

K HASIDK K SLSEQ ..... 
H ESVVKE L ELAKN ..... 
H ESVVKE L ELAKN ..... 
S LAATKS V KIAEQ ..... 
YTTGQVFDLS EKLEQSEAQL 

Figure 3.4 Comparison of the protein sequence of S.pombe Padi with mouse Padi 
(mPadl) (Y13071), S.cerevisiae Mprl (Rinaldi et al., 1995), human JAB1 (Claret et 

al., 1996) and human Pohl (U86782) (Spataro et al., 1997). 

Dotted lines represent gaps inserted to achieve maximum alignment. Identical residues are shown in 
reverse font. Note that Pad 1, mPadl, Mprl and Pohi contain more identical amino acids than JAB 1. 
The star at position 160 denotes the position of the glycine to serine substitution in pad] -1. The position 
within the protein sequence is shown on the left and right hand sides. The mouse padl+  gene was 
isolated from a cDNA library using the fission yeast pad]+  gene as a probe. 
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measured to determine the point in the cell cycle cells at which cells arrest. 

The pad]-] strain was grown overnight at 25°C in YPD to an A595  of approximately 

0.2 so that cells were in early log phase. The culture was moved to the restrictive 

temperature of 35°C. Samples were taken and fixed (section 2.10.1.4) before the 

temperature shift and every 2 hours for 8 hours and then at 24 hours after the 

temperature shift. 

In pad]-] 16% of cells arrest transiently at metaphase with a short mitotic spindle and 

condensed DNA after 4 hours growth at the restrictive temperature, consistent with a 

metaphase arrest (Fig. 3.5). With further incubation at the restrictive temperature the 

number of cells at metaphase decreases, while the number of cells with a septated 

phenotype, elongated septate cell with decondensed DNA in one daughter cell only, 

increases (Fig. 3.6). After 24 hours incubation at the restrictive temperature no 

metaphase cells are present and 95% of the cells display the septated phenotype (data 

not shown). FACS analysis demonstrates that cells arrest witha G2 content of DNA 

(Fig. 3.7). This is similar to the 26S proteasome mutant mts2-1 isolated in the same 

screen (Gordon et al., 1993). These observations indicated that pad]-] had a 

phenotype consistent with a defect in a subunit of the 26S proteasome. 

3.5 	Padi and Mts4 Co-localise in S.pombe cells 

The location of the 26S proteasome in S.pombe cells has been determined by 

immunofluorescence microscopy and antibodies directed against the 19S cap subunit, 

Mts4 (C. Wilkinson and C. Gordon unpublished result). The 26S proteasome is 

located around the nuclear periphery throughout the cell cycle, and appears as 

punctate 'blobs' around the nucleus. The nuclear membrane does not break down 

during mitosis in S.pombe and the punctate staining pattern can be seen on the 

nuclear membrane as it is pulled apart during anaphase. This indicates that the 26S 

proteasome is associated with the nuclear membrane. Electron microscopy (EM) 

studies have shown that it localises to the inner side of the nuclear membrane (C. 

Wilkinson, C. Gordon, M. Morphew and D. MacIntosh, unpublished result). 



Figure 3.5 Immunofluorescence microscopy of the pad]-] mutant at the restrictive 
temperature. 

A field of cells is shown. Cells arrest transiently at metaphase after 4 hours growth at the restrictive 
temperature with a short mitotic spindle and condensed DNA. Cells were fixed with paraformaldehyde, 
stained with the anti-tubulin antibody TAT  (Woods et al., 1989) shown in red, and the DNA specific 
stain diamidinophenyl indole (DAPI) shown in blue. 



A 

	

00 	—— % cells at metaphase 

	

CD 
80 	—*— % septated cells 

Time (hours) 

B F9 
Figure 3.6 Percentage of pad]-] cells showing a metaphase arrest and septated 
phenotype. 

A pad]-] culture was grown at 25C to mid log phase and shifted to 35C. A) Samples were taken over 
a course and fixed for fluorescence microscopy. The number of cells in metaphase, short mitotic spindle 
and condensed DNA, was counted (black circles) along with the number of cells with a septated 
phenotype, as shown in B, (black squares). In a wild type culture grown under identical conditions 
there were 0.5-1% metaphase cells at each time point, and no cells with the septated phenotype were 
observed. 
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Figure 3.7 FACS analysis of the padl-1 mutant. 

Cells arrest with a G2 content of DNA consistent with metaphase arrest. Flow cytometry was carried 
out on an exponentially growing wild type diploid culture (A), an exponentially growing haploid wild 
type culture (B) and a nitrogen starved wild type haploid culture (C) to determine the position of the 
4n, 2n and 1 n peaks respectively. Flow cytometry was performed on asynchronous cultures of pad]-], 
mts2-1 and a wild type cells shifted from the permissive to the restrictive temperature. The culture was 
sampled at the times shown and the DNA content determined by flow cytometry on a Becton Dickinson 
FACScan. pad]-] and mts2-1 arrest with a 2n content of DNA. The graphs broaden with increasing time 

at the restrictive temperature due to an increase in aberrant elongated cells. 
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To obtain further evidence that Padl is a subunit of the 26S proteasome cells were 

fixed and stained with antibodies against the Mts4 subunit and Padi to ascertain 

whether they co-localise, which is consistent with them being in the same complex. 

Cells containing a HA tagged version of the pad]' gene were fixed (section 2.10.1.4) 

and stained with antibodies against HA and Mts4. Padi and Mts4 localise around the 

nucleus in a similar punctate pattern. When red and green images, Mts4 and Padl 

respectively, were merged, yellow 'blobs' were observed, indicating that Padi and 

Mts4 co-localise around the nucleus (C. Wilkinson and C. Gordon, unpublished 

result) Fig 3.8. This is consistent with them being present in the same complex, the 

26S proteasome. 

3.6 	Padi is a subunit of the 26S proteasome in S.pombe 

Experiments were undertaken to formally show that Padl is a subunit of the 26S 

proteasome using biochemical methods. Two methods are described here to show 

that pad]' encodes a subunit of the 26S proteasome in S.pombe. The first method 

uses anion exchange chromatography and glycerol gradient centrifugation to enrich 

for 26S proteasomes (Seeger et at., 1996). Fractions from the glycerol gradient can 

then be probed with antibodies against different 26S proteasome subunits in order to 

show that they are present in the same fractions, i.e. they co-purify with the peak in 

ATP dependent peptidase activity, indicating that they are in the same complex 

(Seeger et at., 1996; Wilkinson et at., 1997). The second method uses antibodies 

against a previously identified 26S proteasome subunit, Mts4 (Wilkinson et at., 

1997), to co-immunoprecipitate Pad!, indicating that they are associated in vivo. 

3.6.1 NO co-purifies with known subunits of the 26S proteasome 

To determine whether Padi is a subunit of the 26S proteasome in fission yeast, the 

26S proteasome was purified from S.pombe cells, which contained an HA tagged 

pad]' gene, by anion exchange chromatography and glycerol gradient centrifugation. 
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Figure 3.8 Mts4 and Pad  proteins co-localise around the nucleus in wild type S. pombe 
cells. 

Wild type cells containing a HA tagged padl+  gene were fixed and stained with anti-Mts4 antibodies 
(Wilkinson etal., 1997) and anti-HA. The 26S proteasome is located around the nucleus in wild type 
cells, and is visualised as punctate blobs of staining. Panel A) anti-Mts4 staining in red, panel B) anti-
HA staining, Pad 1, in green and panel C) the two images merged. The staining pattern of Mts4 and Pad  
is identical as shown by the yellow 'blobs' resulting from merging the red and green images. 
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Using a synthetic peptide which fluoresces upon cleavage, the activity of the 26S 

proteasome can be assayed to determine which fractions contain the highest 26S 

proteasome activity, as described previously for other fission yeast 26S proteasome 

subunits (Seeger et al., 1996). Using anti-HA antibodies against the HA tagged pad1 

gene (section 2.8.1), Padl was found to co-purify with the fractions containing the 

highest levels of 26S proteasome activity. Furthermore, these are the fractions where 

known subunits of the 26S proteasome are found (Seeger et al.,1996). Padl is 

therefore present in the same complex as Mts4 and the 20S proteasome, namely the 

26S proteasome (Fig 3.10) (C. Wilkinson pers. comm.; Penney et al., 1998 in press). 

3.6.2 Antibodies against the 26S proteasome subunit Mts4 will 

immunoprecipitate Padi 

Further evidence to indicate that Padi is a subunit of the 26S proteasome in fission 

yeast was obtained by the finding that it is co-immunoprecipitated with antibodies 

against the fission yeast 19S cap subunit Mts4 (Wilkinson et al., 1997). The Mts4 

protein was immunoprecipitated from S.pombe cell extracts, made from the strain 

containing the HA-tagged version of the pad]' gene, using antiserum raised against 

recombinant Mts4 protein. Western blots of the immunoprecipitated fractions, using 

anti-HA antiserum revealed that the Padi protein was also present (Fig. 3.10). When 

preimmune antiserum was used, however, neither protein could be detected 

indicating that these antibodies are specific for Mts4. 

3.7 pad]-] has increased number of high molecular weight ubiquitinated 

conjugates 

Proteins are targeted for degradation by the 26S proteasome by the addition of a poiy-

ubiquitin chain onto the substrate protein. The 26S proteasome mutant mts2-1 has 

been shown to possess increased levels of high molecular weight ubiquitinated 

proteins at the permissive and restrictive temperatures (Gordon et al., 1996). This is 

consistent with a defect in proteolysis sincea defective 26S proteasome will result in 

reduced proteolysis and an increase in the amounts of high molecular weight poly- 

104 



1.4 

CM 1.2 

1.0 

0 
E 
c 0.8 

C) 
0.6 

Co 
CD 

o 0.4 
a) 
V 
4- 
0. 0.2 
CD 

4 	13 	b 	1U 	1Z 	14 	lb 

Fraction 

97— 	- 	: 	 - 	 Mts 4 

35— 	.. — — 	 Padl 

- 	__ - 
30— 	 20S —n--- 

2 4 6 8 10 12 14 16 

Fraction 

Figure 3.9 Co-purification of Padi with the fission yeast 26S proteasome complex. 

Specific peptidase activity, as measured by the cleavage of the fluorogenic peptide succinimidyl-Leu-
Leu-VaI-Tyr-MCA, was determined in the presence of ATP for the fractions collected from the glycerol 
gradient centrifugation. This was performed using pooled fractions from DEAE chromatography that 
also contained this activity. Western blots of the same fractions, containing 7.5g of protein per lane, 
were probed with either anti-Mts4, anti-20S or anti-HA (against Pad 1) antisera. The various antisera 
used in each blot is indicated, and molecular mass markers are shown in kilodaltons. 
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Figure 3.10 Co-immunoprecipitation of Mts4 and Padi. 

Western blot of immunoprecipitation using preimmune antisera (lane I) and anti-Mts4 antisera (lane 
2). The immunoprecipitated fractions were separated on a 10% gel, transferred to nitrocellulose and 
probed with either anti-Mts4 (top panel) or anti-HA monoclonal antisera (bottom panel). Molecular 
mass markers are shown in kilodaltons. 



ubiquitinated proteins in the cell. 

pad]-], mts2-1 and wild-type cultures were grown overnight to an A595  of 0.2. A 

sample of cells was removed and protein extracted (section 2.6.3.3). The remainder 

of the culture was shifted to the restrictive temperature of 35°C, and samples taken 

after 4 and 8 hours incubation for proteins to be extracted. Protein samples were run 

on a 12.5% SDS-PAGE gel and western blotted (section 2.6.2). Identical blots were 

run and probed with either anti-actin antibodies (Amersham N350) to act as a loading 

control, or anti-ubiqUitin antibodies (Dako Z0658). Both pad]-] and mts2-1 show an 

increase in high molecular weight ubiquitinated proteins at the permissive 

temperature. The amounts increase with incubation at the restrictive temperature. 

This is in contrast to a wild type culture where no high molecular weight 

ubiquitinated proteins are seen at 25°C or 35°C (Fig 3.11). 

3.8 	Homologues of Padi 

A search through the Genbank database with the Padi sequence identified a number 

of proteins with varying degrees of homology to Padi (Fig. 3.4). There are two 

human sequences in the database, JAB1 and POH1 which have 28.9% and 68.1% 

identity to S.pombe Pad  respectively (Table 3.1). POH1 has been shown to rescue a 

deletion of the Pad! gene (Spataro et al., 1998) whereas JAB 1 cannot (Claret et al., 

1996). Independently a mouse Padi homologue has been cloned (S. McKay pers. 

Comm.) and was available to test whether it was able to rescue pad]-]. In addition, 

the JAB] gene was cloned into an S.pombe expression vector to assess its ability to 

rescue the temperature sensitivity of pad]-]. 

3.8.1 The mouse Padi homologue can rescue the Ls phenotype of pad]-] 

A mouse Padi homologue had previously been isolated from a cDNA library using 

the S.pombe pad] gene as a probe (S McKay-unpublished result). The mouse protein 

shares 69% identity with the S.pombe Pad! protein over its whole length (Table 3.1). 

The mouse pad] gene (mpad1) was cloned into the S.pombe 
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Figure 3.11 An increase in high molecular weight protein conjugates is seen in the 
temperature sensitive padi -1 and mts2-1 26S proteasome mutants. 

Western analysis was performed on extracts made from padl-1, mts2-1 and wild type cells at 25°C 
and 35°C (4 and 8 hours) with antibodies against ubiquitin (Dako Z0658) or actin (Amersham N350), 
to act as a loading control. An increase in high molecular weight protein conjugates is seen in pad] -
I and mts2-1 when incubated at the restrictive temperature, 35°C. A wild type culture grown under 
identical conditions contains no high molecular weight ubiquitinated proteins at 25°C or 35°C. pad]-
1 and mts2-1 have low levels of ubiquitinated conjugates even at 25°C indicating that the 26S proteasome 
is not fully functional in these mutants even at the permissive temperature. 



TABLE 3.1. Comparison of % identity between full length protein sequences of 

Padi homologues in mouse (mPadl) (Y13071), human Pohl (86782) (Spataro et al., 

1997) and S.cerevisiae (Mprl) (Rinaldi et al., 1995). Lower % identity of JAB1 

(Claret et al., 1997) to these homologues is also shown. 

Protein 	Padi 	mPadl 	Pohl 	Mprl 

Sequence 

JAB 	28.9% 	28.9% 28.8% 	28.8% 

Padi 	 68.1% 68.1% 	64.5% 

mPadl 99.3% 	65.0% 

PohI 65.3% 
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expression vector pREP 1 (pREPmpadT1) and was transformed into the pad]-] strain. 

The mouse pad] gene can rescue the temperature sensitivity of pad]-] whereas 

pREP1 alone cannot (Fig. 3.12). This demonstrates that the mouse gene is the 

functional homologue of S.pombe pad]'. 

3.8.2 JAB! is unable to rescue the t.s phenotype of padl-1. 

The JAB] gene was cloned using an IMAGE clone known to contain the entire JAB! 

sequence (obtained from the HGMP resource centre) as a template. JAB] was cloned 

into the S.pombe expression vector pREP1 using oligos P160 and P161 which 

created Sail and BamHI sites at the 5' and 3' ends of the gene respectively. This 

construct, pREP 1JAB], was transformed into pad]-] and a wild type strain. 

pad]-] and wild type strains containing pREP1JAB], pREPlpad[, and pREP1 were 

streaked onto media with and without thiamine at 25°C, 30°C, 32°C and 35°C. JAB! 

is unable to rescue the t.s. phenotype of pad]-] at 35°C or at the intermediate 

temperature of 32°C where pad]-] is also unable to grow. Therefore JAB 1 is not a 

functional Padi homologue. Interestingly, at 30°C, where pad]-1 containing pREPI 

will grow, overexpression of JAB] will not allow pad]-] to form colonies. However, 

in the presence of thiamine, low expression of JAB], colonies containing 

pREP 1JAB] will grow as well as pREP 1. This suggests that the JAB 1 protein has a 

mildly toxic effect on pad]-] when overexpressed. Overexpression of JAB] in a wild 

type strain has no toxic effect at any temperature suggesting that this is an effect 

limited to the presence of a mutated copy of Pad  (Fig 3.13). 

3.9 Discussion 

A. mutation in the pad] gene has been found in a strain isolated in a screen for 

S.pombe mutations which cause resistance to the microtubule destabilising drug 

MBC. The original isolation of pad] was as a truncated gene on a multicopy 

plasmid which conferred staurosporine resistance on wild type cells (Shimanuki et 

al., 1995). This can be explained by our identification of Padi as a 26S proteasome 
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Figure 3.12 The cDNA encoding the mouse homologue of fission yeast Padi can 

rescue the pad] -1 strain at 35°C. 

pad] -1 was transformed with the mouse pad1 cDNA in pREPI (mpad1), S.pombe pad] cDNA 
in pREP 1 (ppadJ) and pREP 1 alone, pad] -1 cells containing these plasmids were then streaked to 

single colonies at the permissive (25°C) and restrictive (35°C) temperatures. 



subunit. A truncated pad] gene could produce an abnormal protein which might be 

expected to disrupt the function of the 26S proteasome leading to staurosporine 

resistance possibly due to decreased proteolysis of a protein required for 

staurosporine resistance. This mechanism can equally be used to explain the MBCR 

of other mutants isolated in the same screen as pad]-]. Pad  was originally described 

as a positive regulator of an AP-1 transcription factor Pap 1 since overexpression of 

Pad 1 caused an increase in the levels of Pap 1. However this chapter describes the 

identification of Padi as a novel subunit of the 26S proteasome in fission yeast. One 

possible explanation for this finding is that decreased degradation of Papi in 

proteasome mutants results in elevated levels of the transcription of genes required 

for resistance to MBC and staurosporine. 

Padi was isolated from a screen that also identified the 26S proteasome subunits 

Mtsl, Mts2, Mts3 and Mts4, and the pad]-] mutation gives rise to a similar 

phenotype to mtsl-1, mts2-1 and mts3-1, namely metaphase arrest at the restrictive 

temperature. In addition to this it was shown that Padl co-purifies with S.pombe 

extracts that contain the highest levels of 26S proteasome activity, in which other 

subunits of the 26S proteasome purify. This indicates that Padi is a subunit of the 

26S proteasome in fission yeast. Confirmation of the identification of Padi as a 

subunit of the 26S proteasome has come from the isolation of the human Padi 

homologue, Pohl, and its identification as a subunit of the human 26S proteasome 

(Spataro et al., 1997). 

In addition, pad]-] is unable to degrade poly Ub-lysozyme conjugates in an ATP 

dependent manner at the restrictive temperature (K. Ferrell unpublished result). This 

defect results in the phenotype of pad]-] cells observed when incubated at the 

restrictive temperature, namely cell cycle arrest at metaphase stage of mitosis. 

Presumably, an as yet unidentified cell-cycle regulator has to be degraded in an ATP 

and Ub-dependent manner for cells to progress through mitosis e.g. Cut2 (section 

1.3.2.2). This result provides direct evidence for the defect in 26S proteasomes in 

pad]-] at the restrictive temperature and is consistent with the observation that high 

molecular weight polyubiquitinated proteins accumulate at the restrictive temperature 
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Figure 3.13 The cDNA encoding the human JAB 1 gene cannot rescue the pad] - 
] strain at 32°C or 35°C. 

pad]-] and wild type were transformed with pREPI JAB I, pREP Ipad] and pREP 1 alone, pad] - 
1 and wild type cells containing these plasmids were then streaked to single colonies at the 

permissive (25°C) and restrictive (35°C) and two intermediate (30°C and 32°C) temperatures, on 

plates with and without thiamine. 
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in pad]-]. These observations have also been shown for mts2-1 (Gordon et at., 1993; 

Seeger et al., 1996). The presence of high molecular weight polyubiquitinated 

proteins at 25°C in pad]-] cells indicates that even at the permissive temperature 26S 

proteasomes are defective. At the permissive temperature Padi could be at a near 

native confirmation and at least in part fulfil its function. This is likely to be the 

cause of the slower growth rate of pad]-] compared to wild type cells at the 

permissive temperature (unpublished observation). In addition to this, it was shown 

that Padi co-purifies with S.pombe extracts that contain the highest levels of 26S 

proteasome activity, which indicates that Padi is a subunit of the 26S proteasome in 

fission yeast. Furthermore, the co-immunoprecipitation of Padi and Mts4 reveals that 

these proteins are in the same complex, namely the 26S proteasome. 

Previously, a human gene JAB] which has limited homology to Padi over the N-

terminal half of the protein (Fig. 3.3), was isolated (Claret et at., 1996). As the JAB] 

gene could not rescue a pad] deletion strain, however, it is unlikely to be a functional 

homologue (Claret et al., 1996), and it was shown that JAB] under the control of a 

S.pombe promoter is unable to rescue the t.s. phenotype of pad]-]. JAB  has been 

shown to potentially interact with c-jun and JunD using the 2-hybrid assay (Claret et 

al., 1996). Although overexpression of the JAB] gene cannot rescue a pad] deletion 

strain (Claret et al., 1996) or the t.s. phenotype of pad]-], overexpression of JAB] 

from a high copy number vector in wild type S.pombe cells was as efficient as pad] 

overexpression in conferring drug resistance (Claret et at., 1996). S.pombe Padi also 

causes c-jun-dependent AP-1 transcriptional activity in mammalian cells, leading to 

the conclusion that Padi and JAB I. are co-activators of AP-1 transcription factors 

(Claret et at., 1996). In this study however, it was shown that Padi is a subunit of the 

26S proteasome in fission yeast, and therefore an alternative mechanism for the 

above results can be postulated. Overexpression of JAB 1, like overexpression of the 

truncated Padi protein, disrupts 26S proteasome function and results in elevated 

levels of AP-1/Papl, thus leading to drug resistance. The functional Padi mouse 

homologue that we have isolated has greater sequence identity with Padi than with 

JAB  (Table 3.1) and JAB  will not rescue a pad] deletion or the t.s phenotype of 

pad]-]. This suggests that JAB  is not the human Padi homologue. Recently Spataro 
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et al., (1997) have identified a human gene POH1 which has greater similarity to 

S.pombe Pad  than JAB 1, suggesting that this is in fact the human homologue of the 

Pad 1 gene. POH 1 will rescue a deletion in the pad]'  gene, unlike JAB 1. The limited 

sequence identity of JAB! to Pad 1, and the JAB 1/c-Jun interaction could define a 

new class of proteins that regulate the specificity of protein degradation by the 26S 

proteasome. Recently, Seeger et al., (1998) have identified a novel protein complex, 

the signalosome, from human cells which contains at least eight different subunits 

including JAB 1. 	The JAB1-containing signalosome has a similar 

immunofluorescence staining pattern to the 26S proteasome and is possibly 

important in regulating transcriptional activity. 

Since Padi had now been shown to be a subunit of the 26S proteasome. Experiments 

were undertaken to determine its position within the 19S complex by looking for 

interactions between Padi and other subunits of the 19S cap. This is the subject of 

the following chapter. 
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CHAPTER 4: Interactions between Padi and other 

subunits of the 26S proteasome 
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Chapter 4 Interactions between Padi and other subunits of the 26S 

proteasome 

4.1 	Introduction 

The 19S cap comprises two types of subunits, ATPases and non-ATPases. ATPase 

subunits have been proposed to provide the energy required for unfolding substrates 

and possibly translocation of them into the 20S core. Functions have not been 

assigned to all non-ATPase subunits. However, at least one subunit, S5a, is known to 

recognise poly-ubiquitinated substrates in vitro (Deveraux et al., 1994) while another 

non-ATPase has been proposed to possess a de-ubiquitinating activity in 26S 

proteasomes isolated from bovine red blood cells (Lam et al., 1997a). 

4.1.1 Interactions between ATPase subunits 

Six ATPases have been identified in the 19S regulatory complex. Interactions 

identified between these subunits have led to the proposal that they form a ring 

structure which sits on top of the barrel shaped 20S core (Dubiel et al., 1993) (Fig 

4.1). The proposed ring structure is similar to the conformation of the p97 ATPase 

monomers in Xenopus (Peters et al., 1990). Recent work supports an interaction 

between the ATPase ring and the 20S core (Gerlinger et al., 1997). A mutation in an 

(x subunit of the 20S (cr11-i) in S. cerevisiae, which is suppressed by a mutation in 

the 19S ATPase subunit Sugip, has been identified (Michael et al., 1994; Rubin et 

al., 1996). This provides genetic evidence for an interaction between an ATPase 

subunit and the 20S core. 

A mutation in the gene encoding Sugip has been shown to be synthetically lethal 

with a mutation in another S.cerevisiae ATPase subunit SUG2 (Russell et al., 1996). 

These two subunits have also been shown to interact using the 2-hybrid system. The 

S.pombe ATPase Mts2 (Gordon et al., 1993) subunit 4, of the 19S cap, has been 

shown to interact with two S.pombe ATPase subunits using the 2-hybrid system (G. 

McGurk et al., manuscript in preparation). These are Leti, the S.pombe homologue 

of S.cerevisiae Sugip (Michael et al., 1994) and Apsi. The t.s. phenotype of the 
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mts2-1 mutant was found to be suppressed by overexpression of a mouse gene MSS] 

(Gordon et al., 1993). MSSJ is the murine homologue of S.pombe aps] and CIM5 

from S.cerevisiae (Ghislain et al., 1993). 

The two remaining ATPase subunits, human TBP1 and TBP7, have been shown to 

interact in a 2-hybrid assay (Ohana, 1993) however, these subunits have not yet been 

shown to interact with cim5p/Aps 1/MSS 1 or Sug2p. 

4.1.2 Interactions between Non-ATPase subunits 

To date only one interaction has been demonstrated genetically between an ATPase 

and a non-ATPase subunit. This is between Mts2 and Mts4 in S.pombe. 

Overexpression of a cDNA encoding the ATPase Mts2 subunit will rescue the t.s. 

mts4-1 strain at an intermediate temperature of 31°C. Furthermore the two subunits 

interact in a 2-hybrid assay and in vitro. In addition the mts2-1 and mts4-1 strains are 

synthetically lethal (Wilkinson etal., 1997). 

Little is known about the arrangement of non-ATPase subunits. The recent cloning of 

all 19S cap subunits in S.cerevisiae (Glickman et al., 1998) will facilitate an 

understanding of this process. However interactions must be studied between these 

subunits to elucidate the 3D structure of the 19S cap. A number of genetic 

interactions between subunits have already been shown. A schematic 2D picture of 

the 19S cap is shown in Fig. 4. 1, but it is important to remember that the 26S 

proteasome is in reality a 3D structure, and the arrangement shown only reflects 

interactions and not the physical arrangement of these subunits. Data supporting the 

interactions shown is described below. 

mts4-1 and mtsl-1 are synthetically lethal (C. Wilkinson unpublished result). This 

interaction links the ATPase subunits through Mts 1 to a further array of interactions. 

Overexpression of the mts3 eDNA will rescue mts]-1 at an intermediate temperature 

and mtsl-1 and mts3-1 are synthetically lethal (C. Gordon pers. comm.). Mts3 is the 

S.pombe homologue of S.cerevisiae Ninip (Nisogi et al., 1992). 
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Figure 4.1 Interactions between subunits of the 19S cap prior to the identification of 
Padi as a subunit of the 26S proteasome. 

Refer to text for data supporting the interactions shown. S.cerevisiae subunits are shown in black text, 
S.pombe subunits are shown in green text, human and mouse subunits are shown in yellow text. 



A further series of interactions have been shown in S.cerevisiae that involve the 

Ninip subunit. Two multicopy suppressors of a t.s. nm]-] mutant are SUN] and 

SUN2 (Kominami et at., 1997). SUN] can also suppress a ninlA but SUN2 cannot. 

Sun2p is homologous to human subunit p58 and Sunlp is homologous to S5a which 

is known to bind ubiquitin conjugates in vitro (Deveraux et al., 1994). This subunit is 

termed Pus  in S.pombe (C. Wilkinson pers. comm.). The largest subunit (S 1) of the 

19S cap is Sen3p in S.cerevisiae, 1 12KDa. SEN3 was identified in a synthetic lethal 

screen with nm]-] (DeMarini et at., 1995). 

Finally, in S.cerevisiae a mutation in SON] is synthetically lethal with nm]-] and a 

son]L. is synthetically lethal with sen3A and sun]A (Fujimuro et at., 1998). However, 

although data shows that Sonip purifies with the same fractions in which 26S 

proteasomes are found, no homologues of SON1 have been identified in other 

organisms, suggesting that it may not be a 26S proteasome subunit. 

Padl has now been shown to be subunit of the 26S proteasome and not a 

transcription factor regulator as previously described (Shimanuki et at., 1995). A 

number of genetic assays are available to look for interactions between proteins as 

outlined above to allow the structure of multi-subunit complexes to be inferred. 

Three genetic tests are described here that have been utilised in order to elucidate 

interactions between Padi and other subunits of the 19S cap. Synthetic lethality, 

overexpression studies and the 2-hybrid system. Synthetic lethality, overexpression 

studies and the 2-hybrid system can only give a clue to interactions, and these must 

be tested directly using biochemical assays. 

4.2 	Overexpression of Mts3 and Mts4 will rescue pad]-] at an intermediate 

temperature. 

pad]-] was transformed with plasmids encoding previously cloned subunits of the 

19S cap in order to ascertain whether overexpression of other subunits of the 19S 

complex will rescue the temperature sensitivity of pad]-]. cDNAs cloned into the 
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vector pREP1 (Maundrell et al., 1993), and thus under the control of the thiamine 

repressible nmt promoter were used, in order to study the effects of low and high 

expression of other 19S cap subunits. 

The pad]-] strain will grow at the permissive temperature of 25°C, but not at the 

restrictive temperature, 35°C, or at an intermediate temperature of 32°C. At 30°C 

pad]-] grows slower than at 25°C, but is still viable. Plasmids expressing genes 

encoding the non-ATPase 19S cap subunits Padi (this study), Mtsl (C. Gordon pers. 

Comm.), Mts3 (Gordon et at., 1996) and Mts4 (Wilkinson et at., 1997); the ATPase 

subunits Mts2 (Gordon et at., 1993), Leti (G. McGurk Ph.D. thesis, 1997) and 

murine MSS1 (Gordon et at., 1993), and pREP1 alone, were transformed into the 

padi-] strain and streaked onto selective media with and without thiamine at 25°C, 

30°C, 32°C and 35°C to test for rescue of the t.s. phenotype of pad]-]. 

Overexpression of the non-ATPase subunits Mts3 and Mts4 will rescue the 

temperature sensitive phenotype of pad]-] at 32°C but not 35°C (Fig. 4.2). 

Overexpression of the ATPase 19S cap subunits Mts2, Leti, MSS1 and the non-

ATPase subunit Mtsl were unable to rescue the temperature sensitivity of pad]-] at 

32°C or 35°C. Interestingly overexpression of the ATPase subunit MSS 1 appeared to 

be lethal at 25°C, the permissive temperature. This is the mouse homologue of the 

CIM5 gene in S.cerevisiae (Ghislain et at., 1993) and the aps] gene in S.pombe (G. 

McGurk Ph.D. thesis, 1997)). Overexpression of a gene encoding the Püsl subunit 

(section 4.4.2) was unable to rescue pad]-] at any temperature (data not shown). 

4.3 	Expression of cDNAs encoding 19S cap subunits in wild type. 

Since overexpression of mouse MSS1 cDNA in pad]-] appeared lethal at the 

permissive temperature of 25°C. It was essential to determine whether this effect was 

pad]-] specific or was simply due to overexpression of MSS1, a mouse gene, in 

S.pombe. Therefore plasmids expressing the ATPase subunits Mts 1, Let I and MSS 1; 

the non-ATPase subunits Mtsl, Mts3, Mts4 and Padi and pREP alone were 
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Figure 4.2 Overexpression of cDNAs encoding the 19S cap subunits Mts3 and Mts4 
will rescue the temperature sensitive phenotype ofpad]-] at an intermediate temperature. 

pad/-I was transformed with pREPI, mtsl + (pmts/ + 
 ), mts2

+ 
 (pints2+ 

 ), mts3
+ 

 (pmts3+ 
 ), mts4 

+ 

(pmts4) let/ (pIetI),padI (ppad[) and MSSI (pMSSI), cDNAs under the control of the thiamine 
repressible promoter in pREP I. Pad/-I cells containing these plasmids were streaked to single colonies 
at the permissive (25°C), restrictive (35°C) and two intermediate (30°C, 32°C) temperatures. 
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transformed in to a wild type strain. Strains were streaked on to media with and 

without thiamine at 20°C, 25°C and 35°C. 

Overexpression of the Mouse ATPase subunit MSS 1 is lethal at 20°C in a wild type 

strain (Fig 4.3). This is consistent with the results from 4.2 where overexpression of 

Mouse MSS1 was lethal in pad]-], indicating that this result is not pad]-] specific. 

4.4 pad]-] is synthetically lethal with two other 19S cap subunits 

Analysis of the interactions between subunits of the 26S proteasome is one aspect of 

26S proteasome research. The starting point for these studies are strains containing 

mutations in 26S proteasome subunits in which the function of the 26S proteasome is 

disrupted. In certain cases, the presence of two mutations causes a phenotype that is 

different from the phenotype of either mutation alone. Genetic interactions of this 

kind are a powerful tool to gain information on the interactions between individul 

subunits within complexes (for a review see Guarente, 1993). 

When strains carrying mutations or non-lethal deletions in two different proteins are 

crossed together synthetic lethality is sometimes observed. Strains carrying individual 

mutations are viable. However, when 2 strains carrying mutations in different genes 

are crossed, the combination of the 2 mutations in the same haploid cell can result in 

inviability. This is an indication that the two proteins may interact and is termed 

synthetic lethality. Three types of asci are formed after a cross between two strains, 

this is shown schematically in Fig. 4.4. If two mutations are synthetically lethal, 3 

types of tetrad are expected to be observed, where the double mutant spores do not 

form a colony: 

Tetrads where all 4 spores have germinated. These are PD tetrads where all spores 

have phenotypes of the parental strains. 

Tetrads where only 2 spores have germinated. These are NPD tetrads, 2 spores 

(the double mutants) have not formed a colony and the 2 spores which germinate 

to form a colony are wild-type. 

123 



pREP1 

pleti 
	 pmts4 

1/ \P 
/ pmts2\ 

20°C 	EMM 

Oor 

EMM + Thiamine 

: ••• - 

25°C 

r 

021  

35°C 

\ 
d 

Figure 4.3 Overexpression of cDNAs encoding the Mouse 19S cap subunit MSS1 is 
lethal at 20°C. 

A wild Type strain was transformed with pREPI, mtsl+  (pmtsl),  mts2+  (pmts2),  mts3+  (pmts3)  mts4+ 

(pmts4) letJ (pletl), padI (ppadl) and MSS1 (pMSSI), cDNAs under the control of the thiamine 
repressible promoter in pREPI. Pad/-I cells containing these plasmids were streaked to single colonies 

at 20°C, 25°C and 350C. 
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Figure 4.4 Schematic representation of synthetic lethality. 

Two parental strains with mutations in different genes, A and B, are crossed together. After random 
crossing over 3 types of tetrad can be formed: PD- Parental ditype tetrads contain 4 spores with the 
same genetic makeup as the parental strains used for the cross i.e. A+b- and a-B+; NPD- Non-parental 
ditype tetrads contain four spores which have undergone homologous recombination to form two wild-
type and tow double mutant spores, i.e. a-b- and A+B+; TT- Tetratype tetrads have undergone one 
cross over event and contain a mixture of parental and non-parental genotypes i.e. A+B+, a-b-, A+b-
and a-B+. Spores with mutations in both genes, shown in bold, do not germinate, therefore the two 
mutations are synthetically lethal. 
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1. Tetrads where 3 spores have germinated. These are TT tetrads 1 spore has not 

formed a colony because it is a double mutant, one spore is wild type and the 

remaining two spore display the phenotypes of the parental strains. 

4.4.1 pad]-] is synthetically lethal with mts3-1 

pad]-] was found to be synthetically lethal with mts3-1 at the permissive temperature 

of 25°C. Asci containing four viable, three viable and two viable spores segregated in 

a ratio of 4, 18 and 1 respectively. In the asci containing three viable spores the 

missing one was deduced to be the pad-] mts3-1 double mutant. The same conclusion 

was drawn from the ascus containing the two viable spores which both gave rise to 

wild type colonies. The double mutant spores were examined microscopically and 

found to divide once or twice to give a maximum of four cells (data not shown). Fig. 

4.5 shows TT, NPD and PD tetrads plated out at 25°C and 35°C. The spores which 

did not form a colony are deduced to be the double mutants since in NPD two wild-

type spores germinated, in TT 1 wild-type and two t.s. mutants germinated. 

4.4.2 pad]-] is synthetically lethal with a deletion of the pus]' gene 

Pusi, the S.pombe homologue of subunit S5a of the 19S cap, is responsible for 

recognising ubiquitinated substrates and binding poly-ubiquitinated proteins in vitro 

(Deveraux et al., 1994). Deletion of this gene is not lethal in S.cerevisiae (van 

Nocker et al., 1996) or in S.pombe (C. Wilkinson unpublished result). This suggests 

that other subunits apart from S5a are responsible for the recognition of poly-

ubiquitinated substrates. However, pus]A cells are more sensitive to arginine base 

analogues such as canavanine (van Nocker et al., 1996; C. Wilkinson pers. Comm.) 

Tetrad analysis was carried out on crosses between the pad]-] ura4D]8 strain and a 

puslA (pus1::ura4). Asci containing four viable, three viable and two viable spores 

segregated in a ratio of 3, 16 and 7 respectively. In the asci containing three viable 

spores the missing one was deduced to be the pad-]pus1::ura4 double mutant. The 

same conclusion was drawn from the asci containing the two viable spores which 
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Figure 4.5 pad]-] and mts3-1 are synthetically lethal at 35C. 

In the asci containing three viable spores (TT) the missing one was deduced to be the pad-lmts3-1 double 
mutant. The same conclusion was drawn from the ascus containing the two viable spores which both 
gave rise to wild type colonies (NPD). The pink colour is phloxine B which stains dead cells. 
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both gave rise to wild type colonies (data not shown). pad]-] is therefore 

synthetically lethal with a pusL.. 

4.5 	Analysis of Interactions using the 2-hybrid system 

The yeast 2-hybrid system (Fields and Song, 1989; Chien et al., 1991) was developed 

as a means for identifying interactions between two proteins. It is based on the 

functional reconstitution of the S.cerevisiae GALA transcriptional activator from two 

protein domains, a GAlA DNA binding domain and a GALA activation domain which 

are encoded on different plasmids, and the consequent transcriptional activation of a 

nutritional reporter gene (HIS3), and a lacZ reporter gene, under the control of a 

GALA-responsive promoter. The DNA-binding and activation domains are fused 10 

different proteins, any interaction between these two proteins will result in 

reconstitution of the transcriptional activator with concurrent expression of the HIS3 

gene and the lacZ reporter gene. This system is shown schematically in Fig 4.6. The 

HIS3 promoter present in the S.cerevisiae strain constitutively expresses at a low 

level. Inclusion in the growth medium of the histidine anti-metabolite 3-

aminotriazole (3-AT) overcomes this problem. 

The yeast 2-hybrid system was used to verify if the genetic interactions between Pad  

and Mts3, Mts5 and Pus  occur in vivo. pad]', pus] and mts3 were cloned into the 

2-hybrid vectors pAS and pACT (see appendix A). Before analyses of any 

interactions between these subunits could be ascertained each construct was 

transformed into the S.cerevisiae strain Y190 alone in order to determine whether 

they will self activate, i.e. will go blue in the presence of X-gal due to transactivation 

of the f3-galactosidase gene. Addition of either leucine, for pAS vectors, or 

tryptophan for pACT vectors, to the growth media, allows the Y190 to grow even 

though only one plasmid is present. 

pASpadP and pASpus] self activate (Fig 4.7. 1) as does pASmts31  (M. Wallace 

pers. Comm.). This means that they cannot be used to assess interactions between 

subunits. The majority of pACT constructs also interact with the negative control 
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A 	XH 	GAL4BD 

GAL UAS PROMOTER 	IacZ REPORTER 

+ 
B 	 GAL4AD 

L(1I 

GAL UAS PROMOTER 	IacZ REPORTER 

C __________ 

I x L 	 TRANSCRIPTION 

GAL UAS PROMOTER 	IacZ REPORTER 

GAL4 BD = Ga14 BINDING DOMAIN act 1-147 

GAL4 AD = Ga14 ACTIVATION DOMAIN act 768-881 

GAL UAS = UPSTREAM ACTIVATION SEQUENCE 

UNDER CONTROL OF Ga14 PROTEIN 

X = TARGET PROTEIN 

Y = CANDIDATE PROTEIN 

Figure 4.6 	Schematic diagram of yeast 2-hybrid system. 

A host strain is co-transformed with the vector pAS-CYH2 carrying the gene for a 'bait' or 'target' 
protein (X) fused to the S.cerevisiae GAL4 DNA-binding domain (A), and the vector pACTIT / pGADGH 
which carries a gene encoding a 'prey' protein (Y) fused to the S.cerevisiae GAL4 activation domain 
(B). The interaction between 'bait' and 'prey' results in the reconstitution of a functional Ga14 
transcriptional activator and the concomitant expression of the lacZ gene which is under the control 
of the GAL4 promoter (C). 
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subunits. The majority of pACT constructs also interact with the negative control 

plasmid pASSNF] on All media, although in the presence of 3-AT, the histidine 

base analogue, no interaction is seen. 

Due to problems with self activation of the majority of constructs, the only 

interaction that could be assessed was that of pASmts4 - pACTpad]. However, no 

interaction was observed between these two constructs (Fig 4.7.2). 

4.6 	Discussion 

Padi has been shown to be a subunit of the 26S proteasome (chapter3), and analysis 

of interactions between it and other subunits of the 19S cap will allow the complex 

3D structure of the 19S cap to be built up. 

pad]-] interacts genetically with both mts3-1 and mts4-1. Overexpression of either 

mts3 or mts4 cDNAs will rescue pad]-] at an intermediate temperature. 

Furthermore, mts3-1 and pad]-] are synthetically lethal indicating that they may 

interact directly within the 19S cap. Since Padi, Mts3 and Mts4 are not sequence 

homologues, one possible explanation for the rescue of pad]-] by overexpression of 

Mts3 or Mts4 cDNAs at an intermediate temperature is that this stabilises the heat 

labile 26S proteasome in the pad]-] strain. In addition, pad]-] is synthetically lethal 

with a pusTh and mts3-1. The most likely explanation for these results is that Pad! 

interacts directly with Mts3 in the 19S cap. The overexpression data suggests that 

Padi may also interact with Mts4 directly, but the mts4-1 and pad]-] alleles are not 

synthetically lethal (data not shown). However, synthetic lethality is often allele 

specific since proteins interact through defined domains, and it may only be when 

both proteins have a mutation in this domain that synthetic lethality is observed. 

Since pad]-] is synthetically lethal with pus]A, but overexpression of Pus I will not 

rescue pad]-], this may not define a direct interaction. Pusi will bind poly-

ubiquitinated proteins in vitro, and Padi has been proposed to be an isopeptidase 
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Figure 4.7.1 Self activation of 2-hybrid constructs expressing 26S proteaome subunits. 

Panel A) pASpadl
+ 

 and pASpusi
+ 

 self activate on AHL media. PACTpad/
+ 
 does not self activate on 

AHT media. Panel B) All pACT constructs interact with the negative control plasmid pASSNF/ on AH 
media but not 25mM AT. AHL - media containing adenine, histidine and leucine. AHT - media containing 
adenine, histidine and tryphoptine. 

AH 

- 	414W 41% 	 pASSNF1 - pACTSNF4 

pAS mts4" — pACT pad1' 

AH 25mM AT 

Figure 4.7.2 No interactions are observed between Padi and other subunits of the 26S 
proteasome using the 2-hybrid system. 

S.cerevisiae containing pASmts4+_pACTpadl+  shown were tested for an interaction using X-gal as a 
substrate. Blue colonies should be observed if the two proteins interact due to functional reconstitution of 
the Gal transcription factor. Only the positive control pASSNFJ-pACTSNF4 colonies turn blue indicating 
an interaction. 
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which cleaves ubiquitin from proteins targeted for degradation (chapter 5). The 

synthetic lethality between Padi and Pusi may indicate that they share a common 

function. Deletion of Pusi is not lethal. Therefore Padi may also perform similar 

functions in its putative role as an isopeptidase, resulting in synthetic lethality when 

one gene is mutated and the other is deleted. 

The information gained from the interaction studies has allowed Padi to be 

positioned within the 19S complex using the interactions. It is unclear whether the 

synthetic lethality between a pus]A and pad]-] represents a direct interaction or 

redundancy of function, however this interaction is shown as direct in Fig. 4.8. 

Overexpression of the Mouse 19S cap subunit MSS  was found to be lethal in padi-

] at 25°C. This was not a pad]-] specific effect, since overexpression was also lethal 

in a wild type strain at 20°C. Since overexpression of two S.pombe ATPase subunits, 

Leti and Mts2, did not cause a similar effect in padi-] or wild type, this effect seems 

to be due to overexpression of a mouse gene in S.pombe. MSS 1 is 81% identical at 

the peptide level to the S.pombe homologue Apsi (G. McGurk Ph.D. thesis, 1997) 

but its overexpression may disrupt 26S proteasome function. To verify this a cDNA 

encoding the S.pombe MSS1 homologue Apsl should be overexpressed in pad]-] 

and wild type. MSS1 overexpression is lethal in wild type at 20°C and in pad]-] at 

25°C. This temperature difference can be accounted for by pad]-] being a t.s. strain 

does not grow as well as wild type at 25°C (unpublished observation). 

Due to problems with self activation of genes cloned into pAS and pACT the 2-

hybrid system did not provide any further evidence of interactions between Padi and 

Mts3, Mts4 or Pusi. The 2-hybrid system cannot assay all protein-protein 

interactions, since for example, some proteins that cannot fold correctly within the 

cell or are not stable. If the protein-protein interaction is mediated by an amino-

terminal domain of either protein the standard orientation of the hybrid constructs 

may not work because the transcription factor domain blocks accessibility. In such 

cases the orientation of the hybrid can be reversed. In this case the problem is that the 

Padi protein activates transcription when fused to the DNA-binding domain. One 
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Figure 4.8 Interactions between subunits of the 19S cap after the identification of Pad 1 
as a subunit of the 26S proteasome. 

Refer to text for data supporting the interactions shown. S.cerevisiae subunits are shown in black text 
S.pombe subunits are shown in green text, human and mouse subunits are shown in yellow text. The 
position of Pad  is inferred by the pink subunit. 
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way to circumvent this problem is to clone the protein in the activation domain 

vector. However as other proteins also self activate in the binding domain plasmid 

this does not solve the problem. An alternative strategy would be to construct 

deletions in the pad1 gene. This would remove different regions of the protein and 

thus allow the removal of the domain responsible for the self activation. 

The position of Padi in the 19S cap has been identified by synthetic lethal and 

overexpression studies. Can a function be found for this subunit? The 19S cap is 

known to possess two functions, binding of multi-ubiquitin chains, shown in vitro for 

subunit 5a (Deveraux et al., 1994) and an isopeptidase activity (Lam et al., 1997a). 

Investigations were undertaken to see if Padi possessed an isopeptidase activity since 

Padi has limited homology to ubiquitin hydrolases. This is the subject of the next 

chapter. 
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Chapter 5 Padi: A Putative Isopeptidase? 

5.1 	Introduction 

Proteins are targeted for degradation by the 26S proteasome by the addition of a 

multi-ubiquitin chain on to the substrate protein, in co-operation with a series of 

enzymes (section 1.1.3.1). To allow recycling of ubiquitin, the poly-ubiquitin chain 

must be removed. Individual ubiquitin moieties can be removed by sequential 

cleavage at the isopeptide bonds linking them (isopeptidase activity), or by cleavage 

of the entire chain from the protein (hydrolase activity). An isopeptidase activity 

(section 1.1.3.2) has been reported in association with the PA700 (19S cap) of bovine 

26S proteasomes isolated from bovine red blood cells (Lam et at., 1997a; Lam et al., 

1997b). This complex was found to possess an isopeptidase activity using K48-

linked di-ubiquitin as a substrate, as did complete 26S proteasomes but not 20S 

complexes. The isopeptidase activity could be blocked by Ub aldehyde, an 

isopeptidase and hydrolase inhibitor, which binds to the active sites of these 

enzymes. Active site titrations with ubiquitin aldehyde demonstrated that a single 

isopeptidase subunit was present in each PA700 complex. The putative component of 

the PA700 responsible for the isopeptidase activity was identified as being of 

apparent Mr —37K. This ruled out S5a (50K) (Deveraux et at., 1994) and all known 

ATPases, Mr >44K (Hilt and Wolf, 1995). Two subunits of 35KDa and 37KDa have 

been identified in the 19S cap of 26S proteasomes isolated from human red blood 

cells (Dubiel et al., 1995) and it seemed likely that one of these subunits would 

possess this isopeptidase activity. 

The molecular weight of Padi is 35KDa, the only 19S cap subunit identified so far in 

S.pombe that is in the size range of the bovine isopeptidase. Experiments were 

undertaken to determine whether Padi possessed hydrolase and/or isopeptidase 

activities that could be responsible for the removal of ubiquitin from 26S proteasome 

substrates. 

5.2 	Padi contains a conserved cysteine residue and Cys and His boxes 
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Isopeptidase enzymes possess a conserved cysteine residue within a conserved region 

called the Cys box. This region contains the catalytic activity to cleaye isopeptide 

bonds which link ubiquitin moieties. A second conserved region is found further 

towards the C terminus of the protein, this is the HIS box. 

The consensus sequences for Cys and His boxes are divergent between different 

types of de-ubiquitinating enzymes, but all possess the conserved Cysteine residue 

(Baker et at., 1992; Wilkinson et at., 1995; Zhu et at., 1996; Amerik et al., 1997; 

Everett et at., 1997). 

The Padi sequence shown in Fig. 5.1 has regions marked that are putative Cys and 

His boxes. These regions correspond to the consensus sequences in other enzymes 

known to act as isopeptidases. All isopeptidases contain a conserved Cysteine residue 

within the Cys box which is the active site of the enzyme. Pad] and its homologues 

all possess this conserved cysteine residue at position 119 (see Fig. 3.5). From this 

simple scan of the Padi sequence, it seemed possible that Padi might possess 

isopeptidase activity. 

5.3 	Site directed mutagenesis of Pad! conserved Cysteine 

The conserved Cysteine residue at position 119 of Padi is the putative active site of 

the protein. Since mutation of this amino acid should abolish all isopeptidase activity, 

this amino acid was mutated in order that a comparison of any isopeptidase activity 

identified with the native protein could be verified 

Therefore two amino acid changes were introduced in the Pad  sequence: 

1. Codon 119: TGT to TCT, changing Cysteine to Serine (Fig 5.2). 

The reduced form of Cysteine has an S-H bond which is most like serine which has 

an 0-H bond. The oxidised form of Cysteine (S-S) has no polarising bond and is 

therefore more hydrophobic. Changing the active site cysteine to Serine will disrupt 

the function of the protein. 
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1 	 50 

MESLQRLLQG ARMGTGMMGD QPLVDNSECV YISSLALLKM LRHGRHGTPM 

51 	 100 

EVMGLMLGEF VDDFTVRVVD VFAMPQSGTG VSVEAVDPVF QKNI'4NDMLKQ 

101 	 * 	 150 

TGRPEMVVGW YGSHPGFGCW LSSVDINTQQ SFEQLTPRAV AVVVDPIQSV 

Cys Box 

151 	 200 

KGKVVIDAFR LINPSTLMMG QEPRQTTSNL GHINKPSIQA LIHGLGRHYY 

His Box 

201 	 250 

SLRINYKKTE LEEIMLLNLH KQPWAHGLLL ENFNSAAEKN HASIDKMKSL 

251 	 300 

SEQYTERVQN EVTLSPEQLR IQYVGKQDPK KHLDAEVQKC IDNNISSMLA 

301 308 

CMLDS VA F 

Figure 5.1 	Padl protein sequence showing Cys and His boxes. 

The Cys box is shown in red, and the conserved Cysteine residue is marked by a star above the sequence 

at position 119. The His box is shown in green. 
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2. Codon 118: GGT to AGA, changing Glycine to Arginine (Fig 5.2). 

The molecular weight of these two amino acids is very different, 75.07 and 174.2 

respectively, arginine is a basic amino acid and glycine is a neutral polar amino acid. 

This change may disrupt the folding of the protein. 

Mutagenesis of codon 118 also enabled the introduction of a Bglll site which aided in 

the subsequent cloning of the mutated version of Pad] (pad](C1 19S)) and 

identification of clones containing the mutated version of the gene in the mutagenesis 

reaction. 

5.4 	Expression of recombinant Pad! protein 

Pad  and Pad l(C119S) were subsequently cloned into the vector pQE60 using oligos 

L728 and N920. These introduce NcoI and BamHI sites at the 5' and 3' ends of pad] 

respectively and allow directional cloning. pQE60 is an E.coli expression vector 

which produces a recombinant protein with a 6xHIS tag at the C terminus. These 

proteins were induced in the E.coli strain in BL21 pLysS. 

Purified recombinant Padi protein was initially required for the isopeptidase assay, 

although subsequently it was found that crude bacterial lysate was sufficient. 

However, purified Padi will be a useful resource for further biochemical 

experiments. 

E.coli strain BL21 pLysS containing pQE60padY, pQE60pad](C 1 19S) and pQE60 

were induced by addition of IPTG (section 2.6.3.2) Analysis of samples taken before 

and after induction of recombinant protein in E.coli showed that expression of 

recombinant Padi occurred before addition of IPTG (Fig 5.3.1). This is presumably 

due to leaky expression of the protein from the vectors promoter in the absence of 

IPTG. 

After induction cells were resuspended in lysis buffer and lysed by freezing on dry 

ice and ethanol followed by subsequent thawing. Proteins were solubilised overnight 
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Wild type sequence. 

5 AAG CCAI ACA 'ACC IAAA ACC 3' 
Coding 	3 TTC GGT I TGT I TGG I ITT TGG 5' 

sequence 	 I 	I 	I 	I 	I 
Leu I Trp I Cys I Gly I Phe I Gly 

119 	118 

Mutated sequence 

51AAG CCA AGA TOT AAA ACC 3' 
3 TTC GGT TOT AGA TTT TGG 5' 

Leu Trp Ser Arg Phe Gly 
119 118 

Figure 5.2 Mutation of the conserved Cysteine residue in Padi to 

Serine. 

The cysteine residue at position 119 was changed to a serine residue, and the 

Glycine residue at position 118 was changed to an arginine residue in padl(C 11 9S). 

This second amino acid change introduces a unique BgfIl site allowing identification 

ofpadl(C1 19S). 



and a iml sample taken to determine the proportion of recombinant protein that was 

soluble. Insoluble proteins were spun out and resuspended, in a volume equivalent to 

the soluble fractions. Samples were analysed by SDS-PAGE and gels stained with 

coomassie (Fig. 5.3.2). No recombinant protein was detected in the soluble fraction. 

This experiment revealed that Padi was insoluble, and thus a series of experiments 

were performed to optimise the purification of recombinant Padi under denaturing 

conditions. Solubilisation of the pellet in urea was chosen as the denaturing 

conditions as this allows subsequent purification of 6xHIS proteins on nickel agarose 

even in the presence of 8M urea. The insoluble proteins were resuspended 

sequentially in 1M, 2M, 3M, 4M and 8M urea respectively and comparable samples 

were analysed by SDS-PAGE and coomassie staining to assess which concentration 

of urea was the most suitable to optimise the solubilisation of Pad I. 

1M urea solubilises a significant proportion of the recombinant protein. Although an 

excess of protein is still present in the pellet, increasing the concentration of urea to 

2M did not significantly increase the amount of protein solubilised. Further increases 

in the concentration of urea did not appear to solubilise any further protein (Fig 

5.3.3). 

Consequently 1M urea was chosen as the solubilisation buffer. This meant that later 

purification steps would necessitate the removal of urea by dialysis, but the low 

molarity used would mean that fewer dialysis steps would be required and this would 

enhance the chances of producing a native protein. 

After binding solubilised recombinant protein to nickel agarose (section 2.6.3.2), 

recombinant proteins can be eluted by increasing the concentration of imidazole 

since this acts as a competitor with the recombinant 6xHIS protein for the nickel 

agarose. 

Elution with 10mM, 50mM, 100mM and 300mM imidazole was assessed to 

determine which concentration is optimal to elute the recombinant protein. 300mM 
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Figure 5.3.1 Induction of pQE60pad1, pQE60padl (C 191 S) and pQE60 in BL21pLysS. 

Uninduced and induced samples were run on a 12.5% SDS gel. Cultures expressing these plasmids produce 
recombinant protein even in the absence of IPTG. 
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Figure 5.3.2 	Recombinant Padi protein is insoluble in lysis buffer under native 

conditions. 

pQE60padJ pQE60pad/(C 191 S) and pQE60 cultures were induced and proteins solubilised. Samples 

of soluble and insoluble protein were run on a 12.5% SIDS gel. The majority of recombinant protein is 

present within the insoluble pellet. 
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Figure 5.3.3 Solubilisation of recombinant Pad  protein under denaturing conditions. 

Insoluble proteins were resolubilised in 1M, 2M, 3M, 6M and 8M urea consecutively. Samples were 
taken after each solubilisation step and soluble and insoluble proteins analysed. Samples were resuspended 
in equivalent volumes for comparisons and run on a 12% SDS gel. Lane 1) pQE60padi, Lane 2) 
pQE60padJ(CI9IS) and Lane 3) pQE60. 

144 



was found to elute the greatest quantity of protein from the beads (Fig. 5.3.4). 

During the determination of the optimum purification protocol for recombinant Padi 

it became apparent that it was essential to maintain the pH of all solutions at 8.0. This 

ensured that solubilisation and elution were optimised for the protocol described. 

Dialysis of the eluted proteins was performed to remove urea and imidazole from the 

buffer in order to refold the recombinant protein in its native conformation. It was 

necessary to perform the dialysis in small steps to ensure slow renaturation. Proteins 

were dialysed against buffer at p118.0, reducing the urea concentration in 0.2M 

increments for at least 4 hours at 4°C in 2 litres of buffer stirring continuously. The 

beaker containing buffer was put in an bucket of ice to maintain a constant 

temperature. 

Fig. 5.3.5 shows the amount of Padi purified after the dialysis procedure. lO[d of 

protein was run on the gel. A number of contaminating bands are present, and these 

could not be removed by changing the imidazole concentrations used. Although the 

protein had now been dialysed, it was not possible to determine whether it had 

refolded properly into its native conformation. 

5.5 	Assay for Ub C terminal Isopeptidase activity of Padi 

E.coli expressing pQE60padF and pQE60pad](C119S) were used to generate crude 

bacterial lysate which could be used in an assay to detect the cleavage of synthetic 

ubiquitinated substrates. These experiments were undertaken in collaboration with R. 

Layfield. 

Cleavage of synthetic Ubiquitin-((xN)-valine and Ubiquitin-(EN)-lysine to ubiquitin 

was monitored by linear MALDI mass spectrometry (matrix-assisted laser desorption 

ionisation mass spectrometry). This technique easily detects the single amino acid 

difference between substrates and product and also confirms precise cleavage after 

G1y76. 
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Figure 5.3.4 Elution of recombinant 6xHis tagged protein bound to Ni-NTA 

beads. 

Proteins were eluted with 10mM, 50mM, 100mM and 300mM Imidazole sequentially. Eluted 

proteins were run on a 12.5% SDS gel. Lane 1) pQE60padI Lane 2) pQE60padJ(C 191 S) and 

Lane 3) pQE60. 
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Figure 5.3.5 Purified recombinant Pad  protein. 

Protein eluted with imidazole was dialysed to remove urea and imidazole. I OiJ was run on a 12.5% 
SDS gel. Lane I) pQE60padI Lane 2) pQE60padI(C19IS) and Lane 3) pQE60. 
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Mass spectrometry detects the synthetic peptides and ubiquitin alone with different 

mass spec., MH, values as shown below. The type of bond linking ubiquitin is also 

shown: 

Substrate 	 MH 	Bond 

Ubiquitin-((xN)-valine 	8665 	peptide bond 

Ubiquitin-(EN)-lysine 	8694 	isopeptide bond 

Ubiquitin 	 8565 

It is therefore possible to determine whether the protein being assayed has cleaved 

the synthetic ub-peptide by the MH values of the mass spectrometry analysis. A 

positive control consisting of a DUB (S.cerevisiae Ubplp) which is known to cleave 

the isopeptidase bonds but not the peptide bond was also analysed and was found to 

cleave Ubiquitin-(N)-lysine but not Ubiquitin-((xN)-valine (data not shown). Neither 

pQE60padF nor pQE60padl(C1 19S) were found to cleave either synthetic ubiquitin 

substrate (Fig. 5.4) since all MH values represent the uncleaved substrate and not 

cleaved ubiquitin. 

5.6 	Assay for Ub-specific Hydrolase activity of Pad! 

The ubiquitin chain which targets proteins for degradation by the 26S proteasome is 

joined by a pepitde bond to the target protein. Padi could conceivably be acting as a 

de-ubiquitinating enzyme by cleavage of the bond which links the protein to the 

ubiquitin chain. 

The ability of Padi to cleave a model Ub fusion protein substrate which has ubiquitin 

linked to 0-gal-methionine via a hydrolase bond was investigated by co-expression in 

E.coli (Everett et al., 1997). Complete coding region clones for Padl were 

constructed under the control of the T7 promoter in the vector pQE60 (section 5.3). 

This plasmid was introduced into bacteria harbouring model substrate expression 

cassettes also under the control of the T7 promoter. As a control, plasmids expressing 

the S.cerevisiae ubiquitin hydrolase UBP2 were analysed in parallel (Baker et al., 
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Figure 5.4 	Padi does not function as an isopeptidase in a MALDI assay. 

Mass spectrometry results indicated that Pad  does not cleave the synthetic ubiquitin 
substrate containing an isopeptide bond, Ubiquitin-(N)-valine, since the MH+ value 
recorded is 8665. The peptide bond of Ubiquitin-(N)-lysine is not cleaved either which 
would be expected as this is not an isopeptide bond. 
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1992). Expression of Padi and UBP2 were induced by addition of 0.5mM IPTG and 

cleavage of the model substrate 3-gal-met-ubiquitin was assayed by western blot 

analysis. 

Fig. 5.5 shows a western blot using anti-j3-gal antibodies against induced and 

uninduced protein extracts from E.coli containing no plasmids, substrate plasmid 

alone, substrate plasmid and Pad 1, substrate plasmid and UBP2. The 3-gal antibodies 

detect various bands in the control lanes, but it is evident in the UBP2 lanes that there 

is a band present which is not in any of the others, this represents the cleavage 

product of the substrate after removal of ubiquitin. This band is not present in 

pQE60padT, indicating that Padi is not a Ub-specific protease, i.e. Padi cannot 

cleave bonds of this type. 

5.7 	Discussion 

From an analysis of the protein sequence of Pad 1, two regions were identified which 

correspond to Cys and His boxes, which suggested that Padi could be an 

isopeptidase and therefore responsible for the removal of ubiquitin moieties from 

proteins in order that they can be degraded by the 26S proteasome. Padi has a 

molecular weight of 35KDa and an isopeptidase activity has been identified in bovine 

red blood cells in association with a subunit of the 19S regulatory cap complex. This 

subunit has a molecular weight of between 35 and 38KDa (Lam et al., 1997a; 

1997b). Investigations were undertaken to ascertain whether Padi has a hydrolase or 

an isopeptidase activity. 

Two analyses were undertaken, MALDI mass spectrometry to assay cleavage of 

synthetic model isopeptidase substrates and a hydrolase assay by co-expression of a 

substrate plasmid and Padi in E.coli. Neither of these assays identified an 

isopeptidase or hydrolase activity mediated by Pad 1. This however does not exclude 

the possibility that Padi is an isopeptidase since both of these assays use synthetic 

substrates and not native ubiquitinated proteins. A further problem could be that the 
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Figure 5.5 	Padi is unable to cleave peptide bonds in a hydrolase assay. 

Pad land UBP2 (a known hydrolase) were co-expressed in E.coli with a plasmid encoding ubiquitin 
linked to 3-gal-met via a peptide bond (Everett et al., 1997). UBP2 was found to cleave ubiquitin from 
the synthetic substrate leaving a smaller cleavage product 9indicated by a star). Pad I was unable to 
cleave the substrate indicating that it does not function as a hydrolase. A) E.coli alone, B) Substrate 
plasmid, C) Substrate plasmid + pGEXpadI D) Substrate plasmid + control plasmid pRB 105. 
The lower band in all lanes represents endogenous Vgalactosidase. 
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recombinant Padl protein produced in E.coli is not in its native confirmation. This is 

certainly likely to be a problem since the Padi protein was purified under denaturing 

conditions. However, it is not possible to ascertain whether the protein produced in 

E.coli is active or not. Alternatively Padl may require post translational 

modifications in S.pombe which cannot be performed by E.coli. One way to 

circumvent this problem would be to overexpress a GST tagged Padi protein in 

S.pombe. This may also aid solubilisation of the protein. 

Although no functional role for the Padi subunit as an isopeptidase has been 

identified, its role as a structural component of the 19S cap has already been defined 

(chapter 4). The 26S proteasome degrades a wide range of proteins and it was 

hypothesised that one of these could be involved in the resistance of 26S proteasome 

mutants toMBC. This is the subject of the next chapter. 
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Chapter 6 The 26S proteasome mediates MDR 

6.1 	Introduction 

The original isolation of the pad-l' gene had been as a positive transcriptional 

regulator of the AP-1 transcription factor Pap 1, since overexpression of Padi caused 

cells to acquire a MDR phenotype with a concomitant rise in Pap 1 levels (Shimanuki 

et al., 1995). pad]' is therefore implicated in multidrug resistance (MDR) mediated 

by Papi. In addition, a number of 26S proteasome mutants have been isolated from a 

screen for MBCR  S.pombe (Gordon et al., 1993; 1996; Wilkinson et al., 1997). The 

mechanism behind the drug resistance in 26S proteasome mutants was however, 

unknown. However, this study has shown that Padi is a subunit of the 26S 

proteasome (Shimanuki et al., 1995). Therefore, one possible hypothesis was that the 

resistance could be mediated via Papi since Padi had already been implicated in 

drug resistance through this pathway (Shimanuki et al., 1995). 

A second gene, crmT, had also previously been shown to be involved in the 

regulation of Pap 1, but in a negative manner, whereby mutations in crmTF caused 

increased MDR on cells but without a concomitant increase in Pap 1. This mechanism 

must therefore be acting not at the translation or protein level, but possibly in altering 

the activity of Papi to transcribe target genes (Toda et al., 1992; Adachi and 

Yanagida, 1989). Mutations in crm1 have been shown to cause increased resistance 

to a variety of drugs, including staurosporine, to a higher level than that observed 

when Pad! is overexpression (Toda et al., 1992; Adachi and Yanagida, 1989). 

The temperature sensitive MBC resistant screen identified mutants resistant to 

20ig/ml of MBC. The majority of mutants isolated in the screen are resistant to this 

low level of MBC. However, one mutant was found to be resistant to higher levels of 

MBC than the previously identified proteasome mutants. For this reason it was called 

mbcl-] to distinguish it from the lower resistant mutants. The higher resistance of 

mbcl-] to MBC suggested that it could define a separate class of mutant, possibly 

acting in a similar way to crin]. 
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6.2 	mbcl-1 is rescued by a plasmid containing the crm1 gene 

The production of temperature sensitive alleles facilitates the cloning of S.pombe 

genes. After transformation with a library and subsequent selection for growth at the 

restrictive temperature, only cells which contain DNA capable of complementing the 

t.s. mutation will be able to grow. 

All mts mutants were made in a leu].32 background allowing the use of vectors 

carrying the S.cerevisiae LEU2 gene which is able to complement this mutation. A 

S.pombe genomic library cloned into the vector pWH5 (Wright et al., 1985), was 

screened to isolate genomic DNA's complementing the mbcl-I t.s. mutation. The 

mbc]-] strain was transformed with the library and uptake of plasmids was selected 

for by growth on minimal media (section 2.8.4). Cells were incubated at 25°C 

overnight before shifting to 35°C, the restrictive temperature, in order that only 

colonies containing a genomic clone capable of rescuing the mbcl-] mutation would 

grow. 3,000 transformants were screened, one colony was found to be growing after 

5 days. Plasmid DNA was isolated from this colony (section 2.8.5.1) and sequenced. 

It was found to contain a 6Kb insert, which included the 4Kb crm1 gene (Adachi 

and Yanagida, 1989). Upon retransformation of the pWH5crm] plasmid into mbcl-

1, colonies were still able to grow at 35°C indicating that crm1 does complement the 

t.s. mutation in mbc]-1, Fig. 6.1. mbcl-1 has tentatively been shown to contain a 

mutation in the crml gene, and will be referred to as cnn]-]. 

6.3 crml-1 is resistant to higher levels of MBC than mts mutants 

In order to quantify the difference in resistance to MBC of crml-1 and 26S 

proteasome mutants. crml-1, mts3-1 and wild type were streaked onto YPD 

containing MBC at varying concentrations, and YPD alone. Plates were incubated for 

5 days at 25°C to allow colonies to form. Fig. 6.2 shows that mts3-1 is resistant to 

20ig/ml of MBC as expected, since this was the concentration used in the original 

mutagenesis screen. crm]-] will grow on levels far in excess of this, up to 100jtg/ml 
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Figure 6.1 Isolation of a genomic DNA clone in pWH5 that is able to rescue mbcl-1 
at 36°C. 

The mbcl-1 strain was re-transformed with a genomic DNA clone isolated from a library by 
complementation. crml+ is under the control of the endogenous promoter in the vector pWH5 (Wright 

etal., 1985). 
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of MBC. The wild type strain will grow on approximately 1Oig/ml of MBC, and all 

strains grow on YPD alone. 

6.4 	crml-1 and proteasome mutants are MDR 

A c.s. allele of crml has previously been implicated in multidrug resistance (section 

1.4.4.3). It has been implicated in resistance to a range of drugs, including caffeine 

(Kumada et al., 1996), Staurosporine (Adachi and Yanagida, 1989) and Brefeldin A 

(Turi et al., 1994). 

crinT had previously been shown to be a negative regulator of the AP-i transcription 

factor Pap! (Toda et al., 1992). In addition to this, pad]' had previously been 

implicated in the regulation of Papl since it had been described as a positive 

regulator of Pap 1, and was therefore implicated in multidrug resistance through Papi 

as described. Mutations in 2 genes, crm[ and pad]', have therefore been isolated in 

a screen for t.s. MBCR  S.pombe, and these two genes have both previously been 

shown to be involved in the regulation of Papi. Since Padl is a subunit of the 26S 

proteasome (chapter 3), it was hypothesised that the MBC resistance of 26S 

proteasome mutants might be due to elevated levels of Papi due to defective 

proteolysis. 

If this is the case, pad]-] and other 26S proteasome mutants might be expected to 

show a multidrug resistance in the same way as crm]-1. The resistance of crm]-] and 

26S proteasome subunits were tested to see whether they have a MDR phenotype. 

mts1-1, mts2-1, mts3-1, mts4-1, pad]-] and crml-1 were found to be resistant to a 

range of unrelated drugs, consistent with them displaying a multidrug resistance 

phenotype. These strains were streaked onto plates containing different 

concentrations of MBC, staurosporine, brefeldin A and caffeine. crm]-I is resistant 

to higher concentrations of these drugs than the t.s 26S proteasome mutants (Fig. 

6.3). 

6.5 	Drug resistance in 26S proteasome mutants is dependent on Papi. 
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Figure 6.2 crml-1 is resistant to higher levels of MBC than the 26S proteasome mutant 
mts3-1. 

Wild type, crml-1 and mts3-1 strains were streaked onto YPD containing MBC at the concentrations 
shown and YPD alone at 25°C. Wild type is sensitive to lO.Lg!ml MBC, while mts3-1 is resistant to 20j.tg/ml 
MBC. crml-J will grow on MBC concentrations in excess of lOO.tg/ml. 

158 



After finding that 26S proteasome mutants have a MDR phenotype, and based on the 

hypothesis that this is due to decreased degradation of Pap 1, it was predicted that 26S 

proteasome mutants might show a multidrug resistance phenotype in a Pap I-

dependent manner. A pap]A strain (a gift from T. Toda) was streaked onto different 

concentrations of MBC and caffeine to assess the level of sensitivity that this strain 

displays. The pap] gene is not essential (Toda et al., 1992), but the strain has been 

shown to be more sensitive to stress conditions than a wild type strain. The pap]A 

strain was shown to be super sensitive to MBC and caffeine. A wild type strain will 

grow on 6ig/ml MBC and 10mM caffeine, whereas the paplA is sensitive to these 

concentrations will not form colonies Fig. 6.4. 

To test whether 26S proteasome mutants show a MDR phenotype in a Pap I 

dependent manner, strains containing a pap]A gene in combination with mts2-1, 

mts3-1 and pad]-] were constructed. All double mutants were t.s. and sensitive to 

6ig/m1 MBC, unlike wild type, mts2-1, mts3-1 or pad]-] single mutants, but 

identical to a pap]A strain (Fig. 6.5), and sensitive to 10mM caffeine (data not 

shown). The most likely explanation for these results is that the multidrug resistance 

phenotype of 26S proteasome mutants results from their inability to degrade the Pap 1 

transcription factor due to a defective 26S proteasome. 

6.6 	Proteasome Mutants stabilise the AP-1 Transcription factor Pap! 

If Papi is a substrate of the 26S proteasome, increased levels of Papi would be 

expected to be observed in 26S proteasome mutants at the permissive temperature. In 

order to look at stabilisation of Papi further in 26S proteasome mutants the levels of 

Papi protein were examined by western analysis. Cells overexpressing a truncated 

pad] gene have previously been shown to posses elevated levels of Papi (Shimanuki 

et al., 1992). if Papi is degraded by the 26S proteasome 26S proteasome mutants 

should show a similar increase in Papi levels. In contrast crm]-] should show wild 

type levels of Papi as has been described (Toda et al., 1992) since it is a negative 

regulator of Pap 1 and affects Pap I activity, but not by affecting levels of Pap I 

protein. 

159 



MBC 

_O jig/rn I 

iC:.:  • 

-3 

BREFELDIN A 

STAUROSPORINE 
	

YPD-25°C 

2 jig/mI 

CAFFEINE 

2OmM 

cm 

Figure 6.3 Resistance of mtsl-1, mts2-1, mts3-1, mts4-1, crml-1 and pad]-] to MBC, 
brefeldin A, staurosporine and caffeine. 

Plates contain YPD with drugs added, at the concentrations shown, after autoclaving. mtsl -1, mts2-1 , mts3-
1, mts4-1 and pad]-] are resistant to higher levels of drugs than wild type and cdc25 (a t.s. non-proteasome 
mutant). Two alleles of crml (crm]-I and crml-2) are resistant to the same range of drugs, but higher 
concentrations, than the 26S proteasome mutants 
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Figure 6.4 pap]A is sensitive to MBC and caffeine. Wild type and pap] A strains were 
streaked on to caffeine and MBC plates and incubated at 25°C. 

Plates contain YPD with drugs added, at the concentrations shown, after autoclaving. pap 1/s is more 
sensitive to MBC and caffeine than wild type. Wild type will grow on 10mM caffeine and 611g/ml MBC, 
whereas pap IA is sensitive to these concentrations. 
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Figure 6.5 paplLi26S proteasome double mutants are sensitive to MBC. 

Double mutants are t.s. but are also sensitive to MBC and caffeine, unlike mts2-1, mts3-1 and padl-1 
single mutants, but identical to apaplA strain. 
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Protein extracts were made from mts2-1, mts3-1, mts4-1 pad]-], puslA (section 4. 1), 

paplA, wild type and crml-] strains. A western blot was performed using antibodies 

against Papi (a gift from T. Toda). pap]A contains no detectable Papi protein, 

whereas wild type contains a basal level of Pap 1. Extracts made from the crm 1-

lmutant contain a wild type level of Papi consistent with Crml regulating Papi 

activity, but not by altering protein expression. The t.s. 26S proteasome mutants and 

a deletion of the 19S non-essential poly-ubiquitin binding subunit, pusI, (C. 

Wilkinson unpublished result) all result in elevated levels of Pap 1 protein, indicating 

that Pap  is stabilised in these mutant backgrounds. Presumably because Pap  cannot 

be degraded efficiently at the permissive temperature because proteolysis is defective 

in these strains even at the permissive temperature (Fig 6.6). 

	

6.7 	Proteasome mutants contain elevated levels of an AP-1 target protein 

Since it was shown that defective proteolysis results in an increase in the levels of 

Papi, it was hypothesised that this might consequently cause increased transcription 

of AP-1 target genes which could include ones involved in drug resistance (leading to 

the MDR phenotype). Increased levels of Papi within cells, and thus increased Papl 

activity, can be quantified by assaying the levels of a 25KDa protein, p25, whose 

gene is a known target of the Papi transcription factor (Toda et al., 1992). Elevated 

evels of p25 were found in protein extracts made from 26S proteasome mutants 

mtsl-1, mts2-1, mts3-1, mts4-1 and pad]-] when compared to levels in wild type 

cells. In cells lacking Pap 1, however, no p25 protein is detected (Fig. 6.7). The puslA 

also shows an increase in the levels of p25 (data not shown). crm]-] also shows an 

increase in the levels of p25 protein which was expected as this has already been 

shown (Toda et al., 1992). 

	

6.8 	papTh is sensitive to MBC and Caffeine but not UV or X-rays 

Pap  is an AP-1 transcription factor, and the S.pombe homologue of the human AP-1 

transcription factor c-fos. c-fos interacts with c-jun to form the AP-1 protein complex 

which binds to AP-1 sites in target genes. AP-1 has been implicated in the expression 
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Figure 6.6 Altered levels of Pap  in 26S proteasome mutants. Protein extracts 
were made from all strains grown at 25C and run on a 12.5% SDS gel. 

Western blots were probed with anti-pap 1 antisera (a gift from T.Toda). The extracts were also 
probed with anti-actin antisera (Amersham) as a loading control. A basal level of Pap 1 protein 
is seen in wild type extracts, while all 26S proteasome mutants have increased levels. Apapi, 
in contrast, contains no Papl protein and crml-1 contains the same levels as wild type. 
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of genes involved in a number of cellular responses including the 'UV-response'. 

This response results in the alteration of transcription of a number of mammalian 

genes following treatment with chemical or physical carcinogens. These carcinogens 

include UV and ionising radiation. AP-1 DNA binding sequences are found in 

several mammalian radiation inducible genes, and the AP-1 complex has been shown 

to regulate the transcription of these genes following irradiation of cells (Hallahan et 

at., 1993). Jun is central to tumour proliferation and cell cycle regulation, and is 

activated by DNA damaging agents in mammalian cells (Bernstein and Colburn, 

1989). Therefore ionising radiation exposure is associated with expression of the c-

jun/fos gene families. For this reason experiments were undertaken to determine 

whether a deletion of the S.pombe homologue of c-fos (Papi) caused a similar 

increase in UV sensitivity. 

Preliminary experiments to assess whether a papIA strain was more sensitive to UV 

and X-rays than a wild type strain revealed no significant difference (data not 

shown). 

6.9 	Discussion 

Two classes of mutant were identified in a screen for t.s. MBCR  S.pombe, which 

differ in the level of resistance to MBC. The majority of strains identified from this 

screen are resistant to 20p.g/ml of MBC, and have been shown to contain mutations 

in genes encoding 26S proteasome subunits, mts2-I (Gordon et at., 1993), mts3-I 

(Gordon et at., 1996), mts4-1 (Wilkinson et at., 1997) and pad]-] (chapter 3). The 

crml-1 mutant was found to be resistant to levels of MBC in excess of 20jig/ml. 

Both crm] and pad]' were previously identified genes which had both been 

implicated in the same pathway, the regulation of the transcription factor Pap I 

(Shimanuki et at., 1995; Toda et at., 1992). Crml was shown to be a negative 

regulator of Pap 1. A c.s. allele of this gene displayed elevated drug resistance but no 

increase in the level of Pap  protein leading to the hypothesis that Crml regulates the 

activity of Papi (Toda et at., 1992). In the c.s. and t.s. alleles of crm] mutants, Papl 

activity is enhanced since regulation of Papi activity is lost. This results in an 
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Figure 6.7 Increased levels of p25 in mtsl-1, pad]-], mts2-1, mts3-1, crm]-1 
and crml-2. 

Protein extracts were made from all strains grown at 25°C and run on a 12.5% SDS gel. Western blots 
were probed with anti-p25 antisera (a gift from T.Toda). The extracts were also probed with anti-Mts2 
antisera as a loading control. A basal level of p25 protein is seen in wild type extracts, while all 26S 
proteasome mutants crml-1 and crml-2 have increased levels. ApapJi, in contrast, contains no p25 
protein. 





increase in the expression of AP-1 target genes which include p25 and presumably 

genes involved in resistance to a variety of unrelated drugs. 

In contrast, Padi has been described as a positive transcriptional regulator of Papi 

since overexpression of a truncated pad] gene caused increased drug resistance (but 

to a lower level than in crml-1), and this was concomitant with an increase in the 

levels of Pap  protein (Shimanuki et al., 1995). 

Since it was shown that Padi is a subunit of the 26S proteasome, these findings can 

be re-interpreted. Overexpression of the truncated pad] gene results in the formation 

of partially functional 26S proteasomes in these cells. This leads to decreased 

degradation by the 26S proteasome of all proteins including Pap I. This subsequently 

causes an increase in transcription of downstream targets of Pap  including p25 and 

genes involved in MDR. The same hypothesis can used to explain the increased 

levels of Pap!, p25 and drug resistance seen in pad]-] and other t.s. 26S proteasome 

mutants. Production of a heat labile 26S proteasome subunit at the permissive 

temperature results in the production of slightly defective 26S proteasome 

complexes. Although these complexes function adequately to enable cells to grow at 

the permissive temperature, they are still defective and consequently proteins, 

including Pap!, are not degraded as efficiently as in wild type cells resulting in 

elevated levels in the cell. Double mutants of t.s. 26S proteasome subunits and pap ]z\ 

are supersensitive to MBC and caffeine levels as that of a pap]L\ single mutant, and 

t.s. 26S proteasome mutants show stabilisation of the levels of Papi. These findings 

are consistent with Papi being degraded by the 26S proteasome. 

The human homologue of Papi, the fos/jun heterodimer, has been shown to be 

involved in resistance to ionising radiation. However, deletion of the Pap! gene does 

not render S.pombe sensitive to UV or X-rays. This result could be explained by the 

fact that there are a number of transcription factors in mammalian cells that also 

contribute resistance of this type, and the same situation may be found in S.pombe. 
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Chapter 7 General Discussion 

7.1: Summary of Results from chapters 3-6 

A S.pombe mutant, mts5-1, isolated in a screen for mutations which confer both 

MBC resistance and temperature sensitivity on S.pombe (Gordon et al., 1993). 

The pad] gene (Shimanuki et al., 1985) in mts5-1 was found to contain a mutation 

at position 160. This mutation changes an invariant amino acid in a conserved 

domain of the Pad  protein. The mts5-1 strain was subsequently renamed pad]-]. 

pad]-] was found to have a similar phenotype to mutants isolated in the same 

screen which had been shown to contain mutations in genes encoding subunits of 

the 26S proteasome (Gordon et al., 1993; 1996; Wilkinson et al., 1997). The Pad  

protein was shown to be a novel subunit of the 19S cap of the 26S proteasome in 

fission yeast. 

A mouse homologue of Padi was found to rescue the t.s. phenotype of pad]-]. 

pad]-] was found to be rescued at an intermediate temperature by overexpression 

of 2 non-ATPase subunits of the 19S cap, Mts3 and Mts4. pad]-] is synthetically 

lethal with mts3-1 and a strain deleted for the non-essential subunit Pusi. This 

information enabled Padi to be positioned tentatively in the 19S cap in relation to 

other subunits. 

The Padi protein contains sequences consistent with it being a putative 

isopeptidase. These are a conserved cysteine residue in a Cys box, and a His box. 

However, using the MALDI assay no isopeptidase or hydrolase activity was found 

to be associated with the Padi subunit. 

6 complementation groups were isolated by the MBC resistant t.s. screen. The first 

5 define mutations in 19S cap subunits and are resistant to low levels of MBC. 

The sixth complementation group, mbcl, is resistant to high levels of MBC. 

mbcl-] was found to be rescued by a plasmid containing the crmT gene. This 
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tentatively suggests that mbc]-] contains a mutation in the crml gene. crm] had 

previously been implicated in drug resistance by negative regulation of the AP-1 

transcription factor Papi (Toda et al, 1992). Padi had also been implicated in this 

pathway, but as a positive regulator of Pap 1. t.s. mutations in 19S cap subunits 

were found to confer a MDR phenotype. This resistance was dependent on the 

presence of a functional pap] gene. These mutants were also found to have 

increased levels of Pap 1 at the permissive temperature and to overexpress an 

25KDa protein, the product of the apt]' gene. These results are consistent with 

decreased Pap 1 degradation in proteasome mutants due to defective proteolysis. 

7.2: Padi: 26S proteasome subunit? 

Prior to the commencement of this work Padl was thought to be a positive 

transcriptional regulator of the fission yeast AP-1 gene Pap! (Shimanuki et al., 

1995). This was based on the finding that overexpression of Padi conferred a drug 

resistance phenotype on S.pombe, which was dependent on the presence of a 

functional pap]' gene. The isolation of Padl in a screen that had been specific for 

mutations in genes encoding 19S cap subunits was unexpected. The pad] -1 mutant 

had a similar phenotype to other t.s 19S cap mutants (increased number of cells at 

metaphase and an increase in high molecular weight ubiquitinated conjugates when 

incubated a the restrictive temperature). This work has demonstrated that Pad 1 is a 

subunit of the 26S proteasome. The Padi protein purifies in fractions in which the 

highest 26S activity is found, moreover these are the fractions where known subunits 

of the 26S proteasome co-purify (Wilkinson et al., 1997; Seeger et al., 1996). In 

addition Padi was found to co-immunoprecipitate with the 19S cap subunit Mts4 

indicating that they are present in the same complex, the 26S proteasome. 

A mouse homologue of the Padi gene was found to rescue the t.s. phenotype of 

pad]-] indicating that this subunit is conserved in mammals. Experiments to 

determine whether the mouse homologue is able to rescue a deletion of the pad]'  

gene should also be undertaken. A putative human homologue of Pad!, JAB 1 (Claret 

et al., 1996) which has lower homology to Padi than the mouse sequence, was 

170 



unable to rescue the t.s. phenotype of pad]-] suggesting that this is not the functional 

human homologue of Pad!. Recently a second human protein, POH 1, has been 

isolated which has higher homology to Pad  than JAB  (Spataro et al., 1997). POH1 

has also been shown to be a subunit of the 26S proteasome in human cells 

confirming the identification of Padi asa subunit of the 26S proteasome in S.pombe. 

POH1 is able to rescue a deletion of the pad] gene, whereas JAB  cannot. This 

indicates that POH 1 and not JAB 1 is the functional homologue of Pad!. 

What is the function of JAB 1? Its homology to Padl suggests that it may perform a 

similar role but as it is not a functional homologue, this cannot be in the 26S 

proteasome. JAB1 does not have a homologue in the S.cerevisiae database, 

suggesting that this gene may be restricted to higher eukaryotes. 

JAB 1 has recently been shown to be part of a novel protein complex called the 

signalosome (Seeger et at., 1998). The signalosome is made up of at least 8 different 

subunits some of which have homology to 26S proteasome subunits, e.g. JAB 1. The 

signalosome co-purifies with the 26S proteasome through numerous preparation 

steps and its sub-cellular distribution is also similar to the 26S proteasome suggesting 

that the two complexes may be functionally linked. The signalosome is conserved in 

mammals and plants but not lower eukaryotes such as yeasts. The signalosome has 

kinase activity and phosphorylates regulators involved in signal transduction such as 

IKBcX, p105 and c-jun. Interestingly the original isolation of JAB 1 (Claret et at., 

1996) was in a 2-hybrid screen where JAB1 was shown to bind c-jun. The JABI 

subunit of the signalosome therefore binds c-jun to the complex and phosphorylates 

it. Three subunits of the signalosome are homologous to proteins known to be 

involved with signal transduction, suggesting that this complex may also be involved 

in this process. 

Why should higher eukaryotes posses a complex which is involved with signal 

transduction and phosphorylation of 26S proteasome substrates? Is this type of 

function unnecessary in lower eukaryotes because they are less complex? In 

processes such as the control of the cell cycle and signal transduction, where 
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regulators must be completely degraded within a certain time frame, ubiquitination 

seems to be insufficient for the selection of these protein for degradation by the 26S 

proteasome. The ubiquitin system has previously been shown to co-operate with 

other cellular complexes to provide additional substrate selection via phosphorylation 

and dephosphorylation. For example during mitosis the APC (King et al., 1995) co-

ordinates the ubiquitination of mitotic cyclins and Cut2 (Townsley, 1997) thereby 

regulating their degradation by the 26S proteasome and progression through the cell 

cycle. The activity of the signalosome is also regulated, it is activated by 

phosphorylation at the end of mitosis and de-activated by dephosphorylation. The 

more complex cell cycle in higher eukaryotes perhaps necessitates a further level of 

control in the form of the signalosome which aids identification, of substrates for 

degradation. 

7.3 	Interactions between Padi subunits of the 19S cap 

Before the characterisation of Padi as a subunit of the 26S proteasome a number of 

interactions between ATPase and non-ATPase 19S cap subunits had been 

characterised which had enabled the structure of the 19S cap to be elucidated (section 

4.1). Genetic analyses were undertaken to look for interactions between known 

subunits of the 26S proteasome and Padi, these are outlined below. Analysis of 

interactions was also undertaken using the 2-hybrid system. However, due to 

technical difficulties it was impossible to assess interactions between Padi, Pusi and 

Mts3. The only interaction that could be assessed was between Mts4 and Padi, but 

no interaction was identified. 

7.3.1 Genetic interactions between Padi, Mts3 and Mts4 

It was shown through synthetic lethality and overexpression studies that the Padi 

subunit is likely to interact with two non-ATPase subunits, Mts3 and Mts4. 

Overexpression of the Mts3 and Mts4 subunits will rescue the t.s. phenotype of pad]-

1 at an intermediate temperature. This rescue is presumably due to stabilisation of the 

heat labile Padi protein at this temperature since Padi, Mts3 and Mts4 are not 
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sequence homologues this rescue may be due to stabilisation of the heat labile Pad! 

protein. This type of rescue suggests that these subunits may interact in the 19S cap. 

pad]-] and mts3-1 are synthetically lethal. When both mutant alleles are present 

within the same spore after a cross, the spore is not viable. This type of analysis gives 

an indication that two proteins are likely to interact. Why should overexpression of 

Mts3 and Mts4 rescue the t.s. phenotype of pad]-1, but pad]-] is not synthetically 

lethal with mts4-1? Synthetic lethality is allele specific, only mutations affecting the 

binding of the two proteins will lead to synthetic lethality. It is likely therefore, that 

different alleles of mts4 may be synthetically lethal with pad]-1. There are in fact 4 

alleles of mts4, all of these were tested for synthetic lethality with padi-1, and none 

was observed. The nature of the mutations in these strains is unknown, and they 

could all contain mutations in the same region of the protein which does not alter the 

ability of the protein to bind to Padi. pad]-] is synthetically lethal with mts3-1, 

suggesting that the mutations in pad]-] and mts3-1 disrupts the binding of Padi and 

Mts3. A mutation in this region of Padi may not alter the conformation of Padi in a 

way which disrupt the binding of Padi to Mts4. Since there is only one pad] allele, 

this hypothesis cannot be tested. Isolation of further alleles of pad]-] may help to 

characterise this interaction further. 

7.3.2 Interaction between Pad! and NO, or functional homologues? 

A deletion of the non-essential pus] gene is synthetically lethal with pad]-], but 

overexpression of pus] will not rescue the t.s. phenotype of pad]-]. This is the 

opposite case to the genetic interaction seen with Mts4. Since overexpression of Pus  

is unable to stabilise the heat labile Padi protein, but pad]-] and pus]::ura4 are 

synthetically lethal this suggests that the two subunits may perform similar 

overlapping functions. Deletion of pus] or a mutation in pad]' alone is not lethal, 

but together the two mutations are inviable. Pusi is subunit S5a which has a role in 

recognising and binding poly-ubiquitinated proteins, in vitro (Deveraux et al., 1994) 

and the Padi subunit could function as a putative isopeptidase (chapter 5). An 

isopeptidase may require a polyubiquitin recognising function as well as an 

isopeptidase activity, and it could be in this respect that the two proteins have similar 
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overlapping functions. Loss of Pusi is not lethal because the Padi subunit may be 

able to perform some of its function (but not all functions since pus]::ura4 is 

sensitive to the arginine base analogue canavine, C.Wilkinson unpublished result) but 

when Padi is mutated in conjunction with a deletion of pus]' cells are inviable. 

pus]A cells are defective in 26S proteasome activity since protein extracts made from 

puslA cells contain elevated levels of Papi and p25 protein compared to a wild type 

strain (C. Wilkinson and M. Penney, manuscript in preparation). 

7.3.3 Future work to study interactions 

An alternative strategy to show in vitro interactions between Padi, Pus 1, Mts3 and 

Mts4 needs to be investigated. A number of biochemical assays such as far western 

blotting (Grasser et al., 1993; Saucher et al., 1996; Bailly et al., 1994) and GST 

binding assays could be employed. In far western blotting, purified recombinant 

proteins are western blotted and a second protein is mixed with the filter. Antibodies 

against the second protein can be used to detect whether the two proteins have bound 

together. In GST binding assays one protein is expressed as a GST fusion protein and 

purified by binding to glutathione beads. The second protein can then be mixed with 

the beads and western analysis performed to assess whether the two proteins have 

bound. Both these analyses require proteins to be in a native conformation for them 

to bind. This is often a problem with recombinant protein since during purification 

denaturation may occur. Padl has been shown to be extremely insoluble (chapter 5) 

and it may be difficult to identify interactions using Padi recombinant protein in 

assays of this type because it is likely to be in a non-native conformation. 

A second way to identify interacting proteins is by a genetic approach. For example a 

partial suppressor screen. This involves looking for proteins which when 

overexpressed will rescue the t.s. phenotype of pad]-] at the intermediate 

temperature of 32°C. This type of screen should isolate genes encoding Mts3 and 

Mts4 since they have been shown to rescue pad]-] at this temperature. This type of 

screen may also identify other uncloned subunits of the 26S proteasome and possibly 

targets of the proteasome itself. In addition, a second site suppressor screen of the 

pad]-] strain could be used to identify proteins which interact with Pad 1. 
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7.4 	Isopeptidase activity 

7.4.1 A function for the Padl 19S subunit? 

Padi has been shown to contain sequences which have homology to Cys and His 

boxes found in a number of isopeptidases. Two assays were performed to ascertain 

whether Padi had an isopeptidase or hydrolase activity, but none was detected. An 

isopeptidase activity has been characterised in association with a 19S cap subunit 

from bovine red blood cells, which has a molecular mass similar to that of Padi 

(Lam et al., 1997a; 1997b). However, conflicting views have been expressed as to 

whether this isopeptidase activity is really associated with the 19S cap. The 26S 

proteasome preparations used for the isopeptidase activity assay (Lam et al., 1997a) 

could be contaminated with cellular enzymes which also possess this activity (W. 

Dubiel pers. comm.). Other views express that the purification of the 26S proteasome 

used in this paper is the standard protocol used for all 26S proteasome research and 

that extracts are not contaminated (J. Meyer pers. comm.). These extracts have been 

shown to possess an isopeptidase activity in the mass spectrometry analysis used in 

this study (R. Layfield pers. comm.). Padi would seem to have a putative role in 

recognising ubiquitinated substrates frOm its synthetic lethality with a deletion of the 

pus]' gene (section 7.3.2) but in this study no isopeptidase activity was found to be 

associated with this subunit. The 26S proteasome may well contain a subunit which 

has an isopeptidase activity as identified by Lam et at., (1997a), but from this study it 

was not possible to say whether the Padi subunit is responsible for this activity in 

S.pombe. 

An additional question which still needs to be answered is whether the pad] (C 1 19S) 

version of pad] will rescue the t.s. phenotype of pad]-.]. Overexpression of a 

truncated version of pad] may disrupt 26S proteasome activity since it results in 

overexpression of Papl (Shimanuki et at., 1995), and MDR. The padl(C1 19S) 

mutation may act in a similar way when overexpressed. Cloning both the wild type 

and mutated version of pad]' into pREP8 1 will allow the effects of very low 
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expression levels of the proteins, in the presence of thiamine, to be assessed if this is 

found to be the case. 

7.4.2 Alternative strategies to identify an isopeptidase activity 

There are a number of alternative strategies which could be used to assay Padi for 

isopeptidase activity. Assays described in the literature to look for isopeptidase 

activity generally use different substrates, and Padi may specifically cleave only one 

type of substrate, therefore it would be advisable to test cleavage on a range of 

different substrates. Lam et al., (1997a) used two different assays to identify the 

isopeptidase activity in bovine PA700 extracts, a 1251-ub2  assay where di-ubiquitin is 

cleaved into monomers, and fluorescent K48-linked ubiquitin substrates were used as 

substrates. Padi should act in a similar way to the isopeptidase described in this 

study if it is the subunit responsible for cleaving multi-ubiquitin chains. 

An endpoint assay can also be used to look for isopeptidase activity, this measures 

the formation of [3H] AMP-ubiquitin histone conjugates (Rose and Warms, 1987; 

Moskowitz, 1994). A different type of substrate, a derivative of radiolabeled lysine 

(N-a-[311]acetyl-L-lysine-N-methylamide (ALMA), can also be used (Loewy et al., 

1997). This substrate has a modified lysine linked by its c-amino group to a 

carboxyl amide group of casein. This substrate has been used to identify isopeptidase 

activities in a large variety of cells and tissues. Falquet et al., (1995) also designed a 

series of synthetic Ub dimers with G76-K48 links to examine the enzymatic and 

physicochemical properties of a human Ub-specific isopeptidase. 

7.4.3 Functional recombinant Padi protein? 

Purification of insoluble Padi protein (chapter 5) under denaturing conditions may 

lead to the production of a non-native protein. This protein would be unlikely to 

possess the activities of the native protein. Using purified Padi protein no 

isopeptidase activity was found in the MALDI assay (R. Layfield pers. comm.) or 

using bacterial extracts expressing the Padi protein (chapter 5). Fusions of GST or 

6xHis and yeast proteins are often highly insoluble when expressed in bacteria, being 

found typically in inclusion bodies and hence they are inactive. In addition, 
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bacterially produced proteins are often non-functional because they require a post 

translational modification to be active. An example of this is Spc 1 in S.pombe, whose 

activity is dependent on phosphorylation carried out by Wisi (Shiozaki and Russell, 

1995). In many cases problems can be overcome by expressing GST fusion proteins 

in yeast. An S.pombe expression vector pREP1-KZ which places GST fusion genes 

under the control of the nmt promoter has been developed express and purify proteins 

from S.pombe (Shiozaki and Russel, 1997). 

An alternative explanation for the lack of isopeptidase activity associated with Padi 

is that the Padi subunit on its own is unable to act as an isopeptidase, and requires 

the environment of the 26S proteasome in order to be functional. 26S proteasomes 

isolated from wild type S.pombe cells could be used to test this hypothesis in assays 

such as MALDI or those used by Lam et al., (1997a). A second alternative is that 

Padi may simply not function as an isopeptidase. 

7.5 	Mechanisms of drug resistance 

7.5.1 Is Papl degraded by the ubiquitin pathway? 

The mechanism behind the drug resistance observed in strains with t.s. mutations in 

19S cap subunits has been hypothesised to be due to reduced degradation of the 

S.pombe AP-1 transcription factor Pap 1. Although stabilisation of Papl levels has 

been shown in 26S proteasome mutants, a more direct assay to show that Papi is 

ubiquitinated by the 26S proteasome in vivo is required. This could be achieved by: 

1. Construction of a haemagglutinin tagged version of Pap 1 (Pad 1-HA) and 

overexpression in a strain which contains a t.s. mutation in a 19S cap subunit and 

is deleted for the pap] gene, e.g. mts3-lpap]A. If Papi is degraded by the 26S 

proteasome this tagged protein should be polyubiquitinated but not degraded in 

the proteasome mutant. Protein extracts made from the tagged strain at 25°C and 

35°C can be western blotted with anti-HA antibodies. In addition to a band of the 

predicted size of Padi-HA, higher molecular weight forms should be detected. 

The same extracts can also be immunoblotted with an anti-ubiquitin antibody to 
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show ubiquitination of Pap 1-HA. Ubiquitinated forms should be more abundant at 

35°C than 25°C. This type of analysis has been used to show that Cdcl8 and 

Rumi are ubiquitinated and degraded by the 26S proteasome (Kominami and 

Toda, 1997). 

2. Expression of a 6xHis tagged version of ubiquitin in yeast can be used to 

demonstrate that proteins are degraded by the 26S proteasome in a ubiquitin 

dependent manner. Protein extracts made from cells expressing a plasmid 6xHis 

ubiquitin can be purified using nickel agarose, western blotted and probed with 

antibodies against the desired protein. High molecular weight polyubiquitinated 

forms should be detected in a 26S proteasome background at the restrictive 

temperature. These bands should be absent in wild type or a strain deleted for the 

gene under examination under identical conditions. This type of analysis has been 

used successfully to show that p25RUM1  is polyubiquitinated and degraded through 

the ubiquitin dependant 26S proteasome pathway (Benito et al., 1998). 

Ubiquitination and degradation of Pap 1 by the 26S proteasome seems likely since c-

fos and c-jun, the mammalian homologues of Pap  are ubiquitinated and degraded by 

the proteasome (Treier et al., 1994; Wang et al., 1996). 

An alternative hypothesis to account for the increased drug resistance in 19S cap 

mutants is that the gene products down stream of Papi involved in MDR e.g. 

transporters are ubiquitinated and degraded by the 26S proteasome. The Ste6p and 

Pdr5p transporters have both been shown to be ubiquitinated, but they are degraded 

by vacuolar proteolysis (Kolling and Losko, 1997; Egner et al., 1995; Egner and 

Kuchler, 1995) which would suggest that in general transporters are not degraded by 

the 26S proteasome. 

7.5.2 Overexpression of POH1 confers drug resistance on S.pombe and human 

cells 

POH1, the human homologue of Pad 1, has recently been shown to be a subunit of the 

26S proteasome (Spataro et al., 1998). This confirms the identification of Padi as a 

novel subunit of the 26S proteasome in fission yeast. P011 1 has also been implicated 
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in MDR (Spataro et al., 1998). In summary POH1 was shown to confer P-

glycoprotein-independent resistance to taxol, doxohibicin, 7-hydroxystaurosporine 

and UV when transiently overexpressed in human cells. Shimanuki et al., (1995) had 

already shown that overexpression of a pad] gene in S.pombe leads to MDR 

mediated by Papi. The Padi protein expressed from pST23 in these cells was later 

found to be truncated. Spataro et al., (1998) have shown that overexpression of 

pREPPOHJ and pST23 will confer drug resistance on S.pombe. This drug resistance 

is not seen when these plasmids were expressed in a paplA strain. The conclusion 

from these results is that overexpression of POHJ in S.pombe induces a drug 

resistance phenotype. In addition transiently transfected Cos cells, expressing a 2-fold 

increase in POH1, were more resistant to drugs and UV than cells containing the 

vector alone. There was no difference in ionising radiation resistance of these cells. 

The cause of the drug resistance seen in S.pombe and human cells due to 

overexpression of both a truncated Padi and P0111 is not discussed. Using the results 

obtained from drug resistance studies of t.s. mutations in S.pombe 19S cap subunits 

and the previous observation that overexpression of a truncated Padi protein in 

S.pombe causes drug resistance (Shimanuki et al., 1995) a mechanism for the drug 

resistance seen in S.pombe and human cells by Spataro et al., (1997) can be put 

forward. 

Strains with mutations in 19S cap subunits are drug resistant because they contain 

slightly defective 26S proteasomes due to the t.s. mutation. It is conceivable that at 

the permissive temperature some of the proteins containing t.s. mutations will be 

misfolded. These may affect the activity of the fully formed 26S proteasome making 

it defective and unable to work efficiently resulting in reduced protein degradation. 

This would result in increased levels of Pap 1, and thus lead to MDR. 

The same mechanism can be used to explain the drug resistance seen when a 

truncated Padi protein is overexpressed in S.pombe. This protein disrupts the 

confirmation or assembly of 26S proteasomes resulting in defective proteolysis. It 

was seen in chapter 3 that overexpression of a mouse 19S cap subunit was lethal in 
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wild type S.pombe presumably because it is acting in the same way, disrupting the 

normal functioning of the 26S proteasome. Overexpression of human POH1 in 

S.pombe could also result in the formation of defective 26S proteasomes in a similar 

manner. This hypothesis can also be used to explain the drug resistance seen when 

POH1 and a truncated Padi are overexpressed in human Cos cells. An excess of a 

19S cap subunit, e.g. a misfolded protein or a subunit from a different species, may 

disrupt the formation of native 26S proteasomes. This in turn would result in reduced 

c-fos proteolysis and thus drug resistance. It would be interesting to overexpress a 

full length Padi protein in Cos cells to see if this also produced a drug resistant 

phenotype. Since it is only over expression of subunits that causes the increase in 

drug resistance this hypothesis seems likely. 

7.5.3 What are the targets of Papi? 

Although a mechanism behind the drug resistance of 26S proteasome mutants has 

been hypothesised, through the transcription factor Pap 1, no targets of Pap 1 have 

been identified that could cause this resistance. 

What is Papi transcribing to cause drug resistance? Various transporters in yeast and 

humans, have been identified in S.pombe as outlined in chapter 1. It is likely that 

Pap 1 is transcribing more than one transporter either directly or indirectly through an 

as yet unidentified protein. Testing the resistance of t.s. proteasome mutants to 

further drugs, ions and stress conditions will enable the identification of which of the 

identified transporters in S.pombe are transcribed in a Papi dependent manner. Not 

all transporters have been identified in S.pombe, but making deletions of the cloned 

ones and crossing them to proteasome mutants will show whether they are 

transcribed by Papi as these strains should lose resistance to the drugs that this 

protein transports. An alternative strategy would be to overexpress Papi and look for 

increased mRNA levels which should correspond to gene products downstream of 

Pap 1. 

In S.cerevisiae there are at least 8 different AP-1 type transcription factors and it is 

likely that a similar number exist in S.pombe. These may all be degraded by the 26S 
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proteasome and therefore partial loss of 26S function in proteasome mutants will 

affect more than one transcription factor. The transporters putatively downstream of 

Pap 1 and other AP-1 transcription factors are likely to have different but overlapping 

functions so it is important to ascertain which transporter is the target of which AP-1 

transcription factor. 

Only one transporter has so far been shown to be transcribed by an AP-1 

transcription factor. The Candida albicans gene, CAP], has been identified by its 

ability to confer resistance to the azole derivative fluconazole (FCZ) when 

overexpressed in S.cerevisiae. CAP1 is homologous to Yapip, the S.cerevisiae 

homologue of Papi. Overexpression of CAP1 in a yapM partially restores its ability 

to grow on certain drugs (Alarco et al., 1997). It was also shown that expression of a 

protein, Firip, predicted to be a multidrug transporter of the major facilitator 

superfamily, is dramatically induced in S.cerevisiae overexpressing CAP 1, 

suggesting that this is a drug transporter target of CAP1/Yapi. FLR1 is therefore a 

new YAP1 controlled MDR molecular determinant in S.cerevisiae, and a similar 

pathway is likely to operate in C.albicans and S.pombe. Resistance of 26S 

proteasome mutants to FCZ should also be examined to ascertain whether Papi is 

involved in expression of the Firip homologue in S.pombe. 

7.6 	Crml: Simply a negative regulator of Papi? 

The human homologue of Crml (hCRM1) has recently been isolated as a protein 

which associates with the nucleoporin CAN and a nuclear pore complex (NPC) 

component Nup88 (Fornerod et at., 1997a). hCRM1 localises to the NPC and 

nucleoplasm and has a domain which is homologous to importin-3, a cytoplasmic 

transport factor which interacts with nucleoporin repeat regions. hCRM1 has been 

proposed to be a soluble nuclear transport factor which interacts with the NPC. 

CRM 1 overexpression in Xenopus oocytes stimulates Rev and U snRNA export from 

the nucleus (Fornerod et al., 1997b). Leptomycin B, to which mutations in crin1 will 

confer resistance (Nish et al., 1994) and which blocks the export of NES-containing 
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proteins (Ossareh-Narzari et al., 1997), binds CRM1 and specifically inhibits the 

nuclear export of Rev and U snRNA's. Providing further data to support CRM1 as a 

nuclear export factor. 

GFP-XPO1, (CRM1 in S.cerevisiae), is nuclear at steady state and shuffles between 

the nucleus and the cytoplasm which is consistent with its role as a nuclear export 

factor (Stade et al., 1997). A feint accumulation of staining is also observed around 

the nuclear periphery. This staining is similar to that seen with the 26S proteasome, 

but they are unlikely to be associated in vivo since they perform separate functions. 

The S.cerevisiae Crml protein has also been shown to be a mediator of nuclear 

protein export (Stade et al., 1997). A mutation in CRM1 protein affects protein and 

RNA export indicating that these pathways are tightly coupled in S.cerevisiae. 

The identification of Crml as a nuclear exportin which is involved in protein and 

RNA export, and our identification that Padl is a subunit of the 26S proteasome, 

allows the refinement of the simplified drug resistance pathway involving Crml, 

Pad  and Pap! (Fig. 7.1). 

Since Crml is a nuclear exportin and is involved in RNA and protein export, it could 

conceivably export Pap! RNA or protein from the nucleus to regulate the activity of 

the Pap  transcription factor. One mechanism could be that Crml exports Pap l-RNA 

from the nucleus to the cytoplasm where it is translated into protein and is then 

imported back into the nucleus by a separate pathway to transcribe AP- 1 target genes 

i.e. Crml regulates expression of Papi at the level of RNA export. Decreased Papi 

mRNA export in c.s. crml mutants would lead to decreased Papi translation in the 

cytoplasm. This would result in decreased amounts of Pap! protein available to be re-

imported into the nucleus to transcribe AP-1 target genes such as aptlt This would 

result in a decrease in the amount of p25 protein in crml mutants. However, 

increased levels of p25 are observed in c.s. cnn] mutants (Toda et at., 1992) and 

cnn]-] chapter 6. 
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Figure 7.1 Model of an interacting network of fission yeast AP- 1 like factor. 

Either overexpression of pad]' or a c.s. crml mutation leads to enhancement of papi-dependent 
transcription and pleiotropic drug resistance (from Shimanuki et al., 1995). 
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An alternative hypothesis is that Crml exports Papi protein. In a wild type cell the 

levels of nuclear Pap  are kept at a steady state by export of Pap  from the nucleus 

through binding to Crml and its subsequent export. In a c.s. or t.s. cnn] strain Papi 

protein export from the nucleus is reduced resulting in elevated nuclear levels which 

result in increased transcription of AP-1 target genes including p25 and genes 

involved in drug resistance. This is shown schematically in Fig. 7.2. 

Is Papi the only protein exported from the nucleus by Crml? This seems unlikely 

since importins and exportins are known to import and export a variety of different 

substrates (for a review see Weis, 1998). Crml exports proteins with NES sequences, 

therefore it must be involved in the export of a wide variety of proteins. Evidence 

that Crml is involved In the regulation of nuclear levels of multiple transcription 

factors comes from Turi et al., (1994). A cnn] mutant isolated in a screen to identify 

Brefeldin A (BFA) resistance determinants, was found to overexpress the Hba2 

protein. Hba2 has significant homology to members of ATP-binding cassette super 

family of transport proteins such as Pdr5p and Snq2p. However, the increased Hba2 

expression is independent of the Pap 1 transcription factor, therefore Pap 1 is not the 

transcription factor which modulates expression of Hba2. This is evidence that 

multiple transcription factors are regulated by Crml (Turi and Rose, 1995). 

7.7 Is Papi involved in protection against UV and X-rays? 

Murine cells lacking c-fos are UV sensitive. Clonogenic survival and proliferation of 

cells lacking c-fos were drastically reduced following UV irradiation. This UV 

hypersensitivity is seen primarily as increased cell death by apoptosis and prolonged 

recovery time from UV induced cell cycle arrest (Schreiber et al.,1995). Spataro et 

al., (1997) found that transiently transfected Cos cells, expressing a 2-fold increase in 

POH1, were more resistant to the drugs and UV than vector the alone. This suggests 

that when there is reduced proteolysis in human cells there are increased levels of c-

fos and therefore an increase in genes involved in cellular protection against damage 

by UV. Since deletion of the pap] gene does not cause S.pombe to be sensitive to 

UV this suggests that although Papi shares homology with c-fos there is another AP- 
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Figure 7.2 Schematic representation of model to show how 
Crml exports Pap  from the nucleus to keep nuclear Pap  levels constant, 
in order that expression of Pap  target genes is alsoo at a steady state. 
In crml mutants Pap  export is reduced leading to increased accumulation 
of nuclear Pap 1 with a consequent increase in AP- 1 target gene expression. 





I transcription factor in S.pombe that is responsible for protection from UV damage, 

or this pathway does not exist in S.pombe. 

In the case of X-rays paplA cells aren't sensitive compared to wild type suggesting 

that Papi is not involved in transcription of genes involved in protecting against 

damage caused by X-rays. Overexpression of POH1 in mammalian cells also caused 

no difference is susceptibility to ionising radiation (Spataro et al., 1997) suggesting 

that the 26S proteasome and more specifically the AP-1 transcription complex is not 

involved in the degradation of protein(s) involved in protection against X-ray 

damage. To verify this further the resistance of 26S proteasome mutants to X-rays 

should also be tested in the presence and absence of a functional pap1 gene. 

7.8 	Pap! is involved in the oxidative stress response in fission yeast 

Recently, in fission yeast, Pap! has been shown to be involved in the regulation of 

genes involved in the response to -oxidative stress, and these experiments link Crml 

in the nuclear export of Pap  as discussed in section 7.6. 

Styl is a stress activated MAP kinase crucial for the cellular response to a variety of 

stress conditions. Styl and Pap! have been shown to be required for the expression 

of a number of genes involved in the oxidative stress response and hba2t/bfr1 and 

pmd1 which encode transport proteins. In addition Styl has been shown to regulate 

the activity of Papi (Toone et al., 1998). Pap! activity is regulated by changes in 

subcellular localisation, which are brought about by stress conditions. When cells 

undergo oxidative stress Papi relocalises from the cytoplasm to the nucleus in a 

process which is dependent on the Sty! kinase. This relocalisation is the result of an 

alteration in the regulated protein export of Pap 1 involving the nuclear export factor 

Crml and the pim1 gene which encodes a Ran nucleotide exchange factor (Toone et 

al., 1998). Gaits et al., 1998 have studied the spatial regulation of 3 sequential 

elements of the stress signal transduction system. The kinases Wisi and Spcl/Styl 

and the Atf 1 transcription factor. Atf 1 was found exclusively in the nucleus and its 

subcellular localisation was not affected by changes in stress conditions. Spcl/Styl 
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however was rapidly relocalised to the nucleus after stress suggesting that this is the 

primary mechanism whereby the stress signal is transmitted from the cytoplasm to 

the nucleus to alter levels of Papi export after oxidative stress. Previously the activity 

of the S. cerevisiae homologue of Pap 1, yAP- 1, was shown to be increased under 

osmotic stress conditions. This led to the induction in expression of a number of 

genes encoding protective enzymes (Kuge et al., 1997). After oxidative stress a small 

increase in the DNA binding capacity of yAP-i occurs, but the major change is seen 

at the level of nuclear localisation, where there is increased nuclear localisation of 

yAP- 1. if a cysteine rich domain at the C-terminus of yAP- 1 is mutated, increased 

nuclear localisation is seen, therefore this region regulates the localisation of the 

yAP-i protein (Kuge et al., 1997). 

Taken together these papers bring together many of the findings based around Papi, 

Crml and mutations in 26S proteasome subunits. Under stress conditions there is 

reduced Papi export from the nucleus due to an alteration in export of Papi by 

Crml, presumably due to activation of the Styl stress pathway. GFP-Papl 

accumulates in the nuclei of un-stressed cells carrying a c.s. crm] allele suggesting 

that this hypothesis is correct (Toone et al., 1998). Increased expression of 

hba2/bfr] and apt] (p25) are seen in a c.s. crml strain indicating that these genes 

are transcribed by Pap 1. Other genes encoding proteins involved in MDR are also 

potentially transcribed by Pap 1, too which the MDR phenotype seen in cnn] mutants 

can be I  attributed. Since increased expression of apt1 (p25) are observed in 26S 

proteasome mutants. The hypothesis to explain the drug resistance seen in these 

mutants would seem to be correct. Experiments to ascertain the levels of hba27bfr] 

in 26S proteasome mutants should be undertaken to clarify this point. 

7.9 	Further work 

The pad]-] and cnn]-] strains have only been tentatively assigned as containing t.s. 

mutations in the pad] and crm] genes respectively. It is necessary to formally show 

that the mutations do occur in these genes, and they are not simply acting as 

suppressors of the t.s. phenotype. This can be accomplished by integration of a 
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marker gene, such as ura4, at the crin[ or pad1 gene locus. Since integration 

usually occurs by homology, such strains can be simply constructed by cloning the 

desired gene into a plasmid lacking an ARS sequence, such as pJK210 (Keeney and 

Boeke, 1994). This will result in the integration of the ura4gene at the desired locus. 

Transformation of this integrating construct into a ura t.s strain, and selection of 

transformants on media lacking uracil allows the isolation of colonies containing the 

vector integrated at the locus where the cloned gene of interest lies, and this locus 

will be marked with the ura4 gene. It is important to verify that the integration event 

has occurred at the authentic locus, this can be achieved by PCR or southern blot 

analysis. This integrant strain can then be used to verify that the t.s: mutation is in 

same locus into which the ura4 gene has integrated by crossing the two strains 

together and carrying out tetrad analysis. If the t.s. mutation lies in the authentic gene 

there should be no recombination between the t.s: strain, and the ura4ts strain this 

means that none of the spores should have a t.s.ura4 phenotype, all tetrads should 

be of parental ditype. 
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Appendix A 

Oligonucleotides Used: 

Chapter 3: Padl is a subunit of the 26S proteasome 

3.2.1: Cloning of pad1 into pJK210. 

L104 	5' CTTCACGCAAGCGGCCGCGATG 
GAATCTTTACAAAGATTGTTAC3' 

K900 	5' GATGGACTCGAGGTATTACCA3' 

3.2.2: Sequencing the pad] gene. 

L728 5' TTTCGCCATGGAATCTTTACA3' 

K866 5'GTGGTACCCTAGAAGGCA3' 

K995 5' ACCCGGGTTTTGGTTGTTGGC3' 

K971 5' GATCACAGCTATAAAACTCGT3' 

3.8.1: Cloning the mouse pad]' gene into pREP1. 

L222 5 'TGAACAGACATATGGACAGAC 
TTCTTAGACTT3' 

5' Nod site Tm 50°C 

3'XhoI site Tm 50°C 

5' oligo 

3' oligo 

reverse internal oligo 

forward internal oligo 

5' NdeI site Tm 55°C 

L224 	5'GTCGTCGTCGACTTATTTAAAT 	3'SalI site Tm 55°C 
ACAACAGTATC3' 

3.8.2: Cloning JAB  into pREP1. 

P160 	5'ACGCGTCGACGATGGCGGCGT 	5' Sail site Tm 55°C 
CCGGGAGCGCTATGG3' 

P161 	5'TCGCGGATCCTTAAGAGATGT 	3' BamHI site Tm 55°C 
TAATTTGATTAAACAG3' 

Chapter 4: Interactions between Padi and other subunits of the 26S proteasome 

4.5: Cloning into pAS and pACT 

pad1pAS 

L728 	5'TTTCGCCATGGAATCTTTACA3' 	5' NcoI site Tm 45°C 
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N705 	5'GCCAGGATCCCTACGAGGCAA 	3'BamHI site Tm 45°C 
CGGAATCAAGCAT3' 

padl4 pACT 

L728 	As above 

K900 	As above 

pus1pAS 

M313 	5'ACATGCCATGGGTATGGTGCTG 	5'NcoI site Tm 55°C 
GAAGCG3' 

M338 	5'ACGCGTCGACCGTTGCTGCATA 	5'SalI site Tm 55°C 
AAGCAT3' 

pusl'pACT 

M313 	As above 

M338 	As above 
mts3pACT 

1748 	5'TACGACCATGGGAAGTACAT 	5'NcoI site Tm 55°C 
TAGACTTGAACCA3' 

1675 	5'GTAGCTCGAGTAATTACCATC 	3'XhoI site Tm 55°C 
AAAC3' 

Chapter 5: Pad!: A putative isopeptidase 

5.5: Padi mutagenesis 

N160 	5' GACACTAGAAAGCCAAGATC 
TAAAACCCGGGTGAGA3' 

5.6: Cloning padl into pQE60 

L728 	As above 

N920 	5'TCACTGGATCCGAAGGCAACG 	3' BamHI site Tm 55°C 
GAATCAA3' 

Chapter 6: The 26S proteasome mediates MDR 

6.3: Cloning crm1 into pJK210 
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L105 
	

5' GTCATGAACTGCGGCCGCTATG 
	

5' Nod site Tm 50°C 
GAGGGCATCCTGGCATTCGAT3' 

I,•I'I 
P •IY 5' CCGCTCGAGTCATAGTTCTTCC 

TCCTC3' 
	

3'XhoI site Tm 50°C 
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